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ABSTRACT  The energies of three- and five-chain antipar-
allel and parallel B-sheets were minimized. Each chain consisted
of six L-valine residues with CH;CO and NHCH; end groups; the
chains were considered to be equivalent, but all dihedral angles
of agiven chain were allowed to vary independently during energy
minimization. The minimum-energy structures had a considerable
right-handed twist, as observed in globular proteins. This right-
handed twist is due primarily to intrachain nonbonded interac-
tions. Such interactions between the C*'H, group of the ith res-
idue and the C”2H3 group of the (i+2)th residue of the same chain
favor a twist of either handedness over the flat structure. How-
ever, many small intrastrand pair-wise interatomic interactions
involving the C*'H; and C*2H, groups, especially the interactions
of these groups with the O and amide H atoms of the neighboring
peptide groups, make the right-handed twisted structure ener-
getically more favorable than the left-handed one. The intrastrand
side-chain torsional energy plays a small additional role in favoring
the right-twisted structure over both the flat and the left-twisted
structures. The interstrand interactions favor flat structures, but
they are not strong enough to overcome the intrastrand interac-
tions that favor the twisted structure; they only decrease somewhat
the extent of the right-handed twist of the B-sheets.

We recently showed that minimum-energy structures of B-
sheets consisting of poly(LAla) chains have a right-handed twist
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(1), as observed in globular proteins (2). As in the case of right-
handed a-helices (3), it is the intrastrand nonbonded interaction
energy that plays the key role in forcing B-sheets of L-amino
acids to adopt a right-handed twist. The nonbonded energy con-
tribution favoring the right-handed twist is the result of many
small intrastrand pair-wise interatomic interactions involving
the CPHj, groups; interstrand nonbonded interactions, also in-
volving the C®PH, groups, contribute somewhat, but less so, in
influencing the twist.

While these computations on poly(LAla) (1) show the role of
the backbone and the C®Hj group in producing a right-handed
twisted B-sheet, the magnitude of the computed twist is less
than that observed in proteins [only a few degrees per two res-
idues (1) compared with observed values in the range of 0° to
60° (4)]. Since B-sheets in proteins contain other residues than
alanine, with valine being the most frequently occurring one
(), it was of interest to extend these computations to a B-sheet
of poly(LVal) chains. We therefore consider such B-sheets here
and gain insight into the role played by the valyl side chain (in

addition to the earlier-demonstrated role of the backbone) in
producing the right-handed twist.

COMPUTATIONAL METHODS

Computations were carried out on a single polypeptide chain
and on parallel and antiparallel three- and five-stranded B-
sheets. Each chain had the composition CH;CO—(L-Val)e—
NHCHj,. The residue geometry and energy parameters were
those of the ECEPP algorithm [empirical conformational en-
ergy program for peptides (6)] (see ref. 1 for further computa-
tional details).

Generation of B-Sheets. For a B-sheet with equivalent
strands, the first chain can be generated by using the ECEPP
algorithm, and then all the other chains can be generated by
iterative rotational and translational operations on the preced-
ing chain; i.e., the ith chain can be generated from the (i—1)th
chain by the following equation:

r;=Qr,_, +T, (1]
where r; and r;_, are the coordinates of corresponding atoms
in the ith and (i—1)th chains, respectively, T = (t,,t,,t3) is a
translational vector, and €2 is the following Euler rotational
operator

—cosasiny — sinacosBcosy  sinasinB
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where a, B, and 7y are the Euler angles, as defined in ref. 1.

Formulation of Sheet Twist. The twist of a B-sheet depends
on the twist of the constituent chains (1), which, in turn, de-
pends on their helical parameters. It should be noted that the
handedness of the twist of the B-sheet (and of its constituent
polypeptide chains) is opposite that of the helicity of the poly-
peptide chains; i.e., chains that have a right-handed twist
should be described as left-handed helices and vice versa. A
detailed discussion of this point was presented in ref. 1.

For a given set of backbone dihedral angles ¢, i, and w, the
corresponding helical parameters can be calculated by the fol-
lowing equations (7, 8):

N |~

0.598 cos[L4(¢b + ¢ + w)] — 0.270 cos[Ls(d — ¥ + w)]

— 0.216 cos[Le(p + ¢ — w)] — 0.240 cos[Ye(d — ¥ — w)] [3]
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where ¢ and h are the angle of rotation and rise, respectively,
per residue and n is the number of residues per turn. The nu-
merical constants in Eqs. 3 and 4 were derived from the ge-
ometry of the L-valine residue used in the ECEPP algorithm

).
For a regular polypeptide chain, the amount of twist per two
residues is defined as (1)

5=2 (1 - 18°°) £ = 360°2 — |n|)i. (6]

It
Right twist, flat, and left twist are characterized by 8 > 0, §
=0, and 8§ < 0, respectively. For an irregular chain, a corre-
sponding average twist can be defined as:

A ( 180°) 360°
1 — — pa—
It

2
® A; b=
where A is the number of residues per chain and ¢, and n; are
computed for each residue i. Eqs. 6 and 7 can be used directly
to describe the twist of B-sheets having regular and irregular
equivalent chains (1), respectively. A flat B-sheet corresponds
ton = 2.

Energy Minimization. In the previous energy minimization
(1), all of the dihedral angles w were fixed at 180°. Actually,
crystal structure data on proteins indicate that w may deviate
somewhat from 180°. Although such a deviation is generally less
than 10°, it will increase or decrease the extent of twist; in some
particular conformations, it may even change the direction of
the twist. For example, for any fixed (¢,¥) on the line where
n = 2, when w changes from negative values through +180°
to positive values, the corresponding regular B-sheet will as-
sume a right-handed twist, a flat, and a left-handed twist, re-
spectively, as shown in Table 1. Therefore, in investigating the
twist of B-sheets, it is generally important to allow all of the w
values to vary during energy minimization. For B-sheets with
the small alanine side chain (1), however, energy minimization
with fixed and variable w gave essentially the same result.

The energy of each B-sheet was calculated with the ECEPP
algorithm (6) and minimized by alternating between the two
function-optimizer algorithms, MINOP (9) and POWELL (10),
until the energy converged to its minimum value. The com-
putational procedure is basically the same as in ref. 1 but more
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Table 1. Effect of w on the twist of a regular p-sheet with
fixed (¢,¢)

¢, deg Y, deg o, deg t,* deg 5, deg
-178.0 -178.3 34
—-153.0¢ 151.0% +180.0 +180 0
178.0 178.3 -34

* Computed by using Eq. 3.

¥ Computed by using Eq. 6.

1 This value of (¢, ) was chosen because it lies on the n = 2 line; i.e.,
it represents a flat sheet when w = +180°. Any other choice of (¢,y)
on the n = 2 line in the B-sheet region results in the analogous
conclusion.

variables are involved here during energy minimization because
the constraint of fixed w (at 180°) (1) is now relaxed and also
because there are more dihedral angles in the side chain of va-
line than in alanine. For example, when minimizing the energy
of a B-sheet with equivalent strands, each of which consists of
six valine residues, there are 42 variables—namely, ¢;, ¥, w;,
XL 226 =12,...6), a8, t, t, and t,.

Initial values of the backbone dihedral angles for energy
minimization were selected as described earlier (1)—namely,
by choosing (¢;, 4;) along the line on which n = 2 at 10° intervals
of ¢, with @, = 180° and y?! = y*2=60°(i = 1,2,...,6). For
each such backbone conformation, all three staggered confor-
mations around the C;>—C.f bond—i.e., ! = 180°, 60°, and
—60°, respectively—were used as starting points.

RESULTS AND DISCUSSION

The results obtained after energy minimization are given in
Tables 2 and 3. All minimum-energy B-sheet conformations
starting from y! = 60° or —60° were at least 14 kcal/mol per
chain (1 cal = 4.18 ]) higher in energy than those starting from
X} = 180°. They are therefore not listed in Tables 2and 3. Stereo
drawings of the minimum-energy antiparallel and parallel 8-
sheets with five strands are shown in Fig. 1 A and B, respec-
tively.

From Tables 2 and 3, the following conclusions can be drawn.
(i) All of the average twists (8) are positive, indicating a right-
handed twist (also, see Fig. 1). The values of () for the sheet
structures are 22-30°, almost 5 to 6 times the values found for
poly(LAla) B-sheets (1). (i) The antiparallel sheets are more
twisted than the corresponding parallel ones. This means that,
in comparison with parallel sheets, antiparallel sheets are more
flexible (11, 12) so thata larger twist can be tolerated. (iii) The
energies given in Table 3 for parallel structures are about 1 kcal/
mol per chain lower than those of antiparallel ones, showing
that parallel B-sheets of poly(LVal) are lower in energy, in con-
trast to the situation for B-sheets of poly(LAla) chains (1). These
results, concerning the different relative stabilities of parallel

Table 2. Backbone dihedral angles characterizing minimum-energy B-sheets consisting of CHyCO—(L-Val)e—NHCH; chains

Single polypeptide Antiparallel sheet Parallel sheet
chain Three chains Five chains Three chains Five chains
i ¢ ¥ » ¢ ¢ ] ¢ [4 ® ¢ ¥ ® ¢ ¥ [
1 -863 100.1 179.7 -90.8 1185 -—-174.8 -913 1204 -1744 -994 936 -1728 -100.8 94.1 -1724
2 -840 1069 1798 -102.0 1051 -1762 -—103.6 1051 -—1759 -995 1016 -1750 -—1003 1015 —1745
3 -836 1052 179.6 -948 1015 -179.5 -95.5 101.7 -1795 -924 997 -1779 -929 996 -1774
4 -834 1058 179.9 -875 1023 1773 -875 102.2 1770 -87.8 1015 179.7 —-883 1014 -179.8
5 -835 1063 1794 -86.0 106.1 179.8 -86.2 1064 180.0 -869 1069 -—178.6 -873 1069 -178.1
6 -85 968 1788 -850 939 1789 -850 936 1789 -855 979 179.0 857 984 179.1

Backbone dihedral angles are given in degrees. After minimization, the side-chain dihedral angles x!, %!, and y?? fell within the ranges —176°
through +180° to 176°, 54—60°, and 64-70°, respectively. They are not given here.
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Table 3. Parameters characterizing minimum-energy B-sheets consisting of

CH;3CO—(L-Val)e—NHCH; chains

7049

Single Antiparallel sheet Parallel sheet
polypeptide Three Five Three Five
chain chains chains chains chains
Twist (8),* deg 374 30.0 29.8 224 22.1
Euler angle, deg
a -101.0 -101.1 115.6 115.5
B 80.3 80.9 14.2 14.2
¥ -59.4 —-59.3 -107.7 -107.9
Translational
displacement, A
t 16.6 16.5 0.8 0.8
ty 1.6 1.7 -49 -49
t3 6.6 6.7 -0.8 -0.7
Energy, kcal/mol
Eipart 18.1 -51.7 —-18.2 -575
E aint 18.1 19.7 19.7 19.9
Einee:d 0.0 -150.2 -71.3 -157.0

* Mean twist per two residues; see Eq. 7.
*Total energy of the B-sheet.

Total intramolecular energy of each constituent chain.

§ Sum of all interchain energies in the B-sheet.

and antiparallel B-sheets of poly(LAla) and poly(LVal), respec-
tively, agree fully with conclusions reached from CD, IR, and
Raman spectroscopic measurements on heptapeptides of L-
alanine and L-valine (13, 14). Because of the bulkiness of the
branched valine side chain, the packing of chains in the parallel
B-sheet is energetically more favorable, as indicated below. In
the parallel-chain structure, valine side chains with y! = 180°
are oriented similarly, so that neighboring side chains on ad-
jacent chains nest compactly against each other (Fig. 1B). In the
antiparallel structure, however, side chains with ' =~ 180° are
oriented in opposite directions (Fig. 1A) so that alternate pairs
of adjacent side chains will pack back-to-back, leaving unfilled
space, or front-to-front; the latter results in overly close dis-

tances between CHj groups and hence in repulsive interactions
(4, 14). Richardson’s (4) empirical conclusions about the pre-
ferred orientations of the valine side chains in observed g-
sheets are confirmed by these calculations. It is also of interest
to point out that our calculated lower energies for parallel B-
sheets of poly(LVal) chains account for the fact that the fre-
quency of occurrence of valine residues in parallel B-strands
is much higher than that in antiparallel B-strands (5, 15). (iv)
The twist of a sheet decreases slightly in going from a three-
chain to a five-chain structure. This tendency is in agreement
with experimental observations (4). The total interchain ener-
gies E,,, for five-chain structures are slightly less than twice
those for the corresponding three-chain structures. The differ-

Fic. 1. Stereo drawings of the minimum-energy B-sheets with five CH;CO—(L-Val)e—NHCHj; chains. (A) Antiparallel structure. (B) Parallel
structure. Hydrogen atoms of the valyl side chains and of the NH,- and COOH-terminal CH; groups have been omitted. Hydrogen bonds between

neighboring chains are indicated by broken lines.
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ence is about 2.4 kcal/mol and arises mostly from the interac-
tion between nonneighboring chains in the five-chain struc-
tures. To some extent, this provides a small added stabilization
to the sheets with more chains. (v) Considering the values of
w given in Table 2, we find that they range from —172° through
+180° to 177°. Furthermore, for the parallel structures, the
deviations from @ = *180° are somewhat larger and negative
values of w occur somewhat more frequently. Such a deviation
from planarity of the peptide group in the direction of negative
values of wfavors aright-handed twist for the B-sheet, as shown
in Table 1. Because there is less flexibility of the hydrogen-
bonded structure in parallel B-sheets, greater deformation of
the planarity of the peptide group is needed to form a right-
handed twist. In this sense, we arrive at the same conclusion
as Salemme (16); namely, the deformation from planarity of the
peptide group is a result of the twist of the sheet and the energy
balance thereof.

Origin of the Right-Handed Twist. We now consider the
factors that lead to a right-handed twist of the B-sheets. For this
purpose, .the minimum-energy results for an extended single
chain CH;CO—(L-Val)s—NHCHj are also listed in Table 3.
We see that the value of the average twist for such a single chain
is 37.4°, considerably larger than those of minimum-energy -

. sheets composed of the same chains. This indicates that intra-
chain interactions play the key role in forcing B-sheets of L-
amino acid residues to adopt a right-handed twist, while hy-
drogen bonds between strands of sheets favor flat structures
(1).

The next question is “what kind of interactions make the sin-
gle extended poly(LVal) chain adopt the right-handed twist?”
To answer this question, we take the regular single poly(LVal)
chain, CH;CO—(L-Val)s—NHCHj, as a model and compare
the following three conformations: (i) the right-twisted chain
with 8 = 37°, (ii) the flat chain with § = 0°, and (iii) the left-
twisted chain with § = —37°. These conformations were ob-
tained as follows. These values were fixed: w = 180°, ! = 180°,
x>! = x*% = 60°; and the energy of a regular chain was min-
imized with respect to (¢, ), leading to structure A with (¢, )
= (—86.5°, 105.3°), located on the right side of the n = 2 line
(1). Conformations B and C were chosen to have the same value
of h but were located on the n = 2 line and on its left side, with
(d,4h) = (—97.0°, 92.8°) and (—107.5°, 80.3°), respectively.
Then, (¢, ), ) were kept fixed, and the energies of these three
regular chains were minimized with respect to x*, x%!, and
x>2, giving the conformations and energies listed in Table 4.
Their stereo drawings are shown in Fig. 2 A, B, and C,
respectively.

From Table 4, we see that all of the electrostatic energies are
almost the same, but the nonbonded energy for the right-
‘twisted chain with & = 37° is about 4 kcal/mol lower than that
of the left-twisted chain with & = —37° and about 9 kcal/mol
lower than that of the flat structure with 8 = 0°. The energy
of the flat structure is so high because the distance between the
C" atom of the ith residue and the C*? atom of the (i+2)th
residue is too small (see Fig. 2B), about 3.5 A as shown in Table
4, and thus falls into the repulsive range (6). The distances be-
tween some of their attached H atoms are even shorter; e.g.,
the shortest one is only 2.2 A. As a result, the nonbonded in-
teraction between these two groups, C""H, and C**H,, will
contribute a nonbonded repulsion energy of about 1.4 kcal/
mol. But, in the twisted structures (see Fig. 2 A and C), the
distance between the two C” atoms increases to about 4.1 A and
the corresponding repulsive energy decreases rapidly, almost
to zero. On comparing the two twisted structures, however, the
energy preference of the right-twisted one over the left-twisted
one is a result of the balance of many small interatomic non-
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bonded interactions involving the C"*H, and C**H, groups,
especially the interactions of C" H; and C2H, groups with the
O and amide H atoms of the neighboring peptide groups. No
individual pairwise interaction can be singled out as making a
large contribution to determine the direction of twist; this con-
forms to the observations by von Heijne and Blomberg (17) that
“inter- and intra-strand nearest-neighbor interactions of a
rather unspecific character are responsible for the main stabi-
lizing forces in the B-sheet.”

The torsional energy of the right-twisted chain is about 0.4
kcal/mol lower than that of the left-twisted chain and about 3
keal/mol lower than that of the flat structure. This is because
the side-chain dihedral angles in the right-twisted chain deviate
to a lesser extent from the values (+180°, 60°, —60°) in com-
parison with both the left-twisted and the flat structure, as
shown in Table 4.

Backbone Dihedral Angles in the Strongly Twisted B-Sheets
of Poly(LVal) Chains. The minimum-energy B-sheet confor-
mations obtained by starting from y* = 60° and —60° have back-
bone dihedral angles near (¢, ) = (—150°, 145°) and (—134°,
150°), respectively. Although these values of (¢, 1) are close to
those defined for flat B-sheets (18), the energies of poly(LVal)
B-sheets with these conformations are very high, as mentioned
above. Therefore, they are not stable structures.

On the other hand, the stable structures obtained by energy
minimization starting from x! = 180° have dihedral angles near
(&,¥) = (—90°, 105°). This indicates that strongly right-twisted
B-sheets with B-branched residues, such as valine, can exist
with backbone dihedral angles that lie in the large low-energy
region of the upper left quadrant of the (¢, ) map but far from
the B-sheet conformations usually considered. These findings
account for the fact that observed values of (¢,4) in B-sheets
are distributed over a wide range (see, e.g., figure 7 of ref. 4

Table 4. Parameters characterizing the assigned right-twisted,
flat, and left-twisted structures of the regular single chain
CH;CO—(1L-Val)e—NHCH;

Right Left
twisted Flat twisted

Twist (8),* deg 37.0 0 -37.0
Dihedral angles," deg

¢ -86.5 -97.0 -107.5

¥ 105.3 92.8 80.3

X 177.8 1715 -175.4

X! 56.1 45.7 57.8

x? 65.3 52.2 675
Energy, kcal/mol

Erort 18.3 30.5 234

Eggt 26.3 26.2 26.6

Exg' -85 0.7 -4.2

Erogl 0.5 3.6 09
Distance between

some critical

atoms, A

den...cr** 4.1 3.5 4.1

dgn.. gt 2.6 2.2 2.7

* Twist per two residues; see Eq. 6.
* wwas fixed at 180° to compare these conformations at the same value
of h, the rise per residue.

1 Total energy of the single chain.

§ Total electrostatic energy of the single chain.

9Total nonbonded energy of the single chain.

I Total torsional energy of the single chain.

** Distance between the C™ atom of the ith residue and the C*? atom
of the (i+2)th residue.

*t Shortest distance between the hydrogen atoms attached to the C”*
atom of the ith residue and the C*2 atom of the (i+2)th residue.
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FiG. 2. Stereo drawings of the regular single CH;CO—(L-Val)g—
NHCHj; chain in three corresponding states. (A) Right-handed twist
with 8 = 37° (¢ = —86.5°, ¢ = 105.3°). (B) Flat structure with & = 0°
(¢ = —97.0°, y = 92.8°). (C) Left-handed twist with § = —37° (¢ =
—107.5° ¢ = 80.3°). Hydrogen atoms are omitted as in Fig. 1.

Proc. Natl. Acad. Sci. USA 79 (1982) 7051

and figure 4 of ref. 19) while maintaining a hydrogen-bonded
structure.

CONCLUSION

The right-handed twist observed for both antiparallel and par-
allel B-sheets in proteins can be accounted for in terms of in-
teratomic energies. It is the intrachain nonbonded interaction
energy that plays the key role in forcing B-sheets of L-amino
acid residues to adopt a right-handed twist. This conclusion
differs from that of Raghavendra and Sasisekharan (20), who
suggested that the observed twist results from interchain in-
teractions. However, their model consisted of a pair of anti-
parallel B-strands, each of which had only one L-alanine residue
with CH;CO and NHCHj end groups. It is unlikely that such
short chains can serve as a model for the twist of a B-sheet be-
cause of the large influence of the end groups (1). In addition,
as pointed out by Lotz et al. (21), “the validity [of the calcula-
tions in ref. 20] might be questioned, since not even linear, but
actually colinear NH- - -OC hydrogen bonds have been consid-
ered, which is a situation seldom encountered in practice.”
Finally, because our results are independent of environ-
mental effects in globular proteins (to which the twist might
have been attributed), these energy-minimized right-twisted
B-sheets should also be expected to occur in fibrous proteins.
This has indeed been observed recently by Lotz et al. (21).
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