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ABSTRACT One of the critical issues regarding proteins
with a four-helix bundle motif is which interactions play the
major role in stabilizing this type of folded structure: the
interaction among the four a-helices or the interaction between
the loop and helix segments. To answer this question, an
energetic analysis has been carried out for three proteins with
a four-helix bundle-namely, methemerythrin, cytochrome
b-562, and cytochrome c'. The structures on which the analysis
has been made were derived from their respective crystallo-
graphic coordinates. All three proteins have long helices (16-26
residues) and most of their loops are short (3-5 residues).
However, it was found in all three proteins that loop-helix
interactions were stronger than helix-helix interactions. More-
over, not only the nonbonded component but also the electro-
static component of the interaction energy were dominated by
loop-helix interactions rather than by interhelix interactions,
although the latter involve favorable helix-dipole interactions
due to the antiparallel arrangement of neighboring helices. The
results of the energetic analysis indicate that the loop segments,
whether they are in a theoretical model or in real proteins, play
a significant role in stabilizing proteins with four-helix bundles.

A previous theoretical model study (1) indicated that the
left-handed twisted feature that occurs in many antiparallel
four-helix bundle proteins (2-5) could be explained in terms
of nonbonded interactions between the constituent helices
and that the antiparallel arrangement of the helices is due in
part to electrostatic interactions. Inclusion ofthe effect of the
loops connecting the adjacent helices made the model more
realistic, and the calculated result improved somewhat as
well (6), leading to a much better four-fold symmetrical array,
as observed (3, 4). In addition, a detailed energetic analysis
(7), in which the various nonbonded and electrostatic inter-
action energy terms in a theoretical four-helix bundle model
were calculated explicitly, showed that the interactions of
loops with helices play a significant role in stabilizing the
four-helix bundle structure. In the theoretical model, each of
the four helices was formed by poly(Ala)12, and each of the
three loops was formed by poly(Ala)10. It was found there
that the loop-helix interaction (not only the nonbonded but
also the electrostatic energy) was stronger than the interhelix
interaction. Consequently, it seems that the stabilization
energy ofthe four-helix bundle motif results from interactions
between the a-helices and the loops.
However, it might be argued that such a conclusion cannot

be generalized for proteins with a four-helix bundle for the
following two reasons: (i) When the bundle is modeled with
loops 10 residues long, with helices of a length of 12, as
adopted in ref. 7, then it is hardly surprising that the loops
play a significant role. Real proteins, which fold as regular
four-helix bundles, usually consist oflong helices [e.g., 16-24

residues in methemerythrin (8)] and short loops (3-5 resi-
dues). (ii) The use of a poly(Ala) sequence for the helices
might lead to different interaction energies among the four
helices than would be observed in a protein. Therefore, to
find an appropriate answer for such a question, some further
calculations based on real four-helix proteins were carried
out.
As is well known, the determination of the structures of

loops is a difficult problem that must be addressed in pre-
dicting the three-dimensional structures of proteins (9, 10)
and in the study of protein folding (11-13). Loops are also
thought to assume important roles in molecular function and
biological recognition (14). Therefore, an investigation of the
interactions between loops and the other regular structural
elements of a protein should provide new insights for study-
ing these problems. The present work was carried out in an
attempt to reveal the role ofloops in stabilizing the four-helix
bundle motif in proteins. For this purpose, a detailed ener-
getic analysis was carried out on three four-helix bundle
proteins-namely, methemerythrin, cytochrome b-562, and
cytochrome c'-based on their crystal structures. All three
proteins have long helices (16-26 residues), which are typical
for proteins with four-helix bundles, and most of their loops
are short (3-5 residues).

METHODS
The computational procedure consists of the following three
steps: (i) generation of the initial structures for each of the
proteins investigated, (ii) energy refinement of each protein
molecule, and (iii) energy-component analysis. The compu-
tations were carried out by using the residue geometry and
the energy parameters found in ECEPP/2, which is an
updated version, modified by Nemethy et al. (15), of the
original ECEPP (empirical conformational energy program
for peptides) algorithm developed by Momany et al. (16). The
energy is calculated as the sum of electrostatic, nonbonded,
hydrogen-bond, and torsional energies. Energy minimiza-
tions are based on a general unconstrained optimization
algorithm (17). The computations were carried out with one
processor on an IBM 3090/400J computer at Upjohn Labo-
ratories. The standard conventions for nomenclature of pep-
tide conformations (18) have been followed.

Generation of the Initial Structures. The non-hydrogen
atom coordinates of methemerythrin have been determined
by Stenkamp et al. (8) at 2.0 A resolution, those of cy-
tochrome b-562 by Lederer et al. (19) at 2.5 A resolution, and
those of cytochrome c' by Finzel et al. (20) at 1.7 A resolu-
tion. All three proteins assume a typical four-helix bundle
motif. Based on the non-hydrogen atom coordinates taken
from the Brookhaven Protein Data Bank (21), a set of
dihedral angles for the backbone and side chains of each of
these proteins was generated. This step included an optimal

Abbreviation: ECEPP, empirical conformational energy program for
peptides.
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fitting operation in which the dihedral angles were varied and
the ECEPP residue geometries were used to generate a
molecule whose coordinates matched the x-ray coordinates
as closely as possible by minimizing the corresponding root-
mean-square deviations. The backbone and side-chain non-
hydrogen atom root-mean-square deviations between the
structures thus generated and those determined crystallo-
graphically were 0.19 A for methemerythrin, 0.17 A for
cytochrome b-562, and 0.21 A for cytochrome c'. All hydro-
gen atoms were generated according to the ECEPP geometry
of L-amino acids (16). Dihedral angles related to positions of
hydrogen atoms were assigned according to data on energy-
minimized amino acid residues (22). Although such an as-
signment is somewhat arbitrary, it was corrected by subse-
quent energy minimization (see the following section).
Energy Minmization. The structures obtained above were

used as starting points for energy minimizations of the whole
protein. The ionizable side chains were kept in their neutral
forms. For each of the three structures, energy minimization
was carried out in two successive steps. In the first step, all
backbone dihedral angles were held fixed, and the energy was
minimized with respect to the side-chain dihedral angles only
in order to eliminate side-chain atomic overlaps. In the
second step, the energy was minimized with respect to all
dihedral angles. In both steps, no constraint to the x-ray
structure was imposed. The total central processing unit time
varied for the different proteins, ranging from 108 to 356
minutes.
Energy-Component Analysis. In order to compare and

analyze the various interactions that contribute to the overall
stability of the four-helix bundle proteins investigated, it is
useful to separate the total conformational energy, Etot, into
components as defined below (12):

EF1t> = Sum of the energies of the four individual
constituent a-helices

Eiter = Total intersegment energy among the four
a-helices

=a_E + Ertrztot Inrtra + an

El:O°& = Sum of the energies of the individual loop
segments [1]

Eltr= Total intersegment energy among all the loop

segments
EtOOP E!OtP Elntoepr

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

LEtt= Et + EttP + e.

These energies include both the backbone and side chains. In
the above expressions, the N- and C-terminal portions of the
chain are treated as loops and, hence, their contributions to
the interaction energy are included.

RESULTS AND DISCUSSION
After energy minimization, the root-mean-square deviation
based on all backbone and side-chain non-hydrogen atoms

between the x-ray crystallographic and the energy-minimized
structures for methemerythrin is 0.86 A, for cytochrome
b-562 is 0.52 A, and for cytochrome c' is 1.10 A. This
indicates that the crystal structures (with ECEPP geometry)
are quite close to the energy-minimized structures for all
three four-helix bundle proteins, although it was observed
that, during the course of energy minimization, the energy
dropped significantly (by 3-5 orders of magnitude).

Ifthe 4, qdihedral angles ofthe helix-forming residues are
taken to be -68 ± 300 and -38 + 300, respectively (23), it was
found after energy minimization that the sequence positions
ofthe four main a-helices are those listed in Table 1, together
with those of the three internal loops, and the N- and
C-terminal peptide segments in each of the three four-helix
bundle proteins studied here. The corresponding stereo car-
toon ribbon drawings for methemerythrin, cytochrome
b-562, and cytochrome c' are shown in Figs. 1-3, respec-
tively.

Table 2 lists the geometric parameters characterizing the
three four-helix bundle proteins. As shown in Table 2, the
orientation angles (1) for all adjacent pairs ofhelices lie within
the range -155 + 15°, indicating that the four-helix bundle of
the three proteins assumes the usual left-handed twist (1, 3).
The left-handed twist feature of these three bundle proteins
is also clearly shown by the stereo ribbon drawings in Figs.
1-3. Furthermore, as given in Table 2, the bundle twisted
angle (6) 0 = -go9, -12°, and -15°, for methemerythrin,
cytochrome b-562, and cytochrome c', respectively, indicat-
ing that the amount of twist of the four-helix bundles is in the
order: cytochrome c' > cytochrome b-562 > methemeryth-
nn.
The various energetic terms defined in Eq. 1 are given in

Table 3. Those terms whose definitions are not given explic-
itly in Eq. 1 are defined in the footnotes of Table 3. It can be
seen that the intrahelix energy is much stronger than the
intraloop energy in all of the three four-helix bundle proteins
investigated. However, the magnitude of the loop-helix
interaction energy is not only much larger than that of
the interloop interaction energy but also larger than that of
the interhelix interaction energy. For methemerythrin and
cytochrome c', this is also true for both the nonbonded and
electrostatic components.

It has been pointed out that an antiparallel arrangement of
neighboring a-helices is favored by electrostatic interactions
between the helices (1, 24) due to the large dipole moment of
the a-helices (25-28). However, as shown in Table 3 for
methemerythrin, cytochrome b-562, and cytochrome c', eES
= -30.7, -45.1, and -52.6 kcal/mol, respectively, which are
much greater than the corresponding E.s = -3.5, -11.0, and
-6.5 kcal/mol. This indicates that the electrostatic interac-
tion energy in these four-helix bundle proteins is due primar-
ily to interactions between loops and helices rather than
interactions among the four helices themselves. Thus, it is
seen that loop-helix interactions play a significant role in
stabilizing the four-helix bundle structure not only for an
earlier theoretical model (6), in which all helices and loops are
formed from poly(Ala) sequences, but also for real four-helix
bundle proteins.

Table 1. Computed sequence position of the four-a-helix bundle proteins investigated
Protein Helix 1 Helix 2 Helix 3 Helix 4 Loop 1 Loop 2 Loop 3 N attachment C attachment

Methemerythrin 19-37 41-64 70-85 91-108 38-40 65-69 86-90 1-18 109-113
(19-37) (41-64) (70-85) (91-109) (38-40) (65-69) (86-90) (1-18) (110-113)

Cytochrome b-562 3-19 23-42 56-80 84-104 20-22 43-55 81-83 1-2 105-106
(3-19) (23-40) (56-80) (84-104) (20-22) (41-55) (81-83) (1-2) (106)

Cytochrome c' 5-30 40-57 79-102 104-124 31-39 58-78 103 1-4 125-128
(5-30) (40-58) (79-102) (104-125) (31-39) (59-78) (103) (1-4) (126-128)

Values in parentheses pertain to the original x-ray structures.
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FIG. 1. Stereo cartoon ribbon drawing of the energy-minimized methemerythrin. This is an antiparallel left-handed twisted bundle protein.

The four a-helices, numbered 1, 2, 3, and 4, are connected sequentially through the loops. N and C represent the N and C termini of the entire
polypeptide chain, respectively.

It should be noted that, according to the procedure de-
scribed in ref. 7 and used here, the polypeptide chain is
divided into segments (i.e., helices and loops) by making cuts
at the appropriate C'-N peptide bonds. Next, the interseg-
ment energy for any pair of segments (helix-helix, loop-loop,
or loop-helix) is calculated as the sum over all pairs of atoms
in the two respective segments. Although all interactions
must be included in the calculations, they do not all contrib-
ute to the stabilization: the 1-4 and some 1-5 interactions (16)
at the adjacent site oftwo segments are either independent of
conformation or vary very little with conformation. In view
of this, an additional calculation has been carried out on
methemerythrin to illustrate this point. In this calculation, the
entire polypeptide chain was placed in an extended confor-
mation-i.e., all its backbone dihedral angles were fixed at
180°-and the energy was minimized by varying only its
side-chain dihedral angles. For such an extended chain, it
was found that the interloop and interhelix energies were
almost zero as expected, and the total loop-helix interaction
energy was only -22 kcal/mol, which is much smaller in
magnitude than -253.0 - (-152.4) = -100.6 kcal/mol, the
difference between the loop-helix interaction energy and the
interhelix interaction energy in the corresponding four-helix

N

C

bundle folded form. This indicates that, even ifan adjustment
is made for "boundary effects," it will not change the general
conclusion that the loop-helix interactions contribute more
favorable interaction energy than the helix-helix interactions
in stabilizing the four-helix bundle structure for the three
cases examined here.

Gilson and Honig (29) have examined the effect ofwater on
the interactions in a four-helix bundle. They have shown that
this solvent has two destabilizing effects on the electrostatic
components of interhelix interactions. It reduces the magni-
tude of interhelix dipole interactions and destabilizes packed
structures owing to the desolvation of the helical dipoles
upon helix association. Thus, the solvent would make the
interhelical interactions even weaker than shown here. It
remains to be seen how the solvent would affect the loop-
helix interactions.
The reasons that loop-helix interactions are stronger than

interhelix interactions in the absence of explicit solvation are
not yet clear. It appears, however, that the effective inter-
active distances between atoms in helices and their adjacent
loops are on average smaller than those between adjacent
helices. Further studies, especially with solvation included
explicitly, are needed to identify the origin of this behavior.

N

4 4
FIG. 2. Stereo cartoon ribbon drawing of the energy-minimized cytochrome b-562. See the legend to Fig. 1 for further explanation.
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FIG. 3. Stereo cartoon ribbon drawing of the energy-minimized cytochrome c'. See the legend to Fig. 1 for further explanation.

For the present, we note that an effective dielectric constant
is used in ECEPP to take account of the solvent effect in an
approximate way. In addition, the solvent effect is simulated
to some extent by taking the ionizable groups as neutral.

CONCLUSION
In a four-helix bundle protein, as far as interactions within a
polypeptide segment are concerned, the intrahelix interac-
tion energy is much stronger than the intraloop interaction

energy; however, as far as interactions between two poly-
peptide segments are concerned, loop-helix interactions play
a significant role in stabilizing protein structure. As is true for
interhelix interactions, nonbonded interactions play a dom-
inant role in loop-helix interactions. In both cases, the
electrostatic part of the interaction energy is small but is
larger between loops and helices than between the helices
themselves, although the latter involves the interaction ofthe
large dipole moments due to the antiparallel arrangement of
neighboring a-helices (25-28). The conclusion holds true not

Table 2. Calculated geometric parameters characterizing the four-helix bundle
proteins investigated

Relationship between helix and
Relationship between helicesa the central axisb

Adjacent pair Diagonal pair foc deg D'd A Helix (Ii,e deg RfA
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 Og -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 og -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

aSee Fig. 1 for methemerythrin, Fig. 2 for cytochrome b-562, and Fig. 3 for cytochrome c'.
bThe central axis of a four-helix bundle is defined by equation 3 of ref. 6.
CDlo is the orientation angle between two helices as defined in ref. 23. An explanation ofsuch a definition
can also be found in ref. 1.
dD is the distance of closest approach between two helix axes as defined in ref. 23.
eQi is the tilted angle of the ith helix with respect to the central axis of the four-helix bundle, as defined
by equation 6 of ref. 6.
fRi is the closest approach (23) of the ith helix axis to the central axis of the four-helix bundle.
90 is the twisted angle of the four-helix bundle, as defined by equation 5 of ref. 6.
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Table 3. Energetic terms of the four-a-helix bundle proteins investigated
Energy, kcal/mol

a-Helix set Loop set

Intrahelix. Interhelix Total Intraloop Interloop Total Loop-helix interaction Total
E,Eflot E~~~rES ENB E EoProtein Eslntra Egs E&B Elhtter L1a11:1t0% ELIsP EN'0gP Elgtoepr Ptooot°p ES EB E E

Meth -447.8 -3.5 -148.9 -152.4 -600.2 -98.2 -0.9 -24.7 -25.6 -123.8 -30.7 -222.3 -253.0 -977.0
Cyt b-562 -553.5 -11.0 -169.5 -180.5 -734.0 -54.3 -1.3 -8.8 -10.1 -64.4 -45.1 -146.8 -191.9 -990.3
Cyt c' -445.4 -6.5 -156.5 -163.0 -608.4 -96.4 -2.9 -31.3 -34.2 -130.6 -52.6 -181.8 -234.4 -973.4
Meth, methemerythrin; Cyt b-562, cytochrome b-562; Cyt c', cytochrome c'. One calorie = 4.18 J. The energetic terms are defined as follows

(see also Eq. 1): E&, electrostatic interhelix energy; E&B, nonbonded interhelix energy; Efter, E = e£ + EN; EjP, electrostatic interloop
energy; 4E", nonbonded interloop energy; El =t, EitePr = EjTgP + ENBP; EES, electrostatic loop-helix interaction energy; ENB, nonbonded
loop-helix interaction energy; E, E = eEs + eNB; Etot = Erot + t'ot° + 6.

only for a theoretical four-helix bundle model in which all
helices and loops are formed from poly(Ala) sequences but
also for real four-helix bundle proteins. Such a finding will
have some impact for an understanding of intersegment
interactions in a protein during its folding process (13).
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