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ABSTRACT. Hydropathy scale is widely used to obtain a measure of the effective interaction between any
two amino acid residues in proteins and is based on the assumption that attraction between two hydrophobic
groups and repulsion between hydrophilic groups (in water) can be translated straightforwardly to protein
environment. Here we employ a recently developed statistical mechanical approach combined with the
Protein Data Bank to obtain both distance- and orientation-dependent potential of mean force (ODPMF).
This allowed us to explore effective pair potential among many amino acid residues and to examine the
validity of the hydropathy scale in modeling the interaction among amino acid residues. We find that in
some cases, like Phe-Phe and Lys-Lys, the hydropathy scale approach is largely obeyed. However, we
also observe many unexpected pair interactions which defy the trend given by published hydropathy scales.
An example of the former is the argininarginine (Arg-Arg) pair interaction which is found to be strongly

and surprisingly attractive at short separation, even though it is the most hydrophilic residue. Here the
head-to-head (see text) interaction is also stabilized. Tryptophan residues also exhibit strong attractive
interaction. Equally important, we find strong influence of metal in determining effective interaction among
the amino acid residues. It is the behavior of the histidine (His) which is found to be the most unusual.
It exhibits a strong attractive interaction with itself which gets significantly enhanced in metalloproteins.
These results highlight the important (sometime hidden) role of metals in protein structure and folding.

It is generally believed that the functionality of a protein Nevertheless, the scope of these minimalistic models is
is closely related to its three-dimensional structure. To limited and lacks many specific interaction detabs 7, 9).
understand the folding dynamics and stability of a protein, More often than not, interactions among the amino acid
it is important to understand the nature of interactions among residues in a protein are analyzed in terms of simple chemical
various amino acid residues in the system. This is hard properties of the amino acids such as hydrophilicity and
because the amino acid residues themselves are complexydrophobicity {2—16). While this gross classification is
entities, consisting of many atoms of different size and shapehelpful in understanding the nature of the interaction in the
and different polar and aromatic character. Several studiesearly stage (the collapse) of folding@)( it, however, may
adopted various approaches to model the interactions in anot be useful to understand the late stage of folding where
protein that lead to its unique native structure. The most the specific tertiary interactions build upl®). Several
viable approach is the molecular dynamics simulation with minimalistic models have used the hydropathy scake—(
all-atom representation of a proteit)(However, it is still 20) to characterize the model interaction potential which is
such a computationally demanding technique that there existthen used in computer simulatior 9, 10, 21, 22). Among
only a few microsecond long folding trajectorie®,(even several different procedures of constructing the hydropathy
after using the parallel and distributed computing techniques scale [SPLIT server considers 88 hydropathy scales for the
(3). In addition, it is not always easy to extract a physical prediction of transmembrane protein struct@8], the most
picture of stability and dynamics from all-atom approaches. common scale of Tanfordl4) gives a measure of the free
Almost on the other extreme are the coarse-grained implicit energy cost of transfer of an amino acid from hexane to
minimalistic models which try to retain only the essential water. This scale is used to obtain the interaction energy
details of the nature of interactions in proteins. Such coarse-among amino acid residues. Therefore, such a scale does
grained models have contributed significantly to the general not do full justice to the protein environment, which also
understanding of the protein folding problerd—(11). needs to be considered in order to understand the role of the
hydrophobic effect in protein folding and stability. Rose and
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analysis) involves huge loss of informatio®5]. Chandler
has recently discussed the difficulty of quantifying hydro-
phobic effect due to the “multifaceted” nature of the
phenomenon2g). Chandler et al. have also discussed the
length scale dependence of the hydrophobic eff2é). (n

this work we address the issue of the hydrophobic effect in
the context of the well-known hydropathy scale, with
particular attention to metalloproteins.

One of the important aspects of the structufienction
relationship in proteins is observed in the case of the
metalloproteins, i.e., proteins containing metal ato@&—
30). Approximately one-third of all proteins are metallopro-
teins 31). Not only do the metal ions play an important role
in defining the three-dimensional structure of the metallo-
proteins [such as in DNA-binding zinc finger proteird2)],

Mukherjee and Bagchi

the energy terms so that the native structures of the selected
proteins become the lowest energy structurél).(The
potential generated by Scheraga et al. is known as united
residue force field, where the coarse graining is performed
on the lesser important degrees of freedom. Feytsman and
co-workers approached the evaluation of PMF of atoms
constituting the amino acids from the chemical point of view
(44) by categorizing all of the 167 heavy atoms into 40
groups depending on the bond connectivity or the chemical
environment of the atoms. Naturally, the statistics of PMF
calculated by this procedure are much higher, and this kind
of grouping is chemically more relevant than the grouping
of atoms based on the names of the residues. The potential
generated by Feytsman et al. showed a high selectivity
toward the native topology compared to the misfolded decoys

these ions are also found to serve as prosthetic groups in44, 45).

the active sites of proteins or as a cofactor in metal-activated  The apove-mentioned approaches of calculating PMF (both
proteins. Metalloproteins take part in biological reactions gjl-atom or the coarse-grained model) considered primarily
such as electron transfer, transportation of reactive metalsyg gistance dependence of the potential. Perhaps Scheraga

through thg circu_latory system without any local reactions, ot 5. were the first to use the Gaerne potential46) to
and formation of ion channels in transmembranes. The meta'mimic the orientation dependence of interaction among the

ions are also responsible for the structure and stability of

the metalloproteins. Different functional activities carried out
by proteins are consequences of the widely differing

structural arrangements of the amino acid residues in a
protein. This arrangement of some of the amino acid residuesf

in a protein is largely influenced by the presence of a
particular metal. The potential of mean force (PMF) study

presented in this paper brings out the aspects of this

involvement of metals in the structural arrangement of a few
specific amino acid residues in metalloproteins.
Evaluation of the potential of mean force is often based

on a statistical mechanical approach which uses the informa-

tion hidden in the three-dimensional structure of the folded

protein to understand the nature of interactions. So PMF is

kind of an inverse protein folding problem having a goal to
solve the original folding problem.

Tanaka and Scherag&3) pioneered the technique of
potential of mean force calculation using available three-

dimensional structures of proteins. This approach was

subsequently followed by Miyazawa and Jernigan by ex-
plicitly considering the solvent effec84). Sippl (35 and
others 86, 37) extended these methods to include the

amino acid side chains. Recently, Buchete, Straub, and
Thirumalai (BST} (47) calculated an orientation-dependent
PMF from the crystal structures of proteins. They generated
a right-handed coordinate system wh, Cs, andC, atoms

or each residue and thus calculated a five-dimensional
potential which they later split to a sum of three-dimensional
potentials that depend on all of the three polar coordinates
(47). In a more recent development of the model, the same
authors showed that the backberteackbone and the back-
bone-side chain interactions are important. They fit their
potential to spherical harmonic functions after which the
potential seems to be even better in recognizing the native
structures of the proteingl®).

Here we use a newly developed orientation-dependent
potential of mean force introduced by u49) to analyze
specific aspects of interactions among the amino acid
residues, both in the presence and in the absence of the metal
ions in proteins. Our ODPMF4Q) was tested on several
sets of decoys, and the calculatégcores were shown to
be comparable to the ODPMF developed by B&T)(Once
the effectiveness of the ODPMF was demonstrated, we have

dependence of PMF on pairwise separation of residues incarried out further analysis of specific amino acid pair

space and along the primary sequence. Sl ¢ontributed
greatly to the advancement of the PMF approach by

interactions in the absence and presence of metals. ODPMF
allowed us to probe the interactions in certain ways which

technique) to overcome the averaging problem of a smaller Of the effective pair interactions obtained from ODPMF with

data set of protein structures.

the published hydropathy scales and found significant

Apart from residue_on|y based approaches’ there have beerquiationS from established belief that hydl’OphI|IC residues

efforts to understand the interaction of the protein residues 'epel each other. Our studies also bring forth the role of
through other kinds of PMF. Skolnick et al. proposed a metals in fostering interaction among the amino acid residues.
residue triplet term38). Nishikawa et al. 39) and Kocher The results show that there is a significant enhancement
et al. @0) proposed the PMF of dihedral angles, and Matsuo in the effective interaction of the histidine residues in the

et al. proposed the solvent accessibility and hydrogen case of the metalloproteins. While one would expect such
bonding 89). Recently, Lazaridis and co-workers calculated €nhancement in metal-induced interaction among amino acid
the potential of mean force of ionizable amino acid residues residues, the merit of the present study lies in the quantifica-
in explicit solvent using umbrella samplingk). The PMF

approach has also been used to calculate the prepeatein
interaction 42).

Scheraga and co-workerd3j calculated the long-range
and local interaction energy terms of proteins from the crystal

1 Abbreviations: ODPMF, orientation-dependent potential of mean
force; Phe, phenylalanine; Lys, lysine; His, histidine; Arg, arginine;
Trp, tryptophan; Ala, alanine; Glu, glutamic acid; SASA, solvent-
accessible surface area; RSA, relative solvent accessibility of a residue;
BST, Buchete, Straub, and Thirumalai; dpxr, average side chain residue

structures, and then they optimized the relative weights of depth.
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models of side chains with the help of egs 4 and 5. This

process is schematically shown in Figure 1. Each ellipsoid

in this figure represents a rigid side chain amino acid residue,

and the circles represent the constituting atoms. This step

does not involve any probabilistic calculations. Rather, this

b& Rop is a coarse graining from atomistic to a residue-based
potential.

To study the effects of metals, the nonhomologous protein
data set is divided into two parts: metalloproteins and
nonmetalloproteins. The potentials are calculated separately
for the two data sets, as described below.

. . . . (a) Construction of SiteSite PMF. There are several
side chain o side residue procedures to construct atomistic PM85( 43, 51). Most
N e . — ? — —> of these atomistic PMF's are based on either amino acids or
all-atom PMF. Here we have followed the procedure of
T—snaped? < el T f —> Feytsman 44) and classified the total 167 heavy (non-
hydrogen) atoms into 40 different sites depending on their
chemical environment and bond connectividgl). Of these
FicURe 1: (a) The construction of four-dimensional ellipsoidal 40 different sites, 35 sites are exclusively located in the side
potential of mean force is shown schematicaRyy; is the center  chain part of the amino acid residues, and the remaining 5
of mass (COM) Separation vector between the two elllpscﬂds S|tes belong to backbone atoms Of a protélm ((please see
and6; are the corresponding angles between the principal axis of ref 44 for details of this classification). For example, the

ellipsoid o and 8 and the COM separation vectB;; of the two . . . .
ellipsoids, respectively. The circles on the ellipsoids denote heavy &lanine (Ala) residue has only a single terminal methyl group
atom sites constituting the particular amino acid side chain in its side chain. A similar terminal methyl group is present
represented by the ellipsoid, is the distance of separation between in many other amino acids such as valine, leucine, isoleucine,

the sites "‘l ellipsoid o :‘0 a”.omerlatonj' i”fer']"ps"id/flz gisthe  and threonine. All of these terminal methyl groups belong
torsion angle between the principal axes of the two ellipsoids joined to a particular site (no. 6 according to #4). This kind of

by their COM separation vector. (b) Arrows indicate the representa- o . g ,
tive ellipsoids, approximately in line with the vector starting from  classification not only has a firm chemical basis but also
the G; atom to the center of mass of the particular side chain. Nine allows us to obtain better statistics for the evaluation of PMF
possible orientations among two interacting ellipsoids are shown petween amino acid residuesy. For 40 different sites, 1600
(0 and 6 change by 90and¢ = 0). In the subsequent figures, it sjte PMF's (Js) are generated using the dynamical
PMF’s are plotted only for these orientations. Some important - . . .
orientations are referred by specific names. averaging technique of Sip8%). We describe the procedure
of the dynamical averaging technique just for clarity. First
tion of the effect of such interaction by using the Protein we accumulate the occurrence of taites in bins of 0.5 A
Data Bank (PDB) %0) directly. The present analysis also up to a separation of 15 A for all of the available pairs. Let
leads to many surprising results which are at complete oddsh(i,j,k) denote the number of occurrences for a certain pair
with the trend given by published hydropathy scales. For of sitesi andj at thekth bin (wherei, j = 1, 40 andk = 1,
example, argininearginine (Arg-Arg) interaction is found  30). Initially, the relative probabilityf(k) is generated by
to be strong and surprisingly attractive at short separation, summing over all of the sites as follows:
even though it is the most hydrophilic residue in the Kyte

@ Principle Axis

44_‘¢ -«— —>

Dolittle hydropathy scale?Q). Here the head-to-head (see e h(ij k)

Figure 1) interaction is also a stable orientation. Tryptophan GE s

residues also exhibit strong attractive interaction in the flk)=——— (1)
protein environment. We find that metal ions can exert strong 40 40 30

influences in determining effective interaction among the Zzlzh(i,j,k)

amino acid residues. In fact, the behavior of the histidine 1=1j=1k=

(His) residue is found to be the most unusual. It exhibits a
strong attractive interaction with itself which gets signifi-
cantly enhanced in metalloproteins. The results presented
here highlight the important (sometimes even a hidden) role f.(K) = h(i,j,K)/H; (2)

of metals in protein structure and folding. ! :

Construction of the Orientation-Dependent PMF (ODP- whereH; = ziglf(i,j,k) denotes the total number of obser-
MF). The construction of the ODPMF has been discussed yations for a particulai—j pair. Finally, the expression of
in detail elsewhere4@). Here we mention the essential points  PMF of twoi—j atom sites is given by
and the modifications. The construction of ODPMF involves
the following steps: (i) The construction of atomistic PMF
is done following Feytsman’s procedur. This provides 1+ H”-Gm @)
only distance-dependent (one-dimensional) PMF among the
atomistic “sites”. This is the only step that involves statistics, where the weight functiow = 1/50 as proposed by Sippl
details of which are given in the next subsection. (i) The (35 and also used by Feytsman et alld) For the
distance-dependent atomistic PMF’s thus obtained are con-construction of the histogranm(i,j,k), we have used a
verted to four-dimensional ODPMF’s using rigid ellipsoidal nonredundant set of protein structures which were used by

The relative probability;(k) of any two particulai—j pairs
is given by

U;(K) = In[1 + Hyo] — In (9
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intermediate points, the values have been obtained by
interpolation.

Finally, the ellipsoidal potentiaugﬁ is calculated by
averaging the energies with Boltzmann factor weight for all
possible orientations obtained by rotation with respect to the

N // principal axis; i.e.

o N. Uiﬁ(Raﬁﬁa,Gﬂ,qb) =
‘ \ lo} ZUQﬂ(Raﬁ’ea’eﬁ’¢) eXp[—Uaﬂ(Raﬁ,ea,eﬁ,¢)] (5)
/ 3 exXPE-U (R 000
o]
Ficure 2: The basic model of a protein is shown. All non-hydrogen where indicates the summing over all possible rotations

backbone atoms are considered. All of the atoms of the side Cha“nabout the principal axes. This ensures that chemical properties
are represented by a single ellipsoid. ) - ) T
of the side chains become symmetrical about the principal

Scheraga et al4@) and BST 47). The names of the proteins ~ @xes and that the calculatétf; is pertinent to the present
are available in refi3. ellipsoidal model.

Once these atomistic one-dimensional PMF’s are gener- For some amino acids, side chains cannot be represented
ated, we used them in the construction of the ODPMF as ellipsoids. For example, glycine does not have a side chain.
between ellipsoids. We calculate the effective PMF among Alanine has only a gatom in the side chain, so itis modeled
the ellipsoids by varying the position and orientation of the @S @ sphencal atom. Ser|n_e ar]d cysteine have only two atoms
two ellipsoids with respect to each other. For each separationin the side chain, and their principal axes are taken tGpe
and orientation of the two ellipsoids, the effective ODPMF terminal atom vector.
is obtained from the total interaction of the atomistic sites () Choice of Protein Structuregor the construction of
as described below. atomistic site-site PMF, we have used the same nonho-

(b) Construction of Ellipsoidal Residudesidue ODPMF.  mologous set of protein structure as used by Scheré@a (
Most of the side chain residues can certainly be modeled @nd BST &7). Some of the PDB ID's are changed from that
better as ellipsoids than as spheres. Alanine and the backbon@f Scheraga’s due to PDB errors. The general interaction of
atoms are modeled as spheres because they comprise a singlB€ amino acid residues is shown using the total data set.
site. The basic construction of a protein using the coarse- However, to show the metal-influenced interaction among a
grained model is schematically shown in Figure 2. The side few specific amino acid residues i.e., histidine, we have
chain residues are considered to be a rigid ellipsoid, with Separated the proteins into the sets of metallo- and non-

the center of mass denoting its position and the principal Mmetalloproteins. The ODPMF is calculated separately from
axis denoting its orientation. each set. The effective interactions among the amino acid

Energy of interaction of a pair of residues depends on four residues obtained from two different data sets are compared.

variables: the distance between the center of masses of thd NiS is discussed in detail in the subsequent sections.

two residuesR), the anglesf, 0) which the principal axes Pairwise Interqctlons in Protem_% reS|due—baseq potentllal

of the two ellipsoids make with the interresidue vector, and IS useful to project out the various forms of interactions
the torsional ang|e between the two e|||pso|¢$as shown present among the residues in a prOtein environment. The
in Figure 1. The principal axis is calculated by diagonalizing advantage of the ODPMF constructed here is that it retains
the moment of inertia matrix constructed from the atoms Many details of information about the interaction while it
constituting a particular side chain residue, and the orientationPrings out the more general aspect such as hydrophobic and
of the axis is chosen to approximately match the vector hydrophilic interaction. In this section we discuss both types
starting fromC; to the center of mass of the side chain. This Of interactions. We show in the following subsections that
is done in order to remove the symmetry with respect to the the hydrophobic residues such as phenylalanjteenyla-
minor axes. Next, the potential energy is calculated for all lanine (Phe-Phe) interact strongly and attractively with each
differentR, 6,, 63, andg using the following equations. For ~ Other whereas hydrophilic residues such as lysigsine

a particular value of all of the above variables, the energy is (Lys-Lys) have rather weak repulsive interactions. The

calculated from a pairwise sum of sitsits potential as  interactions are strongly orientation dependent. Later, we
follows: show that a hydrophilic residue such as His has strong

interaction with itself, and the interaction enhances consider-

Ny Ng ably in the presence of metal. One weakly hydrophilic residue

R = (@) = ra(i 4 such as tryptophan (Trp), on the other hand, has also very
Ugp(Rop.00:05.0) ;J;Usa(.)sﬁ@)(l o)) = r50)1) (4) atrong nteraction,

(a) Phe-Phe Pair InteractiorPhenylalanine is character-
where the subscript,(i) denotes sité of the o ellipsoid. ized as both a hydrophobic and an aromatic amino acid
Equation 4 sums all of the sitesite PMF for particular values  residue. The interaction potential of this pair in a protein as
of R, 84, 63, and¢ of two ellipsoids. The distande is varied a function of distance is shown in the Figure 3 for a range
by 0.2 A, and the angle§,, 6, and¢ are varied each by  of orientations and has several interesting features. Except
30° to get a four-dimensional potentidU{z(Rag,0a.05,0)) for a single arrangement where ti@'s are packed too
among any two particular amino acid residues. For all closely, at short separation the remaining arrangements have
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Ficure 3: The interaction of the phenylalaniaphenylalanine pair
is plotted as a function of the distance for differeht and 64
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Ficure 4: Energy of interaction between two tryptophan groups.
Note the huge stabilization even being weakly hydrophilic in the

orientations. See Figure 1. The dotted line in this figure and Kyte—Doolittle scale. See Figure 1 for other details.
subsequent figures is just to guide the eye.

a
a pronounced minimum and hence a large stabilization. Most (@) (b)
of the considered arrangements show a large stabilization,
indicating that both the aromatic interactiob2) and the
hydrophobic interaction join together to provide such sta- Y ,/
bilization. The interaction of phenylalanine has been studied e Ll

by several groups5@, 54), and it mainly belongs to the

category ofd*—u face-to-edge interactio®®). In this paper,

the face-to-facer stacking interaction and the face-to-edge

ot—a interaction are averaged out due to the axial symmetry

of the ellipsoids. This reflects also in the width of the

potential in parallel orientation. The distance dependence of FIGURE 5: Two representative orientational arrangements of two

the interaction is shown to have quadrupolar contribution P residues are shown. (a) and (b) are taken from proteins with
L . . PDB ID 5RUB and 2MSB, respectively.

(55). An ab initio study on the interaction of benzene revealed

that a slipped parallel orientation is the maximum stabilized

one (more than face-to-edge interactidsf)( Although these

subtle geometrical arrangements are out of the scope of

chosen orientational degrees of freedom of ellipsoidal

residues, the constructed PMF gives a physically intuitive

understanding of the packing and its energetics for pairwise =

interactions between hydrophobic aromatic side chains in theé"cl

20 T

18

16

14

12

protein. > 10f
(b) Trp-Trp Pair InteractionTryptophan (Trp) isaweakly & s
hydrophilic and aromatic amino acid residue. It has the & ok

largest surface are&bq) and has been shown to impart
thermal stability to a protein5g). The environment of the
constituting atoms of Trp is discussed in detail by Chakrabarti
et al. 69). It has been shown that a Trp residue is in the
most favorable position around another Trp resica#. (The
nature of the interaction involving the Trp residuesrisz
stacking, hydrogen bonding, van der Waals interaction, and
NH— interaction 69). Here, we have plotted the PMF of
two Trp residues in Figure 5. The strong attractive interaction interaction is hardly attractive. Other details are the same as in
asserts the strong preference of a Trp residue around anothef'9ure 1.
Moreover, the ODPMF here points toward the preferable considered arrangements for the two residues, the interaction
orientation of the residues. In Figure 5, we have shown two is largely repulsive. The long-range repulsion shows a
representative orientations of two interacting Trp residues stronger than 1/ Coulombic interaction but significantly
obtained from the PDB5(). weaker than van der Waalsri9 repulsive distance depen-
(c) Lys-Lys Pair InteractionFigure 6 presents the results dence, indicating a screening of charge by surrounding
of the PMF of Lys-Lys arrangements. Note that lysine is a residues in the protein environment. This kind of electrostatic
positively charged hydrophilic residue. However, the charge interaction is often treated with the PoissaéBoltzmann
is only at the end of a hydrophobic tail part. For all of the equation, which takes into account the shape of the molecule

10
distance (A)

FiGure 6: Energy of interaction of the lysirdysine pair. The
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Ficure 7: Energy of interaction between arginine groups. See '
Figure 1 for other details. Note that even though arginine is /{
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Energy (kgT)

H

hydrophilic, it has considerable stabilization in parallel orientation.
Some stabilization could also be observed for head-to-head orienta-
tion. Note also the intermediate maxima.

Ficure 8: Two different orientations of two Arg residues are
and its charge distribution and the distance-dependentshown. The figure is obtained from the protein with PDB ID 3RUB.
dielectric constant of the mediun®@. The special case
where the residues maximize the contact area (parallel !
configuration) has a smaller and a softer core and, more !
interestingly, shows a plateau at intermediate distances before !
showing the typical long-ranged repulsion. !

(d) Arg-Arg Pair Interaction.Arg is also a positively !
charged residue, and it is the most hydrophilic residue in
the Kyte—Dolittle hydropathy scale. It has a long hydro-
phobic tail. However, Arg is different from Lys because the
charge in Arg is more diffused, which allows it to have strong
interaction with itself in the protein environment due to its
hydrophobic tail. The parallel orientation among the two Arg
residues is the most stable configuration, as shown in Figure
7. However, a somewhat surprising observation is the stable  “2°
head-to-head orientation (see Figure 7) which is normally
expected to have a repulsive effect (see the difference with 30— ———F% 7% R E—
Lys in Figure 6). Therefore, the possible stabilization of the distance (A)
head-to-head orientation could come from a dimer formation ¢ o g, Energy of interaction of glutamic acid with lysine,
among two arginine groups. A similar observation for gzrginine, and glutamic acid in head-to-head orientation. See Figure
glutamate residues is mentioned elsewhd@®. ( 1 for other details.

Interestingly, we observe intermediate maxima in the
interaction potential of Arg in Figure 7. This kind of maxima Glu-Lys are salt bridge-type interactions, and naturally they
arises probably due to the competition between the dispersionare stable. However, Glu-Arg interaction is more stable than
(which has 1® dependence) and electrostatic potential Glu-Lys. This is in line with the observation of Lazaridis
(which has 17 dependence). A representative figure of the and co-workers41) for the same interactions. The stability
unusual orientation is shown in Figure 8. of Glu-Glu can be explained from the possibility of a double

Lazaridis and co-workergt() recently carried out exten-  hydrogen-bonding (acetic acid dimer) type of arrangement
sive molecular dynamics simulations with an umbrella (49). All of the interactions show a long-range repulsive tail
sampling technique in order to calculate the PMF of the before decaying to zero.
charged amino acid residues. Here we would like to compare (e) Histidine-Histidine (His—His) Pair Interaction.The
some of our statistical PMF with their physical PMF results. interaction among the histidine residues is perhaps the most
They have shown that the distance dependence of the PMFsurprising of all. This uniqueness can be attributed to the
of two Arg residues in head-to-head orientation has a huge unique chemical nature of the histidine. Histidine is generally
barrier at intermediate distanc&lj. Our statistical PMF of ~ a hydrophilic residue in the KyteDoolittle scale. Due to
two Arg residues as shown in Figure 8 portrays a similar the imidazole side chain and relatively neutrdd,6.0)
behavior. Now we compare the interaction of two oppositely value, the charge of the histidine is changed by a relatively
charged residues such as glutamate (Glu) and lysine, orsmall change in cellular pH. Therefore, histidine can exist
glutamate and arginine. Figure 9 shows the PMF of Glu with in both neutral and positively charged forms at physiological
Arg, Lys, and Glu in head-to-head orientation. Glu-Arg and pH. Histidine interacts strongly with aromatic residues and

+=+ GLU-GLU
— ARG-GLU
-=- LYS-GLU

Energy (kgT)

N
=]
I
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Ficure 10: Comparison of th&-score between BST potentid)
(unfilled bars) and this work (filled bars).
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Ficure 11: The interaction of the histidirehistidine pair plotted

as a function of the distance for differefif and 6 orientations.
Also see caption for Figure 1. Note the strong attractive potential
at short distances.
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also forms hydrogen bonds with polar or charged (both
positive and negative) residue8lj. The recent study of
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role in the catalysis, oxidation reduction, and transport
processes). In the following section, we discuss the effect
of metal in the interaction of histidine residues.

(f) Test of the PotentialWe have shown that the ODPMF
described here can bring out several physical aspects of
interaction among amino acid residues. It has been shown
to correctly reproduce the hydrophobic, hydrophilic, charged
interaction, etc. However, to establish the overall effective-
ness of the potential, we have carried gtgcore calculations
on several proteins and their decoys using our ODP&GF. (
The Z-score for a particular quantity is defined as

Z,= (x— X)o, (6)
whereX[s the mean value ang is the standard deviation
for a certain distribution ok. Zg is defined for the energy
of the native structure (from the crystal structure or the NMR
structure).Zgrusp is defined with respect to the RMSD of
the lowest energy structure obtained from the PMF calcula-
tion. If the Z-score (as defined above) is more negative, the
potential is better in selecting out the native protein among
its decoys. From the plot of th&score of energy and RMSD
in Figure 10, we see that most of tEescores are negative.
Our results have been compared to the recent work of BST
(47). The filled bars show our results whereas the open bars
show the results from BSHY). It can be noted tha-score
values for both energy and RMSD are quite comparable with
those of BST 47).

Effect of Metals in the Interactions of Amino Acid
Residueslin a detailed study of the geometry of metal ion
and histidine interaction, it was found that the cations
normally lie in the imidazole plane along the lone pair of
the nitrogen atom@3). There are two tautomeric forms of
the metal ion and histidine interaction; in one form, metal is
coordinated to ND1 atom while in other it is coordinated to
the NE2 atom of the imidazole ring of His with a proportion
of 8.2 in basic aqueous solutiof4). Some representative
pictures of the histidinemetal interaction are shown in
Figure 12.

The typical distance between the metal ion and the
coordinating atom of His is-2 A. Thus, when more than
one His residue is coordinated to the metal ion, there is a
spatial correlation between them. This effect of metal-
influenced interaction is considered in this section with the
help of our ODPMF approach. We have separated the set of

Chakrabarti et al. showed that the preferred orientation of proteins into metallo- and nonmetalloproteins. Then the

two histidine residues is parallel [i.e., the normals of the two
planar rings have an angle of-@0° contrary to the normal
notion of a 90 interplanar angle in other aromatic interac-
tions 61)]. Indeed, we find that the strongest interaction
between two histidine residues comes from a parallel
orientation as shown in Figure 11. However, the more
important point to note is that the minimum in the interaction

energy is deeper than that found between two most hydro-

ODPMF is calculated separately for the set of metallo- and
nonmetalloproteins. Figures 13 and 14 show the orientation-
dependent pair interaction of His with itself in the presence
and absence of metal, respectively. There are several
interesting points to note here. (a) First, there is a huge
increase in the strength of interaction among the histidine
residues in the presence of metal. (b) Second, the presence
of metal does not alter the position of the minima in the

phobic Phe residues. There is also a stabilizing head-to-head®MF. (c) Third, note the geometry of the interaction. As
interaction among two histidine residues as shown in Figure pointed out by Chakrabarti and co-worke®&l) that the

11. This may be due to the fact that, among two nitrogen
atoms in the imidazole ring, one is slightly basic and other
is slightly acidic, resulting in a stable dimer formation.

interplanar angle between two histidine residues is around
90° when they interact through a metal ion, we also find in
Figure 13 that the strongest interaction between two histidine

Because of the unique chemical nature of the histidine residues in the presence of metal has indeed an angle® of 90
residue, it has a strong metal affinity where histidine residues (T-shaped as defined in Figure 1). Since we have an average
act as ligands to a metal center, thereby playing an importantover the principal axis of the ellipsoid, we cannot compare
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Ficure 14: The interaction of histidine residues in the absence of
metal. Note the dramatic decrease in stabilization compared to
Figure 13. Also see caption for Figure 1.
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Ficure 13: The interaction between histidine residues in the
presence of metal. Compared to Figure 11, the potential is much
more attractive. Also see caption for Figure 1.

discrepancies (in terms of the departure from the diagonal
line which depicts the indifference to a metal environment)
in the effective interaction in the presence and absence of
metal. The effect is most pronounced in case of His and in
case of Trp residues, which are mainly heterocyclic com-

the geometry of interaction along tifeangle mentioned in pounds. TheS? heterqcyclic_ compou.n_ds are well-known to
ref 61. However, it is interesting to observe that although have strong interaction with transition metals due the
these PMF’s have been constructed from atomistic PMF’s, €xchange of electrons. Therefore, the presence of metal

yet it retains the geometrical features when converted to asignificantly influences the effective interaction among these
residue-based PMF. residues. The points below the diagonal line signify a

To further investigate the influence of metal ion in the negative influence of the metal (i.e., which causes a decrease

mutual interaction of the amino acid residues, we have in the effective interaction strength) observed mostly in case
calculated the effective interaction by Boltzmann averaging of Arg and Lys, which are positively charged residues. Being
over all of the calculated state points of all four variables, positively charged species, Arg and Lys have stronger
04, 65, ¢, andRg. Figure 15 shows the effective interaction interaction with His in the absence of any metal. However,
among all of the residues (both the similar and dissimilar in metalloproteins, histidine residues interact more with
pairs) calculated from metalloproteins and nonmetalloproteins metal, thus decreasing the interaction strength with positively
separately. The figure shows that there are considerablecharged amino acid residues.
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residues. This shows that most of the interactions are away from
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environment.

The comparison of effective interaction of His with all
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In Figure 17, we have plotted four different parameters
calculated separately in metallo- and nonmetalloproteins.
Average DPX is the average side chain residue depth (dpxr)
calculated using the DPX serveg9). > DPX is the sum of
dpxr for all proteins for a particular residue. RSA is the
relative SASA of the side chain residues calculated using
the “naccess” progran¥(). As expected, for both metallo-
and nonmetalloprotein, the properties mentioned above
follow the hydropathy scale in general (not shown here).
However, when compared between metallo- and nonmetal-
loproteins, we observe that there is an increase of dpxr and
> DPX for His in metalloproteins. There is a minor decrease
in RSA for His in metalloproteins. Therefore, we can analyze
from these results that although His is not the residue which
primarily contributes to the overall stability of a protein, it
has certainly an affinity toward a metal protein.

One more interesting observation is the plot which
compares the average number of residues in metallo- and
nonmetalloproteins. It can be observed here also that His is
not the most or least abundant protein. However, there is a
definite increase in the average number of residues of His
in metalloproteins. The increase in average number together

other residues in metal and nonmetal proteins is shown inwith the increase in average atom depth (dpxr) reflects a
Figure 16. Note the strong influence of metal, both positive definite increase of His in the total atom depths for all
and negative. proteins taken into consideration under metallo- and non-
Comparison with Seknt Accessibility and Atom Depths. metalloprotein here ¥DPX). Since the total atom depth
Solvent-accessible surface area (SAS#G) @nd atom depth  correlates well with protein stability, the above analysis can
are two important parameters to study the structure of athrow some light on the apparent increase in the effective
protein. SASA is directly related to the hydropathy of the interaction among His residues in metalloproteins.
amino acid residues. However, SASA cannot provide suf- ConclusionLet us first summarize the main results of this
ficient insight to the stability of the protein in the interior of work. With the help of a orientation-dependent potential of
the proteins§7). The sum of atom depths, on the other hand, mean force obtained by a statistical mechanical analysis of
is shown to correlate much better with the stability of the protein structures from the Protein Data Bank, we have
protein ©7), whereas the average residue depth again observed that the presence of metal ions can induce a strong
correlates well with the hydropathy scaleg]. In light of influence on the effective interaction potential among the
the above facts, we have calculated relative residue accesamino acid residues. These results cannot be guessed from
sibility (RSA) and the atom depths in both sets of metallo- the hydropathy scale alone. In defiance of the hydropathy

and nonmetalloproteins.

scale often used in the minimalistic models of protein folding,
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Ficure 17: Four different properties (shown as the legend) of the amino acid side chain residues are compared among the sets of metallo-
and nonmetalloproteins. The results corresponding to His are marked. The diagonal lines are just to guide the eye.
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the effective interaction between some hydrophilic groups 6.

(like arginine and tryptophan) can be attractive at short
separation! The case of arginine is particularly revealing

because it is strongly hydrophilic, but the effective potential 8.

is attractive at short separation.

The calculations presented here allow for quantification
of the effective interaction. In the case of histidirtgstidine
interaction, the maximum effective attractive interaction
increases from-16kgT in nonmetalloprotein to-48kgT in
metalloproteins. Such strong local interaction is expected to ;4
play a critical role in the stability and folding of proteins.

Increase in the total atom depth and the average number 12.

suggest that this enhancement may be due to the apparent 3
increase in the number of His residues in the core of the

metalloproteins. Negative influences are also present. This 14.

may be due to the less preference for a particular pair in the
presence of metals in a protein.

This study also draws our attention to the necessity to
reconsider the construction of statistical potentials. We may
not use a data set of protein without any classification except
for their nonredundancy in the sequence. In a particular
nonredundant set, it is important to consider the number of
metallo- and nonmetalloproteins separately while calculating
theZ-score or the total potential of a protein because almost
one-third of the known proteins are metalloproteig)(
Moreover, the number of residues for a particular set of
proteins can create an unbiased distribution. The specific pair
interactions observed among the amino acid residues imply
that although the standard notion of hydrophobicity is

applicable to understand the interaction of residues with 22.

water, the protein environment creates a different situation
for interaction phenomena among the residues.

In conclusion, we have used a new orientation-dependent
potential of mean force to examine effective interaction
between amino acid residues in proteins. We have observed

several interesting new features which point toward the 25.

inadequacy of the hydropathy scale in describing the interac-
tion between amino acid residues in the protein environment.
We found that the effective interaction is different for
histidine and tryptophan in metallo- and nonmetalloproteins.
We have provided a molecular explanation for the unusual
results presented in this work.
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