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Abstract

Knowledge of the interactions involving charged, polar and polarizable groups in proteins is fundamental, not only
because they are important determinants for gaining insight into biophysical molecular recognition and assembly processes,
but also for understanding how the matrix of a protein can be viewed as an electric field capable of inducing Stark
perturbations on the spectral properties of biological optical centers. This review describes the essential features of non-
covalent interactions in protein systems and discusses the concept of the dielectric constant of a protein in the context of
different microscopic and macroscopic modeling approaches. It also provides an account of a specific type of high resolution
vibrational and optical Stark spectroscopy attempting to correlate the observed spectral properties of biological optical
centers to the intrinsic protein fields induced by the matrix in which they reside. ß 1998 Elsevier Science B.V. All rights
reserved.
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1. Scope of review

This review is intended to describe not so much the
recent advances in understanding electrostatic inter-
actions and the methods used to model them in pro-
teins, but rather the background required to under-
stand how protein matrix ¢eld e¡ects can a¡ect the
vibrational and optical spectral properties of biolog-
ical optical centers. No attempt will be made to sys-
tematically review the ¢eld of non-covalent interac-
tions; excellent monographs and reviews, especially
in the context of protein folding and molecular rec-
ognition, are available [1^12]; rather, after brie£y
outlining the essential features of the basic non-co-
valent interactions, the review will follow with a dis-
cussion of some of the microscopic and macroscopic
treatments used to model electrostatics in protein
systems, referring the reader to the more fundamen-
tal papers for a more thorough theoretical assess-
ment. In order to make it reasonably self-contained,
the range of recent applications of these modeling
methods will not be discussed; the focus will be in-
stead on accurately describing the basic issues raised
by protein intrinsic ¢eld interactions in a speci¢c
context of interest, i.e. consideration of the available
electrostatic models in the interpretation of Stark-
perturbed vibrational and electronic spectral proper-
ties.

During the past decade, high resolution laser spec-
troscopy has signi¢cantly contributed to the realistic
description of the macroscopic behavior of proteins
and the reader is referred to the companion reviews
on spectral hole burning [13,14] and £uorescence line
narrowing [15] in this issue. However, the interpreta-
tion of the spectral behavior of biological optical
centers, as perturbed by electric ¢eld e¡ects, remains
challenged by the fact that some of the forces in-

volved in generating the internal ¢eld of a protein
are not yet fully understood as well as by the excep-
tional complexity of the interactions. From this per-
spective, this review should accordingly ¢rst and
foremost be considered as an attempt to clearly state
the general problem of describing the electrostatics of
complex biophysical systems. Second, it will draw
attention to a comparative type of Stark spectros-
copy, in which the optical or vibrational spectral
properties of protein optical centers are compared
in the presence of slightly di¡erent electric ¢elds in-
duced by charge redistribution in their protein ma-
trices, either as a result of conformational change or
of substrate binding. Hopefully, it will generate more
insight than confusion and encourage the develop-
ment of the combined computational^spectroscopic
approaches still required to monitor accurately struc-
ture^function problems.

2. The protein viewed as a self-modulating,
non-uniform electric ¢eld

A protein consists of an assembly of amino acids
held together by strong covalent bonds along its
backbone and a multitude of much weaker, non-co-
valent cross-connections. These amino acid assem-
blies create a distribution of charge with a given set
of spatial coordinates which generates an electric
¢eld in the overall matrix and thus, proteins can be
viewed as simple distributions of charge (cf. Fig. 1).
This spatial charge distribution, or protein internal
¢eld, however, is highly asymmetric: for example,
some regions are strongly polar (peptide bonds)
while others are highly charged (wherever charged
residues are present). Since the protein is constantly
undergoing £uctuations, its backbone and side chain
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coordinates are in constant motion and the non-co-
valent interactions that they specify are also being
constantly modi¢ed along with the solvent that has
to reorganize. It is believed that the cooperative ef-
fects of all these £uctuating interactions, in spatial
and in ¢eld quantities, determine the biologically use-
ful function of a protein. As such, the ¢eld generated
by a protein is self-modulating, in that it responds in
an electrostatically signi¢cant way to stimuli which
are understood to be random (£uctuations) as well as
directed (e.g. ligand binding, resulting for example in
the ionization of some residues); and this ¢eld is also
non-uniform, in that charge is not evenly distributed
in the protein matrix and in that it also undergoes
signi¢cant charge restructuring in interacting with a
functional partner or in response to conformational
change. This was recently demonstrated in the mo-
lecular dynamics study of Wendoloski et al. [16], who
explored the conformational space of tuna cyto-
chrome c and showed that conformers signi¢cantly
removed from the average structure also undergo
notable electrostatic rearrangement. Fig. 1 shows
that charge redistribution also occurs in horse heart
cytochrome c as it samples di¡erent conformations.

The study of the non-covalent interactions that

de¢ne the local electric ¢eld of a protein (used here
to specify the intrinsic ¢eld as opposed to an exter-
nally applied ¢eld) in the absence of time-dependent
variations is the subject of electrostatics in which
three broad types of interactions are generally recog-
nized: a ¢rst class, which includes all force-type in-
teractions of a fundamentally electrostatic nature; a
second class, consisting of interactions which require
quantum mechanical treatment or crude approxima-
tions; and lastly, hydrophobic interactions, which
are not the result of the application of a force per
se, but rather the result of entropy changes. We sum-
marize them in the next section.

2.1. Basic non-bond interactions in proteins

2.1.1. Electrostatic forces
Non-covalent interactions are usually de¢ned as

interactions which are basically electrostatic in na-
ture, i.e. are the result of forces that electrical charges
exert on one another. This discussion accordingly
starts with a brief description of these interactions
in proteins, following the multipole approach of Bur-
ley [2] which is of interest not only because it
presents the basic electrostatic forces as a succinct

Fig. 1. The electrostatic molecular surface of cytochrome c-CO showing ¢eld variations with time; two conformational snapshots se-
lected at di¡erent times during a 100-ps explicitly solvated conformational space exploration (left, 6o ps after equilibration; right, 220
ps). Coordinates of cytochrome c (pdb1hrc.ent) [116] from the Brookhaven Protein Data Bank [117]; cytochrome c-CO built as per
[74]. The molecular surfaces are color-coded according to potentials: red, 63125 mV; blue, s 125 mV; white, between 3125 and
125 mV. Visualization of the potentials achieved with the Grasp software package [118].
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`multipolar' whole but also because it describes well
the lesser investigated interactions, such as quadru-
pole and weakly polar.

In the absence of orbital overlap, the electrostatic
potential energy resulting from a charge distribution
b(r) placed in an electric ¢eld x(r) induced by the
presence of a second nearby charge distribution bP(r)
can be described as a multipole representation [2] :

W �
Z

b�r�x�r�dr �1�

where r stands for the position vector over the vol-
ume of b(r) or b(rP) and with the electric potential
function usually expressed as:

x�r� �
Z

b0�r0�=�Mr3r0M�dr �2�

In proteins, the charge distribution is associated with
discrete atoms and can accordingly be expressed as:

b�r� � 4aba�r� �3�
i.e. as a function of ba (r), the atomic charge density
function for atom a. Eqs. 1 and 2 can then be refor-
mulated as:

W � 4a

Z
ba�r�x�r�dr �4�

and

x � 4bxb � 4b

Z
b0b�r0�=�Mr3rM�dr0 �5�

x(r) can be expanded in series to yield the following
expression for the electrostatic energy resulting from
the interaction of two molecules i and j:

W � 4aqx�0� � WW9x�0� � 1=24ij�qij�D2x�0�=DriDrj � :::
�6�

with q representing the net charge and WW the dipole
moment. Further, the potential function x(r) can be
written as a summation of atomic components:

x�r� � 4aqaMrM31 � �WaWr�MrM33 � �rWqaWr�MrM35::: �7�
which leads to the following expression for the elec-
trostatic energy summing the interactions between
the multipoles of two molecules:

W �
X

i

X
jW ij �8�

The ¢rst nine interaction terms of the expansion are:
(i) W00 = q1q2/MrM (monopole^monopole): describ-

ing the energy between interacting groups that have a
net charge; the force of interaction is non-directional
and only shows a dependence on the distance be-
tween charges q1 and q2. As such, this type of
`charge^charge' interaction has the longest range
among the non-covalent interactions and the poten-
tial energy of interaction is usually expressed as:

V cÿc � qiqj=MrMij �9�
The typical extent of these energies is well illustrated
by the 0.3^0.5 kcal mol31 calculated at V12 Aî for
the interaction between single charges on the surfaces
of proteins (e.g. Glu, Asp, Lys, Arg) which gradually
fall o¡ to V0.05^0.3 kcal mol31 at 20 Aî [17].

(ii) W01 = q1(WW2Wr)/MrM3 (monopole^dipole): describ-
ing the energy of a charge q1 in the ¢eld of a mole-
cule that has no net charge but a permanent electric
dipole moment WW2. arising from the asymmetric dis-
placement of electron charge density along covalent
bonds; thus, the dipole moment of such polar mol-
ecules strongly depends on the environment [7]. Ac-
cordingly, the charge^dipole interaction is directional
and depends on the orientation of the dipole (cf. Fig.
2a); it is short-range and proportional to 1/MrM3 :

V cÿd � qiWjcosaij=MrMij �10�

Table 1
H-bonding R-groups

After [29], p. 185.
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Fig. 2. (a) Charge^dipole interaction. At long distances, the energy of interaction varies as 1/r2. This type of interaction is directional
as it is strongly dependent on the respective orientations of the interacting dipole and charge. (b) Dipole^dipole interaction. Much
shorter range interaction than the charge^dipole. (c) The interaction becomes repulsive when the dipoles are in a parallel orientation.
(d) The maximum interaction occurs when the two dipoles are spatially sequential to each other with the positive end of the ¢rst di-
pole abutting the negative end of the other (cf. [2] pp. 137^138).
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A classic example would be the interaction of a pos-
itively charged ^N�H3 group with a polar water mol-
ecule, which has a dipole moment of 1.85 D or with
a glycine (16.7 D). The distribution of partial charge
among the constituent amino acids of an K-helix can
also generate a dipole moment, the magnitude of
which is considerable enough to be equivalent to
placing 0.5^0.7 positive unit charge at the N-termi-
nus and 0.5^0.7 negative unit charge at the C-termi-
nus [18,19]. On a larger scale, proteins as a whole
function as `large dipoles': the spatial distribution
of their constituent amino acid charges and their
£uctuations generates an overall dipole which can
represent a signi¢cant contribution in molecular rec-
ognition processes [1,20].

(iii) W10 = q2(WW1Wr)/MrM3 (dipole^monopole).
(iv) W11 = (WW1WWW2)MrM3333(WW1Wr) (WW2Wr)MrM35 (dipole^

dipole): a permanent dipole can also interact with
another permanent dipole (Fig. 2b). The interaction
of antiparallel dipoles is weaker and it becomes re-
pulsive when the dipoles are in a parallel orientation
(Fig. 2c). The strongest interaction occurs when the
two dipoles are following each other in line with the
positive end of the ¢rst dipole abutting the negative
end of the other (Fig. 2d). The energy of interaction
is not as strong as that of the charge^dipole and is
described for two point dipoles by:

Vdipÿdip � 3W1WW2�2cosa1cosa3sina1sina2�=r3 �11�
Two dipoles of equal magnitude of 1 D and sequen-
tially aligned as in Fig. 2d thus have an interaction
energy in vacuo approximately equal to kT at
r = 0.36 nm and when overlapping in a parallel ar-
rangement as in Fig. 2c, kT is achieved at r = 0.29
nm. This amounts to stating that dipolar interactions
can only bind very polar molecules. At larger sepa-
rations, Eq. 11 must include Boltzmann averaging of
the interaction energy which introduces a weighting
factor for those dipole orientations that have a lower
energy [7]. The net e¡ect is that we thus obtain the
`orientation' or Keesom interaction energy which has
an inverse sixth power distance dependence.

(v^ix) The last four terms of the expansion are
grouped as interactions with electronic quadrupoles:

W 02 � q1�rWq2Wr�MrM35 �monopole3quadrupole�

W 20 � q2�rWq1Wr�MrM35 �quadrupole3monopolex�

W 12 � 2�W1Wq2Wr�MrM353�5�W1Wr��rWq2Wr�MrM37

�dipole3quadrupole�

W 12 � 32�W2Wq1Wr�MrM35 � �5�W1Wr��rWq1Wr�MrM

�quadrupole3dipole�

W 22 � �1=3��trace of q1q2�MrM353�20=3��rWq2Wq1Wr�MrM37

��35=2��rWq1Wr��rWq2Wr�MrM39

�quadrupole3quadrupole� �12�

Fig. 3. (a) Schematic view of di¡erent electric multipoles; exam-
ples would be Na� and F3 (monopoles), the HCl molecule (di-
pole) and CO2 (quadrupole). CO2 has no dipole moment (be-
cause it is symmetrical about the C atom), but the polarity of
the C^O bonds results in a charge distribution that corresponds
to a quadrupole. (b) The distribution of partial electronic
charge in benzene, treated as discrete charges located at each
atom. The molecule then has no net charge, no net electronic
dipole moment and consists of three electronic quadrupoles
[2,119].
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The electronic quadrupole moments of aromatic res-
idues can be quite signi¢cant in proteins. They give
rise to quadrupolar interactions which mostly occur
between aromatic side chains and a selective group of
other atoms. They result from the partial charge dis-
tribution occurring in, for example, aromatic groups
and involve interactions between electronic moments,
such as quadrupole^quadrupole, monopole^quadru-
pole and dipole^quadrupole (Fig. 3a). They usually
involve amino acids such as Trp, Phe and Tyr, which
feature a localization of partial electronic charge as
sometimes modeled in benzene (Fig. 3b). Brie£y, this
treatment distributes the N3 Z-electron density cloud
as discrete partial charges in the plane of the mole-
cule and assigns partial positive charges to the N�

hydrogens bound to the ring carbons. The interac-
tion is thus strongly dependent on the spatial ar-
rangement of the atoms.

2.1.2. Induced polarization
Molecular polarization can be induced in any

atom or molecule by the electric ¢elds produced by
nearby molecules and the electronic polarizability,
Ko, is then de¢ned by the strength of the induced
dipole moment which they acquire when subjected
to such ¢elds [7]. Ko can be understood simply as
the capacity of a given distribution of electrons to
be spatially distorted; as such, it is inversely propor-
tional to the electronegativity of the atom and di-
rectly proportional to the atomic radius. In the
case of polar molecules, other e¡ects will of course
contribute to the polarizability. But, for non-polar
molecules, which have no permanent dipole moment,
and which thus undergo induced polarization in an
externally applied ¢eld, the polarizability essentially
arises as a result of the polarization of their elec-
tronic charge distribution and is thus viewed as the
readjustment of their internal molecular charge dis-
tribution, i.e. of the negative electron cloud relative
to the nucleus, when they are subjected to a static
external potential [21]. Their polarizability is thus
related to the induced dipole moment:

Wind � KYE �13�
In the case of polar molecules, which can be consid-
ered as freely rotating dipoles with a time-averaged
Wavg = 0, an added contribution, i.e. that of the ori-
entational polarizability (Korient), due to the e¡ect of

the ¢eld on the Boltzmann-averaged orientations of
the rotating dipole, must be taken into account [7].
The total polarizability (K) of a polar molecule is
then no longer simply de¢ned as Wind/E but rather as:

K � Ko � Korient �14�

Fig. 4. Di¡erence electrostatic equipotential contours for the
charge distribution of the water molecule when subjected to a
uniform external electric ¢eld of 0.01 a.u. (= 5.14W107 V cm31)
along its principal symmetry axis. (a) Contours in the plane of
the molecule. (b) Contours in the plane perpendicular to the
molecular plane. Contours obtained from the electrostatic po-
tential of water with ¢eld applied less the electrostatic potential
of water under zero ¢eld applied. The highest contour is at
1800 cm31 for a charge of 1.0 a.u. and the contour lines step
by 200 cm31. Reprinted with permission from [21] (copyright
03.05.98 American Chemical Society).
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As a result of being placed in an electric ¢eld, the
center of gravity of the electron density shifts be-
cause the induced dipole moment lowers the energy
of the system. The bond dipoles also readjust to align
favorably with respect to the ¢eld. The magnitude of
such electronic polarizability is generally of the order
of r3 as can be seen with water which has Ko/
4rOo = 0.114 nm3 (r = 0.135 nm) [7].

In Fig. 4, the overall e¡ect of polarization can be
seen by comparing calculations performed on a water
molecule placed in a uniform electric ¢eld of
5.14U107 V/cm and under zero ¢eld conditions [2].
The magnitude of the ¢eld is representative of the
¢eld experienced by molecules located at van der
Waal distance from polar molecules. The results
show that the charge densities are not signi¢cantly
a¡ected by the external ¢eld, i.e. that the conforma-
tion and size of water remains constant and that the
charge density shifts in the direction of the ¢eld.
However, the electrostatic potential arising from
the charge distribution of water varies under applied
¢eld by some 10% [21].

In proteins, two major induced polarization cases

occur: the interaction between a monopole and a
polarizable group and the interaction between a di-
pole and a polarizable group. The energy of interac-
tion between a charged molecule and an isotropically
polarized one can be described as follows:

Ecÿinddip � 3ZeWind=Or2 � 3Ze2K=2O2r4 �15�
where Ze is the charge on the charged molecule, Wind

is the induced dipole on the interacting molecule and
K is the isotropic polarizability. In the case of dipole-
induced dipole interactions, the polarizing ¢eld orig-
inates from a permanent dipole instead of from a
charge and the interaction energy is referred to as
the Debye or induction energy:

Edipÿinddip � 3WWind=Or2 � 3W2K=O2r6 �16�

2.1.3. Weakly polar interactions
This subject is treated in depth by Burley and Pet-

sko [22] and the reader is referred to their detailed
discussion. The importance of these weak interac-
tions is being increasingly recognized in proteins
and this realization followed, not only from ab initio

Fig. 5. Stereoview of cod parvalbumin showing a cluster of aromatic residues (Phe and 1 Trp, orange) in an enthalpically favorable
arrangement and responsible for weakly polar interactions; structure modi¢ed from carp pdb4cpv.ent [117,120] as described in [121].
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calculations performed on model compounds, but
also from the fact that there are statistically signi¢-
cant preferred three-dimensional stereochemistries
between some speci¢c atoms or chemical groups
and aromatic residues, such as between aromatic
amino acids themselves, between oxygen and aro-
matic residues and between sulfur atoms and aro-
matic side chains. Fig. 5 shows such an aromatic
cluster in cod parvalbumin.

It can be seen that aromatic residues, Phe and Trp,
are arranged `edge-to-face', a geometry known to
promote favorable interaction between two quadru-
poles (cf. Fig. 3 and Section 2.1.1, v^ix) and it has
been suggested that such interactions stabilize the
tertiary structure of calcium-binding proteins while
de¢ning their core functional stereochemistry. An-
other illustration is shown in Fig. 6, which compares
the structures of horseradish peroxidase in the pres-
ence and absence of substrate within a 6 Aî -probe
radius from the heme. The right-hand side view
clearly shows phe a68 also positioned `edge-to-face'
with respect to the benzhydroxamic acid substrate
and thus no doubt contributing to its stabilization.

2.1.4. van der Waals and repulsive forces
The van der Waals interaction occurs between all

molecules including those that have no net charge
and that are not polarizable. It is due to the motions
of the electrons as they approach one another, and to
their tendency to avoid one another. As such, it is
quantum mechanical in nature and a very crude ap-
proximation is given by:

Edisp � 3K2I=r6 �17�
where I is the mean ionization energy. Dispersion
forces are characterized as follows [7]: (i) they can
be e¡ective at long range (s 10 nm) and become
very signi¢cant at very short-range (0.2 nm); (ii)
they can be repulsive or attractive and usually do
not follow simple power law derivations; (iii) they
also orient and align molecules and as such, their
e¡ect is weak; (iv) the dispersion interaction between
two molecules is also non-additive, i.e. is a¡ected by
the presence of other nearby molecules.

Between polar molecules, the long range van der
Waal interaction sums three predominant inverse
sixth power contributions: the induction force, the

Fig. 6. Stereoview of the horseradish peroxidase heme pocket environment showing the residues located at 6 Aî from the heme (red).
Left : the enzyme without substrate. Right: HRP in the presence of the benzhydroxamic acid substrate (yellow), stabilized by a weakly
polar interaction with Phe A68 (purple). HRP coordinates, pdb1atj.ent and pdb2atj.ent [98], from the Brookhaven Protein Data Bank
[117].
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orientation force and the dispersion force. The ¢rst is
the Debye contribution, the second is simply the
Keesom interaction described in the previous section
(cf. supra, Section 2.1.1, iv) and the last is usually the
dominant force in the overall net van der Waals
force, except for small highly polar molecules. Dis-
persion energies are in the range of 0.2 to 2.4 kcal
mol31 between small molecules that approach one
another to their van der Waal's radii. However, these
energies are higher for Z-electron systems with low-
lying electronic excitations (V6^8 kcal mol31) [23].
Between macromolecules, low-frequency density £uc-
tuations give rise to strong, long-range dispersion
interactions [24]. In protein systems, the structural
complexity has led to the use of idealized models
with microscopic treatments attempting to relate dis-
persion forces to molecular properties (such as the
ionization potential) and macroscopic approaches at-
tempting to overcome the oversimpli¢cation of the
former by incorporating rigorous spatial and geo-
metric considerations [25^27]. Recent calculations
performed on actual molecular shapes show that
the magnitude of dispersion interactions di¡er signif-
icantly from the results obtained using idealized
(spherical) models. This has an important con-
sequence in that the actual irregular shape of a pro-
tein points to a signi¢cant steric contribution, i.e.
molecules of complementary shape for example are
found to exhibit very strong attractive interaction
terms, which is not at all predicted with sphere mod-
els [27].

Repulsive interactions act between molecules that
are not covalently bound as they approach one an-
other at distances close enough to allow overlap of
their outer electron orbitals and to give rise to a
strong, very short range, repulsive force. As such, it

is also quantum mechanical and usually described by
a number of various empirical approaches such as
the hard and soft sphere repulsion potentials [7].

The most widely used potential is the Lennard^
Jones `6^12' potential which combines an inverse
sixth power potential for the van der Waals interac-
tion and an inverse twelfth power repulsive poten-
tial:

Eij � Oij�r� ij=rij
12�32�r� ij=rij

6� �18�
where Oij is the potential well depth and r� ij is the
interatomic distance at which the minimum occurs.
Polarizability will of course signi¢cantly a¡ect the
attractive term. The repulsive interactions between
polar and apolar atoms are believed to play a signi¢-
cant role in the stability of a protein matrix. In cy-
tochrome c, a large number of carbon-backbone ni-
trogen pairs have interatomic distances some 0.4 nm
shorter than the sum of their van der Waals radii.
Such pairs would be expected to be subject to repul-
sive interactions that would increase their mutual
separation. That the attractive term predominates is
quite surprising; it was shown that the repulsive in-
teraction is overcome by a combination of strong
dipole-induced dipole, H-bonding and hydrophobic
e¡ects associated with K-helical packing processes
and that the net van der Waals interaction (i.e. at-
tractive) thus destabilizes the structure by some V55
kcal mol31 [28].

2.1.5. Special interactions: H-bonding, hydrophobic
and hydrophilic

Protein ¢elds also include special intermolecular
interactions, which all have in common the involve-
ment of water, that most unusual and complex sub-
stance. The ¢rst special interaction is H-bonding, and
it can be viewed as a special case of combined di-
pole^dipole and charge interaction [2]. The small size
and orientation of the large dipole moment of water
molecules makes it a strong attractive force, due to
the fact that, when an hydrogen atom is covalently
bound to O, N or other electronegative atom A, the
electron density is partly shifted on the non-H atom;
thus, the hydrogen atom is partially unshielded and
has partial positive charge. As such, A-H represents
the H-bond donor and will accordingly attract H-
bond acceptors possessing lone-pair electrons or Z-
electrons (cf. Table 1). H-bonds belong to three

Table 2
Hydrophobic and hydrophilic groups:

Hydrophobic
Molecules oil, alkanes
Amino acids Phe, Trp, Tyr, Ile, Leu, Met, Val

Hydrophilic
Molecules alcohols, sugars, soluble proteins
Amino acids Asp, Glu, Lys, Arg, His
Anionic groups ^COO3, ^SO3

3 , ^OPO3
2 O^

Cationic groups ^N�(CH3)3, ^N�H3

Polar groups ^NH2, ^OH

Compiled from a longer list given by Israelachvili ([7], p. 107).
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classes: (i) strong H-bonds, i.e. `ionic' with bond en-
ergies varying between 15- and 40 kcal mol31 and
occurring between groups in which there is a de¢-
ciency of electron density in the donor group or an
excess of electron density in the acceptor group [N�^
H....N]; (ii) moderate H-bonds, i.e. `neutral' with
energies ranging between 4 and 14 kcal mol31 and
in which the donor atoms A are electronegative with
respect to hydrogen with the acceptor B atoms hav-
ing lone-pair unshared electrons [^O^H...O^H^]; and
(iii) weak H-bonds, with energies in the 1^4 kcal
mol31 range which occur when hydrogen is cova-
lently bound to an atom more electroneutral than
itself (C^H, Si^H) [29]. Two linearly H-bonded water
molecules have a maximum stabilization energy of
some V4.8 kcal mol31 when the oxygens are 0.28
nm apart from each other and the H-bond interac-
tion cancels out for oxygen separations greater than
0.4 nm [30].

In proteins, H-bonds are usually classi¢ed into
three groups, i.e. main chain-main chain H-bonds
between the N^H and ONC bonds of peptide
groups, main chain^side chain H-bonds between
the peptide N^H and ONC groups and R-groups
and side chain^side-chain H-bonds. It is interesting
to note that H-bonding patterns di¡er signi¢cantly in
proteins as compared to the types of H-bonding ob-
served in simple amino acid chains and peptides, as
discussed by Vinogradov [31] who distinguishes the

following: (i) proteins exhibit more peptide^peptide
H-bonds than peptide^side chain H-bonds; (ii) they
also form signi¢cantly more peptide CNO...H^O
bonds with side chains than amino acids do; (iii)
there is a tendency for the internal waters of a pro-
tein to H-bond with peptide carbonyls and side chain
hydroxyl groups.

Thus, in the modulation of protein matrix ¢elds,
H-bonding must play a signi¢cant role: it is recog-
nized that a protein folds so as to avoid leaving any
unmatched H-bond donor or acceptor in its interior,
consistent with the fact that isolated charged groups
are also never found in the hydrophobic core regions
of the matrix [1,32].

The hydrophobic interaction (cf. Table 2) is not
the result of the application of a force; rather, it is
due to hydrophobic side chains assembling tightly
together to avoid contact with solvent water. This
surprisingly strong attraction between non-polar hy-
drophobic groups in water is in direct contradiction
with van der Waals dispersion theory and arises from
the rearrangement of water molecules in the overlap-
ping solvation zones. The interaction still represents
an excessively di¤cult theoretical problem and a
sound model has yet to emerge [7,33]. The interac-
tion is known to decrease exponentially with distance
in the 0^10 nm range for small solute molecules and
it has been proposed that the free energy of hydro-
phobic interaction is directly proportional to the sol-
ute diameter [7] :

vGhydr:int:34:8 c kcal mol31 �19�
The importance of the hydrophobic interaction in the
context of protein structure and folding has long
been recognized [34]. It is generally accepted that
the most stable protein conformations are achieved
when the hydrophobic residues are deeply buried in
the protein core without contact with solvent water
molecules. However, recent work has demonstrated
that some globular proteins exhibit a form of distri-
butional disorder leading to the possibility of ¢nding
some 40% of the hydrophobic residues at the surface
of the protein matrix [2,35]. In the context of protein
folding, hydrophobic interactions are believed to
drive the protein towards a more condensed structure
by decreasing the unfavorable contacts between hy-
drophobic residues and solvent. In various c-type
cytochromes, the hydrophobic character of speci¢c

Table 3
Major non-covalent interactions in proteins

Type of interaction Spatial geometry
dependence

Distance
dependence
of energy

Electrostatic
Charge-charge no 1/r
Charge^dipole yes 1/r

1/r2 (long
distance)

Dipole^dipole yes 1/r3

Charge^quadrupole yes 1/r3

Dipole^quadrupole yes 1/r4

Quadrupole^quadrupole yes 1/r5

Induced polarization yes 1/r4

Dispersion no 1/r6

Exchange repulsion no 1/r12

H-bonding yes V1.2^3.2 Aî
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residues near the heme is conserved as well as one
Trp residue, H-bonded to a heme propionate. It is
thought that this re£ects the capacity of the protein
to protect its redox center by providing it with a
hydrophobic environment and similarly to favor its
solubility by orienting hydrophilic residues towards
its surface [36].

There is no speci¢c `hydrophilic e¡ect' as such, but
the interaction is being increasingly recognized as
signi¢cant in protein systems. It refers to the ten-
dency of given groups and molecules to be water
soluble and to strongly repel one another in aqueous
solution. Thus it is a repulsive type of interaction
since such groups prefer to be in contact with water
than with themselves. A good example is provided by
a recent study on the hydrophilic bridges present in
protein complexes and their importance with respect
to both folding and binding processes. They were
recognized as very important factors of protein^pro-
tein association stability [37]. The hydrophobic and
hydrophilic interactions, unlike the van der Waals
dispersion interaction, are not additive because they
are both solvation phenomena and as such, very de-
pendent on the water arrangement. They are long
range interactions and in the presence of amphiphilic
groups, as is the case in amino acids and lipid bi-
layers, the net interaction is never additive. This of
course contributes to the extreme complexity of the
interaction [7].

The distance dependence of non-bond interactions
(cf. Table 3) can provide a measure of their relative
signi¢cance as long as the equal importance of the
orientation factor is fully recognized for those types
of interaction that include it. For example, the di-
pole^dipole interaction shows the same distance de-
pendence as monopole^quadrupole interactions, but
the extent of the orientation contribution is signi¢-
cantly di¡erent. Also, the importance of previously
underestimated interactions, such as the weakly po-
lar, is increasingly being recognized and it has be-
come apparent in several types of studies that we
can no longer calculate reliable energies by consider-
ing only the more conventional non-bond interac-
tions.

2.2. The dielectric constant

The Coulomb force between two charges q1 and q2

separated by a distance r can also be written as:

F � q1q2=4ZOoOr2 � z1z2e2=4ZOoOr2 �20�
where Oo is the permittivity of free space and O that
of the medium. With charges of the same polarity, F
is positive and repulsive and with charges of opposite
polarity, F is negative and attractive. If such a cou-
lombic force acts on a charge q1 at a distance r, an
electric ¢eld is generated such that:

E1 � q1=4ZOoOr2V m31 �21�
and when this ¢eld E1 acts on another charge q2 at a
distance r, it again gives rise to a Coulomb force:

F � q2E1 � q1q2=4ZOoOr2 � z1z2e2=4ZOoOr2 �22�
In a vacuum, F depends only on the distance sepa-
rating the two charged particles and their charge. If
some medium is introduced between the charges, the
force per unit charge will decrease as a result of the
permittivity of the medium, i.e. of its dielectric con-
stant O, which is simply a measure of the capacity of
the medium to decrease the coulombic force. Thus,
Eq. 9 can be rewritten as:

V cÿcwF � q1q2=4ZOr2 �23�
and the dielectric constant is likewise incorporated

into the other electrostatic force interactions as well.
At this point, it becomes relevant to discuss the

dielectric constant of a protein. Not only is it the
object of on-going controversy, but it is of de¢nite
pertinence for the concepts introduced in the next
section (cf. Harvey for a comprehensive discussion
[38]). A description of macroscopic and microscopic
protein dielectric properties is also given by Simon-
son and Perahia [39].

2.2.1. De¢nitions of the dielectric of a protein
It is generally agreed that Oprot is rather low, with

measurements ranging between 2 and 4 for protein
powders and in solution [40^42] and values of 2^4
also calculated with dielectric models incorporating
electronic polarizabilities in the range of 1^2 Aî . In
models based on the Kirkwood^Fro«hlich (KF) for-
malism [43], the interaction energy is correlated to
the spatial relationship of charged sites to account
for protein^solvent interface inhomogeneities [16].
We refer to Gilson and Honig for a full theoretical
description of the KF model and derivation of

BBAPRO 35681 23-7-98 Cyaan Magenta Geel Zwart

M. Laberge / Biochimica et Biophysica Acta 1386 (1998) 305^330316



OW2.5^4 for a folded protein [44]. Other authors
assign much higher values to the dielectric, e.g. 15^
20 [20,45] but what should be noted here is that the
uncertainty in the value of the dielectric constant of a
protein depends ¢rst and foremost on the property
used to de¢ne it [46]. Brie£y, various dielectric mod-
els account di¡erently for the screening of mono-
pole^monopole interactions and charge solvation in-
side a protein [38]. For example, the KF model as
implemented by Gilson and Sharp [47,48] assumes
that the major contributions to the dielectric con-
stant of a polar liquid are the electronic and atomic
polarizations (w induced polarization) and the dipo-
lar rotation. The ¢rst yields dielectric constants of
the order of V1.5^2.5, the second is a fraction of
the refractive index (0.05^0.30) and the dipolar rota-
tion (i.e. the capacity of dipolar groups to align with
an electric ¢eld) leads to large O-values for several
polar liquids [44]. The various dielectric de¢nitions
can thus be grouped under the parameter that they
take into account [46]:

(i) Local polarity of the medium: The basis of this
de¢nition is solvation, occurring either in polar sol-
vent such as water (large O), which are very good at
stabilizing charged groups, or non-polar solvents
such as hydrocarbons (OV2). This treatment yields
large O values for proteins in the vicinity of charges.

(ii) Macroscopic bulk: This de¢nition considers
the protein matrix as a uniform medium and the
average value of the dielectric is evaluated by apply-
ing weak electric ¢elds to the protein sample, usually
in powder form [40]. These measurements yield di-
electric constants of the order of V2, but as Warshel
et al. point out [46], this average protein dielectric is

of no use to account for charges located in the pro-
tein interior and says nothing about the microscopic
charge stabilization processes while predicting that
no charges could be stable in the protein interior.

(iii) Microscopic treatments: These approaches
take into account the charge heterogeneity of the
protein matrix and O will depend on the protein re-
gion used to de¢ne it. The dielectric is no longer
considered a constant but rather a spatially varying
function which approximates v40 in the regions
where most ionizable groups are found (e.g. the pro-
tein surface) with signi¢cant monopole^monopole in-
teractions and V2^4 in the protein interior (cf.
Fig. 7).

The advantage of this type of `dielectric' de¢nition
is that electrostatic e¡ects can be accurately de-
scribed. For example, by considering the interaction
between a monopole and surrounding dipoles, such
as N^H groups in ion binding sites, the e¡ect of a
single dipole can be evaluated. For the amide N^H
bond, WV0.3 and using Eq. 10, modi¢ed to include O
[46]:

Oeff�r� � 3332QWcosa=r2vG�r� �24�
a value of V4 is obtained for the dielectric which
implies that the forces on the protein are weaker
than those involved in the monopole^monopole in-
teractions. Similarly, it can be veri¢ed that dipole^
dipole interactions are even weaker since they yield
dielectric values lower than 4. Thus, the weaker
and the more e¡ective the force at short range, the
lower the e¡ective dielectric. Table 4 lists various di-
electric constant de¢nitions and applications for pro-
teins.

Table 4
The dielectric constant of a protein as a function of its de¢nition/intended application

De¢nition/use of O Value Model

Polar = large O ; measuring relaxation properties O= 10^20 Protein regions are always polar in the vicinity of small ions with
small radii, and charged, £exible R-groups

Non-polar = small O ; measuring equilibrium properties O= 1^3 Unperturbed system, well-de¢ned by a force ¢eld
Oeff = 332 Q1Q2/rvG Oeff s 10
Large O for monopole^monopole interactions Oeff = 40
131/Oeff =3vG/166Q2 Oeff s 10 Protein matrix can solvate ionized groups with small radii
Oeff =3332 Q1W2cosa/r2vG O= 4 O can be equal to 4 for signi¢cant monopole^dipole interactions

when the dipoles are ¢xed and the reorganization energy is small
O= 4ZGPf+Gjf/Ghf O= 2^30 Microscopic de¢nition

After [6] (p. 280) and [50].
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2.2.2. Dependence on equilibrium and relaxation
properties

Another important consideration is that the dielec-
tric constant of a medium, just as the polarizability
of an atom, is frequency-dependent [49]. For exam-
ple, water has a substantial dipole moment and is as
such very polarizable (OV80 at 20³C). In a slowly
oscillating electric ¢eld, the dipoles tend to align with
the ¢eld but thermal motion counters this e¡ect by
causing random reorientation of the molecules. In
this process of rotational di¡usion, the electric ¢eld
only exerts a small e¡ect; thus, in a high frequency
oscillating ¢eld, the individual molecules are unable
to reorient fast enough to align with the ¢eld. In this
case, the high frequency O of water is 4 at 20³C
(for Es 200 GHz) which is signi¢cantly di¡erent
than the low frequency value of 80 (for E up
to V2 GHz) [38]. For water, there is a broad
dispersion at 16 GHz and this must be taken

into account in simulations on the ps time scale since
the rotational relaxation time of water is ca. 10 ps. In
this context, see also the discussion by Israelachvili
[7].

The relationship that exists between equilibrium
and relaxation properties is also of importance and
it is accordingly summarized in this section, essen-
tially following Simonson and colleagues [50,51]
who use the dielectric constant in a continuum ap-
proach to calculate the equilibrium distribution of
charge, ¢eld and potential and to determine the re-
laxation of the protein as it reacts to an external
perturbation, such as the presence of a redox electron
or of an ion. The determination of equilibrium and
relaxation properties usually requires di¡erent values
for the dielectric constant and the calculation of
mixed equilibrium/relaxation properties accordingly
necessitate a third approach altogether. Thus, for a
protein undergoing relaxation as a result of a pertur-

Fig. 7. View of myoglobin showing two concentric dielectric regions (after [50]). Myoglobin coordinates (pdb5mbn.ent) [122] from the
Brookhaven Protein Data Bank [117]. To analyze the radial variation of O in going from the inner core of the protein to its surface,
the protein is considered a spherical dielectric medium consisting of two distinct regions with di¡erent dielectric: inner region viewed
as a microscopic cavity with dielectric O1 (V2) and radius r1 and an outer region treated as a continuum with dielectric O2 (V13) and
radius r2. Besides an explicit contribution from dipolar reorientation, the estimates include an implicit contribution from electronic po-
larizability ranging between 0 and 1.
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bation, the free energy of perturbation A can be de-
¢ned as follows:

A � Astatic � Arelaxation �25�
Astatic is de¢ned by the equilibrium ¢eld in and
around the protein; it e¡ectively constrains the sys-
tem and prevents relaxation while Arelaxation is deter-
mined by the polarizability of the protein and solvent
and thus represents the free energy released upon
removal of the constraints. We see that the de¢nition
per se of the dielectric constant does not change; it is
rather that some types of applications are more de-
pendent on equilibrium properties, such as the calcu-
lation of the equilibrium ¢eld of an unperturbed pro-
tein, well-de¢ned by a force ¢eld and starting
coordinates, as opposed to other applications more
sensitive to the relaxation properties of the protein
system as, for example, after an electron transfer or
ion binding event which results in charge reorganiza-
tion in the matrix interior as well as in the solvent
(cf. Table 4).

This discussion on the dielectric constant of a pro-
tein was intended as a caveat in that the application
context of O should be recognized as crucial in pro-
tein modeling. In practice, this also translates as fol-
lows: a high dielectric should be selected for model-

ing small protein systems when using an implicit
solvent approximation. The low dielectric should be
restricted to use with explicit solvent representation,
provided that the protein is fully solvated (as op-
posed to using minimal layer solvation). (cf. infra
Section 3.1.1).

3. Electrostatic modeling in proteins

It follows from the previous sections that the mag-
nitude of the problem associated with modeling the
internal electric ¢eld of a protein represents one of
the most laborious challenges in the ¢eld of biophys-
ics with the corollary being no less exacting, i.e. how
can the complex energetic contributions of these dif-
ferent interactions be taken into account to model
this £uctuating protein internal electric ¢eld with rea-
sonable accuracy? In reviewing the treatment of elec-
trostatic e¡ects, Harvey [38] states the general prob-
lem associated with macromolecular modeling: if it is
to succeed to accurately simulate the physical proper-
ties of protein systems, it must incorporate potential
energy functions that describe how the potential en-
ergy of the protein assembly depends on the position
of the constituent atoms while realistically account-

Fig. 8. Macroscopic (left) and microscopic (right) protein^solvent models. In the macroscopic case, the protein is surrounded by a
continuum solvent region with O=80 with Glu/Asp shown in red and Arg/Lys in blue. In the microscopic case, the protein is surround-
ing by explicit water molecules. Cytochrome b5 coordinates (pdb3b5c.ent) [123] from the Brookhaven Protein Data Bank [117].
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ing for electrostatic interactions. Brie£y, macroscopic
approaches use macroscopic electrostatic equations
to derive macroscopic properties and the protein is
considered as a continuous distribution of charge
with interfacial regions of discontinuities [52]. On
the other hand, microscopic models explicitly treat
the electrostatic interactions and derive macroscopic
properties using some form of statistical averaging
[53]. We refer to existing reviews for a comprehensive
description of these two fundamentally di¡erent for-
malisms and their respective applications [6,8,9,
38,46,52,54^60]. In this section, we brie£y describe
them and summarize two approaches used to con-
ceptualize and represent the macroscopic and micro-
scopic properties of proteins (Fig. 8) and selected
simply because of their wide acceptance by the mac-
romolecular modeling community and also because
the required programs are available for distribution.

3.1. Macroscopic methods

In macromolecular modeling, methods based on a
macroscopic continuum formalism have gained wide
acceptance because the macroscopic formulations are
readily available and also because they are not very
expensive from a computational point of view. The
drawback is well-known from a statistical mechanics
point of view and it is the familiar one of using a
macroscopic scale to describe properties on a micro-
scopic scale. They also require a signi¢cant number
of totally arbitrary parameters that have to be ¢xed
before carrying out the calculations. More impor-
tantly, they involve the use of algorithms which
smooth out the essentially heterogeneous nature of
the dielectric regions of a protein and ignore the
discreteness of the solvent. And so, unless they in-
corporate some form of microscopic treatment, for
example, the explicit incorporation of the e¡ect of
local protein polarity or the explicit representation
of dipoles such as H-bonds when assigning a low
dielectric to the protein [46], they are not successful
at realistically describing the electrostatic energies of
proteins. However, Sharp and Honig [61] addressed
the question of the validity of classical electrostatics
for the accurate description of microscopic protein
properties and demonstrated that its application to
appropriate problems yielded a rigorous approach to
a wide range of microscopic phenomena. This view

has been corroborated in recent years by the success
of macroscopic formalism at treating solute^solvent
interactions, such as the structural origins of pH ef-
fects on protein stability [62,63] and substrate bind-
ing [64], the e¡ect of solvation on protein stability
and binding [65] and the directionality of electron
transfer [66], to mention but a few applications.

In general, macroscopic treatments use two di¡er-
ent approaches for calculating electrostatics and they
are based on the use of di¡erent models to represent
the charge distribution within the protein. The most
widely applied are the Tanford^Kirkwood (TK) and
modi¢ed TK methods [67,68], in which the protein is
represented as a sphere of low dielectric; the modi-
¢ed TK formalism corresponds to a polar protein
interior around charged groups, consistent with the
experimental ¢nding of ions inside proteins, and ad-
justs monopole^monopole interactions by the corre-
sponding solvent accessibilities. The validity and ap-
plicability of these models is discussed by Warshel et
al. [52]. The other widely used macroscopic approach
is the Finite Di¡erence Poisson^Boltzmann (FDPB)
method, which uses a Cartesian grid system to map
the protein and treats ionic strength e¡ects as well
[69].

3.1.1. Finite di¡erence methods
Finite Di¡erence methods [47,52,55,57,70,71] cal-

culate electrostatic interactions with the method of
¢nite di¡erences applied to a continuum model for
the medium surrounding the protein rather than a
collection of atoms (Fig. 8). They are attractive be-
cause they are rigorously derived from classical con-
tinuum electrostatic theory. First applied to protein
systems by Warwicker and Watson [72], ¢nite di¡er-
ence methods describe the solvated protein as a dis-
cretized continuum, mapping the whole space, i.e.
protein and surrounding solvent continuum, onto a
three-dimensional grid with local dielectric values
(Oprot and Osolv, respectively) assigned to each grid
point. This is because, in the presence of an electric
¢eld, three charge-screening processes must be taken
into account, namely: the electronic polarizability,
which describes the reorientation of the electron
cloud around a nucleus upon application of the ¢eld,
the reorientation of the permanent dipoles and the
subsequent redistribution of charge. Electronic polar-
izability and dipole reorientation are taken into ac-
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count by using a position-dependent O and a ¢nite
di¡erence method is then used to solve the Poisson
equation combined to the Coulomb equation by nu-
merical approximation methods [73]:

92P�r� � 34Zb�r�=O�r� �26�
in which P(r) is the electrostatic potential with posi-
tion r and b(r) is the charge density distribution.
Since proteins are often solvated in the presence of
mobile ions, consideration of ionic strength repre-
sents an added modeling advantage and this leads
to the Finite Di¡erence Poisson^Boltzmann
(FDPB) equation [3,61], fully implemented as Delphi
in the InsightII software package [69] :

9W�O�r�P�r��3O�r�U2�r�2sinh�P�r�� � 4Zbf �r�=kT � 0

�27�
in which bf is the ¢xed charge density in proton
charge units, k the Boltzmann constant, T the abso-
lute temperature, P(r) the dimensionless electrostatic
potential expressed in units of kT/q, q being the
charge on a proton and U2 =V2 = 8Zq2I/ekT, where
V is the Debye length and I is the ionic strength of
the solvent. P,O, U, bf are all functions of the position
vector r. As with the ¢nite di¡erence method, a local
dielectric is assigned to each of the lines connecting
the grid points which are also given appropriate De-
bye^Hu«ckel values. The choice of dielectric depends
on the properties being studied (cf. supra Section
2.2). Brie£y, a high protein O takes into account the
polarizability of the medium and accordingly, it is
adequate for calculating relaxation properties, such
as relaxation free energies in response to a perturbing
charge. If, however, the focus of interest is on the
equilibrium ¢eld and potential of the protein matrix,
a low O would describe more accurately the equilib-
rium charge distribution.

The trade-o¡ between ¢ne grids (more accurate)
and coarse ones (fast computing speed) can be bal-
anced by using focusing methods that implement ¢-
ner grids in protein regions of interest [47]. Thus,
electrostatic models based on the FDPB formalism
can incorporate detailed structural information,
along with charge and dielectric properties, solvent
and ionic strength e¡ects. As such, they provide an
essentially complete description of the electrostatics
of a given conformation or structure of a protein.
The FDPB approach provides a good trade-o¡ be-

tween realistic description of the electrostatics
with computational e¤ciency, and has been used
successfully to model many protein electrostatic
properties, including redox potentials, pKa values,
association rates, binding constants and catalysis
(cf. Sharp and Honig [61] for a full review of appli-
cations).

In our context of interest, applications of the
FDPB method include the study of protein polar
contributions to the frequency shifts of small ligands
[74], the capacity of the charge distribution in a pro-
tein matrix to a¡ect the CO ligand/heme geometry
[75], the study of the e¡ect of the K-helix electrostatic
¢eld on electronic spectra [76] and the correlation of
changes in the population distribution of the 0,0
transition frequencies of mesoporphyrin in cyto-
chrome c peroxidase with changes in electrostatic
¢eld at the heme due to protonation of the axial
histidines [77]. This work showed that protonation
of the axial histidines produces a large change in
the potential at the heme, as well as changes in the
electric ¢eld. When the pH is lowered, protonating
the histidine, a new species appears in the population
distribution of the 0,0 transition frequencies of the
peroxidase. The prediction that a change in the spec-
tral energy distributions correlates with the electric
¢eld is thus qualitatively borne out. These results
provide strong support to the idea that similar cal-
culations can be applied quantitatively to study the
contribution of the protein matrix to the electric ¢eld
in more complex protein systems.

3.2. Microscopic methods

The development of these methods for application
to protein systems can be traced back to the early
work of Warshel [6] motivated by the inadequacy of
macroscopic approaches to solve the dielectric prob-
lem and by the desire to consider the discrete nature
of the solvated protein. The obvious advantage is
theoretical and it is that they require no arbitrary
parameters (besides an e¡ective O) because they treat
the system at the atomic level. The modeled e¡ects
can also be directly correlated with microscopic
properties and the only requirement is to account
for all relevant energy contributions. However, their
computational complexity prevents them from wide-
spread application since an explicit representation of
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all atoms in the protein and the solvent is required as
well as the description of the orientation of all di-
poles. Thus, a thing of beauty, but that requires hard
work.

3.2.1. The protein dipole Langevin dipole method
The protein dipoles Langevin dipoles method

(PDLD), developed by Warshel and co-workers
[6,46], describes the average energy of a protein sys-
tem using the electrostatic energy derived from its
average structure, usually its crystallographic struc-
ture, itself a time-averaged structure. Most modeling
procedures re-minimize the starting structure for the
di¡erent force ¢elds used to describe the charge dis-
tributions. Treatment of the solvent polarization is
explicit, but can be simpli¢ed through use of a 3-D
grid model in which the water molecules are repre-
sented by point dipoles that can also penetrate pro-
tein cavities. The polarization of a solvent dipole in
the local electric ¢eld is described by a Langevin
approximation [78]:

W � eiWo�cothMi31=Mi� �28�
where:

Mi � CWo�ji3ji
c�ji

o=ji
okbT �29�

in which ei is a unit vector in the direction of the
local electric ¢eld ji on the ith dipole, Wo=1.8 D, C is
a solvation energy parameter, jo

i is the electric ¢eld
from the charge distribution on the ith dipole, and jc

i
is the ¢eld from its nearest neighbors. The solvent
has a uniform polarizability, or dielectric response,
represented by discrete polarizabilities that follow a
polarization law, which corresponds to a thermal
average of the orientations and spatial distribution
of the permanent and induced dipoles and which is
obtained by calibrating the parameter C and the van
der Waals distances according to atom type with the
object of reproducing realistic solvation energies for
groups with di¡erent charges and radii. The e¡ect of
the protein's electronic polarization is also explicitly
treated by assigning induced dipole moments to all
atoms. An iterative procedure is then used to treat
charge^dipole and dipole^dipole interactions. A
drawback is that the procedure iterates on the mag-
nitude of the Langevin dipole, but not on its direc-
tion and also that ionic strength e¡ects are not
treated [38].

The PDLD formalism is available for distribution
(as Polaris in the Molaris software package [79]) and
has been applied to the study of monopole^mono-
pole interactions in proteins [6], and has tackled the
problem of `self-energies' i.e. the solvation of charge
in the protein matrix. This self-energy is important
because it provides a measure of the capacity of H-
bonds to stabilize a charged group. It also addresses
such questions as how the polarity of the protein
environment can contribute to the control of heme
protein redox potentials [80], and how the electro-
static control of photosynthetic processes occurs.
For example, it is known that one of two symmetric
electron pathways is blocked in the reaction center
and the PDLD method was used to correlate this
e¡ect with the di¡erent polarities of the sites associ-
ated with the accessory chlorophyll present in the
two branches of the electron pathway [81].

3.3. Combined approaches

Electrostatic modeling approaches are being con-
stantly re¢ned as a result of the ever-increasing com-
putational capacity and as a consequence of theoret-
ical and conceptual advances. Progress towards
achieving the goal of the accurate representation of
the internal ¢eld of a protein, including all electro-
static factors, is being achieved by the increasing so-
phistication of both macroscopic and microscopic
approaches. For example, a semi-microscopic ap-
proach was recently described [46,82^84] which scales
the PDLD method to calculate the energy of the
charges in a solvated protein: an energy term is ob-
tained from the interaction of the protein with its
charged groups and with the surrounding Langevin
dipoles by scaling the dielectric factors. The model
yields very accurate results for surface groups using
OinV6. As for the continuum formalism, Nakamura
[85] describes a combination of the approach with
molecular dynamics in which only the pure solvent
region is represented as a continuum, the protein
being described by molecular theory. Sharp [48] has
also developed a computationally e¤cient means
of incorporating continuum electrostatic forces in
molecular dynamics calculations, in which he also
treats the protein with molecular theory. See Naka-
mura [1] and Gilson et al. [86] for a detailed discus-
sion.
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4. Stark spectroscopy

Stark spectroscopy is usually understood to refer
to the application of an external electric ¢eld in-
tended as a perturbation of the spectral character-
istics of an optical center [87,88]. In the optical do-
main, the Stark e¡ect (SE) has a long history of
being used for the identi¢cation of degenerate states,
the determination of molecular orientations, or of
the number of molecules per primitive unit cell in
X-ray crystallography and for distinguishing between
polar and non-polar isomers in solids [89]. As such,
the SE-induced spectral changes can be related to
signi¢cant parameters of a given charge distribution
in the molecular system under investigation. Rele-
vant to our context are the SE applications reporting
on the measurement of microscopic electric ¢elds in
condensed phases induced by polarization or the het-
erogeneity of charge distributions [90].

In protein systems, Stark spectroscopy is used to
probe the interaction of chromophores with the pro-
tein matrix in which they reside and we refer to the
companion reviews in this special issue for a full
discussion of these interactions involving the appli-
cation of external electric ¢elds [13,14] as well as to a
recent review on Stark spectroscopy methods and
applications [91]. In this section, we brie£y de¢ne
the Stark e¡ect and proceed with discussing recent
electronic and vibrational experimental studies fo-

cused on the SE observed, not as a result of the
application of an external ¢eld, but rather attributed
to changes in the internal ¢eld of a protein matrix.

4.1. The electronic and vibrational Stark e¡ects

The e¡ect of an electric ¢eld on molecular spectra,
or Stark e¡ect, can be taken into account simply by
adding the following term to the optical center's
Hamiltonian [90]:

H 0 � 3WWE �30�
where WW is the dipole moment and E the electric ¢eld
applied. In cases where the ¢eld is non-uniform, ad-
ditional multipole moments must be considered [92].
Brie£y, SE's are observed in optical spectra as line
shifts, splittings or broadenings (i.e. unresolved split-
tings) due to the interaction of the electric ¢eld with
the dipole moment of the optical center (¢rst order
SE) or with the ¢eld-induced dipole moments (sec-
ond order SE). Intensity changes are also observed as
a result of ¢eld-induced mixing of states with di¡er-
ent transition moments. Estimates of the magnitude
of electric ¢elds capable of inducing Stark shifts in
electronic absorption spectra range between 4U106

V/cm in the case of a simple helical peptide and
5U106 V/cm for a transient dipole induced by elec-
tron transfer in photosynthetic reaction centers [93].

Similarly, among the perturbations that can a¡ect
the vibrational frequency of an oscillator, the vibra-
tional Stark e¡ect (VSE) (Fig. 9), resulting from the
application of an external electric ¢eld is perhaps the
best known. The VSE can be attributed to a pertur-
bation of the vibrational Hamiltonian through its
projection on the dipole vector of the vibrational
mode which can thus signi¢cantly alter both the fre-
quency and oscillator strength of the transition. The
perturbed Hamiltonian can be expressed as follows
[74]:

H � �p2=2m�3W�Q�WE �x�Q� �31�
where Q is the generalized coordinate of the normal
mode, p the conjugate momentum, m the reduced
mass, WW the dipole moment, E the applied electric
¢eld and x(Q) the potential in the absence of electric
¢eld.

The energy of an ideal dipole WW in a uniform elec-
tric ¢eld is given by the following dot product:

Fig. 9. The vibrational Stark e¡ect. Under the application of
an electric ¢eld E, the vibrational energy levels experience a
shift approximated by 3vWWE. The other quantity is the Stark
tuning rate (NXE), de¢ned as: dhX01/dE (cf. [74]). At low applied
¢eld, the VSE is linear and proportional to NXE.
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E � 3WWE �32�
If the ¢eld is applied during a vibrational transition,
the energies of the initial and ¢nal vibrational states
will be shifted by 3vWW, i.e. the di¡erence between the
dipole moments of both states. At low applied ¢eld,
the VSE is linear and proportional to the Stark tun-
ing rate, de¢ned as [94]:

NXE � dGv01=dE �33�
where dGX01 is the di¡erence in energy between the
v = 0 and v = 1 vibrational states and G is Planck's
constant. Di¡erent VSE perturbation mechanisms
have been proposed but whether classical or quan-
tum mechanical [95], these approaches have all
shown that the VSE can account for changes which
are, as in the case of the electronic SE, also exper-
imentally observed as line shifts, band splittings and
intensity variations.

In a biological context, very little vibrational Stark
work has been reported: a VSE was computed at the
semi-empirical level (AM1) for the retinal molecule
[95] and both the frequency and oscillator strength
were shown to be signi¢cantly sensitive to ¢elds of
the order of 0.005 a.u. In a study performed on the
reaction center of a photosynthetic pigment, intensity

Fig. 11. Electrostatic potential and ¢eld at the heme of CcP. Coordinates (pdb2cyp.ent) [124] from the Brookhaven Protein Data
Bank [117] and representation of the potentials achieved with Grasp [118]; the heme electrostatic molecular surfaces are color-coded
as for Fig. 1; the observed potential di¡erences are due to the e¡ect of charging the histidines ^ one of which (His52) is distal to the
heme iron. After [77].

Fig. 10. Inhomogeneous distribution functions (IDFs) re£ecting
the spectral changes observed in the emission of MP-CcP at pH
8, W= 50 mM (top) and pH 6 (bottom); after [77]; cf. compan-
ion paper, section 2.2.3 for a discussion on the signi¢cance of
the IDF [15].
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increases of the amide stretch were attributed to a
VSE and semi-empirical calculations showed that vi-
brational Stark shifts of the order of 2 cm31 could be
expected [96]. Testing the role of electrostatic inter-
actions in determining the CO-stretch frequency in
carbonmonoxymyoglobin, Decatur and Boxer [93]
calculated that a shift in the CO-stretch frequency
of 10 cm31 would require an electric ¢eld of some
2U107 V/cm.

4.2. Experimental survey

The ¢rst study on the e¡ect of a protein-induced
electric ¢eld on the optical properties of a biological
chromophore reported on the binding of mesopor-
phyrin-substituted cytochrome c peroxidase (MP-
CcP) and cytochrome c [77]. The optical center of
interest was a mesoporphyrin and its emission was
measured by £uorescence line narrowing in the
bound and unbound states as a function of pH and
ionic strength (cf. Section 3.1.1 in the companion
paper [15]). A FDPB approach was selected to cal-
culate the electric potential and ¢eld at the pyrrole
nitrogens of the porphyrin macrocycle, also as a
function of ionic strength. The rationale for perform-
ing the FDPB calculation at the nitrogens was that
any observed spectral change in the spectroscopically
monitored Q-band region would stem from the per-
turbation of porphyrin transitions known to be re-
stricted to the delocalized Z system of the tetrapyr-
role [97]. Accordingly, the spectral changes could be
correlated to the potentials measured at this location.
Fig. 10 shows the distribution of electronic energies
extracted from the FLN spectra.

Inspection of the IDFs clearly shows that the 0,0
bands are di¡erent at neutral and alkaline pH, with
three and two components respectively. This trans-
lates into a spectral shift of 60^100 cm31 among the
three components that widen to 145 cm31 with pH.
The disappearance of one of the components at high-
er pH was interpreted to be a result of the protona-
tion of His52, which was supported by the electro-
static calculations, yielding increased potentials at
the porphyrin nitrogens by as much as 200 mV/A
when the calculations was performed with this distal
histidine charged, especially along the normal to the
heme, i.e. along the ZCZ* transition axis. The di¡er-
ence in the overall calculated heme electrostatic po-

tentials, as a result of charging the histidine or not, is
illustrated in Fig. 11.

Thus, the spectral changes shown in Fig. 10 can be
correlated to the di¡erent ¢elds experienced at the
heme as a result of charge redistribution in the pro-
tein matrix. The e¡ect of dispersion forces were not
taken into account in the calculations, but they are
known to signi¢cantly a¡ect electric ¢eld £uctuations
and thus, must contribute to the width of the deter-
mined IDF components. The authors also compared
the same chromophore (i.e. mesoporphyrin) in
two enzymes, i.e. CcP and horseradish peroxidase,
reporting that the ¢rst excited singlet vibrational
frequencies di¡ered by some 6 cm31 (cf. Table 1
in [77]). The recent publication of the HRP X-ray
structure [98] should allow further testing of the pro-
tein ¢eld/spectral property correlation in the near
future.

In the VSE context, the study of various carbon-
monoxy heme proteins is con¢rming the importance
of the protein matrix ¢eld with respect to signi¢-
cantly a¡ecting vibrational stretch frequencies. That
charge and polar interactions in the heme ligand
pocket are critical factors modulating the binding
of CO has been recognized for some time, both ex-
perimentally, in IR studies of mutant proteins [99^
101], and theoretically [75,102^105]. In the case of
myoglobin, the use of distal mutants as local modu-
lators of pocket ¢eld interactions has resulted in ob-
servable spectral shifts suggested to arise from inter-
nal Stark e¡ects due to the interaction of the electric
¢eld of the protein and the change in the CO dipole
moment [93]. Electrostatic potential and electric ¢eld
calculations were also recently performed at the CO-
ligand of the heme in both horse heart and yeast
cytochrome c using the FDPB formalism [75,106].
The calculations supported recent experimental and
theoretical evidence suggesting that polar interac-
tions could signi¢cantly a¡ect the ligand's vibrational
frequency. The work showed that the ionizable ami-
no acid residues and polar contributions of the pro-
tein matrix could induce a Stark e¡ect on the CO-
stretch frequency of the carbonmonoxy cytochromes.
The observed CO-stretches, at 1965.9 and 1960.1
cm31 for horse and yeast cytochrome, respectively,
show that the experimental shift is of the order of
6 cm31. This is in good agreement with a calculated
value of 8 cm31 ( þ 1 cm31) for a VSE shift due to
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the di¡erent charge distributions in both cyto-
chromes.

The e¡ect of the orientation of CO bound to the
heme of two c-type cytochromes on the CO-stretch
frequency Xco was also investigated using molecular
mechanics and FDPB calculations [75]. Results
showed that modifying the Fe^C^O bending angle
did not change the CO-stretch frequency within a
range of 100^175³, equivalent to a bending motion
away from the propionic acid chains. The calculated
Stark shifts ranged from 5.4 to 8.6 cm31 and were in
good agreement with the experimentally observed
shift (6 cm31). However, motion of the CO towards
the propionics was found to exert signi¢cant in£u-
ence on the calculated shifts (34.5 to 31.8 cm31)
which were then in total disagreement with experi-
ment, not only in magnitude, but also in predicting
the wrong direction for the shift. The Stark shifts
calculated for the tilt angle showed that it had no
signi¢cant e¡ect on Xco within a 15³ distortion range.
With respect to the proximal histidine displacement
angle, only a complete (and unlikely) 90³ rotation
about the Fe^N bond was e¡ective in signi¢cantly
a¡ecting the Stark shift and a major contribution
to the CO distortion from the coordination geometry
of the proximal histidine was accordingly ruled out.
Overall, the calculations showed that the CO ligand
thus enjoys a signi¢cant amount of £exibility in the
heme pocket, as required to approach and leave the
heme group.

More recent work [107,108] reports on the vibra-
tional spectra of the asymmetric carboxylate region
of three c-type cytochromes combined to electrostatic
calculations selected to target speci¢c protein matrix
regions liable to yield pertinent protein matrix charge
information that would correlate with the observed
spectroscopy. Deconvolution of the IR carboxylate
stretch frequency yielded di¡erent Xcoo distributions
among the three proteins investigated and the fre-
quency distribution of the calculated electrostatic po-
tentials were found to correlate with the experimental
observations.

5. Concluding remarks

The purpose of this review was to outline the non-
covalent interactions that are so important for pro-

tein conformational rearrangements and to survey
the few available studies attempting to correlate the
observed vibrational and electronic spectroscopy of
biological chromophores as perturbed by charge re-
distribution e¡ects in protein matrices. To achieve
reasonably accurate qualitative correlations, two ad-
ditional considerations need to be addressed.

First, in modeling the protein system, the molec-
ular mechanics approach needs an adequate repre-
sentation of the non-covalent charge interactions.
Also, the very nature of geometry optimization, i.e.
the fact that it is an iterative process, means that the
minima achieved are necessarily questionable, i.e. ex-
tracting the lowest energy conformations from the
conformational space sampled requires normal
mode coordinate analysis, a not so simple task for
complex biological systems.

The second consideration is of course the problem
of force ¢eld parametization: most force ¢elds have
been derived for organic molecules and have to be re-
parametized especially in the case of metalloprotein
systems. The pitfalls are challenging and far from
trivial. To list but a few: the derivation of force
constants from IR spectra is di¤cult for metal^li-
gand vibrations because most of them occur in the
low frequency domain which is also the hardest re-
gion to work in from an experimental point of view;
reliable partial charges for metal ions and for the
nearest neighbors are di¤cult to obtain and also,
there is the question of transferability of parameters
which becomes a serious scale problem, in that pa-
rameters derived quantum mechanically are usually
not applicable to classical force ¢elds. For a compre-
hensive discussion of these issues, we refer to the
available reviews [21,109^114].

Last but not least, there is the question of the
accurate semi-empirical methods required to analyze
the electronic properties of biological optical centers.
It is a complex undertaking: protein systems are
enormous from a computational e¤ciency point of
view, for example, the average porphyrin optical cen-
ter consists of several hundred atoms, and reproduc-
ing the major features of experimentally acquired
electronic spectra at an acceptable level of accuracy
requires treatment of the protein embedding the op-
tical center as a polarizable medium. Encouraging
results have recently been reported for the photosyn-
thetic reaction center using a semi-empirical ap-
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proach [115] and it is to be hoped that the approach
will soon be veri¢ed and applied to other biological
chromophores.
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