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Two distinctly different forms of poly-L-proline designated I and II, respectively,
have been investigated in the solid state'-I and in solution.4' I In form I the imide
group is in the cis configuration;3 in form II it is trans." 2 Hydrogen bonds of
the kind usually occurring in polypeptides are precluded by the absence of an amido
hydrogen. Hence, the helical structures occurring in the solid state' must be
dictated by other factors, predominantly steric in origin.
The conformational energies of internal alanyl and glycyl residues were estimated

previously by use of semiempirical potential functions for intrinsic bond torsional
potentials, for interactions between nonbonded atoms, and for dipole-dipole inter-
actions.6' 7 Energies were calculated for various values of the angles of rotation so
and 41 about the N-Ca and Ca C bonds, respectively. The partition function,
average chain dimensions, and other average quantities were obtained by assigning
a Boltzmann factor, e-Ei/RT, for suitably chosen values of (pi and /'i for each residue
i and summing over all "states" wO,4' so defined, and over all residues.6-8 Good
agreement was established between theoretical and experimental values of the
mean-square unperturbed end-to-end distance6-9 and the mean-square dipole mo-
ment10 for polypeptide chains of varying amino acid composition and sequence.6-'0
The configuration of the poly-L-proline chain with all units trans is the main

concern of the present paper. The rotation angle (p is taken to be fixed by the rigid
geometry of the pyrrolidine ring; hence, the conformational energy of a residue
depends on t,' alone. Further studies" dealing with poly-L-proline I and the cooper-
ative I ;# II transition are reported in brief.

Calculation of the Conformational Energy and Chain Dimensions.-Two units
of a poly-L-proline II chain are displayed in Figure 1. All bond lengths and bond
angles are taken from Sasisekharan's X-ray and optical diffraction investigation of
poly-L-proline II.2 The imide group is assigned to the planar trans configuration.
The distance between consecutive a-carbon atoms is then fixed at lu = 3.80 A.
A poly-L-proline chain consisting of x + 1 residues may be treated, therefore, as a
sequence of x virtual bonds of length llu joining the consecutive a-carbon atoms of
x + 1 residues. Conformational energies of a trans L-prolyl residue in a poly-L-
proline II chain were calculated by summing over all van der Waals repulsive
(VR,,k) and London attractive (VLJk) interactions between atoms separated by one

rotation angle VI. The semiempirical potential functions and parameters obtained
by Brant et al.7 were used. Dipolar interactions between adjacent imide groups
and the intrinsic torsional potential about the Cot C bond were legitimately
neglected; these contributions to the energy are of minor importance in this chain
which is subject to stringent steric hindrances (cf. Discussion). The potential
associated with rotations about the Ca-C bond, accordingly, is taken to be

V(+) = Z(VRjk + VLjk), (1)
j,k
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FIG. l.-Schematic representation of the poly-Lproline II chain with the imide groups in the
planar trans conformation and the rotation angle so fixed (ca. 1020). Subscripts are serial indexes
of proline residues. Virtual bonds i and i + 1 are shown by light dashed lines. The angle 0 referred
to in the text is the supplement of the N-CalC bond angle. A discussion of the standard nota-
tion used here is given in refs. 7 and 12.

where the summation is over all nonbonded atoms j and k separated by a single
rotation angle 4,.
The conformational energy thus calculated is shown in Figure 2. Except in the

range s1 = 275-370° (or 100), steric repulsions give rise to energies more than 7
kcal mole-' above the minimum which occurs at 3040. With so restricted to 275-
3700, rotations about each Ca C bond are sensibly independent of rotations of
adjacent bonds. Interactions dependent on two i, angles are significant only when
one (or both) of these i,6 angles is well outside the sterically accessible range (275-
3700). This fact, readily demonstrated by inspection of molecular scale models,
greatly simplifies treatment of the configurational properties of the chain.
The mutual orientation of two successive virtual bonds, u,i+l and l,,, is deter-

mined by the angle b,, and the configuration of the chain as a whole is determined
by specifying the value of every rotation angle #i. Calculation of a configuration-
ally dependent property, e.g., the mean-square unperturbed end-to-end distance, is
readily carried out for a chain of any length x by application of the mathematical
methods6 which are summarized below.
A right-handed Cartesian coordinate system XiYiZi is defined for each virtual

bond, the axis X .being taken in the direction of virtual bond i and Yi in the plane
of virtual bonds i - 1 and i. The transformation matrix Ti transforms a vector
expressed in coordinate system i + 1 to its expression in coordinate system i. This
transformation matrix is a function of rotation angles joi and hi4, and of the angles
0, -q, and t defined in Figure 1 and its legend. These latter angles are fixed by the
structure at 69.5°, 22.20, and 13.2°, respectively,2 and the pyrrolidine ring fixes
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ioi at ca. 1020.2 Hence, Ti is a function only of 4. apart from fixed geometrical
parameters, i.e., X and t (for further details, see ref. 7).
The mean-square unperturbed end-to-end distance (r2)o between terminal alpha

atoms is given by
x x

(r2)0 = E E (lUiT.lU,J)
j=1 i=1

x j-1
= XlU2 + 2 E E lu, T(TiT+l... Tj-1)1uty (2)

j=1 t=1

where the angular brackets denote statistical mechanical averages and 1ui is the
column vector representation of virtual bond i, with elements 1u, 0, 0; lu T is the
transpose or row form of this vector. For the homopolymers consisting exclusively
of trans L-prolyl residues the matrix Ti is identical for all residues. Hence, the
serial index may be omitted. Dependence of each transformation Ti exclusively
on so permits the averaged product of T matrices to be replaced by the product of
averaged matrices (T). Equation (2) for the characteristic ratio (r2)O/xJ.2 may there-
fore be written

(r2)0/xtU2 = 1 + 2 E (1 - k/x)((T)n)1, (3)
k =1

where ((T)k)11 denotes the 1,1 element of the matrix (T)k. The summation in equa-
tion (3) is readily performed with the result

(r2)0/Xlu2 = {(E + (T)) (E -(T))--2/x((T)) (E - (T)Z) (E - (T))-2} (4)
where E is the identity matrix of order 3.
The averaged matrix (T) is given by

j2w \V 1t)
T(O,,Pq-7t') exp RTJ d4,

jexp RT ]do

The integrals were evaluated numerically by summing over discrete rotational
states from 2750 to 3700 in increments of 5°. The result isl3

0.44 0.30 0.811
(T) = -0. 54 -0.62 0.52 . (6)

0.71 -0.69 -0. 11]

The characteristic ratio calculated from equations (4) and (6) is displayed in
Figure 3 as a function of chain length. For comparison, the characteristic ratios
obtained previously6' 7, 9 for homopolymers of glycine and of alanine are shown also.
The foregoing estimation of the conformational energy as represented in Figure 2

is subject to inaccuracies in detail. Consequences of systematic alterations of the
shape of the potential function were therefore investigated by replacing the curve
in Figure 2 by a series of parabolic potentials centered at #0 = 3100, the angle
about which the lower portion of the curve in Figure 2 is approximately symmetric.
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Sterically unfavorable values of V,& (10-275°) were disallowed. The resulting poten-
tial function is

V(*) = k(6- ,o)2 2750s0< 3700;
- a 100<#6<2750; (7)

where k is an adjustable parameter. The sensitivity of the chain dimensions to the
rotational potential was investigated by calculating (T) and (r2)o/xlu2 according to
equations (4) and (5) for various k's. Through trial calculations k = 0.00148 kcal
mole-1 deg 2 was found to reproduce within 1.0 per cent the characteristic ratios
calculated from equation (1). Selected parabolic potential functions are shown in
Figure 4. The limiting value of (r2)0/Xlu2 for x = X is indicated at the right-hand
terminus of each curve; the value of this ratio similarly calculated for a degree of
polymerization x = 255 is given in parentheses.
The rotational hindrance potential may be approximated alternatively as a

square well of width 2A centered about so:

V(N)=0,O &o- A S 4 S 4o + A;
= 0, s#0+ A< '<#o0-A. (8)

A value of A = 24 degrees reproduces the calculations of (r2)0/xl.2 obtained with the
potential function of equation (1) within 1.0 per cent at all chain lengths. The
effect of varying A on (r2)0/Xlu2 for x = 255 and x = co is shown in Figure 5.

Discussion.-Steric overlaps in poly-L-proline II cause the conformational energy
to exceed its minimum value prohibitively (i.e., by more than ca. 4 kcal mole-1)
for over three fourths of the range of AS. The energy rises rapidly at 2800 due to
unfavorably small distances between O-1 -C,+l and Ctfl-Of); its rise near 00 is
due to contacts between Cjy-C+15, Ciy-Ni+1, N -Oi, O°-1 Oi, and C-1- Of.

Conformations in the neighborhood of 6, = 120-150' for an L-proline dipeptide
were represented by Leach, Nemethy, and Scheraga,4 as being permitted, although
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FIG. 2.-Relative conformational energy as FIG. 3.-<r2>o/Xl.2 plotted against the
a function of ik, calculated according to eq. (1). number of units x for homopolymers of

glycine (GLY), alanine (ALA), and proline
(PRO).
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I i, ddegrees
50 100

FIG. 4.-Parabolic rotational potential func- 2 degrees
tions calculated according to equation (7).
The value of <r2>o/xl4. for x = X is given at
the right-hand terminus of each curve; the FIG. 5.-Values of <r'>o/xlu2 as a
value of this ratio for x = 255 is given in function of the width 2A of a square-well
parentheses. The dashed curve reproduces potential centered about #'o (see eq. 8) for
<r2>0/xl"2 for all x within 1% of the char- x = 255 and x = a.
acteristic ratios calculated with the energy
function of Fig. 2.

disallowed by steric repulsions if adopted by a pair of successive 4i angles for a
sequence of three or more trans L-prolyl residues. We find, however, that even for
a pair of such residues (related by a single iP angle) the energy for a conformation
in this range is prohibitive, being in excess of 60 kcal mole-i due to overlaps be-
tween C,+,8 and atoms of the ith proline ring. Leach et al.14 used coordinates for
the prolyl residue differing slightly from ours. However, the marked difference in
result can scarcely be resolved on this basis alone. The steric repulsions cited here
are readily confirmed by inspection of Corey-Pauling-Koltun (CPK) molecular
scale models. We have confirmed the findings of Leach et al. that unfavorable con-
tacts between residues separated by two virtual bonds occur when both inter-
vening angles assume values near 4t = 1200.14 The a-helical conformation is there-
fore disallowed.
A somewhat different conformational energy calculation of poly-L-proline II,

confined to rigid helices with exclusion of all irregular forms, has been reported by
De Santis et al."5 The angles about each Ca-C bond were varied in concert and the
energy was calculated from the repulsive van der Waals interactions only. We
have found that interactions dependent on only a single Vt angle are sensibly inde-
pendent of the rotational states of adjacent residues when all 4,t angles are restricted
to the 275-370° domain. For this reason, the shape of our potential energy curve
and theirs, calculated for one of a sequence of residues in identical conformations,
is in good agreement within this range of y6. Such discrepancies as occur are due to
minor differences in the residue coordinates, to a difference in the repulsive poten-
tials used, and to our having taken account of attractive (London dispersion)
energies.

In the poly-L-proline II crystal, ,6 is ca. 3270.2 The energy calculated for this
angle is only 0.4 kcal mole-1 above the min imu IntrmQlecular interactions in
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the crystal may easily affect the position of the minimum to the extent indicated
(ca. 200).
Omission of the electrostatic energy of interaction between dipoles of adjacent

imide groups is justified by the fact that only one region of the energy map (i.e.,
energy function' 7 of (n and 1) is allowed. Variation of the electrostatic energy in
the permitted range is not great.'6 Inclusion of the dipole-dipole energy, which is
attractive in most of this range, would have the effect of narrowing slightly the
energy function shown in Figure 2.'7
The average chain dimensions calculated for the poly-L-proline II chain, as ex-

pressed in the ratio (r2)0/Xlu2, are large and the convergence of this ratio with x is
slow. These features are consequences of the form of the conformational energy
function in Figure 2, in conjunction with the fact that the rotation angles about
the N-C' and C-N bonds are fixed. The contrasting behavior of this ratio for
the polyglycine and the poly-L-alanine chains in which rotations are permitted
about N-Ca bond is apparent in Figure 3.
The highly extended nature of poly-L-proline II is further demonstrated by com-

parison of (r2)o in the stiff random coil to r,2 in the Cowan-McGavin helix. For
chains of 16 and 128 residues, (r2)0 is 94 per cent and 64 per cent, respectively, of
r,2. This behavior agrees with the experimental viscosity results (in acetic acid) of
Steinberg et al.'8 who found that the dimensions of poly-L-proline II, deduced on
the basis of an ellipsoidal model, agree with those calculated for the Cowan-Mc-
Gavin helix for a chain length of ca. 50 residues.'8 The intrinsic viscosities of poly-
mers of higher molecular weight18 indicate departures from the dimensions of the
rigid helix, and these departures increase with chain length in qualitative accord
with the predictions above. However, the usual asymptotic equations for treating
the hydrodynamic behavior of random coils should not be applied to a chain having
the rigidity evident in poly-L-proline, even at chain lengths of 1000 units.

Since the conformation over short sequences of units in the stiff random coil and
in the helix are comparable, the optical rotatory properties of the dissolved molecule
are probably similar to those of a rigid helix. Pysh has shown recently that the
rotational strengths per residue in the Cowan-McGavin helix are virtually inde-
pendent of chain length above five residues.19 Inasmuch as mutual orientations of
the residues in the stiff random coil should approximate the rigid helix within se-
quences of this length, the rotational strengths should be comparable to the value
for the helix.
The dimensions of poly-L-proline II in solution are known to be very sensitive

to the solvent medium. For example, Steinberg et al. have shown that the intrinsic
viscosity (mol wt, 19,000) drops ca. 40 per cent when the polymer is transferred from
acetic acid to water.'8 The reduction of the intrinsic viscosity may have been
brought about by isomerization of an occasional imide bond to the cis form. Al-
ternatively, or additionally, it may reflect solvent-induced alterations in the rota-
tional hindrance potential about the Ca'C bond. The results of our calculations
summarized in Figures 4 and 5 demonstrate that the chain dimensions should be
extremely sensitive to relatively small changes in the rotational potential. The
large influence of the rotational hindrance potential on the chain dimensions is due
to the fact that the rotations are restricted, sterically, to a small domain. When all
rotation angles are fixed at the same value (i.e., for a helix), (r2)0/xlu2 rises without
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bound with increasing number of residues. Small deviations in the rotation angles
from their fixed values rapidly reduce (r2)O/xll2 and cause it to converge to a finite
limit. In poly-L-proline II an analogous situation occurs when the effective acces-
sible domain for rotations about the Ca C bond is increased. The effect of varia-
tions in the hindrance potential on the chain dimensions is naturally greatest for
long chains.
The comparative insensitivity of optical rotatory power, for reasons given above,

is reflected in the observation that large changes in intrinsic viscosity are not always
accompanied by comparable changes in optical rotation.'8 Lithium bromide,
however, causes a change in both intrinsic viscosity and optical rotation which
possibly results from large alterations in the rotational potential function.'8' 20 21

Some penetration into the sterically disallowed domain and departures from rigidity
at the imide bond may occur since LiBr binds to the polymer.2'
The preceding analysis of poly-L-proline II is in accord with the experimental ob-

servations and provides a rational interpretation of the available data. A meaning-
ful quantitative comparison of experimental and theoretical values for the chain
dimensions is not possible, however. A relatively small error in the representation
of the rotational hindrance potential would lead to a large discrepancy with ex-
periment. Additional discrepancies would arise if a few residues were to adopt the
cis configuration. Even a very small fraction of the units in the cis configuration
would markedly lower the chain dimensions. The occurrence of a cis unit in a

mainly trans chain can be shown to be opposed by strong steric overlaps. Hence,
cis units should be of rare occurrence, except under conditions which approach
those required for the conversion II -* I.
A small proportion of D-prolyl units would also depress the chain dimensions.

This fact should be borne in mind in investigations on polyproline: a high degree
of stereoregularity (ca. 99%o) of the asymmetric centers of the prolyl units may be
required for significant quantitative experiments on the chain dimensions.
The cis residues comprising poly-L-proline I are considerably more hindered than

those of poly-L-proline II. In contrast to poly-L-proline II, rotations within a

residue of I are strongly dependent upon the rotations of its neighbors for all values
of 'A; significant interactions dependent on three rotation angles occur. The resi-
dues in poly-L-proline I are much more tightly packed than in poly-L-proline II.
The conformation I is preferred in poor solvents'8 wherein relatively favorable
intrachain interactions supplant less favorable polymer-solvent interactions. The
occurrence of I as the stable form under any circumstances seems explicable only
if the groups forced into close contact in this form interact attractively. Addi-
tionally, the realization of this favorable energy by a given cis residue requires that
several of its neighbors (on both sides) adopt the cis configuration. This circum-
stance imposes the condition of simultaneous formation of sequences of residues in
the cis configuration and hence renders the I 2± II transformation cooperative, as

evidenced by its occurrence within a narrow interval of solvent composition.22' 23
The effect of chain length on the location of the transition shows the stability of the
all cis chain to be enhanced by an increase in chain length.23 This observation offers
further evidence for the importance of intrachain interactions between neighboring
units as a factor favoring form I.
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Note added in proof: Recent energy transfer experiments (Stryer, L., and R. Haugland, these
PROCEEDINGS, in press), employing oligomers of poly-Lproline II as spacers between energy donor
and energy acceptor, confirm our calculation of the dimensions of the short chains.

* This work was supported by the Directorate of Chemical Sciences, Air Force Office of Scientific
Research contract no. AF49(638)1341.
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