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INTRODUCTION

The imino acid proline differs from an amino acid in a polypeptide chain in that the
imide link which it forms is devoid of a hydrogen atom and thus hydrogen bonding to
a neighboring group is prevented. Moreover, because of the rigidity and geometrical
form of the pyrrolidine ring, the proline residue cannot fit into an undistorted a-helix
except at the ends of such a helix!. If the proline imide bond is in the ¢is-configuration,
a sharp bend can be produced in a helix at the proline position thus allowing a reversal
of direction?-3. The known compact geometry of many globular proteins suggests that
such a configuration may, indeed, exist.

Studies on the synthetic polymers and copolymers of proline may be expected
to help in clarifying the role of proline in the structure of proteins, particularly those
rich in proline such as collagen, gelatin, casein and zein. Polymers of L-proline have
been synthesized by BERGER, KURTZ and Katcmarski through polymerization of
N-carboxy-L-proline anhydride? 5. Poly-L-proline exists in two forms, one exhibiting
a specific rotation [«]® = 440° in water (which we will designate polyproline I) and
the other exhibiting a specific rotation, [a]% = —540° (polyproline II)8. Polyproline I
mutarotates in water to polyproline II over a period of several days. CowAN AND
McGavin have concluded from an analysis of the X-ray powder patterns as well as
X-ray diffraction patterns of oriented films that polyproline II in the solid state
exists in a helical configuration, the helix having the absolute left-handed sense.” The
helix has 3 residues per complete turn and a residue repeat distance along the longitu-
dinal axis of 3.12 A. The structure of polyproline I in the solid state has not as yet
been elucidated although it has been demonstrated that polyproline I has a distinctly
different X-ray diffraction powder pattern from that produced by polyproline 118,
This suggests that the fundamental molecular configurations of these two forms are
different. Evidence to be presented below supports this conclusion.

The CowaN-McGAavIN helix has a rather high degree of steric rigidity and it seems
probable that the steric restraints would be great enough to maintain the molecule
in its helical configuration in solution®?. The optical rotatory properties of such a
system should consequently be a reflection of the rotatory characteristics of a helix
superimposed on the intrinsic residue rotation®.

In recent years a number of investigations of both a theoretical?: 10,11, 12,13 gnd
experimentall; 15,16,17,18,19 natyre have clarified considerably the complex relation
between optical activity and the configurational pattern of the back-bone chain in

* On leave of absence from the Weizmann Institute of Science, Rehovot, Israel.
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polypeptides and proteins. LINDERSTR@M-LANG AND SCHELLMANI* proposed that
changes in the rotatory dispersion constant 4,, could be related to changes in the
amount of the folded configuration in the polypeptide chain. CoHEN® suggested that
the observed optical rotations of globular proteins could result from the configura-
tional pattern of the chain superimposed on the optical rotation of the asymmetric
centers. On the theoretical side Fitts aND KIRKwW00D! have applied the KiRkwooD
polarizability theory?® to a calculation of the optical rotation of helical molecules,
while MorrITT!,!? has examined the effect of the a-helical configuration on optical
rotation and its dispersion.

The application of these ideas to studies of polypeptides and proteins in solution
has been very fruitful, leading to evidence from optical rotation that the a-helical
pattern exists in proteins?, and to the suggestion that many globular proteins may be
only partially folded!?- 18, A more refined viewpoint is now possible for the well-known
optical rotation changes on denaturation of proteins, and the stabilizing forces which
maintain the configurational patterns of proteins in solution can be more deeply
explored.

Optical rotatory studies are of special significance in aqueous solutions, the
natural environment of most proteins, since the hydrogen bonds which are of major
importance in maintaining the helical polypeptide patterns in proteins are weakened
significantly in aqueous systems. From thermodynamic data on the association of
urea, SCHELLMANZL: 22 estimates a value of 1.5 kcal/mole per peptide hydrogen bond
in aqueous solution which should be compared to a value of -8 kcal/mole in non-
aqueous media. The implications of these calculations have been explored in a study on
the configurational properties in water of a polypeptide chain, oxidized ribonuclease,
devoid of cross-linking disulphide bonds®®. In a more recent study, the effect of lower-
ing the activity of solvent water on the configurational pattern of polypeptides and
proteins in aqueous solution has been examined?. It was found that concentrated
aqueous solutions of lithium bromide and similar substances (possessing high activity
coefficients, and therefore, according to the Gibbs-Duhem equation, low water ac-
tivity) bring about the formation of maximum intramolecular hydrogen bonding in
proteins and polypeptides. Two polypeptide chains, clupein and oxidized ribonuclease,
known to be unfolded in aqueous solution, were examined. In water, clupein exhibits
a specific rotation [a]3 = -—104.5° and a rotatory dispersion constant, 4, = 200 mg,
whereas in 6 M lithium bromide, [a]% = —48.9° and 4, = 230 mp. Similarly oxidized
ribonuclease in water gives [a]% = —g1.1° and 4, = 225 my whereas in g.g M lithium
bromide [a]® = —49.5° and A, = 250 mpu. The changes in the optical rotatory
properties of the above two materials in lithium bromide solutions are consistent with
those expected from the formation of a folded, hydrogen-bonded configuration. On
the other hand, concentrated aqueous lithium bromide solutions had no significant
effect on the specific rotation or dispersion constant of the extensively hydrogen
bonded protein serum albumin, even at temperatures up to 95°C2. The action of
lithium bromide, then, is opposite to that of the usual denaturing agents such as urea,
guanidinium salts and formamide whose normal action is to break peptide hydrogen
bonds.

In the light of these investigations it seemed worth-while to examine the effect
of denaturing and “contra-denaturing” substances on the properties of the poly-L-
proline molecule in solution. Since poly-L-proline is devoid of peptide hydrogen bonds
References p. 40/41.
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any configurational effects of the substances mentioned above must be attributed to
causes other than the breaking or forming of such hydrogen bonds. Much of the work
to be reported here deals with polyproline II. Some studies have been carried out on
polyproline 1.

METHODS AND MATERIALS

Optical rotations and rotatory dispersions were measured with a Rudolph precision ultraviolet
polarimeter, model 80, equipped with the Rudolph photoelectric polarimeter attachment and an
oscillating polarizer prism. Dispersion studies included the spectral range from 400 to 750 my,
and were obtained through the use of a zirconium arc lamp (Sylvania, type K100). The tempera-
ture dependence of rotation of the sodium D line was measured with a Model D Keston Polarimeter
unit (Standard Polarimeter Company) in conjunction with the Beckmann DU spectrophotometer.
Water from a circulating waterbath served to control the temperature over the range 3° to go° C.
In these studies a 0.5 dm water-jacketed cell was employed.

Many of the optical rotatory measurements to be reported here were made on concentrated
aqueous solutions. Since the indices of refraction of these solvents differ from that of water, there
is a small but significant effect on the measured rotation?. Specific rotations have therefore been
corrected to equivalent values in water (unless otherwise noted) by the equation

2
“H,w + 2

20 __ 20
fal§" = [a]*" X N
where up,w is the index of refraction of water at 20° C and #pg is the index of refraction of
solution at 20° C. The indices of refraction of the solutions of interest have been determined in an
Abbe refractometer and are given in Table I.

Viscosity measurements were made at 25+ 0.01° C in an Ostwald type viscometer having an
average shear gradient of 300 sec~!. The outflow time for water in this viscometer (2 cc volume)
was 8o seconds.

Sedimentation was observed by means of a Spinco Model E ultracentrifuge operating at
59,780 r.p.m. either at room temperature or at 5° C as noted. The synthetic boundary cell was
used in all experiments in view of the low molecular weight of the proline polymers employed.
Photographic plates were measured with a Gaertner microcomparator in conjunction with a
movable stage designed to give a two-way movement.

Poly-L-proline 11 samples of number average degrees of polymerization, DP, 30 and 50 (cal-
culated from end-group analysis according to SELA AND BERGER?), as well as poly-L-proline I
(DP 50) were obtained through the courtesy of Dr. E. KarcHALSKI of the Weizmann Institute of
Science. These materials were stored in a desiccator over phosphorus pentoxide and all solutions
of the polymers were made up by weight, assuming them to have a negligible water content.

Lithium bromide, calcium chloride, urea and pyridine were reagent grade, and were used
without further purification. Lithium perchlorate was prepared by neutralizing 259%, aqueous
perchloric acid with an equivalent amount of lithium carbonate. The salt was recrystallized from
water. Reagent grade guanidine' HCl was recrystallized once from methanol and stored in a
desiccator over phosphorus pentoxide.

TABLEI

INDICES OF REFRACTION

Substance Concentration n%)
Guanidine- HCl 6M 1.4353
Urea 8 M 1.4009
Lithium bromide* 6.5 M 1.4100
Lithium bromide™ 12.0 M 1.4783
Lithium perchlorate Saturated soln. 1.3608
Calcium chloride Saturated soln. 1.4624
Pyridine (saturated with 1.5270

lithium bromide)

*Values for other lithium bromide concentrations were obtained from Landolt-Bérnstein
Tabellen E.1., 534, 5th Edition, Berlin, 1931 .
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voL. 27 (1958) STRUCTURE OF POLY-L-PROLINE 27

RESULTS AND DISCUSSION

The relatively rigid helical configuration of polyproline II in the solid state may also
hold in aqueous solution. Assuming that such is the case, the contribution of the
helix to the rotation may be estimated from the theory of Firrs aND KirkwooD for
the optical rotation of helical molecules®. According to the polarizability theory of
KirgwooD?, the rotation of the sodium-D line of an optically active molecule in

solution is given by n? +2)g

[alp = 4.930 X 10° 3 (1)

where # is the index of refraction of the solution, M the molecular weight of the com-
pound and g is the molecular rotatory parameter. For infinitely long helical molecules
in which the polarizability is distributed in a continuous fashion over the length of
the helix, Firrs AND KirRkwoOD have shown that the most general expression for
g is given by:

o __aByy @
€= ot (g = |J. /0% + [ Fgao] @
where
_ Bsinf—2 (1 —cos 6) 3 (sin @ + 92 6)2
1(6) = [2(1 — cos 0) + 72 65372 [cos 0+ y2— T s G 02] )
and
F(0) = [Bsinf—2z (1 —y:(;ss 6)] (cos 6 — 2y?) "

Here a, is the polarizability per turn of the helix, 8, is the anisotropy ratio?, y = b/a
and » is the number of turns of the helix. @ is the average radius of the main chain
atoms of the helix and b is the translational distance of the helix per radian.

In the calculation to follow we assume

(1) that the mean polarizabilities are additive

(2) that the anisotropy factor is 1/320,19,

According to CowaN AND McGavIN? the polar coordinates (in A) of atoms
forming the main structural chain in polyproline are O,, 1.14; N,, 1.01; aC,, 1.30; and
C,, 0.32. The average radius of the atoms in the main chain is thus a = 0.943 A.
Since the translational distance per turn of the helix is 9.36 A, = 1.49 A. The value
of y is therefore 1.58.

The mean polarizability of the substituent groups in the main chain was deter-
mined from their atomic refractions according to the equation

ai=4ﬂLNzAs

The values of a; are 1.39 for C-H, 1.82 for C=0, and 1.13 for ——N<. The mean polari-
zability per turn, ay, is 4.34-3 A3 In this calculation we have neglected the vicinal
interactions of the side-chain methylene groups.

The integral f : f(6)d8 was evaluated by numerical integration between o and &,
letting ¢ = —6. This integral has a value of —0.490. The second integral, f:oF (6)de,
can be integrated by parts to yield the integral cosine

0

C,'(e) =_‘J‘COS;V dx

X
&
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28 W. F. HARRINGTON, M. SELA voL. 27 (1958)

which can be evaluated between limits from tables*. Integrating between — 67 and
— 127, the integral [C; (—127) — C; (—6n)]/y3 is found to be insignificant (—5-107%)
compared to —0.490, and therefore for a left-handed fraxns-proline helix the rotatory
parameter, g° = —1.88-107% «? f%. The contribution of the helix to the rotation
of the sodium-D line by polyproline IT would be

20820,2
{alp = (327(]‘15___—”(:4__'1;22 (s)

where m = M /v is the molecular weight per turn. The estimated contribution of the
helix in water is therefore —230°.

According to the calculation made above, if poly-L-proline in aqueous solution
exists as a left-handed helix with [a], = —540°, then the intrinsic residue rotation
of L-proline in the peptide chain should be in the neighborhood of —300°. Evidence
in this direction is forthcoming from the specific rotations of a series of glycine-
proline copolymers which have recently been measured by KurTz, BERGER AND
Karcuarski®, If it is assumed that poly-L-proline possesses a specific homogeneous
configuration in solution, then the introduction of glycine residues into the poly-
proline chain should result in a gradual elimination of the regularity of this structure.
In the limit of copolymers with very high glycine to proline ratios, the initial proline
configuration would be completely eliminated. Moreover, since glycine is optically
inactive, the optical rotation observed under such conditions should result entirely
from the intrinsic residue rotation of proline. This argument neglects the possibility
that extensive sequences of glycine residues along the chain could form a-helices.
However, the glycine residue is non-asymmetric, and helical segments, if they form
at all, should be composed of a racemic mixture of left- and right-handed helices.
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Fig. 1. Specific rotation of proline in glycine-proline copolymers (based on the weight fraction of
proline).

Furthermore, recent work??: 28,22 has shown that four or more amino acids in a sequence

are required to form the a-helix. Thus copolymers of low glycine proline ratios would

not be expected to form a-helical segments. In Fig. 1 the specific rotation of the proline
* See Table of Sine and Cosine Integrals for Argument from 10 to 100. National Bureau of

Standards, Applied Mathematics Series 32.
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residue in glycine-proline copolymers is plotted as a function of the molar ratio of
glycine to proline. Rotations have been calculated from the specific rotations observed
for these polymers by KurTtz, BERGER AND KATCHALSKI® by multiplying by the
reciprocal of the molecular weight fraction of proline. Extrapolating from this plot
it appears that the specific rotation of the proline residue is somewhere between
—250° and —300°, which is in reasonably good agreement with the value predicted
for the rotation of the proline residue from an estimation of the helical contribution
as detailed above.

Properties of polyproline 11 in solution

Polyproline II is soluble in water® and dilute salt solutions. It is insoluble in concen-
trated solutions of sodium chloride®, though readily soluble in aqueous solutions of
lithium bromide, lithium perchlorate, calcium chloride, guanidine-HCl and urea.
It is insoluble in pyridine, but dissolves readily in pyridine saturated with lithium
bromide. The optical rotatory characteristics of polyproline II in these solutions
exhibit profound differences. Fig. 2 gives the rotatory dispersion plotted according
to the suggestion of YaNG AND Doty??, while Table II gives values of the dispersion
constant, 4,, evaluated from the slope of these plots as well as the rotation of the D
line, [a]®, in the various solvents. In all of the systems for which dispersion data are
recorded in the present, paper plots of A2[a] vs. [a] were linear over the spectral range
400 to 750 mu. Consequently the specific rotation at various wavelengths, 1, follows

a one-term Drude equation,
k
[a] = m

where /, is the rotatory dispersion constant, and £ is a parameter which is independent
of wavelength but is, in general, a function of temperature, pH, etc.

Anomalous dispersion has been observed recently for high molecular weight
polypeptides which exist in the a-helical pattern'é:?. However, we do not feel that
the observations summarized above are inconsistent with the view that poly-r-
proline exists in a helical configuration, since the two polymer samples investigated
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Fig. 2. Modified dispersion plot for polyproline ITin (A) A — 12.9 M lithium bromide; QO - pyri-
dine-LiBr; (B) O — 6.5 M lithium bromide; (C) @ ~ 0.1 M potassium chloride and (D) O 8 M urea.
Specific rotations have not been corrected for the index of refraction of the solvent.
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TABLE I1

OPTICAL ROTATORY PROPERTIES OF L~PROLINE AND POLY-L-PROLINE

Material Solvent [012,? A (mu)
1. L-Proline* H,O —86.8 126
L-Proline (hydrochloride)*  H,O —58.0 170
1-Proline (sodium salt)* H,0 —99.1 200
L-Proline 12.9 M LiBr —58.5 184
L-Proline 95% ethyl alcohol —67 —
II. Poly-L-proline I1I 0.1 M KCI1 —540 202
8 M urea —546 210
6 M Guanidine-HCl  —516 206
Poly-L-proline IT 6.45 M LiBr —364 192
12.9 M LiBr -—243 185
CaCl,(sat’d) —233 e
LiClO, (sat’d) 215 —
Pyridine (sat’d) -—237 185

with LiBr)

III. Poly-L-proline 1 H,0 + 33 100

* Data taken from references?.

have relatively low molecular weights. Anomalous dispersion has not yet been ob-
served in the proteins in aqueous systems, where presumably shorter helical segments
exist than in the synthetic polypeptides which have been studied.

The solvents listed in Table I fall into two general classes in their effect on the
rotation of polyproline II. In water, 8 M urea and 6 M guanidine* HCI the value of the
specific rotation [a]¥ is about —540°, and the dispersion constant, 4,, falls between
202210 myu. In view of the fact that polyproline is devoid of peptide hydrogen bonds,
the lack of a significant alteration in rotatory properties in urea or guanidine-HCl
is not surprising.

In the presence of lithium bromide, lithium perchlorate, calcium chloride or
pyridine (saturated with lithjum bromide), the absolute value of [a]% decreases to a
value around —250°, while A, undergoes a relatively small change to 185 mu. The
magnitude of the change in the optical rotation is such as to suggest that it cannot
be due to a solvent effect on the asymmetric centers. Moreover, the rotational change
is similar throughout a variety of solvents. It seems possible that a profound configu-
rational disorientation in the structural regularity of the molecule is responsible for
the changes observed.

It is of interest that the dispersion constant of poly-L-proline I1, 4, has a value
of 202 mu in water. This value is well below that observed for other polypeptides and
proteins in the folded configuration!4,16.17.18 In fact, polypeptides in the random
chain configuration and denatured proteins devoid of extensive secondary structure
exhibit a dispersion constant of about this magnitude. Nevertheless, it cannot be
presumed that this comparison affords evidence for the lack of a configurational
pattern in polyproline II. Support for this viewpoint comes from the very extensive
optical rotation studies on collagen and gelatin. Ichthyocol collagen in aqueous
solutions at low temperatures possesses structural properties consistent with the
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properties of collagen in the solid state31,32:33,32 where the evidence is strong that the
individual chains of the structure have a left-handed helical configuration33,3.37. On
heating collagen to 40° C, the structural properties are lost and the absolute value
of the optical rotation, [a]p, decreases from —300° to —100°3%.3L, On the other hand
4, remains at 205 4+ 15 mu throughout these changes®.

Temperature effects

Poly-L-proline II in water undergoes particularly striking visual changes in solubility
with temperature®. A clear solution of polyproline II in water develops a sudden
turbidity at around 63° when heated. On cooling, the solution remains turbid down
to a temperature of about 25° when the solution becomes suddenly clear. This cycle
can be repeated indefinitely. Fig. 3 presents the changes in rotation observed during
one of the heating cycles. There is a relatively small decrease in rotation as the
temperature is raised until the solution reaches a temperature of about 50°, when the
rotation drops very rapidly, reaching its maximum rate of change between 60 and 65°
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Fig. 3. The temperature dependence of the Fig. 4. The temperature dependence of the
specific rotation of polyproline II in o.1 M  specific rotation of polyproline II in (A) 8 M
potassium chloride. urea; (B) 12.9 M lithium bromide, and (C)

. pyridine (saturated with lithium bromide).

at the onset of turbidity. On cooling, the solution remains turbid down to 30°. Below
30° a very rapid increase in rotation occurs as the temperature is lowered. Thus the
measurement of rotation in the transition regions of both high and low temperatures
is a measure of the turbidity of the solution.

The striking temperature transitions in solubility demonstrated for polyproline
II in water are entirely absent when this material is heated and cooled in 8 M urea,
or in saturated lithium bromide solutions in water or pyridine (see Fig. 4). Studies
of the temperature effect in these solvents reveal that the solutions remain perfectly
clear up to the boiling point. In 8 M urea there is a small but significant decrease
in rotation with increasing temperature, the rate of change being about the same
as that in water over the range from 20° to 50° C. The observed decrease is consistent
with that expected for a structure in which the groups surrounding the asymmetric
centers have some freedom of movement?.%, Temperature coefficients in aqueous
lithium bromide and in pyridine-lithium bromide show similar though decreased
effects above 30° C. All the above changes are reversible.

The effect of lithvum bromide ‘
We turn now to a more detailed inquiry into the effect of lithium bromide on the
References p. 40/41.
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rotatory properties of polyproline II. In Fig. 5 are plotted the D line rotations of a
series of polyproline II solutions in which the concentration of lithium bromide has
been varied from o to 12.9 M. Essentially the same effect on rotation is observed for
materials of number average degrees of polymerization 30 and 50. The absolute value
of the rotation decreases steadily with increasing salt concentration levelling off in the
neighborhood of —250° at the highest lithium bromide concentration examined.
The effect is completely reversible. A solution of polyproline 11 in 8 M lithium bromide
gave a specific rotation of —287°. On dilution to 4 M, [a]y, increased to —370°.

In seeking an explanation of the above effect several possibilities must be con-
sidered. It is conceivable that the solvent brings about a direct alteration in the wave-
lengths of the optically active absorption bands of the proline residues in the poly-
peptide. If this were true, the solvent might possibly exhibit a similar effect on the
rotational characteristics of the free L-proline in solution. The rotatory dispersion of
L-proline has been measured in 12.9 M lithium bromide. A plot of A [a] vs. [a] over
the visible range is linear and yields a dispersion constant, 4, = 184 my and [«]¥ =
—58.5°, corrected for index of refraction of the solvent. Thus the rotation charac-
teristics change markedly from those observed in water (see Table 1I). Here it is well
to consider the effect of the charges on the rotatory properties of the free acid (Table
II). Measurements in acid and base suggest that elimination of the charge effect would
result in rotatory properties similar to those observed for the free acid in the lithium
bromide medium. Reference has already been made to the very high activity coeffi-
cient of lithium bromide in concentrated aqueous solution. The activity of water,
calculated from the data of RoBINsON AND STOKES®, in 12.9 M lithium bromide is
about 3-10~*M. Such a low water activity undoubtedly represses ionization of the
carboxyl group of L-proline and also acts to damp out the effect of the imino nitrogen
charge. The argument is given additional weight by a measurement of the rotation of
L-proline in 95% ethanol where [a]®— —67°. This is a substantial decrease from the
rotation in water, and must be attributed to a damping out of the charge effects. The
action of the lithium bromide solvent then would appear to have little direct effect
on the optically active absorption bands of the proline residues in the polymer where
charge effects are essentially eliminated.

It is unlikely that simple aggregation phenomena could lead to rotational changes
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Fig. 5. Specific rotation of polyproline II as  Fig. 6. Reduced viscosity versus conc¢ntration
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of the magnitude observed unless a regular configurational pattern is established on
aggregation which is nonexistent in the non-aggregated structure. CoHEN has demon-
strated that hot evaporated gelatin films give very low specific rotations in contra-
distinction to cold evaporated films which have large laevorotations and other optical
properties very similar to those of collagen®. Evidently, the close approach of mole-
cules in the hot evaporated gelatin has little influence on rotation, whereas the de-
velopment of a collagen-like structure, which occurs on cold evaporation, leads to the
observed rotational changes.

The possibility of aggregation of poly-L-proline II in lithium bromide has been
examined in a study of the sedimentation and viscosity properties of the polymer in
the absence and presence of this salt. (See Table III and Figure 6). Sedimentation
coefficients of polyproline II in 0.1 M potassium chloride and in 8 M/ lithium bromide,
when corrected for the density and viscosity of the solvent, are essentially identical.

TABLE III

SEDIMENTATION OF POLY-L-PROLINE

; w
Material  Concentration (%)  Solvent (Zo—:‘”:;— . fsa %} , SSI 3
Polyproline I 1.0 H,0 0.5 13.5 0.54
0.64 H,0 27 14.9 0.54

0.47 H,0 170 Absent 0.57

(heated)
Polyproline 11 1.0 o1 MKCl — Absent 0.54
1.0 8MLiBr — Absent 0.5

On the other hand, a plot of the reduced viscosity versus concentration of polyproline
II shows a striking decrease in the viscosity contribution of the polymer when it is
transferred to the high salt medium (Fig. 6). The sedimentation and viscosity data,
when taken together”, are therefore unambiguous in ruling out aggregation in the
lithium bromide solvent. Moreover, the marked decrease in reduced viscosity must be
attributed to a configurational change in the polyproline molecule resulting in a
lowering of the asymmetry of this molecule. The value of the reduced viscosity, /¢,
for the polymer in 0.1 M potassium chloride at infinite dilution is 0.235 (g/ml)~t. The
osmotic pressure, sedimentation and diffusion experiments of KurTz, BERGER AND
KaTcraLski® have shown that polyproline II exists in a non-aggregated form in
water and dilute salt solution. Our sedimentation and viscosity experiments confirm
this observation. The relatively high value of intrinsic viscosity (Fig. 6) must conse-
quently result from the asymmetry of the polyproline molecules.

Using values of 3.17 A for the radius (the radius of the C atom of the ring) and
3.12 A for the translational distance per residue?, we have calculated the axial ratios
to be expected for poly-L-proline in the Cowan-McGavin helix for polymers containing
on the average 30, 50, 9o and 100 residues per molecule as judged by end-group

* The invariance of the sedimentation coefficient in the two solvents remains somewhat
anomalous since a reduction in viscosity increment should increase the sedimentation coefficient.
It seems possible that errors inherent in the measurement of the sedimentation coefficient in con-
centrated lithium bromide may explain this discrepancy.
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analysis. The axial ratio has also been estimated from the reduced viscosity data,
summarized in Table IV, using the SiMHA equation for prolate ellipsoids®®. It will be
seen from this table that the axial ratio calculated in this way is in reasonable agree-
ment with that expected for the Cowan-McGavin helix.

TABLE IV

AXIAL RATIO OF POLYPROLINE II IN SOLUTION

Average number of Axial ratio Axial ratio found
residues in polymer™ expected™ from viscosity***
30 15 17
50 26 19
908 43 49

1008 49 36

* End group analysis?.
** Based on coordinates of CowaN-McGavIN helix?.
*** SiMHA equation®®; density assumed to be 1.32 g/ml%.
§ From data of Kurtz, BERGER AND KATCHALSKIZS.

Configuration of polyproline I1 in aqueous solution

It is now apparent that both the rotatory and hydrodynamic properties of polyproline
II in water and dilute salt solutions are entirely consistent with a left-handed rans-
helical configuration. On the other hand, in the solvents of low water activity, there
is a decrease in the absolute magnitude of rotation which is, within experimental error,
that expected for the elimination of the helical pattern. Moreover, the rotation change
is accompanied by a significant decrease in the value of 4, from 200 to 185 my as the
water activity of the surrounding medium is lowered towards zero. It should be noted
that the final value of 4, observed is identical to that of L-proline in saturated lithium
bromide. The consequence of this development is that elimination of the helix results
in a decrease of only 15-20 my in the dispersion constant. This value is much lower
than the change in A, observed on elimination of the a-helix in proteins and poly-
peptides!4,16,18,23,41 Tt must be remembered, however, that in polyproline II we are
dealing with a helix on which the main chain atoms of the screw have a much smaller
radius’ (average » = 0.94 A), and which has a much steeper spiral than has the a-helix.
In the next section where we will discuss polyproline I, we will present evidence that
a polyproline helix corresponding more closely in radius and pitch to the a-helix
exhibits a much greater change in 4, on destruction.

In considering the configurational changes in poly-L-proline II in the presence
of lithium bromide, changes leading to a destruction of the helical pattern, we are
faced at once with a rather remarkable fact: the steric restraints imposed by the ring
structure of the proline residues makes a random chain impossible. From an examina-
tion of models of polyproline 11, it seems clear that the destruction of such a helical
configuration can only be accomplished through a irams-cis-isomerization at the
peptide bonds. Such a mechanism would allow the collapse of the helical pattern and
inversion in direction of the chain segments necessary to produce the striking drop in
viscosity which is observed (Fig. 6). Why this situation is brought about in systems
of low water activity, cannot be fruitfully discussed at this time. On the other hand,
if the above interpretation is correct, it is of great interest in the problem of protein
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structure, and particularly in the elucidation of the structure of globular proteins
where the cis-proline configuration has been suggested?®:® as a possible mechanism for
changing the direction of the chain by 180°. Thus any #rans-cis-isomerization at the
peptide bond would change in a striking manner the over-all dimensions of the mol-
ecule.

Studies on poly-L-proline I

Poly-L-proline I is prepared by precipitating the polymer with ether from a pyridine
polymerization mixture®.2, It has a slight positive rotation (ca. +40°) in water when
measured immediately after dissolution. On standing in water, the system undergoes
mutarotation over a period of several days at room temperature to polyproline I1¢25,
Polyproline 1 is only partially soluble in water at room temperature$ 2, but is readily
soluble at 2° C giving a water-clear solution. It is insoluble in concentrated aqueous
or pyridine solutions of lithium bromide. In fact, traces of salt (NaCl or LiBr) are
sufficient to precipitate the polymer from
water.

The changes in the optical rotation of
the D line during mutarotation of poly-
proline I have been reported by Kurtz, °
BERGER AND KatcrALSKIS. The changes in
rotatory dispersion of polyproline I in
water, as it mutarotates to polyproline IT -1o0
at 25° C, have now been measured and are
presented in Fig. 7.

In the first hour after the polymer is -200
dissolved, positive rotations are observed
at all wavelengths, the rotation increasing
with diminishing wavelength. As mutaro- -300
tation proceeds, the specific rotation soon
becomes negative at all wavelengths, the POLY-L-PROLINE T
rotation now becoming more laevo-rotatory -400 ' ! . ! L
with diminishing wavelength. Thus the 400 500 80 700

. . . - WAVELENGTH (mp)
form of the dispersion curve is typical of a ) . . .
dextro-rotatory material in the early stages f '8 7}:30ta¥°ryldlspi~rsm? f urmlg the ltimnlsl'

ormation of polyproline I to polyproline

of the transition, changing over to that in water.
characteristic of laevo-rotatory substances
within two hours of dissolution. Rotatory dispersion data presented in Fig. 7 exhibit
simple linear dispersion throughout all stages of the mutarotation, when plotted as
#2[a] versus [a]. The rotatory dispersion constants, ,, calculated from these slopes
have been plotted in Fig. 8 as a function of time. Here it will be seen that A, of poly-
proline I in water is of the order of 100 mpy and that it increases in a continuous fashion
as polyproline I is transformed into polyproline II. In the first two or three hours the
rate of change of rotation is so great that dispersion measurements are not very
accurate. Nevertheless the true dispersion constant is probably within 410 mu of
that calculated, and we are thus confronted with the following question: if the poly-
proline molecule, devoid of configurational contributions of the chain to the rotatory
parameters, has a dispersion constant, 4, = 185 mu and a specific rotation of —250°
References p. 40/4r1.
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to —300°, as was proposed above, what is the structure of polyproline I? The possi-
bility that the chemical structure of the proline residue differs in the two polymers
can be immediately discarded. Both polymers yield L-proline on acid hydrolysisé. It
seems reasonable to assume then, that the changes in rotation are entirely due to the
destruction of a unique spatial configuration of the L-proline residues in polyproline I,
followed by a transition to the more stable configuration in water characteristic of
polyproline II.

Kurtz, BERGER AND KATCHALSKI have suggested that the observed mutarota-
tion may result from a cis-frans-isomerization®. In considering this proposal it is
pertinent to inquire if the spatial geometry of the proline residues would permit the
formation of a structure linked only by cis-peptide bonds. A poly-L-proline model in
which the peptide bonds are exclusively in the cis-configuration has been constructed
recently by CRICK AND RicH%. As in the #rans-left-handed helix, the cis-chain con-
figuration is restrained considerably by the proximal steric effects of the pyrrolidine
rings. The resulting structure is a right-handed helix with approximately 3-1/8 resi-
dues per complete turn, and a unit residue translation near 1.85 A. The diameter of
the helix is significantly larger than that of polyproline II. Confirmation of the
existence of this structure in solid polyproline I must await an analysis of the X-ray
diffraction patterns. Such a structure would appear, however, to be compatible with
the rotatory characteristics observed for polyproline I in water. The destruction of
this helical pattern should result in significant changes both in the absolute value of
rotation and in the magnitude of the dispersion constant. Of great importance is the
fact that a cis-frams-isomerization in the imide linkage is possible. Steric restraints
though present are not sufficient to hinder complete rotation of the pyrrolidine ring
about the peptide linkage.

Accepting the provisional dimensions of CrRICK AND Ricu*? for polyproline with
all peptide bonds in the cis-configuration, we may now estimate the contribution of
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Fig. 8. The rotatory dispersion constant, 4., as a

function of time during the transformation of
polyproline I to polyproline II in water.

Fig. 9. The reduced viscosity (lower plot) and

o 40 80 120 160

specific rotation (upper plot) as a function of time g,
during the transformation of polyproline I to
polyproline I in water. Fig. 9.
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this right-handed helix to the specific rotation of the D line. We proceed as in the case
of polyproline II. The average radius of the main chain atoms is near 1.70 A which is
approximately double that of polyproline II. The value of & is 5.78/2n, and therefore
y = 0.538. This value of y lies sufficiently close to that calculated for an a helix by
Frrrs AND KIRKWOOD?, so that we have accepted their value of 0.467 for the inte-
grated function given in equation 3. As shown earlier, the value of this integral
changes from 0.467 to 0.49o, i.e. only about 5 %, with a change in y from 0.472 to
1.58. Tabular evaluation of the 2nd integral gives f fZF (6)d0 = +o0.0127.
Thus 282
g = ;;}% (0.467 + 0.0127) (6
and [a]p = 53(n? + 2). Thus the approximate helical contribution in water is [a«]p =
+204° and assuming a value of —250° for the proline residue, the estimated value:
of [a]p for the rotation of polyproline I in a cis-right-handed helix in water is —50°,

A study of the changes in the viscosity of a solution of polyproline I in water with
time would afford a critical test of the assumptions made above. A right-handed css-
helix should exhibit the hydrodynamic properties of a rigid rod in solution. As the
cis-linkages are destroyed during mutarotation, the rod would be expected to collapse,
resulting in a decrease in viscosity. In time, a transition to the completely #rans-
structure of polyproline IT (exhibiting again the hydrodynamic properties of a rigid
rod in solution) would occur, accompanied by an increase in viscosity. The viscosity
plot should therefore go through a minimum, eventually reaching a final value of
reduced viscosity greater than the initial value of polyproline I, since the axial ratio.
of the left-handed helix is nearly twice that of the right-handed helix. Fig. g presents.
the results of such a study at 25° C. The reduced viscosity of a solution of polyproline I1
in water is plotted as a function of time and exhibits the predicted minimum. On the
other hand, 5 ,/c of polyproline I at zero time is much greater than we would expect
from the polyproline I model. The polymer contained on the average 50 residues per
molecule. Assuming a translational distance of 1.85 A per residue and an approximate
radius of 3.70 A%2, the right-handed polyproline I helix would have an axial ratio of
12.5. The intrinsic viscosity expected is therefore of the order of 0.14 {g/ml)-1, whereas.
the observed value is 0.25 (g/ml)-L

The foregoing calculation assumed that polyproline I is dispersed in aqueous
solution as monomolecular units. To test this assumption, we have made a number of
sedimentation studies on the polyproline I-water system. Since mutarotation is.
relatively rapid during the first few hours at room temperature, a sedimentation run
at 5° C was carried out on the polymer immediately after dissolution in water. Later
runs were made at room temperature. Sedimentation studies do indeed show the
presence of an aggregate in the polyproline I-water system. Two discrete peaks, with
sedimentation coefficients given in Table III, are observed in the sedimentation pat-
terns soon after reaching operating speed, with the faster peak comprising about
25% of the total schlieren area. A run made in the ultracentrifuge 27 hours later
yielded similar results (see Table III) in that the relative amount of the faster sedi-
menting peak remained unchanged. A final sedimentation run after 170 hours ex-
hibited a single schlieren peak. (This solution was heated to 80° C prior to study in the
ultracentrifuge, in order to complete the conversion of polyproline I into polyproline
II). Consideration of the sedimentation results in Table III leads immediately to.
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several conclusions: (1) The aggregate cannot be in equilibrium with the non-aggre-
gated polyproline I, since the relative amount of the aggregate does not decrease sig-
nificantly over a period of time in which large rotatory changes occur; (z) One cannot
assume that the aggregate represents polyproline I, while the material of lower
molecular weight is polyproline II, since we would obtain a highly improbable value
of [a]p (ca. +1800°) for the aggregate. Moreover, as in (1), we should expect to find
a continuous decrease in the amount of aggregate with time. This was not observed.
For these reasons we feel that the most reasonable assumption is that polyproline I
can exist in two forms in water. The aggregate, however, would appear to have a
much slower rate of mutarotation than the low molecular weight polymer. In fact,
to disperse the aggregate completely, it was necessary to heat a solution of poly-
proline I (80° C), even though it had been in the presence of water at 25° C for over
a week’s time. This is illustrated graphically in Fig. 9, which demonstrates an abrupt
viscosity rise on heating a polyproline I solution which has been standing for 170
hours. The specific rotation was also observed to increase from —430° to —540° on
heating.

It seems possible that the presence of the aggregate of polyproline I accounts
for the relatively high viscosity which is observed before mutarotation begins. The
observed minimum in the plot of 5., /c as a function of time may be ascribed primarily,
however, to configurational changes in the low molecular weight polymer, and are
consequently in qualitative agreement with the prediction.

CONCLUSION

The experimental data presented in this paper are in accord with the following inter-
pretation: (1) Poly-L-proline II in water has the same configuration as in the solid
state?, i.e., it is a left-handed helix in which the peptide bonds are in the trans-con-
figuration. (z) Poly-L-proline I in water is a right-handed helix in which the peptide
bonds are in the cis-configuration. (3) The mutarotation of poly-L-proline I in water
into poly-L-proline II consists of a series of cis-frans isomerizations at the peptide
bonds.

From the work of Yanc AND Dotv!? it appears that changes in the a-helical
content of polypeptides and proteins can be correlated directly with a change in the
optical rotation of the D line, as well as with a change in the rotatory dispersion con-
stant, 4. Fig. 10 shows a plot correlating the change in [a]® and the change in 4,
as poly-L-proline I is converted into poly-L-proline II. The optical rotatory properties
of poly-L-proline IT in aqueous lithium bromide are also plotted.

If we assume that changes in the helical content of polyproline 1I and of poly-
proline I are proportional, as in the case of the a-helix, to changes in the optical
totatory properties, then it would appear that two steps are involved in the transi-
tion, polyproline I -> polyproline II. The change in 4, as a function of [«]® is linear
in each of the two steps, but the slope and magnitude of the changes involved are not
identical. From the results and discussion which have been presented above, it seems
possible that these two steps are (a) destruction of the right-handed helix of poly-
proline I and (b) formation of the left-handed helix of polyproline II. It is interesting
to observe that the transition point corresponding to the disappearance of the helical
configuration of polyproline I has the same rotatory parameters ([a]y = —230°;
A, = 185 mp) as those observed for polyproline II in saturated aqueous solutions of
Refevences p. 40[41.
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Fig. 10. The rotatory dispersion constant of poly-L-proline as a function of the specific rotation;
® Data taken during mutarotation of polyproline I; @ Data taken from dispersion studies of
polyproline II in varying concentrations of lithium bromide.

lithium bromide, lithium perchlorate and calcium chloride. The value of []® for
this transition point also corresponds closely to the limiting specific rotation observed
on destruction of the configurational pattern of polyproline II through the intro-
duction of glycine residues into the polymer (see Fig. 1). Moreover, it agrees reason-
ably well with the intrinsic residue rotation of poly-L-proline estimated from the theory
of Fitts aNp KIRKWoOD. It is pertinent to keep in mind that this transition point
cannot correspond to a true “random coil”, as this is not possible in the case of a
polymer of proline. Thus the complete loss of regularity can be attributed only to a
distribution of cis- and frans-forms of the peptide. bonds along the main structural
chain.

In an earlier paper? it was suggested that a lowering of the water activity in
concentrated aqueous solutions of lithium bromide, and other salts exhibiting high
activity coefficients, results in the formation of maximum intramolecular hydrogen
bonding in proteins and polypeptides. This conclusion must now be supplemented to
include the possibility of another effect, namely, a frans-cis isomerization at the
proline* peptide bond.

It appears from the study of the optical rotatory and viscometric properties of
polyproline that the frams-configuration of the proline peptide bond is the more
stable one in water. However, a trans-cis isomerization of the peptide bond would
seem possible under certain conditions such as (1) a specific amino acid sequence in
the peptide chain, (2) a characteristic geometric configuration in the vicinity of the
proline residue, or (3) some special property of the solvent. The role of cis proline
bonds in the structure of proteins has been discussed by PauLing? and Epsart?. The
possibility of #rams-cis isomerizations could be of considerable importance in the
biological activity of proteins.
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proline*® will permit a detailed study.
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SUMMARY

1. The specific rotation of poly-L-proline II ([a]¥ = —540°) in water has been estimated
making use of the theory of Firts AND KiRKwoOD for the optical rotation of helical molecules and
the reported specific rotations of glycine-proline copolymers.

2. The optical rotation, temperature dependence of rotation and rotatory dispersion of poly-
proline II in various solvents is reported. In those solvents of low water activity, the specific
rotation changes to a limiting value of around —z250° while sedimentation and viscosity studies
demonstrate a marked decrease in the asymmetry of the molecule.

3. The mutarotation of poly-L-proline I ([a]p = + 40°) in water has been followed by rotatory
dispersion, viscosity and sedimentation studies.

4. The above results are shown to be consistent with the proposal that polyproline I exists in
aqueous solution as a right-handed helix with peptide bonds in the cis-configuration whereas

polyproline IT exists in aqueous solutions as a left-handed helix with peptide bonds in the trans-
configuration.
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Note added in proof: Drs. P. M. CowanN anD R. E. BurGE have kindly pointed out an error in
the assumed value of #, the molecular weight per turn of the proline helix (eqn. 5). Based on
the coordinates of main chain atoms alone the helix contributions of Polyproline I and II should
be [alp = + 68° and — 77°, respectively. If side chain atoms are included, [a]lp = + 160° (I}
and [a]p = —310° (II).

STUDIES ON THE STRUCTURE OF KERATIN

II1. THE REACTION OF WOOL AND HORN KERATINS WITH
SOLUTIONS OF SODIUM HYPOCHLORITE

C. EARLAND anp D. J. RAVEN
Department of Textile Industries, The Technical College, Bradford (England)

The reactivity of the combined cystine in keratin has been the subject of considerable
study, and from the behaviour of these residues towards a number of reagents it has
been deduced that the cystine in wool may be divided into a number of fractions.
PHILLIPS ¢f al.l have divided the cystine of wool into two main fractions, one of which
reacts more readily with reagents such as sodium bisulphite, alkalis, formaldehyde and
thioglycollic acid, although BLACKBURN AND LEE? consider that in their reaction with
alkalis, the cystine residues of wool show a gradual gradation in reactivity rather than
a definite break. ALEXANDER ef al.? also have divided the cystine residues of wool and
horn into two fractions, which are unrelated to those of PuiLrips. These workers
consider that only 25 % of the cystine in wool and horn is capable of oxidation by
solutions of sodium hypochlorite and potassium permanganate, whereas it may all be
oxidized by peracetic acid and chlorine in acid solution. Contrary to the conclusions of
ALEXANDER ¢t al., ELLIOT AND RoBERTS?, from the microscopical examination of
oxidized wools, consider that the oxidation of only a portion of the cystine by per-
manganate is due to the morphology of the fibre. In view of the importance which is
attached to the reactivity of the cystine residues of keratin a further investigation as
to the nature of the fractions described by ALEXANDER ¢f al. has been made.

The reaction between permanganate and wool is very complex since it is accompa-
nied by the deposition of manganese dioxide at the sites of reaction, and the present
paper has therefore been restricted to a reassessment of the reaction between solutions
of sodium hypochlorite and the keratins of wool and horn.

EXPERIMENTAL
Materials

Virgin Australian wool of three qualities was purified as described in Part I3. Cow’s horn was
reduced in a Sturtevant 8’ Laboratory Disintegrator, and the ground material separated into

References p. 45.



