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ABSTRACT: The X-ray diagram of an as-cast film of a-helical poly(y-dodecyl L-glutamate) displays several
striking features: a strong 5.14-A meridional reflection and a near-equatorial layer line located ! /gy A* from
the equator. These features cannot be accounted for by a simple a-helical conformation but require an c-helical
coiled coil. Moreover, the two-chain hexagonal unit net and the assignment of the near-equatorial line to
the second layer (I = 2) can only be explained by a two-strand structure. These data provide the first X-ray
evidence for a coiled-coil structure in a homopolypeptide in which the structure is not stabilized by amphipathic
interactions due to a particular sequence of repeating units. From the intensity distribution of the equatorial
reflections the radius of the coiled coil is about 5.6 A. A possible model is described in which the coiled coil
consists of two close-packed a-helices with the side chains mainly on the outer surface.

Introduction

The a-helical model accounts satisfactorily for the X-ray
diffraction pattern of synthetic polypeptides in the a-form.
However, in its simplest form it does not account for the
5.15-A meridional reflection obtained from the keratin-
myosin—epidermin—fibrinogen groups of fibrous a-pro-
teins.! Crick? and Pauling and Corey® independently
suggested that this reflection could arise if the axes of the
a-helices were distorted to form a long-pitch helix. The
resulting conformation was termed a coiled coil.

Pauling and Corey® proposed that the distortion arises
from the formation of hydrogen bonds of slightly different
lengths due to the repeating sequence. A more plausible
explanation was offered by Crick,* who suggested that
supercoiling of two or three a-helices might be stabilized
by a regular interlocking of the side chains. Figure la
represents a radial projection of two a-helices in which the
side chains (considered as “knobs”) are represented as open
and filled circles for the two helices. Crick* pointed out
that “knob into hole” packing could be achieved over the
entire chain length if the chains coiled about each other,
as shown in Figure 1b, with the axes of the helices mutually
inclined at an appropriate angle . He derived the
structure factor for the following model. The curved a-
helix is termed the minor o-helix, and r/ is the distance
of the jth atom from the axis of the minor helix. The more
gradual helix traced by the axis of the minor a-helix is
termed the major helix. It has radius ry and repeat dis-
tance C in the z direction. The major helix makes N, turns
and the minor helix N; turns in its own frame, and there
are M equally spaced jth atoms in that repeat distance.
The values of C, Ny, N;, and M are 186 &, 1, 36, and 128,
respectively. Denoting the cylindrical coordinates in re-
ciprocal space as R, ¥, and Z, one may write the structure
factor as

F(R,¥,Z) = FRY,l/C) =
2222 d,2wRro)fJ,(2nRr){2x(l/C)r/ sin o} X

};x‘;)[is[j;(‘lr/Q -y, + V) + g(wr/2 + Y- W) + s7 +

2wlz;/Cl} (1)
Here f; is the scattering factor of the jth atom, J,(X) is

the nth-order Bessel function of X, and r/, ¥, and z; are
cylindrical coordinates in real space. The structure factor

is nonzero only on layer lines ! that satisfy the condition
p + 356g + 36s = | + 126m 2)

where p, g, s, and m can take integer values. These rela-
tions explain the meridional reflection at about 5.15 A and
the strong near-equatorial streak seen in the X-ray pat-
terns of fibrous proteins,®?® while neither of these features
is expected for straight o-helices.

Crick also suggested* that the primary structure stabi-
lizes supercoiling. Elucidation!®?? of the primary structure
of tropomyosin has clarified this relationship. In partic-
ular, sequence analysis'®? of the tropomyosin chain from
rabbit skeletal muscle showed that hydrophobic residues
occur at intervals of seven residues. This sequence pro-
duces a densely packed hydrophobic region between the
two helices, while the longer charged groups (such as ar-
ginine, lysine, and glutamic acid) are located on the surface
of the coiled coil and are responsible for the solubility and
interaction properties. In contrast, Parry and Suzuki'é
concluded from potential energy calculations of poly(L-
alanine) that coiled coils are generally more stable than
the corresponding single helices. This suggests that no
particular repeating sequence of residues is necessary to
stabilize the coiled coil. However, there has been no report
of synthetic polypeptides in a coiled-coil conformation.
They suggested that this may be due to large voids in the
coiled-coil structure which can only be filled with a suitable
solvent. Some features of the X-ray diffraction pattern
expected for coiled coils have been observed for the con-
centrated phase of poly(y-benzyl L-glutamate) in N,N-
dimethylformamide.?'"18 However, the «-helices in this
“complex phase” are straight, and the long-period helix is
due to the regular arrangement of the terminal benzyl
groups.}”!® Watanabe et al.'? confirmed that the benzene
rings are cooperatively stacked both in the “complex
phase” and in the dried film. This appears to be a stable
arrangement, since many other examples of such a face-
to-face stacking of benzene rings have been reported.?>%

This paper presents the first X-ray evidence for coiled
coils in a synthetic homopolypeptide, poly(y-dodecyl L-
glutamate) (PDoDLG), having the following repeating unit

—t—NH—CH—CO—}—

CHz——CHz—— COO(CH2)iCH3
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Figure 1. (a) Pattern formed by side chains along the line of
contact of two a-helices where the side chains of one helix are
represented by open circles and ones of the other by filled circles.
(b) Model of two-strand coiled coil.

While the X-ray pattern is poor in some respects, it does
exhibit several features expected for a coiled-coil confor-
mation. It is unlikely that the flexible side chains would
exhibit the type of regular stacking found in poly(vy-benzyl
L-glutamate), so these features must be attributed to su-
percoiling.

Experimental Section

Materials. Poly(y-dodecyl i-glutamate) was synthesized by
the conventional NCA method. The structure was confirmed by
NMR spectra. Its intrinsic viscosity, as determined in di-
chloroacetic acid by a Ubbelohde viscometer, was 0.34 dL./g. This
is approximately half the value, 0.62 dI./g, observed for the same
polymer prepared from poly(y-methyl 1.-glutamate) by ester in-
terchange and having a degree of polymerization of 700, so we
assume that the degree of polymerization of the present polymer
is approximately 350.

Preparation of Films. Films were prepared by casting from
chloroform solutions. The density of the film, as determined at
room temperature by flotation using aqueous KBr solutions, was
1.01 g/ml.. The presence of amide structures I, II, and V was
indicated by IR bands at 1650, 1546, and 615 cm™', respectively,
which indicates that the main chain has an «-helical conformation.
Further confirmation was provided by the value, b, = -600, de-
termined from an ORD measurement of the chloroform solution.

X-ray Measurements. Uniaxially oriented films were pre-
pared by stroking concentrated chloroform solutions. The films
so prepared were annealed at 40 °C in an atmosphere of chlo-
roform vapor and then dried under vacuum. X-ray photographs
were taken by using flat-plate or eylindrical cameras. Silicon
crystals coated on the specimens were used for calibration.
Relative intensities were determined by a microphotometer using
the multiple-film method. These were corrected for Lorentz and
polarization effects and for multiplicity of reflections.

Results and Discussion

A. Description of the Diffraction Pattern. Figure
2a illustrates an X-ray photograph taken with the beam
parallel to the film surface and perpendicular to the ori-
entation direction. As indicated in Table I, the seven
equatorial reflections can be indexed to a two-dimensional
hexagonal net having a = b = 27.6 A. The calculated
density with two a-helices in the unit net is 1.00 g/mL,
which stands in good agreement with the measured den-
sity. There are few reflections on the other layer lines,
which indicates a packing disorder along the chain axis.
This may arise from rotational and translational disorder.
Despite this lack of detail, the pattern exhibits some
predominant features, which are listed in Table I. The
most striking of these is a near-equatorial layer line about
/g0 A°! from the equator. This can be seen in the pho-
tograph in Figure 2a and is illustrated for better clarity
in the diagram shown in Figure 2c. Its maximum intensity
occurs at approximately 13 A, since an intense reflection
appears above the 110 reflection at 13.8 A, and a weak one
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Figure 2. (a) X-ray diagram obtained from oriented films of
poly(y-dodecyl 1-glutamate). The X-ray beam was irradiated
perpendicular to the orientation direction and parallel to the film
surface. (b) As in (a), but with the orientation axis tilted so as
to bring out the 1.5-A meridional reflection. (¢) Schematic rep-
resentation of diagram of (a).

Table I
X-ray Data of Poly(y-dodecyl 1.-glutamate)
dois deyyea” .
hkl I ud La'?
23.9 23.90 100 100 10
13.8 13.80 110 4.28 2.07
12.0 11.95 200 5.26 2.29
9.05 9.03 210 3.81 1.95
7.98 7.97 300 2.90 1.70
6.91 6.90 220 ~1.6 ~1.3
6.63 6.63 310 ~1.6 ~1.3
d, A type of reflection 14
~90 near equatorial 2
5.14 meridional 36
1.50 meridional 126

“Based on the hexagonal unit cell with @ = 27.6 A. *Based on
the a-helical coiled-coil conformation (see text).

above the 200 reflection at 12 A. A second prominant
feature is the meridional reflection at 5.14 A. The tilted
diffraction pattern shown in Figure 2b shows another
meridional reflection at 1.50 A. These features cannot be
explained by a structure of straight helices but require the
two-strand coiled coil, which forms the basis of Crick’s
model.

B. Equatorial Layer Line. It is significant that ev-
idence for two chains in the unit net appears in the
equatorial reflections. This means that the two chains are
not crystallographically equivalent when viewed in pro-
jection along the axis. This observation can be explained
by two models: (1) The unit net contains two chains which
would be crystallographically equivalent except that their
chain directions are antiparallel. (2) The two chains in the
unit net are closely associated. The first model can be
eliminated, since we have demonstrated that two anti-
parallel chains are indistinguishable in axial projection.?*%
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Figure 3. Observed amplitudes (denoted by open circles) of
equatorial reflections of poly(y-dodecyl L-glutamate). The solid
curve indicates the calculated amplitude from the coiled coil with
the radius of major helix of 5.6 A (see text).

Table 11
Possible Set of Atomic Parameters of Poly(L-glutamate)®
atom r, A ¥, deg 2, A B, A?
Main Chain
N 1.55 0 0 2
C. 2.28 28.7 0.87 2
(04 1.64 54.6 1.96 2
= 1.86 468 3.16 2
Side Chain
Cs 3.22 47.3 0.04 5
C, 414 53.1 0.92 10
Cs 5.58 59.5 0.09 15
= 5.45 61.5 -1.13 20
—0— 6.73 61.1 0.79 30
C, 7.86 64.3 -0.02 40

er’,  and z are cylindrical coordinates; B is the temperature
factor.

This model has the further defect that two straight «-
helical chains could not be packed into a simple hexagonal
net. The two chains must therefore be closely associated,
and this can most easily occur by assembly into a coiled
coil.

C. Structure Amplitudes of the Equatorial Re-
flections. Table I lists the observed structure amplitudes
obtained by photometering along the middle of the
equatorial line. It is possible that the intensities of the
110 and 200 reflections may have been overestimated due
to overlap with the near-equatorial layer line. Despite this
possibility, we can conclude that the 110 reflection is the
weaker of the two and that the intensities of both these
reflections are weaker than the intensity of the 100 re-
flection. A plot of the observed structure amplitudes ap-
pearing in Figure 3 suggests that the Fourier transform
falls to zero around R = 0.06 A~ (inside the 110 reflection).
This distribution is notably different from that plotted in
Figure 4 for the poly(L-glutamates) having hexagonally
packed, straight a-helices, such as the methyl, hexyl, and
octyl derivatives.?> A common curve can be obtained by
arbitrary scaling, and this decreases monotonically at least
until R = 0.2 A%,

We begin by comparing the observed and calculated
structure amplitudes for the latter class of polymer. For
straight a-helices, the equatorial structure amplitudes carn
be calculated® from

F(R,¥,0) = §fjJ0(27rRr/) (3)

The main-chain coordinates of the a-helix are given in
Table II, but some assumption must be made concerning
the side-chain conformations. Fortunately Figure 4 sim-
plifies this problem, since the distribution of structure
amplitudes is the same for all three polymers. This in-
dicates that the long side groups do not assume a fixed
conformation, have high temperature factors, and make

a-Helical Coiled Coil in Poly(y-dodecyl L-glutamate) 1081

o

o
ol

{Flin arbitrary unit

0

0 0% G0 05,
R(A)
Figure 4. Observed amplitudes of equatorial reflections of PMLG
(), PHLG (4), and POLG (0). Three curves indicate the am-
plitudes calculated on the basis of the different models: dotted
curve, amplitudes from the main-chain atoms and the 8-carbon
atom; dashed and solid curves, amplitudes from the main-chain
atoms and side-chain atoms through C, in two different confor-
mations (see text). For reference, the observed amplitudes of
PDoDLG in Figure 3 are also plotted by filled circles.

Helix axis
4+

Figure 5. Possible conformations of the side chain (projection
along the helix axis): (A) the extended conformation; (B) the
conformation in which the side chain is wrapped closely about
the main-chain helix.

no significant contribution to the structure amplitude.
However, when we take into account only the main-chain
and (-carbon atoms, we obtain the calculated structure
amplitudes represented by the dotted curve in Figure 4.
The agreement between these calculated and observed
structure amplitudes is poor. Side-chain atoms through
C, were then included by using the atomic coordinates
listed in Table IT and illustrated in model A of Figure 5.
This model leads to the solid curve in Figure 4, which is
in good agreement with observation. Model B in Figure
5, in which the side chain is wrapped closely about the
main chain,?” leads to poorer agreement, as illustrated by
the dashed curve in Figure 4. It should be noted that
dynamic mechanical measurements indicate the side
chains are liquid-like at room temperature. Their glass
transition temperatures are?® 0 °C for PMLG, -35 °C for
PHLG, and -37 °C for POLG. Hence, the nearly extended
conformation for the first five atoms only represents an
averaged conformation.

Returning to PDoDLG, no conformation of the side-
chain atoms through C, could be found to represent the
observed structure amplitudes by using a straight o-helical
model; the amplitudes calculated for all these models fell
between the solid and dashed curves in Figure 4. The
unusual appearance of the observed amplitudes may be
due to the coiled-coil conformation. The relation for the
equatorial structural amplitudes determined from eq 1 and
2 is

F(R,¥,0) = Fo(2xRry)2_f;Fo(2wRr}) (4)
J
Here the higher order Bessel functions have been ne-

glected, as in eq 3. This equation is very useful since it
does not require the coordinates of the distorted a-helices,
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but only the radius, ry, of the major helix in the first Bessel
function and the undistorted a-helix coordinates of one
residue in the second.*® We assume that the second
contribution can be approximated by the common struc-
ture amplitude observed for the above three polymers.
Taking r, = 5.6 A, we obtain the calculated solid curve
shown in Figure 3, which gives a reasonable representation
of the observed structure amplitudes of PDoDLG.
Moreover, the value of r, chosen is near the values obtained
for a-protein coiled coils.”®

D. Near-Equatorial Layer Line. According to Crick’s
treatment, this layer line is related to the pitch and sym-
metry of the major helix, and its index indicates the
number of strands in the structure. Two minor helices are
related by a strict dyad along the helix axis, so only every
second layer line appears. Three helices form a triad, and
in this case only every third layer line is allowed, as can
be deduced from the phase term in eq 1. Since the pitch
of the major helix is 186 A, the first near-equatorial layer
line at !/4, A™! can be attributed to [ = 2 (186 A = 93 A
X 2), leading to the conclusion that there are two chains
in the structure. This confirms the conclusion deduced
above from the size of the unit net.

For the coiled coil, the structure amplitude of the
near-equatorial layer line can be written from eq 1 as

F(RY,1/C) = 2.J,@rRro) 2 fo2nRr)) {2 (l/C)r/ X
P j
sina} expli[p(w/2 ~ ¢; + ¥) + 2xlz;/C}} (5)

with the condition p = I. For small values of [, Jy{2x(l/C)r;
X sin o} is approximately unity. Moreover, 3_ fJ(27Rr/)
is a slowly varying function of R, as observed above.
Hence, the position of the first maximum will be deter-
mined by J,(27Rr;).* Insertingl=p =2andr,=5.6 A
and adopting the observed structure amplitude (the solid
curve of Figure 4) for }_fiJy(27Rr/), we find that the
spacing of the maximum is around !/;5 A™'. Thus one can
expect to find some reflections near 15 A. This conclusion
is in qualitative accord with the position of the second layer
line above the 110 and 200 reflections, which have spacings
of 13.8 and 12.0 A, respectively.

E. 5.14-A Reflection on I = 36. Equations 1 and 2
indicate that [ for a meridional reflection must be a
multiple of 18. The intensity observed in the meridional
region of the 5.14-A layer line is indexed as { = 36. Hence,
the spacings of the meridional reflections are submultiples
of 18/156 A1 = 1/,0. A1, These arise from the fact that
every 10.3 A the coiled-coil conformation brings every
seventh inward-pointing residue into an equivalent position
along the major axis, as indicated in Figure 1la. These
reflections are expected to be more intense for lower s
values.* This predicts that the first intense meridional
reflection should arise at 5.15 A (I = 36) with s = 1, just
as observed. Similarly, an intense meridional reflection
is expected at 1.48 A ([ = 126) with s = 0. In fact, the
corresponding meridional reflection appears at 1.50 A,
which corresponds to the repeat length of the «-helix.
Crick* has suggested that the 1.5-A reflection arises from
the precise repeat of the main chain, while the 5.14-A
reflection is due to the less regular repeat of the side chains
or the first atoms of the side chains. The expected 1.48-A
reflection may have been unobservable due to overlap with
the stronger 1.50-A reflection.

Concluding Remarks

The most notable features in the X-ray diagram of
poly(y-dodecyl L-glutamate) are a 5.14-A meridional re-
flection and a near-equatorial line around 90 A. These
features can be accounted for by an a-helical coiled-coil
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conformation. The radius of the major helix, as deter-
mined from the amplitudes of the equatorial reflections,
is 5.6 A. Two additional observations, the two-chain
hexagonal unit net and the fact that the first off-equatorial
line corresponds to | = 2, require two chains in the
structure.

We have previously found?® that the coiled-coil phase
(phase B) occurs between phase A having a crystalline
arrangement of the side chains and liquid crystal phase
C. The transition from one phase to another is first order
and occurs at a definite temperature. For example, the
A-B transition occurs at 15 °C, and B-C at 50 °C. The
fact that the side chains can crystallize independent of the
main-chain conformation indicates that at least the outer
portions of the side chains have considerable configura-
tional freedom. In phase B the side chains should be in
the liquid state and might resemble a liquid paraffin. In
the liquid crystal phase C each o-helix is the kinetic unit.
In a previous paper,? a similar phase behavior was ob-
served for polymers having side chains longer than decyl,
and this was attributed to the liquid nature of the long side
chains.?®

We can imagine that the long side chains act as a solvent
in filling the voids produced by forming the coiled coil. In
fact, the radius of the major helix is the same order of
magnitude as that (r = 6 &) for the single a-helix of
poly(y-methyl L-glutamate), which indicates that the
longer side chains of the coiled-coil structure must be on
the surface. Only the portion of the side chain near the
main chain contributes to the “knob into hole” packing,
and the remainder extends out on the surface of the coiled
coil. This can be understood if we note that the “knob into
hole” packing of the two chains only occurs in the narrow
region along the line of contact, as illustrated in Figure 1a.

Although a particular amino acid sequence may stabilize
the coiled-coil conformation, the present study indicates
that this is not a necessary condition, as suggested by Parry
and Suzuki.!®

Registry No. PDoDGL, 29439-75-6; PDoDGI (SRU), 51949-
42-9,
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Dynamic Light Scattering on Semidilute Solutions of High
Molecular Weight Polystyrene in Ethyl Acetate
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ABSTRACT: Data obtained with quasi-elastic light scattering and gradient diffusion measurements on
semidilute solutions in the gR, > 1 range are presented for the polystyrene/ethyl acetate (marginal solvent)
system. The time correlation function was analyzed by the method of cumulants and also fit by using one-,
two-, and three-exponential expressions. Optimal fit was consistent with two exponents. The fast and slow
components were both found to be g>-dependent and also independent of molecular weight. It is concluded
that two cooperative modes are required to describe a heterogeneous semidilute solution structure for polymers
of high molecular weight. This agrees with the model of Brochard for poor solvent systems in the high-g region.
The slower mode has a correlation length of the magnitude of the radius of the coil. Comparison with data
in a good solvent (THF) and a © solvent (cyclopentane) show that D; and D, are strongly solvent-dependent
as functions of concentration. This contrasts with the solvent-independent universal length recently dem-
onstrated for the static parameter. The relative intensity contribution of D; increased slowly with concentration
as in the © system, in contrast to a rapid increase in a good solvent.

Introduction

There is currently a degree of confusion prevailing in
the literature concerning the interrelationship between
static and dynamic aspects of semidilute solution behavior
and the way in which marginal solvents fit into the picture.

A feature that has been noted in quasi-elastic light
scattering (QELS) studies is the systematic trend in the
variance, uy/T?% as measured by the cumulants method,!
with increasing concentration.?® The cumulants method,
however, permits no further progress in understanding the
possible causes that underly this behavior. Finite values
of the line width in dilute solution reflect polydispersity,
whereas in semidilute solutions a reasonable explanation
for the relatively large variance is the presence of a small
number of discrete exponentials describing complementary
modes.>® Such an assumption does not exclude the pos-
sibility of a more complex distribution of exponentials but
is in line with current theory’'° for poor solvent systems
and also finds support in elastic neutron and light scat-
tering results!? for polystyrene (PS) as semidilute con-
centrations in both good and poor solvents. If the possible
validity of this view is conceded, a variety of approaches
exist for analyzing the time correlation function and have
been applied by various groups. Thus Chu and co-work-
ers®¥1! used the histogram method to analyze S(g,t) data
for PS in poor solvent systems and interpreted the results
in terms of two contributing modes of similar time scale.
Other groups®'® have used CONTIN, a Fortran program
introduced by Provencher.%® The method of discrete
multiexponentials has been used by others.®!6-% There
will inevitably exist a measure of disagreement on the
relative virtues of the various methods, and an objective
appraisal of the particular advantages of the approaches
is at present lacking. We use the method of discrete
multiexponentials, which, although requiring an assump-
tion of the number of participating relaxation processes,
has particular relevance here. Recent reports described
QELS measurements on the same polystyrene fractions
at semidilute concentrations in both a good solvent

(THF)*® and in a © solvent (cyclopentane)® in the gel
region. In the good solvent system the data were found
to be consistent with the presence of fast and slow com-
ponents differing in relaxation time by a factor of typically
3-5, whereas only a single gel mode was anticipated from
theory.”® A method of analysis having high resolution was
thus essential. By the use of both computer-simulated
experiments and measurements on mixtures of monodis-
perse fractions, it was established that the presently used
method gives superior resolution when the relaxation times
approach each other. It was suggested'®% that the modes
separated, both of which are molecular weight independ-
ent, must reflect a fundamental heterogeneity of the sem-
idilute solution structure. The slow mode was viewed in
these papers as distinct from that which has been the
subject of recent debate.>'321-%¢ The latter is frequently
orders of magnitude slower than the fast mode and may
be separated experimentally by varying the sampling time.
There is evidence!®?%2¢ suggesting that this slow mode
derives from the dynamics of clusters of chains.

Earlier reports?> 28 in which data interpretation was
based on the assumption that the dynamic structure factor
is a single exponential will need reappraisal if the gel mode
is in fact a composite quantity in semidilute solutions. For
example, the power law characterizing the concentration
dependence will be strongly influenced by the change in
the relative weighting between the modes over a given
concentration interval.

The present paper has two aims: one is to further ex-
amine the nonuniform nature of semidilute solution
structure, and the other is to elucidate the influence of
solvent quality on the behavior of the transient gel.

Dynamic behavior in so-called “marginal” solvents, i.e.,
those in which there are only weak excluded-volume in-
teractions, is still controversial. A QELS study® on PS of
lower molecular weight, in solvents including ethyl acetate,
established that the time correlation functions are strongly
nonexponential and could be fit with a bimodal function.
However, the interpretation to be placed on these com-
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