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ABSTRACT Based on CHARMM potential (Brooks et al., 1983) an energetic analysis has been carried out for four typical 4-a-helix bundle
proteins, i.e., methemerythrin, cytochrome b-562, cytochrome c', and bovine somatotropin. The bovine somatotropin possesses long
loops, but all the other three proteins have short loops. It was found that in all these four 4-a-helix bundle motif structures the interaction
between loops and helices was much stronger than the interaction among the four helices themselves. Particularly for the electrostatic
interaction energy, the loop-helix interaction is overwhelmingly stronger than the interhelix interaction although the latter involves the
favorable helix dipole interaction due to the antiparallel arrangement of neighboring a-helices. The present study indicates that such a
conclusion holds true regardless of what loops, long or short, are in the 4-a-helix bundle protein, and also regardless of which empirical
potential, ECEPP or CHARMM, is used for calculations although in CHARMM the electrostatic energy is much more heavily emphasized
than in ECEPP. Therefore, no appropriate conclusion can be drawn in arguing whether the dipole interaction among the four a-helices
play a stabilizing role or destabilizing role for a 4-a-helix bundle protein without taking into consideration the effect of interaction between
helices and loops. The calculated results reported here provide, from a different point of view, insights that might be useful for revealing
the essence of the driving forces during the folding of proteins.

INTRODUCTION
As is well known, how to deal with loop structure is a
very difficult problem in predicting the tertiary structure
of proteins (Carlacci et al., 1991 ) and also a vitally im-
portant problem for the study ofprotein folding (Thorn-
ton et al., 1988; Chou and Carlacci, 1991; Urfer and
Kirschner, 1991 ). Loops are also thought to assume im-
portant roles in molecular function and biological recog-
nition (Leszczynski and Rose, 1986). Therefore, an in-
vestigation from the energetic point of view into the in-
teraction between loops and the other part of a protein
would provide important insights for the study of these
areas.

Recent theoretical model studies indicated that the
left-handed twisted feature as occurs in many 4-a-helix
bundle proteins (Argos et al., 1977; Weber and Sa-
lemme, 1980; Richardson, 1980; Banner et al., 1987)
could be explained in terms of nonbonded interactions
between the constituent helices (Chou et al., 1988; Car-
lacci and Chou, 1990a). Meanwhile, it was also found
that the interaction energy between helices and loops in
stabilizing the bundle motif protein structures was
stronger than that among the constituent helices them-
selves. Such a finding was further confirmed by a de-
tailed energetic analysis of a 4-a-helix bundle in which
each of its four helices was formed by poly(Ala)12 and
each of its three loops formed by poly(Ala)10 (Carlacci
and Chou, 1990b). It was found for such a theoretical
4-a-helix bundle structure that the electrostatic interac-
tion between helices and loops was - 5 times the size of
that among the four helices themselves, and the corre-
sponding nonbonded interaction for the former was al-
most two times the size of that for the latter (Carlacci
and Chou, 1990b). Therefore, it seems that the interac-
tion between loops and helices would play a dominant
role in stabilizing the 4-a-helix bundle motif structures.

However, the above results were derived from a spe-
cific theoretical model, in which (a) a bundle was mod-
eled with loops ten residues long, while keeping a-helices
at a length of twelve, and (b) the poly-Ala sequence was
used for all the a-helices. As is well known, real proteins
which fold as regular 4-a-helix bundles usually consists
of long helices (e.g., 25 residues in the repressor of
primer named as the ROP protein (Banner et al., 1987))
and short loops (3-5 residues). Moreover, the use of
poly-Ala sequence for the a-helices as adopted in the
aforementioned theoretical model will greatly reduce the
interaction energy among the four helices. Therefore, the
question is naturally raised: does the above conclusion,
i.e., that loop-helix interaction plays a dominant role in
stabilizing the 4-a-helix bundle motif structure, still hold
true if a more general model is adopted in calculation?

Interestingly, the strong interaction between loop and
helix segments was found not only for the special theoret-
ical model in which the constituent helices consist of
only Ala residues, but also for bovine somatotropin, a
real 4-a-helix bundle protein predicted recently by Car-
lacci et al. ( 1991 ) using the heuristic approach. In the
case ofbovine somatotropin, it was found that the inter-
action energy between loop and helix segments was
-243.5 kcal/mol, whereas the total intersegment inter-
action energy among the four helices was only -121.1
kcal/mol (Carlacci et al., 199 1 ), suggesting that the sta-
bilization energy even for the real 4-a-helix bundle pro-
tein comes mainly from the interaction between the
loops and the a-helices.

Nevertheless, the bovine somatotropin molecule is a
quite exceptional 4-a-helix bundle, with extremely long
(up to 40 residues) loops. For this unusual structure the
importance of the loops is not surprising. Furthermore,
the bovine somatotropin model based on which the in-
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teraction energies were calculated was not derived from
a crystallographic structure, and hence, their reliability
might be questioned. Particularly, the results reported in
the bovine somatotropin paper by Carlacci et al. (1991)
were calculated with ECEPP potential (Momany et al.,
1975; Nemethy et al., 1983). As is well known, in the
ECEPP system only torsional degrees of freedom are al-
lowed to vary, and the bond-stretching and angle-bend-
ing terms are omitted from the potential-energy func-
tion. Thus, a further question may be raised as asking:
what will happen if the calculations are carried out in
terms of other empirical potentials, such as those in
CHARMM (Brooks et al., 1983) and AMBER (Weiner
et al., 1984), where not only the bond-stretching and
angle-bending terms are included in the potential-energy
function, but the electrostatic energy is also much more
heavily emphasized than in ECEPP?
The present study was initiated in an attempt to an-

swer the above questions based on the CHARMM po-
tential (Brooks et al., 1983). To realize this, calculations
were carried out not only for the unusual, predicted bo-
vine somatotropin molecule in which loops are much
longer than usual, but also for three typical, crystallogra-
phy-determined 4-a-helix bundle proteins. They are

methemerythrin, cytochrome b-562 and cytochrome c',
in which most loops are short (3-5 residues).

METHODS

three loops are much longer, with 40, 9, and 24 residues, respectively.
Such a predicted structure was derived in the ECEPP system.

Energy minimization
The structures obtained above were used as starting points for energy

minimizations. For each ofthese four structures, the energy minimiza-
tion was carried out for 200 steps with the conjugated gradient method
(Brooks et al., 1983). The initial step size used was 0.02 A.

Energy component analysis
To compare and analyze the various interactions that contribute to
overall stability ofthe 4-a-helix bundle proteins investigated, it is useful
to separate the total conformational energy, E101, into components
(Chou and Carlacci, 199 1 ) as defined below:

E'tm = sum of the energies of the four individual constitu-
ent a-helices

Ei,ter = total intersegment interaction energy among the
four a-helices

Ea = Efa + ELtot Lintra T inter

E!o°P = sum of the energies of the individual loop segments
E"P = total intersegment interaction energy among all the

loop segments
E-°°P= E!°°P + E1°°Ptot intra -inter

= the interaction energy between the loop segments
and the a-helices of the molecule

Etot = Etao + Et°OtP + (

In the above expressions, the NH2- and COOH-terminal segments are

treated as loops as well, and hence, their contributions to the interac-
tion energy are also included. See Results for a discussion on the role of
NH2- and COOH-terminal segments.

The computational procedure consisted of the following three parts,
described below: (a) generation of the initial structures for each of the
proteins investigated; (b) energy optimization of each protein mole-
cule; (c) energy component analysis; and (d) geometric parameter anal-
ysis. Computations were carried out by using the residue geometry and
the energy parameters ofCHARMM (Brooks et al., 1983). The energy
was calculated as the sum of electrostatic, nonbonded (including hy-
drogen-bond), bond, bond angle, and dihedral angle energies. Energy
minimizations were based on the conjugated gradient method. The
computations were carried out with a Silicon Graphics IRIS 4D/
3 1OGTX at Northern Illinois University and the CRAY Y-MP at the
National Center for Supercomputing Applications at the University of
Illinois (Urbana). The standard conventions for nomenclature of pep-
tide conformations have been followed (IUPAC-IUB Commission on

Biochemical Nomenclature, 1970).

Generation of the initial structures
The x-ray crystallographic heavy atom coordinates of methemerythrin
determined by Stenkamp et al. ( 1983) at 2.0 A resolution, those of
cytochrome b-562 determined by Lederer et al. ( 1981 ) at 2.5 A resolu-
tion, and those of cytochrome c' determined by Finzel et al. ( 1985 ) at
1.67 A resolution were taken from Brookhaven Protein Data Bank
(Bernstein et al., 1977). All these three proteins assume a typical 4-a-
helix bundle motif. Dihedral angles corresponding to hydrogen atoms
in the constituent residues were assigned according to their most com-
mon conformations as defined in CHARMM (Brook et al., 1983),
whose arbitrariness was automatically taken care ofby the energy mini-
mization later on.

The atomic coordinates ofbovine somatotropin were taken from the
structure predicted by Carlacci et al. (1991) using a technique ofcom-
bining heuristic approach and energy minimization. The bovine soma-
totropin structure is also a 4-a-helix bundle motif structure, but its

Geometric parameter analysis
In the study of packing arrangement of secondary structures in pro-

teins, the relative orientation of two secondary structures is usually
expressed in terms of an orientation angle (Chothia et al., 1977, 1981;
Chou et al., 1983b, 1984, 1990b), denoted by U. Fortwo helices i andj,
the orientation angle go measures the tilting ofthe helix axes, with Qg =

00 for parallel and go = ±1800 for antiparallel orientations, respec-
tively. The orientation angle is positive if, starting from an initial paral-
lel orientation of the helices (gQ = 00), the helix far from the viewer is
rotated clockwise relative to the one near the viewer; it is negative ifthe
far helix is rotated in the counterclockwise sense. Expressed in terms of
unit vectors ei and ej, which each coincides with its corresponding helix
axis (Chou et al., 1984) and points from the NH2- towards the COOH-
terminus,

{cos-' (e ej), for clockwise rotation

-cos -' (ei - es), for counterclockwise rotation.
(2)

The sign and magnitude of Q0 are independent ofwhich helix is chosen
to be the near or far one. According to such a definition, for an antipar-
allel left-handed twisted 4-a-helix bundle structure, the orientation an-

gle Q0 between any two ofits adjacent helices should be within the range
of- 155 ± 15°(Weber and Salemme, 1980; Chou et al., 1988). If these
angles, however, are within the range of 155 ± 15°, the corresponding
structure would become an antiparallel right-handed twisted bundle.

Because the left twisting is a typical feature in the 4-a-helix bundle
proteins (Weber and Salemme, 1980), it is useful to develop a quanti-
tative definition of this, which can be accomplished as follows. First,
define the central axis of the helix bundle in an analogous manner to
that used by Chou et al. ( 1990a) in their study ofthe idealized fl-barrels
according to the following: (a) the center ofthe central axis is set at the
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TABLE 1 Sequence position of the four-a-helix bundle proteins investigated

NH2-terminal COOH-terminal
Protein Helix- I Helix-2 Helix-3 Helix-4 Loop-I Loop-2 Loop-3 segment segment

Methemerythrin 19-37 41-64 70-85 91-108 38-40 65-69 86-90 1-18 109-113
Cytochrome b-562 3-19 23-42 56-80 84-104 20-22 43-55 81-83 1-2 105-106
Cytochrome c' 5-30 40-57 79-102 104-124 31-39 58-78 103-103 1-4 125-128
Bovine somatotropin 7-34 75-96 106-128 153-183 35-74 97-105 129-152 1-6 184-191

mass center of all the Co atoms ofthe four a-helices that composed the
bundle, and (b) the unit vector of the central axis is given by

ec - 2 1Tiei (3)

where ei is the unit vector of the ith helix axis, and

I for e1-e1.0
Ti = .

(4)
1 for el ei<O.

The above definition of Tj ensures that the central axis is directed from
the NH2 to COOH terminus ofthe 1st helix (Chou et al., 1985). Thus,
the twist of a 4-a-helix bundle can be defined as

angle l i defined in Eq. 6 and the orientation angle go defined in Eq. 2:
the latter ranges from - 180 to 1800, but the former ranges from -90 to
900 so that a reversal ofthe axial direction ofthe ith helix is denoted by
the same numerical value of Qi. In other words, when defining the
orientation angle the directionality is assigned, but no such a direc-
tionality is assigned in defining the tilt angle. Obviously, in describing
the twist of a 4-a-helix bundle, the directionalities of axes are not of
interest. Therefore, in Eq. 5 we would rather adopt tilt angles than
orientation angles. According to the definition as given by Eq. 5, left-
handed twisted, nontwisted, and right-handed twisted 4-a-helix bun-
dles are characterized by 0 < 0, 0 = 0, and 0> 0, respectively. And the
larger the value of 10 1, the more the bundle is twisted.

=-1 Ql, (5)
4 i-=

where gi is the tilt angle of the ith helix with respect to the central axis
and is given by

[Q0 for -900 Q < 900

Qi= Q0 -1800 for 900 < Q0 < 180° , (6)

Q0 + 1800 for - 1800 Q1 < -900
where Q0 is the orientation angle (cf. Eq. 2) between the ith helix axis
and the central axis of the bundle. Note the difference between the tilt

a _

b

FIGURE 1 The stereo drawing ofthe energy-minimized methemeryth-
rin: (a) stick-and-ball drawing, and (b) ribbon drawing. This is a anti-
parallel left-handed twisted four-helix bundle protein, whose four a-he-
lices are marked by 1, 2, 3, and 4 along its sequence. N and C represent
NH2- and COOH-termini, respectively. See Table 1 for the sequence
distribution of the constituent segments.

RESULTS AND DISCUSSION
After energy minimization, the rms value ofthe protein
backbone between the x-ray crystallographic structure
and the energy-minimized structure for methemerythrin
is 0.43 A, that for cytochrome b-562 is 0.39 A, and that
for cytochrome c' is 0.44 A. The small change indicates
that the structure determined by x-ray technique is quite

XX4

b

N

FIGURE 2 The stereo drawing of the energy-minimized cytochrome
b-562: (a) stick-and-ball drawing, and (b) ribbon drawing. See the leg-
end to Fig. 1 for further explanation.
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Listed in Table 2 are the geometric parameters charac-
terizing the four 4-a-helix bundle proteins. As shown
there, the orientation angles for all the adjacent pairs of
helices are within the range of- 155 ± 15°, meaning that
all four proteins would assume a left-handed twisted
bundle motif (Weber and Salemme, 1980; Chou et al.,
1988). The left-handed twisted feature of the four bun-
dle proteins is also clearly shown by the stereo drawings
in Figs. 1-4. Furthermore, it is found in Table 2 that 0 =
-9, -12°, -15°, and -20°, for methemerythrin, cy-
tochrome b-562, cytochrome c', and bovine somatotro-
pin respectively, indicating that as far as the left-handed
twisted extent is concerned we have the following order
among the four bundle proteins: methemerythrin < cy-
tochrome b-562 < cytochrome c' < bovine somato-
tropin.
The various energy terms as defined in Eq. 1 are given

in Table 3. Those energy terms whose definitions are not
explicitly given in Eq. 1 are defined in the footnotes of
Table 3. As we can see there that, as far as the intraseg-
ment energy is concerned, the intrahelix energy is much
stronger than the intraloop energy in all the four 4-a-

FIGURE 3 The stereo drawing ofthe energy-minimized cytochrome c':
(a) stick-and-ball drawing, and (b) ribbon drawing. See the legend to
Fig. 1 for further explanation.

close to that refined after energy minimization for all
these three 4-a-helix bundle proteins although it was ob-
served that during the course ofenergy minimization the
energy dropped significantly (by more than 60%). The
largest drop is in the electrostatic interaction energy in
the loop regions. The energy drop in the helix regions is
much smaller, because the helix structure is more rigid.
For bovine somatotropin, the heavy-atom rms value

between the structure optimized byCHARMM and that
by ECEPP was 1.11 A.

If (X, 41) = (-68 ± 300, -38 ± 30°) are defined as the
dihedral angle region for helices (Chou et al., 1984), it
was found after energy optimization that the sequence

positions of the four main a-helices for methemerythrin
are 19-37, 41-64, 70-85, and 91-108, those for cy-

tochrome b-562 are 3-19, 23-42, 56-102, and 84-104,
those for cytochrome c' are 5-30, 40-57, 79-102, and
104-124, and those for bovine somatotropin are 7-34,
75-96, 106-128, and 153-183. A complete information
of the sequence position for each of these four 4-a-helix
bundle proteins is given in Table 1, in which the se-

quences for loops 1-3, for the NH2 attachment and
COOH attachment, as well as the sequences of helices
1-4 are presented.
The corresponding stereo drawings for methemeryth-

rin, cytochrome b-562, cytochrome c' and bovine soma-

totropin are shown in Figs. 1-4, respectively. In these
figures, panel a is the backbone stick-and-ball drawing,
and panel b the ribbon drawing.

a

b

FIGURE 4 The stereo drawing of the energy-minimized bovine soma-
totropin: (a) stick-and-ball drawing, and (b) ribbon drawing. See the
legend to Fig. 1 for further explanation.
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TABLE 2 Geometric parameters characterizing the four-helix bundle proteins investigated

Relationship between helicesa Relationship between helix and the central axise

Adjacent pair Diagonal pair (lo (O)C D (A)d Helixa S, (o)e Ri (A)f

Methemerythrin

1-2 -158 8.9 1 13 6.1
2-3 -169 10.6 2 10 6.6
3-4 -168 11.7 3 10 8.2
4-1 -169 9.4 4 4 7.6

1-3 23 15.0
2-4 14 14.2 oi -9

Cytochrome b-562

1-2 -162 8.7 1 18 7.2
2-3 -167 9.1 2 8 5.9
3-4 -170 7.7 3 9 6.8
4-1 -151 9.3 4 13 4.7

1-3 26 14.0
2-4 20 10.6 0' -12

Cytochrome c'

1-2 -154 9.3 1 25 7.3
2-3 -167 7.0 2 7 5.8
3-4 -167 8.0 3 14 5.5
4-1 -144 8.8 4 14 5.5

1-3 38 13.0
2-4 19 12.0 08 -15

Bovine somatotropin

1-3 -149 10.4 1 24 9.2
3-2 -159 12.2 2 23 8.6
2-4 -145 10.7 3 15 7.4
4-1 -152 11.2 4 19 6.9

1-2 47 17.8
3-4 35 14.5 Os -20

a See Figs 1, 2, 3, and 4 for methemerythrin, cytochrome b-562, cytochrome c', and bovine somatotropin, respectively. 'The central axis of a
four-helix bundle is defined by Eq. 3. C(o is the orientation angle between two helices as defined by Chou et al. (1983, 1984). An explanation ofsuch
a definition can also be found in Chou et al. (1988). dD is the distance ofclosest approach between two helix axes as defined by Chou et al. (1983). e i
is the tilted angle ofthe ith helix to the central axis ofthe four-helix bundle. fR; is the closest approach (Chou et al., 1983) ofthe ith helix axis to the
central axis of the four-helix bundle. 'The twisted angle of the four-helix bundle as defined in Eq. 5.

helix bundle proteins investigated. However, as far as
intersegment energy is concerned, the loop-helix interac-
tion energy is not only much stronger than the interloop
interaction energy but also stronger than the interhelix
interaction energy. This is clearly shown by the data
listed in Table 3 that, compared with the interhelix inter-
action energies En,*er = -337.8, -399.0, -271.9, and
-346.5 kcal/mol for methemerythrin, cytochrome
b-562, cytochrome c', and bovine somatotropin, we have
the corresponding loop-helix interaction energies e =

-607.1, -626.4, -567.2, and -830.0 kcal/mol.
It has been pointed out that an antiparallel arrange-

ment of neighboring a-helices is favored by electrostatic
interactions between the helices (Sheridan et al., 1982;
Chou et al., 1988) caused by the large dipole moment of
the a-helices (Wada, 1976; Hol et al., 1978; Sheridan

and Allen, 1980; Hol et al., 1981) . However, as shown in
Table 3, for methemerythrin, cytochrome b-562, cy-
tochrome c', and bovine somatotropin, we have Es =

-493.8, -562.6, -472.5, and -720.8 kcal/mol, respec-
tively, whose magnitudes are much greater than the
corresponding Fss = -255.2, -305.0, -168.4, and
-289.7 kcal/mol. This indicates that even for the electro-
static interaction energy in the 4-a-helix bundle pro-
teins, the interaction between loops and helices is
stronger than that among the four a-helices themselves.

It should be pointed out that, as defined in Eq. 1, the
data listed in Table 3 for loop-related energy also include
the contributions from NH2- and COOH-terminal seg-
ments. However, even if we removed the contributions
of the two terminal segments from the loop-helix inter-
action energy and only considered the contributions of
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TABLE 3 Various energetic terms' of the four-a-helix
bundle proteins investigated

Energy of a-helix set (kcal/mol)

Interhelix
Intrahelix Total

Proteins Eintm ca b 'aNBc Eted Era

Methemerythrin -2381.1 -255.2 -82.6 -337.8 -2718.9
Cytochrome b-562 -2771.1 -305.0 -94.0 -399.0 -3170.1
Cytochrome c' -2447.1 -168.4 -103.5 -271.9 -2719.0
Bovine somatotropin -3205.7 -289.7 -56.8 -346.5 -3552.2

Energy of loop set (kcal/mol)

Interloop
Intraloop Total

Proteins E!°P loop e looP f E!pJ ElPvteins ~~intm ES (NB inter tot

Methemerythrin -778.5 -50.1 -13.8 -63.9 -842.4
Cytochrome b-562 -538.6 -33.4 -5.3 -38.7 -577.3
Cytochrome c' -856.4 -69.6 -18.1 -87.7 -943.1
Bovine somatotropin -2025.9 -59.9 -12.7 -72.6 -2098.5

Loop-helix interaction energy (kcal/mol)

Proteins fEh ENB EBD fk

Methemerythrin -493.8 -114.7 1.4 -607.1
Cytochrome b-562 -562.6 -66.3 2.5 -626.4
Cytochrome c' -472.5 -101.3 6.6 -567.2
Bovine somatotropin -720.8 -116.4 7.2 -830.0

Total energy (kcal/mol)

Proteins Etot = E,, + E°oP + E

Methemerythrin -4168.4
Cytochrome b-562 -4373.8
Cytochrome c' -4229.3
Bovine somatotropin -6480.7

a See Eq. 1 and the relevant footnote below for the definition of each of the
energetic terms listed in this table. bElectrostatic interhelix energy. CNonbonded
interhelix energy. dEiter = ES + fEN. Electrostatic interloop energy. fNonbonded
interloop energy. 2EOOPr = 4IoW + loop. iElectrostatic loop-helix interaction en-
ergy. 'Nonbonded loop-helix interaction energy. iBonded loop-helix interaction
energy. kf = fES + ENB + EBD -

the three loop segments, we found that it still had the
values of e = -378.4, -486.1, -437.2, and -692.4 kcal/
mol for methemerythrin, cytochrome b-562, cy-
tochrome c', and bovine somatotropin, respectively, in-
dicating also stronger than the corresponding interhelix
interaction energies.

Therefore, the loop-helix interaction plays a signifi-
cant role in stabilizing the 4-a-helix bundle motif struc-
ture not only for those proteins containing long loops
such as bovine somatotropin (Carlacci et al., 1991) but
also for those proteins containing very short loops
such as methemerythrin, cytochrome b-562, and cyto-
chrome c'.
The current calculated results indicate that using

CHARMM potential would not change the fact that the
loop-helix interaction energy is much stronger than the
interhelix interaction energy in the 4-a-helix bundle mo-
tif structures even though the electrostatic energy in

CHARMM is much more heavily emphasized than in
ECEPP.

WORK AHEAD

Since the solvent effect is not explicitly included in the
calculation, the helix-loop interaction may not as strong
as our estimate indicates. In all four proteins investi-
gated, the percentage content of hydrophobic residues is
higher in the helix region than in the loop and terminus
region. For methemerythrin, there are 36.4% hydropho-
bic residues in the helix region and 30.6% in the rest of
the protein. For cytochrome b-562, the numbers are
43.4% and 30.4%; for cytochrome c' 51.3% and 33.3%,
and for bovine somatotropin 44.2% and 36.8%. Thus,
the loop-helix interaction might be attenuated more
than the helix-helix interaction when explicit solvent
and ionic charge effects are included. Further studies,
such as calculations in the presence of explicit solvent
molecules, and efforts on improving the semi-empirical
potentials (especially for more accurately reflecting ionic
charge interactions and hydrophobic effects), are defi-
nitely needed to reveal the essence for understanding the
forces that determine tertiary structure in proteins.

CONCLUSION

In a 4-a-helix bundle protein, as far as the intrasegment
interaction is concerned, the intrahelix interaction en-
ergy is much stronger than the other intrasegment inter-
action energy; however, as far as intersegment interac-
tion is concerned, the loop-helix interaction would play
a dominant role in stabilizing the protein structure. Even
for the part of electrostatic interaction energy, the inter-
action between loops and helices is stronger than that
among the four a-helices themselves although the latter
involves the interaction ofthe large dipole moments due
to the antiparallel arrangement of neighboring a-helices
(Wada, 1976; Hol et al., 1978; Sheridan and Allen, 1980;
Hol et al., 1981) . Such a fact holds true no matter what
loops, long or short, the 4-a-helix bundle protein pos-
sesses, and also no matter which empirical potential,
ECEPP or CHARMM, is used for calculations. Our cal-
culated results reaffirm that no appropriate conclusion
can be drawn in arguing whether the dipole interaction
among the four a-helices play a stabilizing role or desta-
bilizing role for a 4-a-helix bundle protein without tak-
ing into consideration the effect of interaction between
helices and loops (Carlacci and Chou, 1990).
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