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stoichiometry and a given domain packing. Most X-ray
studies have used the latter method to estimate domain
size.

The only way in which-a direct X-ray analysis can yield
the domain size at the level of several hundred angstroms
is to assume that a domain structure exists that has a
known particle scattering factor. In practice, workers as-
sume a simple shape factor like those of spheres or rods.
Only a few extrema will appear in the experimental data.
Consequently the difference between sphere and rodlike
behavior is not easily differentiated when only the first
two extrema are observable. Only spheres have scattering
patterns that are independent of the degree of orientation
of the domains. Consequently, the ambiguity in the inter-
pretation of small-angle X-ray data can only be resolved
by comparison of the assumed shape and packing (guided
by an analysis of the experimental extrema) with the stoi-
chiometric volume. In this paper the sphere-like assump-
tion gives better agreement between the domain volume
calculated from scattering and the stoichiometric volume
known from the synthesis.

From electron microscopy measurements, the idea has
been advanced?s that rodlike domains dominate in solvent
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cast films of polystyrene-polyisoprene tri- and tetra-star
block copolymers. However, it should be mentioned that
the synthesis procedure used for these materials may in-
fluence the morphology. The initiator used was n-butylli-
thium in benzene, an organolithium compound that reacts
quite slowly with styrene in hydrocarbon solvents.26.27
Thus, the star block copolymers synthesized via n-butylli-
thium possess moderately polydisperse end segments as
well as chains garnished with low molecular weight
(<5000) polystyrene segments; blocks too low in molecular
weight to form articulate, discrete domains.?2 The polydis-
persity and low molecular weight content of these poly-
styrene blocks has been verified via GPC analysis of poly-
styrene prepared by n-butyllithium. Heterogeneity indices
of about 1.3 were observed. Thus, any interpretation ad-
vanced on the morphology of block copolymers where
some of the end blocks can blend with the center blocks
should be considered with caution.
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ABSTRACT: The conformational properties of L-alanine chains and both cis- and trans-L-proline chains were cal-
culated as a function of interaction with solvent and chain length. The solvents considered were water, methanol,
ethanol, formic acid, and acetic acid. The hydration shell model was used to compute the macromolecule-solvent
interactions. The conformational properties of the molecules in vacuo were also computed and used as references.
Both the size and the polarity of the solvent molecule are important factors in dictating chain secondary struc-
ture. The conformational properties of L-alanine chains are more dependent upon both chain length and interac-
tion with solvent than the L-proline chains. A very delicate balance between polymer-solvent interactions and
formation of intrachain hydrogen bonds dictates whether an L-alanine chain will be extended or « helical. trans-
Poly(L-proline) has a greater stabilizing interaction with polar solvents than cis-poly(L-proline). Rotation about
the imide bond in both cis- and trans-L-proline chains is possible, in all solvents, up to |«| = 10°.

In a previous paper! we reported the solvent dependent
conformational analysis of some homopolypeptides in an
aqueous media. The polymer-solvent interactions were
taken into account through a hydration shell.2 In this re-
port we consider the solvent-dependent behavior of two
homopolypeptides, poly(L-alanine) ((Ala),) and poly(L-
proline) ((Pro),), in five different solvents, and in vacuo.
Polymer-solvent interactions are again described by the
hydration shell model. The solvents are methanol, etha-
nol, water, formic acid, and acetic acid. This particular
set of molecules provides a considerable range of solvent
polarity while minimizing the internal conformational de-
grees of freedom of the solvent molecules which would
drastically complicate our calculations. (Ala), has been
chosen in these calculations because the conformational
properties of this polymer, as it precipitates and/or crys-

(1) A.J.Hopfinger, Macromolecules, 4, 731 (1971).
(2) E. A. Moelwyn Hughes, “Physical Chemistry,” Pergamon Press,
Elmsford, N. Y., 1957.

tallizes from solution, have been studied in considerable
detail,3 and because there have been a number of recent
studies*7 of the secondary structure of this polymer in a
variety of solvents.

Solvent-dependent conformational energy calculations
were carried out on (Pro), because Krimm and Venkata-
chalam® have investigated, using their polymer-solvent
model, the conformational properties of (Pro), in aqueous
solution. In their model, solvent molecules are explicitly
brought into the vicinity of the polymer and the resulting
free energy is minimized. In this paper we discuss and
compare our solvent-dependent (Pro), conformational

(3) See “Poly-a-amino Acids” (G. D. Fasman, Ed., Marcel Dekker, Inc.,
New York, N. Y., 1967) for a summary of work done.

(4) J.R.Parrish, Jr., and E. R. Blout, Biopolymer, 11, 1001 (1972).

(5) A.Nakajima and M. Murakami, Biopolymers, 11, 1295 (1972).

(6) H.Brumberger and L. C. Anderson, Biopolymers, 11, 679 (1972).

(7) B. Cheng, Ph.D. Dissertation, Syracuse University, 1969.

(8) S. Krimm and C. M. Venkatachalam, Proc. Nat. Acad. Sci. U. S., 68,
2468 (1971).
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energy calculations to those of Krimm and Venkata-
chalam. We also report the changes in the secondary
structure of (Pro), as a function of both ordered chain
length and solvent. Differences in the polymer-solvent in-
teraction free energies for (Ala), and (Pro), are largely
due to the presence of the N-H-..solvent interaction for
(Ala), and the absence of this interaction for (Pro),. Thus
we were able to estimate the significance of the N-
H---solvent interaction.

Lastly, we have computed the mean-square residue
length, (x2), as a function of ordered chain length and sol-
vent for (Ala), and (Pro),. These values may be useful in
the Flory-type® configurational statistics of biopolymer
chains.

Theory

Polymer-Solvent Model. In a previous report! we de-
scribed our hydration-shell model used in calculating
polymer-solvent interactions in detail. Hence, we will
only outline the salient features of the model here. A spe-
cific change in the free-energy interaction between a poly-
mer atom (or group) and solvent molecules results from
an overlap between the hydration shell centered on the
polymer atom (or group) i and the van der Waals volume
of some other nonbonded polymer atom j as depicted, in
two dimensions, in Figure 1. Initially, the hydration shell
contains n solvent molecules when no overlaps occur. As
the number of overlaps increase, as a function of polymer
conformation, solvent molecules will be ejected from the
hydration shell. Each time a solvent molecule is ejected
from a hydration shell there is a characteristic change in
free energy Af. The sum of these free-energy changes for
all atoms and/or groups in the polymer constitutes the
total polymer-solvent interaction energy.

In all, there are five parameters in the hydration-shell
model. We have already mentioned two, namely, Af and
n. In addition we must know the radius of the hydration
shell, Ry, and the van der Waals radius, r;, as defined
in figure one. Lastly, we need to have some measure of the
tightness of packing of the solvent molecules in the hydra-
tion shell. This is characterized by a parameter Vi which
is the free volume of packing of a solvent molecule in a
hydration shell. Of course knowing the value of V; presup-
poses we know the volume of the solvent molecule, V.

The van der Waals radii are well known and given else-
where.19 However, it is up to us to determine the values of
n, Ry, Vi, and Af for a particular atom or group of
atoms in a particular solvent. This is accomplished by al-
lowing different numbers of solvent molecules to interact
with an isolated atom or group subject to the constraints
that would be present when the isolated atom or group is
part of a polymer chain. That particular assembly of sol-
vent molecules in that particular configuration about the
isolated solute atom or group which minimizes the total
interaction free energy yields the necessary values of n,
Ry, and V. The free energy of interaction between the
solvent molecules and the solute species, fi, is also deter-
mined. This interaction energy is computed as the sum of
pairwise nonbonded, electrostatic, torsional, and hydrogen
bonding terms identical with those used in previous stud-
ies.11.12 £ is a free energy in the sense that the configura-
tional entropy of the various assemblies of solvent mole-

(9) P. J. Flory, “Configurational Mechanics of Chain Molecules,” Inter-
science, New York, N. Y., 1969.
(10) A.Bondi, J. Phys. Chem., 68, 441 (1964).
(11) A.J.Hopfinger, Biopolymers, 10, 1299 (1971).
(12) W. A. Hiltner, A. J. Hopfinger, and A. G. Walton, J. Amer. Chem.
Soc., 94, 4324 (1972).
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Figure 1. A two-dimensional projection of the geometry of the in-

tersection of the solvation shell of atom { and the van der Waals
sphere of atom j.

cules about the solute species is taken into consideration
in the calculations. The configurational entropy is com-
puted using the ensemble of states used in the energy
minimizations with respect to n, Ry, and V:. Af is ob-
tained by subtracting f1 from the free energy of the bulk
solvent at T = 298°K, which is obtained experimentally.
In Figure 2 we schematically illustrate the geometry in-
volved in the calculation of the values of the n, Ry, and
Af for trigonal nitrogen in water. The cylinders emanating
from the van der Waals sphere of the nitrogen take into
account steric restrictions which arise when this nitrogen
is covalently bonded in a molecule. There are five degrees
of spatial freedom which must be considered for the inter-
action of the solute species with a solvent molecule. These
degrees of freedom are defined in Figure 2. The partial
charges assigned to the solute species in the electrostatic
energy calculations are those found for poly(L-alanine).
Obviously, changes in the values of the partial charges, as
usually is the case for other macromolecules, would lead
to different values for the polymer-solvent parameters.
Thus, the values for the polymer-solvent parameters re-
ported here are strictly valid only for poly(L-alanine). Fortu-
nately, the magnitude of the change in the values of the
partial charges for corresponding atoms or groups in dif-
ferent molecules is usually sufficiently small so as to re-
sult in nearly identical polymer-solvent interactions.
Hence,, we consider the hydration shell parameters re-
ported here to be universally applicable.

As reported in our first paper! on polymer-solvent in-
teractions, the values of Af for aqueous solution were
taken from the work of Gibson and Scheraga!? since these
were experimental, rather than theoretical values. It was
noted that our theoretical Af values usually differed from
the experimental Af by about 5% and in no case by more
than 12%. This reasonably good agreement between the
experimental and theoretical values of the Af encouraged
us to theoretically calculate all the hydration-shell param-
eters for a number of solvents in addition to water. In
Table 1 we report the hydration-shell parameters for
water, methanol, ethanol, acetic acid, and formic acid. In
the calculation of the hydration-shell parameters for etha-
nol and acetic acid, we did allow rotation about the
CH;3-CH; and the CH3-COO(H) bonds, respectively. The
conformational energy of these twb solvent molecules were
calculated as a function of bond rotation by adopting the

(13) K. D. Gibson and H. A. Scheraga, Proc. Nat. Acad. Sci. U. S., 58, 420
(1967).
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Figure 2. Geometry of an N (sp2?) atom in a molecule used to de-
termine the characteristic polymer-solvent interaction parame-
ters using the hydration-shell model. d is the distance of the
water molecule from the N, and a and b define the position of the
water molecule in the XY plane of the N cartesian frame. § and
¢ define the relative orientation of the water molecule in the car-
tesian frame associated with the water molecule.

same potential functions used in the above-reported so-
lute-solvent species interactions.

For acetic and formic acids a decision had to be made
concerning the state of ionization of the solvent molecule
when interacting with a solute atom or group. We adopted
the convention that the neutral form of the acid interacts
with those solute species having a negative partial charge;
l.e., interactions of the type

/O

No—m-x-
and the charged form of the acid interacts with those so-
lute species possessing a positive partial charge; i.e., in-
teractions of the type o
C<o X*

Mechanistically this scheme of interactions would corre-
spond to a solute molecule in a solution of completely ion-
ized acid. The ionized acid molecules would interact with
the groups of the solute molecule having positive partial
charge. The free protons would interact with the groups of
the solute molecules having negative partial charges. In
turn, the ionized acid molecules would interact with the
proton-negative charge group complexes. This last inter-
action should be similar to the neutral form of the acid
molecule interacting with solute groups having negative
partial charges. In Table I we distinguish which form of the
acid was used to compute the hydration-shell parameters for
each solute species. The values of Vs for each of the sol-
vent molecules were determined from Corey-Pauling-Kol-
trin (CPK) molecular models.

Calculation of Conformational Energies. The non-
bonded, electrostatic, torsional and hydrogen bonding
contributions to the conformational energy were calculat-
ed in addition to the polymer-solvent interaction free
energy. The potential functions are the same as those de-
scribed above for the solvent-solute interactions. How-
ever, in these calculations we insisted that the AH of
breaking the hydrogen bonds of a poly(L-alanine) « helix
in water be 1.5 kcal/mol.14-15 One additional consider-
ation was included in the proline calculations. Rotation
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about the imide bond, denoted by w, was allowed. The
torsional potential about this partial double bond is de-
scribed in ref 16, where A = 20 kcal/mol and w = 180°
corresponds to the trans configuration.

Calculation of the Average Ordered Length (/;2) of a
k-omer. If k is the number of residues which compose the
polypeptide chain, then the mean-square axial length of
an ordered chain segment is

1 = 3 (RLPP M
[l
@D = 22 3 (DP® @)
[l
(L) = kXD (3)

where N is the number of conformational states consid-
ered in the averaging process, and {; is the axial length,
relative to the helix generated by conformation i, of a resi-
due unit. In the calculations reported here, end effects,
owing to carboxyl and amine groups, are not considered.
In other words, we deal here with a chain segment located-
in the “middle” of a long-chain molecule. P;* is the
probability of observing the ith conformation for a k-omer

exp( EM®/RT)
Z exp(—E,*/RT)

J=1

Pi“” = (4)

where E;'® is the total conformational energy of state j.
E;® can be expressed in terms of the sum of the pairwise
residue-residue neighbor interactions.
= RE(0) + (k—DE;,Q) +
(R=2)Ei2) + -+ E(k~1) (5)

E® = Z (k—=DE i) (6)
i=0
where E;(i) is the interaction energy between ith nearest-
neighbor residues each of which are in the jth conforma-
tional state. Only the first six nearest-neighbor residue-
residue interactions were considered in our calculations

EM = f (k= DE, i)

i=0

for k> 6 (7

Method

Conformational energy maps of linked L-alanine and
linked L-proline planar units of varying lengths were con-
structed using 20° increments in the values of the angles.
The interrelationship between conformation and mini-
mum energy is probably not meaningful to any greater de-
gree than given here due to the many inherent assump-
tions in the potential functions. Thus we did not locate
relative minima precisely. A set of maps was constructed
for each solvent and for in vacuo studies. Potential energy
surfaces within 5 kcal/mol per residue of the global mini-
mum on each map were recorded. Equations 6 and 7 were
used to compute the energies. The length of the chains:
varied from 2 residue units up to 50 residue units which
was chosen to be equivalent to the polymer. The value of
X1, rotation of the methyl side-chain group about the
C2-C# bond, for L-alanine residues was chosen so as to
minimize the total conformational energy for each choice

(14) J. A. Schellman, C. R. Lab. Carlsberg, Ser. Chim., 29, 223 (1955).

(15) J. T. Edsall and J. Wyman, “Biophysical Chemistry,” Vol. 1, Aca-
demic Press, New York, N. Y., 1958, p 124,

(16) F. K. Winkler and J. D. Dunitz, J. Mol. Biol., 59, 169 (1971).
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Tablel
Polymer-Solvent Parameters for the Hydration-Shell Model for a Variety of Solvents

Atom or Group n Af (kcal/mol) Ry () V: (A3) Mol Species

a. Formic Acide

N (sp?) 2 1.90 5.80 24.40 b
C (sp?) 2 2.85 5.25 16.50 a
O (carbonyl) 2 3.40 5.40 43.80 b
H (amide) 1 5.95 4.30 22.70 a
CHj; (aliphatic) 6 -0.09 5.95 30.75 a
CH; (aliphatic) 4 —-0.08 5.95 28.60 a
CH (aliphatic) 1 0.06 5.75 15.75 a
CH (aromatic) 2 0.08 4.45 19.00 a
O (hydroxyl) 1 2.55 4.85 40.60 b
H (hydroxyl) 1 4,75 4.30 43.95 a
O~ (carboxyl) 3 5.05 5.85 29.75 b
O (carboxyl) 1 3.55 5.20 18.50 b
H (carboxyl) 1 3.55 5.20 18.50 b
b. Acetic Acids
N (sp?) 2 1.95 6.60 48.75 b
C (sp?) 2 2.85 5.60 39.80 a
O (carbonyl) 2 3.35 5.80 96.50 b
H (amide) 1 5.85 4.90 47.35 a
CHj; (aliphatic) 6 -0.08 6.20 31.60 a
CH; (aliphatic) 4 -0.08 6.20 35.83 a
CH (aliphatic) 1 0.06 5.95 18.98 a
CH (aromatic) 2 0.08 4.65 22.07 a
O (hydroxyl) 1 2.55 5.80 48.60 b
H (hydroxyl) 1 4.55 4.90 67.40 a
O~ (carboxyl) 3 4,96 6.60 49.50 b
O (carboxyl) 1 3.45 6.10 33.70 b
H (carboxyl) 1 3.45 6.10 33.70 b
¢. Methanole
N (sp?) 2 0.23 4.70 41.6
C (sp?) 2 0.18 5.20 53.6
O (carbonyl) 2 1.45 4.80 43.9
H (amide) 1 0.30 4.10 30.5
CHj; (aliphatic) 4 0.38 5.90 19.5
CH;, (aliphatic) 3 0.32 5.70 21.6
CH (aliphatic) 2 0.32 5.70 21.6
CH (aromatic) 2 0.46 4,70 28.5
O (hydroxyl) 1 0.85 3.65 38.8
H (hydroxyl) 1 0.85 3.65 38.8
O~ (carboxyl) 2 2.80 4,80 48.5
O (carboxy!) 1 1.30 4.35 28.6
H (carboxyl) 1 1.15 4,35 29.3
d. Ethanola
N (sp?) 2 0.18 6.20 49.8
C (sp?) 2 0.15 5.80 57.5
O (carbonyl) 2 1.18 6.20 49.1
H (amide) 1 0.28 5.50 45.6
CHj (aliphatic) 4 0.41 7.10 31.3
CHg; (aliphatic) 3 0.39 7.00 31.8
CH (aliphatic) 2 0.39 6.90 33.0
CH (aromatic) 2 0.40 6.35 42.9
O (hydroxyl) 1 0.57 4.15 51.6
H (hydroxyl) 1 0.57 4.20 51.6
O- (carboxyl) 2 2.45 6.35 60.7
O (carboxyl) 1 1.10 5.90 43.5
H (carboxyl) 1 0.88 5.90 43.5
e. Waters
N (sp?) 2 0.63 4.33 35.8
C (sp?) 2 0.63 3.90 14.3
O (carbonyl) 2 1.88 3.94 67.6
H (amide) 2 0.31 3.54 31.3
CHj; (aliphatic) 8 -0.13 5.50 41.8
CH; (aliphatic) 4 -0.10 5.50 60.8
CH (aliphatic) 2 -0.13 5.50 104.8
CH (aromatic) 3 0.11 3.90 3.3
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Table I (Continued)
Atom or Group n Af (kcal/mol) Ry (A) Ve (A3) Mol Species
e. Waters
O (hydroxyl) 2 1.58 3.94 55.2
H (hydroxyl) 2 0.31 3.54 54.7
O~ (carboxyl) 4 4.20 4.10 42,5
O (carboxyl) 2 4.20 4.10 64.1
H (carboxyl) 2 0.31 3.54 54.7

a For section a, V, = 33.8 A% and the molecular species are a = HCOO- and b = HCOOQH; for section b, V, = 51.6 A3 and the molecular
species are a = H3CCOO- and b = H3CCOOQH; for section ¢, V; = 42.8 A3 and the molecular species is CH30H,; for section d, V, = 63.7 A3
and the molecular species is CHsCH2OH; for section e, V = 21.2 A3 and the molecular species is H;0.

of ¢ and ¢. The Davidon technique!” was employed in
the energy minimization. The geometry of the L-alanine
residue was that suggested by Pauling and Corey!® while
the geometry of the L-proline residue was that found by
Sasisekharan.1®

The conformational energy maps of alanine are reported
in digitalized form in order to emphasize the large varia-
tions in total conformational energy with choice of sol-
vent. The proline conformational maps are reported in the
same format as those of Krimm and Venkatachalam?® so
as to allow direct comparison. Rotations about the imide
bonds in the L-proline chains were subject to the equiva-
lence condition and occurred in 10° increments in w. The
values of ¢ in the L-proline chains were fixed at that value
which yielded the deepest global minimum as a function
of ¥ and w for each choice of solvent.

Results

Alanine. In Figure 3 are shown the digitalized confor-
mational maps for two planar-peptide units of L-alanine
and for a long ordered chain of L-alanine planar-peptide
units (lc-Ala). The dipeptide calculations correspond to
the least-ordered chain, i.e., it is a model for the “random
coil” of L-alanine (rc-Ala)2® while the long chain corre-
sponds to the completely ordered polymer. Thus these two
maps, for each choice of solvent, should describe the con-
formational properties of the least- and most-ordered
forms of poly(L-alanine). For the sake of space, the other
conformational energy maps are not presented in this
paper. However, in Figure 4 we report the relationship be-
tween the mean-square residue length, ([x2), and k, the
number of residues in an ordered chain segment, for the
five solvents, and in vacuo studies. These curves reflect
the conformational properties of L-alanine chains as a
function of both solvent and ordered chain length. We will
discuss Figure 4 shortly, but now turn our attention to
studying the conformational energy maps of rc-Ala and
le-Ala.

The rc-Ala maps indicate that the most probable con-
formations of the dipeptide unit of L-alanine is either 3 or
left-handed 3; helical in all solvents. In vacuo, as noted in
other studies,?! the 2; helix (¢ = —80° ¢ = 100°) is the
most probable structure. An interesting observation,
which persists for longer oligomeric chains, is that the
larger solvent molecules, ethanol and acetic acid, promote
the formation of the left-handed 3; helical structure while
water, methanol, and formic acid, less bulky solvent mol-
ecules, aid in the formation of 8 conformations. In this re-
gard, solvent polarity has little effect. These findings

(17) W. C. Davidon, AEC Research and Development Report No. ANL-
5090 (1959).

(18) L. Pauling, R. B. Corey, and H. R. Branson, Proc. Nat. Acad. Sci. U.
S., 37, 205 (1951).

(19) V. Sasisekharan, Acta Crystallogr., 12, 897 (1959).

(20) D. A.Brant, W. G. Miller, and P. J. Flory, J. Mol. Biol., 23, 47 (1967).

would suggest that a polymer of rc-Ala could be rather
unordered, but yield CD-ORD spectra indicative of a 8 or
left-handed 3; helical structure. We are presently investi-
gating the effect of solvent on the CD spectra of unordered
polypeptide chains.

The overall topology of the conformational energy sur-
faces of the dipeptides of L-alanine are very similar in all
solvents, There is a significantly greater degree of confor-
mational freedom in these maps as compared to those for
le-Ala. The interactions between polymer and solvent
have a large stabilizing effect for acetic acid and formic
acid as would be expected. Water, which is relatively
polar when compared to methanol and ethanol, surpris-
ingly has approximately the same stabilization polymer-
solvent interaction energy with the dipeptide of L-alanine
as these two less polar solvents. L-Alanine oligomers have
more favorable interactions with aqueous solution than
with methanol and ethanol as the length of the chain in-
creases.

The energy maps of lc-Ala in methanol and ethanol are
nearly identical. The right-handed o helix, located near ¢
= —60°, ¢ = —40°, is the preferred conformation for both
solvents. Relative minima at ¢ = —160°, ¢ = 100°, and ¢
= —-80° ¥ = 140° on both maps, are indicative of the
possible existence of isolated stable 8 and left-handed 34
helical conformations, respectively. For ethanol, in fact,
the right-handed « helix and the left-handed 3; helix are
approximately equally stable.

The conformational energy map of le-Ala in vacuo con-
tains more significant variations in energy than the meth-
anol and ethanol maps. This suggests that lc-Ala in vacuo
can adopt fewer conformational states than in methanol
and ethanol. This map indicates less flexibility of the
biopolymer than computed by other workers.21.22 The
reason for this is due to an increase in the stabilization
energy given to the hydrogen bond. In these calculations
we insisted, as already mentioned, that the AH of break-
ing the hydrogen bonds of the « helix in water be 1.5 keal/
mol. This required a pairwise intrachain hydrogen-bond-
ing energy of —4.6 kcal/mol as compared to the —3.5
kcal/mol normally used. These calculations indicate that
in this case le-Ala in vacuo would prefer the right-handed
a-helical conformation.

le-Ala in aqueous solution also is most stable as a right-
handed « helix. However, the conformational flexibility of
the polymer is much enhanced over what it was in vacuo.
There are relative minima located at points on the map
corresponding to 8 and left-handed 3; helical structures
just as for methanol and ethanol.

The conformational map of le-Ala in acetic acid indi-

(21) See A. J. Hopfinger, Ph.D. Thesis, Case Western Reserve University,
1969.

(22) T. Ooi, R. A. Scott, G. Vanderkooi, and H. A. Scheraga, J. Chem.
Phys., 46, 4410 (1967).
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Figure 4. Plots of ([,2) vs. k for ordered chains of L-alanine in five
solvents and in in vacuo studies. The values of ([,2) for various
standard secondary structures and for & -~ « are shown at the
right in the figure: (A) in vacuo, (B) methanol, (C) water, (D)
formic acid, (E) ethanol, and (F) acetic acid.

cates a radical departure in the conformational properties
of the biopolymer. Only conformations in the upper left-
hand corner of the map, 8 and left-handed 3;-helical-type
structures, are permitted. The global minimum is at ¢ =
-100° ¢ = 120°. A relative minimum is also noted near
the B8 position on the map. This radical change in the con-
formational properties is not too surprising since one ex-
pects the polar groups of the solvent molecules to strongly
interact with lc-Ala. Interactions involving the carbonyl
oxygen and amide hydrogen with solvent would be espe-
cially stabilizing.2® The net effect of such interactions
would be to “pull” the a helix apart in order to expose the
carbonyl oxygens and amide hydrogens to solvent. Thus
extended structures should be preferred.
An extended structure, a near left-handed 3; helix,
presently called the extended coil, has been identified for
the charged form of poly(L-glutamic acid) in aqueous solu-
tion.22:2¢ This conformation is mainly stabilized by the
interaction of the COO- groups with solvent, and the
minimizing of the intrachain electrostatic energy by max-
imizing the distance between COO- groups. Solvent in-
teractions with backbone carbonyl and amide groups
make favorable contributions to the promotion of the ex-
tended coil, but are small in comparison to the interac-
tions involving COO- groups. This new conformation was
discovered, in part, because its CD-ORD spectra are simi-
lar to poly(L-proline) II spectra. Recently, a number of
workers studying more exotic polymer-solvent systems
have reported CD spectra similar to that of poly(L-pro-
line) II. A list of these studies is given in ref 25, several
examples are: [N5-(2-hydroxyethyl)-L-glutamine],26:27 in
water, (y-ethyl L-glutamate), in sulfuric acid-water
mixtures,28 (y-methyl L-glutamate), in fluor gem-dials,25
and (phenylalanine), in methanesulfonic acid-water
mixtures.2? If these polymers adopt the extended coil con-
-formation it cannot be stabilized by the strong electro-
(23) F. R. Brown III, A. J. Hopfinger, and E. R. Blout, J. Mol. Biol., 63,
101 (1972).

(24) S.Krimm and J. Mark, Proc. Nat. Acad Sei.U. 8., 60, 1122 (1968).

(25) D. Balasubramanian, Chem. Commun., 862 (1970).

(26) A. J. Adler, R. Hoving, J. Potter, M. Wells, and G. D, Fasman, J.
Amer. Chem. Soc., 90, 4736 (1968).

(27) G.D. Fasman, private communication.

(28) J. Steigman, E. Peggion, and A. Cosani, J. Amer. Chem. Soc., 91
1822 (1969).

(29) E. Peggion, L. Strasorier, and A. Cosani, J. Amer. Chem. Soc., 92
381 (1970).
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static repulsions present in poly(L-glutamic acid). In view
of the calculations reported here, such structures are sta-
ble due to highly favorable interactions between carbonyl
oxygens and/or amide hydrogens in the peptide backbone
with the highly polar solvent molecules.

However, the conformational map of lc-Ala in formic
acid contradicts the conclusion ‘of the preceding para-
graph. The first thought one should have is to expect le-
Ala in formic acid to behave nearly the same as in acetic
acid. An inspection of the map of lc-Ala in formic acid in-
dicates that the biopolymer has conformational properties
very similar to lc-Ala in aqueous solution. From an in-
spection of the polymer-solvent parameters presented in
Table I it is seen that the Afs of formic acid and acetic
acid are nearly identical while the Ry’s of formic acid are
about midway between the Ry’s of water and acetic acid.
The first five and the seventh Vr listed in Table I are nec-
essary to describe interactions between solvent and
(Ala),. In four out of six of these cases the V; for formic
acid are closer in value to the V: of water than that of
acetic acid. This includes the important carbonyl oxygen
and amide hydrogen values.

We conclude from these observations that in this case
the size and shape of the solvent molecule overrides the
free-energy interactions between solvent and solute
species in specifying conformation. This is a consequence
of our model; whether or not such a volume effect due to
size and topology of solvent molecules can be such a criti-
cal factor in dictating conformation is not known.

Note that chain aggregration, or chain folding, which
could provide stabilization free energy through inter- or
intrachain hydrogen-bond formation, respectively, is not
taken into consideration in our calculations. The extent of
polymer-solvent interactions could also be seriously modi-
fied by chain aggregation, or chain folding, through ex-
cluded volume effects. Our discussion is valid only for iso-
lated chains of L-alanine which presumably corresponds to
very dilute solutions.

Figure four demonstrates how the mean-square residue
length, (lx2), of an L-alanine unit depends upon solvent
and ordered chain length. Two general observations can
be made from Figure 4; first, all five solvents promote the
unfolding of the right-handed « helix, and, secondly, the
ordered secondary structures for & > 14, i.e., chains longer
than 14 residues, have (1x2) values nearly identical with
the polymer. This suggests that L-alanine oligomers com-
posed of 14 or more residues are very nearly identical with
the polymer in ordered secondary structure in all five sol-
vents considered here.

Oligomeric L-alanine chains in vacuo, water, methanol,
and formic acid undergo an extended conformation —
right-handed «-helix transition as a function of increasing
k. At some specific chain length, different for each sol-
vent, the energy gained by the formation of the intrachain
hydrogen bonds overcomes the stabilization energy result-
ing from the polymer-solvent interactions. For acetic acid
the polymer-solvent interaction energy stabilizes extended
secondary structures to such a degree that an « helix is
not realized. In ethanol there is a balanced equilibrium
between the formation of « helix and the retention of ex-
tended conformations leading overall to a large value for
{l?).

trans-Proline. In Figure 5 are shown the conformational
energy maps, using the notation of Krimm and Venkata-
chalam,? for two peptide units of trans-L-proline, and for a
long ordered chain of trans-L-proline peptide units (lct-
Pro). The former is the model for the least-ordered, or
random, form of trans-poly(L-proline) (rct-Pro), and the
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Figure 5. Conformational energy maps of ¢ vs. w (rotation about the C’~-N imide bond) for rct-Pro and let-Pro. The torsional rotation
barrier about the C'-N is: V(w) = (A/2)(1 — cos 2 w), A ~ 20 kecal/mol. This is from F. K. Winkler and J. D. Dunitz, J. Mol. Biol., 59, 169
(1971). The energy contours are in kcal/mole per residue. The X’s denote the global minima: (A) in vacuo, {B) aqueous solutxon, (C)
methanol, (D) ethanol, (E) formic acid, and (F) acetic acid.

latter is a model for the perfectly ordered polymer. Figure solvent free energy for each trial conformation.

5 contains conformational energy maps for each of the five rct-Pro has two major energy minima. The deepest and
solvents considered in this report. Note that both Krimm broadest lies in the region ¢ = 120-180°, and « = 160-
and Venka&achalam and ourselves compute the polymer- 200°. This minimum corresponds to the left-handed 3,
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Figure 6. Plots of ([x2) vs. k for ordered chains of tranf-L-proline
in five solvents and in in vacuo studies. The values of ([,2) for two
standard secondary structures and for & — « are shown at the
right in the figure: (A) methanol, {B) in vacuo, (C) water, (D)
formic acid, (E) ethanol, and (F) acetic acid.

helix observed in the solid state.l® The other minimum
occurs in the region of the right-handed « helix, ¢ =
—60°. This particular conformation has been observed for
proline residues in several globular proteins.30 There is, at
present, considerable debate whether this minimum is
possible for a dimer of trans-L-proline. Some workers feel
it is an artifact of inaccurate potential functions. rct-Pro
is very sensitive to solvent in the sense that the magni-
tude of the polymer-solvent interaction varies considera-
bly with the choice of solvent. The stable secondary struc-
tures of rct-Pro, however, are rather insensitive to solvent.
Both methanol and ethanol have a greater stabilizing in-
teraction with rct-Pro than water. The reason for this is
due to the absence of the NH group and the addition of
the CH; groups from the pyrrolidine ring. The only highly
favorable interaction of the water molecules with the pro-
line residue is through the carbonyl oxygen. However,
some of the stabilization free energy gained through this
interaction is lost to unfavorable interactions between the
water molecules and the ring CHy groups. Methanol and
ethanol, on the other hand, have a moderately favorable
interaction with the carbonyl oxygen, through the OH
group, and with the CH: units, through hydrophobic
bonding with the CHz or CHoCHj; groups of methanol or
ethanol, respectively. Thus it appears that these two mod-
erately favorable interactions of methanol and ethanol
with rct-Pro are more stabilizing than the difference be-
tween one highly stabilizing and several slightly destabi-
lizing interactions as takes place when water molecules
interact with rct-Pro. The absence of the NH group pre-
vents a water molecule from acting as a binary-binding
solvent species. The interaction of the carbonyl oxygen of
rct-Pro with the neutral forms of acetic and formic acids
is sufficiently stabilizing so that both these solvents inter-
act more favorably with rct-Pro than the other three sol-
vents considered here.

In all solvents torsional rotations about the imide bond
up to +£10° are energetically possible. The global minima,
however, always occur for @« = 180°. The shape of the
minima, specifically their broadness with respect to w,
suggests fluctuations in @ occur at room temperature in
all five solvents.

(30) a) Subtilisin, Pro-225; b) Staphylococcal Nuclease, Pro-47; ¢) Lyso-
zyme, Pro-70; d) Carboxypeptidase-A, Pro-288; e} Hemoglobin, Pro-
37, Pro-44, Pro-77, Pro-95.

Macromolecules

Table IT
Characteristic Polymer-Solvent Interactions of
lct-Pro and lec-Pro¢

Solvent let-Pro lec-Pro
Water -0.5 +0.1
Methanol -0.2 +0.2
Ethanol -0.6 0.0
Formic acid -0.4 -0.1
Acetic acid -0.8 -0.3

a See text for definitions, in five solvents. These values were ob-
tained at the global minima in total conformational energy. Ener-
gies are in kcal/mole per residue.

The conformational energy maps of lct-Pro possess a
single minimum in conformational energy which corre-
sponds to the left-handed 3; helix. Each of the five sol-
vents interact with lct-Pro in such a way that the total re-
sultant polymer-solvent interaction is small. In each in-
stance, the stereochemistry of the left-handed 3; helix is
apparently sufficiently restrictive to preferential solvent
binding so that the stabilization free energy, realized
through carbonyl oxygen-polar group of the solvent mole-
cule interactions plus either favorable, or unfavorable,
CH3z-solvent molecule interactions, results in total inter-
action free energies between lct-Pro and solvent which are
only slightly stabilizing. At first this would appear con-
trary to the findings of Krimm and Venkatachalam® who
conclude that lct-Pro is very much stabilized as a left-
handed 3; helix through interactions with water. However,
we find the same if we consider only the interactions of
water molecules with the carbonyl oxygens as done in
their calculations. Nevertheless, there is a substantial de-
crease in stabilization free energy when the remainder of
the lct-Pro atoms are allowed to interact with water. The
CHj---H20 polymer solvent interactions are the primary
source of the destabilization free energy.

Torsional rotations about the imide bond up to £10°
may occur in lct-Pro. The global minima, for all solvents,
occur at w ~ 187°. This is the first instance in which a
nonplanar configuration of a peptide unit has been shown
to be energetically more favorable than the corresponding
planar geometry.

In Figure 6 is a plot of {[y2) vs. k for trans-L-proline mol-
ecules in the five solvents and in vacuo studies. An analy-
sis of this plot indicates that only the small, & < 4, oli-
gomers of trans-L-proline are conformationally sensitive to
solvent. Further, only these small oligomers have the ca-
pacity to adopt secondary structures other than the left-
handed 3; helix. The low-energy region near ¢y = —60°, w
= 180° provides this added chain flexibility up to & = 4.
For trans-L-proline oligomers consisting of four or more
peptide residues the left-handed 3; helix is the preferred
secondary structure of lct-Pro in all five solvents and in
vacuo studies. These findings are in agreement with ear-
lier experimental studies3! where, in aqueous solution, the
left-handed 3; helix was preferentially adopted starting
with the tetra (¢trans-L-proline) oligomer.

cis-Proline. Figure 7 contains conformational energy
maps of rcc-Pro, random-chain cis-L-proline, and lcc-Pro,
long-chain cis-L-proline, in vacuo and aqueous solution.
The rcc-Pro maps contain two minimum energy regions.
The deepest, in the vicinity of w = 0° and ¢ = 160°, corre-
sponds to the secondary structure observed in the solid
state.32 The second minimum corresponds to a conforma-
tion in which the second planar peptide unit lies in plane

(31) H. Okabayashi, T. Isemura, and S. Sakakibava, Biopolymers, 6, 323
(1968).
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Figure 7. Conformational energy maps of y vs. w for rec-Pro and lce-Pro in (A) in vacuo and (B) aqueous solution. The energy contours are in

kcal /mole per residue and the X’s denote global minima.
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Figure 8. Plots of {/x?) us. k for ordered chains of cis-L-proline in
five solvents and in in vacuo studies. The values of ([x2) for the
polymeric form in the solid state, PPI, is listed at the far right
along with the (C2-C2)2 distance of the cis residue for w = 0°.
The value of (x2) is also listed at the right of the figure: (A) in
vacuo, {B) methanol, (C) formic acid, (D) water, (E) ethanol, and
(F) acetic acid.

which nearly bisects the N-C*-C8 bond angle of the pyr-
rolidine ring of the first planar-peptide unit. The carbonyl
oxygen bond of the second résidue is pointed away from
the pyrrolidine ring of the first residue. rcc-Pro shows
about the same conformational sensitivity to solvent as
does rct-Pro. This is demonstrated in Figure 8 where
{12 of cis-L-proline is plotted as a function of k, the num-
ber of residue units in an ordered chain. The maximum
variation in ([x2) as a function of solvent takes place for k
= 2.

The conformational properties of lcc-Pro is extremely
insensitive to solvent. The severe stereochemical restric-
tions in this biopolynier, as reflected in the in vacuo and
aqueous solution conformational energy maps, does not
allow polymer-solvent interactions to modify secondary
chain structure. In Table II are listed the values of the
polymer-solvent interactions of let-Pro and lcc-Pro for
each of the respective global energy minima. It is noted
that the interactions of lcc-Pro with solvent are smaller in
magnitude than the corresponding polymer-solvent inter-
actions of lct-Pro. This is in qualitative agreement with
the findings of Krimm and Venkatachalam.8 Also, the cis
form of the biopolymer exhibits a less polar, more hydro-

(32) W.Trauband V. Shmueli, Nature (London), 198, 1165 (1963).

phobic character in the polar solvents than does the trans
form. This finding is in agreement with experiment.33 The
enhanced hydrophobic character of the cis form is due to,
as postulated,33 greater exposure of the pyrrolidine rings
to solvent, and less exposure of the carbonyl oxygens.
Values of |w| = 10° are possible for both rcc-Pro and lee-
Pro with the energy minima always occuring at w = 0°.

Summary

Both the polarity and the size of the solvent molecule
play important roles in the extent to which solvent will
dictate the conformation of a polypeptide chain. For
(Ala),, the balance between polymer-solvent interactions
and the formation of intrachain hydrogen bonds in the
right-handed o helix results in a specific minimum chain
length in order to maintain the a-helical secondary struc-
ture. Very polar solvents prevent the « helix from forming
regardless of chain length. The absence of the NH group
in both cis- and trans-(Pro), coupled with the presence of
the pyrrolidine ring leads to relatively small overall inter-
actions with solvent as compared to (Ala},. trans-Poly(L-
proline), in the ordered form, has larger interactions with
solvent than the ordered cis form of the biopolymer. The
conformational properties of both trans- and cis-L-proline
oligomers is less sensitive, for all solvents, to the length of
the ordered chain, k, than L-alanine oligomers. This is due
to the fact that L-alanine chains with 2 = 4 have the ca-
pacity to adopt one of two possible conformations, extend-
ed or right-handed « helical, while both trans- and cis-L-
proline chains are limited to a single secondary structure
fork = 4.

Significant deviations from planarity are possible in
both the cis- and trans-L-proline residue units as a result
of rotations about the imide bond. The global energy
minima for lct-Pro occurs for w =~ 187° while the global
minima for lecc-Pro’is found at w = 0°. The polymer-sol-
vent interactions are relatively insensitive to rotations
about the imide bond. Work is now underway to evaluate
the effect of torsional rotations about amide bonds upon
the conformational properties of the corresponding poly-
peptide chains.
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(33) See L. Mandelkern in “Poly-a-Amino Acids,” G. D. Fasman, Ed.,
Marcel Dekker, New York, N. Y., 1967, p 675.



