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to Bend Conformations1 
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ABSTRACT: The low-energy conformations of two dipeptides are examined using "empirical" energy calculations 
and the virtual-bond method. This method enables the complete conformational space, within which bend struc- 
tures occur, to be represented in tabular form. The complete conformational spaces of the dipeptides, N- acetyl- 
N'- methylglycyl-glycineamide and N- acetyl-N'- methyl-L-alanyl-L-alanineamide, were searched systematically, 
and a!l conformations of minimum energy were found. The interaction energy between the first and second amino 
acid units is generally small compared to the total energy of the dipeptide a t  a local minimum-energy conformation. 
Thus,  the dipeptide energy can be represented, to a first approximation, as a sum of the energies of its constituent 
amino acid units. Most combinations of single-residue energy minima correspond to local minima on the energy 
surface of the dipeptide, and the global minimum of both Gly-Gly and L-Ala-L-Ala is simply the combination of 
the global minima for each single residue. However, for minimum-energy bend conformations, there is a significant 
departure from additivity of single-residue energies. The  low-energy conformation of the alanine dipeptide, which 
closely approximates a type I1 bend (standard values of @L = -60"; +, = 120"; C$~+I  = 80'; qI+l  = O"), does not 
correspond to a combination of single-residue minima. Conformations similar to a type I bend (standard values @I 
= -60"; 4, = -30"; r b l + 1  = -90'; + 1 + 1  = 0') are not found to be of minimum energy for either the glycine or ala- 
nine dipeptides. 

The question of how a polypeptide chain folds in order to 
become the observed native conformation of a protein can 
be answered, to some degree, by the assumption that  short- 
range interactions are dominant, i e . ,  that each amino acid 
behaves, to some extent, independently of its surrounding 
residues and is not strongly affected by longer range inter- 
actions.3 T o  test this approximation, it is necessary to in- 
vestigate the influence of next nearest neighbor interac- 
tions on the conformations of small segments of polypep- 
tides. Since the conformational energy surfaces of the N- 
acetyl-N'- methylamides of the 20 naturally occurring 
amino acids ("single  residue^"^) have been reported pre- 
viously,5 we can use these results and extend them to "di- 
p e p t i d e ~ , ' ' ~  looking in particular for how the minimum 
energies of a dipeptide deviate from the sums of the ener- 
gies of the two single-residue units from which it is com- 
posed and observing whether deviations in conformation 
result from these deviations in energy. 

If the single-residue units a t  a low-energy minimum of 
the dipeptide exist in conformations not observed for the 
single residues, the stability of this dipeptide conformation 
must arise from the interaction between the single-residue 
units.".: Bend or "chain reversal" conformations8-'" consti- 
tute examples where stabilization of the dipeptide confor- 
mation may arise from the interaction between the single- 
residue units. I t  should be possible to decide whether bend 
conformations in proteins arise from short-range interac- 
tions, i . e . ,  within the single-residue units, or require longer 
range interactions (between the two single-residue units, or 
possibly beyond) for stability. The possible contribution 
that solvent may make toward stabilizing bend structures 
will not be included here. However, we recognize that sol- 
vent interactions may play a significant role in conforma- 
tional preference; to minimize this effect we have selected 
dipeptides with nonpolar side chains for this study. 

In this context, conformational energy calculations on 
N -  acetyl-"- methylglycyl-glycineamide and N- acetyl- 
N'- methyl-L-alanyl-1.-alanineamide have been carried out 
to identify the interaction energy necessary to form bends 
as dipeptides, compared to the behavior of glycine and ala- 
nine as two isolated single-residue structures. The results 
of these calculations are reported here. 

Since the coriformational space of a dipeptide is a t  least 
four dimensional, existing methods for describing its ener- 
gy surface are not adequate. A convenient description of 

the conformational space of a dipeptde, using the virtual- 
bond method, has been formulated and is presented herein. 

I. Representation of Dipeptide Conformations 
Ignoring the rotation of the end methyl groups, only two 

variables, the dihedral angles14 4 and $, are required to  
specify the conformations of the backbone of a single resi- 
due with planar trans peptide groups, and four (uaz., 41, $1, 

42, and $ 2 )  are required for a dipeptide. In order to deduce 
a basis for a two-dimensional representation of the confor- 
mational energy surface of a dipeptide, we will introduce a 
set of new variables, which depend on 41, $1,412, and $2. 

I t  should be noted that no allowance is made for varia- 
tion of w in the virtual bond approach developed here. For 
the small dipeptides studied here, there are no forces which 
could make the nonplanar amide the preferred conforma- 
tion, as shown in previous papers.jJ3 Of course, this condi- 
tion might not hold for larger polypeptides for which long- 
range forces could cause some strain on the backbone, 
which could result in nonplanar peptide bonds. 

A. The Virtual-Bond Method (General). If the pep- 
tide group is planar, the CaL - - - CaL+l distance is indepen- 
dent15 of 4 and $; this invariance of the C", - e Cci, dis- 
tance allows the backbone conformation of a dipeptide to 
be specified by three variables, uit., the angles between the 
virtual bonds C a 0 .  - Cml and Cml C"2, and CLrl - - Ca2 

and Cap * - Cm3, designated as 81 and 02, respectively, and 
the dihedral angle around the Cola - Ca2 bond, designated 
as y (see Figure 1). The angle y may take on any value from 
-180 to +180° (with y = 0' being chosen when Ca0 is cis to 
Ca3, and the clockwise rotation of Caz - - Cas being positive 
when looking from Cml to CUz). The angle 8, on the other 
hand, is restricted to some range of values 

@ m i n  5 @ 5 emax  (1) 
because of the geometry of the peptide chain. The values of 
Omin and 8,,,, which depend on the geometry of the peptide 
chain, are discussed below (see eq 16 and 17). The reason 
why four variables (41, $1, 42 ,  $ 2 )  may be reduced to  three 
(y, 01, 8 2 )  is that the description of the conformation in 
terms of y, 81, and 82 concerns only successive C a  atoms 
and contains no information concerning the other atoms of 
the chain (e .g . ,  the rotational positions of the planes of the 
peptide groups or the orientation of the side chains with re- 
spect to the backbone). Thus, a point on the y, 01, and 8 2  
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Figure  1. Schematic representation of 'a dipeptide, showing the 
definitions of the angles 81 and 82 between the virtual bonds and 
the dihedral angle y. 
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Figure  2. Distribution of values of 01 and 82 in 129 bends in the 
eight proteins considered by Lewis, et  al. l 3  The symbols (=, 
m, 0, m) refer to bends of type13 I, 11, 111, and 
other types, respectively. 

conformational surface may be degenerate with respect to  
41, $1, 4 2 ,  and $2. On the other hand, it is easier to visualize 
the backbone conformation in terms of y, 01, and 02 rather 
than in terms of 41, $1, 42,  and $2. This is especially true 
for bend conformations. 

B. Virtual-Bond Description of Bends. The virtual- 
bond method provides a convenient basis for considering 
bend conformations, for which the values of 01 and 8 2  can 
be expected to lie in a somewhat smaller range than that 
indicated by eq 1, viz. 

e m i n  &end (2 1 
with i = 1, 2 and ohend < 8,,,; i e . ,  the condition 0, I Obend 
brings c " ~  closer to Cas than for values of 8; between &end 
and /I,,,, as would be expected for bend conformations. 
Similarly, y would be expected to lie in a restricted range 
(within ?bend) around y = O', viz. 

< Ybend (3) 

Using the experimental data on bends observed in proteins 
to set the limits, and ybend, we can then regard eq 2 
and 3 as general conditions for bend formation. 

The observed values of 01, 82, and y for the 129 observed 
bends discussed by Lewis, e t  al.,l3 were calculated from the 
X-ray coordinates of eight proteins and are shown in Fig- 
ures 2 and 3 for the various types of bends ~0ns idered . l~  I t  
appears that each type of bend may be characterized by a 
particular range of values of 81,82, and y, viz. 

type I -80" < el < -105"; -85" < Q2 < -105"; 
-30" < y < -70" (4) 

type I1 -100" < Bi < -125"; -80" < O2 < -105"; 

type 1x1 -80" < el < -105"; -80" < e2 < -105"; 

--20" < y < -40" (5) 

-40" < y -90" (6) 

For type 1', 11', and 111' bends (even though only a few ex- 
amples of these appear in the 129 bends consideredl3), the 
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3 t o t  
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Figure  3. Same as Figure 2, but for y. 

ranges of 0 and y are the same as those of type I, 11, and 111, 
respectively, except that the sign of y is reversed. 

Type I and I11 bends are observed to have similar values 
of 01 and 62, generally <105'. However, type I1 bends are 
observed to have differing values of 81 and 02, with 01 tend- 
ing to be larger, but <125'. The values of y for type I1 
bends distribute closely around y = Oo, but the ranges of y 
observed for type I and I11 bends are positive and large, 
which means that the peptide chain twists in the right- 
handed direction (in the sense that the four successive Ca 
atoms constitute a right-handed screw). The observed 
values agree with the standard values of B1, 82,  and y given 
in Table I. I t  should be pointed out that the definition of 
bend types I and I1 by Venkatachalams includes the criteri- 
on that four successive Ca atoms are coplanar (Le., y - O' ) ,  
with the difference being that  the middle peptide group is 
flipped over. However, in Table I we have used the "stan- 
dard'' values of the four dihedral angles as defined by Ven- 
katachalam,s and we find that y for a type I bend deviates 
considerably (i.e., y = 48') from zero. The value of 01 for a 
type I1 bend is also large compared to the other 8 values. 
The reason for this lies in the choice of dihedral angles 
which meet the condition that an N-H O=C (4 - 1) 
hydrogen bond be formed.8 

In general, for all of the bends in Figures 2 and 3, the 
values of 0 are related to the value of y. When y is close to 
zero, 0 becomes large, as illustrated for a type I1 bend (in eq 
5), and vice versa. In addition, when 01 or 82 is greater than 
105', the other is always smaller than 105' (only one ex- 
ception to  this observation was noted in all of the bends ex- 
amined). 

From the observed ranges of Figures 2 and 3, and from 
the discussion above, the limiting expressions of eq 2 and 3 
can now be rewritten as follows for all types of bends. 

81 and 8, < 105" (7)  

171 < 90" (9) 

or  B i  < 105" and B J  < 125" ( 2 ,  j ,  = 1 or  2)  (8) 

Equations 7-9 will be used in section ID to formulate the 
conditions for occurrence of a bend. 

C. General Relation between (y,0) and (4,$). For pla- 
nar trans peptide groups, an angle 8, depends only on A 
and GL of the same residue, but the angle y depends on all 
four dihedral angles, 41, $1, 42 ,  and $2, of the dipeptide. In 
order to obtain the dependence of y on these four dihedral 
angles, we define the auxiliary variable X as that dihedral 
angle which defines the orientation of the planar peptide 
group (see Figure 4). X I  and X2 are the angles for rotation of 
the peptide planes about the virtual bonds (2% - - Cui and 
Ca1 - Ca2, respectively, with respect to the plane contain- 
ing the three C" atoms of the single-residue unit (COO, Cai ,  
and (2.2). The positive rotation is the clockwise one for ei- 
ther A1 or X2 (with X1 = Xp = 0' when 4 = $ = 0') when 
looking from the central C" atom k e . ,  C n l )  to Cao (for X i )  
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Table I 
Characteristics of Various Standard 

Types of Bends 

Dihedral angles, deg 
Type of 
bendavb 4, 4, 4? $2 0,' 4' Y' 

I - 6 0  - 3 0  - 9 0  0 87 89 48 
I1 - 6 0  120 80 0 107 87 1 
III - 6 0  - 3 0  - 6 0  - 3 0  87 87 68 

61 For Type I', 11', and 111' bends the values of $1, $1, $2, $2, and 
y are the inverse of, and those of 81 and 02 are the same as, those for 
types I, 11, and 111, respectively. The values of $1, $1, $2, and # Z  

are taken from ref 13 (and/or ref 8). The values of 81, e2, and y 
depend not only on $1, $1, $2,  and $2 but also on the bond lengths 
and bond angles (the bond angle, T (NC~C' ) ,  differs16 for glycine 
and alanine). Thus, the values listed in the table represent averages 
for the computed 8's and y for glycine and alanine, using the di- 
hedral angles listed. 

and to Caz (for Xz); therefore, XI and X2 will move in oppo- 
site rotational directions when moving along the backbone 
chain from the i t h  to  the ( i  + 1)th residues. Thus a t  4 = $ 
= 0", the two peptide planes are in the same plane as de- 
fined by the Ca0, C m l ,  and C"2 atoms; i.e., all Ca, C', and N 
atoms are in the same plane as shown in Figure 4. However, 
when 4 and/or $ (and hence A 1  and XZ) depart from O " ,  the 
N and C' atoms of both peptide groups depart from the 
Cao-Cal-Ca2 plane, and the angle 0 changes; the values of XI 
and XZ are then given by the angles between the respective 
peptide planes and the new Cao-Cal-Cu2 plane. 

A backbone conformation of any single-residue unit is 
uniquely determined in terms of 0, XI, and Xz. However, it  
should be noted that  these are not independent variables. 
Rather, when 0 and XI are held constant a t  certain values, 
an arbitrary change in A2 will give rise to  a change in the 
angle cy (see Figure 4); since a is fixed (for a system with 
rigid geometry), an arbitrary variation of XZ (with 0 and X 1  

held fixed) is therefore impossible. This result follows nat- 
urally from the fact that only two of the variables 0, AI, and 
Xz can be independent, since only two variables (such as 4 
and $) are sufficient to define the backbone conformation 
of a single residue with fixed geometry. In this study, we 
will use A 1  and A2 as auxiliary parameters to  combine the 
expressions for 0 and y with the expressions for 4 and $. 
The value of each angle (0,  XI, and Xz) can be expressed as 
a function of 4 and $, as will be shown below. 

The angle y (Figure 11, Xz of the first single-residue unit 
[ ( X Z ) ~ ~ ~ ] ,  and A 1  of the second single-residue unit [(Xl)znd] 
are all defined about the same virtual bond, Ca1 - Ca2. 
Hence, they are related as follows 

(10) 

where the constant 180' arises from the definition of the 
zero positions of (Xz),,, and (X1)Znd. Since 6, XI, and hz are 
all defined within one single-residue unit, as shown in Fig- 
ure 4, then changes of conformation may be carried out 
with transformation matrices expressed in terms of (8 ,  X1, 
X2) or, equivalently, (4, $), i.e. 

where [, 7, and a are the constant angles shown in Figure 4, 
and the matrices T p X  and T,oZ (6 being an arbitrary angle) 
are general matrices for rotation about the x and z axis, re- 
spectively. The coordinate system used here is the same as 
Figure 3 of ref 15, so that the right-hand side of eq 11 is the 
same as the right-hand side of eq 2 of ref 15, except for a 

H R  

Figure 4. Schematic representation of a single residue (with 6 = $ 
31 Oo), showing the definitions of the constant bond angles a, E ,  
and 7, the virtual bond angle 6, and the auxiliary variables X i  and 
b. 

change of definition of 4 and $ to the new IUPAC-IUB 
~0nven t ion . l~  Multiplying both sides of eq 11 by the unit 
row vector, v = ( l ,O,O),  and the unit column vector, u, 
whose transpose is identical with v, we obtain 

VT liXT )'TAZX~ = VT,'T~ "T ( g -  a)  0 "r :u ( 12 ) 

Here u and v are invariant with respect to a rotation about 
the x axis, i.e., vThl* = v and Th2Xu = u. Thus, eq 12 may 
be simplified to give 0 as a function of 4 and $, uiz. 

cos 6 = a cos 5 + b s i n  5 cos @ - 

where 

and 

s in  5 sin 7 sin @ sin z) (13) 

a = cos 7 cos a + s i n  7 sin cy cos d (14) 

b = cos 77 s in  a - s in  17 cos cy cos 4 ( 1 5 )  

In eq 13, only positive values of 0 are considered. For any 
value of 4 and $, I9 may be obtained uniquely from eq 13, 
within the range 0' < 0 < 180". The maximum and mini- 
mum values of 6' are obtained by substituting (4,$) = 
(180",lSOo) and (Oo,Oo),  respectively, in eq 13, i.e. 

emin = a - (5  A 7) (17 )  

Equations 16 and 17 also follow obviously from Figure 4. 

eq 11 is rewritten as follows 
In order to  obtain the relation between XI and 4 and $, 

T ( . -e jT A Z x  = T -I ,T ("T a "T ( - ,) "T r i p  ( 1 8 ) 

where T - lx, a matrix for rotation about the x axis by an 
angle of -XI, is the same as (TilX)-l, the inverse of TilX. 
Then both sides of eq 18 are multiplied by the row vector v' 
= (0,0,1) and the column vector u defined above to  make 
the left-hand side of eq 18 vanish, because Th2*u = u, 
v'T(,-~f = v' (i.e., v' is invariant with respect to  a rotation 
about the z axis), and v'u = 0. The result is 

tan X, = (3 s i n  - s in  7 cos $ s in  $ ) / ( a  s in  < - 
b cos 5 cos @ + cos 6 s in  77 sin p s in  $)  (19) 

where a and b are defined in eq 14 and 15, respectively. 
Equation 19 has two solutions for XI ,  but one of them can 
be eliminated because it gives a negative value of I9 when 
applied to the equation relating 4, X1, and I9 (which is not 
shown here but which is easily obtained by eliminating XZ 
and $ from eq 11 in a similar way to that shown above). 



800 Scheraga, et al. Macromolecules 

+ (de91 

Figure 5.  The ($,$I space of a single residue, divided into 16 areas 
A to H and A* to H*. The boundaries between the various areas 
are lines of constant 8, XI, or XZ. The shaded regions are those of 
very high energy.5 The X1 scale almost coincides with the 4 scale, 
and the XZ scale almost coincides with the $ scale; A 1  = 6 and X2 = 
$at  the nine points (4 = Oo, f180°, and 4 = O", f 1 8 O O ) .  

In the same manner, the following relation between X p  

and @ and fi is also obtained 

tan A, = (-e sin z) - sin 5 cos + sin $ ) / ( d  s in  7 - 

where 

and 

e cos 17 C O S  + + COS 7 s in  5 sin $I s in  $) (20) 

d = cos cos (Y + sin 5 s in  Q! cos @ (21) 

e = cos 5 s in  (Y - s in  5 cos (Y cos @ (22) 

As a result, 8, XI, and X p  can be computed for a given 
value of (@,fi), and then y is determined by applying eq 10 
to successive single-residue units. 

D. Representation of the General Conformation of a 
Dipeptide by an Area Table. A sequence of two single- 
residue units makes a dipeptide whose conformation may 
be expressed by the virtual-bond method, as discussed in 
section IA. Therefore, for the study of dipeptides, it  is con- 
venient to divide the (@,+) space of a single residue into dif- 
ferent areas based on the values of 8, AI ,  and A2, Le., by 
drawing lines of constant values of 8, XI, and X p  using eq 13, 
19, and 20, respectively. The choice of values of 8, XI, and 
hp, for this purpose, is arbitrary, but the choice shown in 
Figure 5 (uiz., 8 = 105 and 125', and XI and A2 = f30 and 
180') divides the single-residue (@,+) space into 16 areas 
(of roughly equal size) A to H and A* to H* (the latter 
being the inverse of the former about the point @ = fi = 0'). 
The shaded regions in Figure 5, which correspond to single- 
residue conformations of very high energy for g l y ~ i n e , ~  
were omitted from consideration; this includes the area for 
Bmin (which is -73O, based solely on geometrical consider- 
ations according to eq 17, and corresponds to @ = $ = 0'). 
Thus, the actual minimum value of 8 (uit., 8 - 80') would 
arise a t  the margin of this high-energy region; this value of 
-80' is indicated clearly as the lower limit of the distribu- 
tions of 81 and 0 2  in Figure 2. 

Most regions of the area map of Figure 5 correspond to 
known conformations of a single residue; e.g., areas B and 
C correspond to the extended or /3 structures, and areas D, 
F, H, and H* correspond to the C7eq, bridge region, and OCR 
and LYL conformations, respectively. The areas may be 
placed in a linear sequence in the order A to  H and H* to 

Second Residue 

A B C D E F G H H* G* F* E* D* C* E* A* 
A 

B 
C 
D 
E 
F 

< G  
g H  
f H* 

L- G* 
F* 

E* 
Df 

C* 
E* 
A* 

L 

Figure 6. Area table, showing the various regions in which bend 
conformations can occur, based on the condition that 81 and 82 sat- 
isfy eq 7 and 8. The Roman numerals describe particular t y p e ~ ~ , ~ ~  
of bends. is an area in which there is at least one backbone 
conformation with y = 0'; is an area in which there is at 
least one backbone conformation withlyl < 90". 

A* by moving continuously from one area to the next on 
the @,+ map. However, there are some exceptions to this 
contiguity criterion, uiz., E to F, H to H*, and F* to E* (see 
Figure 5). With this sequence, the whole conformational 
space of a dipeptide may then be represented in an "area 
table" as a combination of the conformations of the first 
and second single-residue units, in which the areas (A to 
A*) of the first single-residue unit are placed along the col- 
umns and the areas of the second single-residue unit are 
placed along the rows of the table (see Figure 6). 

The cross-hatched and dotted areas in this tabulation 
are those satisfying the general bend condition of section 
IB. First of all, the 8 values of areas A, B, B*, and A* are al- 
ways greater than 125' (Figure 5), so that the outermost 
two rows and columns of the table are excluded from being 
bends. Some of the remaining areas are also excluded be- 
cause they do not satisfy the inequalities of eq 7 and 8. 
However, it  is more complicated to apply the condition of 
eq 9 for y. If we were to compute y for each dipeptide area 
of Figure 6 by means of eq 10 [with the values of XI and A2 

of the constituent single-residue areas (interpolated be- 
tween the limits given in Figure 5)], in most cases we would 
obtain a very wide range of values of y (both IyI < 90' and 
>go'); in other words, each dipeptide area of Figure 6 per- 
tains to various kinds of conformations with different 
values of y. We may express the condition on y (for bend 
formation) in two ways and, together with eq 7 and 8, iden- 
tify the dipeptide areas in which bend conformations arise, 
uiz., (1) those areas which involve a t  least one conforma- 
tion with y = 0" (cross-hatched areas in Figure 6), and (2) 
those areas which involve a t  least one conformation with a 
value of y within the range (yI < 90' (dotted areas in Fig- 
ure 6). The areas for bends of types I, 11, and I11 are HF, 
DH*, and HH, respectively; the symmetrically arranged 
areas for bends of type 1', 11', and 111' are also shown. The 
cross-hatched plus dotted areas do not correspond exactly 
to the conditions for general bend formation of eq 7-9 (in 
particular, the dotted areas pertain to many nonbend con- 
formations, as described above). I t  should be noted that, 
since no interatomic interactions are included in this geo- 
metrical representation, even though some single-residue 
energy restrictions are built in (see Figure 5 ) ,  all possible 
dipeptide bends appear on the area map. This gives the im- 
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1-2 Interaction 

- -  - _ - _ _ _ e - * *  

First Single-Residue Unit  
Second Single-Residue Uni t  

Figure  7. Illustration of partitioning of the energy of a dipeptide 
between the energy of the two separate single-residue units, E 
and the inter-residue energy, E 1 2 ;  the central peptide group con- 
tributes the constant energy, E pep, for each dipeptide. 

pression that a very large volume of conformational space 
corresponds to some type of bend structure. Although we 
cannot determine the precise proportion of bend conforma- 
tions from Figure 6 without including energetic consider- 
ations, which would depend upon the amino acid sequence 
of the first and second residues, the result shown in Figure 
6 may correspond to the observations that the proportion 
of residues in bends (counting four residues in each bend) 
is 31% of the total number of residues in eight proteins13 
and 33% in seven proteins,ll when the bend is defined quite 
generally (ie., ignoring the 4 -. 1 hydrogen bond criteri- 
on8) in terms of the C", a . Cai+3 distance13 or similar cri- 
teria.lO,ll The blank areas of Figure 6 cannot pertain to 
general bend conformations (in the sense of eq 7-9); e.g. ,  
areas DD, DH, HH*, and H*H, etc., which are surrounded 
by cross-hatched or dotted areas, can never pertain to 
bends since their values of y are always in the range IyJ > 
90". 

In section 11, the procedure for calculating the conforma- 
tional energies of dipeptides will be presented. The area 
table of Figure 6 will be useful in summarizing the results 
of these energy calculations. 

11. Conformational Energies of the Dipeptides 
Gly-Gly and L-Ala-L-Ala 

A. Components of the  Dipeptide Energy. The total 
energy of a dipeptide was calculated as the sum of contri- 
butions of the nonbonded, electrostatic, and hydrogen- 
bonding energies.16 One particular difference from the ear- 
lier calculations16 is that a hydrogen-bonding functionL7 is 
used in place of a nonbonded interaction between the H 
atom of the backbone peptide group and the N atom of an- 
other backbone peptide group; this interaction provides 
some additional stability in the region near $ - 0" of the 
single-residue map. The bond lengths and bond angles of 
Gly and L-Ala were those of Momany, et al. 

As discussed in section I, a dipeptide is considered to be 
made up of two single residue units. Hence, it is convenient 
to partition the total energy of a dipeptide (Edipep) between 
the energy of two separate single-residue units (Eres) and 
the interaction energy between the first and second single- 
residue units ( E  1 2 ) ,  as shown in Figure 7 .  

Edtpeep = + (23) 
where 

and E 1 and E 2 are the total energies of the first and sec- 
ond single-residue ,units, respectively, which differ because 
of the different end groups on each single residue (ie., the 
left-hand C" carries three hydrogens in the first single resi- 
due, whereas the right-hand C a  carries the three hydrogens 

$b (deg) $b(deg) 

Figure  8. The (@,$) space of the first (A) and second (B) single- 
residue units of the dipeptide Gly-Gly. The energy contour shown 
is 5 kcal/mol above the global minimum (at  point d). The circles 
represent starting conformations for energy minimization. The 
lower-case letters indicate single-residue minima corresponding to 
the capital letters designating the area in Figure 5.  The arrows and 
wedges indicate the direction of movement after one cycle of ener- 
gy minimization. Where subscripts 1 and 2 appear, 1 refers to a 
minimum, but 2 refers to a low-energy region that  is not a mini- 
mum. In the case of glycine, the other half of each diagram, A and 
B, is obtained by a 180' rotation of each diagram around the point 
6 = $, = 00. 

in the second single residue); Epep, the energy of the cen- 
tral peptide group (Figure 71, is subtracted because it is 
calculated twice in E and E 2. Since the peptide group is 
fixed in the planar trans conformation (u = 180") in this 
study, Epep is constant (for a given dipeptide), so that E,,, 
of eq 24 is essentially the sum of the single-residue energies 
(aside from this constant value), and includes the minor 
differences arising from the different end groups as noted 
above. As a result, E12 of eq 23 is a crucial term for ex- 
pressing the dependence of E dipep on conformation. In 
other wordsyif any local minima in the energy space of a di- 
peptide differ from combinations of the local minima of its 
constituent single residues, these additional minima can 
arise only from the E 12 term. The E 1 2  term also involves 
the so-called 4 -. 1 hydrogen bonds (between the NH3 of 
residue 3 and the COO of the zeroth residue; see Figure 7 )  
that is characteristic of some bend conformations. 

B. Location of Low-Energy Minima in the Dipeptide 
Space. Forty-one starting single-residue conformations 
were chosen for minimizing the energy of the Gly-Gly di- 
peptide. These covered the space of the Gly single-residue 
map within 5 kcal of the global minimum uniformly (see 
Figure 8). Similarly, 34 starting conformations were chosen 
for the L-Ala single residue (see Figure 9). Thus, 943 ( i e . ,  
41 X 23)  starting conformations ( i e . ,  $1, $1, $ 2 ,  $2) were 
taken for Gly-Gly and 1156 ( i e . ,  34 X 34) for L-Ala-L-Ala 
(the former being less than 41 X 41 because the symmetri- 
cally equivalent conformations were eliminated). The side- 
chain dihedral angles of ~ - A l a - ~ - A l a  were also treated as 
variables and were set initially at 60". However, not all  of 
these starting conformations were subjected to energy 
minimization (although, the initial energy of each one was 
computed); instead, this number was reduced by using the 
following criteria to decide which starting conformations of 
Gly-Gly (and, in parentheses, of L-Ala-L-Ala) should be 
subjected to energy minimization. 

(i) The value of E res for each starting conformation was 
compared with all other values of E res. If E res 5 2 kcal (3 
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Figure 9. Same as Figure 8 but for L-Ala-L-Ala. 

kcal) above the lowest value found, the conformation was 
minimized. 

(ii) If (i) was not satisfied, but E l 2  5 -1.5 kcal (-2 
kcal) and in some cases E12 > 0, the conformation was 
minimized. 

(iii) If (i) and (ii) were not satisfied, and all combina- 
tions of one particular initial point on the single-residue 
map had been eliminated, the combinations giving the low- 
est values of E res and E 1 2 ,  respectively, were selected for 
minimization. In this way each initial point on the single- 
residue map was examined by energy minimization. 

By using these criteria, we see that (ii) will select confor- 
mations for minimization which have strong attractive E 
interactions and some repulsive ( E  1 2  > 0) interactions. 
The conformations with repulsive interactions are included 
since it might be that only very slight changes in conforma- 
tion would reduce E 1 2  to a negative stabilization energy. 
Using the above criteria, the original number of starting 
conformations was reduced to about one-third, and these 
were put through one cycle of energy minimization (using 
the minimization procedure proposed by Powell's and 
modified by Zangwilll9). The purpose of this was to deter- 
mine the initial directions of movement that each point fol- 
lowed on the energy surface of the single residue. 

At this point, many different conformations appeared to  
be converging to a single local minimum; thus, in order to 
reduce the computational time, only the conformation of 
lowest energy (in the neighborhood of each local minimum) 
was selected for subsequent cycles of minimization. The 
final minimization was carried out in each case until the 
total energy decreased by less than 0.002 kcal/mol for each 
cycle of minimization. 

111. Results 
The results of the energy minimizations are presented 

below. The alanine dipeptide will be discussed first, since it 
is simpler than Gly-Gly, all conformations of which have 
symmetry-related ones. 

A. L-Ala-L-Ala. Using the three rules described in sec- 
tion IIB, the energies of 420 starting conformations of L- 
Ala-L-Ala were minimized with respect to the six variables 
$1, $1, XI, $2, $ 2 ,  and XZ. The movements of the backbone 
dihedral angles ( &, ) of the first and second residues 
after one cycle of minimization are shown in Figures 9A 
and 9B, respectively. While a single arrow in Figure 9A rep- 
resents the movement of $&, it may represent a family of 
conformations, each of which has different values of @2,$2; 

similarly, a single arrow in Figure 9B represents the move- 

i t  
-----y c' , I 

180 -180 -120 -60 0 60 120 180 

ment of &,$2 and may represent a family of conformations 
each of which has different values of @1,$1. Although some 
cases arise in which two or more arrows emanate in differ- 
ent directions from a single starting point (depending on 
the different conformations of the other residue), the gen- 
eral feature of these figures is the appearance of a simple 
tendency for each starting point to move directly to  the vi- 
cinity of one of the single-residue minima (even after only 
one cycle of minimization); each single-residue minimum is 
indicated by a lower case letter which corresponds to an 
area (with capital letters) of Figure 5. The subscripts on c 
and d distinguish between actual minima (uiz., c1 and dl) 
and local low-energy regions that are not minima (uiz., c2 
and d2). These differences will be described further in this 
section. 

As mentioned in section IIA, E 1 2  is the only term which 
distinguishes a dipeptide from two single residues. If E 1 2  

is close to zero, each single residue unit of the dipeptide be- 
haves not only independently of the other single-residue 
unit but also exactly the same as would be expected for the 
corresponding single residue. A good example of this is 
shown around the minimum b in Figures 9A and 9B. A 
given arrow in this region (in Figure 9A) indicates that 
$',$I (as well as several different values of &,$a in this re- 
gion of Figure 9B) all move in the same direction. In other 
words, the movements of the points of one single-residue 
unit are almost independent of the movements of the 
points of the other single-residue unit because E l  2 is small 
in that region of conformational space where the chain is 
almost fully extended. On the other hand, several arrows 
diverge from a given point around, say, minima dl and h 
because of a large negative E l 2  term; Le., in these regions 
the energy deviates from the sum of the single-residue 
energies. 

Further cycles of minimization were then carried out in 
the region of each local minimum, as described in section 
IIB, starting from the lowest energy conformations ob- 
tained after the first cycle of minimization; in addition, all 
the other intermediate conformations far from any of the 
single-residue minima were included at  this stage of the 
minimization. The energies of the resulting minima of the 
alanine dipeptide are given in Table I1 as combinations of 
conformations of the first and second single-residue units. 
The minimum-energy conformation of each single residue 
is listed in Table 111. The exact position of each minimum 
in the dipeptide deviated by only a few degrees in 4 and $ 
from the corresponding minimum of the single residue 
(those with deviations of more than 10' are indicated in 
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Table I1 
Energy Minimaa.b of L-Ala-L-Ala 

Second residue 
Firs t  

residue b C i  C2 di g h h*  C* 

b 0 .83  1 .24  0 . 9 7  0 .48  1 . 7 6  1 . 4 5  2 . 4 8  

C l  1 . 1 6  1 . 4 4  1 . 4 8  0 . 8 6  2 .04  1 .80  2.78' 

di  0 . 5 9  0. 57d 0 . 5 8  0.00" 0.49' 0 . 7 1  

d2 1. 2 7 ' 1 ~  

g 1 . 4 9  2 . 0 3  1 . 6 9  1.24'  2 . 6 7  2.41' * 

h 1 .10  1 . 1 1 C V d  0.42' 2.56' 1. 21' * 

h* 2 . 1 2  2 . 7 3  2.10 * * * 

C* * * * * 

* 
( - 0 . 6 0 )  ( -0 .82)  ( -0 .79)  ( -0 .90)  ( -0 .93)  (-1.11) (-1 .16)  

( - 0 . 6 2 )  ( - 0 . 9 7 )  ( -0 .62)  ( - 0 . 8 6 )  ( -1 .00)  (-1.11) (-1.21)  

( -0 .75)  ( -1 .52)  ( -1 .13)  ( -1 .33)  ( -2 .21)  ( -1 .80)  

* 

* 

(- 3.57)  * 
( -0 .90)  ( -0 .97)  (- 1 .03)  ( -1 .10)  ( - 0 . 9 8 )  ( -1 .10)  

(- 1 .38)  (- 2 .31)  (- 2.14)  (- 1 . 1 7 )  (- 2.53)  

(- 1 . 5 6 )  (- 1 . 5 6 )  (- 1 . 5 2 )  

* 
* 

* * * 
a The total energy (relative to zero for d ld l )  in kcal/mol is given for each minimum of energy lower than 3 kcal/mol; higher energy minima 

are indicated by asterisks. The calculated values of E 1 2  (unscaled) are given in parentheses. b A blank space means that  the conformation is 
not a minimum-energy one. These are general bend conformations, satisfying eq 7-9. d One of the values of 6 1 ,  IL1, $2, and $2 deviates more 
than 10" from the location listed in Table 111, i .e.,  (-84", 77", -153", 62") for dlcl;  the and I L L  values of dzh* and hcl are given in Table IV. 
e The total energy of the minimum, dldl,  was found to be 0.44 kcaljmol. 

Table 11). The energy values in Table I1 are on a scale in 
which the energy is taken as zero for the global minimum of 
the dipeptide, which is simply the combination of the two 
global minima dldl (corresponding to two C7eq conforma- 
tions) of the single residue. Almost all of the local minima 
of the dipeptide are combinations of single-residue minima, 
and, conversely, most combinations of single-residue mini- 
ma turn out to be minima in the dipeptide space, regardless 
of the value of the energy, an exception being the dlh* 
combination, which shifts to a new minimum d2h*. Dipep- 
tide minima with energies greater than 3 kcal/mol above 
the global minimum are indicated by asterisks in Table 11. 
The only dipeptide minima which correspond to  nonmini- 
mum conformations of the single residue are cp ($I = -75', 
$ = 140') and dz ($I = - 6 6 O ,  $ = 110'). While the c2 con- 
formation of a single residue is not a t  a minimum, it is in a 
broad low-energy region, and (in combination with another 
residue) can lead to minima in the dipeptide space, e.g. ,  
bcp, c1c2, dlcq, and gc2. On the other hand, the point dp is a 
special case, the $I,$ value of which differs from that  a t  
minimum dl  and lies in betveen those a t  dl and c2 (see 
Table 111). Thus it is reasomtble that the point dp be re- 
garded as a new conformation specific to  the dipeptide and 
occurs only with h* in the dzh* conformation. This new 
minimum arises because it has the largest negative value of 
E 1 2  of all the minima shown in Table 11. 

The minima which satisfy the condition for general bend 
formation (eq 7-9) are indicated by superscript c in Table 
11. Those with fairly large negative values of E12 (<-2 
kcal/mol) belong to this set of bends, uiz., dlg, d2h*, hcl, 
hdl, and hh. This is reasonable, since we would expect a 
bend conformation to be the only one in which two succes- 
sive residues are close enough to interact strongly with each 
other. This is in contrast to nonbend conformations for 
which the energy of the dipeptide is almost the simple sum 
of the individual single-residue energies (e.g. ,  bcl, bdl, bg, 
etc., have almost the same total energies as their inverse 
combinations, clb, dlb, gb, etc., respectively). On the other 
hand, there are significant differences in energy between 
the bend conformations described above and their inverse 
(nonbend) combinations, e.g., hcl and clh, hdl and dlh, 
and also dph* and h*dl. 

Table I11 
Location and Energya of Minima for L-Ala 

Single Residue5 

Minimum 6, deg ic, deg x, deg 

b - 154 153 58 
C l  - 151 74 56 
C2 - 75 140 65 
di - 84 79 61  
d2 - 66 110 61  
g - 160 - 60 42 
h - 74 - 45 62 
h* 56 55 73 
C* 65 - 177 90 

E ,  kcal/mol 

0 . 3 9  
0 .72  
0. 72b 
o.ooc 
0.79b 
1 . 3 7  
1 . 1 4  
2 .22  
4.00 

a These minima are for N-acetyl-N'-methyl-L-alanineamide. 
However, the values of @, &, and x, and E differ slightly from those 
of ref 5 because of the inclusion of the NH N hydrogen bond 
described in section IIA. Ed1 = -3.28 kcal/ 
mol, 

Not a minimum. 

In addition, the minima corresponding to bend confor- 
mations are included in the cross-hatched area of Figure 6 
(except for dlg which is in a dotted area). Although the cor- 
respondence is not exact, one may regard the cross-hatched 
areas of Figure 6 not only as ones of general bend confor- 
mation but also ones in which strong E 1 2  interactions may 
arise. 

Of these general bends with large negative values of E 2 ,  

d2h* (which is the only one specific to the dipeptide) has 
values of $11, $1, 4 2 ,  and $2 equal to (-66', llOo, 58', and 
44'). Although $I2 and $2 deviate from the standard value 
of a type I1 bend (80',0"), the values of $I1 and $1 are close 
enough to the standard values (-6Oo,12O0 of Table I) for 
this conformation to be considered a type I1 bend.l3 The 
dipeptide is stabilized by the largest value of E12, arising 
from the formation of a 4 - 1 type hydrogen bond. Confor- 
mation hdl may be regarded as a distorted type I bend 
since only a single dihedral angle, $2 ,  differs by more than 
50' from the standard dihedral angles.l3 However, the 
value of El2 is much less negative than that of dzh*. No 
true minima of Table I1 correspond to type I bends, appar- 
ently because the values of E 1 2  are not sufficiently nega- 
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Table I V  
Dihedral Anglesa and Energiesb at Representative Minimum-Energy Conformations of L-Ala-L-Ala and Gly-Gly 

4, Ci xi dz 42 xz 01 02 Y E t o t a l  El2 E H B C  

L-Ala-L -Ala Conformation 
Global minimum did, -83 79 61 -84 79 61 97 97 
Extended bb -154 154 58 -154 154 59 139 139 
Helical (or type I11 bend) hh -69 -42 61 -72  -42 62 92 92 
Type I bend (distorted) hd, -69  -46  61 - 86 75 62 93 96 
Type I1 bend dzh* -66 110 61 58 44 78 104 89 
Other bends with low he, -69 - 4 1  62 - 144 60 60 91 106 

E,, (<-2 kcal/mol) dig - 8 1  79 61 - 161 - 58 42 96 112 

179 0.00 - 1 . 3 3  - 0 . 2 1  
-178 0.83 -0.60 -0 .29  

40 1.21 -2.53 -0.27 
59 0.42 -2.14 - 0 . 3 7  

-17 1.27 -3.57 -1 .06  
4 1.11 - 2 . 3 1  -0 .81  

61 0.49 -2 .21  -0.17 

Gly-Glyd Conformation 
Global minimum dd * -82 76 83 -75 97 97 -64 0.00 - 1.00 - 0 . 5 1  
Extended bb -180 180 - 180 180 147 147 180 1.75 -0.15 -0 .29  
Helical (or type III bend) hh -66 -46 - 7 0  -44 94 94 39 1.63 -1 .91  -0 .27  
Type I bend (distorted) hd -67 -55 - 8 5  73 96 97 53 0.58 -1 .61  -0 .40  
Type I1 bend dh* -78 82 77 46 98 96 -27 0.24 -2 .19  -0 .79  
Other bends with low hc1 -68  -43 - 151 59 93 109 - 5  1.86 -1 .59  - 0 . 7 1  

E,, (<-1.5 kcal/mol) dci* -80 78 171 -53 97 111 31 0.36 -1.79 -0 .15  

aAll angles are in degrees; 01, 02, and y are defined in Figure 1. b E t , t , ~  is relative to the global minimum; El2 and E H B  are the absolute 
values; all are in kcal/mol. c E H B  pertains to  the 4 - 1 hydrogen bond energy for COO...H3N (Figure 7): the sum of the general hydrogen 
bond term1? between 0 and H, the nonbonded energies for the other three interactions, and the electrostatic energies of all the four atom 
pairs. The inverse conformation, with the same energy, is possible for each of the Gly-Gly conformations (with the signs of $1, $1, 42, $2, 
and y reversed). 

Table V 
Energy Minimaa,b of Gly-Gly 

F i r s t  
resi- Second residue 

due b (b*) ci c, d h 

b 
(b*) 

C i  

d 

h 

h* 

d* 

c1* 

1.75 2.04 

1.84 2 . 1 1  

1 . 2 2  0.76C*d 

1.81 1. 86'ld 

(- 0.15)  (- 0.22)  

(-0.27) (-0.36) 

(- 0,38)  (- 1.30) 

(-0.87) (-1.59) 

(- 0.60) 
2.42 

0.36' 
(- 1.79) 

2.20 
(- 0.27) 

1 .05 2 . 1 1  

1.24 2 .31  

1 .35  0 .21  0.96 

0.58' 1.63' 

1.23 2.65 

(- 0.23) (- 0.34) 

(- 0.24) (- 0.34) 

(-0.82) (-0.78) (-1.20) 

(- 1.61) (- 1.91) 

(- 0.82) (- 0.56) 
1.16" O.OOC*e  0.24' 

(- 1.02) (- 1.01) (- 2.19) 
2.04 1.07" 2.19" 

(-0.61) (-0.40) (-0.47) 

a The total energy (relative to zero for d*d) in kcal/mol is given 
for each energy minimum. The absolute values of El2 are given in 
parentheses. * A blank space means that the conformation is not a 
minimum-energy one or is excluded by symmetry considerations. 
c These are general bend conformations, satisfying eq 7-9. One of 
the values of $1, $1, mz, and $2 deviates more than 10" from the 
location listed in Table VI, L e .  (-83", 73", 176", 60") for dcl; see 
Table IV for the $L and 4 ,  values of hcl. eThe global minimum 
energy (at  d*d) was -2.61 kcal/mol. 

tive to  stabilize these conformations. Conformation hh is a 
type I11 bend, or part of an a helix. Conformations dlg and 
hcl do  not fall into any particular bend classification. 

The  dihedral angles and related data for the minimum- 
energy conformations described here are summarized in 
Table IV, together with those of the glycine dipeptide. 

B. Gly-Gly. The movements of the dihedral angles in 
one cycle of minimization on Gly-Gly are shown in Figures 
8A and 8B for the first and second residue, respectively. 
Since the movements are more spread out than in the case 
of L-Ala-L-Ala, wedges are sometimes used instead of ar- 
rows in Figure 8. Because of the plane of symmetry at the 

Table VI 
Location and Energy of Minima for Gly Single Residue5 

~ 

Minimum 4, deg 4 ,  deg E, kcal/mol 

b (b*) 
ci 
C i  * 
CZ 
C2 * 
d 
d* 
h 
h* 

- 180 
- 173 

173 
- 74 

74 
- 83 

83 

72 
- 72 

180 
62 

149 

76 
- 76 
- 53 

53 

- 62 

-149 

0.82 
1.03 
1.03 
1.37b 
1.37b 
0.  00" 
0. 00' 
1.19 
1.19 

0 These minima are for N-acetyl-N'-rnethylglycineamide. How- 
ever, the values of +, $, and E differ slightly from those of ref 5 be- 
cause of the inclusion of the NH...N hydrogen bond described in 
section IIA. Not a minimum. C Ed = E d *  = -4.78 kcal/mol. 

Ca atom in the glycine molecule, only half of the d,$ space 
is required to  show the results of the energy minimization 
for each residue. The center of symmetry on the d,$ map is 
not only at (Oo,Oo) and (f18O0,f18O0) but also at 
(&l8O0,O0) and (Oo,&l8O0). For example, the conformation 
(-18Oo,-6O0) is the same as both (18Oo,6O0) and 
( -18Oo,6O0). Therefore, movement from the starting points 
(-l8Oo,-6O0) and (-BO',-120') can be obtained by ro- 
tating the figure 180' around the position (-18Oo,O0). Thus 
the movements a t  (-180°,600) and (-18Oo,12O0) now rep- 
resent those at (-180',-60') and (-18Oo,-12O0), respec- 
tively. Although fewer starting points were taken for Gly- 
Gly than for L-Ala-L-Ala, the movements appear to be so 
regular that the number of points taken should suffice to  
locate all of the minima for Gly-Gly. 

All of the low-energy minima of Gly-Gly, obtained by 
further cycles of minimization, are summarized in Table V, 
where they are expressed in terms of the glycine single-resi- 
due minima of Table VI. Since minimum b (-18Oo,18O0) is 
located exactly at one of the symmetric centers mentioned 
above, point b is equivalent to its inverse b*; hence the bot- 
tom three entries of the column b(b*) become unnecessary; 
e.g. ,  h*b = hb* = hb. There are 28 different minima, with 
the global minimum at d*d (or dd*) instead of at dd; the 
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former (called a type V bend in ref 13) has a more negative 
value of El2 than the latter. Although conformation c2 
(c2*) is not a minimum on the single-residue map, it is in a 
broad low-energy region and leads to  dipeptide minima dc2 
(d*cz*), d*c2 (dcz*), and c1*c2 (c1c2*). One particular case, 
which differs from the results on the alanine dipeptide, is 
the occurrence of a minimum at dh* (d*h). This minimum 
is a simple combination of single-residue minima in the 
glycine dipeptide but does not appear a t  all in the alanine 
dipeptide data of Table 11. Those minima which satisfy the 
conditions for general bend formation (eq 7-9) are indicat- 
ed by a superscript c in Table V. Those with large negative 
values of E 1 2  (<-1.5 kcal/mol) are hcl (h*cl*), hd (h*d*), 
hh (h*h*), d*cl (del*), and d*h (dh*). All of these corre- 
spond to general bends and are included in the cross- 
hatched areas of Figure 6 (see Table IV for their dihedral 
angles). dh* is a type I1 bend with very low E12 energy, 
and d*h is of type 11’. Similar to  results for the alanine di- 
peptide, hd (h*d*) may be regarded as distorted type I 
(type 1’) bends, and hh (h*h*) is a type I11 (type 111’) bend 
or part of an N helix. Other general bend conformations 
with moderately large (negative) values of E12 are dcl* 
(d*cl) and hcl (h*cl*). They do not fall into the usual bend 
categories (see Table IV), but hcl (h*cl*) is rather close to 
a type I (type 1’) bend. In the type I1 bend, the low-energy 
region of the second glycine residue extends from the left- 
handed a helix continuously toward the c1* minimum, 
making this region special to the glycine dipeptide, and in- 
dicating that there would be a larger region for formation 
of a type I1 bend available to L-Ala-Gly (Le., to  a dipeptide 
in which the second residue is Gly) than for L-Ala-L-Ala, as 
was reported by Chandrasekaran, et al. 12 

IV. Discussion 
In the particular dipeptides studied here, the values of 

E 1 2  fall in a small range. For example, the values of E 1 2  
for the glycine dipeptide (including all 943 starting points) 
fall in a range -3.1 I E 1 2  < 0 kcal/mol in absolute energy 
and, for all starting points for the alanine dipeptide, fall in 
the range -3.7 I E 2 5 +3.8 kcal/mol (with only three out 
of 1156 conformations having positive values). The magni- 
tudes of these terms may be compared to  the total single- 
residue energy which was occasionally found to  be hun- 
dreds of kilocalories per mole or greater above the global 
minimum (which is -2.6 kcal/mol for the glycine dipeptide 
and 0.44 kcal/mol for the alanine dipeptide). Thus, when 
all of conformational space is considered, the single-residue 
energy is the one that is primarily responsible for deter- 
mining the accessible regions of low energy. This result 
supports the assumption made heretofore3 that the influ- 
ence of nearest neighboring residues on the conformation 
of a particular residue is, in general, relatively weak. How- 
ever, a t  or near the minima, the El2 term may determine 
which total energy minimum is lowest. I t  remains to  be 
seen whether these conclusions will hold for other dipep- 
tides. 

Those structures, for which the energy deviates from the 
sum of the single-residue energies (because of a significant- 
ly large and negative value of E 1 2  ), generally are bends, as 
shown in Tables I1 and V. However, in order to  obtain a 
new minimum-energy conformation, which is specific to 
the dipeptide, a low value of E res is also necessary. I t  seems 
that  these conditions are difficult to  fulfill since the only 
new minimum found in this study is the type I1 bend con- 
formation, d2h* for the alanine dipeptide. This conforma- 
tion seems to be shifted from a position made up of single 
residue minima (i.e., dlh*) by the large negative value of 
E 12.  The type I1 bend of the glycine dipeptide, dh*, is a 
simple combination of single-residue minima, which 

implies that, in this case, the E 1 2  energy is not sufficient to 
force the conformation away from the single-residue mini- 
ma. 

The other typical bend conformation, type I, which 
would be an H F  conformation (Figure 6), did not appear as 
a minimum energy one for either dipeptide and may re- 
quire side-chain interactions of a type not found in alanine 
or glycine (or possibly longer range interactions or specific 
solvent effects). I t  was found that  energy minimization 
starting from the H F  region always resulted in an hdl con- 
formation, which is a distorted form of type I bend, or to 
the hh conformation, a type I11 bend, or sometimes to the 
hcl conformation. We subsequently allowed the central di- 
hedral angle w to vary during the minimization, and the re- 
sults remained the same. Thus, a t  this time we cannot 
speculate further as to  this result, even though various 
amino acid sequences in proteins20,21 (but not the Gly-Gly 
or L-Ala-L-Ala sequences) have been reported to  have con- 
formations in the type I bend regions. This problem is pres- 
ently under investigation in our laboratory. Although the 
type I bend is obtained only in the distorted form, hdl, 
Table IV shows that  the relative stabilities of types I and I1 
bends agree with the results of other a u t h o r ~ ; ~ ~ J ~  uiz., com- 
paring the total energies, type I is more stable for L-Ala-L- 
Ala, but type I1 is preferred for Gly-Gly (or, in general, 
when the second residue is Gly). 

The method developed here can be applied to the search 
for the energy minima of a longer peptide chain such as 
Gly-Gly-Gly.22 The new interaction energy term for such a 
tripeptide would be E13 between the first and third resi- 
dues. If E 1 3  were always zero, all of the energy minima of 
Gly-Gly-Gly would correspond to simple combinations of 
the dipeptide minima found in this study. Therefore, con- 
formations that were specific to a tripeptide would have to 
have strong E 1 3  interactions; moreover, such conforma- 
tions can be expected to be structures in which the first 
and third residues come close to each other, as in the bend 
conformations of dipeptides. Thus, we could choose in ad- 
vance the possible conformations with strong E interac- 
tions simply by geometric considerations, e.g. ,  by choosing 
conformations with small end-to-end distances, without 
consuming much time in minimizing the energy. Crippen 
and ScheragaZ2 have already tried to locate the global mini- 
mum of Gly-Gly-Gly with a different method, uiz., one that 
excludes the higher energy regions of the multidimensional 
space. 

The virtual-bond method described in section IA may be 
suitable for treating the skeletal shape of a peptide back- 
bone. Since it is concerned only with the Ca atoms of the 
peptide chain, it  is a simpler procedure than that in which 
4’s and $’s are computed. However, it cannot treat the fine 
structure, Le., the orientation of the peptide plane, the di- 
rection of the side chain with respect to  the backbone, etc. 
On the contrary, the virtual-bond method is independent 
of all parameters except the Ca; - - CaL+l distance, while 
the (+,$I expression depends on many factors, such as bond 
angles, as seen in eq 11. This is important if X-ray crystal- 
lographic data, which are reported in Cartesian coordi- 
nates, are to be expressed in terms of other variables such 
as dihedral angles. Much of the error in the values of @,# 
from experimental X-ray data can be considered to arise 
from ambiguities in the choice of bond angles, in addition 
to  the experimental errors in the Cartesian coordinates. 
Another factor, which also introduces ambiguity into the 
(4,$) values, is the degeneracy of the (@,J . )  expression; Le., 
there is always one more variable in the (c$,$) expression 
than in the ( 8 , ~ )  expression as described in section IA. 
Therefore, there may exist a continuous set of values of 
(@,$) for the same skeletal structure of a protein,23 while 



806 Hikichi, et al. Macromolecules 

only a single set of ( 0 , ~ )  should satisfy the structure. For 
these reasons, we can regard the virtual bond method, as 
applied in the analysis of bends (Figures 2 and 3), as more 
reliably reflecting the original experimental data than the 
($,$) expression as far as only the skeletal backbone is con- 
cerned. The conversion from the virtual bond to the (&$) 
expression is possible by use of eq 10 and 11, with the aid of 
the standard geometry of the peptide unit. 
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Dielectric Behavior of DL Mixtures of Poly(y-benzyl glutamates) 
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ABSTRACT: Dielectric measurements were carried out for mixtures of poly(y-benzyl L-glutamate (PBLG) and 
poly(y-benzyl D-glutamate) (PBDG) over a frequency range from 110 Hz to 1 MHz and a temperature range from 
20 to 130’. Mixtures of L and D molecules were found to show a dielectric dispersion ( f l  dispersion) due to side- 
chain motion above room temperature as well as PBLG. It was found that the 6 dispersion for mixtures is reduced 
to a great extent and shifted to higher temperatures compared to PBLG. This fact was interpreted in terms of regu- 
lar stacks of benzyl groups occurring in mixtures, which presumably restrict side-chain motion. A transition was ob- 
served for the mixtures in the vicinity of 90’ in dielectric properties. The results obtained in the present work are 
consistent with a previous proposal that the transition is caused by the breakdown of regular stacks of benzyl 
groups. 

Molecular motions of poly(y-benzyl L-glutamate) 
(PBLG) have been investigated by means of various meth- 
ods. Kail, et al.,l and one of the present authors (K. H.)2 
observed changes in the second moment of nuclear magnet- 
ic resonance spectra for PBLG with temperature, which 
could be accounted for wholly in terms of side-chain mo- 
tion. The mechanical and dielectric relaxations due to the 
side-chain motion have also been ~tudied.~-lO 

Recently, attention has been directed to the study of the 
racemic form of poly(y-benzyl glutamate) (PBG), which is 
a mixture of equal parts by weight of poly(?-benzyl L-glu- 
tamate) (PBLG) and poly(y-benzyl D-glutamate) (PBDG). 

X-Ray diffraction patterns of racemic PBG show the ap- 
pearance of “extra” layer lines which cannot be interpreted 
in terms of the a helix.11-15 Squire and Elliott15 suggested 
that these layer lines are caused by regular stacks of benzyl 
groups from about five side chains which are formed by in- 
teraction between adjacent molecules of opposite screw 
sense. 

On the basis of X-ray diffraction, differential thermal 
analysis, infrared absorption, and dilatometric measure- 
ments on the racemic form of PBG, Yoshikawa, et a1.,16 re- 
ported that the racemic form of PBG exhibits a reversible 

first-order solid-solid phase transition a t  a temperature of 
about 100’. They suggested that the phase transition is 
caused by the breakdown of regular stacks of benzyl 
groups. 

Our earlier dielectric studies of PBLG showed a disper- 
sion due to side-chain motion above room t e m p e r a t ~ r e . ~  
Tsuchiya, et a1.,17 have carried out dielectric measurements 
for the racemic form of PBG. They reported that the dis- 
persion due to side-chain motion is much broader and is 
shifted to higher temperatures compared to PBLG. 

However, no detailed dielectric investigation has been 
made in view of the phase transition. I t  is of interest to ex- 
amine the relationship of the dielectric properties of the ra- 
cemic form of PBG and the phase transition. In this work 
dielectric investigations were carried out for mixtures of 
PBLG and PBDG. Results obtained were interpreted in 
terms of stacking of benzyl groups. 

Experimental  Sectiqn 
PBLG and PBDG used in this work were prepared by polymer- 

ization of the respective N-carboxyanhydrides (NCA’s) in dioxane. 
A trace of triethylamine was used as an initiator. Polymers were 
precipitated from the polymerization solution with ethanol and 


