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ABSTRACT: Conformational energy calculations were carried out for crystals of poly[@-(p-chlorobenzy1)-L-aspar- 
tate] (p-C1-PBLA) in both the a-  and w-helical forms, starting both with conformations computed earlier for the 
isolated homopolymer and with those deduced from X-ray diffraction and infrared dichroism measurements on 
fibers. The energy of the crystal was minimized with respect to the intramolecular variables (backbone and side- 
chain dihedral angles), the relative orientation of the helices, and the lattice parameters of the crystal. One com- 
ponent of the entropy ( v i z  , the entropy for variation of the relative orientation of the helices) was computed to 
show in a simple way how the optimal packing structure in the crystal can be influenced by entropy effects. The 
orientations of the transition moments of the side-chain chromophores, and the distance of the chlorine atom, 
with respect to  the helix axis were computed and compared to  the experimental values from infrared dichroism 
and X-ray diffraction as a check on the minimum-energy conformation of the crystal. The e-helical conformation 
found earlier to  be the most stable one for the isolated homopolymer also appears to be the most stable conforma- 
tion in the crystal. The nonbonded interactions are the primary stabilizing forces, and it appears that reorienta- 
tion of the side chains in the crystal may distort the backbone conformation slightly to gain additional stability. 
Electrostatic interactions do not appear to play a major role in influencing the crystal structure. These conforma- 
tional energy calculations also indicate that a stable w-helical form (with slightly nonplanar peptide bonds) 
should exist in the crystal. In agreement with earlier calculations on other crystals, the w-helix appears t o  be sta- 
bilized by intermolecular interactions in the crystal. The same type of entropy term gives added stability to both 
the e- and w-helix, and tends to improve the agreement between the computed and experimental values. 

In a previous paper,3 we computed the packed crystal 
structures of two poly(amino acids) with empirical energy 
functions, using two separate sets of nonbonded parame- 
ters for intra- and intermolecular interactions, respective- 
ly. We have subsequently improved the potential func- 
t i o n ~ , ~ . ~  and apply our earlier procedure3 to the crystal 
packing of  poly[^?-(p-chlorobenzy1)-L-aspartate] (p-C1- 
PBLA), which has been shown6 by X-ray diffraction to 
exist in both the right-handed a- and w-helical forms in 
fibers. With the improved potential f u n ~ t i o n s , ~ J  we can 
now treat both intra- and intermolecular interactions 
using the same set of parameters. The potential energy of 
the crystal is minimized, and the minimum-energy poly- 
mer conformation, the orientations of the vibrational 
transition moments in the side chain, and the calculated 
lattice constants of the crystal are compared with experi- 
mental values for both the a-  and u-helical forms of p-C1- 
PBLA. In the calculation of the lattice constants, we in- 
clude an  approximate entropy for the rotational freedom 
about the helix axis of the poly(amino acid) within the 
crystal lattice. 

This polymer was selected as an  example of the family 
of esters of poly(aspartic acid) which exhibit interesting 
properties both from an  e ~ p e r i m e n t a l ~ - ~ ~  and a theoreti- 
ca124-26 point of view. These poly(amino acids) take on 
various chain conformations both in solution and in fibers 
depending on the temperature, the solvent, and the in- 
trinsic properties of the different ester side chains. Poly(@- 
methyl-L-aspartate).12Ji poly(B-benzyl-L-aspartate),7s8 
and the 0-or m-chloro-substituted benzyl polymerlg are 
known to occur in the left-handed a-helix conformation, 
while the polymers obtained by conversion of the methyl 
to a n  ethyl, n-propyl, isopropyl, or n-butyl group,li or by 
substitution of a nitro, chloro, methyl, or a cyano group in 
the para position of the benzyl g ro~p ,1*-~6  exhibit a rever- 
sal of the helix sense (to right handed) of the aspartate 
polymer. Also. the conformation of poly(@-benzyl-L-aspar- 
tate) is known to change from a left-handed a helix in so- 
l u t i ~ n ~ . ~  to a left-handed (L' helix when it is packed into 
crystals (stretched fibers and films2i.28). Finally, p-C1- 
PBLA exists as a right-handed a helix in solution16 but as 

a right-handed a or o helix in fibers.6 Since molecules in 
fibers would be less perturbed by solvent molecules than 
are individual molecules in solution, the a and w forms of 
p-C1-PBLA were selected for an application of the im- 
proved potential functions4%5 to packed crystal structures. 

Theory 
A. Geometry. The bond lengths and bond angles5 

shown in Figure 1 were held fixed in all these calcula- 
t i o n ~ . ~ ~  The conformation of the homopolymer was altered 
by variation of the backbone dihedral angles31 4, $, w and 
the side-chain dihedral angles31 x L  (i = 1-5, as in Figure 
2) ,  and this set of angles was held fixed in every residue 
(regularity condition). 

As before,3 using the same coordinate transformations, 
the helix structure was generated from the coordinates of 
one residue, The helix backbone was defined in terms of 
w ,  t, and h (which are related to I$ and $ by the Sugeta- 
Miyazawa equationsS2), where t is the angle of rotation 
around the helix axis from the origin of one residue to the 
origin of the succeeding residue, and h is the correspond- 
ing translation along the helix axis. 

In order to position this regular homopolymer in the 
unit cell to form the observed6~29 crystal lattice (hexago- 
nal for the cy helix and tetragonal for the u helix) of p-C1- 
PBLA, a helix coordinate system is assigned to the refer- 
ence chain as follows. The origin of this coordinate system 
is chosen so that the ith Ca atom lies on the positive x 
axis which is perpendicular to the helix axis and the z axis 
is coincident with the helix axis (taken positive from the 
N to C terminus), with the y axis taken to complete a 
right-handed orthogonal coordinate system. The remain- 
der of the atoms in this chain are then determined using 
eq 22 and 25 of ref 32. This reference chain is then posi- 
tioned within the unit cell by aligning the z axis of the 
molecule to coincide with the c axis of the crystal, with 
the origin of the coordinate system on the reference mole- 
cule placed so that the x axis is initially coincident with 
the a axis of the unit cell. This molecule may then be 
translated in the positive c direction by Az and the x axis 
rotated about the c axis by an amount z,,~, the positive 
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Figure 1. Bond lengths in Angstrom uni ts  (A)  and  bond angles in 
degrees (B) of the  P-(p-chlorobenzy1)-L-aspartate residue. In  ( B ) ,  
all bond angles of t h e  aromatic  group are 120". 

direction of rotation being the right-handed one when 
looking from the ?i to the C terminus. Additional mole- 
cules are then placed in the unit cell and additional unit 
cells constructed by using symmetry operations on this 
reference molecule. See McGuire et aL3 for a more com- 
plete description of these procedures and the equations for 
the transformation of coordinates, generation of the heli- 
cal structure, and the symmetry operators used to gener- 
ate molecules within the unit cell and to generate addi- 
tional cells. 

B. Energies. The total potential energy of the crystal, 
reported as energy per residue, is the sum of all intramo- 
lecular interactions, which include torsional, nonbonded, 
hydrogen-bond, and electrostatic interactions within a 
molecule, plus the intermolecular interactions, which in- 
clude nonbonded, hydrogen bond and electrostatic inter- 
actions between molecules within the crystal structure. 
The calculation of energies was carried out so that  all 
pairwise interactions within a 3 x 3 x 3 crystal lattice 
were i n ~ l u d e d . ~  

For all nonbonded interactions between atoms i and j ,  
the following form of the Lennard-Jones 6-12 potential 
was used: 

(1) 
where r l j  is the interatomic distance, (r) l ,  is the distance 
for which the nonbonded energy of the ij pair is a mini- 
mum, and t l I  is the depth of the potential well a t  (r)[, .  
The parameters ( r ) l ,  and e l l  were taken from Momany e t  
al.,5 who derived this set from the best fit to the crystal 
structures of a series of small molecules. This set of pa- 
rameters is used here for both the intra- and intermolecu- 
lar interactions. For the intramolecular nonbonded inter- 
actions, only interactions between pairs of atoms sepa- 
rated by three or more bonds were included, except in 
those cases in which the interatomic distance remained 
constant because the corresponding groups were not per- 
mitted to rotate (e.g. ,  in a ring). 

The empirical general hydrogen-bond potential of 
McGuire et aL4 

Unh(rl ,)  = t I , [ ( ( r h , i  r P , Y 2  - 2 . 0 t ( r ) ~ , / r ~ , ) ~ l  

~ G H B  = A l r o  H~~ - B / r o  HI" ( 2 )  
was used to treat hydrogen bonds, where A and B are the 
specific parameters for a C=O.. .H-Y-type hydrogen 
bond, and ro H is the distance between the specific 0 
and H atoms in question. 

All electrostatic interactions were calculated between 
nonbonded atom pairs (atoms separated by three or more 
bonds except in those cases in which the interatomic dis- 
tance remained constant because the corresponding 
groups were not permitted to rotate) using the coulombic 
potential 
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Figure 2. Dihedral  angles and  partial  charges of t h e  3- (p-chloro-  
benzyl)-L-aspartate  residue in a n  nmer.  T h e  algebraic sum of the  
charges on the  backbone a n d  side chain of a residue is zero. 

U e l ( r , , )  = 332 .0q ,q , /Dr , ,  ( 3 )  
where q1 and q j  are the partial charges in electronic units 
obtained from semiempirical quantum mechanical 
CKD0/2 calculations5 (see Figure 2 ) ,  used with an appar- 
ent dielectric constant of D = 2 according to McGuire e t  
~ l . , ~  rl, is the distance between the ith and j t h  atoms, and 
332.0 is a factor to adjust the energy units to kcal/mol 
when rll is in Angstrom units. 

C. Torsional Potentials. Even though the torsional 
energies are poorly understood theoretically, they have 
been included in empirical energy calculations to account 
for interactions required to fit the observed energy barrier 
to rotation about single bonds. Thus. the torsional poten- 
tial used in any calculation must be consistent with all 
other explicitly included interactions. Since we have in- 
troduced both new nonbonded parameters and partial 
charges, it became necessary to reevaluate our torsional 
potentials. For this purpose, we have utilized the results 
of Yan e t  a1 26 who have examined the barriers to internal 
rotation about single bonds by semiempirical quantum 
mechanical calculations. Assuming that  these calculated 
barriers are the correct ones, we have evaluated the tor- 
sional potential function [with the dihedral angles of the 
model moleculesz6 used here redefined to  agree with the 
equivalent dihedral angle of the aspartate ester side chain 
(see Figure 2 ) ]  as follows. The dihedral angle under con- 
sideration was varied from -180 to BO", and the empiri- 
cal energy was calculated by means of eq 1 and 3. The 
torsional potential energy is then defined as the difference 
between the quantum mechanical energy and the empiri- 
cal energy by the equation 

where z defines the particular dihedral angle, L',,,, the en- 
ergy determined from the semiempirical quantum me- 

U t o r ( X , )  = U,KI(x2) - U . , ( X , )  - L - d ( X , )  + c ( 4 )  
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chanical calculations, U,,b and U,, the summation of non- 
bonded and electrostatic interaction energies from eq 1 
and 3, respectively, and C a constant used to normalize 
the minimum torsional potential energy to be zero. A tor- 
sional potential function to include all angles from -180 
to 180" was next generated by fitting these results to the 
following Fourier expansion 

Uto,(xl) = Bo + B, cos nxi  ( 5 )  
ll=l 

The coefficients B,, n = 0,  1, 2 ..., were determined by 
the method of least squares for different values of n, and 
the lowest value of n giving a good fit of the data was de- 
termined. The resulting functions (with all energies in 
kcal/mol) for the dihedral angles shown in Figure 2 are 

Utor(xj) = 15.21 - 5 5 3  COS XS - 
6.42 COS 2x3 - 1.59 COS 3x3 (6) 

Ut,,( x4)  = - 0.62 - 4.39 COS x4 - 
2.41 COS 2X4 - 2.28 cos 3x4 ( 7 )  

and 

For XI, we use 

and foro  we use the value of McGuire e t  viz.  

U,,(O) = l O ( 1  - cos 2w) (10) 

According to Momany e t  u L . , ~  no torsional potentials are 
required for the variation of 4 ,  $, and XZ. 

D. Energy Minimization. The total (intra- and inter- 
molecular) potential energy was minimized with respect 
to the dihedral angles, Az and zro t  and the lattice con- 
stants, as b e f ~ r e , ~  using the procedure of Scott et  a1.33 
Prior to minimization, all variables were divided into sub- 
sets, with each subset treated independently. For each 
minimization, only those energy terms which depend on 
the variables within a particular subset were summed. A 
final energy minimum is determined by a system of line 
searches and quadratic interpolations: The energies of the 
regular poly(amino acid) helices and of the crystal struc- 
tures could be minimized with respect to all or any of the 
variables, as described e l ~ e w h e r e . ~  

E. Entropy of Rotation. Although one of the basic as- 
sumptions in the use of empirical energy functions to cal- 
culate the conformation of a macromolecule is that  the 
observed conformation is the most stable one, i.e., the one 
of highest statistical  eight,^^,^^ in practice the mini- 
mized potential energy has been used in most cases to 
predict the most stable conformation. Although this prac- 
tice appears justified when applied to isolated regular ho- 
mopolymers, as is indicated by the ability to correctly 
predict the helix sense for a large number of macromole- 
c u l e ~ , ~ , ~ ~ - ~ ~ , ~ ~  the large amount of experimental evi- 
dence6,37-41 showing freedom of motion about the helix 
axis in crystals suggests that  this practice is not applica- 
ble to crystals of homopolymers. Therefore, we have in- 
cluded an entropy contribution in addition to the poten- 
tial energy. Simply for the purpose of illustrating how the 
entropy influences the crystal packing, we include only 
the entropy for rotation of a homopolymer about its helix 
axis within a crystal lattice, and omit all other entropy 
contributions to the resulting Helmholtz conformational 
free energy. 

For any set of lattice constants42 a, b and c, the Helm- 

holtz conformational free energy35 of the crystal is 
F ( a , b )  = -RT  In Z ( a , b )  (11) 

where T is the absolute temperature and R is the univer- 
sal gas constant. Z(a, b )  is the classical statistical mechan- 
ical conformational partition function of the crystal, and 
can be written as 

Z(a, b )  = J exp[-E(a,b,q,, ..., q,)lRTl dq, (12) 
,=l 

where m is the total number of degrees of freedom of the 
crystal (including both intra- and intermolecular degrees 
of freedom, but excluding a, b, and c ) ,  E(a, b, q l ; * * , q m )  is 
the potential energy of the crystal as a function of a, b 
and the generalized coordinates ( q l ,  . , qm) ,  and the inte- 
gration is carried out over the whole coordinate space. If 
we consider the crystal to be an assembly of regular ho- 
mopolymers of infinite chain length, packed with perfect 
symmetry, and that  each residue of a homopolymer in the 
crystal has the same environment, then the conformation- 
al partition function of a crystal containing a total of N 
residues can be simplified to 

Z(a ,b)  = [Z,(a, b)].' (13) 

giving the following expression for the Helmholtz confor- 
mational free energy per residue 

F , ( a , b )  = -RT In Z , ( a , b )  (14) 

where Z,(a, b )  is the conformational partition function of a 
residue, uiz. 

P 

Z,(a ,b)  = Sexp[-E,(a ,b ,q ,  ,..., q,) /RTl  dq, (15) 
f-1 

with p = m / N  being the number of degrees of freedom of 
each residue in the crystal, and E,(a, b , q l , . . , q , )  is the 
potential energy per residue in the crystal as a function of 
a, b and the generalized coordinates (41,. . . ,qp)  associated 
with each residue. Since we take bond lengths and bond 
angles as fixed, the generalized coordinates (SI, a ,  q p )  
refer to the dihedral angles within the residue and the lat- 
tice coordinates, i . e . ,  the relative distances and orienta- 
tions of the residues in the crystal. The integration in eq 
15 is carried out over the whole coordinate space. How- 
ever, the q space can be divided further into subspaces, 
each of which pertains to a particular type of conforma- 
tion p .  Integrating in eq 15 over each subspace, the parti- 
tion function35 becomes 

Z,(a,b)  = c Z,,,(a,b) (16) 

where Z,, is the partition function for a particular con- 
formation. Since the X-ray diffraction study6 indicates 
that p-C1-PBLA exists in only two forms in fibers, uiz., 
the right-handed cy and w helices a t  low and high temper- 
atures, respectively, we confine our considerations to only 
these two helical forms in their respective crystal sym- 
metries. Thus, part of the Helmholtz conformational free 
energy per residue [for subspace p and lattice constant a 
(constrained to be equal to b, in accordance with the ex- 
perimental data6)] is 

/J 

We may compare the relative stabilities of various struc- 
tures p (taken here as a and o, respectively) in their cor- 
responding crystals, at  a given temperature, by comparing 
the relative values of F,,(a, b )  which include various en- 
tropy contributions. 
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Table I 
Conformat ions  and Energies of Single a-Helical Chains  of p-C1-PBLA 

kcaljmol of Residue 
Coufor- 
ma. tiona + * XI X? x3 XI x5 E n e  EH' E t o t , ~  

~~~~ 

Dihedral Angles (deg) 

~. ~. 

R t (  - )  Initial" -48.3 -57 .0  -62 .0  -56.5 -177.2 -85.5 171.6 

I3t( - )  Initial" -50.6 -55.7 -57.5 -19.5 167.6 -142.6 161.8 
Minimizedc -64.4 -42 .5  -64.1 -69.9 160.3 -47.1 127.2 4 .08  23.34 27.42 

Minimizedc -64 .5  -41.4 -59 .1  -36 .3  143.0 -134.5 154.0 7.84 24.06 31.90 
L t (  - )  Initial" + 4 6 . 1  +60.9 166.0 27.3 -156.1 152.8 14.2 

Minimizedc +52.5  +60.2  - 169.8 0 . 1  -140.3 154.5 33.9 9 .67  22.19 31.86 
L t ( + )  Initial'? +49.9 +57.0  -59.7 148.6 -161.6 84 .9  3 . 3  

Minimized' $53.0 +57.8  -55 .1  140.8 -158.2 48 .8  57 .3  4.35 23.82 28.17 

Minimizedc -63.2 -42.1 -63.3 150.8 -170.9 165.0 -34.9 9 .53  24.50 34.03 
T(R) Initial" -46.2 -57.6 -85.2 160.2 -167.1 158.1 -105.1 

a R and L denote right- and left-handed 01 helices, respectively; t ( + )  and t (  -) mean that the side chains are in a trans- 
verse conformation :in which they wrap around the backbone in a clockwise (+) or counterclockwise ( - )  direction, when 
the helix is viewed :from the N-terminal end. T is the conformation of Takeda et ~ 1 . ~  Starting conformations from Yan 
et al.*6 Starting con- 
formation from Takeda et a1.6 e E R  and E H  are the intraresidue and helix energies, respectively. 

Conformations and energies after minimization with respect to +, $, X ' S ,  with w held fixed at 180'. 

Instead of calculating F,,(a, b )  by including the com- 
plete domain of the subspace p (which would be a very 
time-consuming coniputation), we limit ourselves to only 
one degree of freedom (as far as the entropy calculation is 
concerned) and keep the rest of the generalized coordi- 
nates a t  their values which correspond to a minimum in 
the potential energy. Our purpose in using this simplified 
model is solely to examine how the variation in a particu- 
lar coordinate ( i  e ,  a particular entropy contribution) 
contributes to the stability of the crystal lattice. For sim- 
plicity, and because such motion is to exist, 
we have chosen z rOt  as the coordinate to vary. Further- 
more, the homopolymers within the crystal lattice are as- 
sumed to rotate together in the same direction about the 
helix axis, so that  the partition function per residue of 
structure p ,  allowing only for rotation of the helix about 
its axis, is 

[Z,,(a.b)lrOt = -f ex~)[-E~~,(u,~,jq,'},#'~ , ,z lor) /RT1dz, , ,  (18) 

where { S ~ O ) ~  # is, a set of all generalized coordinates of 
a residue (except zlot)  a t  the minimum of the potential 
energy of the crystal for structure p and lattice constants a 
and b In other words, the dihedral angles of each chain, 
the relative positions of the chains (except for z , ,~ ) ,  and 
the lattice constants are kept a t  their equilibrium values, 
and z,,,t is varied. 'The potential energy for any value of 
z , , ~  may be defined as 

where E r O ( a , b , j q I 0 } )  is the minimum value of the poten- 
tial energy for the homopolymers in a fixed lattice and 
AE(z,,,,) is the change in energy due to a displacement of 
these fixed homopolymers from their position of minimum 
potential energy by rotations about their helix axis. Sub- 
stituting eq 18 and 19 into eq 17, the Helmholtz confor- 
mational free energy per residue of structure p due to 
variation of z rOt  a t  lattice constants a and b becomes 

[ F r p ( a , b ) I r o t  = E, , , (a ,b . {q , "J )  - 
RT ]In Is exp[-AE(z,,,)lRTIdz,,,,J ( 2 0 )  

In practice [F,,,(a, b) l rOt  was calculated as follows. For 
each set of lattice constants ( a  and b )  (with the backbone 
conformation held fixed a t  the experimental one), the 
most stable crystal structure is obtained by a minimiza- 
tion of the total potential energy with respect to all side- 
chain dihedral angles, Az and This homopolymer 

conformation is then held fixed and only z,,,+ is allowed to 
vary. A continuous expression for the energy difference is 
determined, and [F,p(a,b)],,t is obtained by eq 20. By re- 
peating this calculation for several sets of values of a and 
b, the minimum in [F,,(a,b)],,, and hence the statisti- 
cally most stable crystal structure (including this rota- 
tional freedom) is determined. 

Results and  Discussion 
A. Isolated Helices. Before packing the helices in crys- 

tals, we obtain the minimum-energy conformations of the 
isolated 01 and w helices43 of p-C1-PBLA, using 18 and 444 
residues for the N and w helices, respectively; the resulting 
side-chain conformations are subsequently used in calcu- 
lations on crystalline arrays of helices. The w helix differs 
from the a helix in that  it has 4.0 instead of 3.6 residues 
per turn. 

For the N helix, five side-chain starting conformations 
were taken; four were those of Yan et al.,  which had been 
determined26 with a different set of empirical energy 
functions, and the fifth was that  of Takeda et al.6 These 
are listeu in Table I together with the conformations and 
energies computed by energy minimization with respect to 
4, iL, and the xi's (with w held fixed a t  180"). The large 
positive values for the minimized energies arise primarily 
from the inclusion of 1-4 electrostatic interactions which 
had been omitted previously26 and from the exclusion of 
1-3 interactions which are attractive and do not vary with 
conformation. In agreement with Yan et al.,26 we find the 
lowest-energy structure to be the one with the Rt(-)  con- 
formation, even with the new set4x5 of energy functions, 
being 0.75 kcal/mol of residue more stable than the L t ( + )  
conformation. The differences in the ordering of the ener- 
gies of the other conformations, compared to that of Yan 
e t  ~ 1 . ~ ~  is due to differences in the energy functions. Con- 
formation T(R) of Takeda et aL6 has too high an energy 
[by 6.6 kcal/mol of residue compared to that of Rt(  - ) I  to 
exist as an isolated cy helix; this high energy arises mostly 
from an unfavorable side-chain orientation. 

This new set of energy  function^^.^ was also used to 
compute the handedness of isolated a-helical poly@-ben- 
zyl-L-aspartate). Using the four low-energy starting con- 
formations of Yan e t  ~ 1 . , ~ 5  two right- and two left-handed 
helices, energy minimization showed that  the left-handed 
helix is the most stable one, in agreement with experi- 
ment.7,8 

In order to obtain appropriate starting side-chain con- 
formations of the homopolymers for crystal packing, ener- 
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Table I1 
Conformations and Energies of Single 01- and w-Helical Chains  of p-Cl-PBLAa 

kcal/mol of Residue __ Dihedral Angles (deg) Confor- 
Helix mation* w 4c * c  X I  X? X3  X4 xj E R ~  E E ~  Et0ta.1 

01 R t ( - )  180 -45.3 -58 .1  -65 .1  -84.5 147.8 -41.0 115.5 2.76 25.77 28.53 
01 T ( R )  180 -45 .3  -58.1 -67.6 152.4 -162.9 159.1 -34.9 8.81 28.21 37.02 
w R t ( - )  180 -34.2 -82.9 -82.2 -92.5 151.2 -42.5 119.2 4.01 38.72 42.73 
w Rt(w) -175.5 -62.2 - 5 5 . 5  -63 .1  -91.6 147.1 -40.1 116.1 2.96 26.08 29.04 

Computed with the constraint that  h and t are fixed at 1.5 A and 100" for the 01 helix and at 1.3 A and 90' for the w 
helix. 18 and 4 residues were used for the 01 and w helices, respectively. * Starting side-chain conformations of R t (  - )  and 
T(R)  were from Table I; R t (  - )  conformation refers to  the first R t (  - )  structure of Table I. ($&) were calculated from 
(w,h,t) using the Sugeta-Miyazawa equation.32 d En and E a  are the intraresidue and helix energies, respectively. 

I I I I , 1 I I I 1 1 - 2  

Figure 3. Values of E,,,,,, and E,!,,,, found when E,,,,, is mini- 
mized with respect to the xL's  at each value of zrOt for structure 
Rt(-) of a-helical p-Cl-PBLA. The quantities a, b, e,  h, and t 
were held fixed a t  the experimental values, and w at 180". 

gy minimization was carried out on the isolated a and w 
helices [but now including the constraint that  the back- 
bone reproduce the observed6 values of h and t (1.5 8, and 
100" for the a helix, and 1.3 A and 90" for the w helix)]. 
With w fixed a t  180", the values of 4 and 4 follow directly 
from those of h and t by means of the Sugeta-Miyazawa 
equati0ns.3~ For the side chains, two starting conforma- 
tions were considered for the a helix and one for the w 
h e l i ~ . ~ 5  For the a helix, these were the lowest-energy 
Rt(-) structure of Table I and the minimum-energy T(R) 
structure of Table I. For the w helix, the starting side- 
chain conformation was taken as that  of the stable right- 
handed a-helical structurez6 [Rt( - )  of Table I].45 The en- 
ergy was minimized only with respect to the xi 's ,  keeping 
w, h, and t fixed. The resulting conformations and ener- 
gies are shown in the first three lines of Table 11. As in 
Table I, the a-helical Rt(-)  structure is again the one of 
lowest energy; however, structure T(R) becomes even less 
stable than in Table I. Furthermore, the most stable a 
helix has a planar peptide group [w = 180" for both Rt(-)  
and T(R) a t  the experimental values6 of a = b = 14.9 A] 
as shown in Table VI. This, plus a test we carried out to 
show that  the isolated a helix of structure Rt(  -) is more 
stable a t  w = 180" than a t  179", provides a justification for 
our use of a planar peptide group for the a helix through- 
out this paper. However, the large destabilization energy46 
of the w helix (14.2 kcal/mol of residue) arises primarily 
by constraining w to 180". Hence, the minimization of the 

0 20 40 60 
z ( d e g )  

Figure 4. Same as Figure 3, but for structure T(R) of a-helical 
p-Cl-PBLA. 

energy of the w helix was repeated, starting from the con- 
formation on the third line of Table 11, but this time al- 
lowing w (as well as the xL's )  to vary, keeping h and t 
fixed a t  the experimental values.6 The results are shown 
in the fourth line of Table 11. Despite the resulting non- 
planarity of the amide group ( w  = -175.5"), the energy is 
much lower; however, it is still higher than that of the 
Rt(-)  helix by a t  least 0.51 kcal/mol of residue. The w -  
helix conformation in the fourth line of Table I1 [hereafter 
referred to as Rt(w)] is the one which is packed in section 
C;  since the energy increases sharply for positive and neg- 
ative deviations of w from -175.5", w would not be expect- 
ed to be influenced by intermolecular forces in the crystal 
(as observed previously3 for the w helix of p-PBLA), and 
therefore will be held fixed when the w helix is packed. 

B. Packed a-Helical Structures  of p-C1-PBLA. X-Ray 
diffraction studies of Takeda et aL6 have shown that  ori- 
ented fibers of p-Cl-PBLA prepared from a concentrated 
chloroform solution (at  room temperature) form an a helix 
with 18 residues in 5 complete turns. By analysis of 47 rel- 
atively sharp reflections, they were able to interpret their 
results by assuming a random distribution of up and down 
chains, and hence to determine that  the conformation of 
the chain in the packed structure was a right-handed cy 

helix in a hexagonal lattice with cy = = go", y = 60", a 
= b = 14.9 A, and c = 27.0 A. In addition, they were able 
to conclude that the C1 atom is located 6.5 A from the 
helix axis. 

Takeda e t  a1.6 also found that,  if these fibers were heat- 

* 
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Table I11 
Conformations and Energies of Packed a-Helical Rt ( - )  Conformationsa of p-Cl-PBLA _ ~ ~ _ _  

kcal/mol of Residue 

Dihedral Anglesb (deg) E i n t r a C  E i n t e r d  a b zrotb - 

(-9 (de& x1 x2 x3 XC xs ER EH Ed E n t ,  E t o t a i  [ F m  ] rote  

12.0 23 .8  -:39.3 -103.4 165.9 -42.7 127.9 7.47 31.86 0.024 -10.08 29.28 28.64 
13 .0  23.4 -!51.4 -89.9 153.2 -51 .0  121.8 3.90 28.46 -0.16 -8.70 23.50 22.40 
13 .5  21.4 -!!j8.5 -91.0 149.9 -49.5 119.8 3.16 28.13 -0.22 -8.15 22.92 22.14 
14 .0  20 .0  -61.4 -92 .8  149.4 -50.7 122.5 3.24 28.06 -0.24 -7.70 23.37 22.30 
14.5 19 .2  -68.4 -91.6 150.4 -51.0 124.3 3.52 27.78 -0.24 -7.26 23.80 22.54 
14.9 17 .3  -'71.5 -94.6 151.0 -49.0 124.3 3.60 27.73 -0.25 -6.84 24.23 22.84 
15 .5  11.5 -'71.2 -101.0 152.3 -49.7 125.6 3.67 27.91 -0.24 -5.97 25.37 23.40 

The backbone conformations were held fixed at h = 1.5 A, t = loo', + = -45.3", ic. = -58.1', and w = 180'. b The 
side-chain dihedral angles and zrot were varied during energy minimization from the initial conformation: x1 = -66.4", 
x2 = -97.4", x3 = 151.6", xC = -51.0", x5 = 124.3", and zrot = 20", respectively. EIntra is the sum of the intraresidue 
and helix energies, ER and EH, respectively. E,) is the electrostatic energy, and Ent, is the nonbonded interaction energy. 
e [FraIrot is the Helmholtz conformational free energy per residue including the entropy contribution from the helix rotation, 
and is calculated at T = 300'K. 

Table IV 
Condormations and Energies of Packed a-Helical T (R) Conformationsa of p-Cl-PBLA 

kcal/mol of Residue 

1 2 . 0  13.6 -71.0 147.7 -140.2 151 .1  -18.5 9.13 33.73 -0.24 -11.65 30.98 
13 .0  0 . 7  -68.4 146.7 -157.1 159.1 -16.7 8 .98  29.49 -0.17 -8.78 29.52 
13 .5  0 . 0  -68.3 149.8 -156.6 159 .1  -24.2 8.86 28.90 -0.14 -8.17 29.45 
14 .0  3 . 3  -72.2 152.4 -159.5 159.1 -28 .1  9 . 0 1  28.57 -0 .21  -7 .61  29.76 
1 4 . 5  2 . 9  -73.3 155.6 -160.3 158.5 -31.2 9 .09  28.52 -0.18 -6.86 30.57 
14.9 1 . 5  -70.7 157.6 -162.1 159.1 -34.7 8 .99  28.48 -0.14 -6.06 31.27 
15.5 2 .9  -70.2 161.8 -156.1 159.1 -32.5 9 .02  28.53 -0 .21  -5.17 32.16 

a The backbone conformations were held fixed at h = 1.5 K, t = loo', 4 = -45.3", ic. = -58.1", and w = 180'. The 
side-chain dihedral angles and zrot were varied during energy minimization from the initial conformation: X, = -71.3", 
xz = 157.6', x3 = --159.5', xC = 159.1', x5 = -34.0", and zrot = O.Oo, respectively. Eintra is the sum of the intraresidue 
and helix energies, E R  and E=, respectively. E,, is the electrostatic energy, and E n b  is the nonbonded interaction energy. 

ed to 190", the conformation of the chain was converted to 
an w-helical form. The w helices were found to be packed 
in a tetragonal unit cell with a = p = y = go", a = b = 
23.3 A, and c = 5.20 A. We will consider the packing of cy 

helices in this section, and w helices in section C. 
To  calculate the crystal packing of the p-C1-PBLA a 

helix, the homopolymers were arranged within a hexago- 
nal lattice by placing the reference helix (with 18 resi- 
dues/unit cell) a t  the origin of the unit cell with its helix 
axis parallel to the c axis, and constructing other unit 
cells by simply translating this reference helix in the di- 
rections of the a, b, and c axes; 3 x 3 x 3 unit cells were 
constructed. For crystals of this space group ( P 6 , 2 2 ) ,  there 
is only one chain per unit cell, and we have assumed that 
all helical chains run in the same direction.47 Since the 
relative positions of equivalent atoms in corresponding 
molecules in a crystal with one molecule per unit cell are 
unaffected by a translational displacement along the c 
axis, Az was held constant a t  0.0 A. Variation of the ori- 
entation of the homopolymers within each unit cell is ac- 
complished by a rotation about the helix axis, trot. 

To examine the effects of crystal packing on the orien- 
tation of the side chains in the homopolymer, the energies 
for structures Rt ( - )  and T(R)  were first considered as a 
function of the helix rotation trot. For each value of trot 
considered here (between 0 and 60" because of the sym- 
metry of packing in this space group), the energies were 
minimized with respect to the five side-chain xL's ,  holding 
the backbone confoImation a t  that  given in Table I1 and 
the lattice constants (Le., a, b, and c) fixed a t  their ex- 
perimental values. The results for structures Rt(  - )  and 

T(R) are shown in Figures 3 and 4, respectively, as the 
total potential energy Etotal, the intermolecular crystal- 
packing energy, Elnter, and the intramolecular homopo- 
lymer energy, E,,,,,, as a function of trot. It can be seen 
that,  in 00th structures, favorable intermolecular interac- 
tions, Elnter, between the molecules (primarily side-chain- 
side-chain attractive interactions) tend to reorient the 
side chains so as to cause unfavorable intramolecular in- 
teractions, i . e . ,  the crystal packing tends to distort the 
homopolymer side-chain conformation from the mini- 
mum-energy conformation that it would assume in the 
isolated state. Moreover, by comparing the depths of the 
energy wells, these results show that the side-chain con- 
formation for the Rt(-)  model is more favorably disposed 
to intermolecular interactions within the crystal lattice 
than is structure T(R) .  For example, a t  z ro t  = 20" both 
structures are destabilized internally as indicated by 
E i n t r a ,  although in fact Rt( -) is destabilized less (0.9 kcal/ 
mol of residue) than is structure T(R)  (2.2 kcal/mol of 
residue), both energies being referred to zero a t  z ro t  = 0". 
However, the largest energy change arises from E,,,,,, for 
Rt(-) leading to a minimum in ,Etota, a t  z rcJ t  = 20"; for 
structure T(R),  the change in E,,,,,, is smaller than that 
in and hence the value of Etotal indicates that  
T(R) is not a low-energy structure a t  z I o t  = 20". One can 
also conclude from the most favorable conformation, Le . ,  
the one with the lowest total energy both for Rt ( - )  (Etotal 
= 24.90 kcal/mol of residue a t  t,,t = 20") and for T(R) 
(Etotal = 31.50 kcal/mol of residue at  zrOt  = O " ) ,  that  
crystal packing of these molecules in this particular lat- 
tice results in a stabilization of both conformations over 
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n 4 - 4  

a ( =  b) (%)  

F i g u r e  5.  Values of E,,,,,, and  E,,,,,, when E,,,,, is minimized 
with respect t o  the  xL's  and  z,,, a t  each value of a ( =  b )  for 
s t ructure  R t ( - )  of a-helical  p-C1-PBLA. T h e  quant i t ies  c, h, and  
t were held fixed a t  t h e  experimental  values and  w a t  180". T h e  
free energy F was computed  by means  of eq 20. 

that in the free state by -6.0 kcal/mol of residue (in 
Einter) .  The values of the xL's  in these minimum-energy 
Rt( - )  and T(R) conformations are (-66.4", -97.4", 
151.6", -51.0", 124.3') and (-71.3", 157.6", -159.5", 
159. la, - 34 .O"), respectively. 

To  evaluate how the size of the crystal lattice affects 
the stabilization of both conformations over those in the 
free state, the total energies of packed structures of Rt( - )  
and T(R)  were minimized with respect to the five xL's  and 
trot a t  various values of a (constrained to be equal to b )  
for fixed c, h, and t (and 4 ,  $, w ) .  The starting conforma- 
tions (shown in Tables I11 and IV) of the side chains in 
structures Rt(-) and T(R) were the values of the xL's  a t  
the minimum of trot in Figures 3 and 4, respectively, and 
the results are shown in Figures 5 and 6, respectively. In 
Figure 5, the minimum value of Etotal for structure Rt( - )  
occurs a t  a = b = 13.5 A. EIlltra increases sharply a t  
smaller values of a and b because of strong nonbonded in- 
tramolecular repulsions as the side chains fold back on 
the backbone. For values of a and b greater than 13.5 A, 
E,,ltr, remains constant but Elllter (and hence EtOt,l) in- 
creases. Thus, the side chains adopt a most favorable con- 
formation to maximize intermolecular attractions without 
introducing nonbonded intramolecular repulsions. As in 
Figure 3, where a, b, and c were held constant, the stabi- 
lization arises from the intermolecular interactions. In 
fact, as shown in Table 111, the intermolecular nonbonded 
attractions play the major role in stabilizing the Rt(-) 
structure in the crystal, even though the C-C1 dipole 
might have been expected to contribute electrostatic sta- 
bilization. In Figure 6, the minimum value of Etotal for 
structure T(R) also occurs a t  a = b = 13.5 A, but  this struc- 
ture is 6.5 kcal/mol of residue less stable than structure 
Rt(-) .  Ellltra, EIllter, and E,,,,, in Figure 6 behave quali- 
tatively the same as in Figure 5, and therefore the same 
conclusions can be drawn. The interaction energies are 
given in Table IV, and again show the importance of the 
intermolecular nonbonded energy. 

For each set of a and b, the Helmholtz conformational 
free energy per residue (including the rotational freedom) 
of packed structures of Rt(-)  was computed by means of 

a ( = b ) ( % )  

F i g u r e  6. S a m e  as Figure 5 (with omission of F ) ,  bu t  for s t ructure  
T ( R )  of a-helical  p -Cl -PBLA.  

l I I I I I I I I 1  
I O  14 18 22 26 

ro t  ( d e d  

3 

F i g u r e  7 .  T h e  dependence  of E,,,,,, on z,,t [around t h e  min imum 
point (zrOt'3)] for s t ruc ture  R t ( - )  of a-helical  p-C1-PBLA for t h e  
following values of t h e  latt ice constants  a ( =  b ) :  (1) 15.5, (2 )  14.9, 
(3) 14.5, (4) 14.0, (5) 13.5, (6) 13.0, and  ( 7 )  12.0 A. T h e  pa rame-  
ters c, h, and t were held fixed a t  t h e  experimental  values and  w 
a t  BO", and  the  xL's were fixed for a given value of a ( =  b ) ,  corre- 
sponding to the  min imum in zrot.  

eq 20, v i t . ,  by allowing for variation of z rOt  around the 
minimum-energy value found in this crystal lattice; Le. ,  
using the minimum-energy conformations a t  various 
values of a (= b ) ,  listed in Table I11 for Rt(-) ,  E t , t , ~ ~ ~  
was computed as a function of z rOt  for fixed (minimum- 
energy) xL's c, h, and t (and +, $, a), and the results49 are 
shown in Figure 7, where each curve corresponds to a dif- 
ferent set of xL's and a (= b ) .  Curve 2 of Figure 7 differs 
from Figure 3 since the x8's of Figure 3 change in the sub- 
sequent minimization of Figure 7 .  At  each value of zrot,  
the energy deviation AE(a, b,zrOt) from the minimum 
value of Etota,(a, b,zrot0)  was determined from Figure 7 
and eq 19, and the Helmholtz conformational free energy 
was computed using eq 20. The results are shown in Fig- 
ure 5 and Table 111. It can be seen that the curves become 
shallower as a (=  b )  increases; i . e . ,  for the larger lattice 
constants, there is more rotational freedom, and hence a 
larger entropy contribution to the free energy. This effect 
would increase the equilibrium size of the lattice. From 
Figure 5 and Table 111, it can be seen that,  whereas the 
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Table V 
Directions of Transition M o m e n t  with Respect to Helix Axis fo r  p-C1-PBLA 

Structure Helix 

Experiment6 
R t (  - ) e  

R t ( - ) j  
Rt ( - )e  
R t (  -)g 
T (R) e 

T (R) e 

Rt(w)e 
Rt(w)e 

a = b  
(A) 

14.9  
13 .5  
13.93 
14.9 
14.9 
13.5 
14.9 
21.6 
23 .3  

Angle of Transition Moment with Respect 
to the Helix Axis (deg) 

c=oa C-0-Cb Phenylc 

59 46 71 
40 72 85 
39 73 90 
34 81 79 
37 80 82 
62 33 71 
67 37 61 
34 84 79 
49 77 78 

r a d  

6 . 5  
5 . 9  
6 . 2  
6 . 7  
6 . 5  
5 . 6  
6 . 4  
6 . 7  
7 . 3  

a Transition moment lies at 19' to the C=O bond inclined toward the adjacent CP-CY bond. b Transition moment lies 
at  90' to the C=O bond in the plane of the COO group. c Transition moment is perpendicular to the phenyl ring. The 
distance between t h e  heavy C1 atom and the helix axis. e Structures R t (  - )  of the second and fourth lines, and T ( R )  of 
a-helical p-C1-PBLA are those from Tables I11 and IV, respectively, while structure Rt(w) of the w helix is obtained from 
Table VII. The backbone conformations of these structures were held fixed at  the experimental values. f S t r y t u r e  R t (  - )  
of the third line is the conformation corresponding to  the equilibrium lattice constants ( a )  = ( b )  = 13.93 A. 0 Structure 
R t (  - )  of the fifth line is from Table VI; the total energy was also minimized with respect to  the backbone dihedral angles. 

minimum in Etotal occurs a t  a = 13.5 A, that  in F occurs 
at a = 13.75 A. In order to obtain a more realistic assess- 
ment of the entropy associated with zrOt  and a (con- 
strained to be equal to b) ,  the weighted-average value of a 
was approximated as48 

( 21) 

By using eq. 21, we obtain a further expansion of the 
equilibrium lattice to  a = b = 13.93 A. Thus, the entropy 
contribution increases the computed equilibrium value of 
a (= b )  above that obtained in the minimization of Etota]. 
Presumably the introduction of additional entropy contri- 
butions, arising from internal rotational freedom of the 
backbone and side. chain dihedral angles, bending of the 
helix, and a random up-and-down arrangement of the 
chains would increase the computed value of a further-in 
the direction of the observed value of 14.9 A. 

The computed distance between the heavy C1 atom and 
the helix axis increases monotonically with increasing a 
(=  b)  for fixed e, h, and t (and 4, iL, w )  as the X ' S  and zrot 
vary, i . e . ,  the side chains stretch out as the lattice ex- 
pands to accommodate more extended side-chain confor- 
mations. At each ci ( =  b) ,  the C1 atom is closer to the 
helix axis in structure T(R)  compared to R t ( - ) .  For 
Rt(-) ,  this distance was found to be 6.7 A a t  a = b = 14.9 
8, and decreases to 6.2 8, at  a = b = 13.93 A. The experi- 
mental value6 is 6.5 A. 

From infrared dichroism Takeda et al. concluded that 
the transition moment of the CH out-of-plane vibration of 
the benzene ring (which is normal to the benzene ring) is 
inclined a t  71" t o  the helix axis, and that  the transition 
moments of the C==O stretching and C-0-C antisym- 
metric stretching vibrations are inclined at  59 and 46", re- 
spectively, to the helix axis.50 Using the geometry of the 
Rt(-)  and T(R)  structures in Tables 111 and IV, the orien- 
tations of the transition moments of various minimum- 
energy conformations were calculated and listed in Table 
V. At a = b = 13.5 and 14.9 A, both minimum-energy 
structures of Rt(-)  and T(R)  have values for the direc- 
tions of the transition moment of the phenyl ring which 
are in good agreement with the experimental value.6 The 
values for the ester group in T(R)  agree better with exper- 
iment a t  a = b = 13.5 and 14.9 A than do those of Rt( - )  

S a exp{ -[F,da,b)l,,t / RTJda  
s ex~l-[F,,,(a,b)I,,~l R T J d a  

because T(R)  was constructed6 to fit these experimental 
values (taking the direction of the transition moment 
within the chromophore from model compounds). Consid- 
ering that several factors can influence the direction of the 
transition moment, we regard the agreement between the 
calculated and observed transition moments of structure 
Rt(-)  as good. These factors are: (a)  the direction of the 
transition moment within the ester group of p-Cl-PBLA 
may differ from that in model compounds because of dif- 
ferent e n v i r ~ n m e n t s ; ~ l - ~ ~  (b)  distortion of the transition 
moments by strong dipole-dipole interaction between the 
side-chain ester and backbone amide groups, and by the 
intermolecular interactions shown in Figures 8 and 9 for 
structure Rt(-) ;  (c) influence of random up-and-down 
orientation of chains on both the calculated and observed 
values; and (d) restriction to fixed bond lengths and bond 
angles, and imposition of regularity condition, in the cal- 
culations. 

In a final calculation on the a-helical structures, the re- 
striction to a fixed backbone conformation was removed to 
determine if a distortion of the a-helix conformation 
would influence the crystal packing. The energies of the 
conformations corresponding to the values of E,  for 
three lattice conformations of R t ( - )  ( a  = b = 13.5, 14.5, 
and 14.9 A) and of two of T (R)  (a  = b = 13.5 and 14.9 A) 
from Tables III and IV, respectively, were minimized with 
respect to 4, &, w ,  xL's ,  and zrot (holding the lattice con- 
stants a and b fixed). In this calculation, only 3 x 3 x 1 
unit cells (with only one unit cell along the helix axis) 
were included, which makes the calculation less reli- 
able.54 This is a type of two-dimensional crystal where the 
third dimension along the helix axis is allowed to vary, 
without placing any restriction on c, h, and t (or on 4, iL, 
and a). The results are shown in Table VI. Since the in- 
teractions between neighboring cells along the c axis are 
missing in this two-dimensional model, it is difficult to 
make a direct correct comparison between the energies in 
Table VI and those in Tables I11 and IV. However, some 
inferences can still be drawn from Table VI. First, the en- 
ergy of Rt ( - )  is still lower than that of T (R) ,  as was 
found for both the isolated helices and for the three-di- 
mensional packed crystal structure. Second, the energy is 
lower for structures Rt(-)  and T(R)  at  an expanded lat- 
tice, i . e ,  at  the experimental lattice constants a = b = 
14.9 A. This seems to support our earlier suggestion that 
the lattice constants would be increased if the backbone 
dihedral angles were allowed to vary. Third, as the lattice 
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Table VI 
Conformations and Minimum Energies& of a-Helical n-Cl-PBLA in Structures Rti-)  and TiR) 

kcal/mol of Residue 

Backbone Conformation E m t r n  E i n t e r  Struc- a ; b b  

ture h (-X) t e  v We ER EE E e i  E n b  E t o t a l  

R t (  -1 13.5  1 .8  112.0 -50.6 -36.8 180.0 3.26 28.42 0.12 -8 .01  23.79 
R t ( - )  1 4 . 5  1 . 4  100.5 -55.1 -49.4 178.0 3.58 24.80 -0.25 -7.67 20.46 
Rt ( - ) '  14 .9  1 . 4  9 8 . 7  -61.5 -45.7 180.0 3.97 24.06 -0.29 -7.50 20.24 
T (R) 13.5 1 . 5  100.6 -45.7 -57.2 179.6 9 .12  28.01 -0.17 -8.08 28.88 
T(Rld  14.9  1 . 5  101.1 -58.9 -44.5 180.0 9 .46  25.07 -0.22 -5.93 28.38 

For variable backbone conformation in two different size lattices. EtOt,l was minimized with respect to  the three back- 
bone dihedral angles, @, li., and W ,  five side-chain dihedral angles xt's, and the helix rotation angle zTot (a and b were held 
fixed). Initial side-chain conformations before minimization were those from Tables I11 and IV, while the initial back- 
bone dihedral angles were .$ = -45.3", % = -58.1", and w = 180.0", which are computed from the Sugeta-Miyazawa 
equations by using t = 100" and h = 1.5 A. c Minimum-energy side-chain dihedral angles are: x, = -70.6", x2 = -97.9', 
x3 = 151.6", x~ = -48.8', and x j  = 121.3'. Minimum-energy side-chain dihedral angles are: x1 = -69.8', x2 = 157.6', 
x3 = -161.5", x~ = 159.1", and xs = -31.2'. e In  degrees. 

I T C  

Y \ 
Figure 8. Q - b projection of three packed Rt(-) chains of a-he- 
lical p-CI-PBLA in the minimum-energy conformation at Q = b = 
13.5 8, of Table 111, showing the arrangement of the p-chloroben- 
zyl groups (numbered serially from the N to C terminus). For 
clarity, the backbone atoms of only four residues and the side- 
chain atoms of two residues in the reference chain are shown. The 
dashed lines indicate the nearest stacking of p-chlorobenzyl 
groups of adjacent chains. The chlorine atoms are indicated by 
solid circles. 

constants are increased, the largest factor which lowers 
E,,,,, is the lowering of EH. Fourth, the changes in 4 and 
IL or h and t imply tha t  the new minimum-energy confor- 
mation occurs with only a small distortion from an  ideal a 
helix; a t  a = b = 14.9 A, the unit cell length c (for 18 
residues) along the helix axis becomes 25.2 A, which is 
shorter than the observed value6 of 27.0 A. Moreover, 18 
residues miss forming 5 complete turns by 23.4". Fifth, 
the small changes in the directions of the transition mo- 
ments and of the C1 atom distance shown in Table V 
imply tha t  the side-chain conformation is conserved when 
the backbone conformation is varied. 

In conclusion, structure Rt(-) (found by Yan et ~ 1 . ~ 6  to 
be the most stable isolated a-helical one) fits best in the 
observed crystal, requiring only a slight modification of its 
side-chain conformation (see Tables 111 and V).  This 
structure is more stable than the structure T(R) derived 
from the X-ray data.  The stabilizing forces arising from 

I '  

I 
Figure 9. a - c projection of two packed Rt(-) chains of cr-heli- 
cal p-C1-PBLA in the minimum-energy conformation at Q = b = 
13.5 8, of Table 111, showing the arrangement of the p-chloroben- 
zyl groups (numbered serially from the N to C terminus). For 
clarity, the backbone atoms of only five residues and the side- 
chain atoms of two residues (1 and 5) in the reference chain, and 
the p-chlorobenzyl groups of one other, are shown. The dashed 
lines indicate intramolecular hydrogen bonding. The chlorine 
atoms are indicated by solid circles. 

crystal packing are primarily the nonbonded interactions, 
as also found in our previous studies of poly(L-alanine) 
and PBLA,3 and not the electrostatic interactions as may 
have been anticipated. For the crystal packing of the a 
helix, it is suggested (from the da ta  of Table VI) tha t  the 
side chains are reoriented to such an  extent that  the back- 
bone conformation is slightly distorted to acquire addi- 
tional stability. Models of these packed structures (Fig- 
ures 8 and 9) show how the p-chlorophenyl groups of adja- 
cent polymers appear to stack, with the first and 12th 
group of one molecule stacking with the third and tenth 
group of the closest neighbor at a distance of 4.2 A. Fur- 
thermore, the benzyl CH2 groups appear to interact with 
the p-chlorophenyl groups of adjacent chains, with no ap-  
preciable interaction of these p-chlorophenyl groups with 
one another within the same macromolecule. Finally, the 
intramolecular backbone hydrogen bonds were observed to 
occur a t  a n  N...O distance of 2.84 A. 

C. Packed w-Helical Structures of p-C1-PBLA. As 
stated earlier, when a-helical p-Cl-PBLA fibers are heated 
to  190", they assume an  w-helical conformation with a 
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Table VI1 
Conformations and Minimum Energies of Packed a-Helical Rt (w) Conformationsa of p-C1-PBLA 

kcal/mol of Residue 

2 1 . 3  8 0 . 0  0 . 2 4  - 7 9 . 5  - 8 4 . 8  148 .1  - 4 9 . 5  107 .0  5 . 0 8  27.15 0 . 4 9  - 6 . 9 9  25 .73  2 3 . 9 1  
2 1 . 6  7 8 . 2  0 . 3 8  - 7 3 . 6  - 9 2 . 6  151.4 - 4 3 . 5  118 .4  3 . 9 4  27.15 0 . 5 1  - 6 . 9 8  24 .61  22 .78  
2 1 . 8  7 8 . 3  -0.21 - 7 6 . 4  - 9 0 . 0  153 .9  - 4 2 . 2  118 .3  4 . 3 9  27.19 0 . 5 7  - 7 . 3 9  24.76 22.85 
2 2 . 3  7 5 . 4  - 0 . 0 3  - 7 6 . 4  - 9 1 . 6  156 .5  - 4 3 . 5  123.2 4 . 5 7  27.26 0 . 5 1  - 7 . 0 6  25.28 23 .38  
2 3 . 3  7 3 . 1  - 0 . 3 2  - 7 1 . 6  -112 .0  153.9 - 4 0 . 5  122 .2  4 . 3 1  27 .44  0 . 3 5  - 5 . 8 9  26 .20  24 .18  
2 4 . 3  7 5 . 0  -0.20 - 7 1 . 4  -111 .8  157 .9  - 4 6 . 0  129 .1  4 . 5 6  27 .51  0 . 2 4  - 4 . 5 3  27.78 2 5 . 6 3  

a The backbone conformations were held fixed a t  h = 1.3 -i, t = go", 4 = -61.1', i = -46.7', and w = -175.5'. 
* T h e  energies are minimized from the initial conformations: X I  = -83.5', xz = -91.6', x3 = 153.9', x4 = -42.2', 
xj = 120.4', zr0t = 75" and & = 0.016 -2, taken from the minimum-energy conformation of Figure 10. E;,$,, is the sum of 
the intraresidue and :helix energies, ER and EE,  respectively. E,, is the electrostatic energy, and E,,,, is the nonbonded 
energy. e [F,, I,,, is the Helmholtz conformational free energy per residue including the entropy contribution from helix 
rotation, and is calculated a t  T = 463°K. 

32 c 

-4  

0 k 3  30 (deg)  60 90 -6 

28 U' 

Figure 10. Values of E,,,,,, and E,,,,,, when E,,,,, is minimized 
with respect to the xi's ,and Az at each value of Z , , ~  for structure 
Rt(o) of o-helical p-Cl-PBLA. The quantities a, b, c were held 
fixed at the experimental values, and the backbone conformation 
is that given in line 4 of Table 11. 

rearrangement of the unit cell, becoming tetragonal with 
the dimensions cy = /3 = y = go", a = b = 23.3 A, and c = 
5.20 A. We investigate here the packing energy in this 
crystal, compared to that  of the low-temperature form in 
order to account for this observed conformational thermal 
transition in the fiber. 

To  calculate the crystal packing of the p-C1-PBLA o 
helix, the homopolymers with four residues per chain [Le. ,  
conformation Rt(w), in the last line of Table 111 were ar- 
ranged within a tetragonal lattice in the space group P 4 1 2 1 2  

having two antiparallel chains in the unit cell. The refer- 
ence helix was placed at  the origin of the unit cell with its 
helix axis parallel to the c axis, and the second chain was 
generated by inverting the reference chain and translating 
it by a/2, b/2, and c so that  the chain points in the -c 
direction. Other unit cells were constructed by translating 
the reference unit cell in the a, b, and c directions, to in- 
clude 3 x 3 x 3 cells (or a chain length of 12 residues.44 
along the c axis) in the calculations, preserving the lattice 
symmetry. The relative orientations of the polymer chains 
within the unit cell can be adjusted by rotation about the 
helix axis by a rotation trot, and by translation of one 
helix in the unit cell ,with respect to the other by Az along 
the c axis. As a result, any two closest neighboring helix 
chains rotate in opposite direction when trot is varied. 

I I I -4 I \  

I 1 I 
22 24 221 

o (= b)( 8 )  
Figure 11.  Values of E,,,t,, and E,,,,,, when E,,,,, is minimized 
with respect to  the x L ' s ,  Sz, and zrOt  at each value of a (= b )  for 
structure Rt(o) of w-helical p-C1-PBLA. The quantities c, h, and 
t were held fixed at the experimental values and o at -175.5'. 
The free energy F was computed by means of eq 20. 

To examine the effects of crystal packing on the orien- 
tation of the side chains in the homopolymer, the energies 
of packed Rt(w) helices were minimized with respect to 
the five xL 's  and Pz, for each value of z rOt  between 0 and 
90" (because of the tetragonal symmetry), holding the 
backbone conformation at  that  given in Table 11, line 4, 
and the lattice constants ( L e . ,  a, b, and c )  fixed a t  their 
experimental values.55 The results are shown in Figure 10. 
The minimum in EtOtal occurs a t  zrot  = 75" and xi's = 
(-83.5, -91.6, 153.9, -42.2, 120.4") and Az = -0.016 A. 
As in the case of packed a helices, the minimum in E,,,,, 
corresponds to that  in Elnter, even though E,,,, , ,  is a max- 
imum a t  this value of trot. This indicates that the side- 
chain conformations in the crystal change primarily in re- 
sponse to intermolecular interactions, despite unfavorable 
intrahelical interactions. Again, the dominant intermolec- 
ular energies are the nonbonded (-5.52 kcal/mol of resi- 
due) and not the electrostatic interactions (0.38 kcal/mol 
of residue). 

To  evaluate how the size of the crystal lattice affects 
the stabilization of the w helix over that  in the free state, 
the total energy of the packed structure of Rt(w) was min- 
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F i g u r e  12. An a - b projection of two packed antiparallel  Rt(w) 
chains of w-helical p-C1-PBLA in the  minimum-energy  conforma- 
tion a t  a = b = 21.6 A of Tab le  VII, showing the  arrangement  of 
the p-chlorobenzyl groups. For clari ty,  the  atoms of four residues 
of one complete helix t u r n  in t h e  reference chain and  the  a toms of 
one residue of t h e  other  chain in the  s a m e  uni t  cell are shown. 
T h e  chlorine a toms are indicated by solid circles. 

imized with respect to the five xL7s ,  Az, and trot at vari- 
ous values of a (constrained to be equal to b )  for fixed c, 
h, and t (and 4, &, w ) ,  starting with xL's = (-83.5, -91.6, 
153.9, -42.2, 120.4"), Az = -0.016 A and z,,, = 75". The 
results are shown in Figure 11, with the conformations 
and energies listed in Table VII. The computed minimum 
in E,,,,, occurs a t  a = b = 21.6 A. Above a = b = 22 A, 
E,,lte, becomes unfavorable; below a = b = 21.6 A, the in- 
teratomic overlap within the same molecule (included in 
Elntra) prevents a closer approach of the helices. Between 
21.5 and 22 A, the data of Table VI1 indicate that Az 
changes abruptly and the xL's change so that  the side- 
chain benzyl groups of one molecule stack with those of 
its neighbor. In this way, EIlb from intermolecular con- 
tacts (and not Eel which is repulsive) plays a dominant 
role in achieving the new packing arrangement (which is 
more tightly packed for the w helix compared to the a 
helix in agreement with the experimental observations6). 

The rotational entropy of the w-helix (arising from a 
variation in zrOt  around the minimum-energy conforma- 
tion of Table VII) a t  each a (= b )  was computed in the 
same manner as for the a helix; i.e., xl's, 4 ,  $, w ,  and Az 
were maintained fixed a t  the values in Table VI1 as zrOt  
varies. The computed values of [Fr,lrot as a function of a 
(=  b )  are shown in Figure 11. I t  seems that,  while the 
minimum becomes deeper (indicating increased stabiliza- 
tion from this rotational entropy), it occurs a t  the same 
value of a ( =  b )  as the minimum in E,,,,,. In this case, 
this entropy contribution is not enough to bring the mini- 
mum from 21.6 A to the observed 23.3 A; presumably, 
other entropy contributions (or possibly some effect of 
temperature on the energy parameters) would be required 
to achieve this agreement. 

F i g u r e  13. A b' - c projection of two packed antiparallel  Rt(w) 
chains of w-helical p-C1-PBLA in the  minimum-energy conforma- 
tion a t  a = b = 21.6 A of Tab le  VII, showing the  arrangement  of 
the  side chains and  overlapping packing. T h e  a' and b' axes are 
obtained by rotat ing the  a and  b axes by 45" counterclockwise 
about  the  c axis. For clari ty,  only one residue in each chain is 
shown. T h e  chlorine atoms are indicated by solid circles. 
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F i g u r e  14. Dependence of E,,,,, on c ( and  h) for s t ruc ture  Rt(w) 
of w-helical p-C1-PBLA for t h e  following values of the  latt ice con- 
s tan ts  a (= b ) :  (1) 21.6 A; (2) 23.3 A; and  (3) isolated a -he l ix .  
T h e  parameters  w and t were held fixed a t  -175.5 a n d  go", re- 
spectively. E,,,,, was minimized with respect to t h e  xi's, P r ,  and 
trot a t  each value of c ( and  h).  

Taking AF as [F,, - F,,],,, a t  a given t e m p e r a t ~ r e , ~ ~  
the values of AF are 1.29 and 1.07 kcal per mol of residue 
a t  300°K and 463"K, respectively, where F,, is computed 
a t  a = b = 21.6 A and F,, at a = b = 13.75 A; these 
values of F,, and F,,  are those of minimum free energy. 
Thus, the w helix becomes more stable with respect to the 
a-helix a t  463°K than it is a t  300°K. However, if the w 
helix is indeed a thermodynamically stable form a t  463"K, 
then AF hould be negative at  the higher temperature. 
Conceivably, this disagreement, as well as that  between 
the computed and observed values of a (= b ) ,  might be 
resolved if an additional entropy contribution56 (from li- 
brational motions of the side chains) or temperature-de- 
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pendent energy parameters were included in the computa- 
tions. 

The distance between the chlorine atoms and the axis 
of the w helix was computed as 6.7 and 7.3 A at  a ( =  b )  = 
21.6 and 23.3 A, respectively, which is larger than those 
found for the a helix (see Table V). The computed orien- 
tations of the transition moments of the various vibrations 
are also shown in Table V, but we are unaware of any ex- 
perimental data with which these may be compared. 

An a - b projection of one complete turn of the mini- 
mum-energy packed w-helical structure, showing the ori- 
entations of adjacent p-chlorobenzyl groups, is given in 
Figure 12. The alignment of these polar side chains shows 
that the dipoles would be parallel and, hence, result in re- 
pulsive intermolecular electrostatic interactions. However, 
as shown in Table VI, such an alignment also results in 
very attractive nonbclnded interactions. In Figure 13, the 
favorable stacking of the phenyl groups of adjacent mole- 
cules is illustrated; the distance between phenyl rings is 
3.84 A, which is closer than calculated in the a helix, i . e . ,  
4.2 A. The Rt(w) crystal is stabilized by this intermolecu- 
lar phenyl.. .phenyl nonbonded attractive interaction. 

In a final calculation on the w-helical structure, the re- 
striction to a fixed backbone conformation was removed to 
determine how the crystal packing influences 4 and iL 
(with w fixed a t  -176.5" and t a t  90" to retain the w-heli- 
cal conformation). The values of E t o t a ,  were minimized 
with respect to the ) I ~ ' S ,  Az and zrot a t  each value of h 
(and consequently c )  ( i e . ,  4 and & for fixed w )  for the iso- 
lated homopolymer and for two selected values of a (= b ) ,  
viz., 21.6 and 23.3 A The results, plotted as Etotal us h 
(or c )  in Figure 14 for the isolated homopolymer and for 
two values of a ( =  b ) ,  show that the minimum-energy 
conformation occurs a t  the same value of h (or c )  for the 
isolated homopolymer and for both sets of values of a (= 
b ) ,  uiz., at  5.3 A (or h = 1.33 A), in very good agreement 
with the experimental value6 of 5.2 A. 
Conclusions 

In the crystal packing of a-helical p-C1-PBLA, it has 
been shown that structure Rt(-)  of Yan e t  ~ 1 . ~ ~  is ener- 
getically much more ekable than structure T(R)  of Takeda 
e t  aL6 The computed values of rcI and the orientations of 
the transition moments with respect to the helix axis are 
in reasonable agreement with the experimental results. 
These imply further that  structure R t ( - )  is likely the 
most probable structure in the crystal of a-helical p-C1- 
PBLA, although the backbone conformation may be 
slightly distorted from that of an ideal a helix, as was ob- 
served30 for PBLA. 

The computations on the crystal packing of w-helical 
p-Cl-PBLA lead to several interesting conclusions. First, 
the energy calculations support the existence of the w 
helix in the crystal, as, had been found from the X-ray dif- 
fraction studies.6 Second, from Table VI, we expect that  
the direction of the t,ransition moments of the w helix do 
not differ much from those of the a helix; however, we 
would expect that  r c ~  of the w helix would be larger than 
that of the a helix. Third, the distance between two 
neighboring w-helix chlains a t  a = b = 21.6 A was found to 
be 15.27 A which is longer than 13.5 A which we found for 
the N helix a t  its most stable conformation. This fact, plus 
the result that  AF decreases a t  high temperature, implies 
that  in order to transform the stable a helix at room tem- 
perature to the stable w helix, an increase of temperature 
is necessary. 
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minimum-energy conformations are 215 and 238 A,3 respectively, cal- 
culated as r d z h / 4 ,  where d is the distance between two neighboring 
helical chains (13.5 and 15.3 8, for a and w helices, respectively). This 
may indicate that structure Rt(w) has more room for the side chains 
to move than has Rt(-) .  
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ABSTRACT: A theoretical conformational analysis of the four stereoisomers of 1,3,5,7-tetrame~hylcyclooctane 
has been carried out using Warshel and Lifson's consistent force field. Two nonequivalent stable conformers were 
found for the mmrr isomer, while in the case of the other isomers only equivalent conformers contribute signifi- 
cantly to the equilibrium population at room temperature; the energy paths connecting the minima were also ex- 
amined. The results of the calculations show the failure of less refined methods, based on geometrical assump- 
tions, in the study of sterically hindered systems. The nmr spectra of the four isomers were measured at 220 MHz 
in o-dichlorobenzene and successfully analyzed. The vicinal proton coupling constants are fairly well correlated 
with the values calculated from the theoretical conformations using various forms of the Karplus equation, thus 
supporting the structures elucidated by the energy calculations. On the other hand, there is no simple connection 
between chemical shifts and conformations or configurations; this result indicates that great caution should be 
used when correlating chemical shifts and conformations of complex and sterically strained systems. 

Rotational isomeric state theory and related methodolo- 
gy have been used for relating molecular properties of 
polymers to their chemical structure.l Such methods how- 
ever require more and more refined conformational energy 
evaluations as more detailed correlations are wanted.2 
Therefore it cannot be stated that the literature is lacking 
in controversies even with regard to such extensively stud- 
ied and relatively simple polymers as isotactic polypropyl- 
ene.2-10 To a certain extent the disagreement may stem 
from the difficulty of describing a macromolecule precise- 
ly, from uncertainties in the determination of physical 
properties of polymers, and perhaps from the fact that 
different researchers have examined nonidentical poly- 
mers. A related relevant problem, given the importance of 
nmr spectroscopy as a tool for the configurational and 
conformational studies of polymers, is to establish to what 
extent not only the vicinal proton coupling constants, but 
also the chemical shifts can be reliably correlated to the 
conformeric populations.5J1 

In order to clarify the last point, as well as to test the 
current theoretical methods of analysis, the four stereoiso- 
mers of 1,3,5,7-tetramethylcyclooctane (TMCO) have 
been synthetized as reported elsewhere.12 For each of 
these compounds extensive conformational energy calcula- 
tions have been performed and the results have been 
checked against the nmr spectra. 

Method of Calculation 
In recent years the advent of large computers and the 

development of procedures for finding the minima of 
many-variable functions have made possible a consider- 
able progress in the prediction of the structure and of 
other molecular properties of hydrocarbons. Several au- 
thors13-16 have proposed similar methods, which have 
been verified against a wealth of experimental data; com- 
mon to all these methods are the assumptions that  the 
Born-Oppenheimer potential energy surface of a molecule 
can be empirically represented by a sum of terms and 


