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ABSTRACT: After heating thin films of both the left- and right-handed «-helical-like forms of poly(8-benzyl L-
aspartate), w-helix electron diffraction patterns are observed which confirm the earlier X-ray diffraction data of
Bradbury et al. A model is proposed where the « helices are packed parallel within thin lamellae with helices in
adjacent lamellae antiparallel and shifted sideways by half-lattice spacing. The atomic coordinates proposed ear-
lier by Bradbury et al. agreed with deductions from infrared dichrosim measurements, and if these are rotated 5°
anticlockwise in the unit cell and used with the above lamella model they predict the observed absence of {110)
and (330) diffraction spots. They also predict equatorial diffraction intensities in somewhat better agreement
with observed intensities than would a model with a random distribution of parallel and antiparallel helices. The
model predicts intensities on the first-layer line in quite good agreement with the observations when the antipar-
allel helices are displaced ~ +5¢/16 relative to the parallel helices and satisfactory Van der Waals interactions
between the lamellae occur with the above atomic coordinates. Meridional reflections (001), (002), and (003)
which should be absent for a perfectly helical structure are accounted for by distortions in the atomic positions
for residues associated with interactions between antiparallel helices.

Solid films of poly(8-benzyl L-aspartate), (BzAsp),, can
be prepared either as a left-handed a-like helix!:2 when
cast from chloroform solution, or as a right-handed a-like
helix when prepared by the monolayer techniques used by
Malcolm.3.¢ The X-ray and electron diffraction patterns
of both these forms are poorly defined.

By heating solid films of the « forms of both helix sens-
es to temperatures of the order of 140°, a phase change to
a highly ordered structure occurs. Bradbury et al.5 have
shown that the molecules in this structure form 4;3 heli-
ces, the « helix, of the type described earlier by Bragg,
Kendrew, and Perutz.® In this structure for (BzAsp),
there are four residues per turn of the helix and the heli-
ces are tetragonally packed. Malcolm* and McLuckie?
have noted that closely similar d spacings occur whichever
sense a-like helix is heated to form the w structure.

Detailed infrared dichroism studies of the « helix in the
polypeptide® 3.9 have established the orientations of many
of the bonds in the side chains, and X-ray diffraction
analysis with model building by Bradbury et al5 has
vielded proposed atomic coordinates for the structure in
good agreement with the infrared data and with a space
group assignation P43,

The above work?® showed that part of the energy for
the w-helix structure in (BzAsp), was derived from intra-
molecular van der Waals interactions which lead to a
stacking of the benzene rings in the residues with each
fifth residue being stacked directly above a chosen first
residue. However, it was clear that intermolecular inter-
actions must also be important in determining the mini-
mum energy structure since the w structure occurs only in
solid (BzAsp),.

It was assumed that there was a random distribution of
parallel (*up”) and the antiparallel (‘“down”) helices in

(1) R. H. Karlson and E. R. Blout,J. Amer. Chem. Soc., 80, 1259 (1958).

(2) E. M. Bradbury, A. R. Downie, A. Elliott, and W. E. Hanby, Proc.
Roy. Soc., Ser. A, 259, 110 (1960).

(3) B.R.Malcolm, Nature (London), 219, 929 (1968).

(4) B.R. Malcolm, Biopolymers, 9, 911 (1970).

(5) E. M. Bradbury, L. Brown, A. R. Downie, A. Elliott, R. D. B. Fraser,
and W. E. Hanby, J. Mol. Biol., 5, 230 (1962).

(6) L. Bragg, J. C. Kendrew, and M. F. Perutz, Proc. Roy. Soc., Ser. 4,
203, 321 (1950).

(7) 1. F. McLuckie, M.S. Thesis, London, 1969.

(8) R. M. Stephens, Ph.D. Thesis, London, 1968.

(9) E. M. Bradbury, B. G. Carpenter, and R. M. Stephens, Biopolymers,
6, 905 (1968).

the w structure of the polymer similar to the situation
shown to exist for poly(L-alanine) by Elliott and Mal-
colm10 and this led to good but not excellent agreement
between the observed X-ray diffraction intensities and
those calculated from the model. The situation was com-
plicated because some of the equatorial diffraction inten-
sities varied from sample to sample. The closest approach
distances between the atoms on this model were compara-
ble with typical van der Waals distances for adjacent up
or adjacent down helices, but there were some short con-
tacts of up helices adjacent to down helices.

Recently McGuire et al.l' have calculated minimum
energy conformations for the « helix in (BzAsp), in essen-
tial agreement with most of the infrared data. However,
the benzene ring orientations would seem to disagree with
the infrared data and to favor intermolecular interactions.

Happey et al.22 have carried out proton magnetic reso-
nance (pmr) studies on the w form of (BzAsp), and
suggest that reorientational motion of the benzene rings
occurs at temperatures well above —100°, and that the o
structure has benzene ring positions C which are interme-
diate between the positions A and B proposed by Bradbu-
ry et al. at low temperatures. However, the position C
which these authors propose would not take advantage of
the energy gained if the benzene rings are touching as in
the positions A and B, so that maximum advantage is
taken of van der Waal’s interactions in the stacked ben-
zene rings.

In this present work a study of the structures of the w
form of (BzAsp), has been attempted using electron dif-
fraction, which has proved a very suitable technique for
studies of polypeptide structures.}? This work together
with characterization studies using infrared absorption
and the earlier X-ray results® has been used to show that
a well-defined « structure exists and a model for the
packing of the « helices is proposed which gives rather
better agreement with the diffraction results than a model
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with a random distribution of parallel and antiparallel
helices.

Experimental Section

Preparation of Samples. The (BzAsp), used for all these studies
was a single sample obtained from Pilot Chemicals; the molecular
weight was given as 245,000 and its ability to provide films with a
high degree of orientation indicated that it was of high molecular
weight.

Oriented films for electron diffraction and infrared absorption
studies were produced in several ways. For the left-handed helical
conformation some films were obtained by unidirectional shearing
to dryness of a concentrated chloroform solution on a glass plate
with a groundhorn spatula; the film was floated off the plate on
water. An improvement on this technique was found by allowing a
drop of solution (12 mg ml-1) to evaporate on a clean, distilled-
water surface. The multilayer film was picked up on grids for elec-
tron diffraction studies and on barium fluoride plates for infrared
spectroscopy. The degree of orientation in the samples is critically
dependent on the concentration of the polypeptide solution and is
presumably due to viscous flow of the polypeptide in the chloroform-
solution as the chloroform is evaporating on the water surface. A
useful modification of the above technique is to place a drop of the
solution (12 mg ml-12) onto a glass slide and to cover it immediately
with a second glass slide to prevent evaporation of the chloroform.
The slides are sheared apart and one of them is immediately dipped
into a distilled-water trough at about 30° to the surface. The poly-
peptide solution elongates by a factor of about two as it shoots onto
the water surface with the chloroform evaporating.

Right-handed helical samples were produced by the monolayer
technique developed by Malcolm.3-4 A monolayer of the poly-
peptide was formed from a drop of solution in chloroform (placed on
the surface of distilled water in a Langmuir trough). The mono-
layer was then compressed for 1 or 2 min to give a collapsed film.

The w-helical form of (BzAsp), was obtained by heating films of
either helix sense under vacuum to 140°.

Infrared Spectroscopy. Infrared spectra were recorded on a
Grubb-Parsons spectrometer, the Spectromaster, over the range
4000 to 800 em-1. Frequency-conformation correlations pre-
viously described® were used to characterize the helix sense and
conformations of the unheated and heated (BzAsp), films.

Electron Diffraction. Electron diffraction studies were made
using a Phillips E.M. 300 electron microscope. As polymer films
and particularly polypeptide films are very prone to electron-beam
damage,4 electron diffraction patterns were taken with a low flux
of 100-kV electrons over a selected area of specimen of diameter
40 u.

Results

Infrared Absorption Measurements. Films cast from
chloroform either on plates or as multilayers on a water
surface were found to give amide band frequencies of 1667
cm ! for the amide I, 1558 ecm—1 for the amide II, and di-
chroisms of side-chain vibrations all characteristic of the
left-handed helical form. Films of the collapsed mono-
layers gave spectra with an amide I at 1658 cm—! and an
amide IT at 1552 cm~1 and side-chain band dichroisms all
characteristic of the right-handed helical conformation.?
This agrees with the work of Malcolm.?

On heating films of left-handed «-helical (BzAsp), to
140° under vacuum, a polymorphic transition takes place
to another helical form, the w helix thought also to be a
left-handed helix.? This transition was observed for all the
left-handed helical forms of (BzAsp), and the infrared
spectra obtained were identical with those already de-
scribed for the w helix.> Whether the righthanded a-heli-
cal form of (BzAsp), is able to undergo a similar polymor-
phic transition is of some interest and Malcolm* has
found that such a change takes place on heating films of
the collapsed monolayer. The resulting infrared spectrum
however was the same as that for the « helix obtained
from the left-handed form of (BzAsp),. These results have
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Plate 1. Electron diffraction patterns from w (BzAsp),. (A) Sam-
ple prepared by the monolayer technique; (B) sample prepared
by viscous flow technique from chloroform solution; (C) sample
prepared by stroking from chloroform solution (light exposure);
(D) sample prepared by stroking from chloroform solution (heavy
exposure).

been confirmed in this study and if the similarity of the
spectra is taken to indicate the same helix sense and side-
chain conformation then, as pointed out by Malcolm,*
considerable molecular rearrangement must occur in the
solid film of the right-handed (BzAsp), on heating to re-
sult in a transition both of helix sense and type.

Diffraction Studies of the w Form of Poly(3-benzyl
L-aspartate). Electron diffraction patterns from the right-
and left-handed helical unheated forms of the polypeptide
have few diffraction spots. In both cases however clear
meridional reflections occur in the region of 1.5 A, indi-
cating that both the left- and right-handed forms of the
unheated polypeptide contain a-like helices.

Electron diffraction patterns of the heated polypeptide

prepared by compressing monolayers and by the viscous
flow technique are shown in Plate 1A,B. Plate 1C,D shows
two diffraction patterns of the w structure from samples
prepared by stroking out films. All these diffraction pat-
terns are similar in the d spacings, and in the relative in-
tensities of diffraction spots. The d spacings are identical
with those obtained from X-ray data.5 All the diffraction
spots in Plate 1 can be indexed and their d spacings give
values for the tetragonal unit cell dimensions of @ = b =
13.88 A and ¢ = 5.3 A. These lattice parameters yield a
density of 1.337 cm ml-1 in agreement with measured
values.5-
o helices with a P43 space group should yield a meridio-
nal reflection on the fourth-layer line of the electron dif-
fraction pattern and other meridional reflections are not
allowed theoretically because of the rules for selecting the
order of the Bessel functions in the Fourier transform of
the helices. However, Plate 1A-D illustrates that reflec-
tions at 001, 002, and 003 occur as well as at 004 and this
is true of all electron diffraction patterns from the w
structure, indicating distortions from a true helical struc-
ture. In Plate 1A-D the {110} and {330} equatorial reflec-
tions are missing and this is true of all our diffraction pat-
terns from the heated polymer however the specimens
were prepared.

In order to estimate the electron diffraction intensities
against the background due to inelastically scattered elec-
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trons, densitometer traces were taken from the diffraction
photographs and the procedure outlined by Vainshtein!®
was followed. The equatorial diffraction intensities for
some ten w-helix diffraction patterns were averaged to
provide reliable estimates of the normalized intensities.
There were a few samples which gave w-helix diffraction
patterns with slightly different diffraction intensities from
the majority of samples as was the case with the X-ray
studies.? This could be because of some preferred orienta-
tion of the crystallites of the polymer about the fiber-axis
direction. The diffraction intensity measurements from
these samples were excluded from the estimates of inten-
sities described above because these samples were not
typical.

Figure 1A shows the observed intensities of the equato-
rial electron diffraction spots normalized to the intensity
of the 300 reflection, plotted against the inverse of d spac-
ing. The intensities in the figure are corrected values and
the corrections applied are those outlined by Vainshtein,5
which correspond to the corrections derived from Arnott!®
in the limit of small wavelength. These corrections are
based on the fact that diffraction spots are (relatively)
weighted in a way determined by the angular distribution
of the small fiber crystallites (i.e., texture patterns) each
of which have finite-sized interference regions in recipro-
cal space yielding a diffraction when they intersect the re-
flection sphere. Assuming (for the present), that all planes
of the type {hkl} contribute equal diffraction intensities,
that there is a random distribution of crystallite orienta-
tions about the fiber-axis direction and that there is arc-
ing due to a distribution of fiber-axis directions, then the
intensity measured by a microdensitomer at a spot at the
center of a diffraction arc should be

I = |FPPduudiio

where F is the structure factor and P is the multiplicity of
the {hki} reflections. All observed intensities therefore
were corrected by dividing by the appropriate multiplici-
ties and in the case of equatorial reflections dividing by
dneidnro or d2ppo. It is these corrections which are in-
volved in the intensities plotted in Figure 1A.

In Figure 1B the corrected observed X-ray intensities of
Bradbury et al.5 are plotted against 1/d. Figure 1A,B
shows how similar the X-ray and electron diffraction in-
tensities are in spite of the fact that the relative scattering
amplitudes for the atoms O, C, N, and H are different for
electron and X-ray diffraction. However, O, C, and N
have similar atomic numbers so one would expect an ap-
proximate agreement between the X-ray results and the
electron diffraction results if the w form of (BzAsp), is a
well-defined structure and independent of the wide vari-
ety of specimen preparation techniques used in the elec-
tron and the X-ray diffraction studies.

Analysis of Results

Comparison with a Model of Random up and down
Helices. Taking the atomic coordinates for the w structure
given by Bradbury et al.5 with their model of a random
distribution of up and down helices, the intensities for dif-
fraction spots were calculated using a structure factor cal-
culation computer program for their position A for the
benzene ring. These intensities are plotted in Figure 1D
for X-rays. The program was modified to perform the
-same calculation using electron atomic scattering ampli-
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Figure 1. (A) Electron diffraction observed intensities (correct-
ed); (B) X-ray diffraction observed intensities (after Bradbury et
al.); (C) calculated intensities for electron diffraction using coor-
dinates of Bradbury et al. with random distribution of up and
down helices (Ry = 0.71); (D) calculated intensities for X-ray dif-
fraction; conditions as in part C (Ry = 0.53). (- --------- ) Correct-
ed observed intensities.
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Figure 2. (BzAsp), equivalent positions for up and down helices
in C-axis projection.

tudes and the predicted electron diffraction intensities are
shown plotted against 1/d in Figure 1C. R» values quoted
in Figure 1 were calculated from the data of Figure 1C,D.
These values are the sum of the differences between ob-
served and calculated diffraction intensities divided by
the sum of the observed intensities. The calculated inten-
sities are normalized so that the sum of the intensities are
the sum of the observed intensities for these calculations.
For small Ry values the usually quoted R values for dif-
fraction amplitudes are approximately Y% Ry.15

The model does not predict zero intensity for the 330
reflection nor does it predict a peak at the 400 diffraction
spot as well as other differences. In view of the agreement
of the model of Bradbury et al.5 with the infrared data,
one would expect a rather better agreement between the
predicted and observed diffraction intensities.

Calculations for the position B of the benzene rings are
essentially the same as for the A position as far as equato-
rial reflections are concerned. Calculations of diffraction
intensity for the position C suggested by Happey et al.12
did not show very good agreement with the electron dif-
fraction equatorial intensities.

The fact that the (110) and (830) reflections are absent
in both X-ray and electron diffraction in spite of the dif-
ferent relative atomic scattering factors possibly indicates
systematic absences which could be due to a particular
type of molecular packing.

A Model for the Packing of « Helices in the Heated
Polypeptide. It is instructive to consider what packing
geometries for parallel (up) and antiparallel (down) w
helices in a tetragonal lattice will account for absent
equatorial reflections in a diffraction pattern. If we take
the scattering from selected atoms in equivalent positions
in an up helix, with the helix at the origin of the unit cell
as shown in Figure 2, then the contribution to the scatter-
ing amplitude for an hkO reflection from these atoms is
given by

Fup = fm{ezﬁi(hu*ku + eZﬁu—lu'+}zu\, + e!mi‘hu"};z + eZ?w’i(/u‘/:uI%
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where f,, is the scattering amplitude for the atoms at the
chosen equivalent positions. The contribution for a down
helix would be

FD = fuv{eQWi(hu*ku) 4+ g2ril-huthky) 4 plmil-hu—tu) 4 eZm'(hu-ku);

If the unit cell were to contain two helices, an up helix
at (0,0,0) and a down helix at (%,%,w) there would be ab-
sent reflections as noted for the « form of poly[S-(p-chlo-
robenzyl vL-aspartate] by Takeda et al.,17 where the w heli-
ces are packed in a tetragonal lattice with a = 23.3 A and
c=5.20A.

As pointed out by Bradbury et al.? one might choose a
larger unit cell than they chose for poly(g3-benzyl L-aspar-
tate) which could accommodate an up and a down helix.
However, this would lead to extra diffraction spots even
though the {100}, {300}, and {500} reflections might be sys-
tematically absent. These extra diffraction spots are not
observed and so we must conclude that the X-ray unit cell
dimensions are essentially correct.

In the work of Takeda et al.17 a random distribution of
up and down o helices of their unheated polypeptide
agreed with the diffraction analysis whereas on heating
the polypeptide a systematic distribution of up and down
helices occurred. This suggests that on heating the poly-
peptide there was either a large amount of molecular
movement or intramolecular atomic movement.

One must question whether, in any helical polymer
sample it is realistic that there should be completely ran-
dom arrangement of up and down helices. Such an ar-
rangement must usually be a metastable situation which
is frozen in during the final stages of fiber orientation
from a solvent due to a lack of molecular mobility, so that
the true minimum energy situation cannot occur. Alterna-
tively if there are long repeat distances along the helical
axis coupled with a polydispersity of molecular weight,
intermolecular interactions would not be sufficiently regu-
lar for there to be a large energy difference between inter-
actions with parallel helices and interactions with anti-
parallel helices.

In any situation with a reasonable degree of molecular
mobility and regular interactions such as occurs in the w
structure, there must be either blocks of up helices and
blocks of down helices packed together or blocks with
molecules packed antiparallel such as reported by Takeda
et al.l7 It would be a coincidence if the interaction energy
for the antiparallel molecular packing were the same as
for the parallel packing so that one situation must usually
have the lower energy, making blocks of one type of mo-
lecular packing more favorable. Of course, the blocks of
packed helices must be distributed to produce equal num-
bers of up and down helices over a whole specimen, since
the techniques of fiber orientation do not usually discrim-
inate in favor of either direction.

The model we have in mind for the packing of w helices
in (BzAsp), is where the lowest energy situation is for
molecules to be packed parallel in lamellae. There will be
some lamellae with up helices packed together and some
with packed down helices within one crystallite. This sit-
uation is illustrated in Figure 3 and lamellae with down
helices are displaced by half-lattice spacing in the x-axis
direction relative to those with up helices. With this
model the size of the unit cell is determined by the pack-
ing within the lamellae providing that the numbers of
molecules in the thicknesses of the lamellae are not con-
stant and provided the lamellae are more than one mole-
cule thick.

(17) Y. Takeda, Y.Iitaka, and M. Tsuboi, J. Mol. Biol., 51, 101 (1970).
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Figure 3. C-axis projection of w helices in poly(8-benzyl r-aspar-
tate) illustrating the model of up and down lamella. The coordi-
nates are those of Bradbury et al. (1962), rotated 5° anticlockwise
in the unit cell.

Neglecting for the present problems associated with
molecular averaging and interference regions in reciprocal
space due to misoriented finite-sized crystallites with such
a lamella structure, we propose that the scattering ampli-
tude will be approximated by adding the contribution due
to an up helix at the origin of the unit cell with that due
to a down helix at (%,0,w). Thus the contribution to the
amplitude due to the equivalent positions of the type uv is

AF}lko = AFup + AFDe’”’I
= AF,, — AFy (for h odd)
= AF,, + AFp (for h even)

The value of AFyo for these circumstances is zero when A
= k = odd and when & = odd with &k = 0. The h = odd, &
= 0 absences would not be noticed in a diffraction pattern
with a random distribution of crystallite orientations in
the plane perpendicular to the fiber axis direction, since
diffraction from A = 0, & = odd reflections of the same d
spacing in the tetragonal structure would produce diffrac-
tion spots in the same positions. However, the h = k =
odd absences would be observed and this possibly explains
the absence of the 110 and 330 reflections in the w-helix
electron and X-ray diffraction patterns.

Following the argument a stage further one might ex-
pect half-lattice spacing shifts between blocks of up heli-
ces and blocks of down helices in directions x and y. In
this case one would have up helical blocks at (0,0,0) and
(1,1%,0) and down helical blocks at (0,%,w) and (%,0,w).
This would lead to more systematic absences which are
not observed in practice. However, blocks of up helices
and down helices displaced at the equivalent unit cell po-
sitions above would have to leave vacant molecular sites
at the corners of the blocks; this is energetically unfavor-
able and further it would lead to a difference between
measured densities and those calculated using unit cell
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Figure 4. (A) Calculated electron diffraction intensities using the
lamella model with down helices displaced a/2 in the x direction
(coordinates of Bradbury et al.} (Ry = 0.65); {B) calculated X-ray
diffraction intensities with conditions as in part A (Rs = 0.48);
(C) calculated electron diffraction intensities using the lamelia
model with down helices displaced a/2 in the x direction (coordi-
nates rotated 5° from those given by Bradbury et al.) (Rz = 0.38);
(D) calculated X-ray diffraction intensities with conditions as in
part C (Rg = 0.41). (-------- ) Corrected observed intensities.

dimensions. As already mentioned these two densities in
fact agree.

The model of lamellae of up and down helices seems the
more favorable situation energetically.

Assessment of Diffraction Intensities Using the Lam-
ella Model. Taking the atomic corrdinates for the w struc-
ture in poly(3-benzy! L-aspartate) proposed by Bradbury
et al.® for a left-handed helix, the diffraction intensities
can be calculated using the model where the down helices
are displaced by half-lattice spacing in the x-axis direc-
tion of the tetragonal unit cell while the up helices are at
the unit cell origin. The calculation leads to different am-
plitudes for different planes of an {hkl} family since the
scattering amplitude relations for a space group P43 are

]

[F(hkD)| = |FORRD)|

\F(RAD)

\F(hRD)| # |F(RRD),
[F(hRL)|

In order to make comparisons with the experimental
data of Figure 1A,B, the intensities for all planes of an
thkl} type were summed in the calculations from the lam-
ella model and the sum was divided by the total number
of planes. Thus the effective mean intensity for each dif-
fraction spot was calculated.

The graphs of the above-calculated mean intensities
plotted against the inverse of d spacing are given for elec-
tron diffraction in Figure 4A and for X-ray diffraction in
Figure 4B and again R values are given. From these two
figures there is reasonable agreement between the theoret-
ically predicted curves and the experimentally observed
diffraction intensities. There are intensity maxima at the
300 and 400 diffraction spots and the 330 and 110 reflec-
tions are absent in both cases. However, there is a dis-
crepancy in that the 310 diffraction intensity is much too
low for the calculations from the lamella model compared
with the observed intensity.

To see what corrections should be applied to the model
a projection of the structure onto the basal plane was ob-
tained from the X-ray diffraction results of Bradbury et
al.® in the following way. The signs of the diffraction am-
plitudes for a given (hk0) plane were chosen to be the
same as those calculated from the lamella model structure
amplitudes described above. However it was not possible
to ascribe amplitudes immediately for each plane from
the observed diffraction pattern because the observed dif-
fraction spots are a multiplicity from all }hk0} planes, and
planes of the type (hkl) scatter differently from those of
the type (hkl) for the P43 structure. Therefore diffraction
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Figure 5. Fourier synthesis from the observed X-ray equatorial
reflections. Synthesis assumes the signs of diffraction amplitudes
calculated from the lamella model. (——) Up helix with coordi-
nates given by Bradbury et af.: (----- ) down helix with coordi-
nates given by Bradbury ef al.

amplitudes were ascribed to the various (hkl) planes by
apportioning the observed intensities among these planes
in the same ratios as was calculated from the model de-
scribed above. This data was put into a Fourier synthesis
program and a projection of the structure onto the basal
plane obtained. This is shown in Figure 5.

Figure 5 needs some explanation since clearly the pro-
jection does not have the fourfold symmetry expected
from the P43 structure. We should stress here again that
the model used to calculate the signs of the amplitudes
used to calculate Figure 5 was a model of lamellae of
packed up helices displaced half a lattice spacing from
lamellae of packed down helices. Taking into account the
statistical adding of vectors for the variable thickness
lamellae we believe that effectively one has to work out
scattering from an up helix at (000) and a down helix at
(¥%0w), in the same way as one superimposed up and
down helices for calculations involving a random distribu-
tion of up and down helices. Clearly in our case in the cal-
culation of diffraction amplitudes, the fourfold symmetry
is lost, and this of course occurs in the synthesis as well
since the signs of diffraction amplitudes were chosen from
the structure factor calculations.

In Figure 5 we sketched in the projection of up and
down helices; the former at the origins of the unit cells
and the latter at (%0w) coordinates. These are the pro-
jections of the atoms using the coordinates given by Brad-
bury et al.® and again we should remember that Figure 5
represents a statistical result and really the helices are
packed parallel, one per unit cell, in lamellae.

It is clear that the projection agrees very well with the
model using the above atomic positions. In particular one
can see clear troughs around which the residues bend.
One can also see clear maxima near to the benzene rings
and where the up helices and the down helices overlap in
the unit cell. The structure on close inspection is fairly
convincing. However, it is noticeable that the benzene
rings drawn from the model of Bradbury et al. overlap
into the trough regions in the synthesis. A rotation of the
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Figure 6. Calculated X-ray diffraction intensities for various
rotations of the coordinates given by Bradbury et al. (1962), as-
suming the lamella model with down helices displaced a/2 in the
x direction.

helices through 5° anticlockwise improves the fit consider-
ably.

In view of this the atomic coordinates were refined
using trial and error methods as follows. Taking the atom-
ic coordinates of Bradbury et al.,5 the helices were rotated
in the unit cell at several angular intervals over the whole
90° rotation which would bring the projection back into
position, The equatorial diffraction intensities using the
lamella model are plotted in Figure 6 for several angular
positions of the helices and Rg values for diffraction inten-
sities are quoted. Several positions are shown in the figure
around the angles where the Rz values are low. It can be
seen that as the helix rotation approaches 5° anticlockwise
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Figure7. (A, ------ ) Corrected observed first-layer line intensities
normalized to the 101 intensity; (B, ——) calculated intensities

assuming the lamella model with down helix lamellae displaced
5c/16.

the predicted diffraction intensities approach those ob-
served. The R, value reaches a minimum of 0.4 corre-
sponding to an Ry value of about 0.2. At any appreciable
angle from the 5° position the calculated intensities be-
come badly related to the observed intensities with high
R, values.

On rotating 5° anticlockwise the intensity of the (310)
reflection has increased considerably to about the experi-
mentally observed value. The theoretically calculated dif-
fraction intensities on the lamella model agree in most de-
tails with the experimental intensities for both X-ray and
electron diffraction. This is shown for comparison with
previous calculations in Figure 4C for electron diffraction
and Figure 4D for X-ray diffraction. However, the calcu-
lated intensity of the (320) reflection is high. Bearing in
mind the errors of estimation of diffraction intensities for
X-ray and electron diffraction, the agreement between
these 5° rotated intensities (Figure 4C,D) and the *ob-
served intensities (Figure 1A,B) is reasonable. If we esti-
mate Ry values from the observed and calculated equato-
rial diffraction intensities we obtain a value 0.38 for elec-
tron diffraction and 0.41 for the X-ray results which corre-
spond to R, values in the neighborhood of 0.2.

Diffraction intensities were calculated to see what
movements of the side chain would tend to change the 5°
rotated helix intensity calculations in a direction to bring
them into better agreement with the observed intensities.
By rotating about all the bonds in the side chain it was
found that small rotations clockwise and anticlockwise
tended to correct certain reflections in the direction
toward agreement with the observed intensities, but other
reflection intensities moved away from the observed
values. It was therefore not possible to rotate about any of
the bonds to improve the 5° rotated diffraction pattern.
This is quite satisfactory since rotation about the bonds in
the side chains changes the conditions which were already
in good agreement with the infrared data.>.8.®

The intensities of the diffraction spots on the first-layer
line were measured from the electron diffraction plates.
These intensities relative to the 101 reflection are correct-
ed for multiplicity and for the distribution of crystallite
orientations as described earlier. Figure 7A shows these
corrected intensities plotted against the inverse of d spac-
ing. It is very clear that the 101 diffraction spot is very in-
tense relative to the other diffraction spots.

Taking the lamella model with helices rotated 5° anti-
clockwise compared with the coordinates of Bradbury et
al.? the expected first-layer line diffraction intensities
have been calculated for various z displacements between
the two types of helix in intervals of ¢/16. Amplitudes for
the structure with the A position and with the B position
of the benzene rings have been added since it is likely
that both positions will be equally occupied at room tem-
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TableI
Coordinates of Residue O of an Up Helix in Angstroms“

Electron Diffraction Studies of Poly(8-benzyl L-aspartate) 89

Xy Yo 20 Atom
0.34 2.52 0 aC
1.051 1.64 1.05 C’
1.10 2.00 2.25 0
—0.56 1.71 -0.80 N
—0.49 3.63 0.70 Cg
=0.43 4.95 -0.13 C'y
-1.09 5.03 -1.14 Oy
0.35 5.93 0.30 0s
1.36 6.38 -0.68 eC
2.71 5.68 -0.45 ¢Cyq
3.76 5.95 -1.30 ¢CaA
5.02 5.33 -1.13 oC3A
5.21 4.45 -0.08 ¢Cy
4.15 4.15 0.83 #CsA
2.34 475 0.70 dCeA
3.56 6.06 0.70 ¢C2B
4.79 5.46 0.83 »CsB
4.40 4.06 -1.13 ¢CsB
3.12 4.66 -1.30 ¢CeB

@These are the same as those given by Bradbury et al.% rotated
anticlockwise. A and B refer to the two benzene ring positions pro-
posed by these authors. Atoms in other residues of the up helix are
at x1 = Y, Y1 = =X, 21 =29+ 1.325 ;X2 T —Xo, Y2 T Yo, 22 = 20
+ 265 As x3 = —vo, v3 = X0, 23 = 2o+ 3.975 A. On the model dis-
cussed, atoms in residue O of a down helix are at %o = xo + 6.94 A,
0= —Yo Zo= —20 t+ 1.66

perature and rotations between the two stable states may
occur as indicated by the pmr results of Happey et al.12
There is good agreement with the observed intensity ra-
tios normalized to the (101) reflection for displacements
—c/4 and +5¢/16 of the down helix lamellae where we
have adopted the coordinate conventions of Bradbury et
al.® which are also given in Table I. Both displacements
give a number of interatomic distances between lamellae
which would yield favorable van der Waal’s interactions.
The most favorable situation it would seem is a displace-
ment of +5¢/16 (1.66 A) for the down helix lamellae, since
for this case there is better agreement between the theo-
retical and experimental ratios between the (101) and
(300) diffraction intensities (1.4 theoretically and 1.3 ex-
perimentally).

Figure 7B shows the predicted first-layer line intensities
for the displacement +5¢/16 between lamellae along the
fiber-axis direction. The agreement with Figure 7A is good
except for the 211 reflection where the calculations predict
too low an intensity.

Table I shows the atom coordinates in the unit cell
which statistically contains up helices centered at (0,0,0)
and down helices at (%,0,+%s), following the coordinate
conventions used by Bradbury ef al.5

Table II shows contact distances between parallel heli-
ces and between up helices and down helices on the lam-
ella model. In the table intermolecular atomic distances
are given when they are less than 4 A. If we compare these
distances with those of Bradbury et al.® which referred to
a random distribution of up and down helices, we find the
contacts between parallel helices are similar in the two
cases, but for the 5° rotated coordinates there are contacts
between the residues in the neighborhood of the & oxy-
gens. In the case of the a/2 displaced helices in lamellae
there are many contacts to provide good van der Waals in-
teractions between lamellae. However, there is one very
short contact between carbon atoms, but there is good ev-

Table IT
Interatomic Distances between Helices®

Approx

van der

Waals

Separation Separa-
Code of Atoms and Distance between (A) tions (A)®
Distances between Parallel Helices
(0,0,0),UoBC and (0,0,0),UgO 2.75 3.1
(0,0,0),U,,8C and (0,0,~1),U3,0 2.95 3.1
(0,0,0),U,¢C4 and (1,0,-1),Uz,¢C4 3.83 3.4
(0,0,0),Uo,¢C4 and (1,0,0),U3,¢CaA 3.91 3.4
(0,0,0),U0,¢C4 and (1,0, _1),‘U3, ¢C2A 3.77 3.4
(0,0,0),U0,¢C4 and (1,0,—1),Us,6C2B 2.78 3.4
(0,0,0),Up,¢C4 and (1,0,—1),U3,6C3B 3.23 34
(0,0,0),Uo,9C4A and (1,0,0),Usz,¢C2A 3.69 3.4
(0,0,0),Up,#C3A and (1,0,—1),Us,¢CoA 3.60 3.4
(0,0,0),Up,#C3A and (1,0,—1),Us,¢C2B 3.30 3.4
(0,0,0),Uo,#C3sB and (1,0-1),Us,¢C2B 3.83 3.4
(0,0,0),Uo,¢C3A and (1,0, 1),Us,¢C3A 3.75 3.4
{0,0,0),U0,9C3A and (1,0,—1),U;,¢C3B 3.47 3.4
(0,0,0),Uq,¢C3B and (1,0,—1),Us;,¢C3B 3.90 3.4
(0,0,0),U1,60 and (1,0,0),U3,50 also 3.39 2.8
(1,0,-1),Uss0
(0,0,0),U;,60 and (1,0,0),Us,eC 2.84 3.1
(0,0,0),U;1,vC and (1,0,0),Us,eC 3.41 34
(0,0,0),U1,7v0 and (1,0,0),Us,eC 3.28 3.1
Distances between Antiparallel Helices (between Lamellae)

(0,0,0,U1,6C4 and (Y%, ~1,%4,D2,6C1 3.47 3.4
(0,0,0),U1,¢C4 and (%, —1,%5),D2,C 2.96 3.4
(0,0,0),U1,6C4 and (%%, ~1,%46),D3,0CA 3.12 3.4
(0,0,0),U1,0C3A and (%, —1,%4),D250 3.48 3.1
(0,0,0),U1,6C3A and (25, —1,%6),D2eC 2.55 3.4
(1,0,0),Ug,¢C3A and (%, —1,%6),D270 3.84 3.1
(1,0,0),Uz2,¢C2A and (%,—1,%54),Day0 3.74 3.1
(0,0,"’1),U1,¢C4 and (1/5,_1,5/16),D2,¢C2B 3.66 3.4
(0,0,-1),U1,¢6C3B and (%, ~1,%¢),D2,60 3.80 3.1
(0,0,0),U1,0C3B and (%, —1,%4¢),D2,eC 3.64 34
(0,0,—1),U1,¢C3B and (%, —1,%s),D2,¢C 3.90 3.4
(1,0,~1),Uz,¢C3B and (%, —1,%5),D2,7C 3.95 3.4

aThe coordinates of the origins of the helices are given in paren-
theses and match those of Figure 3. A and B refer to the two ben-
zene ring positions. ® Neglecting H atoms.

idence from the presence of the extra meridional diffrac-
tion arcs that the residues between antiparallel helices are
distorted from atomic positions which would form perfect
w helices.

Discussions and Conclusions

Electron diffraction studies of the w form of poly(3-ben-
zyl L-aspartate) have added information to the earlier
X-ray studies of Bradbury et al.5 In the first place the ab-
sence of 110 and 330 reflections in both studies suggests
that there may be systematic absences associated with the
packing of the w helices rather than chance zero intensity
reflections; secondly, the electron diffraction intensity
measurements have added information to the X-ray inten-
sities and hence can be combined with the X-ray results
in a search for the structure; thirdly, the consistency of
the results by electron diffraction on heating both from
the left-handed «-helical form of the polypeptide and
from the right-handed form, coupled with infrared mea-
surements, suggests that there is a unique w-helix struc-
ture which could be solved; fourthly, the electron diffrac-
tion patterns from polypeptides give more diffraction
spots than X-ray diffraction in a single diffraction pattern
because the electron reflection sphere is nearly a plane
section through the reciprocal lattice on account of the
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smaller wavelength, and it therefore intersects meridional
reciprocal lattice points. This last advantage shows up
meridional reflections on the first-, second-, and third-
layer lines in Plate 1A-D which should not be allowed ac-
cording to diffraction theory from perfect « helices since
the Fourier transform of the unit cell should be zero at
these points. There must therefore be distortions in the w
helices.

A lamella model for the packing of w helices in poly(3-
benzyl L-aspartate) suggested herein fits the X-ray and
electron diffraction intensities quite well (with an R, fac-
tor of about 0.2). In analyzing this model it was assumed
that molecular averaging would lead to a Fourier trans-
form equivalent to antiparallel helices at unit-cell-zero
coordinates (0,0,0) and (%,0,+%¢) which would mean ab-

sent (110) and (330) reflections. This assumption can be

shown to be reasonable by the following argument.

Diffraction from one single thin lamella of packed up
helices will yield interference regions in reciprocal space
at the reciprocal lattice points corresponding to the paral-
lel packing of helices within the lamella. The interference
region for each reciprocal lattice point will be elongated
along an axis perpendicular to the fiber axis and perpen-
dicular to the surface of the lamella because of the small
dimension in that direction. The next lamella of down
helices will contribute its own interference region at each
reciprocal lattice point, and the vectors for scattering
from the two lamellae will add over the region of overlap
of the interference regions. In this way scattering from
successive lamellae of different thickness will lead to a
sharpening of the diffraction spots at the reciprocal lattice
points coupled with a general background intensity due to
the overlap of the different sized interference regions.
Thus we expect diffraction intensities to be calculable by
adding the scattering vectors from the two types of lamel-
lae using the appropriate phase factors and we expect a
background intensity along the layer-line regions in the
neighborhood of diffraction spots. Certainly the latter is
observed in practice.

The question arises why the spacing between lamellae
should be exactly the same as the lattice spacing within
the lamellae and why the lateral shift between the up-
helix lamellae and the down-helix lamellae should be ex-
actly a half-lattice spacing. Actually there could be very
slight differences between the lattice spacing and the
spacing between lamellae and still the scattering vectors
over several lamellae could approximately sum, provided
each crystallite contains not very many lamellae. Calcula-
tion shows that small shifts in the spacing between lamel-
lae and small shifts in half-lattice spacing between lamel-
lae do not have a large effect on the structure factor cal-
culations.

If the w helices in poly(3-benzyl L-aspartate) are ar-
ranged in lamellae as we have suggested and since the w-
helix structure seems not to depend on whether it is de-
rived from a left-handed «-helix structure or a right-hand-
ed structure there must be considerable molecular move-
ment and atomic movement in the solid film at the high
temperatures (~140°) needed to form the w structure. As
pointed out by Malcolm,* the change-over in helix sense
which occurs for one helix sense of the unheated polymer
when the w-helix structure is derived from it need not in-
volve a net rotation of a whole molecule about its axis,
since if hydrogen bonds are broken locally on a helix a
change of helix sense can occur by rotation about the «-
carbon atom bonds. Malcolm suggested that such a break-
ing of hydrogen bonds and reforming of the reverse sense
helix could propogate along the length of molecules.

However, the change in the molecular packing from the
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« forms of the polymer to the suggested lamella structure
of the w form indicate considerable molecular movements
at the high temperatures, and large molecular movement
is also shown in the formation of the « form of poly([3-(p-
chlorobenzyl) L-aspartate] with the work of Takeda et:
al.17 Since the intermolecular interactions are clearly im-
portant in the formation of the w structure, the big change
in molecular packing must be integrally associated with
the actual nucleation and growth of the phase change
from the « to the w form.

If molecules in an w-helix pack parallel in a tetragonal
lattice, there can be no reason for meridional reflections
other than the 1.3-A reflection on the fourth-layer line.
Any distortion due to the packing of the molecules would
just produce w helices of different atomic coordinates and
anyway the intermolecular interactions are believed to be
important in stabilizing the w structure in poly(3-benzyl
L-aspartate). If one thinks of a down w-helix pack isolated
within a sizable group of up w helices in a P43 structure it
is clear that those residues of the up helices adjacent to
the single down helix are in a different environment than
they would be in an environment of up helices. It is there-

fore interactions between antiparallel helices which pro-

duce distortions from the w-helix structure and which
therefore produce the observed extra meridional reflec-
tions. No doubt in the lamella model the intramolecular
interactions hold the side chains of the w helices roughly
rigidly in azimuth so that distortions due to intermolecu-
lar interactions are likely to be greatest in the helix axis
direction, and such distortions would produce meridional
reflections. The (001), (002) and (003) reflections in Plate
1A,B are fairly intense and since these would be due to
interactions between the lamellae on our model, their
presence would suggest that the lamellae are rather thin,

McGuire et al.1l have shown that whereas an isolated
molecule of (BzAsp), is stable as the left-handed « helix
in the solid state, intermolecular interactions between
benzene rings and overlapped packing of the side chains
of neighboring molecules result in the w helix having the
greatest stability. They calculate a structure for the w
helix which gives good agreement with the infrared data
except that the benzene rings do not have the correct ori-
entation with respect to the helix axis as indicated by in-
frared dichroism measurements. However, so far as we
can tell the structure proposed by McGuire et al. does not
agree with the diffraction measurements. The projection
electron density map of Figure 5 shows extremely low
electron-density regions half-way between molecules
which strongly indicates that overlapped packing of the
type suggested by McGuire et al. does not occur in the
structure we studied. Structure factor calculations were
made using the model of McGuire et al. for the case of a
random distribution of parallel and antiparallel helices
and for the case of a lamella model such as proposed in
this paper. These calculations did not agree with the ob-
served X-ray and electron diffraction data. It would be in-
teresting to see if the calculations using the methods of
McGuire et al. would lead to lower energy situations if
intramolecular interactions between benzene rings were
taken into account.

The position C for the benzene rings in the w form of
(BzAsp), proposed by Happey et al.12 would not take ad-
vantage of the considerable advantages obtained by stack-
ing of the benzene rings so that they are in contact with a
van der Waals thickness of 3-4 A. It seems probably that
at higher temperatures the benzene rings rotate between
the two stable positions A and B to agree with their re-
sults and that at a low temperature they occupy the more
stable of these two positions. As pointed out by Happey et
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al.12 the rotation of a benzene ring cannot be entirely in-
dependent of rotations in neighboring residues and no
doubt this fact together with the packing problems for w
helices discussed above prevents an exact analysis of the
diffraction data.
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ABSTRACT: In previous conformational energy calculations on this cyclic pentapeptide, the hard variables
[bond lengths, bond angles, and dihedral angles around peptide bonds (w’s)] were kept constant; in this paper,
the restriction of constancy of these variables is removed. Flexibility is introduced by assuming that a Urey-
Bradley-type force field is applicable to the hard variables. Starting with the thirteen minimum-energy confor-
mations (obtained previously in the rigid-molecule treatment), and using the conjugate gradient method, the
total conformational energy was minimized in the extended space corresponding to the flexible-molecule treat-
ment. Eight local minima were thus obtained, some of them arising from more than one (rigid molecule) initial
conformation. In a strained molecule such as this one (i.e., one with a few close interatomic contacts), energy bar-
riers between local minima of the rigid-molecule treatment often disappear when the hard variables are allowed
to vary. While the dihedral angles (¢’s, ¥’s, x’s) change very drastically from those of the initial conformations in
many cases, the changes of bond lengths, bond angles, and ’s are within the range of X-ray crystallographic data.

In the first two papers3:* of this series, conformational
energy calculations were carried out for the cyclic penta-
peptide cyclo(Gly-Gly-Gly-Pro-Pro), which has eight sin-
gle bonds in the backbone about which rotation can take
place. The hard variables® [bond lengths, bond angles,
and dihedral angles around the peptide bonds (w’s)] were
maintained constant3:* (rigid molecule), and six of the
backbone dihedral angles were computed as functions of
the two (remaining) independent backbone dihedral an-
gles. The complete energy surface of the rigid molecule
was calculated, and thirteen local minima were located in
that region of the energy surface which is within 100 kcal
of the global minimum.? Using the assumption of small
conformational fluctuations,® the statistical weights of the
three lowest-energy local minima were computed? in
terms of det G and det F (quantities that have been de-
fined previously®), thereby providing information as to the
most stable conformation of this cyclic pentapeptide (in
the absence of solvation and crystalline forces).

The purpose of the present paper is to remove the re-
striction of constancy of the hard variables, and thereby
obtain a more complete description of the cyclic penta-
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peptide; i.e., every atom of the molecule is now allowed to
move independently. The treatment of the molecule as a
flexible one is the last step of a theoretical framework pro-
posed earlier®.® for conformational energy calculations in
general, In order to allow the hard variables to change,
appropriate potential functions are required. By including
such potential functions, together with those used? in the
treatment of the rigid molecule, we may start from the
conformations obtained in the rigid-molecule treatment
and minimize the total conformational energy.?-® Thus,
we require appropriate potential functions for treatment
of the hard variables, and also a suitable energy-minimi-
zation procedure in order to carry out the computations
for a flexible molecule. »

In the rigid-molecule treatment, the problem of ring
closure was a nontrivial one.? However, in the flexible-
molecule treatment, no such problem arises since the po-
tential functions for the hard variables serve to maintain
the independently moving atoms in a closed ring.

As far as the potential functions are concerned, we may
assume that the displacements of the hard variables from
their equilibrium positions obey a simple harmonic law,
with force constants obtained from infrared and thermo-
dynamic data on simple molecules. While more work has
to be done to be assured that force constants (determined’
in this way) can be used for more complicated molecules
like cyclo(GlysPros), we follow present practice,”® and
use them as a first approximation.
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