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SUMMARY

The structure and properties of synthetic polypeptides and
related ticmolecules have been investigated in the solid state, in
solution and at interfaces.by a diversity of physical methods.
Studies of polymers in the solid state and in solution were
the first to show that the a-helix normally exists in only one screw
sense and that it is right handed. Work on poly-glycine has led to
advances in our knowledge of its structure and that of related
proteins.
A range of polymers spread as molecular monolayers at the
air-water interface ha .s been investigated by combining the classical

methods of surface chemistry with peptide deuterium exchange used as
a structural tool, and by examining collapsed films by electron
diffraction and polarized infrared spec t,oscopy. Contrary to the
conclusions of others working in this field, it has been shown that
many high molecular weight polypeptides appear to be stable at the
air-water interface in the a-helical conformation. A transition
observed in the monolayer state has been shown to be consistent with
the regular collapse of the structure to form a bilayer, rather than
a conformational change; this transition gives valuable quantitative
information relating to the molecular forces involved. There is good
evidence that the surface potential arises from polymer-water
interactions rather than, as has been supposed, from the orientation
of the peptide dipoles with respect to the interface. Certain

polymers have been found which have unusual properties. In one case
a polymer which normally forms a left handed helix appears to form a
right handed helix in the monolayer state; in another case a series
Of transitions has been observed consistent with the consecutive
formation of several layers of molecules. This work provides
additional confirmatory evidence for the interpretation of the
monolayer properties. Polymer-water interactions studied by
polarized infrared radiation have shown that water molecules
adsorbed from the vapour are located in specific orientations; this
has opened up a valuable method for studying water-peptide group
and water-aide chain interactions, and supports the molecular basis
of the interpretation of the surface potential.
The properties of proteins and synthetic polymers have been
examined in relation to the conform-'ion of proteins at interfaces and
in cell membranes. This work was the first to show that infrared
spectroscopy and optical rotatory dispersion could be applied to test
the idea generally accepted, that the prona were in the extended
3-conformation. It has been shown that this view is without
sound foundation and that the application of these methods can
provide new information of considerable value.

PREFACE

My interest in the synthetic polypeptidea developed from my
appointment as a research physicist to the Fundamental Research
Laboratories of Courtaulds Limited at Maidenhead, England, in October
1951, where pioneer work on these polymers had already led to the
laboratory being internationally recognised. In particular it had been
shown that there was a close parallel between the a and P forms of
natural proteins, as designated by Astbury, and similar conformations
in the synthetic polymers. The laboratory was altogether exceptional
for an industrial organization in its liberal approach to science.
While it was always central to our work that a synthetic fibre might
emerge having all the desirable textile properties of the natural
protein fibres, wool and silk, a fundamental interest in the
properties of both natural and synthetic polymers and publication of
research was actively encouraged; my first paper from the laboratory was
in fact on the infrared spectrum of frog sartorius muscle.
Of the individuals working within this field at the laboratory
to whom I am particularly indebted mention must be made of three:
C.H. Bamford who was in charge, and mainly but far from exclusively
concerned with the physical chemistry; W.E. Hanby a skilled organic
chemist whose ability in producing polymers with the properties we
desired was crucial; finally A. Elliott, with whom I worked most
closely, a dedicated researcher, whose spectroscopic skills ranging

from the infrared to the X-ray region of the spectrum are internationally
recognised. The total number of scientific staff working on all
aspects of synthetic polypeptides at the laboratory was seldom more
than six or eight, nevertheless we made rapid progress, not only
because the field was fruitful, but also because we came from a
diversity of scientific backgrounds which was central to our success.
We formed a group which would be quite exceptional in a university
department.
On my appointment as a Lecturer in the new Department of
Biophysics of the University of Edinburgh in January 1958, until that
time a Unit of the Department of Natural Philosophy, I expected to
move away from work on synthetic polypeptides. The main line of
research in the laboratory, associated with J. Dainty, was ion
transport in cells. To develop an independent line of research,
but perhaps related to the other work of the laboratory, it seemed
useful to work on the structure and properties of interfaces such as
cell surfaces, known to be central to the osmotic and ion transport
properties of cells. A direct approach to this problem was, however,
restricteb by the inadequacy of the experimental techniques available,
and corresponding ambiguities in the interpretation of the data. It
therefore seemed perhaps more profitable to follow up the study of
the properties of proteins at interfaces along the lines
pioneered by N.X. Adam, J.P. Danielli, I. Langmuir and E.K. Rideal

among others. The techniques they had used and the ideas they developed had
remained relatively static compared with the advances in our knowledge of
pro'ns in the crystalline state. A reappraisal of the early surface
chemistry of proteins was therefore timely, but there seemed no reasonable
possibility that developments in monolayer methods utilising proteins,
would immediately produce advances comparable to those made in the study
of crystalline systems. I therefore returned to the study of synthetic
polypeptides, this time in the monolayer state, with the expectation
that as in the fibrous state, they would provide a bridge between the
complexity of proteins and a system amenable to physical studies, on
which new methods could be tried and tested.
In the notes on the papers that follow it has been my aim to
try to fill in the background to the papers and comment on them in
retrospect, to show how they were influenced by the problems (and personalities) of the time, and how they have contributed to the advancement of
knowledge and experimental methods in their field. It is hoped that this
will add interest to the papers and make them more readable, and also
reflect the human element which is seldom allowed to appear in published
work but which is an inextricable part of all research.
As far as possible the papers are considered in groups. Where
the work was undertaken in collaboration with other experts, so far as I
have been able the part I played and that of others is delineated in a
paragraph at the end of the notes on each section, to conform with the
Regulations of the University of Edinburgh. It will be appreciated that

to do this in detail is almost impossible in some instances, since the close
interactions often essential in a collaborative piece of work are far too
complex to unravel, and in these instances I would not wish to claim more
than my fair share of any credit.
The work at the University of Edinburgh has been supported by
research grants from the Department of Scientific and Industrial Research
(L1934) and the Science Research Council (3890).
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INTRODUCTION

The starting point for this work was the study of high molecular
weight synthetic polypeptides as materials closely allied to natural
proteins, in relation to their undoubted scientific and possible technological importance. Polymers can be prepared with a wide range of
properties determined principally by the appropriate choice of side
chain. Many are soluble in water or organic liquids, others are almost
completely insoluble. With skill, some can be made into strong fibres
closely resembling silk or wool. While technical and economic
considerations may have prevented their large scale production for
the synthetic fibre industry, many are now available as fine chemicals
from the U.S.A. and Israel. This is almost entirely a result of their
purely scientific interest in the fields of biochemistry, medicine and
the physical chemistry of high polymers. Their importance in these
fields will be seen by reference to the standard work on these polymers
by Bamford, Elliott and Hanby (1956) and the books edited by Stahmann
(1962) and Pasman (1967).
In my work I have had three main aims. Firstly to develop an
understanding of the properties of synthetic polypeptides in the solid
state, in solution and at interfaces. Secondly to attempt to relate
where appropriate such results to proteins. Finally throughout this work
it has been my interest as a physicist to develop and apply new methods to
these studies, to extend our knowledge and bring to light new phenomena.

.
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The value of these polymers as protein analogues arises from their
relative simplicity which enables us to highlight features of proteins
that would otherwise be difficult to isolate and study in detail. In
some instances their properties are unusual and we find ourselves studying
unexpected aspects of molecular behaviour. A number of factors are
important: (I) the correct choice of polymers and their availability,
(ii) studying them in the appropriate state and environment, and (iii) the
use of all available methods in order to build up a detailed and selfconsistent picture of their properties. We can then with caution extend
the ideas and methods to proteins.
It was logical that in the first instance attention should be given
primarily to the solid state and solutions, in order to develop our ideas
about molecular structure, and this remains the central field of research
on polypeptides, with relatively few atteipts to study their properties
in other situations. In particular since many are insoluble in water,
this has been seen as a limitation to their usefulness in relation to
proteins. This can to some extent be overcome, or even turned to
advantage, by studying their properties as monolayers at the air-water
interface. There is increasing realisation of the importance of the
hydrophobic regions of proteins, and monolayer studies axed considerable
relevance as a method of bringing hydrophobic side chains and water into
close proximity. Clearly this approach is also of value in relation to
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the surface chemistry of proteins and the study of interfacial structures
generally. Yet another method is to study the adsorption of water on
the polymers from the vapour phase. I have been particularly concerned
to extend our knowledge into these fields.
How the results from these studies can or should be applied
to proteins is a matter for scientific judgement. There is no doubt
that in many respects they have clarified our thinking, for instance
in relation to the secondary structure of proteins. Occasionally
there has perhaps been a tendency to over-extend correlations
between synthetic polymers and proteins, and sometimes a relation
between the two has not been recognised when it should have been. My
own attitude in this respect has developed towards studying the physical
chemistry of the synthetic polymers as a worth while activity in its
own right, but seeking to develop it along lines that might be
expected to contribute to the better understanding of biological
systems. To some extent it is a question of timing; at a particular
state of development of this field one particular aspect of study of
the synthetic polymers may produce a major advance in the study of
proteins, for example in understanding optical rotatory dispersion,
after which it becomes predominantly of physico-chemical interest.
One might then be more profitably employed, from a biological standpoint,
in some other aspect of the study of the synthetic polymers. The
emphasis now, should be towards the problems presented by biological
systems, as opposed to individual molecular species, with intermolecular

.
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interactions, as well as reactions, and withaquous systems. In general
terms this is the direction in which my work has been aimed.
The work presented here started at a time when Elliott and
Ambrose (my predecessor at the laboratory) had established the basic
relationships between the conformations of the polymers and their
polarized infrared spectra. It was then appropriate to extend this
work to a broader range of polymers and to test the ideas that were
emerging concerning molecular conformations.

8.

SECTION
The rear infrared atJ

I

natural and synthetLc

fibres, and of muscle (Papers 1, 2 & 3).
paper 1. The need to prepare specimens sufficiently thin and
uniform limits the diagnostic use of infrared spectroscopy in the 7004000 cm region, particularly in the examination of fibrous specimens.
The near infrared 4000-6000 ca, is then of value since specimens can
be up to 1 mm in thickness, and sample preparation can be relatively
simple (Paper 3). Most commercial instruments have a poor performance
in this region and it is still relatively neglected. Its value is
clearly shown by its use in enabling a comparison to be made of the

molecular structure and orientation of very fine spider silk and thick
fibres of poly-L-alsnine. The regenerated protein fibres show almost
no dichroism, strongly indicative of a low degree of molecular
orientation, a fact doubtless connected to their subsequent commercial
demise.
Pper 2. From a biological standpoint a further advantage of
this region is that spectra can often be obtained in the presence of

water. This enabled the spectrum of live muscle to be obtained. Pauling
and Corey had suggested that the basis of muscle contraction was a
change in the molecular conformation from the extended pfor* to the
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folded a-helical structure. A.V. Hill suggested that this could be
tested in our laboratory and provided advice on the selection of a
suitable muscle. The absence of a band at 4520 cm, observed in the
p-conformation of poly-L-alanine, (Paper 1) showed clearly that there
were no grounds for the proposal. The spectrum also provided an
indication that a small proportion of the protein was oriented in the
a-helical conformation.
Paper 3. The method described for obtaining polarized
infrared spectra of single crystals was developed in order to obtain
spectra of various hydrated forms of cyclo-(hexaglycyl). This work
remains unpublished, for while deductions could be made concerning
the orientation of the peptide groups, there were ambiguities in
the interpretation and it became evident that sooner or later a full
structure determination by X-ray diffraction would emerge not subject
to these uncertainties. Polarized infrared spectroscopy as a
structural tool is of most value in systems not amenable to X-ray
diffraction methods. However one feature of interest in relation to
later work (Paper 23) was the observation of dichroism in the band
associated with the water of crystallization.
(In Paper 1, I was principally responsible for the construction of the
infrared spectrometer with the fused quartz prism, the mounting of the
specimens, and with A. Elliott in interpretation of the results).
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SECTION II (Papers 4 & 5)
The a-helix
Many accepted rather readily the a-helical structure proposed
by Pauling, Corey and Branson as a basic structure for folded synthetic
polypeptides and proteins. Their strong advocacy of this structure
and its elegance were very persuasive. At a Royal Society Discussion
(Astbury et al. 1953) it was clear that if it were correct, it
raised a number of problems in the interpretation of the experimental
data, to which the answers were by no means obvious. Poly-L-alanine
was the ideal polymer on which to test the structure rigorously since
it has a short side chain and could be prepared as fibres having a
high degree of molecular orientation and crystallinity. A careful
examination of the intensities of the X-ray diffraction pattern
(Brown & Trotter , 1956) showed, however, that neither the left nor
the right handed helix gave a satisfactory agreement with the data,
though the left handed helix was on balance closer.
Elliottand I decided to re-examine the data using an optical
diffractcmeter. It soon became evident that small modifications to
the structure, compatible with reasonable bond lengths and angles
and with the restriction of a 1.5 X

screw axis repeat, would not

produce satisfactory agreement with the X-ray intensities; something
more fundamental was involved. There was the possibility that both
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enantiomorphe might be present (perhaps in different phases in the same
specimen). However, discounting theoretical predictions that one sense
of helix was significantly more stable than the other, we had found
strong evidence for this from work on solutions of poly-leucine
(Papers 7 & 8). It then became evident that a simple unit cell
containing one molecule was not the correct choice, but that the
structure probably consisted of a randoni arrangement of equal
numbers of chains running in opposite directions, with the side
chains packed in approximately equivalent positions. (A similar
type of structure was subsequently found in poly (-methyl-L-glutamate),
Vainebtein & Tatarinova, 1961). The random element in this structure
also satisfactorily accounted for streaks on the layer lines, and it
was then quite clear that the righthanded helix was present. It is
interesting to reflect that what up to that time had been accepted
as the diffraction pattern of an a-helix, was in fact the pattern
that would be produced by a virtual structure consisting of two
such helices running in opposite directions superposed, with the side
chains in register. This virtual structure had a centre of symmetry,
which simplified the phase problem, and we were able to propose slight
modifications to the structure to improve the correlation with the
X-ray data.

12.

A recent re-examination of the X-ray photographs (Arnott
& Wonscott 1966, Arnott & Dover 1967) has fully confirmed this work,
even to the kind of detailed modifications that we suggested.
However, from the use of a computer programme incorporating
constraints relating to the bond lengths and angles, these
modifications were accomplished without the need to deviate from
the usual values.
(It is particularly difficult in retrospect to demarcate our respective
contributions to this work. Appreciation of the random element in
the structure came to us gradually as we worked on the problem. At
a later stage I was mainly concerned with improvements to the
original coordinates and in considering the packing of helices that
did not have an exact repeat. Elliott was more concerned with
interpretation of the layer line streaks).
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SECTION III (Papers 6, 7 & 8)
The Conformation of Synthetic Polypeptides in Solution.
Paper 6. We were first led into studying the optical properties
of solutions to obtain evidence for there being only one sense of helix.
Visual optical polarimeters appeared to

US

to be rather archaic and

beset with inconveniences which could be avoided with a photoelectric
instrument and we therefore designed and constructed our own. It was
simple and worked well, a second model was constructed for routine
use by others in the laboratory and similar ones subsequently made
commercially by Stanley Instruments Ltd. At a later stage we
converted the quartz prism infrared spectrometer (Paper 1) for use
as an ultraviolet monochromator and the combination enabled us to
carry out optical rotatory dispersion measurements.
Papers 7 & 8. Poly-leucine was chosen for our first study
since we felt reasonably certain it would be helical in non-polar
solvents and because its side chain did not contain groups that
might complicate its properties. The results it gave were pleasantly
free from ambiguity and greatly clarified our ideas. Corresponding
behaviour was found in a range of other polymers and it was clear
that the sense of the helix was almost certainly the same in all
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cases (Paper 8). Poly-alanine solutions were among these so that
we considered it reasonably certain from the X-ray work that the
helices were right handed. A final link between the two methods
was made by examining the optical rotatory properties of some
solid specimens of poly-alanine (Section IV, paper 12). This was
of particular importance in connection with theories of optical
rotation by Moffitt (1956) and Fitts and Kirkwood (1956) which
predicted a right handed helix, though their basis for this was
later seen to be insecure.
The value of our approach, combining X-ray diffraction
with optical studies on solUtions, and not relying on theoretical
predictions concerning the optical properties, was not everywhere
recognised, though Sheraga (1961) pointed out the merits of this
work and Figure 1 (Paper 8) has been widely reproduced (e.g. Shooter,
1960, Scheilman & Scheilman, 1964, Morawetz, 1965). Doty (1957)
referring to Blout, Doty and Yang (1957) was fully aware of Paper 7
when he wrote: "The first evidence for the existence of only one
screw sense in the helix came from measurements of the optical
rotation of copolymers of the L and D isomers of y-benzyl-LGlutamate". Similarly Yang (1967) remarks: "A decade ago the
handedness of the helices was a rather controversial subject.
Ironically the early premature prediction of the Moffitt theory for
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a right handed a-helix happens to be correct for all the "standard"
L-polypeptidea. Confirmation cornea from X-ray studies of myoglobin,
hemoglobin and now lysozyme, all of which are right handed". And

again: "Had we first studied helical poly(-benzy1_Laspartate),
which has a positive b instead of poly(y-benzyl-L-glutamate) in the
early 1950s, a left handed helix would have erroneously been proposed
for the L-poiypeptides".

(But see also paper 17)

(In paper 6, the basic principle of the instrument was Elliotf a
suggestion.

I was mainly responsible for the design and construction;

we both took part in setting up and testing the instrument.

In

papers 7 and 8, Hanby prepared the polymers and Elliott and 1 made
most of the measurements. Downie participated in the later stages of
the work and was mainly responsible for the analysis relating to
Figures 7 & 8 (Paper 8).)
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SECTION IV (Papers 9, 10, 11 & 12)
The structure and properties of some synthetic polypeptides in the
solid state and their relation to silks and other proteins.
Poly-.L-alanine and poly-glycine and their copolymers were
of interest not only because of their potential fibre forming
properties, being closely related to silk, but also because their
small side chains produced a simplification of the theoretical
considerations in relation to infrared frequency analysis and X-ray
work. These polymers did however present other problems, often of
a practical nature. Poly-L-alanine tended to be very insoluble;
poly-glycine was difficult to prepare with a sufficiently high
molecular weight for specimens to be produced with a high degree
of orientation, almost crucial for detailed X-ray analysis or
polarized infrared studies.
Another odd feature of poly-glycine was that it never
appeared to develop the a-helical structure, in contrast to poly
(a_amino-iso-butyricid)(ifl which the cH2 group is replaced by
C(cH3)2). It seemed likely that conditions most favourable to
the formation of an internally hydrogen bonded helix would be
obtained by precipitation of the polymer from very dilute solution.
The conformation so produced was found to have an infrared epect*m
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quite unlike those of other polymers (Paper 9), and the X-ray powder
photograph corroborated the impression that the conformation was one
not hitherto encountered. Because the only method of preparing this
material was by precipitation, attempts to orientate it for studies
by polarized infrared and X-ray diffraction were unsuccessful and it
was therefore decided to publish a note drawing attention to its
features (Paper 10). Crick and Rich almost immediately proposed
the correct structure; one with intermolecular hydrogen bonds and
a 3-fold screw axis (Crick and Rich, 1955). At that time a structure
for poly L-proline with a 3-fold screw axis had been described by
Cowan and McGavin (I believe at a conference in Yugoslavia attended
by Crick), and published shortly after Paper 10, (Cowan & McGavin,
1955). Crick realised that if it were possible to show that poly
glycine U also had a 3-fold screw axis, the structure of collagen
was then almost self-evident. So it proved, the poly-glycine II
providing the clue to the pattern of hydrogen bonding.
The structure proposed by Crick and Rich for poly-glycine IX
was not one that could accommodate side chains larger than hydrogen
and it was therefore largely irrelevant to understanding the
structures observed in silks, which depended not only on the source,
which affected the amino acid composition, but also on how the
material was treated. As with the near infrared region, we were
able to relate the infrared bands of silk in its 3-conformation
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to poly-L-alanine and poly glycine in the same conformation, and
identify bands arising from the side chains.
Problems arose in the interpretation of the spectra of silks
prepared from solution in the absence of strain. While these had an
Amide I band at about 1660 cm 1 , close to that of the a-helix, and in
some cases there was corroborative X-ray evidence for the a-helical
structure being present, in other cases neither X-ray nor optical
rotatory dispersion studies gave any clear indication of a regular
structure. I tended to regard these as glassy or random structures
whereas Elliott considered it possible that the structure had some
regularity. The conclusions of Papers 9 and 12 reflect our slightly
different views. It is unfortunate that this work caused Astbury
(1958) to state that we "once and for all abandon the exciting
generalization to the effect that the a-helical configuration could
be diagonised always by a carbonyl stretching frequency round about
-1.
1660-1665 cm as opposed to 25-30 wave numbers fewer for the
corresponding band given by the a-configuration. This criterion would
have been invaluable, but from the beginning doubts arose till eventually,
even before the coup de grace was administered at this meeting came the
unanswerable exception of poly glycine II for which they found 1648 cm..'
Astbury failed to recognise that while specific conformations
give rise to characterist c frequencies (sebsequently given a theoretical
basis by Miyazawa, 1962) the frequencies are not necessarily unique
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and may occur in other conformations; where a band occurs at a
significantly different frequency, as with poly-glycine II, or is
clearly not at the frequency associated with a proposed conformation,
then it is useful evidence in recognising that some other type of
structure is present. I make the same logical point at the end of
Paper 2 in relation to the corresponding frequencies in the near
Infrared, where poly-glycine II has in fact a band coincident with
a-helical structures.
We could however be criticised in retrospect for failing
to recognise that the broadness of the Amide I band in lysozyme
might include unresolved contributions from the presence of small
amounts of both the a and P conformations, rather seeking to exclude
them entirely (Paper 12).

(In this section Hanby prepared all the synthetic polymers, Elliott
worked predominantly on the silks, whereas I was mainly concerned
with the synthetic polymers, particularly poly-glycine. In paper 10
Brown and Cant were involved with the X-ray work, and Bamford mainly
but not exclusively with attempts to increase the molecular weight
of the polymer.)

20.

SECTION V (Papers 13-19)
The structure and properties of synthetic polype2tide8 at the air-water
interface.
Early work on proteins had clearly shown that at an airwater interface, proteins were frequently denatured and unfolded in
some manner. Usually the molecule was depicted as a fully extended
polypeptide chain (see for example Adam, 1941) with a 3-keratin
structure. When synthetic polypeptides became available their
monolayer properties were interpreted in a similar manner. The
review by chessman and Davies (1954) contains no suggestion that
perhaps the a-helix might be present in some cases, despite
interest in it at that time, and it was first suggested by Bamford,
Elliott and Hanby (1956). It has to be realised that some early work
may have been on polymers of doubtful constitution and low molecular
weight, and attempts to deduce the conformation were premature until
the early 1950 1 9.

Experimental work had mainly been within various

schools of surface chemistry by people who had come to accept the
traditional view of an extended polypeptide at the interface, and
who tended to rely on the standard methods of surface chemistry.
Their techniques were frequently elaborate, though simple in
principle, and fundamentally unchanged for many years. Their
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measurements of surface pressure and surface potential as a function of
of surface viscosity, hzd become a
monolayer area, and measurements
rather isolated branch of science.
Geographical isolation may also have contributed to the
perpetuation of ideas that were in need of reconsideration, since
a high proportion of the early publications in this field are from
the laboratories of Isemura and co-workers and later Yamashita, in
Japan. Despite the comments of Bamford et al. (1956) others active
in this field have accepted Japanese work largely at face value
(Crisp, 1958; Joly, 1964; Liopis, 1968). This covers a wide range
of polymers and copolymers and a review is not attempted here, but
a number of their papers are referred to in the papers in this
section.
It is also surprising that in view of the increasing attention
being given to interfaces in biology, and progress in the use of computer
methods in predicting molecular conformations, little theoretical
consideration has been given to surface structures. Probably one
reason is that theoretically they are much more complex than
structures in the solid state or solution. All the standard conformations are derived by operating on the asymmetric unit with a screw
translation, so that all residues are equivalent.

If any such

structure is located at for example, an air-water interface, some
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residues have their aide chains directed into the air and others into
the water, and they cease to be equivalent. It is then unlikely
that if the side chain is flexible it will be in the same conformation
on the two sides of the interface and possibly the backbone conformation
may also be modified.
These considerations provoke a number of questions.

If

the side chains are hydrophobic, might the molecule adopt a
conformation that does not conform to the usual criteria? Is it
possible that the peptide groups all hydrogen bond to water? Are
alternations of cis and trans peptide groups a possibility? What
would be the consequences of various alternations of hydrophobic

and hydrophilic residues? Since rod-like molecules such as the
a-helix would be constrained to pack in parallel groups, would this
give rise to additional stability?
Answers to these questions might be obtained by a purely
theoretical approach, but often in this field theoretical advances
are stimulated by experimental observations and tend to be retrospective
in character. In any case it was clear that an experimental study
of interfacial structures would be potentially interesting and
important, provided that the obvious difficulties in a study of the
structure of a monomolecular layer could be overcome.
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To make further progress it was considered that since the
standard techniques of surface chemistry did not produce information
that was free from ambiguity one had to combine them with new methods, used
preferably on the monolayer in situ, but if necessary by removing it
from the surface and using more powerful indirect methods. This latter
approach is obviously one that has to be used with great caution, and
on many systems it might be quite unjustifiable and wholly misleading.
One has to consider carefully the possible consequences to the polymer
in removing it from the water surface and placing it in some other
environment. That such experiments hold out some hope of success
depends on the fact that synthetic polypeptides in the solid state
frequently show evidence of their past history - they seldon
immediately come (if ever) into their most stable state. This type
of experiment has even produced significant results in relation to
conformations in solution, where early work showed that it was possible
to relate thei to structures in the solid state (Robinson and Bott, 1951).
but to place too rriuch weight on the results of such experiments alone is
as mistaken as to ignore their possibilities and refuse to consider
their merits.
Clearly in this field a combined approach using all available
methods is essential. Nevertheless in studies of monolayer structures
it is difficult to achieve anything like the degree of reliability we
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associate with that attainable with work on the solid state or
solutions. Even when a combination of method leads to a simple self..
consistent picture, an element of doubt remains. Each individual
approach seldom fails however to provide new information about a
system, even though at the outset an experiment might be considered
to be of no more than of confirmatory value. When new and unexpected
information is obtained which nevertheless fits into place one has
grounds for confidence; if it does not, it may or may not be of
significance, since it too usually has an element of unreliability.
But to pass it over might be disasterous; one then has to exercise
a combination of objectivity and insight.
Paper 13.

It is possible that one reason the surface

chemistry of these polymers has been neglected is that too many
individuals have had unfortunate experiences with Langmuir troughs
in their early days, or their education in this direction has been
neglected for want of a simple apparatus. The development of the film
balance described greatly expedited this work.
The standard type of film balance, with a float and torsion
lance js far from ideal. Torsion devices tend to be delicate and can
usually be replaced with a more robust and simple flexure device without
real loss of sensitivity. The time to set up the standard apparatus is
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considerable so that contamination of the water surface builds up
or is accidentally introduced. Sealing the float to the edge of
the trough requires skill and practice if leaks are to be avoided.
Its lack of rigidity makes it difficult to remove a collapsed
monolayer at the end of an experiment (for spectroscopic examination).
These considerations led to the development of the simple flexure
device described. It takes about a minute to set up from the time
the trough surface has been swept clean, it is normally free from
leaks and requires no special skills in its use.
(Flexure devices frequently depart from simple theory
rather seriously and I therefore developed this in collaboration
with Davies who carried out calculations on deflections from
point and distributed loads for various configurations of the
strip. These showed that it could be made an absolute method
by calibrating it with a point load. However, in practice it
is more convenient to calibrate it with a "piston oil".)
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Paper _14. It proved surprisingly easy to collapse and
remove a monolayer from the water surface and obtain its infrared
spectrum in the dry state. The monolayer areas were consistent with
a-helical but not -conformations. The deuterium exchange
experiments were designed to exclude the possibility of peptide-water
hydrogen bonding, but in view of the time taken to spread and remove
a monolayer it would not have been surprising if even a-helical
structures had been found to exchange completely. Control
experiments on exchange in nylon copolymers (where peptide-water
hydrogen bonds almost certainly exist) showed exchange too fast
to observe (paper 20).
Paper 15.

Since both monolayer studies and those on

collapsed films pointed to the presence of the a-helix, it was then
possible to propose an explanation f or the significance of the
plateau in the pressure-area curve. I had earlier tended to regard
this feature in published Japanese work as no more than instability
of the monolayer under pressure, while they appeared to take the
view It was a conformational change. However the remarkable
steadyness of the surface potential during the transition in a
number of polymers, and the reproducibility of the plateau height,
were additional evidence against any conformational change or a simple
collapse of the monolayer, and showed that it was a characteristic of
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the polymer. Moreover after the transition the film was less compressible,
as if it were becoming stronger rather than simply buckling.
Paper 16. Collectively the preliminary results were good
evidence for the presence of the a-helix in the monolayers of a
variety of polymers and considerable time spent developing the
techniques proved profitable. The collapsed films had infrared
spectra agreeing in detail with specimens in the a-helical
conformation, and no more than confirmation of the presence of the
a-helix might have been expected from electron diffraction studies.
However, two unexpected features appeared, during collapse of the
monolayer the molecules orientated quite considerably, and more
surprisingly in the particular case of poly (-methyl-L-glutamate),
a 'single crystal' type of diffraction photo was obtained. There
are a number of features of the electron diffraction work which would
repay further study with a suitable instrument.
Loeb and Baier (1968) working independently on poly (y-methylL-glutamate) obtained agreement with the pressure-area curve I had
reported (Paper 15) but did not measure the surface potential or
recognise its significance. Following Japanese work, they found a
low area (10 X)residue) i4ien chloroform-pyridine mixtures were used
to spread the monolayer. Despite my comments on the Japanese work
(paper 15) (based on the view that since pyridine is not a solvent
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for the polymer and is miscible with water it was best avoided) they
regarded the correlation of a short or absent plateau coupled with an
increasing

n-component

in the infrared spectrum as significant, seeking

to relate it to the same area observed after the plateau, when a
monolayer was spread from solution in chloroform.
From their results one can conclude that the more of the
3-conformation present in the monolayer the shorter the length of the
plateau, but this does not take one any further forward in understanding
the formation of the plateau, except to suggest that it is not a direct
property of the 3-conformation. My interpretation of their results
is that the 3-component arises, perhaps as a separate phase,
essentially as a result of precipitation during the initial spreading;
from its low area it is clearly not a true monomolecular layer. As
Loeb and Baler remark, "Mixing of water with the spreading solution
may have a profound influence on the polypeptide structures formed".
Loeb and Baier were however able to obtain a spectrum from a
single deposited layer using the multiple internal reflection technique,
so that they did not have to collapse a film through the transition
region as in the method I used. Similar spectra were obtained from
films deposited above or below the transition pressure and they
considered that their work showed that the conformation was unaltered
through the transition. If they were correct in this then they
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disregarded the electon diffraction results referred to in Paper 15,
in supposing a random coil in the monolayer to be a possibility, and
they do not seek to explain how a random coil could give rise to such
a sharp transition.
Further evidence for the basic correctness of my interpretation
comes from the calculation of the work of cohesion of the polymer derived
from the height of the plateau and the angle of contact of water at the
polymer surface. The value obtained for poly(-methyl-L-glutamate) of
91 erg/cm2, leads to 45.5 erg/cm2 for the free surface energy of the
polymer-vapour interface. This agrees better than might be expected
with the range 40 to 50 dyn/cm subsequently found (Baier and Zisman,
1970) for the critical surface tension - a quantity considered closely
related conceptually to the surface free energy (Baier, Shafrin &
Zisman, 1969). Measurements of the critical surface tension on other
polypeptides would be of great interest in this connection. It might
also be possible to show a correlation of the values for the free
energy and the ultimate strength of fibres formed from polymers in
the same conformation.
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Papers 17, 18 & 19.
In general I have never been in favour of studying intensively
one particular polymer in order to understand the general rules that
might be expected to apply to a whole class of materials. However,
once a general pattern of behaviour has been established, it is
obviously relevant to look at individual polymers that might prove
exceptional in some way. Not all candidate materials prove suitable.
Poly-glycine for instance does not appear to form a true monolayer,
others such as poly-L-tyrosine and poly-DL-phenyl-alanine do not have
plateaux in the surface pressure curves (Yamashita and Isemura, 1962)
for reasons not altogether clear. Two factors at least determine
whether there is a flat plateau; firstly the side chain should
exceed a certain length, as pointed out by Crisp (1958), secondly
from the type of exceptions mentioned above it appears that it should
be flexible. In addition the adhesion between the monolayer and
subsolution must be high enough to resist the tendency for the polymer
to collapse on account of the free energy of the polymer-vapour
surface - otherwise the monolayer is unstable and the plateau can
be considered to occur at a negative pressure.
Two polymers became available that the foregoing considerations
suggested would be of great interest. Poly (3-benzyl-L-aspartate),
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unusual in that the ci-helix in it is normally left handed (one could
have said always left handed prior to this work), and compared with
the right handed helix relatively unstable; it also forms an w -helix
with a four-fold screw axis. The other was poly (€ -benzyloxycarbonylL-lyaine), chosen for the length and flexibility of its side chain and
because it has a peptide group in the side chain as well as the
backbone.
Both these polymers followed the general pattern of the
behaviour of the earlier work, but proved to have additional features
of great interest that were exceptional, though some doubts have been
expressed, not surprisingly, in connection with the pressure-area curve
of poly( E. -benzyloxycarbonyl-L-lysine). Gaines for example referred to
the 'somewhat structured force-area curves' (A.C.S. meeting in Chicago
1970, in relation to Paper 24 in preprint form), and in his book
(Gaines, 1966) he points out that well defined poly-molecular films,
two or three molecules thick, are not thermodynamically stable, that is at pressures above that of the first plateau in the case of
the polypeptides. It is I think reasonable that a compressed
polypeptide monolayer be regarded as a 'solid' where small departures
from thermodynamic equilibrium are frequent, and indeed add interest,
for example, as shown by the experiments described in Paper 17.
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I have therefore regarded niultilayer formation in terms of
the deformation of an almost perfect plastic in the form of a thin plate
compressed 'edge on'. To understand the build up of the thickness of
the film one then has to suppose that something analogous to the
propagation of a dislocation in a crystal occurs through the thickness
of the film, so that molecules are transported to the surface.
Clearly the physical picture is far from complete, particularly in
regard to the role of the side chain, and more evidence is required
to enable a full description of the process to be developed.
While the transition from monolayer to multilayer is of
considerable interest in its own right, it is also relevant to the
formation and stability of tertiary structures in proteins, where
as in the formation of a bilayer, side chain-water adhesion is
balanced against side chain-side chain interactions in the interior
of the molecule.
In conclusion it appears that the surface chemistry of the
synthetic polypeptides I have studied is now generally accepted, both
in relation to the methods employed and the interpretation of the
results (Loeb, 1970; Caspers, Ruysschaert & Jaffe, 1970; Miller,
1971). Loeb and Baler (1970) however still appear reluctant to
accept the a-helix in the monolayer as a working hypothesis, though
none of their results exclude it. Their work has been mainly on one
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polymer, poly(y-methyl-L-glutamate), and their infrared spectra rest
on the Amide I and II bands only. They point out the limitations
of model building and do not appear to accept that it can be used
to exclude possible conformations. While quite properly concerned
with the limitations of individual methods they do not attempt, as
I have done, to develop a simple self-consistent picture that
applies not only to one polymer but to a wide range of others.
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SECTION VI (Papers 20, 21 & 22)

The structure of proteins at interfaces and cell surfaces.
In parallel with the studies of the synthetic polymers it was
obviously desirable to try to relate the work to the surface chemistry
of proteins and the structure of biological membranes. The main point
was to show that experimental work in this field and theories of
membrane structure required reconsideration in the light of improvements
in our knowledge of protein strudure, surface chemistry and the
experimental methods that might be applied. In particular it was
hoped that surface chemists and biologists concerned with membrane
structures would recognise that the widespread acceptance of the
presence of the p-conformation was largely a historical accident
and that other structures such as the a-helix were equally possible,
and these papers aimed to demonstrate the types of experimental
methods that could be applied. In this respect collaboration with
Maddy, who was particularly concerned with the biochemical properties
of membrane proteins, was timely and valuable.
Paper 21 brought a quick reaction from Kavanau (see Paper
22) but the validity of our views has been generally recognised.
Our work was the first to show that infrared spectoscopy and optical
rotatory dispersion could be applied to problems of membrane structure
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and it was quickly followed up by papers by Wallach and Zahler (1966)
and Lenard and Singler (1966). The main extensions to our work have
been to apply the methods to other membrane systems and to include
studies of circular dichroism. In so doing considerable confusion
has been generated over the validity and meaning of the circular
dichroism data (see for example Choules and Bjorklund, 1970).
It is now recognised that the a-helix may be present as
a structural component of membranes together with other conformations,
that the proportions are capable of experimental determination and
probably vary from one system to another. Some, however, still
appear reluctant to accept the possible consequences of this work.
Pethica and Cambral (1970) for example comment in relation to the
optical rotatory dispersion work, "Used particularly by Wallach,
this method has shown beyond doubt that, in certain membranes
proteins are helical. While proteins can exist in this form at
interfaces, notably in the air-water system, it is difficult to see
how an a-helix can be associated with lipids as in the Danielli model",
(my translation).
Thus the debate continues, and I think that the approach developed in this work has produced an important reconsideration oi our
views and methods. However, I feel that it is doubtful whether further
results on the same lines will produce information of major significance,
unless it is supplemented by other methods.
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SECTION VII (Papers 23 and 24)

Interactions of synthetic polypeptides with water.
The structure and properties of water in relation to proteins
has been the subject of debate and numerous experiments over many
years. Detailed interpretation of much early work was hampered by
the inability to distinguish between interactions of the water with
the backbone and with charged groups on the side chains, quite
art from the unknown complexities of many proteins. Use of a synthetic
polypeptide with uncharged side chains is therefore rather obvious,
were it not that these are nearly all insoluble in water and relatieiy
hydrophobic. However, the measurements of contact angles against water
(Paper 16) and the fact that poly D, L-alanine is water soluble,
suggested that it should be possible to observe adsorption of water
from the vapour phase on the less hydrophobic polymers by infrared
spectroscopy, particularly as this had already been seen in spectra
in the near infrared (Paper 1) at 5150 cm* The results reported
(Paper 23) are very significant. While they might have been obtained
at aiy time in the last fifteen or so years by almost anyone working
in this field, the method of producing fairly thick oriented specimens that
was used is important, since other methods almost always lead to some
extended

n-conformation

being produced, which would greatly complicate
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interpretation of the results. The absence of this structure is shown
by the electron diffraction observations (Paper 16) as well as by
polarised infrared spectroscopy. The type of spectrometer used for
this work was not ideal, since a higher dispersion than that available
with the NaCl prism would be valuable. It was therefore decided
to publish a short note in the anticipation that others with more
suitable instruments would follow it up.
It did, however, seem of interest to combine a discussion
of the origins of the surface potential in monolayers with further
observations of the polarized infrared spectra of water, since it
appeared that there might be a connection between them. Surface
potential measurements relate to observations of static polarization
effects whereas in the spectroscopic studies one is concerned with
polarization using infrared frequencies. Since in both instances it
appeared that water molecules were in some way orientated this approach
seemed reasonable and, as the results show, there may be a correlation.
The basic problems of understanding the origins of the surface potential
have existed for many years and further experiments along the same
lines may resolve some of the main issues, as well as providing new
information concerning water-polymer interactions.
Paper 24 was to be presented at a meeting of the American
Chemical Society and the opportunity was therefore taken to correlate
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and extend the surface chemistry of the polypeptides, and present
it to an informed American audience. Their reception of it and
discussions I had elsewhere in the U.S.A. were stimulating and
valuable. In this respect I would like to record my appreciation
for helpful discussions with Dr. R.E. Baier (Cornell Aeronautical
Laboratory) and Professor R. Good (Department of Chemical Engineering,
State University of New York at Buffalo) in Buffalo, and Dr. G.I. Loeb
and Dr. W.A. Zisman (U.S. Naval Research Laboratory) in Washington
D.C.
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The near infra-red absorption spectra of natural and synthetic fibres*
By A. ELLIOTT, D.Sc., W. E. HANBY, B.Sc., A.R.I.C., and B. R. MALCOLM, Ph.D., Courtaulds, Ltd., Maidenhead, Berks.
The near infra-red region may be used to obtain spectra with polarized radiation of natural and
synthetic fibres. This region has considerable experimental advantages and the spectra of
poly-L-alanine, polyglycine, wool, silks and commercial regenerated protein fibres are shown
and discussed. Besides supplementing other types of observation, information may be obtained
on the orientation and molecular configuration not always given by other methods.
The infra-red absorption spectrum is capable of providing
considerable information regarding the composition, degree
of molecular orientation and in some cases amount of crystalunity of fibres. In the range 3 to tO 1j, wavelengths, the thickness of the specimen necessary to obtain the proper strength
of absorption is restricted: in the case of protein fibres, for
example, the specimen should usually be not more than 5 j.
thick. Thicker specimens have to be reduced either with a
microtome or by grinding. The width of the specimen is
also important. In order that the image of the specimen
shall fill a 0 1 mm wide spectrometer slit a circular fibre 5 s
in diameter has to be magnified at least 20 times and in actual
practice considerably higher magnification is desirable. The
design of a suitable instrument presents considerable problems.
Moreover, in order to fill the aperture of the spectrometer it
is necessary to use a wide cone of radiation from the specimen.
When used with polarized radiation the effect of this is to
lower the dichroism and corrections are difficult to apply.
This is therefore a region which is not at all suitable for the
rapid examination of fibres and raises considerable experimental difficulties.
In the region 1-25 s the bands are either overtones or
combinations of the fundamental vibrations, with much
lower absorption coefficients so that a specimen may be about
02mm in diameter. These may be used with a reflecting
microscope of about x 5 magnification. Thinner specimens
can be examined by tying a number of fibres together in a
small bundle and immersing them in a suitable transparent
liquid of about the same refractive index, to reduce the
amount of scattered radiation.
From an experimental standpoint this region has other
considerable advantages. The source may be a tungsten
filament lamp in a glass envelope. The spectrometer prism
can be of second quality fused quartz which has a high dispersion and is quite inexpensive. A lead sulphide cell may
be used as the detector with an 800 c/s amplifier. This avoids
many of the troubles commonly associated with low-frequency
amplifiers for thermocouples. Cells for liquids can be made
from glass, and since the wavelength range is fairly close to
the energy peak of the source, trouble from stray radiation
is seldom serious. These advantages are considerable and
make the exploration of this region for the examination of
fibres well worth while.
The most serious disadvantage of this region is that at our
present state of knowledge it is hardly ever possible to be
certain of the origin of all the bands, which are often superposed one on another so that quantitative measurements on
them are less reliable. An empirical approach can, however,
* This article was read at a meeting of the Industrial Spectroscopy Group of The Institute of Physics on 29 April, 1954.

yield considerable information in certain cases and the
difficulties mentioned are not entirely avoided when working
in the fundamental region.
The type of information which can be derived from a study
of the spectra in the 1-25 ju, range is best illustrated by the
examples which follow. Most of these refer to protein fibres
or synthetic polypeptides. While these appear particularly
interesting there is no reason a priori to assume that a similar
wide investigation of other types of fibre might not also
provide information of equal interest.
One of the most useful applications of this region is measurements on the dichroism of bands in order to estimate the
degree of molecular orientation in the fibre. In this respect
the measurement is usually taken over both the crystalline
and amorphous regions since normally these are undifferentiated in the spectra. Infra-red observations therefore
are complementary to an X-ray examination which reveals
the orientation only of the crystalline regions and the two
may be profitably combined.

EXPERIMENTAL METHODS

Many of the features of apparatus used to obtain the
results which follow have already been mentioned. We have
used either a Perkin—Elmer single-beam spectrometer with a
lithium fluoride prism or a spectrometer constructed by ourselves with a fused quartz prism. This instrument has two
spherical mirrors arranged in the manner shown by Tetlow,
McAuslan, Brinley and Price' after the method recommended by Czerny and Turner(2) and avoids the use of an
off-axis parabolic mirror. Both instruments are fitted with
reflecting microscopes giving x 5 magnification and the
specimen is moved in and out of the beam at two-second
intervals. In this way the spectrum of the specimen and the
incident beam are obtained almost simultaneously and errors
caused by long period fluctuations in the apparatus are
minimized. This method of recording contributes greatly to
the accuracy of the result and is of great assistance in observing
small differences in otherwise similar spectra such as are
produced when the dichroism is low. The polarizer used has
been described by Elliott, Ambrose and Tenipl& 3 '4 and the
recorder is a modification of that described by Elliott and
Ambrose.
When measurements are being made on a large number of
fibres which are optically inhomogeneous it is often impossible
to reduce the scatter by means of an immersion liquid to a
sufficiently small amount for it to be comparable with the
true absorption. In such cases the reference beam may be
defocused by placing a piece of glass over the part of the
cell through which the reference beam passes. If I is the
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transmitted intensity, 10 the incident intensity, a and S the
absorption and scattering coefficients, then
1

Jo exp [- (a + s)d]

where d is the thickness of the specimen. In general both
a and s depend on the direction of the electric vector relative
to the fibre axis, if the reference beam is reduced in intensity
by a fraction k we obtain
log (k10/1)

(a -F s)d

Log10(/0 /1) is the optical density and is measured from the
spectrometer record. Since both s and k vary only slowly
with wavelength compared with a, the absorption bands
appear superposed on an arbitrary, even background. This
may be estimated if there is a region in which the fibre is
known to be transparent and subtracted if necessary. For
many purposes, however, all that is required is to compare
the shape and relative intensities of bands and in this case
the absolute zero does not need to be estimated.
The dichroic ratio of a band in a fibre is measured by the
ratio of the absorption coefficients parallel and perpendicular
to the fibre axis. It depends on the angle of the transition
moment giving rise to the absorption, relative to the molecular
axis and the orientation of the molecules relative to the fibre
axis. The dependence of the dichroic ratio on a and on the
average angle of orientation has been calculated by Elliott,
Ambrose and Teniple16 for a - 0 and 90. Qualitative
comparisons between fibres of the same type can be made
even if is unknown since dichroism cannot arise without
molecular orientation. It does not follow, however, that since
a fibre is not dichroic that there is not a regular molecular
structure, as for example in some biological structures where
layers of fibres may develop in a criss-cross pattern.

GENERAL FEATURES OF OVERTONE SPECTRA

Most fibres contain some water which gives rise to a strong
band at about 5150 cm* Quite small amounts are detectable
so that the water uptake of textile fibres can be measured
quantitatively.(7) Examination of the infra-red spectrum is
probably the most reliable way of finding out whether a fibre
has any residual water in it after drying.
In the range 4350-4450 cm there are often quite sharp
bands which are combinations of CH stretching and deformation modes. At lower wave numbers, 4350-3900 cm-1, while
often there are a number of resolvable peaks, their assignment
is difficult since they appear to arise from combinations with
skeletal modes.
Fibrous proteins of the keratin type have long been known
to exist in two forms; in the a-form the polypeptide chain is
folded or coiled in some way whereas in the /3-form the
chains are much more nearly extended (Astbury and Street)9)).
More recently, synthetic polypeptides have been shown to
occur in two forms which have many of the characteristics of
x- and /3-keratin (Bamford, Hanby and Happey(°); Ambrose
and Elliott(W). These forms are also referred to as a and /3
though it is recognized that the polypeptide chain configurations are not identical with the corresponding forms of
the fibrous proteins.
The repeating unit of the polypeptide chain is

HR
/C\/ C\

where R represents a side chain. In the synthetic polypeptide
polyalanine and polyglycine R is Cl-I3 and H respectively
and natural proteins are characterized by a wide variety of
side-chains. Silks are particularly simple proteins consisting
mainly of alanine and glycine. It has been shown by Ambrose
and Elliott(' 2) that the two forms and /3 may be distinguished
by two absorption bands of the polypeptide chain in the overtone region. The first of these is a band at 4850 cm which
has high parallel dichroism in extended (/3) polypeptides and
perpendicular in folded () polypeptide chains. This is
probably the same band as that observed in nylon by Glatt
and Ellis(") at 4883 cm
and is assigned by them to a
combination of NH stretching and in-plane deformation
modes. The second band is at about 4520 cnr' in the
/3-form and at about 4600 cm - in polypeptides and proteins.
The band at 4520 cm shows parallel dichroism comparable
with the NH combination, but dichroism is usually not
observed in oriented -fibres in the 4600 cnit band. Reasons
have been given for assigning this band to a CO combination
mode 12 but the fundamental frequencies have never been
identified. Recent experiments on the deuteration of synthetic
polypeptides have shown that on replacing the amide hydrogen
by deuterium this band disappears at the same rate as the
NH combination band. It therefore seems unlikely that it is
a simple CO combination mode and probably directly involves
the NH group. Price and Frasert14 have suggested that a
band at 1270 cm - in the spectrum of a-proteins is predominantly a C—N vibration and it seems possible that this
couples with the NH stretching band at 3300 cm' to give
the band at 4600 cm-1. This is supported by the disappearance of this band and the development of a band at 1220 cm
in poly-L-alanine when it undergoes the ce- to /3-transformation, which would be consistent with the observed frequency
shift of the combination. This will be discussed more fully
elsewhere; whatever the precise origin of this band, its
empirical correlation with the - and /3-configurations is well
established and is consistent with infra-red observations on
the fundamental CO and NI-I modes and X-ray diffraction
results. These results have been applied by Elliott to an
examination of the stretching of hairt'> and by Ambrose and
Elliott (16,17) to globular proteins.
There is a remarkable agreement between the main frequencies of the globular proteins and the synthetic -polypeptides and the frequency shifts on denaturation corresponding to a partial transition to the /3-form. This cannot, however, be taken to imply that the a-configuration is necessarily
the same in globular proteins as in synthetic polypeptides with
inert side chains, where a helical structure is consistent with
most of the experimental results. As yet no crystalline
globular protein has been found to give high infra-red
dichroism and X-ray studies have not so far given an
unambiguous result. This must be remembered when
comparing the spectra of synthetic and polypeptide fibres
with regenerated protein fibres.

EXAMPLES OF INFRA-RED SPECTRA OF FIBRES

Poly-L-a/anine.
-/orni: Fibres of poly-L-alanine which contain a small
amount of dichloracetic acid may be oriented by stretching,
and are then found to be predominantly in the a-form,
though a small amount of the oriented and crystalline /3-form
is also produced. The fibres may be suitably conditioned by
soaking in a solution containing 12 parts of dichloracetic acid
in 100 parts of carbon tetrachloride (by volume), and then
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drying in air for about 15 min in order to allow the carbon
tetrachloride to evaporate. Cold drawing is accompanied by
very pronounced "necking." and it is noteworthy that even
quite irregular fibres may be successfully drawn in this way.
The extension possible is fairly constant, about 170%. The
dichloracetic acid may be removed by heating or by washing,
for example in ether or carbon tetrachloride. Removal by
heat produces a very crystalline specimen, from which a very
well-ordered X-ray diagram may be obtained [see Bamford,
Brown, Elliott, Hanby and Trotter(18 Fig. 1(a)]. Washing
out the acid produces a much less crystalline fibre, but the
infra-red spectrum appears to be the same in both cases,
except for the fact that the water band at approximately
is much reduced in the spectrum of the heated
5250 cm
specimen.
The spectrum of a heated specimen is shown in Fig. I.

poly- L-clanine

of

natural and synthetic fibres

comparing them with bands in the spectrum of methylene
chloride.(19) Some of the bands at lower wave numbers show
quite high dichroisni, but as yet nothing is known of their
origin. The very highly dichroic band at 4965 cm', noted
by Glatt and E1list2° as appearing in some nylon specimens,
is very prominent in the spectrum of a-poly-L-alanine, but
hardly to be seen in the /3-form. Like the band at approximately 4850 cm , its dichroism changes with change of
configuration from a to P. If, as seems likely, the 4965 cmt
band is associated with crystal lattice modes, it is nevertheless
not possible to correlate its strength with the 'crystallinity"
of a polymer as deduced from the X-ray diffraction diagram.
In support of this statement, it may be mentioned that
oriented a-poly-L-alanine which has not been heated (see
above) shows the band quite strongly: it is also prominent in
polyDLleucine.(8) However, the appearance of an X-ray
diagram depends to a great extent on crystallite size (and, of
course, orientation) and possibly infra-red bands would be
produced by much smaller crystal regions than would be
needed to produce sharp X-ray refiexions.

Ilk

Polyglycine.

0

The specimen of polyglycine (Fig. 2) was not of sufficiently
high molecular weight to enable it to be oriented and was
I

I
0
U
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I
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Fig. 1. Spectra of oriented fibres of a (folded) and 3
(extended) poly-L-alanine observed with polarized infrared radiation
Full line—E vector perpendicular to fibre axis.
Broken line—F vector parallel to fibre axis.
/3-J6rin: Cold drawing of an air dried, poly-L-alanine fibre
results in the production of an oriented /3-fraction, with a
roughly equal amount of slightly oriented a-material. Similar
results are obtained if a water-soaked fibre is drawn at room
temperature. If, however, the stretching is carried out in
steam, a greater proportion of the polymer is extended into
the /3-form and high crystallinity and orientation of this form
is obtained [Bamford and otherst 18 Fig. 1(b)]. The spectrum
of a poly-L-alanine fibre stretched in steam is shown in Fig. 1.
The fact that the predominance of (respectively) a- and
/3-forms of the polymer has been convincingly demonstrated
by the methods of X-ray diffraction greatly strengthens the
validity of the interpretation of the spectra shown in Fig. I.
In particular, the association of the parallel band at 4510 cm-1
with a /3-configuration and of the non-dichroic band at
4600 cm' with the a-form are confirmed. In polyalanine,
there is also a small frequency change in the combination
band from 4845 cm
(/3) to 4860 cm-1 (a), though this
shift is too small to be of value for diagnostic purposes.
in a-poly-LThe bands at 4365 cm' and 4425 cm
alanine, and corresponding bands at a slightly lower wave
number in the /3-form are almost certainly CH3 combinations
of stretching and deformation modes, as may be seen by

4000

4500

5000

Wave number (cm')

Fig. 2. Spectra of polyglycine (unoriented) and of
commercial regenerated protein fibres
Full and broken lines as in Fig. 1
prepared by casting a film from trifluoracetic acid. It is
probable that it contains a proportion of small molecules.
The band at 4520 cm shows the /3-configuration is present
and is unusually sharp. The shoulder extending to 4700 cm
extends too far for it to be the a-component of this band
and is probably a consequence of the small peptides. Possibly
the shoulder on the NH combination band has the same
origin.
By analogy with polythene two bands were expected arising
from the CH2 group but there is apparently only one band
at 4375 cm-1. The symmetrical CH, stretching mode is
considerably weaker than the anti-symmetrical mode so that
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the second band may be the very weak one at 4300 cn'.
This would be consistent with the fundamental CH2 stretching
and deformation frequencies.
Wool and regenerated protein fibres.
The main difference between silks and the proteins present
in wool and regenerated protein fibres is in the much larger
variety of side-chains attached to the polypeptide chain in
the latter in appreciable quantities. These may form crosslinks of various types and favour the formation of secondary
folds. It is therefore interesting to note that while the
absorption bands of their polypeptide chains resemble silk
and synthetic polypeptides there is an almost complete
absence of dichroism (Figs. 2 and 3). The band at 4600 cm -'
shows that in all cases the ce-configuration is predominant.

a)

-o
0
U

001

a0

Fibrolane
BX
4500

5000

have been overlaid by the water band. Now Bath and Ellis
dried their specimens in an oven for several days at 110-115°C,
and it therefore seems likely that what they observed was a
band due to some product of oxidation or decomposition of
silk (which is not a very heat-stable material). The thicker
silk gut which we used would have very much less surface
exposed to the air than the cocoon fibres used by Bath and
Ellis. Their observations on the first overtone of the NH
stretching mode are interesting, for this band was found to
have three components showing perpendicular dichroism,
which is in agreement with silk fibroin having an extended
configuration. The first overtone of the NH stretching mode
lies oLitside the region which we have examined.
The examination of silks provides a good example of the
value of infra-red observations in the overtone region.
Although silk gut can be sectioned to allow observations in
the region of fundamental absorption bands (Ambrose and
Elliott(12)), it cannot be assumed a priori that the structure
of silk gut and cocoon silk (from the same species of moth)
are identical, though the X-ray diffraction patterns suggest
this.
Fig. 4 gives the spectra of several cocoon silks. Cocoon
silk of Bombyx mori gives a spectrum which is indistinguishable from that of commercial silk gut. The spectra of all

0
03

Wove number (cm')
Fig. 3. Spectra of wool and of regenerated commercial
casein fibre

Tussah

silk

Full and broken lines as in Fig. 1.
There is, however, in many cases an asymmetry caused by a
slight shoulder towards 4520 cm'. This is usually more
noticeable in the parallel position of the polarizer and indicates
a certain amount of slightly oriented /3-material. In the case
of Fibrolane (a casein protein(21 )) the orientation of the
-material is just sufficient to give detectable parallel
dichroism in the NH combination band. Vicara (made from
zein) appears to have rather less -material than the other
regenerated protein fibres and its spectrum most closely
resembles that of wool.
The high water-uptake of these fibres is shown by the
strong band at 5150 cm' but direct comparison is not
possible since the measurements were not carried out under
conditions of controlled humidity. Below 4400 cm -' these
fibres all have ill-defined bands without any distinctive
features which is a consequence of the wide variety of side
chains present.

05

spider

silk

(Nephilo Madoqoscariensis)

n

9

Silk.
Some years ago Bath and Ellis(22) examined the spectrum
of silk fibres in the overtone region, using polarized radiation.
They reported marked dichroism, and refer to a perpendicular
band at 193
(5180 cm-') which they ascribed to the
second overtone of the C=O stretching mode. This is in
the region of the band now ascribed to water, which, however,
is not dichroic. We have examined silk gut which was dried
at 100° C for 24 h and found that the 5150 cm -1 disappeared
completely, with no appearance of any band which might
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Fig. 4. Spectra of silk fibres
Full and broken lines as in Fig. I.
three silks are notably similar to that of /3-poly-L-alanine.
In all the silks, the non-dichroic band at approximately
4600 cm' is quite prominent, and shows, in our opinion,
that an appreciable fraction of the polypeptide chains in silk
are in a folded configuration. There are, however, no
refiexions in the X-ray diagram of the silks hitherto examined
which resemble those of n-poly-L-alanine, and it would
appear that the folded chains in silk are too amorphous to
give a recognizable refiexion. Water-soluble silk made from
solution in aqueous lithium bromide has a band at 4600 cm 1
(Toms and Elliott(23)) and gives an almost completely
amorphous X-ray diagram (Ambrose, Bamford, Elliott and
Hanby(24)).

The near infra-red absorption spectra of natural and synthetic fibres
The apparent high dichroism at the low-frequency end of
the spectrum is not real. Because silk fibres are very thin,
it is necessary to use a large number in order to obtain
sufficiently strong absorption. Reflexion losses are therefore
considerable, and these change with the direction of the
electric vector, giving rise to what is known as "form
dichroism.' The effect can be reduced at any chosen wavelength by matching the refractive index of the immersion
liquid suitably, but in general the effect will appear at other
wavelengths, on account of dispersion. In judging dichroisrn,
therefore, the height of a band above the local background
is the best measure of intensity.

CONCLUSION

While it is clear from the above account that there are
limitations to the information which can be obtained from
the examination of infra-red spectra in the overtone region,
it should be apparent that the method is capable of supplementing other kinds of investigation. In protein and polypeptide fibres, especially, information on chain configuration
can be obtained which has hitherto not been given by other
methods. There is, moreover, good reason for thinking that
with the accumulation of information concerning the origin
of the absorption bands more will be deduced from overtone
spectra.
The small amount of extended polypeptide in the regenerated proteins seems to be well established and (though
this is speculative) may mean that they are still essentially
corpuscular in character. Another striking result is the fairly
constant proportion of folded configuration present in the
different silks examined, and in steam-stretched poly-Lalanine.
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SOME OBSERVATIONS ON THE INFRA-RED
SPECTRUM OF MUSCLE
By B. R. MALCOLM
Courtaulds, Limited, Research Laboratory, Maidenhead, Berks
INTRODUCTION

In the near infra-red region between 4500 and 4900 cm.' there are two
bands caused by absorption of radiation by the peptide groups in proteins
and synthetic polypeptides. By examining these bands with polarized
radiation and correlating the results with X-ray diffraction photographs
and absorption bands in other regions of the infra-red, it is possible to
relate the frequencies and dichroism to the molecular configuration and
orientation. Results obtained in this way have been applied by Ambrose
& Elliott (1950, 1951b) to globular proteins and by Elliott (1952a) to an
examination of the stretching of hair. These observations have recently
been further confirmed by the preparation and X-ray examination of welloriented and highly crystalline forms of both - and /-poly-L-alanine
(Bamford, Brown, Elliott, Hanby & Trotter, 1954), and their near infra-red
spectrum has been obtained by Elliott, Hanby & Malcolm 0954). It is
shown here that if the spectra of these model compounds are compared with
the spectrum of frog sartorius muscle, limited but quite definite conclusions
can be drawn concerning the molecular configuration and orientation in
muscle.
EXPERIMENTAL PROCEDURE

On account of the weak absorption of the peptide group in the range
4500-4900 cm.-1 compared with its strong absorption in the 3300 cm.' and
1500-1700 cm.' regions, it is possible to pass the radiation through a
whole frog sartorius muscle. The strong absorption of water makes measuremerits difficult, but it is sufficiently transparent in a thickness of about i mm.
for the absorption spectrum of live muscle in Ringer's fluid to be obtained,
provided that the muscle is slightly stretched to reduce the scatter of
radiation.
The instrument used was a Perkin-Elmer Spectrometer Model A with
a lithium fluoride prism. The main details of the techniques used have been
described elsewhere (Elliott et al. 1954); however, on account of the strong
absorption of water some refinements were necessary. Scattered nonmonochromatic radiation from the spectrometer is seldom troublesome in
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this region, but the transparency of water at shorter wave-lengths, compared with the range under examination, necessitated the use of filters to
remove stray radiation of shorter wave-lengths. For this purpose pure
germanium is very suitable since it absorbs strongly above 5000 cm.—'

Live muscle 108 L0
0.10

005

Dried muscle 116 L0
> 03
C
C,
0

- 02
0

0'l

Oriented polyalaninc
03
02
01

4500

5000
Wave number cm.
Fig. i. Above: spectra of live resting muscle and dried muscle stretched beyond the rest
length L5 in the living animal. Below: spectrum of an oriented a polyalanine fibre. Broken
line indicates measurements with the electric vector parallel to the muscle or fibre axis;
full lines, measurements perpendicular to it.

(Becker & Fan, 1949). Three films of germanium prepared by evaporation
on glass substrates were used, their thickness being chosen so that the
variation of transmission with wave-length on account of interference gave
a maximum at 4900 cm.', thereby avoiding high refiexion losses. To keep
the energy fairly constant throughout the spectrum and to compensate for
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the edge of the strong absorption band of water at 5200 cm.-1, the spectrometer slit was closed from 0- 15 to 0075 mm. in the range 4900-4700 cm.—
With these precautions it was necessary to use a selected lead sulphide cell
cooled to - 78° C. as the detector to obtain sufficient sensitivity. Finally,
it was necessary empirically to correct for the displacement of water by the
protein when measuring the absorption relative to an equal thickness of
Ringer's fluid. Errors in this have only a slight secondary effect on the
shape and position of the protein bands and negligible influence on the
dichroism. These difficulties were not encountered in making measurements
on dried specimens and the results are very similar. It was nevertheless
thought preferable to concentrate mainly on obtaining reliable measurements on live specimens, since results derived from dried specimens are of
restricted value.
Results are also shown for a specimen dried under tension so as to produce the maximum amount of orientation. Considerable lateral shrinkage
occurred on drying so that the optical density of the dried specimen is
much higher than that of the live one. An X-ray photograph of the dried
specimen was also obtained with a vacuum camera giving the usual type of
a diagram for muscle.
These results are compared with those obtained with a polyalanine fibre
with a high degree of molecular orientation, mainly in the a form but containing about i o % of extended /3 material. This is revealed both by X-ray
photographs and by the development of a dichroic shoulder at 4520 cm.'
in the infra-red spectrum. Since the orientation
on the band at 4600
of the / material is very high and the dichroism is of the opposite character
to that of folded a polypeptides, the dichroism of the NH combination
band at 4860 cm.' is somewhat lowered. In order therefore to compare
the dichroism of muscle with that of a pure a material, the spectrum of
io% of fl-polyalanine has been subtracted so that the dichroic shoulder at
4520 cm. 1 is removed.
EXPERIMENTAL RESULTS

The spectra shown are typical of a number obtained. It will be seen that
the spectra of live resting muscle and dried muscle are very similar, the
main frequencies are the same and the dichroism of the NH combination
band at 4860 cm.' is very low but of the same character as in oriented
a synthetic polypeptides. In addition to this, in live muscle there is also
considerable form dichroism which disappears on drying. This causes the
apparent optical density to decrease towards longer wave-lengths more
rapidly when the electric vector is perpendicular to the fibres than when
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The mounting of fibres and organic crystals for spectroscopy
in the near infra-red region
By B. R. MALCOLM, Ph.D., A.Inst.P.,* Courtaulds Ltd.,
Maidenhead. Berks
[Note received 4 March, 1958]
In order to obtain satisfactory absorption spectra with
polarized radiation in the 1 5 11. to 3 p. region, specimens
should usually be 01 to I 0 mm in thickness. With fibres,
a number have to be mounted parallel and in an immersion
medium to reduce the amount of scattered radiation if very
fine fibres are being examined the number required is considerable. For single crystals an immersion medium is
desirable and it is necessary to be able to mount the crystal
in a particular orientation. The following simple techniques
have been found to work satisfactorily when used with a
spectrometer fitted with a reflecting microscope giving / 5
magnification.
For mounting fibres, narrow tapered tubes are first made
by drawing points on 05 cm diameter glass tubing. These
can be made in pairs with the points at the ends sealed off,
and thereby kept clean until needed. Lengths about 2 5 cm
long and tapering from about 3 mm to 05 mm are then cut,
both ends being open. The ends of a loop of fine wire are
pushed down from the wide end of the tube and the fibres
to be examined passed through the loop. They are then
pulled down tightly into the tube by the wire so that they
become parallel. The tube is filled with an immersion liquid
by placing a few drops in the wide end which are then drawn
down by capillary attraction, air bubbles being removed by
placing the specimen in a vacuum desiccator which is partially
With hexachioro- I ,3-butadiene
evacuated a few times.
which is commonly used there is no need to seal off the tube
and having both ends open assists filling. It is almost
inevitable that there should be some residual scatter of
radiation which has to be compensated for if a "cell in—cell
out" or double-beam system of recording is used. For this
purpose a piece of glass ground with carborundum is useful,
a final match being obtained by rubbing a black-lead pencil
on the ground glass.
A spherical cell is used for single crystals, made by blowing
a bulb of glass on the end of a glass tube of about 4 mm
outside diameter. The bulb should be reasonably strong, as
uniform and spherical as possible and about 1 3 cm to
5 cm in diameter. The crystal is held in the centre by a
pair of narrow springy tweezers about 1 cm long, soldered
on the end of a stiff brass wire about 16 s.w.g. so that it
will slide comfortably down the glass stem. The tweezers
are made from thin springy metal and the points should
normally press together. By slightly flattening the wire in
* Now at Biophysics Department, The University, Edinburgh 9.

two or three places, it can be made to slide fairly stiffly down
the glass tube so that the crystal is held as nearly in the
centre of the sphere as possible. To pick up a crystal, the
tweezers are best opened with a smooth tapered probe which
thus assists also in steadying the points. The cell is filled
with carbon tetrachloride or other immersion liquid and the
crystal carefully inserted, the top then being sealed with fish
glue. The bulb is gripped between a pair of thin beryllium/
copper strips 1 3 cm wide in holes about 09 cm in diameter
through which the radiation passes. The strips are held in

Elevation and
plan of cell
assembled
with a crystal
inside

turn on a rectangular brass plate with a larger rectangular
hole in it as shown.
Mounted in this way the orientation of the crystal can be
adjusted on the stage of a polarizing microscope before
transfer to the spectrometer. Provided that the aspect it is
desired to examine is not obscured by the tweezer points, a
considerable range of rotation and tilting can be obtained
and a satisfactory image projected on the spectrometer slits
of specimens with dimensions of the order of 05 mm.
By the use of a spherical cell the full magnification of the
reflecting microscope is maintained and there are no serious
aberrations. The cell forms a simple type of Federov
mounting and can also be used for qualitative microscopy in
the absence of a more elaborate universal stage.
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(Reprinted from Nature, Vol. 178, p. 92 ouR', October 27, 1956

Absolute Configuration and Optical
Rotation of Folded (a) Polypeptides
SINCE Pauling and Corey' proposed the a-helix for
the structure of some folded polypeptides, evidence
for the essential correctness of this structure has
accumulated ; but agreement between the observed
X-ray diffraction pattern of oriented fibres and that
calculated from the model has not been obtained. As
Brown and Trotter have recently shown, with a polyL-alanine ( (C0.CH.CH 3.N11)), where the scattering
centre of the side-chain is fixed with respect to the
helix, the agreement along the layer lines is very poor.
Tn this case, the X-ray reflexions can be indexed on
a unit cell through which only one chain passes, and
it was assumed that both the sense of the helix (rightor left-handed) and the direction of the peptide
sequence were identical for all chains. The fit was
so poor that it could not be concluded with certainty
whether the helices were right- or left-handed.
Since the a-helix conforms accurately to the conditions - for minimum energy and also has dimensions
which are almost exactly those required to fit the
unit cell of poly-L-alanine, it seems likely that the
atomic parameters of this helix must be very nearly
correct. We have accordingly examined more general
arrangements of eighteen-residue, five-turn helices
(fibre repeat 27 A.), using the reflecting optical
diffraction spectrometer which was described recently'.
The fibre repeat in poly-L-alanine is longer than this',
but the effect of the longer repeat on the optical
transform is not appreciable. Like-handed hexagonal
arrangements of helices which have near six-fold
screw axes pack with the observed inter-chain
distance whether all chains have the same direction
of peptide sequence or not ; the necessary condition
is that the p-carbon atoms of the methyl side-chain
groups should be in identical crystallographic
positions. A random arrangement of the direction
of the peptide sequence of the individual chains
(which is very probable in the absence of strong
polarizing forces) will produce the diffraction pattern
of a primitive unit cell, though there is, in the strict
sense, no unit cell. This arrangement of right-handed
helices (corresponding to PC,) gives diffraction
patterns in much better agreement with the observed
X-ray pattern than does a left-handed one. The
refinement of co-ordinates is not yet complete, but
enough has been done to show that satisfactory
agreement may be expected with quite minor changes

in the co-ordinates originally given by Pauling and
Corey5. It is most unlikely that any appreciable
proportion of left-handed helices contributes to the
crystallite reflexions. It is possible, however, that
left-handed helices contribute to the observed layerline streaks; but in this case the proportion would be
small. We believe, therefore, that in poly-L-alanine
the helices are mainly right-banded, and presumably
a-helices of other L-amino-acid polymers will also be
right-handed.
The specific optical rotation of an a-helix of polyglycine (using a very simplified model) has recently
been calculated by Fitts and Kirkwood° ; for righthanded helices this is found to he d-132', in an
aqueous solution with index of refraction 1-35.
Poly-i-(or poly-n)-alanine is not soluble in non-polar
solvents, and since in polar solvents the chains may be
random coils (at least at low polymer concentrations)
a direct measurement of the specific rotation of an
a-helix of poly-L-alanine cannot well be made.
However, a meso polymer containing a small proportion of one enantiomorph is slightly soluble in chloroform. From measurements on such material, the
specific rotation of poly-L-alanine is about +O°,
which is considerably loss than the figure given by
Fitts and Kirkwood for a right-handed helix without
active side-groups. Unless their estimate is grossly
in error, it would appear that the contribution of the
side-chain opposes the form optical rotation of the
helix. This would account for the generally low value
of the specific rotation of polypeptides in conditions
which favour the a-helix form. Fitts and Kirkwood'
have recently, from similar considerations of optical
rotation, also concluded that a-polypeptides form
right-handed helices.
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Chain arrangement and sense of the a-helix in
poly-L-alanrne fibres
By A. ELLIOTT AND B. R. MALCOLM
Courtaulds Ltd, Maidenhead, Berks
(Communicated by A. ii. Wilson, FR.S.—Received 8 April 1958—
Revised 9 July 1958)
[Plate 4]
The X-ray diffraction pattern of poly-L-alanine fibres has been compared with optical
diffraction patterns of-helices. With bond lengths and angles not significantly different from
those found in simple compounds, good agreement is found with right-handed (but not with
left-handed) helices. It is necessary to SUPOSO that the direction of the pepticic sequence of
chains in the crystallites is random. Helices with a long repeat distance are found to pack ill
a way which produces a limited sequence of residues, spaced at 4-5 A, in which displacements
from steno effects can be expected. It is shown how this may produce a meridian roflexion
at 4-4A, as observed. A complete account of all features of the packing is not given, however.
and hardly seems to he practicable.

INTRODUCTION
Although the general correspondence between the X-ray diffraction pattern of the
a-helix of Pauling, Corey & Branson (195 1) and that of several folded synthetic
polypeptides has been recognized for some years, a detailed and satisfactory agreement has not yet been reported. The general correspondence is in fact only evidence
of the helical nature of the fold, with a helix pitch of 54A and a residue translation
of ca. 1-50A, and does not establish the positions of the atoms as those of the a-helix.
Indeed, the optical transform of the 3'6, helix (Huggins iz; Elliott & Robertson
1955) might seem to afford a better starting-point for explaining the X-ray diffraction pattern of poly-L-aianine than do the a-helix structure amplitudes which
have been given by Brown & Trotter (1956) and by Pauling, Corey, Yakel & Marsh
We have already indicated briefly our belief that the wrong choice of unit
cell has been responsible for lack of agreement in the case of poly-L-alanine (Elliott &
Malcolm 1956).
Some years ago the preparation of well-oriented fibres of poly-L-alanme in the
a-helix form was reported from this laboratory, and an X-ray diffraction photograph
was reproduced (Bamford, Brown. Elliott, Hanby & Trotter 1954). A more complete examination of the diffraction pattern was carried out by Brown & Trotter
(1956) who measured interplanar spacings and the relative intensities of the stronger
reflexions. They showed that the unit cell is hexagonal, with side a = 8-55 ± 0-03 A.
and that the c-axis (chain repeat) is long. The arguments, based on the stereochemistry and on the diffraction patterns of a-helices (Pauling & Corey 1951 ;
Cochran, Crick & Vand 1952) show that the minimum value of c compatible with the
measurements is 70-3 A; this is the repeating length of an a-helix with 47 residues in
13 turns, the pitch being 5-41 A and the axial translation 1-495 ± 0003A per residue.
[ 30
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The number of residues per turn is 3.615 ± 0003, corresponding to a residue rotation
of 99'34'. There are no crystal reflexions in the diffraction pattern to suggest that
the unit cell has more than one helix passing through it, and Brown & Trotter
considered the diffraction pattern of such a primitive cell, and calculated the
intensities of many of the reflexions for the two possible screw senses (right-handed
helices corresponding to Panting & Corey's position 1 for the fi carbon atom in
poly-L-alanine). They showed that, with co-ordinates for the atomic positions closely
similar to those given by Pauling & Corey (1951), quite good agreement between
observed and calculated intensities was obtained for the equatorial reflexions, but
that in general the agreement was poor elsewhere. It was considered that rather
better agreement was obtained with the left-handed sense, but it was noted that
better agreement over all the layer lines would be needed to substantiate this
tentative assignment. Brown & Trotter discussed the origin of the strong layer-line
streaks which appear on two of the layer lines (not on the equator) and suggested
that they were caused by a random displacement of some of the chains in the
direction of the chain axis, which as is well known would produce layer-line streaks
while leaving the equatorial reflexions sharp. However, we are of the opinion that
such random displacement is sterically impossible with a fixed inter-chain distance,
and have proposed a different kind of random structure, based on a study of the
problem of chain packing. The diffraction pattern of the proposed arrangement
agrees much better if right-handed helices rather than left-handed helices are
assumed for poly-L-alarnne (Elliott & Malcolm 1956).
The model for the crystal of a poly-L-alanine which we shall here discuss in greater
detail is a hexagonal, close-packed array of right-handed helices in which the polar
sequence CO. NH. CHR of an individual chain may point in either direction along
the helix axis, that is, the chain sense is random. This is based on the observation
that, with bond angles, bond directions and van der Waals radii in common use, the
packing of a-helices of polyalanine is governed by methyl group contacts. If all the
helices are like-handed, and if the methyl groups have spherical shapes, any one may
have its chain direction reversed without changing the packing. It is easily seen that
the best packing is obtained when all the fl-carbon atoms occupy identical crystallographic positions. We shall return to this matter later.
A structure such as we propose for the crystals of poly-L-alanine will evidently
give sharp diffraction spots on the equator of the fibre photograph. Elsewhere, as
has been shown by Cochran (19), the diffraction pattern consists of sharp reflexions
at reciprocal lattice points corresponding to a virtual unit cell containing one chain
and of layer-line streaks. By using optical diffraction measurements we have found
that the observed X-ray diffraction pattern (both the sharp and diffuse parts) can
be accounted for by the proposed structure to an extent which justifies the adoption
of right-handed helices as a structural unit in the crystal of poly-L-alanine, and the
rejection of the left-handed form.
During the past two years a considerable amount of experimental and theoretical
work has been done on the dispersion of the optical rotation of synthetic polypeptides in the a-helix form in solution. (Yang & Doty 1957; Moffitt & Yang 1956; Fitts
& Kirkwood 1956; Moffitt 1956). This work appeared to establish the right-handed
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form as the stable one in solution of poly-y-benzyl-L-glutamate in not too polar
solvents. More recently, however, the theory on which this conclusion was based has
been questioned (Moffitt, Fitts & Kirkwood 1957). Optical rotation measurements
do show, however, that in several synthetic polypeptides in solution one screw sense
is dominant (Elliott, Hanby & Malcolm 1956; Downie, Elliott, Hanby & Malcolm
1957). This work has recently been extended to films of poly-L-alanine in the a-helix
form (Elliott, Hanby & Malcolm 1957). They usefully supplement the results of
X-ray diffraction, for at one time it was by no means certain that both screw senses
might not occur in appreciable (if not equal) numbers in one optical isomer. According to Huggins (1952), stereochemical considerations are sufficient to warrant a
choice of the right-handed as the stable form in L-polypeptides, but Donohue (i5)
has doubted whether such a choice is justified.

OPTICAL DIFFRACTION PATTERNS
We have based our conclusions on a comparison of the X-ray diffraction pattern
with the optical one produced by a mask containing holes representing the atomic
positions in a chosen projection, or 'optical transform' as it is usually called (Lipson
& Taylor 195 i). The diffraction arrangement using a mirror of 7 in. diameter and
30 ft. radius of curvature has already been described (Elliott & Robertson 1955).
Although poly-L-alanine has an x-helix of the 47/13 type, the layer lines in the
X-ray diffraction pattern lie extremely close to those for an 18/5 helix, and the
diffraction patterns of the two helices will be almost identical (Cochran et al. 1952).
For reasons of convenience in drilling masks we have, therefore, used the 1000
residue rotation of the 18/5 helix. In general, three repeating units of this helix were
drilled to form the mask of a chain long enough to give sharp layer-lines.
In order to obtain the transform of the structure which contributes to the sharp
refiexions, the transforms of the 'up' and 'down' chains are to be added, whereas the
difference is taken in order to derive the transform which contributes to the layerline streaks (Cochran 1957). The sum is obtained quite simply by putting an 'up'
and a 'down' chain on a common set of axes in such a way that the flC atoms of one
chain coincide with those of the other, in accordance with the model derived from
considerations of packing. The projection of this fictitious chain is used to make an
optical transform which when sampled at the reciprocal lattice points of a one-chain
unit cell gives the squares of the structure amplitudes of the corresponding sharp
X-ray reflexions, for point atoms. The three-dimensional Fourier transform of the
chain has an 18-fold rotation-axis, and central sections 100 apart will, if properly
chosen, show the maximum difference which any central sections have. We have
examined two such sections and over the region with which we are concerned the
differences are not detectable. It is therefore permissible to derive the data for all
(hid) values from any central section. In order to make a more quantitative comparison between optical and X-ray diffraction patterns than is possible by visual
inspection, we have photographed a density scale on the plates of the optical patterns
and made a photometric measurement of relative intensities at the appropriate
places.
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The difference of the transforms of the two chains is obtained from a mask in which
the origin of one chain is given a translation d perpendicular to the chain axis. Along
row lines on the optical transform where the value is 1 Jd, this displacement produces
a phase-change 27T in the contributions from the individual chains. Hence along row
lines where 6 has the values 1/2d, 3/2c1, 5/2d, etc. the contributions differ in phase by
r, that is, along these lines we obtain the difference of the transforms of the individual
chains.
The fictitious or virtual chain obtained by superposition on a common axis
possesses a twofold rotation axis perpendicular to the chain axis through each fiG
atom, consequently a mask made by projection on a plane normal to such a dyad will
possess a centre of symmetry. The phases of all parts of the optical transform of such
a mask are therefore easily found by the well-known procedure of drilling a large
hole at the centre of symmetry (Hanson, Lipson & Taylor 1953). We have in this
way determined the phases, both for helices of individual atomic species and for the
whole structure. This has been of considerable help in deciding what changes in the
co-ordinates were likely to improve the fit of the two sets of diffraction data.
ATOMIC SCATTERING FACTORS
We have used the usual approximation for work of this kind and have adopted
a unified scattering factor to correct the values of intensities derived from optical
transforms for the falling-off with increasing angle. Drill sizes are then chosen to
represent the average relative scattering power of the atoms over the range of scattering angle. Since it is necessary to use very small drills in order to avoid overlapping of
holes in the mask, the choice of size is limited and we have used a hole diameter of
0018in. to represent C and OH, and 0021 in. for NH, 0 and 0113, corresponding to
scattering powers 6 and S. This gives less scattering power to the oxygen atoms than
has been used in some work (e.g. Daubeny, Bunn & Brown 3954), but reference to
McWeeny's curves (x 951) shows the factors to be reasonable for refiexions from
planes which make a large angle with the helix axis, because of the asymmetry in the
scattering of the atoms of the C() group. The refiexions from some of these planes
are rather sensitive to the value assumed for the atomic scattering factor because
a good deal of cancellation of contributions occurs. This happens to a much less
extent with the equatorial refiexions.
SCREW SENSE OF THE a-HELIX
Polypeptide chains made from a single optical isomer of an amino acid may be
coiled into a-helices with either a right- or a left-handed screw sense, but these
helices are not mirror images of each other, and the optical transforms of these two
structures are appreciably though not strikingly different. If a single screw sense is
present, but the chain sense is random in a crystallite, then as explained above the
intensities of crystal refiexions can be derived from the transform of a fictitious
structure in which the helices of opposite chain sense are superposed on a common
axis. The transform of such a structure of right-handed helices is very different
from that of left-handed ones. When the b-axis projection of the left-handed form

26
13
0
0
a
Optical
transform
of parallel and antiparafiel a-helices of poly-L-alanifle superposed on common helix axis with
FIGURE 1.
fl -carbon atoms in identical positions. a, left-handed helices; b, right-handed helices.
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of superposed helices of poly-L-alanifle is compared with that of the right-handed
form, the former is seen t have well-marked alternations of high and low density at
intervals of the helix pitch, whereas the density of the right-handed form is much
more uniform. In fact, with right-handed helices much of the diffraction pattern is
contributed by the CH3 groups (two on each site, because of the two helices of
opposite chain sense), and the contributions of the other atoms cancel out over a
considerable part of the diffraction pattern except on layer planes 1 = 0 and 1 = 47
(this last corresponding to the 1.5A axial translation).
The optical transforms of superposed antiparallel helices (corresponding to a
random chain sense in the crystallite) are shown in figure 1, plate 4, for right- and
left-handed screw senses, respectively, with white lines to indicate the hO row lines.
The turn layer line (1 = 13), for which the calculated structure amplitude was much
too high in Brown & Trotter's one-chain unit cell, is now reduced to about the right
intensity in our optical transforms for right-handed but not for left-handed helices.
From this it follows that with right-handed helices the contributions to this layer line
from the helices with opposite chain senses are nearly out of phase. In consequence,
the difference of the transforms will be quite large and accordingly a strong streak is
to be expected. It is on this layer line that a very strong streak is observed in the
X-ray photograph. With the assumption of left-handed chains, on the other hand,
it is the crystal reflexions which are strong, and the streak would be very weak.
These considerations, and a detailed comparison in other parts of the transform, leave
no doubt that the right-handed helix is the one which occurs in poly-L-alallifle.
There are some differences in the equatorial reflexions in figures 1 a and b. These
are in part caused by the difference in the radial co-ordinate of the fl-carbon atom in
the two forms (Brown & Trotter 1956; Pauling et al. 1955) and also by some small
changes which we have introduced in the co-ordinates to improve the fit (see below).
MERIDIAN REFLEXIONS
The most striking evidence of the presence of a-helices in synthetic polypeptides
has been the observation of the 1.5A meridian reflexion (Perutz 1951). This reflexion
and its orders should be the only ones on the meridian in the diffraction pattern of
the a-helix. However, meridian reflexions at 4-33A (poly-y-methyl-L-glutamate)
and 44A (poly-L-alanine) have been observed, and have been ascribed to distortions
of the a-helix (Brown & Trotter i 956). Meridian reflexions from a well-oriented fibre
tilted for the Bragg angle are very much stronger than reflexions from other planes
for a given value of structure amplitude, and the distortion needed to produce the
weak meridian reflexions which have been observed are probably small. It is easily
seen that the pattern of contacts in an 18/5 helix has sixfold screw symmetry (see
section on the packing of a-helices) and if some distortion in the z-direction occurred
at these contacts, the electron density would have a periodic variation along the
z-axis and a reflexion at 4.5A might be expected. However, the observed reflexion
occurs at 4.4A. This can be explained in terms of a 47/13 helix, for as shown later
there is a limited succession of places in each repeating unit, spaced at intervals
of 4.5A along the z-axis, where appreciable distortion occurs because of packing
difficulties. Although the periodicity of this variation is 4-5A, an appreciable X-ray
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refiexion will only appear at reciprocal lattice points of the crystal; there is no
lattice point corresponding to 1/4.5A-', the nearest being (00. 16), corresponding to
1]4.4A-1. If the succession of regions of distortion 4.5A apart were to extend without a break throughout the whole of a large crystallite, the transform of the distorted
helix would be restricted to a region on the c* axis very near to 1/4.5A_1, and no
(00. 16) refiexion would be seen. Because, however, there are only about twelve
successive regions of distortion in one repeating unit, the transform is finite for some
distance along the c* axis on either side of 1/4.5 A. The situation may be seen from
figure 4, where in (a) the values of I F I 2 are plotted against for a linear grating of
12 elements spaced at 45A. As may be seen, the maximum at 1/4.5A is broad,
because of the small number of grating elements. Figure 4 shows in (b) how the interference function of a crystallite containing an arbitrarily chosen number of helix
repeat units (six) varies along the c* axis. This function has principal peaks corresponding to the reciprocal lattice points, two of which are shown. Even with less
than six helix repeating units in the crystallite, it is clear that no reflexion would
appear at 1/4-5A-1, since the intensity of refiexion depends on the products of the
two functions shown in figure 4, and for curve (b) the ordinate is near zero at this
point. A refiexion at 1/4-4A-1 should appear, however, and this is observed. It
might appear from the figure that a (00. 15) refiexion would be seen; this has not
been observed. It would be less than half as strong as (00. 16), and in any case it must
be remembered that the details of figure 4 cannot be known accurately. We think
that this explanation of the 44A refiexion is correct in principle, though to work it
out in detail is hardly possible.
THE PACKING OF -HELICES
It is convenient to consider first the hexagonal packing of 18/5 helices in which
the methyl groups are represented as hemispheres with a radius of 2A. Inspection
of models shows clearly that the packing is closest when all the helices are similarly
oriented with the radius vector of the fl-carbon atoms along the hexagonal directions.
This arrangement is shown in plan in figure 2, where the fl-carbon atoms on each
helix have been numbered consecutively along the polypeptide chain, the difference
between two numbers then representing the separation in the z-direction in units
of 15A. The nearest neighbours of the three flU atoms, numbers 1, 12 and 5 on the
helix at the left-hand side, have been connected by lines. Number 1 has two neighbours 3A above and below it as shown by full lines, numbers 12 and 5 both have one
15A and one 3A away in the z-direction shown by broken lines. This pattern of
contacts then repeats at another level with six-fold screw symmetry as we proceed
round the circle. With an interchain distance of 8-55A and a radial co-ordinate for
flU of 317A the distance between the atoms 1, 12 and 5 and their neighbours
indicated is 4-OA in all cases; the surfaces of the methyl groups are therefore just
in contact.
This structure may be modified to take into account helices with a longer repeat or
even totally irrational helices. Each atom has now to be rotated around the axis of
the helix to which it belongs by an amount proportional to its number. It might be
supposed that serious steric interference would arise when atoms differing in number
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by unity eventually lie opposite each other in the plan along one of the hexagonal
directions, but this situation does not arise since it would require a different amount
of rotation for adjacent helices. The closest approach that is made between atoms
differing in number by unity is 4A. From figure 3 it is obvious that the closest
contacts which can arise are between the nth methyl groups on one helix and the

FIGURE 2.

FIGURE 3.

To illustrate hexagonal packing of 18/5 -helices. Numbers
indicate successive fl-carbon atoms.

Packing of helices which do not repeat exactly after eighteen residues.

(n + 2)th on a neighbouring one. The relationship of these atoms to each other is
nearly the same as in the 18/5 helix, differing by about 10 in the ease of the 47/13
helix. All cases of contacts can be examined by supposing the full lines to rotate into
a new position, and it is evident that the maximum steric hindrance will occur when
the line joining n with (n +2) is along the hexagonal direction, as shown by the broken
lines. This corresponds to a distance between methyl groups of 377 A. This is shorter
than the 4-OA distance usually found, and may be expected to give rise to appreciable distortion of the structure.
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Still considering a close-packed arrangement of hemispherical methyl groups, we
suppose these are on identical helices which repeat after about 70 3 A and which now
have no hexagonal symmetry elements. If the radius vector of the 1st fl-carbon atom
is directed along one side of the cell, the packing will be without appreciable strain
at first. Examination shows that appreciable hindrance occurs between the 7th and
9th methyl groups and thereafter at intervals of three residue-translations, some
twelve pairs of methyl groups per helix being involved, though to varying extents.
After the 40th and 42nd methyl groups packing is again without hindrance and at the
48th residue the initial conditions are arrived at. The peculiar variation of the steric
strain gives rise to an interesting effect in the X-ray diffraction pattern, as explained
above.

flFI2

Fmunz 4. Variation of diffracted intensity along meridian, a, twelve scattering points spaced
45A apart; b, six scattering points spaced 70-3A apart (c-axis repeat).
The van der Waals surface of a methyl group is not expected to be spherical, and
the aC—PC bond makes an angle of about 60° with the helix axis. The consequence
of this is that parallel and antiparallel chains may not have their fl-carbon atoms at
identical z-values in the virtual unit cell and it is likely that they will be displaced
relatively to one another along the z-axis by a small amount, as indicated by the
X-ray diffraction data (see below). However, the packing of chains with their
polypeptide sequences in the same sense does not produce any such displacement
even if the methyl groups are not spherical; all such helices still pack with identical
z-values and this remains irrespective of the sense of neighbouring chains. The
sequence of displaced methyl groups referred to above is therefore not modified
where chains are in contact with others running in the same direction, but it will be
modified where contacts occur between chains of opposite sense. This may increase
or decrease the strain at a particular contact and introduces a random element into
the criteria for determining the number of strained flC atoms in a sequence. However, qualitatively the earlier model still holds, but the strain may not now build up
so uniformly as before. The lack of a detailed knowledge of the shape and size of the
methyl groups makes it impracticable to examine this further and also to predict
the displacement of opposed chains along the z-axis. The predicted displacement
varies in magnitude and even in direction with the van der Waals radius of the
individual hydrogen atoms, for the rotation of the methyl group is free if this radius
is 1 A, but not free with somewhat larger radii (which, however, are within the range
of hydrogen van der Waals radii recorded; see, for example, Stuart (1952)).
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DIscussIoN
The values of I F 1 2 for the strongest layer lines up to the 26th have been derived
by photometry of the continuous optical transform, and are shown plotted against
the reciprocal co-ordinate 6 in figure 5. The ordinates include the square of the atomic
scattering factor for carbon and a scaling factor to fit them to the observed values
of IF 1 2 for the equatorials. The co-ordinates of the c-helix are given in table 1 and
figure 5 is based on these. No temperature factor has been used.
TABLE 1. CO-ORDINATES OF SUPERPOSED -HELICES IN UNIT CELL OF
POLY-L-ALANiE
a = S = 855A, c = 703A ; helix axis along c.
helix I

ac
N
C'
0

helix axis
baxis

r
(A)
229
149
163
198
317
229
0

-

helix II

0

z

r

(A)

(A)

(deg.)
20•7
49.7
949
104
0
12027

—081
006
—040
—158
0
069

0

0

5

-

2(

-

z

((leg.)
—20•7
—49.7
—949
—104
0
- 120-27
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149
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3•17
229
0

(A)
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—046
0
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—04
- 1-09

-
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-

0
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I

I
I N._
21 30 2231 40 3241 5033
I
I
I
I
05
10
0

10
I

11 20
I
05

21 30 h,k
I
I

FIGURE 5. Values of J FJ 2 for crystal reflexions on chief layer lines in diffraction pattern of
poly-r-alanine. Full line gives values from photometry of optical transform. Observed
values for reciprocal lattice points from Brown & Trotter (1956).
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If the atomic co-ordinates given by Brown & Trotter or the very similar ones of
Pauling et al. (1955) are used to derive I F 1 2 , and the /3-carbon atoms in all chains
(parallel and antiparallel) are given identical co-ordinates, the fit with the observed
values of I F 1 2 on the 13th layer line is poor. We have tried many small adjustments
to rectify this; the only effective one is a change of about + 02 A in the z-co-ordinate
of the 0, C', aC and N atoms of chain I, with a corresponding change for chain II
in the opposite direction. This might mean that the z-co-ordinate of the fl-carbon
atom in each chain is altered with respect to the other atoms in the peptide residue,
while the /3-carbon atoms of chains 1 and II occupy identical positions in the virtual
unit cell. This, however, leads to bond angles and lengths considerably different from
those usually found in other compounds. A more likely interpretation is that the
oppositely directed chains are displaced by about 0.20A in opposite directions, for
reasons already discussed. Although the two possibilities should be distinguishable,
since the fl-carbon atoms are not in the same place in each case, the small differences
in the optical transform which are seen are insufficient to allow a choice to be
made.
The fit for 1 = 0 is good. The (11 .0) refiexion is too strong, but this is accounted for
by the fact that it is overlaid by a refiexion from the /3 phase, present in a small
amount. Elsewhere the agreement is moderate, and perhaps as good as can be
expected, having regard to the fact that the intensity on most of the layer lines is
weakened by interference from the contributions of the two chains. This is seen by
comparing with the much higher I F 1 2 values for single chains (Brown & Trotter
1956; Pauling et al. 1955); for the first refiexion on the turn layer line, for instance,
the values of I F 1 2 for /3C1 and flC2 (which correspond to right- and left-handed
helices of L-polypeptides) are 232 and 467 respectively when scaled to correspond
with the (10.0) refiexion. Because of the cancellation of a great part of the intensity,
the resultant is sensitive to the co-ordinates and atomic scattering factors chosen.
We have found that the intensity fit is appreciably improved if the radial coordinate of the oxygen atom is increased to 198A (an increase of 0-20A over Brown
& Trotter's value), while that of the nitrogen atom is decreased to 1-49A. These
movements leave the amide group approximately planar, and appear from examination of the optical transforms of individual atomic species to be the only allowable
adjustments which will bring up the (30.13) refiexion to the required intensity while
keeping (20.13) to the very low observed value. If a plane is chosen passing through
the aC and aC* atoms and the mean of the C', 0 and N atoms, then the maximum
distance from this plane is not more than 0.04A. The change in radial co-ordinates
increases the C=0 distance from 1-24 to 1-265A, which is not significant, and the
effect of moving the nitrogen atom is likewise without significant effect on the
geometry of the peptide group. Small changes in the ç co-ordinates do not produce
any marked effect on the optical transform. It is interesting to note that the a-helix
shows some steric hindrance between the carbonyl carbon atom and the oxygen atom
in the next residue (0*) when these atoms are given van der Waals radii of P4 and
1.8 A, respectively, and this could be the reason why the oxygen atom appears to be
at a greater radius than expected, in order to relieve the packing. We are obliged to
Dr Conmar Robinson for having drawn our attention to this.
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Considerable support to the scheme we propose for poly-L-alanine is given, we
think, by the prediction of the layer-line streaks from the difference of the transforms of the parallel and antiparallel chains (figure 6). On the turn layer line (1 = 13)
the maximum of the observed streak is just where the continuous curve has its
maximum, at the (10. 13) refiexion, and the weaker streak on 1 = 21 is observed at

FImRE 6. Values of I F 12 for layer-line streaks, from photometry of

optical transform.
considerably greater values of 6 , as expected. The only other streak which conceivably might be seen is on 1 = 5; this is predicted to be weak, and being near the
equator and rather far out there will be geometrical factors affecting its intensity
compared with the other streaks: it has not been recorded.
CONCLUSION

I I2

The correspondence between the values of F derived from optical and from
X-ray diffraction patterns establishes the screw sense of the helix and the validity of
the assumptions we have made about the random arrangement of parallel and
antiparallel helices; it also provides the most complete experimental evidence, to
date, for the x-helix. To examine in detail the bond lengths and angles within the
peptide group would require more reliable X-ray data than can usually be obtained
from fibres. It seems likely, from the way in which the optical transform depends on
the atomic scattering factors chosen, that account would have to be taken of the
positions of the hydrogen atoms, and this would be difficult in the case of the
CH, groups because of the uncertainty about rotation around the aC—,8C axis. For
these reasons, we have not thought it useful to go from the predictions of the optical
transform to calculation of the structure amplitudes.
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A sensitive photoelectric polarimeter
By B. R. MALCOLM, Ph.D., A.lnst.P., and A. ELLIOTT, D.Sc., Courtaulds Ltd., Maidenhead, Berks.
[Paper received 29 August, 1956]

The construction of a simple photoelectric polarimeter is described. The instrument has a
sensitivity considerably higher than the usual visual type but with a more restricted range.
Features of the instrument which make for convenience in operation and also to which attention
must be paid in order to use fully the intrinsic sensitivity of the system are outlined.
The conventional type of visual polarimeter used in most
laboratories suffers from a number of disadvantages. For
accurate work, the observer needs to be dark-adapted and
consequently a dark-room is necessary. In addition, the
sensitivity is not particularly high and often necessitates the
use of a long specimen tube. The volume of liquid required
is then considerable, and if the solution is at all coloured or
turbid the sensitivity of the instrument is reduced. These
considerations make observations tedious and sometimes
difficult and may well limit the application of polarimetric
methods in certain fields. It was therefore thought worthwhile to develop a simple and accurate polarimeter using a
photomultiplier tube as the detector which might overcome
some of these difficulties. There have been a number of
descriptions of various types of photoelectric polarimeterst
in recent years, of varying degrees of complexity. Many
follow the photomLiltiplier with one or more stages of electronic amplification: this appeared unnecessary and only an
attachment for a normal commercial instrument described
by Rudolph 5 t attains the simplicity and sensitivity of the
present instrument. By building the entire instrument rather
than adapting existing commercial models, the full advantages
of the higher sensitivity and accuracy obtainable with a
photomultiplier detector can more readily be attained.
DESCRIPTION
The general arrangement of the instrument is as follows.
A lamp illuminates a pinhole which is at the focus of an
achromatic lens. This provides an (approximately) parallel
beam of light which passes through the polarizer, the cell
and the analyser and falls on the photomultiplier. A shutter
is provided to protect the photocell, and a mirror which can
be lowered at 45 to the beam to look along the beam by eye.
This is very useful for examining the solution and detecting
birefringence in the cell windows, in stray particles or arising
from the nature of the solution. An approximate extinction
can also be found very quickly by eye.
The polarizer and analyser are both polarizing filters as
supplied by Cooke, Troughton and Simms Ltd. in strain-free
mountings for use in polarizing microscopes. These are
mounted in the centres of ball-races, taking care to use a
method of holding them in place which does not introduce
any strain in the system. The polarizer is rotated by an arm
with a ball-bearing in the end, which is loaded by an extension
spring against the anvil of a 25 mm/micrometer head. It is
arranged so that the line joining the centre of rotation of the
polarizer bearing to the end of the ball is at right angles to
the micrometer axis when the micrometer is set in the middle
of its scale. If the length of this arm is 1885cm the micrometer reading in centimetres multiplied by three gives the
rotation in degrees, and rotations of ± 3 6 can be measured.

Should the rotation be higher than this a shorter cell can be
used.
The analyser is mounted so that it can be rotated through
a pre-set angle by an arm as shown in the figure. The
rectangular steel block on the end of the arm carries two
pairs of short steel rods between which two strips of phosphor
bronze
x /- in. are just free to slide. These are rotated by
moving the handle on the right up or down so that they press
the steel block on the pre-set screws. To obtain a quick
changeover a piece of soft iron can be mounted on the arm
connected to the handle so that it moves between the poles of
a permanent magnet (shown shaded).

to analyser

Mechanical arrangement for the rotation of the arm
connected to the analyser
All the components are mounted on a cast-iron base for
mechanical rigidity and enclosed in a light-tight case.
Apertures are provided in the top for viewing the mirror
and placing the cell in position. For use by non-technical
personnel it is desirable to have an interlock device to prevent
the instrument being opened unless the shutter is closed.
The photomultiplier is an E.M.I. type 6094B tube run
either from a stabilized power supply or batteries and the
output is observed on a Cambridge spot galvanometer with a
sensitivity of 170 mm/jsA. Provision is made for backing off
the galvanometer. Other types of phototube may be satisfactory but the method of construction of those made by
E.M.I. Electronics Ltd. should make the sensitivity independent of the direction of polarization of the incident
radiation. It is very desirable that the photo-cathode should
be as uniform in sensitivity as possible, since errors will occur
on this account if the polarizers are non-uniform.
The supply for the lamp should also he stabilized. The
authors have used a 45 W sodium discharge lamp in the
"end-on" position to obtain increased brightness. This
in. is
illuminates a pinhole of adjustable diameter; about
convenient for most work. A certain amount of light may
come out of the end of the glass of the polarimeter tube
itself, which will give a large standing signal. To eliminate
this a stop slightly smaller than the diamater of the tube
should be fitted on the end nearest to the photomultiplier.
In operation, the micrometer head is adjusted so that the

A sc,,silij'e p/zo/oelc'cIi',c po/ari/neler
signals in either position of the arm are equal. If 0 is the
angle between the direction of polarization of analyser and
polarizer the transmission I is proportional to cos2 0 plus a
constant small amount depending on the quality and optical
density of the polarizing filters. Oscillation of the analyser
gives two signals which are balanced. The rate of variation
of 1 with cos' 8 is a maximum when 0 is ±45; this, however,
is not the optimum angle for the rotation of the analyser
since there is then a very large signal on the photocell and
the accuracy is limited by the stability of the source. For clear
solutions, an angle of
1 or 2° is sufficient. For narrow
bore micro-tubes or coloured solutions where the amount of
light transmitted is reduced, this angle can be increased. The
point has been fully discussed by Rudoph.'5 We have found
that it is possible to obtain readings to ±0001 ° with ease.
The absolute accuracy is not as good as this and depends on
the quality of the optical components and the uniformity of

the photoniultiplier surface. We have found, however, tha
the values for the optical rotation of solutions calculate
from the length of the arm on the polarizer and the micrometci
reading, agree well with values for the solution on a visua
instrument. For coloured solutions, accurate measurement
can be made where any reading is impossible on a visual
instrument.
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Infrared Absorption Spectrum of
Water adsorbed on cc-Helical Synthetic
Polypeptides
I REPORT here sorno observations on the polarized infrared absorption spectrum of water adsorbed on orientated
synthetic polypeptide films. The results suggest that the
water molecules are adsorbed at specific sites and orientations with respect to the substrate molecules.
Orientated films of high molecular weight synthetic
polypeptides in the a-helical conformation were prepared
by collapsing to one end of a Langmuir trough monolayers
spread on the water surface. The method used to spread
the monolayers and to remove the collapsed film has been
Sufficient monolayers were
described previ ouslyi 2•
spread to give a specimen with an absorbance of 1-5 or
greater for the amide I band. Films were mounted on
barium fluoride plates and dried to a predetermined
humidity. Where necessary, scatter of radiation from
the surface of the specimen was reduced by allowing a
drop of chloroform or benzene to flow across the surface
so that it softened and became compacted. This treatment
improved the quality of the spectra and probably modified
the crystallinity of the specimen, but was not essential to
see the main features described. Because the OHstretching band lies close to the amide A (NH-stretching)
hand, it is helpful (hut not essential) to reduce the NH
absorption by using N-deuterated polymer and spreading
the monolayers on 001 M HCl on which the back exchange
of deuterium is slow'.
High molecular weight specimens of poly-D-alanine,
poly-y-ethyl -L -glutamate and poly--y-methyl -L-glutan)ate
have been examined with particular reference to the
2,000-4,000 cn' spectral range. Although the strength
and shape of the water absorption band varies from one
polymer to another, three main features are common to
all the polymers: (1) the OH absorption is not centred
about 3,400 cm-1 as in liquid water, but is displaced to
around 3.500 cm-1 ; (2) the hand is clearly made of two or
three components; (3) overall, the band exhibits marked
perpendicular dichroism. Fig. 1 illustrates these features
for poly-y-methyl -L -glutamate, together with the NH and
N2H stretching hands (about 3,300 and 2,450 cm'), which
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Fig. 1. Infrared absorption spectrum of a partially -deuterated film of
poly-y-metliyl-L-glutamate, :10 C, approximately 91 per cent relative
humidity. Full line: electric vector perpendicular to direction of
orientation; broken line: electric vector parallel.

are of opposite dichroic character to the water band, and
the CH bands. The water band has components at about
3,440, :3,510 cm-' and 3,570 cm-1. Poly-y-ethyl-L-gluta
mate has three similar bands and poly-D-alanine has a
band at about 3,470 em-1 with a shoulder at 3,530 cm -1.
Because the frequency of the water absorption band is
roughly mid-way between that of the free and hydrogenbonded OH stretching frequencies it is probable that the
hydrogen bending component of the binding is weak. The
dichroism and splitting of the band into two or three
components is good evidence that the molecules are in
specific orientations and sites with respect to the polymer.
If the band is attributed mainly to the OH antisymmetrical
stretching vibration (normally the strongest), which has
a transition moment parallel to the line drawn through
the hydrogen atoms, the molecules are orientated on
average with this direction fairly close to planes drawn
perpendicular to the helix axis. An estimate of the angle
can be made by using the direction of the NH and N 2H
transition moments to give a measure of the orientation

of the polymer. The usual model for fibre orientation is
assumed with a fraction of perfectly orientated polymer
and the rest disorientated3, and the water is taken to be
distributed in proportion over both fractions. This leads
to the H-T-1 direction being within about 25° to the plane
perpendicular to the axis of the helix.
Weak perpendicular dichroism of the same water band
has been observed in hydrated a-keratin by Bendit 4, who
found the frequency to be 30-40 cm-' higher than in
liquid water. Although the spectrum was very similar
to that of an equivalent thickness of liquid water, it is
probable that the observations are closely related to the
present work.
A tentative explanation of these observations, consistent
with the views of Bendit for keratin, is that the water
molecules orientate with a hydrogen atom directed towards
the poptido oxygen, possibly forming a weak hydrogen
bond to it, with the H-H direction of the water molecule
within 25° to the plane perpendicular to the helix axis.
In this situation it is probable that the water dipole will
interact strongly with the peptide dipole. This orientation
would account for the positive sign of the surface potential
when a monolayer of a-helices is spread on water', if on
a clean water surface the hydrogen atoms are normally
directed downwards'. In the case of the glutamate
polymers an additional interaction may occur between
the water and the side chain carbonyl.
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and I thank Miss L. Mallaby for technical assistance.
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Optical Rotation of the a-Helix in
Synthetic Polypeptides
IN a communication from this laboratory', the
belief has been put forward that the polypeptide
chains in poly-L-alanine fibres form right-handed
rather than left-handed helices ; this view is based
on the X-ray diffraction pattern. If it is correct,
it is to be expected that the same sense of helix will
be the stable form in other L-polypeptides. Now the
contribution to the optical rotation of an a-polypeptide from the helix alone is considerable; according to Fitts and Kirkwood°, a right-handed helix of
polyglycine should have a specific rotation of about
+ 130°. In a later communication' they have concluded from the change in specific rotation on
destruction of the cr-helix (inpoly-y-benzyl-L -glutamate
and in poly.L-glutarflic acid) that in these polymers
the helices are right-handed.
The stability and sense of the cr-helix can be
examined by measuring the optical rotation of a
series of polypeptides in which the proportion of
D- to L-residues is varied. The addition of a proportion
of D -residues, randomly arranged along a chain of
L-residues in the a-helix form, will not affect the helix
if this has a strongly preferred sense. The optical
rotation of a predominantly L-polypeptlde should
therefore at first move towards higher positive values
as the proportion of D-residues is increased, but must
ultimately become zero when n- and L- residues are
present in equal amounts.
We have measured the optical rotation of a series
of D L-leuclne polypeptides in benzene at a concentration of 0-2 per cent (w/v). Films cast from
these solutions showed the carbonyl infra-red absorption band in the normal position for the a-form.
Since many of these polymers form gels under these
conditions (even at. 60° C.), small amounts of m-cresol
(minimum 1 per cent, vjv) were added, and the
optical rotation in pure benzene was obtained by
extrapolation to zero concentration of m-cresol. This
procedure was justified by measurements made in
pure benzene, when the solubility allowed this. The
addition of rn-cresol lowers the positive rotation of
the mainly L-polypeptides. Even with in-cresol
present, it was found necessary to make measurements at 60° C. to avoid gel formation. It is con-

veniont to express the results in terms of the residue
rotation {RJ

[B] =_- [a]
100
where B is the residue weight and [a] the specific
rotation defined in the usual way. The results are
shown in Fig. 1.
The expected effect is strikingly apparent, and the
increase in rotatory power continues to a lower excess
Of L over D values than might have been anticipated.
The increase in rotatory power is not caused by
increasing instability of the a-helix as the proportion
Of ID -residues becomes greater (leading to the formation of a random coil), because conditions which
favour a random coil lower the positive rotation4 .
The linear part of the graph is readily accounted for

Fig. 1. Residue rotation of poly-leucine plotted against fraction
Of L-residues in polymer. Concentration 02 per cent or/v in
benzene at 600 C. A = 5893 A.

if, over this range, all the polypeptide chains are
right-handed, producing a positive rotation from the
helix core, with the L- and n-side-chains giving
respectively negative and positive contributions. The
contribution from the helix core is given by the
intercept on the y-axis, and corresponds to a residue
rotation of + 1380. We may note that the corresponding value for poly-L-leucine in benzene calculated
from Fitts and Kirkwood's formula is 70°.
Our experiments show clearly that, in solution,
one sense of helix is significantly more stable than
the other for a given enantiomorph. Together with
Fitts and Kirkwood's calculation that the form

optical rotation is positive for a right-handed helix,
the results confirm that L-pOlypOptides form righthanded helices. The possibility that the optical
rotation of an -polypeptide can be treated as the
sum of contributions from the helix core and the
asymmetric centres is interesting, and may have
applications in the case of proteins such as silks.
ELLIOTT
W. E. HANBY
R. MALCOLM
Research Laboratory,
Courtaulds, Ltd.,
Lower Cookham Road,
Maidenhead, Berks.
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The optical rotation and molecular configuration of synthetic
polypeptides in dilute solution
By A. R. D0wNIE, A. ELLIOTT, W. E. HANBY AND B. R. MALCOLM
Courtaulds Ltd, Maidenhead, Berks
(Communicated by A. H. Wilson, F.R.S.—Received 5 April 1957)
The optical rotations of a number of synthetic polypeptides have been measured in
a variety of solvents. For each polypeptide species, a number of copolymers of different
o :L compositions have been examined. Several distinct types of behaviour have been found,
which may readily be interpreted in terms of the relative stability of left-handed helices,
right-handed helices, and random coils. In solvents that are not too polar (oven for quite
considerable departures from the enantiomorpli) predominantly L polymers exist entirely as
right-handed helices.
The rotation of a right-handed helical form of several meso polypeptides has been deduced;
this rotation varies somewhat from polymer to polymer but is not markedly dependent on
the solvent. It appears that the solvated D and i, residues on a mao helical polypeptide
largely cancel out each other's contributions to the rotation.
The dispersion of the right-handed helical form of poly-DL-leucine has been derived.

INTRODUCTION
The possibility that the optical rotation of a synthetic polypeptide might be dependent on its configuration was first examined by Robinson & Bott (1951), who showed
that the optical rotation of al: 1 copolymer of y-methyl-L-giUtamate and DL-phenylalanine is strongly dependent on the solvent used. They found in a series of polymers
that the positive optical rotation increased with the molecular weight when the
solvent was m-cresol, but that a nearly constant negative rotation was observed in
formic acid. Films cast from these solvents were examined in an infra-red spectrometer, and it was found that, whereas all the films cast from formic acid were in the
,8 (extended chain) form, those from m-cresol contained an amount of a (folded)
polypeptide which increased with molecular weight, becoming 100% at the highest
molecular weight examined. They suggested that the optical rotation gave an
indication of the fraction of a material in the solution.
Since this pioneer work, much more has been discovered about the a configuration of simple polypeptides, in which the chains are helical, and which must therefore
be optically active if all the helices are like-handed. In non-polar solvents it is to be
expected that polypeptides of high molecular weight will form the a helix of Pauling,
Corey & Branson (1951), and observations of infra-red spectra of such solutions
support this in the case of poly-L- and poly-DL-leucine (Elliott 1953) and poly-ybenzyl-L-glutamate (Doty, Holtzer, Bradbury & Blout 154). For the latter polypeptide, additional and convincing evidence is provided by light-scattering experiments made by Doty et al. (1954) and Doty, Bradbury & Holtzer (1956), who also
concluded that when the solvent was dichloracetic acid the polypeptide was in
a solvated, random coil. Following this, Doty & Yang (1956, 1957) have measured
the optical rotatory dispersion of poly-y-benzyl-L-glutamate in ethylene dichloride,
[ 325 1
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dichioracetic acid and other solvents. They have also measured the optical rotation
in mixtures of the first two solvents, and concluded that the extreme forms
(a helix and random coil) of the polypeptide chain are obtained, respectively, in
ethylene dichloride and dichioracetic acid. In a helical polypeptide with an asymmetric a carbon atom, as Cohen (1955) has pointed out, the 'form' rotation of the
helix may either reinforce or diminish the rotation caused by the asymmetric centre.
Fitts & Kirkwood 0956a, b) have calculated the specific optical rotation of an
helix without asymmetric residues and obtained a value + 132° for a right-handed
helix of polyglycine in water. They consider the magnitude of the change in optical
rotation on formation of the a helix found by Doty & Yang (which is in the positive
direction when the a helix is formed) and conclude that their calculations are in
agreement with these observations if the helices are assumed to be right-handed.
Moffitt (1956b) has criticized the model on which these calculations are based and
concluded, justifiably, that the numerical agreement is fortuitous. This is also
evident from our earlier note (Elliott, Hanby & Malcolm 1956), in which we point
out that the observed rotation in polyleucine is numerically different from that
expected on the basis of Fitts & Kirkwood's calculations.
Huggins (1952) considers that left-handed a helices of L polypeptides are less
stable than right-handed ones, because of the short distance (2.7 A) between ,8C and
O atoms in the left-handed helix. On the other hand, in a detailed examination of the
stability of polypeptide folds with internal hydrogen bonds, Donohue (i) has not
found any strong reason why there should be a difference in stability between rightand left-handed a helices. Arndt & Riley (1955), in an investigation of the radial
distribution function of a polypeptides and globular proteins, based on X-ray
powder diffraction patterns, have concluded that they consist of a helices with the
flC atom in Pauling & Corey's position 2 (ii). This corresponds to left-handed
helices of L polypeptides (Pauling & Corey 1954). Brown & Trotter (1956) have
examined the X-ray fibre diffraction patterns of well-oriented specimens of poly-Lalanine (Bamford, Brown, Elliott, Hanby & Trotter 1954) and have found that
neither right-handed nor left-handed helices allow a good fit to be obtained between
observed and predicted intensities, with the simplest unit cell which the data allow.
They expressed a preference for the left-handed helix, and considered that a satisfactory fit might be obtained with some adjustment of the atomic co-ordinates.
More recently, the same data have been re-examined (Elliott & Malcolm 1956) and it
has been found that, with a 'statistical' unit cell containing randomly arranged
parallel and anti-parallel helices the fit can be much improved; the right-handed
form gives a far better fit of intensities than either the left-hand form or a mixture of
both. Packing considerations strongly suggest that such a random arrangement is
satisfactory, though they do not demand that the helices should necessarily he all
either right- or left-handed. These conclusions are at variance with the findings of
Arndt & Riley, and with the helix sense tentatively suggested by Brown & Trotter,
but we believe them to be well-founded.
The X-ray observations do not altogether exclude the possibility that, in poly-Lalanine fibres, some left-handed helices are present, for if they were present in noncrystalline regions they might contribute to the strong layer-line streaks observed
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in the diffraction pattern. However, it appears likely that these layer-line streaks
are a direct consequence of the random up-and-down arrangement of the polypeptide chains, as is shown by some calculations which Dr Cochrane has kindly made
available to us, and there is probably no need to postulate left-handed helices. We
have recently (Elliott et at. 1956) described how measurements of optical rotation
of a series of polyleucines (in benzene) of various D: L compositions show very
clearly that only one sense of helix is present over a great part of the range. These
and other measurements are reported below.
Optical rotation data are most easily discussed in terms of residue rotations,
reduced to the value which they would have in a medium of unit refractive index
(i.e. in vacuo). We propose the symbol [Rvac ] for this quantity, rather than [M],
which is used by Fitts & Kirkwood (1956 b) or [m'] as used by Moffitt & Yang (1956),
to aviod confusion with the molar rotation, and to indicate explicitly that a correction for solvent refractivity has been applied. The relation between the specific
rotation and the residue rotation [Rvac] is
[Rvae]=

cR 3

iö n2 + 2'

where R is the residue weight and n the refractive index of the liquid in which the
polymer has a specific rotation Lx.
In an important series of papers, Moffitt (1956 a, b) has developed the theory of
optical rotation of an a helix, and Moffitt & Yang (1956) have shown that the
anomalous rotatory dispersion observed by Doty & Yang for the a helix form of
poly-y-benzyl-L-glutamate is of the kind to be expected. The residue rotation
[Rv,,,.] A is given by the expression
- a0 ) 20
[Rvac]A
- A2 _)2 + (A2 - A2) 2 '
where a0 is a constant which may be expected to vary with the nature of the sidechain of the polypeptide and to be dependent on solvation effects, whereas b0 and A0
should be intrinsic properties of the helical skeleton; b0 changes sign if the sense of
the helix is changed. Moffitt & Yang find b0 to be negative for poly-y-benzyl-Lglutamate and poly-L-glutamic acid, and in good numerical agreement with the
value which Moffitt (19566) has calculated for a right-handed c helix. However, as
will be shown later, the value of b is not entirely independent of the side-chains, and
this close agreement is perhaps fortuitous. Nevertheless, two independent techniques
show that in simple a polypeptides the right-handed sense is dominant for the
L-form, together confirming the absolute configuration of the amino-acid residue
used in the interpretation of the X-ray data. It has also been shown that when the
fraction of residues having the L-configuration (which we denote by L/ (D + L)) exceeds
07, polyleucine in benzene exists entirely as right-handed helices.
In the work reported below measurements have been extended to other polypeptides and the various types of behaviour examined in detail.
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EXPERIMENTAL
Synthesis of polypeptides
Polyleucine. Calculated quantities of the N-carboxy anhydrides of L- and
DL-leucine were dissolved in dry benzene. Polymerization was initiated with
tri-n-butylamine and allowed to proceed at 30'C.
The polyleucines were isolated by distilling off the solvent under reduced pressure
and washing the residual polymer in methanol to remove traces of initiator. Finally,
the polymers were obtained in a suitable state by freeze-drying from benzene
solution.
Polyalanine. The N-carboxy anhydrides of L- and D-alanine were copolymerized
in the required proportions at 50° C in benzene + dioxan (9: 1) solution using tri
n-butylamine as initiator.
The polymers were filtered off, washed with ether and dried. (These polymers are
of rather low molecular weight (d.p. 50).)
Poly-.c-amino-n-butyric acid. The required quantities of the D- and DL-N-carboxy
anhydrides were copolymerized in dry nitrobenzene solution using bcnzylamine
as initiator, the molar ratio of N-carboxy anhydride to initiator being 500. The
isolation was carried out in the same way as for polyalanine.
Poly-y-benzyl glutamate. The calculated quantities of the N-car boxy anhydrides
of y-benzyl-L- and DL-glutamate were copolymerized in dry dioxan using caustic
soda dissolved in methanol as initiator. The polymers were isolated by precipitation
with excess methanol. Finally they were dissolved in chloroform and cast as films on
glass sheets.
Degree of polymerization. Although the copolymerization of the L- and DL-carboxy
anhydrides was carried out, for each series of polymers, from the same batch of
material using the same amount of initiator, it cannot be assumed that the degree
of polymerization will be independent of the ratio L/(D + L). Traces of impurity
capable of acting as initiators, if present in differing amounts in the L- and DLanhydrides, would evidently cause the degree of polymerization to vary along the
series of copolymers. Some information bearing on this possibility was obtained by
measuring the specific viscosities of two different series of poly-y- benzyl glutamates
in dichioracetic acid, in which these polymers are in the random form. Specific
viscosities (polymer concentration 0.5% w/v) are shown plotted against L/(D + L) in
figures 5 and 6. From the measurements of Doty, Bradbury & Holtzer (1956) on
viscosities of poly-y-benzyl-L-glutamate it is seen that the enantiomorphs in our
two series 373 and 375 have degrees of polymerization somewhat lower than 320 and
1860, respectively; these are the figures which would apply if our measurements of
viscosity gave the values at zero polymer concentration. The viscosity falls greatly
as the meso polymer is approached, and since all the polymers are in the random coil
form in the solvent used for viscosity measurements, it is reasonable to suppose that
the degree of polymerization falls likewise, though independent measurements of
molecular weight are needed before the relation between viscosity and degree of
polymerization is known for L and D copolymers. The -amino-n-butyric acid
copolymers show a similar fall in viscosity towards the meso polymer.
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Measurement of optical rotation
Since the specific rotations of several polypeptides as reported in the literature are
rather small, and moreover the solubilities in some cases are very low, it would have
been difficult or perhaps impossible to have got satisfactory measurements with the
usual form of visual polarimeter. We have accordingly employed a very sensitive
photo-electric polarimeter of our own design (Malcolm & Elliott 1957) with which
small rotations can be measured to about 0.0010.
The chief error in the measurements is caused by uncertainty as to polymer
concentration, arising from the fact that it is sometimes hard to be sure that a sample
has dissolved completely. Careful inspection eliminated most of this error, but
occasionally it is difficult to be certain that a solution, before filtering, contains no
gel. When necessary, the concentration was determined after filtering, by evaporation of a known volume of solution.
Most of the measurements were made with the light from a sodium. lamp, except
the dispersion measurements which have been made using a mercury lamp with
suitable filters to isolate the stronger lines.
RESULTS
Polyleucine
Infra-red spectra of solutions in benzene of poly-L-leucine and poly-DL-lellcine
(Elliott 1953) strongly suggest that both polymers have the a configuration.
Curve a (figure 1) shows the residue rotation (corrected to unit refractive index) of the
polymer in benzene for various values of L/ (D + L). Since for the higher values of this
ratio the polymer is not sufficiently soluble in pure benzene, different amounts of
m-cresol were added (1 to 16 %) and the rotation in pure benzene was determined by
extrapolation. The optical rotation plot is linear over a considerable range of

OS
L/(D+ L)
FIGURE 1. Optical rotation of copolymers of L- and D.leuclne: (a) in benzene;
(b) in trifluoracetie acid. Concentration 02% w/v.
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L/(D + L); this portion extrapolates to a value [RvaC ]D of 96°, which would be the
optical rotation of a polypeptide with equal numbers of D and L residues if the linear
relation held over the whole range. The linear part of the graph can mean only that
over this range helices of one sign (right-handed in our case) persist; as the proportion of D residues increases, the negative contribution of the L asymmetric groups is
cancelled out to an increasing extent (see discussion). When the fraction L/(D + L) is
less than 07, the helices are no longer all right-handed. It must be supposed that
either whole chains or parts of chains, because of local preponderance of D residues,
become left-handed.
In trifluoracetic acid, the optical rotation is linear in L/ (D + L), and the graph passes
accurately through the point (0.5, 0). The rotation is therefore proportional to the
excess of L over D residues; there is no 'form' optical rotation and the polypeptide
chains must be in random configurations. We assume, as is usual, that the optical
rotation of independent groups is additive. This assumption is supported by the
straight-line graphs obtained for a variety of solvents and polymers.
The linear portions of the two graphs of figure 1 are parallel, hence the change in
optical rotation on unfolding an a helix of poly-L-leucine (in benzene) to form
a random coil (in trifluoracetic acid) is of equal magnitude but opposite sign to the
rotation of a right-handed helix carrying equal numbers of D and L residues. This
agreement appears to be a coincidence, and is not generally found with other
polypeptides (see below).
Measurements of the dispersion of optical rotation of some of the polyleucines in
benzene containing 5 % rn-cresol (v/v) have been made at temperatures between iS
and 21° C, for values ofL/(D+L) equal to 07, 0.75, 0'8 and 0875. The addition of
m-cresol to the benzene lowers the viscosity of the polymer solution and makes it
easier to handle. It was found that at each wavelength the plot of L/(D + L) against
the residue rotation was linear, showing that all the polymers were entirely in helical
configurations of the same sense in this solvent. From the extrapolation of the linear
plots, the values of the residue rotations for right-handed helices of the meso polymer
were obtained at various wavelengths. Although these extrapolated values increase
rapidly wiLh diminishing wavelength over the range observed (unlike those for the
individual polymers which have a maximum value at intermediate wavelengths)
and appear superficially to correspond to normal dispersion, it is found that they
cannot be represented accurately by a single Drude term. All the data, including the
extrapolated values, can be made to fit Moffitt's formula for dispersion (see Introduction) with the same value of A0 which Moffitt & Yang obtained for poly-y-benzylL-glutamate, namely, 2120A. Figure 2 shows the data plotted in the way introduced
by these authors. The values of b0 from curves a to e are, respectively, - 460, - 446,
—466, —470 and —513 degree cm2 /decirnole. These figures are appreciably smaller
than those given by Moffitt & Yang for poly-y-benzyl-L-glutamate (about - 630 in
the same units). There is, moreover, a trend towards larger values of b0 as the polymers approach the meso composition. By giving A. the value 2000A, equally linear
plots are obtained in which this trend is not apparent; b0 is then approximately
- 640°. Our data do not allow an independent determination of A0 to be made, but
it is evident that either (a) A0 is different in the two polymers, or (b) b0 is different for
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poly-y-benzyl-L-glutamate and polyleucine and also (for polyleucine) is somewhat
dependent on the D: L composition. It is interesting to note that, using a somewhat
different procedure, Doty & Lundberg (1957), who also assumed ,k to be 2120A,
deduced that the value of b0 for the right-handed meso form of poly-y-benzyl
glutamate in dioxan is about - 500°. This is considerably less than the value for the
enantiomorph but almost the same as our result for polyleucine.

108/(A2FIGURE 2. Dispersion of optical rotation of copolymers of L- and D-leuCine in benzene
containing 5% m-cresol (v/v). Polymer concentration 03% w/v, temperature 20° C.
L/(D+L): (a) 0875; (b) 080; (c) 075; (d) 070; (e) 050 (by extrapolation). Ainngströms.

Polyalanine
Plots of [RVaC ] D against L/(D + L) for six solvents are given for polyalanine in
figure 3. Only the two polymers nearest the meso form were soluble in water, and in
this solvent the rotation is practically identical with that in trifluoracetic acid.
Evidently in phosphoric and trifluoracetic acids, in water and in aqueous lithium
thiocyanate (saturated at 20'C) the configuration is random, and large solvation
effects must be present, for the rotation in the lithium salt solution is much less than
in the other solvents. Yang & Doty (1957) have found evidence of such effects in
poly-y-benzyl-L-glutamate from consideration of the dispersion of rotation.
Polyalanines are not soluble in non-polar solvents, and in order to obtain evidence
of the helical configuration we have used a very low concentration of polymer
(0.05 % w/v) in chloroform containing 1 % of dichioracetic acid (v/v). The polymer
was first dissolved in pure dichioracetic acid and chloroform was then added. The
plot shows a maximum rotation when L/ (D + L) is about 09, but the linear part
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so characteristic of polyleucine in benzene has almost completely disappeared.
A rough value for the residue rotation of polyalanine in a right-handed helix
carrying equal numbers of n and L residues is got by drawing the broken line tangent
to the right-hand end of the graph and taking the intercept on the [Rvac ] axis. As
will be shown in the discussion, the form of the graph corresponds to chains whose
configuration is mainly a helix, but with varying amounts of right- and left-handed
forms.

L/(D+L)
FiGuRE 3. Optical rotation of copolymers of L- and D-alanino at 200 C. (a) Concentration of

polymer 0051j1,0' w/v in chloroform containing 1% dichloracetic acid (by volume).
(b) Concentration of polymer 05% w/v in chloroform containing 10% dichloracetic acid
(by volume). (c) Concentration 02% w/v in dichloracetic acid. (d) Concentration
02 % w/v in saturated aqueous lithium thiocyanate. (e) Concentration 02 % w/v in
water. (f) Concentration 02% w/v in trifluoracetic acid. (g) Concentration 02% w/v in
phosphoric acid.

The curve obtained in dichloracetic acid is unusual, the rotation changing from
negative to positive as L/ (D +L) increases. The shape of this curve is sensitive to
changes in molecular weight of the polymer; the highest molecular weight pOly-Lalanine which we have examined has an [Rvac ]D value + l7--°, considerably greater
than that for the enantiomorph on figure 3. This curve (for reasons given later) shows
that polyalanine in dichloracetic acid is randomly coiled for L/(D + L) less than about
Q•6, and as this fraction increases, increasing amounts of helix are found, with righthanded predominating over left-handed forms. This interpretation of optical
rotation data agrees remarkably well with some deductions which have been made
by Bamford, Elliott & Hanby (1956). Poly-D-, poly-L- and poly-DL-alanine were
prepared under the same conditions of initiation, and from amino nitrogen analysis
the degrees of polymerization were found to be 150, 150 and 130, respectively. The
limiting viscosity number of the meso polymer was found to be very much lower than
those of the enantioinorphs, suggesting that the molecules of the meso polymer are
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more randomly coiled and less rigid. It seems likely that poly-L-alanine of sufficiently
high molecular weight would all be in a right-handed helical form in dichloracetic
acid even at low concentration (contrast with other polymers).
Some evidence was found that polyalanines are degraded by warm phosphoric
acid, and all manipulation in this solvent was carried out at room temperature.
Poly-a-amino-n-butyric acid
Results for poly-a-amino-n-butyric acid are shown in figure 4. For convenience in
the preparation, the D-amino acid was present in excess. To make comparison with
other polypeptides simpler, the results in figure 4 and in table 1 are given as if the
-amino acid were the main constituent. The behaviour is different from that of
polyalanine, for in dichloracetic acid the polymer is in the random form for all values
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L/(D+ L)
FIGURE 4. Optical rotation of copolymers of L- and n-a-amino-n-butyric acid at 200 C.
(a) Concentration of polymer 05 % w/v in chloroform containing 10 % v/v dichloracetic
acid. (h) Concentration 02% w/v in dichloracetic acid. (c) Concentration 02% w/v
in trifluoracetic acid.

TABLE 1. RESIDUE ROTATIONS (CORRECTED TO UNIT REFRACTIVE INDEX) FOR
RIGHT-HANDED a HELIX CARRYING EQUAL NUMBERS OF D AND L RESIDUES
polypeptide
polyalanine
poly--amino-n-butyric acid
polyleucine
poly-y-benzyl glutamate prep. no. 373
prep. no. 375

+ 82° (chloroform+ 1 % dichloracetic acid)
+ 81° (chloroform+ 10 % dichloracetic acid)
+ 96° (benzene)
+ 75° (dioxan*, chloroformf, pyridine)
+ 68° (dimethylformamide, m-cresol)
+ 70° (chloroform)
+ 67° (dioxan)
+ 65° (pyridine)
+ 58° (m-cresol)
+ 54° (dimethylformamide)

* By a different method (Doty & Lundberg 1957) the value + 90° has been found in dioxan.
f Using the same method, Blout, Doty & Yang (17) have obtained the value + 78°.
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Of L/(D + L) at the concentration employed. For evidence of the helix, it was found
necessary to use a chloroform mixture containing 10 % by volume of diehioracetie
acid; the more nearly the composition approaches that of the meso form the
less soluble is the polymer. The linear part of the graph, though short, is quite
appreciable. The shape corresponds to a considerable amount of random-coil form
at values ofL/(D+L) near 0•5.

Poly-y-benzyl glutamate
Poly-y-benzyl-L-glutamate has been extensively studied by Doty, Blout and
others, and because of its solubility in a variety of liquids it is very suitable for
examination of the relation between molecular configuration and solvent. Yang &
Doty (i') have concluded that this polymer is in a helical form in m-cresol,
chloroform, ethylene dlichioride, dimethylformamide and dioxan, and in a random
coil in dichioracetic acid, trifluoracetic acid and hydrazine.
The optical rotations of two series (nos. 373 and 375) in a number of solvents are
shown in figures 5 and 6, together with the specific viscosities at 05 % w/v in dichior-

L/(D+ L)
FIGuRE 5

FIcmIE 6

FIGURE 5. Optical rotation of copolymers of L- and n-y-bonzyl glutamate (series 373) in
various solvents at 20° C. Concentration 05% w/v. (a) rn-cresol; (5) pyridine; (c) chloroform; (d) dioxan; (e) dirnethylforinamide; (f) dichioracetic acid; (g) trifluoracetic acid.
Curve h shows specific viscosity at 05 % w/v in dichloracetic acid (25° C).
FIGURE 6. Optical rotation of copolymers of L- and n-y-benzyl glutamate (series 375) in
various solvents at 20° C. Concentration 0.5 % w/v. (a) rn-cresol; (b) pyridine; (c) chloroform; (d) dioxan; (e) dimethylformamicle; (f) dichloracetic acid; (g) trifluoracetic acid.
Curve h shows specific viscosity at 05 % w/v in dichloracetic acid (25° C).
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acetic acid. The results are in agreement with Yang & Doty's conclusions, showing
that the enantiomorph is either wholly in right-handed a helices or wholly in the
randomly coiled form. The wide range of values of [Rvac.]D for the L polymer in
different solvents must therefore be attributed to the existence of large solvation
effects, which have been inferred by Yang & Doty on other grounds. The value of
[Rvac ] D obtained by extrapolating the linear part of the curve to L/(D + L) = 05
(which corresponds to the rotation of the meso polymer in a right-handed helix)
shows much less dependence on the solvent.
Although poly-y-benzyl-L-glutamate in dichioracetic acid is in a randomly coiled
form at low concentration, at higher concentration it goes over into the helical form.
This is shown by the change from negative to positive rotation which takes place
when the concentration is raised from 15 % w/v to about 23 % w/v. At or near the
latter concentration, the birefringent form begins to separate out (Robinson 1956,
1957) at room temperature, and optical rotation measurements become impossible.
However, when the temperature of the polymer solution is raised the birefringence
disappears and the rotation is found to be positive, with a negative temperature
coefficient.
DIscussIoN
There are some slight differences between the two sets of observations on poiy-ybenzyl glutamate which call for comment. The optical rotations of the two L polymers agree within experimental error in all the solvents used, in spite of the considerable difference in molecular weight, and it therefore seems likely that over the
linear portion of the curves the optical rotation is not sensitive to changes in the
degree of polymerization. The straight parts of the graphs for series 373 in those
solvents where o helices are present have consistently greater slopes, and extrapolate
to higher values of [Rvac ]D for the helical meso polymer, than do the corresponding
curves for series 375; in solvents where the polymers exist as random coils, series 375
gives slightly larger rotations than series 373, the difference being least for the meso
polymers and the L enantiomorphs. We think it likely that these discrepancies are
attributable to slight involuntary variations in the polymerization procedure. It is
quite possible that steno factors may affect reaction rates sufficiently to cause the
D: L composition of the polymer to be slightly different from that of the mixture of
N-carbonic anhydrides, and also to cause the arrangement of D and L residues in the
chain to be not entirely random; as we have already seen, there does appear to be an
unexpected dependence of molecular weight on D: L composition. It is not unreasonable to suppose that these effects occur systematically in a series of polymers
prepared at the same time from the same materials, but may operate to different
degrees in different series. Comparison of figures 5 and 6 also shows that the single
sense of helix persists rather further towards the meso-composition in the case of the
373 series. This is contrary to what one would expect if there were no breaks in the
helix, for in that case the single sense should be favoured by increase in molecular
weight. A possible explanation is that in the 375 series there is a greater tendency
for the L and the i) residues to occur in runs, which would make occasional reversal
of the helix sense energetically more profitable, or alternatively for whole molecules
to deviate more widely from the mean D: L composition.
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It must be emphasized that the explanations advanced in the two previous
paragraphs are only tentative; confirmation must wait upon the careful study of the
copolymerization reaction and further physical measurements on more completely
characterized polymers which are the subject of current investigations in this
laboratory.
It is convenient to consider the optical rotation of a polypeptide in an a helix as
having two components—the form rotation of the helical skeleton, and the contribution of the solvated side-chains. It might be thought that side-chains associated with
L and D residues of the same amino-acid on a helix of a given sense would cause equal
and opposite rotations, but this is not necessarily so. On a polypeptide helix of
a given sense, the L and I) configurations of a residue (corresponding to ,8C, and ,8C2
for a right-handed helix) are not mirror images, since the helix sequence is polar. The
consequence of this polarity is that on a right-handed helix the fiC atom of an
L residue is in the trans position with respect to the oxygen atom of the neighbouring
carbonyl group, whereas that of a D residue is in the cis position. The contributions
of :r, and D residues could therefore be of quite different magnitude, and may even
have the same sign. From the slopes of the straight parts of the curves of optical
rotation against L/(D + L) we can therefore determine only the algebraic difference
between the contributions of L and D residues. It will be seen that in all the cases so
far studied, the D residue contribution is algebraically greater.
When poly-y-benzyl glutamates are dissolved in m-cresol, the linear portion of the
curve is nearly horizontal, indicating that the contributions of solvated L and
D residues are almost identical. Yang & Doty (1957) have remarked that the dispersion characteristic of polypeptides in the a helix form is exhibited to an exaggerated
degree by the L enantiomorph in this solvent, and have suggested that this is due to
the formation of a more ordered helical arrangement of solvated side-chains which
give rise to a helix-type rotation additional to that arising from the backbone. There
is, however, a simpler explanation. We have seen above that the contributions from
the solvated L and D residues (in rn-cresol) must be nearly equal; if they are both
close to zero we should expect to observe an enhanced helix-type dispersion, for the
optical rotation of the solution would then be due almost entirely to the form rotation of the helix, without the effects which in most other cases are superimposed
upon it, and which tend to modify the helix dispersion.
If this explanation be correct, we would expect the optical rotation of the meso
poly-y-benzyl glutamate in rn-cresol (obtained by extrapolation) to be fairly close to
the value for an unadorned a helix. The corresponding values for other solvents are
all close to that for m-cresol, while the optical rotations of the L-enantiomorph show
a much greater dependence on solvent. It seems therefore that there is in fact
a cancellation of the effect of the L residues and their attendant solvent molecules as
we move towards the meso polymer, so that the contributions from L and D residues
must be of opposite sign and comparable magnitude. This conclusion is confirmed
by an examination of the dispersion of the helical meso polymer in dioxan solution
obtained by Doty & Lundberg (1957). This is of the same exaggerated form observed
for the enantiomorph in m-cresol.
In the case of other polypeptides thee restricted range of solvents allows us to use
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only the argument from the dispersion of the meso polymer. For polyleucine in
benzene containing 5 % m-cresol we are led to a similar conclusion to that reached
for poly-y-benzyl glutamate.
We should expect the optical rotation of a meso polymer with a single sense of
helix to be independent of the nature of the solvent and the side-chains only if the
contributions of the solvated side-chains cancelled completely in all cases. The
variation observed from polymer to polymer and solvent to solvent is probably due
in part to the varying extent to which cancellation occurs.
In solvents in which a helices occur, the observed rotation in the non-linear part
of the L/ (D +L) graph is less than it would be if all the polymer molecules were in the
right-handed helical form. This could be caused either by admixture of left-handed
helical forms, or by partial destruction of the a helix to form random configurations.
Since, as Doty & Yang have shown, the dispersion of the rotation for the a helix
form of an L polypeptide is 'anomalous', and distinguishable at sight from the
normal dispersion of a random coil, it might be thought that there would be no
difficulty in distinguishing between the two possibilities. In fact, however, it is
difficult, if not in practice impossible, to distinguish by dispersion measurements
a mixture of equal numbers of right- and left-handed helices from random coils. This
is easily seen by considering the dispersion formula of Moffitt & Yang (above). If
changes only in sign for a change in helix sense, then the second term in the
expression vanishes when we have equal numbers of right- and left-handed helices,
and the dispersion is normal. It is true that A. will have the value for the helix, but
although the corresponding constant for a random coil could be different, the
difference should be small because both dispersions depend on the peptide absorption
band. In fact, Yang & Doty (1957) appear to have obtained the same value for
for a random coil as Moffitt & Yang (1956) found for the a helix (2120A). If both
senses of helix are present in different amounts, only the excess of the predominant
species will contribute to the anomalous dispersion. It does not seem possible,
therefore, to distinguish between the two possibilities by this means. For the same
reasons, conclusions about the absence of two helix senses in proteins must depend
on other considerations.
The following considerations throw some light on the interpretation of the nonlinear part of the L/ (D + L) curve. In going from the pure enantiomorph to the meso
form of a simple polypeptide in a not-too-polar solvent, two distinct transitions may
occur. If the a helix form is considerably more stable than the random-coil configuration, then the effect is simply to increase the proportion of helices with a sense
opposite to that found for the enantiomorph; the meso compound itself will of course
contain equal numbers of both senses. If, however, the excess free energy per residue
of the random coil form (of the enantiomorph) is of the same order as the free energy
of strain caused by placing a residue on a helix of the 'wrong' sense, then for polymers close to the meso composition the random coil will be of comparable stability to
the a helix, and indeed may even be the more stable form. In this case the passage
from enantiomorph to meso form will be marked by an uncoiling of the a helix. As
we have already seen, dispersion measurements do not in practice enable us to
distinguish between these two effects, but an examination of the L/ (D + L) curve does
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enable us to make a qualitative estimate of the relative importance of the two
processes.
The argument is perhaps most easily followed if we replot the data in a slightly
different manner. In figure 7, AB is drawn parallel to the linear part of the graph,
and thus represents the contribution to the rotation of the helical arrangement of
asymmetric centres and their attendant solvent molecules. If, therefore, we plot as
ordinates the height of the experimental points above AB, we obtain a curve which
shows how the 'form' rotation of the helix varies with change in L/(D + L), and this
gives an indication of the excess of right-handed over left-handed helices at any
composition.
OR

A
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FIGURE 7

L/(D+ L)
FIGURE 8

FIGURE 7. Hypothetical graphs showing total rotation (upper curve) and contribution from

solvated asymmetric groups for an a helix (lower curve).
FIGURE S. 'Form rotation' of a helices: (a) helical form predominant at all values of L/(D + L);
(b) random coil predominant for the meso polymer.

When the a helix is always the stable form, we have a single continuous transition from left-handed helices when L/(D +L) = 0 to right-handed helices when
L/(D + L) = 1, and the curve will be of the form shown at a in figures. With the simplest
possible mode], the curve is a hyperbolic tangent; complicating factors may modify
it but can hardly alter its general shape. This curve has only one inflexion, at
L/(1) +L) = 05, when the gradient is a maximum.
When the random coil is the stable form for the meso polymer, we have in contrast
two transitions; when L/(D + L) is less than 05 we have an equilibrium between lefthanded helices and random coils, whereas when L/(D + L) is greater than 05 the
equilibrium is between random coils and right-handed helices. In this case, therefore,
each half of the range of L/ (D + L) values is occupied by a curve of the same form as
a, and the whole curve is as shown at bin figure S. This curve has three inflexions, that
at L/(D + L) = 0•5 occurring when the gradient is a minimum. It is clear that the two
extreme types of behaviour lead to quite different forms of curve, and may therefore
be distinguished experimentally. While it is not possible to estimate quantitatively
the relative importance of the two processes in any system, we can see which is
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predominant. In particular, the existence of positive curvature in the right-hand
part of the curve is a certain indication that the random coil form is in excess in the
meso compound.
It has been assumed in the preceding discussion that the enantiomorph is entirely
in helices of one sense. The arguments are not affected by the occurrence of a proportion of random coils or wrong' helices when L/(D + L) = 0 or 1, but in such a case
it is not of course possible to make more than an estimate of the line AB. However,
variations of slope in this line cannot produce or destroy the inflexion, so that the
existence of large amounts of random coil may still be inferred.
We are now in a position to interpret the curves obtained with polyalanine
(figure 3) and poly-a-amino-n-butyric acid (figure 4). In figure 3, the curve c
(dichioracetic acid) would clearly have three points of inflexion if the whole range
Of L/ (D + L) were considered. The configuration of the polymer is therefore mainly
random coil for the meso form, and mainly a helix for the enantiomorph. Curves a
and b, on the other hand, show that at all values of L/(1) + L) the helix form is in excess
in the chloroform-dichioracetic mixtures used, the proportion of left-handed helices
being greatest for the meso composition. The relatively small curvature of the part
of the curves rising from the meso point, compared with the great negative curvature
in curve a for polyleucine (figure 1) suggests, however, that a significant amount of
the random coil form is present for near meso compositions.
Poly-a-amino-n-butyric acid (figure 4 a) in chloroform containing 10 % dichioracetic acid shows behaviour intermediate between the two cases just discussed.
Detailed comparison between different polypeptides would be justified only if the
molecular weights and molecular-weight distributions were known to be similar.
Where both senses of a helix are present we cannot from optical rotation
measurements say whether there is a mixture of right-handed helical chains with
left-handed ones, or whether there are frequent changes of helix sense along each
chain. Since a reversal of sense requires the breaking of at least three hydrogen bonds,
it might be expected, on energetic grounds, that such changes would be frequent
only if the strain energy associated with a residue on the 'wrong' sense of helix was
considerable. While such strain is certainly appreciable, its significance has been
questioned (Donohue 1953). Wippler (1956) has found that poly-DL-phenylalamne
in benzene behaves as if the molecules were flexible, which would be expected if
a change of helix sense occurred from place to place. We have tried to obtain some
further information from the infra-red spectra of polyleucines at a concentration of
JO/
w/v in carbon tetrachloride. The frequency of the hydrogen-bonded NH
groups is at about 3300 cm', whereas unbonded NH groups absorb at 3460 cm'.
The ratio of intensity of these two bands in poly-DL-Ieucine was greater thani 600: 1.
Although the molar absorption coefficient of the bonded NH band is probably
considerably greater than that of the free NH band, the great difference between the
observed intensities means that there are not many free NH groups, and indeed the
free NH absorption might perhaps be entirely accounted for by the unbonded groups
at the ends of the a helices. Though the possibility of intermolecular association
cannot be ruled out, the results do at least suggest that frequent changes of sense do
not occur.
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The dependence of chain configuration on concentration, which we have observed
in poly-y-benzyl-L-glutamate solutions in dichioracetic acid, is of considerable
interest, and suggests that such an effect might occur with other polypeptides in
polar solvents. In particular, it may be that the configuration of some proteins in
aqueous solution might be sensitive to concentration, and that the intra-molecular
arrangement in protein crystals could be different from that of the same protein in
dilute aqueous solution.
We are grateful to Professor Paul Doty for having made many of his results
available to us in advance of publication.
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Infra-red spectra and X-ray powder photographs of regenerated, water-soluble forms
of the silk spun by Anaphe nzoloneyi reveal the presence of c-helical configurations when
the regenerating agent is trffluoracetic acid. When the water-soluble material is freezedried from aqueous solution, the characteristic diffraction pattern of the o-helix is not
found. Spectra of the oriented, /3-form of the silk have been observed; the specimens
were made by rolling the water-soluble form.
Infra-red spectra and X-ray powder photographs of two molecular configurations of
polyglycine have been made and their significance is discussed.
The existence of a folded form of polypeptide chain is now supported by
much experimental evidence obtained from an examination of X-ray diagrams
and inira-red spectra of synthetic materials. For materials which have been
examined in a well-crystallized, oriented form (poly-y-benzyl-L-glutamate, poly-ymethyl-L-glutamate, poly-L-alanme) the X-ray evidence is very strongly suggestive
of a helical fold of the kind proposed by Pauling, Corey and Branson.1 The
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subject has recently been reviewed by Crick 2 and need not be considered here
in detail. The or. helix of Pauling, Corey and Branson was arrived at from considerations of conditions for minimum energy in a folded polypeptide chain.
These considerations exclude many folds which are sterically possible and suggest
that the a helix is the most stable form of fold with internal hydrogen bonds.
Many synthetic polypeptides have been investigated in the Courtauld laboratories here and in Coventry, and the indications have been, until lately, that
only two forms of chain occurred (according to the method of preparation), namely,
the a-helix type and the extended 0-chain type. It will be shown later that poiyglycine precipitated from solution is exceptional. The X-ray diagram of this
modification, in an impure form, was obtained by Meyer and Go,3 but it has
apparently not previously been considered as an exception. The question of
the stability of some other folds has been examined by Donohue 4 and by Low
and Baybutt,5 as a result of which it appears that the stability of these folds may
not be greatly inferior to that of the a helix. It has, of course, been widely realized
that in proteins, as distinct from polypeptides, factors may be present which
would favour configurations other than the a helix.
The infra-red spectra of a-helix polypeptides are characterized by a carbonyl
stretching mode in the region 1652-1657 cm -1 for optically active polypeptides,
and a slightly higher range for mesa forms.6 The wave number of this band only
changes by about 2-3 cm-1 on going from the solid form to a Ca. I % solution
in an inert solvent, and there is no reason for doubting that the folded form is
preserved in these conditions. Direct evidence on this point has been given by
Doty, Hollzer, Bradbury and Blout.7 The synthetic a-helix polypeptides pack
(at least approximately) hexagonally, and it is possible to get a rough idea of the
1010 spacing in a particular case from the measured density, or from considerations
based on van der Waals' radii, etc. With this information, the presence of an
a helix may be recognized by the occurrence of a (relatively) strong ring of the
appropriate diameter on the powder photograph.
It will be seen from the foregoing that two criteria may be applied to recognize
a helices in unoriented polypeptides, one based on the frequency of the C=O
mode, the other on the presence of a dominant ring in the X-ray powder photograph. If orientation can be produced then the characteristic infra-red dichroism8
and X-ray fibre pattern may also be sought.
The problem of the existence of a regular type of fold in crystalline or globular
proteins has received much attention in recent years, and after the establishment
of good evidence of the presence of a helices in synthetic polypeptides, it was
natural to look for evidence of the same fold in proteins. The postulates from
which Pauling and Corey deduced the a helix contain nothing to suggest that
this will not be the stable form in proteins, and indeed they claimed to have found
evidence that such a helix occurred in haemoglobin.9 However, the parallel
rod-like arrangement seen in Patterson diagrams of some crystalline proteins,
as Crick 10. 11 has pointed out, should be much more marked if parallel a helices
were present, though the data for haemoglobin are not incompatible with a
helices if the molecules are not parallel, and Carlisle, Scouloudi and Spier,12 in
a detailed examination of ribonuclease, have concluded that there is insufficient
evidence for the presence of or. helices in this protein. The low infra-red dichroism
in this protein gives no cause for belief that they are made up of or. helices.13
Since in crystalline proteins the range of side-chain size is great, and in addition
active side chains are present, it is perhaps likely that a helices, if present, would
be so distorted as to be difficult to recognize. For this reason, a protein such
as silk, which Consists largely of the residues of the small amino acids, glycine
and alanine, has advantages. The molecular weight is high and there are apparently no cross-links, so the properties may be expected to resemble the synthetic
polypeptides, about whose configuration much is already known. The very low
content of ionizable side-groups in silk ensures that infra-red bands from ionized

530

POLYPEPTIDES RELATED TO SILK

COO- groups will not be present to any appreciable extent; such bands may,
in certain cases, appear in protein spectra and may be confused with bands from
the peptide groups.14, 15
Water-soluble silk, obtained either by dilution of the contents of the silk gland
or by regeneration of silk fibroin, has been known for some time and evidence
has been produced that it exists in a folded form.1 6 The configuration of silk
libroin (which is, of course, not water-soluble) is known to approximate to a fully
extended polypeptide chain. Recently, the work of Lucas, Shaw and Smith 17
at the Shirley Institute has shown that the proportion of amino-acid residues with
large side-chains is particularly low in the silk of the African moth Anaphe moloneyi,
and that this material is a fair approximation to an alanine-glycine co-polymer.
We shall be concerned in this paper with the question of the chain configuration
of water-soluble Anaphe silk, and with that of related materials.
EXPERIMENTAL
The infra-red spectra were recorded on a single beam Grubb-Parsons spectrometer
with rock-salt prism and a Schwarz thermocouple. Polarized radiation, when used, was
obtained by inserting a selenium transmission polarizer of six films in the beam.18 The
specimen was carried on a precision rocking mechanism and moved in and out of the
beam at 2-sec intervals, to record incident and transmitted intensities.
WATER-SOLUBLE Anaphe 100/01ley! SILK
Anaphe maloneyi
silk is not soluble in aqueous lithium bromide, but dissolves readily
in trifluoracetic acid. If cast from this solvent on a mercury surface and air-dried, a film
may be obtained which is completely water-soluble. However, the process does not
always result in a soluble film, and a more certain method is to dissolve the silk in a small
quantity of trifluoracetic acid, to which an excess of water is added. This is then frozen
and drying is carried out by evaporation in a good vacuum. The resulting material is
water-soluble. Specimens of freeze-dried Anaphe silk were made by redissolving this
material in water and again freeze-drying on a support of thallium bromo-iodide. The
specimen was quickly transferred to a small cell containing phosphorous pentoxide,
which was then mounted on the rocking mechanism.
The extended, oriented form of Anaphe silk was obtained in a form suitable for
observation by casting on silver chloride from a solution in trifluoracetic acid, air drying
and then rolling in a jeweller's rolling mill. It appears best to carry out the rolling
before the solvent has entirely evaporated; the degree of orientation obtainable is high
but not readily reproducible. The silver-chloride film was dissolved off in a solution
of sodium thiosulphate, since interference bands produced by a thin film of silver chloride
are troublesome.
POLYcILYCINE

Oriented films of /l-polyglycine were made in a manner analogous to those of Anaphe
silk from a solution of the polymer in dichloracetic acid. Similar spectra are obtained
whether the polymer is cast from dichloracetjc acid or trifluoracetic acid but a completely
different spectrum is obtained if the polymer is precipitated from solution. We shall
call the f form (obtained by casting) polyglycine 1, and that obtained by precipitation
polyglycine 11. In general, precipitation produces predominantly form 11 but usually
with a proportion of form I. The spectrum shown was obtained from a specimen prepared by precipitation with water from a 1 % solution of polymer in saturated aqueous
lithium bromide solution. It was found that the best way to obtain a specimen without
any trace of form I was to add, with thorough mixing, as much water as possible (in this
case about an equal volume) without the polymer precipitating out, and then to pour
this mixture into an excess of water. The precipitate was then washed and centrifuged
several times to remove all lithium bromide. Similar spectra were obtained by precipitation with water from a solution of polymer in dichloracctic acid. No change in the
spectrum has been produced by heating the precipitate to 170° C in a good vacuum for
I h or subjecting it to a high pressure (approximately 20 tons in.-2). The structure is therefore unlikely to be a hydrated form and is quite stable. It is soluble only in the solvents
which dissolve polyglycine I. In this respect it differs from other synthetic polypeptides
which have markedly different solubilities depending on whether they are in the rl or / form.
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By adjusting the conditions of precipitation it was possible to control the particle size.
In this way an aqueous suspension of particles dried on a thallium bromo-iodide substrate
was obtained sufficiently finely divided for scatter of radiation to be inappreciable in the
infra-red. This avoided the use of mulls.
DISCUSSION
POLYGLYCINE

Spectra of polyglycine which have appeared in previous publications have
shown some variations; 19-23 it now appears possible that this may be a consequence, at least in part, of the existence of two modifications of polyglycine,
which as may be seen from fig. 1, have different spectra. Polyglycine I is a typical
1.0
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1.—(a) Polyglycine II, precipitated by water from solution in aqueous LiBr. (b)
Polyglycine I, the same specimen as (a), cast from dichloracetic acid. (c) Bombyx mon
silk gut. Full line, E vector perpendicular to fibre axis; broken line, E vector parallel
to fibre axis. (d) Water-soluble Bombyx silk (from solution in aqueous LiBr).
FIG.

spectrum, with the NH stretching mode at 3300 cm-1, the C=O mode at
1632 cm' and the complex band which arises partly from NH deformation at
1521 cm 1. Fig. 2d shows that the peptide bands in polyglycine I have the usual
dichroism found in oriented /3 structures. It may be recalled that a rather strong
band which appears at ca. 1690 cm-1 in polyglycines of low molecular weight
was attributed to small peptides.6 The polyglycine used in the work now reported
was free from molecules of low molecular weight, and it appears that there is a
band (of considerably reduced intensity) at 1685 cm-1 which is really attributable
to polyglycine. It shows parallel dichroism, and in this respect resembles a very
weak band which appears at 1695 cm-1 in the spectrum of f3-poly-L-alanine,
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but not in cc-poly-L-alanine (Elliott,23 fig. 2). A band at about the same wave
number appears in other P polypeptides, and in silk.
Polyglycine TI is interesting in having a C=O band at 1648 cm', considerably
higher than normal g frequencies but lower than the range of frequencies found
in cc polypeptides. The NH stretching mode is at 3290 cm -1 and the weak band
which usually accompanies NH stretching modes, at 3095 cm -1, is much stronger
than in any synthetic polypeptide which we have examined. The NH deformation
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Fin. 2.—(a) Water-soluble Anaphe inoloneyj silk, cast on mercury from trifluoracetic acid.
Water-soluble Anaphe inoloneyi silk, freeze dried from aqueous solution. In cell with
P205. (c) Anaphe moloneyi cast from trifluoracetic acid on silver chloride and rolled.
The thicker specimen is not so well oriented as the thinner one; full and broken lines as
in fig. 1. (d) Polyglycine cast from trifluoracetic acid on silver chloride and rolled.
(b)

mode is at 1558 cm -1. The 1685 cm -1 band of polyglycine T cannot be recognized
in the spectrum of polyglycine 11, and this affords proof that this band does not
arise from end groups or impurities.
There is a band at 1434 cm-' in polyglycine 1 (1418 cnr' in polyglycine IT)
which may be a CH deformation mode. It does not shift on deuteration of the
NH group in polyglycine II. The expected perpendicular dichroism cannot be
seen in fig. 2 but this may be a consequence of poor orientation, which affects
perpendicular bands more than parallel bands. The band at 1015 cm' in polyglycine I and 1026 cm-1 in polyglycine II is useful for diagnostic purposes, and
shows that whereas polyglycine precipitated from solution under the conditions
indicated above consists wholly of form 11, a mixture of I and II (with I predominating) is produced by casting from dichioracetic acid. Blout and Linsley 22
have given reasons for believing that this band is associated with a diglycyl group.
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FIG. 3.—X-ray powder photographs (3-cm vacuum camera).
(a) Poly-L-alanine cast from dichloracctic acid. (b) Co-polymer L-alanine-glycine 2: 1
cast from dichloracctic acid. (c) A/Ia/the /17010/iC/i silk (cast on paraffin wax from tnfluoracetic acid). The sharp ring at 42 A is caused by g material produced by strain
during drying. (ci) Water-soluble A iiapiie lnoio/ie)'i silk (freeze-dried from aqueous solution).
(e) Polyglycine It precipitated from aqueous lithium bromide by the addition of water.
[To Jèice page 533.
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The X-ray diffraction powder photograph of polyglycine II shows an extremely
strong, sharp ring corresponding to a spacing of 415 A (fig. 3e); this is the longest
spacing which has been observed. Other, much weaker rings appear, but even
on heavily exposed photographs no ring in the neighbourhood of the 115 A
reflection of /3 polyglycine is to be seen. A very small degree of orientation may
be obtained by rolling polyglycine 11 between heated rollers; the X-ray diffraction
pattern from such a specimen shows that the 415 A reflection is equatorial rather
than meridional.
It is certain that the 415 A reflection is not from the 1010 planes of an a helix
arrangement, for this would lead to a crystallographic density in the neighbourhood of 3 g CM -3 and this is impossibly high. Since the 1010 reflection always
produces the strongest ring in a powder photograph of a polypeptide in the a helix
form, we can conclude that polyglycine II is not in this form.
In most cases, when films of polyglycine are made by evaporation of the solvent,
the extended /3 form is obtained, in contrast to precipitation from solution, which
gives form 11. However, polyglycine dissolved in formic acid containing calcium
chloride may be dried by evaporation, and if the salt is then removed by extraction
with ethyl alcohol, a film of polyglycine II is obtained. This film may be rolled
in steam, with considerable extension, without producing any orientation of form
II, but a small amount of fairly well-oriented /3 polyglycine is produced; double
orientation of the /3 form may be detected. It appears, therefore, that a transition
from form II to the extended chain configuration may take place.
The absence of a reflection corresponding to ca. 116 A, which is very strong
in /3 polypeptides, is evidence that polyglycinc II has not extended, or nearextended chains. This is confirmed by examination of the optical transforms
of the c-axis projection of the various near-extended configurations proposed by
Pauling and Corey.9. 24 From these it may be seen that in all cases a shorter
spacing than 415 A should appear with greater intensity than this ring, if the
415 A spacing is assumed to correspond to the inter-plane distance along the
hydrogen bonds.
The great strength of the 4-15 A ring, together with the fact that it appears to
arise from equatorial reflections, suggests the 1010 reflection from hexagonally
packed rods, or perhaps the coincidence of two reflections from basal planes,
which would occur if the a- and b-axes were equal. It is not at present known
whether polyglycine II has internal or inter-chain hydrogen bonds, and both
possibilities must be considered. Of the structures with internal bonds which
have been described in the literature, only the 27 flat ribbon or the related 227
helix (Donohue 4) would give reasonable values for the density if packed in planes
415 A apart. The optical transform of the 2'27 helix has been examined and
from photometric measurements the values of the structure amplitudes for the
chief reflections have been determined, assuming a hexagonal cell based on a value
415 A for the 1010 reflection. From these, the intensities of the chief rings in
the powder diffraction diagram have been calculated. Although the predicted
intensities agree with the observed powder photograph in one respect, namely
that no orders of the 4'15 A ring show appreciable intensity, it does not appear
possible to conclude that polyglycine II consists of 227 helices. It is not impossible, however, that a different set of co-ordinates would lead to a predicted
powder diagram more in keeping with the observed photograph. The 227 helix
should give rise to a reflection corresponding to the residue translation 275 A.
However, this reflection has not a particularly large structure amplitude in polyglycine, and although its absence from an X-ray photograph of an oriented specimen
would be evidence against the prence of the 227 helix, the fact that no corresponding ring is seen in the powder photograph is not conclusive. The multiplicity of the 00/ reflections is much lower than that from other planes in the
hexagonal system, and rings from such reflections may be weak. The possibility
that polyglycine 11 contains 27 helices has not been examined, since in this case
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there is no reason to expect a hexagonal structure and there are too many possibilities to make speculation profitable at this stage.*
So far, attempts to prepare poly-c-amino-isobutyrjc acid in a form corresponding to polyglycine II have not been successful, the polymer having always been
obtained in a form giving the characteristic o-helix spectrum and X-ray powder
diagram. This suggests that the absence of an asymmetric carbon atom is not
the primary cause of polyglycine not folding in the cc-helix configuration and no
trace of any cc-helix structure has been obtained in polyglycine prepared by any
of the methods described.
FIBROIN
Turning now to the spectra of /3 silk in fig. Ic and 2c, the great similarity of
Bonthyx mori and of Anaphe ,noloneyj fibroin in the region 800-1500 cm-1 may
be noted. The great similarity between the spectra of silks and of /3-poly-L-alanine
in the region of overtone and combination bands has already been commented
on.25 According to Lucas, Shaw and Smith,17 Anaphe ,noloneyi silk contains
approximately 39 glycine+ 50 alanine out of a total of 100 residues, whereas Bonibyx
moif silk has 41 glycine and 28 alanine, with a correspondingly higher proportion
of bulky side chains than is found in Anaphe silk. The similarity between the
two fibroin spectra shows how dominant is the effect of the glycine and alanine
residues, an effect which has been pointed out by Astbury, l)algleish, Darmon
and Sutherland 19 on the basis of frequency measurements on an unspecified
silk. The correspondence shown in fig. It , and 2e is greatly enhanced by the
similarity of the dichroic character of the bands.
The similarities in the frequencies and dichroism of the amide bands in the
two silks may be seen by comparing fig. 2c with fig. I in an earlier publication.21
The weak but markedly dichroic (parallel) band at 1697 cm in both materials
must have the same origin as the band at 1685 cm -1 in polyglycine 1 referred to
above. It is perhaps a combination band; the high dichroism may mean that
it is associated with the crystal lattice, but this is not necessarily the case, since
with /3 structures which are produced by stretching a folded chain the whole
structure is usually well oriented.
Amide-group bands found in poly-L-alanine have been discussed elsewhere.23
In fibroin, the strong parallel band at 1231-1235 cm -1 is almost certainly such a
band, and may contain contributions both from glycine and from alanine residues
(see table 1). The parallel band at 1266 cm -1 is not found in polyglycine or in
poly-L-alanine.
SILK

TABLE I.—WAVE NUMBERS OF CORRESPONDING ABSORPTION BANDS IN SPECTRA OF
FIBROIN, POLYGLYCINE AND -POLY-L-ALANINE (CM-1)
Boinbyxmori
Anaphenzoloneyi
polyglycine I ()
poly-L-alanine ()
dichroic character
origin

928

978
975

924

966

II

999
1001
1015

II

1166
1168
1168

1235
1231
1235
1220

1447
1446

1453
1452

II

1446
1

1454

II
CH3

amide

CH3

CH3

II

As shown in table 1, a number of the stronger bands may be correlated with
the glycine and the alanine residues of fibroin. The assignment of three of these
bands to methyl group frequencies is reasonably certain. The splitting of the
1450 cm 1 asymmetrical CH3 deformation mode has been ascribed to steric
effects.23 The 924 cm-1 and 966 cm' bands are evidently skeletal modes, since
they appear in /3-poly-L-alanine but are not present in the spectrum of the cc form.
* Note added in proof—Following a brief note describing the occurrence of polyglycine 11,27 a structure for this material, consistent with our observations, has-been
proposed by Crick and Rich.28
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WATER-SOLUBLE SILK
The water-soluble form of Bombyx or Anaphe silk, prepared by any of the
methods described above and in the literature, is not in the typical /3 configuration.
This is shown by the frequency of the C=O band (1657-1660 cm'), by the absence
of a /3-type X-ray diffraction diagram, and also by the fact that a small amount
of extended crystalline (/3) material is sufficient to make the whole insoluble.
However, the spectrum of water-soluble Anaphe silk varies with the mode of
preparation, and is markedly different from that of Bombyx silk made watersoluble by the agency of lithium bromide and cast from water (fig. Id, fig. 2a
and 2b). This is in marked contrast to the similarity of Bombyx and Anaphe
silk spectra in the /3 form.
It would he expected that Aizap/ic Ino/oney, silk, which is to a great extent a
co-polymer of glycine and alanine, would readily form an a helix, and this material
when cast from trifluoracetic acid does give an X-ray diffraction photograph
with a prominent ring corresponding to a spacing of 7 A. Poly-L-alanine in the
a-helix form has a corresponding 1010 spacing of 740 A; 26 a co-polymer of Lalanine and glycine (2: 1) has a reflection at 737 A (fig. 3b), and no doubt the
shorter spacing in silk is a consequence of the presence of the smaller glycine
residues. The infra-red spectrum, too, shows several bands which are common
to both a-poly-L-alanine 23 and A. ino/oneyi silk cast from trifluoracetic acid
(Fig. 2a). Omitting those bands which are common to both a and 3 forms of
poly-L-alal1ine, and which are probably caused by methyl group modes, the bands
at 1274, 1308 and 1331 cm I in a-poly-i-alanine may be compared with those at
1270, 1298 and 1331 em-1 in A. inoloncyi silk. We have therefore good grounds
for believing that ci. helices are present in A. inoloneyi silk when cast from tri
fluoracetic acid. However, comparison of the X-ray diffraction photograph of
this material with that of the alanine-glycine co-polymer suggests that perhaps
some other structure besides that of the ci. helix is present.
Turning now to the biologically more interesting Anaphe silk prepared by
freeze-drying an aqueous solution, it is striking that the bands characteristic of
the a helix form of poly-L-alanine are weaker, relative to other bands, in fig. 2b
than in 2a. The weakening is especially marked in the case of the 1270 and
1298 cm 1 bands. An additional, and perhaps important difference between
these spectra is that the band characteristic of glycine residues is at 1005 cm-1
in fig. 2a and at 1013 cm-1 in fig. 2h. In the /3 form of A. ,noloneyi silk this band
is at 1001 cm'. It may perhaps be significant that the wave-number difference
for this band between polyglycine I and II is 11 cm-1 and the corresponding figure
for Anaphe silk (/3 form and freeze-dried form) is 12 cm-1.
A further difference between the spectra in fig. 2a and 2b is in the considerably
greater breadth of the C=O and NH deformation bands in the latter. The
important question which arises from the observations just described is whether
the differences between the two methods of preparing water-soluble Anaphe silk
arise only from differences of crystallinity, or whether some differences in molecular
configuration occur. This question cannot at present be answered by infra-red
spectroscopy (in the absence of a method of orienting the water-soluble form).
X-ray powder photographs do, however, reveal a striking difference between the
use of trifluoracetic acid and water as solvent (see fig. 3). The characteristic
feature of an a helix powder photograph, the strong 1010 ring (the inner ring in
the specimen prepared from trifluoracetic acid) is absent from the diagram when
the specimen is cast from water and freeze-dried. In the latter case, practically
the whole of the scattered radiation is concentrated in a ring centred on a spacing
of ca. 435 A. The powder diagram of a poorly crystalline assembly of a helices
should retain the main intensity distribution of the well-crystallized powder and
in particular any region which in the crystalline powder diagram is strong should
remain appreciable when the molecular arrangement is more random, even though
the whole pattern becomes more diffuse. This is shown by the fact that the
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X-ray diffraction patterns of freeze dried poly-DL-alanine (from aqueous solution)
and of freeze-dried poly-y-benzyl-L-glutamate (from benzene) show strong, though
broad rings characteristic of the ot helix. It seems, therefore, on the basis of the
evidence available reasonable to conclude that A. moloneyi silk freeze-dried from
aqueous solution does not contain a. helices.
The infra-red spectrum of freeze-dried A. nwnokyi suggests the absence of a
configuration, but the single, rather broad peak at 1660 cm-1 need not necessarily
mean that the molecules are in a regular folded form. It does, however, suggest
that the environment of all the C=O groups is substantially the same. A perfectly
regular fold appears to be excluded by the single, broad ring shown by the X-ray
diffraction diagram. This would appear to leave two possibilities.
The hydrogen bonds may all be formed within one chain in a fold which
allows considerable molecular flexibility by rotation around the s carbon single bonds.
The hydrogen bonds are random, comprising both inter- and intra-chain,
but nevertheless the immediate environment of the C=O groups does not vary
greatly throughout the material.
The spectrum of water-soluble Bombyx silk shows even less evidence of
characteristic c'-poly-L-alanine bands than does Anaphe ,noloneyi silk freeze-dried
from aqueous solution. The characteristic polyglycine band appears at 1015 cm-1 ,
which is 16 cm-' higher than in the 0 form. Even when water-soluble Bombyx
silk is prepared in the form of quite clear films, a considerable amount of continuous absorption is present (fig. Id). This may perhaps be a consequence of
the diversity of side chains in Bombyx silk.
The X-ray powder photograph of Bombyx silk cast from aqueous solution gives
a broad ring, with limits corresponding to 36 A and 57 A and probably has a
similar origin to that produced by freeze-dried Anaphe silk.
We are indebted to Dr. Bamford, Mr. W. F. Hanby and Dr. D. G. H. Ballard
for the polyglycine, to Mr. Stroud for lithium bromide silk, to Dr. Smith of the
Shirley Institute for Anaphe inoloneyi silk and to Mr. L. Brown of Courtaulds
X-ray laboratory for the X-ray photographs.
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Structure of Polyglycine
NEARLY twenty years ago, Meyer and Go' described
the X-ray diffraction powder photograph of some
glycine peptides, and found that different photographs were obtained from polyglycine according
to the method of preparation. When the polymer
was made by decomposition of the N-carboxy
glycine anhydride in the presence of pyridine,
refiexions corresponding to 44 A. and 345 A. were
observed ; but the same polymer precipitated by
water from aqueous lithium bromide solution gave
a photograph in which a reflexion at 415 A. was
predominant. Subsequent obsorvations' have related to the first form, which may be produced by
casting from solution in dichloracetic acid or in
trifluoracotic acid. It will be convenient to refer
to this form as polyglycine I, and to the form characterized by the 4-15-A. reflexion as polyglycine II.
It has recently been found5 that the two forms
have different infra-red spectra. 'Whereas polyglycine I is a typical 3.polypeptide, with absorption
bands at 1,630 cm.-1 (C=O) and 1,530 cm.'', polyglycine II has bands at 1,648 cm.' (C0) and
1,558 cm.-I. The C=O mode of the second form,
therefore, does not fall within the range found for
either - or p-synthetic polypeptides'. Other bands
enable polyglycine I and II to be distinguished;
the most convenient are at, respectively, 1,015 cm.-'
and 1,026 cm.'. Under suitable conditions of precipitation, which were found by examining the infrared spectra, polyglycine II can be obtained in a pure
form. The X-ray diffraction diagram of this pure
form is shown in Fig. I. It would appear that Meyer
and Go's polyglycine (shown in Plate II of their
paper) was a mixture of I and II.
The diffraction pattern of polyglycine I contains
a reflexion at a spacing of 116 A. A reflexion
occurring at this spacing in other p-polypeptides and
silks is the 006 reflexion (c is the molecular chain
axis), and if polyglycine consists of extended polypeptide chains, strong reflexion would be expected
very near this spacing whether the chains were packed
in a rectangular or a triclinic cell'. We have found
no reflexion corresponding to a spacing in the neighbourhood of 1 16 A. in polyglycine II, showing that
the two forms do not arise from different ways of
packing extended (or nearly extended) chains ; the
chains in the two forms must have different configurations. This also follows from consideration of

Fig. 1

the relative intensities of the rings in the two powder
photographs. The relative intensities of the equatorial
refiexions from a given crystalline arrangement of
extended (3) chains may be estimated from optical
transforms of the c-axis projection. It is readily seen
that the 3-45-A. reflexion should be somewhat
stronger than the 4-4-A. reflexion if, following
Astbury, these are indexed as 010 and 100 respectively ; and in fact this is observed in polyglycine I,
the f3-form. However, to interpret polyglycine II in
terms of a nearly extended chain would require us
to take the very intense 415-A. reflexion as 100, with
the next strongest (3.1 A.) as 010, in order to get
a reasonable molecular packing. The predicted
intensities for such an arrangement are quite different
from those observed.
The very intense 415-A. reflexion appears to
come from planes which are parallel or nearly parallel
to the fibre axis (see below). The high intensity
shows that the electron density has a very marked
periodicity of 4 15 A., and it is reasonable to conclude
that this is the separation of layers of polypeptide
chains, possibly in hexagonal array. The cc-helix
(which would give hexagonal packing) can be excluded, since with such close approach of chains the
density would be impossibly high (more than
3 gm./c.c.).
Of the various structures which have been proposed
for polypeptide chains, only two appear to provide
reasonable values for the density, and optical transforms of these, the 227 heliX 7 and the unrotated
parallel polar sheet8, have been examined. Space-

filling models of the polar sheet show that interplanar distances of about 415 A. and 36 A. occur;
but the optical transform shows that these reflexions
should appear with comparable intensities, whereas
the X-ray photograph shows a very weak ring
corresponding to 38 A. and an overwhelmingly strong
415A. refiexion (see Fig. 1). It seems, therefore,
unlikely that a polar sheet structure is present.
Transforms of the 227 helix based on a 1010
refiexion of 415 A. lead to a prediction of intensities
in general agreement -,6th those observed in the X-ray
powder photograph; but the details are not in
agreement. In particular, no refiexion corresponding
to the residue repeat 275 A. is seen. In a triclinic
cell, such a refiexion would not be expected, since there
is no reciprocal lattice point corresponding to 275 A.
but clearly such a possibility cannot be examined
profitably until a fibre photograph is obtained. The
density predicted for such an arrangement of 2-2,
helices is 167 gm./c.c., which is considerably higher
than the measured density of polyglycine II (1-43
gm./c.c.).
The methods by which polyglycine II may be
prepared suggest that it might be an intra-chain
Casting from any
hydrogen-bonded structure.
solvent such as dichloracetic acid invariably produces
a predominance of the 3-form, and we have found
that precipitation from solution is generally necessary
in order to prepare form II. The only method we
have found which produces coherent films of form II
is to prepare films in the presence of a salt. The
polymer is dissolved in a mixture of formic acid, and
calcium chloride and the formic acid dried off. The
calcium chloride may then be washed out with
alcohol, leaving a spongy film. It appears likely that
the effect of the salt is to reduce the probability of
intermolecular hydrogen bonding. If films made in
this way are rolled, a small amount of orientation
of form II is obtained which indicates that the
4-15-A. refiexion is probably equatorial rather than
meridional. In addition, if the films, which from
infra-red and X-ray examination are found to contain no 3-material, are rolled hot, a small amount of
doubly oriented p-material is produced. The P material is quite well oriented, the mean direction
of the chain axis lying in the direction of rolling; a
transsimilar orientation is observed in the ot formation in other synthetic polypeptides.
These facts suggest very strongly that the molecules
of form II are folded and that on rolling a number
are pulled out into the p-form. It would appear
that here we have strong evidence for a configuration
of the polypeptide chain which is outside the range
of structures hitherto accepted.

No evidence of the a-helical form of polyglycine has
been found, except observation of parallel dichroism of
the NH-band in a specimen which had been stretched
in polystyrene,. Recent observations suggest that
this may really be a 'cross (3' structure, since the 0=0
band accompanying the dichroic NH band has the
(I- rather than the a-frequency.
The fact that the 1,015 cm.-1 band of polyglycine
disappears when the (3-form is converted into form II
shows that the absence of this band in the spectrum
of polymers containing glycine is no proof that the
structure is one in which there are no glycyl—glycyl
bonds. Especially in the case of alanine—glycine
copolymers, and in silks, the possibility that frequency changes are caused by change of molecular
configuration must be considered. Since criteria for
the recognition of a- and (3-forms have now been
known for some years6, we consider that these
possibilities should be considered before conclusions
on the chemical constitution of silk are based on the
appearance or absence of bands in the spectrum'.
The work we have here reported shows that there
exists, in polyglycine at least, a configuration of the
polypeptide chain other than the a-helix and the
normal (3-forms.
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CONFIGURATIONS OF SILK FIBROINS AND
SYNTHETIC POLYPEPTIDES
by
A. ELLIOTT AND B. R. MALCOLM
Research Laboratory, Courtaulds, Ltd., Maidenhead, Berks. (England)

INTRODUCTION

Some years ago it was reported from this laboratory that the infra-red spectra of
water-soluble silk and the same silk rendered insoluble by various means were different'. The frequency of the carbonyl band of silk rendered soluble by, for instance,
solution in aqueous lithium bromide followed by dialysis is at 166o cm -1, whereas the
same band has its maximum at 1630 cm-' in lithium bromide silk which has been
rendered insoluble by precipitation with ethyl alcohol. In silk gut this band is also
at 1630 cm -' 1. The wave numbers of the carbonyl band were so close to those found
in a and P synthetic polypeptides that the suggestion was made that water-soluble
silk was folded in the same way as an a synthetic polypeptide and that the spinning
of silk was accompanied by unfolding of these chains into the extended fl-form. This
was suggested not only by the evidence of infra-red spectra, but also because it had
been shown that synthetic polypeptides in the a-form were more soluble than those
in the a-configuration'. The difference in solubility is a consequence of the fact that
in a synthetic polypeptides the CO . HN hydrogen bonds are formed within one chain
whereas in the a-configuration these bonds form a link between neighbouring chains3' .
References . 471.
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At the time when the first observations on the spectrum of water-soluble silk
were made, the a-helix had not been proposed for a-polypeptides. Since this structure
was described by PAULING, COREY AND BRANSON5 a remarkable amount of evidence
has accumulated which shows the essential correctness of the a-helix in simple
polypeptides. This, however, has not led to a convincing demonstration that a-helices
are the main structural unit in globular proteins. In fibrous proteins, however, the
keratins probably contain such helices wound into super-helices6 '7 and we have
recently8 found evidence that the fibroin of Anaphe nioloneyi cocoons may be obtained
in a water-soluble form which gives an X-ray diffraction pattern resembling a powder
photograph of a-poly-L-alanine. This pattern, as well as infra-red spectra, provides
good evidence for the occurrence of a-helices in a film obtained by drying a solution
of Anaphe fibroin in trifluoroacetic acid. When, however, the fibroin was dispersed
in water, the natural medium of proteins, no evidence of the presence of a-helices in
the dried film could be found, although the configuration in this case was certainly
not the extended, crystalline fl-form.
With films of regenerated Bombyx mori fibroin prepared from aqueous media,
the results depend on the conditions. Casting at 1000 C produces films whose X-ray
diffraction pattern is completely amorphous'. When the native gel from the silk
gland is dried at room temperature the X-ray pattern may show a ring corresponding
to 7.5 A accompanied by other rings'. The 7.5 A ring is probably the ioo reflection
of a hexagonal arrangement of a-helices (compare poly-L-alanine in which the corresponding value is 7.4 A). However, this ring is by no means dominant, as it always
is in the pattern obtained with simple a-polypeptides, and it is certain that in films
of Bombyx silk the a-helix configuration, when it occurs, only accounts for part of
the structure.
It appeared likely that the problem of the nature of water-soluble silk fibroin
could usefully be studied by examining the properties of a number of different kinds
of silk, and by comparing them with those of synthetic polypeptides containing
alanine and glycine. We have accordingly collected information on the infra-red
spectra of films of these substances, prepared under different conditions, and have
drawn some tentative conclusions. The number of solvents from which silk films may
be cast is very small, and we have confined our choice to water, trifluoroacetic acid
and dichioroacetic acid. Not all natural silk fibres are soluble in the last two materials,
but it has been found that if a water-soluble preparation is first made by methods
indicated in the next section, this form may be dissolved in the other solvents.
EXPERIMENTAL
Water soluble forms of the materials used have been prepared as follows:
Bombyx inori fibroin. Solution in aqueous lithium bromide, followed by dialysis against water.
Films are cast on a mercury surface at Too' C.
Anliwnea mylif Ia fibroin (tussah). Solution in saturated aqueous lithium thiocyanate, followed
by dialysis against water. The resulting solution is freeze-dried. Parts of the cocoon do not disperse
in the salt solution.
Anaphe moloneyi fibroin, and L-alanine--glycine I: s co-polymer. Solution in the minimum
quantity of trifluoroacetic acid, to which is added water to make a i % solution, which is freezedried.
Anaphe infra.cta fibroin. Solution (x % wt/volume) in trifluoroacetic acid, from which a film
is cast on mercury at room temperature in a dry atmosphere. This method may also be used
for Asia/the moloneyi.
References P. 471.
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Films which were not cast on mercury were cast on plates of thallium bromo-iodide. Solutions
of silk in trifluoroacetic acid must be used as quickly as possible, since degradation occurs in
this solvent. The infra-red spectra were recorded with a Grubb-Parsons spectrometer fitted with
a rock salt prism, and are reproduced in Figs. i and 2.
DISCUSSION

Fig. i shows that the carbonyl band of the silks and alanine-glycine polymers has
peaks at about 166o and 1630 cm -' whose relative heights depend on the solvent
used as well as on the polymer. In simple polypeptides these peaks are characteristic
of a-helix and -forms4 .
In proteins, however, the 166o cm -' band is certainly not always associated
with the a-helix form. For instance, in collagen, where there are no a-helices, the carbonyl band has this wave-number. We shall refer to the configuration associated with
the 166o cm-1 band simply as folded, and will consider the nature of the fold at the
end of this section.
In the films cast from dichloroacetic acid the tendency is for the height of the fi
peak to increase with an increasing proportion of glycine residues. Since all simple
polypeptides of high molecular weight hitherto examined appear to be in a folded
form when cast from this solvent, with the single exception of polyglycine, this is to
be expected. However, the proportion of glycine to other residues in Antherea mylitta
fibroin is not much lower than in some other polypeptides examined, and the very
small proportion of n-chains indicated by the
6LY.ALA Long CS
OCA
d
5,0
spectrum is surprising.
When trifluoroacetic acid is used as sol_
100
vent, all the materials except polyglycine are
obtained in a folded form, and the 1630 cm -1
band is absent.
Casting the silks and the L-alanine-glycine '
i r co-polymer from aqueous solution give .
results which depend rather markedly on
conditions, and which are therefore difficult.
to reproduce. The tendency for a P peak to
33:f7:0
appear in the carbonyl band in films cast
—,
from water is most marked when the polye
mer contains few residues other than alanine
50:500
and glycine.
Of the silks and co-polymers examined,
42.653.04.4
the fibroin of Antherea mylitta shows the greatest intensity of the 166o cm -' peak under all
44.5:

Fig. i. The carbonyl band in the infra-red spectrum
of silks and synthetic polypeptides cast from trifluoroacetic acid, from water and from dichioroacetic
acid. a, Poly-L-alanine b, Anthera mylitta fibroin;
c, Anaphe in/macta fibroin; d, copolymer L-alanine:
glycine 2:1; e, copolymer L-alanme: glycine I: I;
f, A naphe moloneyi fibroin; g, Bombyx niori fibroin;
It polyglycine.
References p. 471.
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conditions. The spectrum of this material in the region 800-1400 cm-1 (cast from
water at room temperature) is shown in Fig. 2,
along with that of a polyL-alanine. The resem1.0 blance is striking, and
every band in the spectrum of the synthetic
material may be identia5 fied in that of the silk.

0
0.2
900

1000

1100

1200

1300 cm'

Fig. 2. Infra-red spectra. a,
A niherea mylitta (tussah)
fibroin cast from water. b,
Poly-L-alanine (a-form cast
from dichioroacetic acid).

Wove no,

It is known that a number of these bands are characteristic of a poly-L-alanine, and
do not appear in the fl-form. The band at 908 cm-1 is particularly important, for it
appears to be associated with crystalline regions10. It may be concluded that in films
of A ntherea mylitta fibroin cast from aqueous solution a large part of the alanine
residues are in a-helices, and this is confirmed by the X-ray powder photograph of
this material, which has a dominant ring corresponding to a spacing of 7.4 A, identical
with the ioo reflection obtained from an unoriented powder photograph of a rather
poorly crystalline specimen of poly-L-alanine.
The discovery of a-helix configurations in a film of water-soluble silk is interesting,
but it is remarkable that both infra-red and X-ray diffraction techniques reveal the
presence of a-helices of poly-alanine, and that the considerable proportion of larger
residues seems to contribute nothing to the magnitude of the ioo spacing. These
results recall an earlier observation that the crystalline regions of fl poly-L-alanine
and Antherea mylitta (tussah) silk are isomorphous", 2 and their X-ray diffraction
patterns are almost identical. A possible deduction is that many of the alanine
residues in this silk are concentrated in a particular region of the chain, and that
only such regions form crystallites. If this were the case, the alanine residues would
impose much of the character of poly-L-alanine on the material. Some such explanation appears to be demanded when results obtained with Antherea mylitta fibroin are
compared with those we have found with the two Anaphe fibroins. Although some of
the bands characteristic of a poly-L-alanine were recognized in the spectrum of
Anaphe nioloneyi cast from trifluoroacetic acid', we were unable to detect the 908 cm-1
band, and have again failed to find it in the spectrum of Anaphe injracta, although
in both these silks the proportion of alanine residues is considerably greater than in
Antherea mylitta fibroin. In the diffraction pattern of Anaphe moloneyi, the ioo
spacing is 7.' A, appreciably less than in poly-L-alanine, and this suggests that there
is glycine as well as alanine in the crystalline regions. This is further borne out by
the presence of the ooi reflection corresponding to the fibre axis pseudo-repeat
6.94 A in the diffraction pattern of natural () Anaphe nioloneyi silk, which shows
References P. 471.
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that the chains in the crystalline regions do not have a 2-fold screw axis (as in polyL-alanine) associated with the pseudo-repeat along the chain.
The observation that, in general, the films cast from dichloroacetic acid have a
n-component, unlike those cast from trifluoroacetic acid, is interesting. Another
striking difference is observed when water is added to silk solutions in these two
solvents. All the polypeptides a-h (Fig. i) are immediately precipitated from solution
in dichloroacetic acid. With solutions in trifluoroacetic acid, however, no precipitation
occurs on adding excess water except to poly-L-alanine, polyglycine and the 2: I
alanine-glycine co-polymer. The resulting dispersion is not a stable solution; a gel is
formed in the course of a few hours or days. These observations are compatible with
a random-coiled form of the polymer with the peptide groups mainly hydrogen
bonded to the dichloroacetic acid molecules; in solution in trifluoroacetic acid, however, the a-helix may be the more stable form. The difference between the two solvents
is perhaps connected with the CH group in dichloroacetic acid, which will have
appreciable hydrogen-bonding capacity.
The dispersions of silks in water are unstable and films cast from a dispersion of
the same silk under apparently identical conditions do not always yield identical
spectra. Temperature is an important factor, and the two Anaq5he silks (which are
particularly unstable) contain larger proportions of -polypeptide when cast at room
temperature than when cast at o° C. Although all four silks examined and the alanineglycine I: I co-polymer can be cast as films from water without any appreciable
peak, only Antherca mylitta gives films whose molecular chains are demonstrably in
the a-helix form. The presence of a-helices in the solid film is not evidence of such
structures in the solution from which the films are cast. However, it appears likely
that molecules which are in the a-helix form in solution would to a great extent
preserve their configuration when the solution is evaporated.
KRAT KY13 has examined the small-angle scattering of X-rays from native gels
of Bombyx mori fibroin, and has interpreted his results as showing that the silk is in
the form of a-helices. The corrections applied to the observations are considerable,
however, since what is initially observed is the combined scattering of fibroin and
water, and we consider that confirmation of the result is desirable. In the experiments
which we have described, the silk dispersion is not native, but regenerated, and the
initial concentrations employed in casting films are much lower than in native silk
gel. If the fibroin in our aqueous dispersions were in the form of a-helices, it is difficult
to see why we should not always find this form in the dried film, provided that conditions are such that no fi material is formed. It appears likely that, as SCHELLMAN14
has suggested, the free energy of stabilization of an a-helix in aqueous solution is of
the order kT when the effects of side chains are neglected. We may accordingly expect
a comparatively narrow range of conditions over which the transition from an a-helix
to a random coil of solvated chains takes place. However, it is clear that SCHELLMAN'S
theory is not strictly applicable to silk, for the process is not reversible—the random
coil may produce intermolecular links of the a-type, and this process when it goes far
enough leads to insolubility of the polymer. We suggest that when conditions are
such that the a-helix becomes unstable, a random arrangement of 13-, io- and 7membered intra-chain hydrogen bonded rings may be formed within each polymer
chain. This is the reverse process of that suggested by Carcx' 5, who pointed out that
if a polypeptide chain assumed, for instance, the 2.27 configuration (with 7-membered
References P. 471.
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rings) under conditions when minimum potential energy was the chief consideration,
the chain would go over into the more stable a-helix form by opening the rings and
reforming as 13-membered rings. It is also possible that in addition to the intra-chain
bonds in silk, some random inter-chain bonding may occur and peptide groups may
be hydrogen-bonded to water. It seems that, whereas the pleated sheet type of interchain hydrogen bonding gives a structure in which the carbonyl mode has a wavenumber 1630 cm -1, in other kinds of inter-chain bonding this wave-number is considerably higher. For instance, in polyglycine lithe carbonyl band occurs at 1648 cm -1 8;
the structure appears to have inter-chain, hydrogen bonds which form a hexagonal
net16 . If the recent structure proposed for collagen is basically correct" there are
many inter-chain hydrogen bonds, and as mentioned above the carbonyl band has a
wave-number 166o cm -1.
For reasons which are not yet apparent, silk fibroin in aqueous dispersion forms
a system in which equilibrium is not quickly reached. This property is essential to the
process of silk spinning. The function of the glycine residues in silk is to produce a
polypeptide whose most stable form is thefl-configuration, and it would appear that
the necessary conditions can be reached with considerable variations in the glycine
content. It is evident that much remains to be done before silk spinning is understood,
though some of the mechanism begins to be apparent.
The results of work on X-ray diffraction briefly reported in this paper form part of
an investigation which we are carrying out in collaboration with Mr. L. BROWN and
Miss E. M. CANT. We are indebted to Mr. W. E. HANBY and Dr. BALLARD for the
synthetic polypeptides which we have used.
SUMMARY
The infra-red Spectra of a number of different kinds of silk are compared with spectra of synthetic
polypeptides prepared from L-alanine and glycine. It is shown that the molecular configuration
depends on the composition of the material and on the solvent used for the preparation of the
specimen. In the case of films of water-soluble A niherea mylitta (tussah) silk, there is strong
evidence for a-helices consisting mainly of L-alanine residues. These results are discussed in relation
to the configuration of the molecules in solution.
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Refinements of technique have enabled the dispersion of the optical rotation of solid
films to be measured in the visible and near ultra-violet regions. Such measurements
have been made for a series of polyalanines containing different proportions of D- and Lresidues, for the sodium and potassium salts of poly-L-glutamic acid and also for some
protein films. The infra-red spectra of these films have also been observed. The polyalanine films show the characteristic dispersion of the g.-helix, but the other materials
do not. Since all these films have carbonyl absorption bands at cc. 1660 cm-1, it is
evident that this frequency is associated with two or more configurations of the polypeptide chain. With Bombyx silk films cast from aqueous solution, a random coil appears
possible.
Infra-red spectra and X-ray diffraction patterns of polypeptides and fibrous
proteins have chiefly been made on solid films, because the technique and interpretation is often more difficult if the material is in solution. On the other hand,
measurements of optical rotation, which have recently yielded important information in connection with the a-helical configuration of polypeptides (Doty and
Yang,' Moffitt and Yang,2 Elliott, Hanby and Malc01m,3 Yang and Doty,4 Moffitt,
Fitts and Kirkwood,5 Downie, Elliott, Hanby and Malcolm 6) are much more
easily made on liquids and recent published work has been restricted to solutions.
Since the origins of the frequencies which characterize different polypeptide configurations have never received a satisfactory explanation and are empirical
observations, it has seemed desirable to fill certain gaps in our knowledge by
measuring the optical rotations of solid films on which observations of infra-red
spectra and of X-ray diffraction patterns could be made. This has clarified a
somewhat anomalous and unsatisfactory situation concerning the configuration
of Boinbyx silk cast from an aqueous dispersion.
EXPERIMENTAL
METHODS FOR MEASURING OPTICAL ROTATION OF FILMS
The peculiar difficulties which arise in measuring the optical rotation of films (as
distinct from liquids) are caused by birefringence from strain, from local orientation
of the polymer molecules or from birefringent foreign bodies in the film. Birefringence
in the specimen produces an error in the setting of the analyzing polarizer and causes the
field to be more or less brightly illuminated. This diminishes the sensitivity of a visual
or a photo-electric polarirneter, since source fluctuations become troublesome when the
field is bright. To prepare specimens which are sufficiently homogeneous, it is usually
necessary to make a number of thin films rather than a few thick ones.
In practice, reasonably accurate measurements can only be made with a suitable
photo-electric polarimeter, and we have used one of our own design (Malcolm and
Elliott 7). Since a small amount of specimen birefringence is usually present, it is desirable
to rotate the specimens round the axis of the polarimeter tube in which they are housed.
Initially this was done in steps by hand, and the average of a number of such readings was
taken. Later a small motor was fitted to rotate the specimens at a high speed, and only
one reading was then required. Careful filtering and drying in filtered air is needed to
167
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produce clean films. When the number of films required is large (say twenty or more),
or when the film thickness is irregular, it is advantageous to immerse the films in a suitable
liquid to reduce reflection and distortion of the polarized beam. Edwards' silicone fluid
703 as used for diffusion pumps is suitable for some purposes. Its disadvantage lies in
the presence of dissolved air, some of winch may form a bubble which, owing to Centrifugal forces, remains on the axis of rotation just in the middle of the field of view. Frequent evacuation of the hued tube is needed to remove this air. Styrene is also suitable
in some cases.
Measurements of the dispersion of optical rotation were made initially with filtered
light from a mercury lamp. Later a small monochromator was substituted for the filter,
since it is difficult to get sufficient spectral purity and intensity with filters.
The films were cast on small squares of thin sheet glass which were annealed after
cutting. The weight per unit area was obtained by marking a small central square with
a razor blade and subsequently weighing the film contained within this square. Since
the total amount of this material was usually only a few milligrams, the principal source
of error lies in this determination. It is not necessary to know the specific gravity of the
polymer in order to calculate the specific rotation, for the latter quantity may be defined
as the rotation produced by 100 g of material in a column of 1 sq. cm Cross-section.
The accuracy of measurement of optical rotation in films naturally falls short of that
which can be obtained with solutions, for with the maximum number of films which can
in practice be used, the rotation produced is small. In the work to be described, the angle
of rotation varied from 004° to about 12°; the polarimeter could be set to about 0-001'.
RESULTS
POLYALANINE
Four polyalanines, copolymers containing different ratios of L- and D-alanine were
examined as films. They were cast at room temperature from 5 % solutions in dichioracetic acid into an alcohol. To produce the best films, it was found desirable to use
isobutyl alcohol for the o-polypeptide, ,-propyl alcohol for the next two members of the
series and methyl alcohol for the last one. n-residues were present in excess in these
polymers, but to facilitate comparison with earlier results 3. 6 they are recorded and
plotted as if the L-component had been predominant. The films were well washed in
ethyl or methyl alcohol and air-dried. Films of suitable thickness were cast on plates of
thallium bromo-iodide under the same conditions to provide specimens for infra-red
examination.
Residue rotationS,6 corrected for an assumed refractive index of the polymer of 15
are shown in fig. 1 plotted against the fraction of L-residues for five different wavelengths.
It will be seen that all the observed rotations for polyalanine films are negative, and by
comparison with rotations observed for this polymer in solution it might be thought that
the polyalanine films were in some form other than an a-helix. This, however, is not
the case, for the dispersion is of the anomalous " type associated with a-helices. As
shown by Moffitt and Yang 2 the dispersion of the optical rotation produced by a-helices
is of the form
[Rvac ]A

=

+
-(
-

and on plotting [Rvac(A2 - A) against l/(A2 - A) a straight line of slope b0A is obtained. The results here presented do not allow an independent determination of A,
but when this constant is assumed to have the value 2120A, as found by Moffitt and
Yang for poly-y-benzyl-L-glutamate, the curves shown in fig. 2 are obtained. For polyalanine films whose L/(D + L) composition is 10, 09 and 08 the values of b0 are respectively - 475, - 500 and - 505 deg. cm2 per decimole. These may be compared
with - 630° for poly-y-benzyl-L-glutarnale 2 and - 460° for polyleucine with L/(D + L)
equal 6 to 0875.
When the optical rotation contains a contribution from an arrangement of a-helices,
the plot of [Rvc] against L/(D + L) gives a linear part of greater or less length which on
extrapolation does not go through the origin.3. 6 This is clearly the situation in fig. 1.
In this graph, for reasons discussed below, the linear relationship appears to be restricted
to points for which L/(D -I- L) is 08 or more. Over this range, the linearity of the plot
and the approximate constancy of h0 both show that one sense of helix is predominant.
The plots extrapolate to intersect the [Rva ] axis at points which represent the values of
this quantity for a right-handed helix of meso composition. Although such extrapolation
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FIG. 1.—Optical rotations of solid films of polyalanine plotted against composition, for
different wavelengths: a, 5780 A; b, 5461 A; c, 4358 A; d, 4047 A; e, 3663 A.
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is very inexact, it is interesting to note that the values are all positive, that they increase
at first with diminishing wavelength and then become stationary as though passing
through a maximum before diminishing again—exactly as has been observed with
solutions of -polypeptidcs. The value of b0 for the /0cm polymer (subject of course to
considerable uncertainty) is - 560. The points corresponding to L/(D 1 L) equal to
067 do not lie on the linear part of the curves, and on plotting [Rvac](A2 - A) against
1/(A2 - ,\) a graph of nearly zero slope is obtained (fig. 2d). This shows that b0 is nearly
zero, and the anomalous dispersion of the helix is absent.
The infra-red spectra of the polyalanine specimens shown in fig. 3 are in complete
agreement with the deductions made from the optical rotation measurements. In the
spectra of polymers of 10, 09 and 08 L/(D + L) composition, the bands at 893 and 906
cm--1, known to appear in a-poly-L-alanine 8 are well-marked. The 906 cm-t band is
particularly important, since it appears to be associated with a crystalline arrangement
of cc-helices. In the spectrum of polyalanine of 067 L/(D + L) composition, this band
is absent. There is, however, a strong band at about 966 cnri, which shows the presence

900

1000

900

1000
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Wove number. c61
FIG.

3.—Infra-red spectra of polyalanine films whose optical rotation is given in fig. 1.
a,L/(D+L)l0; b,L/(D-/-L)=0•9; C,L/(D+L)=O8; d,L/(o+L)=067.

of the /3 form of polyalanine. The carbonyl band in the spectrum of a thin film shows
the sharp band at about 1630 cm-1 characteristic of /3 polypeptides, as well as a broad
band centred at about 1655 cm-1. This coincides with the wave-number of the carbonyl
mode of simple synthetic polypeptides in the a-helix form, but as will be shown in the
section on the structure of water-soluble silk, it also occurs in the spectrum of an amorphous, possibly random coiled arrangement of polypeptide chains. Since the dispersion
of the optical rotation shows conclusively that a-helices are absent in the film with 067
L/(D ± L) composition, it appears likely that part of this polymer film is randomly coiled.
It must be realized that the difference in behaviour between this polyalanine and the other
three may not arise solely from the difference in the L/(D -i- L) ratio. The molecular
weight may be different, and in addition it was found necessary to use a quick precipitant
(methyl alcohol) to produce suitable films in the one case, whereas with the other three
polymers a slower precipitant was used.
These results may be compared with some which were obtained earlier for solutions
of polyalanine.6 In chloroform containing I ,°V dichloracetic acid the rotations are positive for all values of L/(D + L) in excess of 05 and the form of the curve shows that helices
are present. The fact that we find negative values for [R vac ] in the solid film shows the
great effect which the environment has on the value of a0, an effect which has been observed
(in a much smaller degree) by Yang and Doty in solutions of poly-y-benzyl-L-glutamate.
It is therefore particularly interesting that the values of b0 should be similar to those found
for other polypeptides. This confirms Moffitt and Yang's contention that b0 is much more
invariant than a0 . The new results also extend the validity of a conclusion drawn from
our earlier observations on poly-y-benzyl glutamate that solvent effects on the optical

A. ELLIOTT, W. E. HANBY AND B. R. MALCOLM

171

rotation of an a-helix of ineso composition are small. Thus this quantity, given by the
intercept on the y-axis of fig. 1 has the value 700 for light of wavelength 5780 A, for the
solid polymer. The corresponding value (for light of not greatly different wavelength
dichloracetic acid 6 is about 80'.
5893 A) for meso polyalanine in chloroform containing I
From comparison of the X-ray diffraction pattern of solid films of cs-poly-L-alanine
with the optical transform of the v-helix, it has been shown that the right-handed helix
is the dominant one (Elliott and Malcolm 9, 10). It was at first believed that the negative
value of b0 found in measurements of optical dispersion in some synthetic polypeptides
was evidence of this sense in solutions, but it appears doubtful whether this is a valid
conclusion.5 However, the fact that similar values for b0 are found in polyalanine films
and in a number of solutions of L-syntlletic polypeptides must surely mean that the righthanded form is the stable one for the L-enantiomorph. The linear part of the plot in
fig. 1 shows that for values of L/(D + L) of 08 and over, the left-handed form in solid
polyalanine is not present to a significant extent.
ALKALI SALTS OF POLY-L-GLUTAMIC ACID
Films of the sodium and the potassium salts of poly-L-glutamic acid were made by
dissolving the poly-acid in aqueous solution containing the stoichiometric amount of
alkali, to give solutions of about 13 Y. concentration (w/v). The solutions, after filtering,
were cast on glass plates at about 40°C in a dry air stream. The resulting films are very
hygroscopic and it was found desirable to store them in a warm desiccator until a sufficient
number had been made. They were then quickly transferred, still warm, to the polarimeter tube which contained phosphorus pcntoxide. After measurement, the further
manipulation for determining film thickness was done over a warm plate, and the films
were well dried at 70°C before weighing in a closed bottle. Fig. 2(g) shows the results
obtained for the potassium salt; for the sodium salt almost identical results were obtained.
The small value of the slope of the line is indicative of the absence of any considerable
fraction of the polymer in the a-helix configuration. Films of both polymer salts of
suitable thickness for infra-red measurement were prepared under similar conditions to
those described above, and measured. The carbonyl stretching mode was found at
1658 cm-1 in both cases, hence these results furnish a second example of a polypeptide
(in this case of simple composition) in which a carbonyl band near 1660 em-1 is not associated with the helix form.
WATER-SOLUBLE SILK
Aqueous dispersions of Bombyx inori silk (made for instance by dissolving the silk in
aqueous lithium bromide and dialysing out the salt) may be used to cast films which are
soluble in water. Some years ago it was found that the spectra of these films have a
carbonyl absorption band at 1660 cnrt and since this same band is found in the spectra
of synthetic a polypeptides it was suggested that water-soluble silk was in the a form
(Ambrose, Bamford, Elliott and Hanby 11). At this time, although the a-helix had been
proposed by Pauling and Corey 12 its validity had not been established. The v-helix
is now known to be a stable form of the synthetic polypeptides, but although good
evidence of this form has been found in water-soluble Antherea mylitta and .4naphe
moloneyi silks (from X-ray diffraction rings in both materials, and from infra-red spectra
in the former) it has not been found in films of water-soluble Bombyx silk (Elliott and
Malcolm 13,14). The evidence against the v-helix form for this last silk was, however,
negative in character, and it appeared that a more positive indication could be obtained
from measurements of optical rotation. Dilute aqueous solutions of Bombyx silk have
been shown to be in a random coil form, and the v-helix form has been found in solutions
in a suitable mixture of ethylene dichloride and dichioracetic acid. 4
Films were cast by placing a few drops of the aqueous dispersion on glass plates heated
to about 70°C on a small rotating table, and drying in a stream of dried, filtered air.
Such films are not usually completely soluble in water again after drying, and for good
solubility the films should be dried on mercury at 100°C. This is not practicable for films
required for optical rotation measurement. The infra-red spectra of silk films dried on
a solid substrate at 70°C are almost identical with those of water-soluble films except
that a very small shoulder at about 1630 cm -1 shows the presence of a small amount
of 3 material, which prevents the film from dispersing completely in water. The silk
films were much too irregular in surface to use without an immersion medium, and for
this purpose styrene was employed. The optical rotation was negative at all wavelengths,
and dispersion was found to be of the normal type, which shows either that cs-helices
are not present or that there are equal numbers of right- and left-handed helices. In
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view of what is known of the sense of the a-helix in simple polypeptides, this latter possi.
bility can be excluded. The most sensitive test for the absence of " form" rotation is
furnished by a plot of [Rvacl(A2 - 3) against l/(h2 - ). This gives a line of zero
slope as shown in fig. 2 when h0 is given the value 2120 A, hence the coefficient b0 is also zero.
This result is an important one, and shows convincingly that a carbonyl absorption
band at 1660 cn 1 does not necessarily indicate an a-helix form, even in a material which
can under some circumstances take this configuration. The zero value for b0 shows
absence of form " optical rotation. Polypeptides in the extended /3 form may have
zero b0, as is shown by fig. 2(d) and (f). However, the amount of /3 material present in
silk films prepared from aqueous solution is insignificant, and a random arrangement
seems likely, in air-dried silk films, an appreciable amount of water is present and it is
likely that many peptide groups are hydrogen-bonded to water molecules. However,
on heating such silk films to 70C in a closed cell containing P205 for a number of hours
much of this water is removed. The infra-red spectrum shows no trace of a free NI-I
band and the carbonyl absorption band remains at 1660 cm-1 ; hence it must be concluded
that the hydrogen-bonding capacity of the silk is satisfied by intra- or inter-chain bonds.
This presumably random-coiled form in the solid state must be considered as a stable
form of silk, and one which may well be found in other dry proteins.
Since it is now established that neither aqueous, dilute dispersions of Bombyx mon
silk nor the films cast under suitable conditions from such solutions contain a-helices,
it is most unlikely that aqueous dispersions would have the helical form at some intermediate concentration. This conclusion casts considerable doubt on the claim to have
established the existence of the a-helix as a major component in such dispersions by
methods based on small-angle scattering (Kratky, Sekora and Pilz 15).
LYSOZYME

It was found possible to cast films of lysozyme from aqueous solution and to measure
the dispersion of the optical rotation, and also the infra-red spectrum in the region of the
carbonyl stretching mode on specimens prepared under as far as possible identical conditions. A rather broad band centred at 1660 cm-' was observed, with no indication of
any peak or shoulder at 1630 cm-1. The plot of the optical rotation measurements is
shown in fig. 2(h), and gives no indication whatever of the kind of dispersion characteristic
of a-helices. It is reasonable to conclude that the polypeptide chains in lysozyme films
are neither in the extended (/3) nor in the a-helix form. Lysozyme is capable of forming
single crystals, but it by no means follows that in our films the polypeptide chains are in
the same form as in crystals.
CONCLUSION
Since a polypeptide chain is capable of forming internal and external hydrogen
bonds in a number of different folds, it is perhaps not surprising that polypeptide
and protein films can be made in which neither the a-helix nor the extended 3
form are detectable, and this is what our experiments show. It is not known
whether in such cases there is any degree of order in the films, and it may be that
they are simply disordered states. Whatever the state of the polypeptide chains
in these films, it is clear that they cannot be distinguished from a-helices by
observations of the frequency of the C=O band alone.
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A film balance for use with the Langmuir trough
B. R. MALCOLM and S. R. DAVIES
Department of Biophysics and Department of Engineering, King's Buildings,
University of Edinburgh
MS. received 1st February 1965
Abstract. The force exerted by a monolayer on a flexible metal strip is measured by
observing the deflection of the strip with a microscope. The apparatus is simple and fairly
robust. A sensitivity of 003 dyn cm 1 is readily obtainable.
1. Introduction
Various types of film balance have been described for studying
molecular monolayers spread on a Langmuir trough (see, for
example, Davies and Rideal 1961, pp. 220-2). These all
employ a torsion head to measure the force on a barrier in
the surface. The barrier consists wholly or in part of fine
threads floating on the surface and these may cause leaks.
The instrument to be described replaces this arrangement
with a comparatively rigid barrier made from a thin bent
metal strip mounted with its lower edge in the interface.
After the water surface has been swept clean the device is
simply placed in position and the deflection of the barrier,
caused by compressing a monolayer on one side of it, is
measured with a microscope focused on its upper edge.
The apparatus was originally developed to study reactions

in monolayers under a controlled pressure and then to
remove them for spectroscopic or other examination. It has
been found that condensed monolayers of various types can
be removed by compressing them between two parallel
barriers so that they collapse. A plate is then drawn along
the gap between the barriers and the monolayer can usually
be removed as a narrow strip of material across the plate.
The comparative rigidity of the flexible strip (the second
barrier being the usual strip of plate glass) makes this procedure more simple than use of a floating barrier.
Used simply as a film balance, the apparatus has been
found to be very straightforward and it should be particularly
useful for undergraduates, since in the normal laboratory
class there is seldom time to operate successfully the usual
type of instrument. There would appear to be no funda-

Notes on Experimental Technique and Apparatus

mental problem in adapting it for use at a liquid—liquid
interface or increasing its sensitivity.
2. Description
Two simple geometrical forms of strip have been considered—a straight strip with a narrow 'V' in the middle,
and the arrangement shown in the diagram where the strip
forms three sides of a rectangle. Both arrangements have a
similar sensitivity, but the former is liable to buckle if the
strip is made of a heavy metal such as platinum on account

With a strip of phosphor bronze, 0003 in. thick and j in.
wide formed into a barrier with a length of 143 cm and side
arms 28 cm long, a displacement of 1 mm at the centre of
the strip corresponds to a force of about 16 dyn cm'. This
can be conveniently measured with the micrometer movement
to ±2 m, using a 10 objective and a 10 eyepiece, giving
a sensitivity of ±003 dyn cm 1 . For a similar strip made
of hard-rolled platinum-2 ° rhodium, I mm deflection
corresponds to about 23 dyn cm
3. Calibration

F
E)

Flexible strip shown mounted and in position on trough
(broken outline)
of the weight of the 'V' in the middle. For most purposes
0003 in. thick phosphor bronze strip in. wide is satisfactory. This should be protected by a thin coating of hard
paraffin wax. For work where traces of metal ions might
affect the system, the strip can be made of hard-rolled
platinum-2% rhodium; in this case waxing is unnecessary.
If a plastic strip is used trouble may be experienced in gradual
drift of the zero or movements caused by swelling. As an
alternative a metal strip can be coated with a film of polyvinyl fluoride 00005 in. thick (obtainable from du Pont
Company) by folding it over the lower edge of the strip and
cementing it to the metal before bending the strip.
The strip is mounted by clamping it to blocks of Unplasticized plastic using counter-bored screws, preferably of
nylon. The screw holes drilled in the strip should have plenty
of clearance so that the lower edge of the strip can be set
flush and coplanar with the lower surfaces of the blocks. The
clamping pieces should not project below the lower edge of
the strip. A strong metal bar bolted across the top surfaces
of the blocks holds them apart so that their inner edges
overlap the inner edges of the trough by about 05 cm.
Care should be taken that the top of the trough is flat and
the blocks resting on it are coplanar, otherwise the device
will rock when placed in position and leaks may occur.
After clamping the strip the blocks should be given a coating
of paraffin wax. Provided that the water level is just above
the edges of the trough, a good seal should be obtained as
soon as the barrier is placed in position.
The deflection of the centre of the strip can be measured
with either a fixed microscope with a micrometer eyepiece or,
preferably, a travelling microscope with a cross-wire in the
eyepiece and a micrometer drive. in this latter case a simple
holder for a microscope tube can be made, incorporating a
parallel spring-strip horizontal movement driven by a micrometer anvil; about 5 mm horizontal movement is sufficient.
The microscope should be very firmly mounted and we have
found the large adjustable stand made by C. F. Palmer
(London) Ltd. satisfactory. The vertical screw movement
enables the microscope to be completely removed for the
preliminary stage of sweeping clean the water surface; it is
also sufficiently sensitive for focusing a 10 x objective on the
edge of the strip. Adequate illumination is obtained by using
a low power lamp shining obliquely on the strip if the image
of the filament is roughly focused on the strip edge.

There are two methods of calibrating the balance: either
indirectly using a monolayer of known properties, or by
measuring the deflection of the barrier for a point load applied
at the centre and converting this to an equivalent uniformly
distributed load. Though flexure devices often obey simple
theory only approximately, this latter method appears satisfactory unless high absolute accuracy is required, when it
might be better to use a torsion balance and float.
It can be shown that for a point load of Wdyn applied at
right angles at the centre of the strip, the displacement d is
given by
WI 3 /4 ± 4a
Ebt8J2a)
where E is Young's modulus, I the thickness of the strip
and h the breadth. The length of the barrier between the
two side arms is taken as 2/, and a is the ratio of the length
of the side arm to I.
For a distributed load w per unit length applied to the
length 2/ the displacement is
w14 4 - So

= Ebt l

Thus the distributed load ;hich gives the same displacement
as a point load W is given by
II'

Wí4 H- 4a
/ 4+5a

In the derivation of these formulae it has been assumed
that the loads exerted on the side arms by the monolayer can
be neglected (which can be shown to be reasonable) and that
the displacements are small. For the phosphor bronze strip
with the dimensions above the displacement was found to
increase linearly with the applied load up to d = 1 '5 mm.
The calibration with a point load has been checked directly
with a monolayer by measuring the pressure of the monolayer
with a float and torsion balance. The two methods agreed
to within 2%; for a strip of platinum-2 rhodium with the
same dimensions there was a 6% difference. A value of
of about 04 appears satisfactory; if a smaller value is used
the formulae are less accurate, since the assumption that the
displacement is small is no longer true and the device is
stiffer than theory predicts.
A horizontal load for calibration can be applied by linking
the strip with a fine straight wire to the lower end of the
vertical arm of a T-piece made of stiff wire. This is pivoted
to rotate in its plane about the junction of the T by being
mounted on a fine torsion wire. Loads can then be applied
with a torsion head or by weights on the horizontal arms.
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Conformation of Synthetic Polypeptide
and Protein Monolayers at Interfaces
SYNTHETIC polypeptide monolayers at the air—
water interface are generally thought to be in extended-chain conformations' though Batllfot'd et at.'
have pointed out that the experimental data can often
ho interpreted as indicating the presence of the
cs usually
a-helix'. Similarly, protein monolay ers are
considered to he denatured with the polypcptis Ia
chain fully extemlod4 .
To investigate the possible presence of the
a-helix at the air—water interface, deuterium-exchange
in N-deutorated synthetic polypeptide metiolayers has
been studied. in solution peptide deutoriuin exchanges for hydrogen rapidly when the poptide
groups hydrogen-bond to solvent molecules, but,
exchange is very slow when the polypeptide is in
onothe a -helical confori nation 5 - Slow exchange in monolayers might similarly be an indication of the presence
and stability of the a-helix. The polymers used were
poly -D-cL-aminO-O -butyric acid, poly-DL-leucirie, polyy -methyl-L -glutaniate, poly -y -ethyl -L-gh itainate and
poly-y-benzyl-L-glutamate, all prepared by Mr. W. E.
Hanby. of Courtaulds, Ltd., Maidenheacl, to whom
I am indebted. All the polymers were spread from
dilute solution in chloroform containing 8 per cent
v/v O-deuteratcsd slieliloroac'etic ac-id, with the exception of poly-OL-leucine. where hc-iizc'iics sisms Uses I
in ph-o of chloroformi i.
After being spread as nionolaysirs on N/loll
hydrochloric acid at 200 C for 10 mIII time tHins were
swept off the surface, dried and examined by infrared spectroscopy. The spectra in all cases showed
very little deuterium-exchange and were typical of
polypeptides in the a-helical form. Exchange was
observed in similar experiments using a substrate
of N/iOO sodium hydroxide though it was not always
complete, and again the spectra were consistent with
the presence of the a-helix. A series of experiments
with poly-y-mnethyl-L-glutamate has shown that the
exchange depends on the time the ifim is on the
substrate and it is favoured by a high pH and tomeperature. The spectra show that these same conditions also eventually lead to the formation of the
extended -conforniation. These results are all con-

sistent with the general presence of the a-helix which
becomes less stable on alkaline substrates so that
ultimately the p-conformation may be produced.
Measurements of the area per residue on a Langmuir
trough supported this conclusion and agreed within
10 per cent of the areas calculated from the closest
packing distances obtained by X-ray diffraction
observations of the polymers in the a-helical form.
The surface potentials observed varied from 340 mV
to 590 mV on the acid substrate and were somewhat
loss on the alkaline. The a-helix can have no appreciable dipolo.momcnt at right-angles to its axis
sinless the side-chains are polar and are arranged
asymmetrically on the water surface. If the conclusions presented here are correct this must mean
that, at least for the polymers with hdrocarbou
side -chains, the surface potential arises mainly from
adsorption of water molecules on to the helix.
Since the a-helix is probably the stable conformation of these polymers in a non-hydrogen-bonding
environitiorit, a further conclusion is that this will
also be their probable conformation at the oil-water
interface. Doty6 has shown that the helical content
of proteins in solution is increased by decreasing the
hydrogen-bonding capacity of the environment. In
the light of the results given here, this suggests
that at least the regions of proteins where the sidechains are mainly hydrocarbon will he in a helical
conformation at the lipid-water interface. Quito
possibly the unfolding observed with proteins at
interfaces is often a loss of the tertiary structure.
The possibility that the a-helix is stable at the
lipid-water interface is of considerable importance
in relation to the biotliot nical act vity of* interfaces.
In contrast to extended chain cotiformnations, tho
all-round arrangement-, 1)1 side
in relief) velv
well-defined positions could lead to specific interactions with adjacent protein, witli flio it 0511)1 )110!its
of the lipid and with the aqueous phase.
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Structural Changes and Molecular Forces
in a Compressed Synthetic Polypeptide
Monolayer
B. R. MALCOLM
It has been found that structural changes take place when a monolayer of
poly-y-methyl-L-glutamate is compressed. The first stage is the regular collapse
of the a-helices in the monolayer to form a bilayer. Further compression
appears to cause the formation of a third layer of molecules before the film
starts to fold and collapse completely. During this process the molecules become
aligned with the mean direction of their cues at right angles to the direction
of compression. Front the force required to produce a bilayer and the angle
of contact of the polymer/liquid interface, the work of cohesion of the polymer
has been calculated. Taking into account the molecular structure of the bilayer,
and making certain assumptions, the mean work of cohesion per mole of
residue pairs has been found to be 36 kcal.
EVIDENCE has been obtained to show that the monolayers of a number of
synthetic polypeptides are in the a-helical conformation at the air/water
interface (Malcolm" 2) whereas previous work based on the traditional
methods of surface chemistry has led to extended conformations being
proposed (Cheesnian and Davies'). The hypothesis, that for certain
synthetic polypeptides the a-helix is stable at the air/water interface, has
been based not only on their surface chemistry but also on measurements
of deuterium exchange rates and examination of collapsed films by infra-red
spectroscopy. Further evidence (to be published), which supports the
original conclusions, has since been obtained from electron diffraction
examination of collapsed monolayers.
The a-helix is rigid and rodlike by comparison with most polymer
conformations, so that the molecules in a monolayer must pack together in
parallel groups. It appears that, as a consequence of the local order
existing in the groups, when the molecules are compressed a bilayer is
formed as a regular process. Since the pressure required to form the
bilayer is dependent on the cohesive forces of the molecules of the polymer
and the substrate, these observations lead to a new experimental approach
to understanding molecular cohesion.
Results will be given here for poly-y-methyl-L-glutamate to illustrate
the process. A full account of the structure and properties of synthetic
polypeptide monolayers, particularly in relation to their biological interest,
will be given elsewhere.
EXPERIMENTAL

Poly-y-methyl -L-glutamate with a reported intrinsic viscosity of 1-04 in
dichloracetic acid was used, prepared by Yeda Research and Development
Co. Ltd. The molecular weight was estimated by the makers to be
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260 000 from viscosity measurements by comparison with measurements
on poly-y-benzyl-L-glutamate. Standard solutions for spreading monolayers were made by dissolving about 10 mg in 1 nil dicliloracetic acid
which was then made up to 10 nil by addition of chloroform. About 0-03
nil of solution was spread on a clean water surface in a fused quartz
Langmuir trough. The work was greatly facilitated by the use of a new
type of film balance (Malcolm and Davies') consisting essentially of a
bent metal strip with its lower edge in the interface. The deflection of
the strip, which is proportional to the force on the film, is measured with
a microscope. With a platinum-2% rhodium strip 0003 in. thick, I in.
wide. 1 mm deflection corresponds to a force of 23 dyne cm-1 on the
monolayer. The monolayer was compressed by a barrier moving continuously at the rate of 2 mm/mm. All other experimental details, which
followed the usual procedures of surface chemistry, were as given
previously2 .
RESULTS AND DISCUSSION

Surface area measurement

The force/area curve for a monolayer spread on 001 N hydrochloric
acid is shown in Figure 1. Similar results were obtained using a substrate
700

500

400 >
300
200

Area/residue,

Figure 1—Force/area (F) and surface potential measurements (V) for
a monolayer of poly-y-methyl-Lglutamate on 001 N hydrochloric
acid, 20°C

2/res.

of distilled water. The monolayer, as prepared, is stable over many hours
and the force/area curve unaffected by doubling the rate of compression.
Extrapolation of the first steep rise of the force/area curve to zero pressure
gives an area per residue of 175±03 A2. At a pressure of 20 dyne cm-1
there is a yield point and under slow continuous pressure the film sustains
an almost constant force until, at about 10 A2 /residue, the force on the
film again rises until at 70 dyne cm' the film finally collapses. This is
shown by irregular movements and rapid drifting of the film balance.
The area per residue of 175 A2 may be compared with 179 A2 calculated
assuming that the molecules are in the a-helical conformation and packed
at the same distance as in the solid state in a hexagonal cell with a= 1195 A
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and an increment of 15 A per residue along the molecular axis'. Precise
agreement is not to be expected since the packing of the molecules in a
monolayer is not necessarily the same or as perfect as in the crystalline
state. This evidence and measurements of deuterium exchange rates (to
be published) are consistent with the assumption that the molecules are in
the a-helical conformation. Without this hypothesis it is difficult to
explain many of the observations.
An area of 10 A2 /residue is too small to accommodate any reasonable
conformation of this polymer in a monolayer and the plateau must therefore
be associated with molecules being forced out of the surface and forming
a second layer. The plateau does not quite extend to half the condensed
area of a monolayer, which suggests that a proportion of the molecules in
the monolayer are not in a regular arrangement and therefore require
additional work in order to force them out of the surface. At this stage
some might start to form a third layer. Over the extent of formation of
the plateau, however, the collapse is probably propagated from points where
isolated molecules are forced out of the surface. Adjacent molecules in
the lower layer will then be in an asymmetric field and pulled upwards.
They in turn will act on further molecules. The plateau has not, in any
case so far examined, been found to extend to less than half the area of
a close-packed monolayer. Its length and the pressure required to form it
under given conditions appear to be quite reproducible and a characteristic
of the polymer.

'I)

Figure 2(a) Stress/area diagram
derived from Figure 1. and (b) the
per cent
effect of the addition of
v/v isopropanol

Area/residue,

4 2/res.

The conventional force/area curve for a monolayer, as in Figure 1, is
probably not the best way to present experimental data in which changes
in the mechanical strength of the structure may be taking place. An
alternative way is shown in Figure 2, in which the product of the force
F (in dyne cm') and the area A (A2 /residue) is plotted against A. The
product FA represents a quantity proportional to the force per unit cross597
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sectional area (i.e. stress) that would be applied to a homogeneous material
which increased uniformly in thickness as the area of the film decreased, so
that the density remained constant. The deformation of the film as measured
by the decrease in area, may be considered to represent the strain on the
film and thus Figure 2 is a form of stress/strain diagram. The collapse of
the film to a bilayer is now shown as a continuous decrease in the stress
sustained by the film until the process is complete. A further collapse
is also indicated giving rise to a minimum at about 6 A2 /residue, which
is probably associated with the formation of a third layer of molecules. The
peak of the curve at about 4 A3 /residue is caused by the onset of folding
and collapse of the film, though it may be mentioned that with poly-Lnorleucine a further peak is observable before collapse, suggesting the
formation of a fourth layer of molecules.
The stress, as calculated from the product PA, is only strictly meaningful
when the film is of uniform thickness, i.e. after the formation of an integral
number of layers. Nevertheless the fact that after what has been interpreted
as a regular collapse is followed by an increase in the stress, as calculated,
is a good indication that a transformation giving rise to an ordered structure
has taken place. It will be seen that this type of analysis enables information
to be obtained which may otherwise be hidden in the steep portions of a
force/area graph. Finally, it should be pointed out that since the molecules
are becoming orientated during compression (see below) a more detailed
analysis of the data should take this into consideration.
Surface potential measurements
Above about 20 A2 /residue the surface potential is non-uniform showing
that the monolayer is condensed. Below 20 A"/residue it rises in proportion to the fractional decrease in area down to 17 A2 /residue (Figure 1).
This suggests that the dipoles contributing to the surface potential are not
becoming reorientated, but simply pressed closer together. Between the
yield point and 10 A2 /residue the potential remains almost perfectly
constant.
In the case of poly-L-alanine the surface potential arises entirely from
a net reorientation of the water molecules consequent upon spreading the
monolayer2. This is because, on account of its symmetry, the backbone of
a long a-helix can have no dipole moment at right angles to its axis. If,
however, as is the case here, the polymer has flexible side-chains, besides
the component from the water, an additional contribution is to be expected
in a monolayer arising from the dipoles in the side-chains. These will
produce a direct component if the dipoles in the side-chains are not
arranged in a symmetrical manner so that they cancel out, and an indirect
component arising from interaction of some of the side-chain dipoles with
the underlying water. It is not possible to judge how big these contributions are, but they appear largely to cancel each other out since the
resultant potential is comparable in magnitude to poly-L-alanine. The
second layer of polymer might reasonably be expected to have its sidechains in an approximately helical arrangement so that neither the sidechains nor the peptide groups of the second layer can give rise to a
potential. If the horizontal plateau in the force/area curve is attributed
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to the steady formation of a bilayer of a helices, the remarkable constancy
of the surface potential below 17 A2 /residue can therefore be understood.
On the other hand, if the structure of the first layer were an extended polar
structure, which underwent a reorientation or conformational change at
the yield point, the surface potential would in general be expected to
increase or decrease on further compression.
The inechanisin of bilayer formation
The pressure required to form a bilayer is altered by not more than one
per cent (approximately the limit of relative accuracy for two consecutive
experiments) by raising the temperature from 20°C to 30°C or by changing
the substrate from 001 N hydrochloric acid to distilled water. However,
addition of half of one per cent by volume of isopropanol to the trough
reduces the pressure required by 5 dyne cm' (Figure 2). This suggests
that the pressure necessary is dependent on the work of adhesion of the
monolayer to the substrate and gives a clue to the underlying physical
process. The work done (if the conversion were 100 per cent) in forming
1 cm' bilayer at the observed pressure of 20 dyne cm' is clearly 20 ergs.
Since this involves the removal of 1 cm2 of monolayer from the water
surface, energy must be supplied equal to the work of adhesion W. of the
monolayer to the substrate. This may be calculated from Young's equation
WsL =y, A(1 +cos 0)
where YIA is the surface tension of the liquid with respect to air and 0 the
angle of contact for the polymer/liquid interface'. 0 has been measured
by casting a thin clear film of polymer on a glass plate and using the usual
dipping plate technique7. The value obtained, once the polymer has been
dipped below the surface, is 58° ±2° for both distilled water and 001
N hydrochloric acid. Addition of half of one per cent isopropanol lowers
O by about 2°. A value 5° higher is obtained if the surface has not
previously been wet; this type of hysteresis is not uncommon, but the
reason for it in this instance is not known. Taking the value of 58° and
y,, = 72-8 dyne cm -' the work of adhesion of the polymer to water is
approximately 111 erg cm-2. Since the mechanical work done in compressing the film is only 20 erg cm', it follows that the additional energy
for the formation of the bilayer, 91 erg cm-', is derived from the work of
cohesion of the second layer of molecules on top of the first.
It is convenient to introduce here the term 'residue-pair' when discussing
a bilayer meaning one residue from each layer. If the bilayer is taken to
have a projected area per residue pair of 179 A2, from the figure above
the work of cohesion per mole of residue pairs is 235 kcal. If it is
assumed that the molecules pack in the same manner as in an infinite
hexagonal cell, with the a and c axes parallel to the surface, two thirds
of the total number of residues in an infinite structure may be considered
to be involved in holding adjacent planes together (the remaining one third
hold the molecules together within the plane as, we assume, in a monolayer).
Thus the mean work of cohesion of all the residues in an infinite hexagonal
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structure is 35 kcal/mole of residue pairs (subject to a small correction,
see below).
This analysis neglects changes in the entropy of the molecules as a result
of the formation of the bilayer. Since both before and after the transition
they are presumed to be packed in parallel groups, the entropy change
involved is likely to be very small and is neglected.
The assumptions concerning the way the molecules pack when the bilayer
is formed require further justification since (a) when the bilayer starts to
form, the monolayer is under pressure and occupying 16 A2 /residue rather
than 179 A2 /residue as in an unstrained hexagonal cell, and (b) it has been
assumed that in an unstrained bilayer the packing is hexagonal rather
than, say, orthorhombic. A correction for (a) can be estimated from the
additional work involved in compressing a bilayer from 179 A2 /residue
pair to 160 A2 /residue pair. If this is taken as approximately twice the
work done in compressing a monolayer over the same monolayer areas,
the work done on a bilayer is 2 erg cm- . Thus the mechanical work done
on a monolayer to convert it to an unstrained bilayer is reduced from 20
to 18 erg cn1 2. This increases the calculated work of cohesion to 36
kcal/mole of residue pairs. Assumption (b) is reasonable since there is
fairly good agreement between the observed area per residue for an unstrained monolayer and the area expected assuming the same intermolecular
distance as in a hexagonal cell, and also it is consistent with the results of
electron diffraction examination of the collapsed multilayer (see below).
A further assumption is that the work of cohesion only involves nearest
molecules, so that the work of cohesion between the planes of a bilayer
is assumed to be the same as between similar planes in an infinite structure.
A similar point arises in applying the angle of contact derived from measurements on a cast film of polymer to the calculation of the work of adhesion
of a monolayer. In the absence of ionic interactions these are probably
good approximations. A more difficult problem is to be sure that the
angle of contact measured on the surface of a cast film is strictly applicable
to a monolayer, where the structure of the film may be rather different.
This may not be a serious limitation, but in the absence of any obvious
experimental approach to justify this point, it should be borne in mind.
The corrected value for the work of cohesion per residue pair, 36
kcal/mole, appears reasonable. Interpenetration of the side-chains, for
which there is direct electron diffraction evidences, must make an important
contribution to this figure as a result of dipole and van der Waals interactions. However, it is not possible to suggest precise conformations
remembering that the helices do not have an integral number of residues
per turn and are probably packed with the peptide sequence of individual
molecules running randomly in either direction with respect to the molecular
axis. The figure is therefore an average value for the diversity of packing
arrangements which must be present.
Observations using electron diffraction
If a film is further compressed after the point of final collapse, wrinkles
develop which can be seen by oblique illumination of the surface, it can
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then be removed as described previously2 or picked up on electron microscope grids. The grids are dropped on to the film and the film and grids
are then lifted off by means of a piece of Perspex, to which the film adheres,
being gently placed on the surface. Optical microscope examination shows
that in all cases so far examined, the molecules have become orientated
with the mean direction of orientation at right angles to the direction of
compression. Electron diffraction patterns (to be published) obtained with
an Associated Electrical Industries E.M.6 electron microscope show clearly
the main diffraction features of the a-helix including the meridional reflection at 15 A. In the particular case of poly-y-methyl-r.-glutamate it is
often possible to observe what approximates to a 'single crystal' diagram
in that the diffracting crystals in the field (diameter 61,) are not only all
orientated with their molecular axes (c axis) in approximately the same
direction but also with an a axis in the plane of the specimen. The diffraction pattern has therefore fewer reflections than the usual type of fibre
diagram. This is good support for the hypothesis that the molecules are in
the a-helical conformation in the monolayer, and for the interpretation of
the surface chemistry data. It also suggests that the procedure used to
prepare the specimens might be developed into a logical and precise method
for preparing orientated polymer specimens for electron diffraction and
other purposes.
CONCLUSIONS

Isemura and Hamaguchi have made observations on the surface chemistry
of a number of polymers including poly-y-methyl -L-glutamate. They
appear to have observed a similar collapse phenomenon to the one described here in poly-DL-a-aminocaprylic acid and poly-DL-a-amino-capric
acid', which, however, they attribute to a reorientation of the molecules
and, in poly-y-benzyl-L-glutamate and -DL-glutamate", without offering an
explanation. Their data for poly-y-methyl-L-glutamate appear to be
seriously in error, possibly in part due to the use of pyridine as a spreading
solvent. They consider the conformation to be that proposed by Ambrose
and Hanby" for the a-structure, but in view of later work (Bamford, Elliott
and Hanby') and the work reported here, this seems unlikely.
It remains to be seen how general is the formation of a plateau in
force/area curves of other polymers. So far, it has been found in the
methyl, ethyl and benzyl esters of poly-L-glutamic acid, but only an inflection
is observed in polypeptides with normal hydrocarbon side-chains unless
the side-chain has four or more carbon atoms. It would, therefore, appear
that the formation of a bilayer is facilitated by a measure of flexibility in
the side-chains.
When it can be shown that the collapse of the polymer film is a
regular process, as it is here, observations on synthetic polypeptide monolayers can evidently provide a direct quantitative experimental approach to
understanding the cohesional forces between molecules. The information
which might be obtained in this way is particularly important in relation
to a proper understanding of the stability and conformational changes of
proteins.
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1 am indebted to Mrs V. Bateman for technical assistance and to Dr
G. H. Haggis for advice on electron diffraction methods.
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Molecular structure and deuterium exchange in
monolayers of synthetic polypeptides
By B. R. MALCOLM
Department of Molecular Biology, The University of Edinburgh,
The King's Buildings, Edinburgh 9
(Communicated by TV. Cochran, E.R.S.—Received 30 October 1967)
[Plate 4]
An investigation has been made of the structure and properties of synthetic polypeptide
monolayers spread at the air/water interface. Two series of high molecular weight polymers
have been examined, esters of polyglutamic acid and polymers with hydrocarbon side-chains.
The structure has been investigated by measurement of the force/area relations and surface
potentials with a Langmuir trough, and by measurement of the exchange rates of peptide
deuterium. These direct methods have been supplemented by observations by infrared
spectroscopy and electron diffraction on collapsed films removed from the surface. It is
found that in all cases the properties of the monolayer are consistent with a structure consisting of condensed ordered arrays of a-helices. The collapse of a monolayer to form a bilayer
causes either a plateau or an inflexion in the force/area curve. From the pressure required to
form the bilayer and the work of adhesion between the polymer and water, obtained from
Young's equation, the free energy of the polymer/vapour interface has been calculated. The
deuterium exchange measurements show that exchange can take place in an intact a-helix,
and how the exchange rate is influenced by the accessibility of the peptide group to water,
the pH of the substrate and the hydrophobic nature of the side chain; the conclusions are
important in the interpretation of deuterium exchange in proteins.

INTRODUCTION
Recent advances in the study of large molecules in the crystalline state have not
been accompanied by corresponding improvements in methods for the study of
systems with lower degrees of order. Nevertheless, in order to understand intermolecular cohesion, interfacial reaction mechanisms and the structure of biological
membranes, it is essential to obtain a detailed picture of surface and lamellar
structures. The standard methods of surface chemistry are of course valuable, but
the information obtainable is restricted and in some cases interpretation of the data
has been rather speculative. To obtain more information it is necessary to try to
bridge the gap between classical surface chemistry and the usual methods of
structural investigation.
In the work to be described, the standard methods of surface chemistry have been
supplemented by using infra-red spectroscopy, deuterium exchange and electron
diffraction, to give an understanding of the structure and behaviour of molecular
monolayers of synthetic polypeptides spread at the air/water interface. These
polymers have considerable intrinsic interest, and in addition they have been
extensively investigated as model compounds for proteins. Their value in this
respect has been limited in some instances, since many are insoluble in water. This
limitation does not apply to the monolayer state and these materials provide an
i:
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opportunity to examine hydrogen bonding and hydrophobic interactions in the
asymmetric environment of the water/polymer/air interface.
While a number of individual polymers have been previously investigated, it is
of great value to be able to make comparisons to assess the effects of side-chain size
and hydrophobic character from one polymer to another. Two series of polymers
have therefore been used, three esters of poly-L-glutamic acid, and five polymers
with hydrocarbon side-chains, poly-DL-leucine and four with unbranched side-chains
containing one to four carbon atoms.
The primary aim of this work was to establish as precisely as possible the conformation of the polymers at the air/water interface. Cheesman & Davies (1954)
concluded that monolayers of polypeptides consisting of non-polar residues are
folded at the air/water interface with the side-chains alternately up into the air and
down into the water, and Mishuck & Eirich (içç) discussed their results in terms
of a similar extended chain conformation. At the oil/water interface the chains were
all supposed to be free to enter the oil. Bamford, Elliott & Hanby (1956) found this
model unconvincing and suggested that the a-helical fold of Pauling & Corey (1951)
should be considered a possibility at the air/water interface. They pointed out that
often the area per residue, measured with a Langmuir trough, agreed well with the
area calculated from X-ray data on the polypeptide in the a-helical conformation.
However, not all the published data agreed with this hypothesis; Cheesman &
Davies found for poly-DL-leucine an area of 17A2 per residue on 001 N hydrochloric
acid but only 15A2 on 01N sodium hydroxide; Cumper & Alexander (1950)
obtained 14A2 per residue for poly-DL-phenylalanine and Isemura & Hamaguchi
(1952) found 9.8A2 per residue for poly-y-methyl-L-glutamate, areas too low to
accommodate a-helices. Higher areas around 17 to 18A2 per residue can often be
interpreted either as a-helices or extended chains. At the oil/water interface, the
suggestion that the side-chains are all directed into the oil cannot be applied to
polymers consisting of only one enantiomorph since, as has been pointed out
(Malcolm 1965), with a planar trans amide group and the usual bond angles, conformations with the side-chains all directed to one side of an interface are impossible.
The surface potential has frequently been used to provide information about
the orientation of polar groups at interfaces and Davies (1 95 1, 1953 a, b) related the
surface potential of poly-DL-leucine to the orientation of the C=O dipoles. It has,
however, always been recognized that, as a consequence of the way the potential
is measured and defined, it includes an unknown contribution arising from the
dipoles of the water (Adam icya; Davies & Rideal 1961), and Alexander (1958) has
pointed out in this context that attempts to relate the orientation of peptide dipoles
directly to the surface potential can give rise to anomalies.
The foregoing shows the need to extend the standard methods of surface chemistry
and to supplement them with further both direct and indirect methods. Structural
studies by X-ray diffraction methods on monolayers are not of course possible, but
by removing the monolayer a dry multilayer specimen can be prepared and
examined by any of the usual methods. Astbury & Bell (1938) used this method to
study monolayers of egg albumin and concluded that the dry film consisted of
protein in the fl-conformation. Others do not seem to have followed up this approach.
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In the work to be described, X-ray methods have not been used since the quantity
of material obtainable from a single monolayer is very small; it is, however, sufficient
for examination by infrared spectroscopy. This method has added advantages, not
only does the spectrum give information about the structure of both the crystalline
and amorphous regions of the specimen, subjected only to vacuum drying after
removal from the interface, but it has been found possible to use the absorption
spectrum to measure the rate of deuterium exchange in the monolayer (Malcolm
1965). This provides a direct method for investigating hydrogen bonding in polypeptide monolayers and extends the methods pioneered by Linderstrøm-Lang and
on proteins and related compounds in solution.
co-workers (Hvidt & Nielsen 1966)
Studies on model compounds in solution show that there is rapid exchange between
peptide deuterium and hydrogen when the peptide group is free to hydrogen-bond to
solvent water. In proteins there is usually a slowly exchanging component, and this
is related to the conformation of the molecule. Detailed interpretation of the results
from proteins is complicated and some of the problems will be discussed in the light
of the results from monolayers, which are useful model systems in this respect. In
applying this method to investigate the structure of a monolayer caution is necessary. However significantly different rates of exchange are to be expected in a
monolayer composed of -helices, compared with conformations in which the
N—D groups are either hydrogen-bonded to the underlying water or exposed to the
saturated water vapour above the interface.
When monolayers of the polymers considered here are collapsed and removed
from the surface to provide specimens for infrared spectroscopy, they are found to
be in the cz-helical conformation (Malcolm 1962, 1965). This has now been confirmed
by electron diffraction and together these are useful indirect methods. Nevertheless,
there is always the possibility of a conformational change on removing a monolayer
from the surface, and this is almost inevitable if it is stabilized, (e.g. by hydrogenbonding) by direct interaction with the substrate. It is therefore essential to correlate
conclusions drawn from indirect observations with those from direct methods.
Thus, in the work to be described, while infrared spectroscopy and electron diffraction have shown beyond reasonable doubt that all the polymers after removal from
the interface are in the a-helical conformation, pains have been taken to try to
establish whether or not this is their stable conformation at the air/water interface.

MATERIALS AND METHODS
Materials

Poly-y-methyl-L-glutamate and poly-y-benzyl-L-glutamate were obtained from
Yeda Research and Development Company Limited, Israel. The molecular weights
were estimated by the makers from viscosity measurements to be 260 000 and
75000 respectively. The following polymers were kindly provided by Mr W. E.
Hanby of Courtalds Ltd, Coventry; where possible and when available in sufficient
quantity for viscosity determinations, the reduced viscosity (1/base mole) measured
at 1% concentration in dichloracetic acid is given in brackets: poly-D-alanine (21.6),
poly-D -X-amino -fl butyric acid (29), poly-L-norvaline, poly-L-norleucine, poly-DL-
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leucine and poly-y-ethyl-L-glutamate. These polymers had all been prepared to
give high molecular weight material. The methyl-, ethyl- and benzyl- esters of
poly-L-glutamic acid will be denoted by PMG, PEG and PBG respectively.
All solutions for spreading monolayers, except for poly-DL-leucine, were made by
dissolving about 10 mg of polymer in 1 ml. dichloracetic acid and making up to a
volume of 10 ml. by addition of chloroform; for poly-DL-leucine, benzene was used
instead of chloroform. Where N-deuterated polymers were required, the dichloracetic acid was prepared in the O-deuterated form by repeated distillation from a
mixture containing an excess of 998 % D.O. Analytical reagent grade chemicals
were used without further purification. Twice distilled water (the second time from
alkaline potassium permanganate solution) was used in the Langmuir trough.
Dichloracetic acid was purified by vacuum distillation.
Force/area and surface potential measurements
A fused quartz Langmuir trough 15 cm wide was used with a new type of film
balance (Malcolm & Davies 1965), consisting essentially of a platinum/2 % rhodium
strip lin. wide, 0003 in. thick bent to form three sides of a rectangle. Each end of
the strip is clamped and mounted with the long dimension of the strip, 145 cm, at
right angles to the sides of the trough. The lower edge of the strip is in the interface
forming a flexible barrier across the surface. The deflexion of the strip, which is
proportional to the force on the film, was found to take 23 dyn/cm for 1 mm deflexion
of the centre of the strip. This was measured with a microscope fitted with a micrometer movement to ± 0002 mm.
After the water in the trough had been repeatedly swept clean, the flexible barrier
was placed in position and about 003 ml. of solution of polymer applied to the
surface from an all-glass Agla micrometer syringe. The monolayer so formed was
compressed against the flexible strip with a waxed glass barrier which moved
forward continuously at the rate of 2 mm/mm. Surface potentials were measured
with a potentiometer coupled to a Lindemann electrometer and a 1 mO polonium
air ionizing electrode above the surface; contact to the trough was made with a
calomel electrode.
Infrared spectroscopy and measurement of deuterium
To remove polymer monolayers for examination by infrared spectroscopy, compression of the film was continued until the separation between the barriers was
about 16 cm. The collapsed film could then usually be removed as a narrow strip
of wet polymer, by drawing a barium fluoride plate across the trough between the
two barriers. It was then gently blotted down and dried in a vacuum. For the
measurement of deuterium exchange rates compression was manual, much more
rapid, and as soon as the wet polymer strip was removed, it was rinsed with 001 N
hydrochloric acid to reduce any further exchange to a minimum. In some instances
the strip of polymer was found to be rather white as a result of the vacuum drying.
This caused appreciable scatter of infrared radiation and could be avoided by
applying to the dry film a drop of benzene, which rapidly evaporated, to leave a
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compact clear film. This procedure was used only for deuterium exchange
measurements.
Infrared spectra were obtained with a TJnicam SF 200 spectrometer, taking care
that the plane of the specimen was accurately located in the image plane of the
spectrometer entrance slit; the specimen was then adjusted for maximum absorption. From the spectrum the deuterium content was obtained from the relative
strengths of the NH and ND stretching bands Ca. 3300 and 2400 cm' respectively,
in the following way. As prepared the specimens were non-uniform; this causes the
relative strengths of the various bands to depend in a complex manner on the
precise distribution in extension and thickness of the part of the specimen imaged
on the spectrometer slit. In addition, the area so imaged changes with wavelength,
as a result of the slit closure mechanism. Since, however, certain bands in the
spectrum are almost completely unaffected by the peptide deuterium content, it is
possible to use these as controls to apply an approximate correction for the nonuniformity of the specimen. It is assumed that the specimen approximates to a

NH/amide I
FraiiaE 1. Graph showing the relation between the peak optical density of the NH and ND
stretching bands, measured as a fraction of the amide I density, for a series of partially
deuterated specimens of poly-y-ethyl-L-glutamate.

uniform specimen which obstructs only a part of the beam, the remainder being
transparent. A corrected 100 % absorption is then found to give the two control
bands their correct relative strengths (which can be determined approximately in
separate experiments) and this new 100 % mark then used to obtain the optical
density of the NH and ND bands. Since the density of these two bands was never
high and consequently not very sensitive to non-uniformities, the application of
this approximate correction enabled reasonably accurate measurements to be
obtained. In the case of the glutaniic acid esters, the controls used were the ester
C=O band at Ca. 1730 cm-1and the amide I band at 1660 cm-1. For the remaining
polymers, except poly-D-alanine, the OH stretching band was used with the amide I
band. For poly-n-alanine, no correction was applied (Malcolm 1965) owing to the
weakness of the OH band; fortunately this polymer gave very uniform films.
The extinction coefficients of the NH and ND bands can be quite different. This is
shown clearly in figure 1, where the corrected peak optical densities of the NH and
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ND stretching bands divided by the density of the amide I band (which is independent of the deuterium content) are plotted, one against the other, for the series
of partially deuterated specimens used to measure the deuterium exchange rates of
PEG. It will be seen that the intensity of the ND band decreases linearly as that of
the NH baud increases, and from the slope of the graph, the NH absorption is
approximately 22 times stronger. The percentage of peptide hydrogen is then
calculated from
/
100 0/0'
/
/0
- (NH)+22(ND)
when (NH) and (ND) are the peak optical densities of the NH and ND stretching
bands in a given specimen. Analysis of the results for other polymers has produced
similar linear graphs, with values from the slope ranging from 133 to 23. To neglect
this point, and calculate the deuterium content directly from the relative strengths
of the NH and ND bands, as has been done in the case of proteins (Haggis
is
in general incorrect and can give rise to large errors.
Electron diffraction
Specimens for electron diffraction were prepared on a substrate of distilled water,
the monolayers being compressed until the separation between the barriers was
about 1 cm. The collapsed film so formed had an average thickness of about 200A.
Electron microscope grids were then dropped on the surface and the polymer film
and grids lifted off by placing a strip of Perspex, to which the ifim adhered, on the
surface. The air-dried specimens were examined by selected area electron diffraction in an Associated Electrical Industries E.M. 6 electron microscope, with a field
6 tm diameter and 50 kV working voltage. The instrument was set to 'Alinement'
rather than 'Diffraction', since as pointed out to me by Miss J. Smart (Queen
Elizabeth College, University of London), usefully higher magnification is thereby
obtained. Dr G. H. Haggis also provided valuable help in the early stages of this
work. Both condensers were fully defocused and it was found essential to keep to
a minimum the time the specimen was exposed to the electron beam. Exposure
times of about 20's were used with Ilford HPS plates. Calibration rings from
magnesium oxide powder were obtained by condensing the powder from a burning
magnesium ribbon on part of some specimens. This also provided a check on distortions within the instrument. In the results quoted the departure from true
circularity of the diffraction rings was less than 1 %.
Measurement of angles of contact
To measure the angle of contact between the polymer and a liquid, the usual
dipping plate technique was used. Uniform thin clear films of polymer were prepared
by drying down solutions spread evenly on microscope slides. An illuminated slit
was viewed by refiexion at the liquid surface, and the angle of contact determined
from the angle of the slide when set to give an undistorted image of the slit right up
to the polymer surface. When the angle was greater than 90° this technique was
modified by using a cell with transparent sides, so that an image reflected from the
polymer/water/air contact would be viewed from below the liquid level by total
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internal refiexion. In most cases two values for the angle of contact were obtained,
the first when the freshly prepared film was brought into contact with the water, and
a second a few degrees lower, after the film had been dipped below the liquid surface.
This second value was used in the calculations that follow since, whatever the cause
of the difference, the value so obtained is most likely to be the one characteristic of
the adhesion of a monolayer to the liquid.
EXPERIMENTAL RESULTS AND DISCUSSION
The force/area curves
Measurements of the force/area relations have been made on a range of substrates,
usually distilled water, 001 N hydrochloric acid, 005 M phosphate buffer pH 75 and
005 M bicarbonate buffer pH 10. Very little dependence of the force/area curves on
pH was found. This is contrary to the situation reported by Cheesman & Davies
(iç), in the case of poly-DL-leucine. While their results agree with figure 2 for
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FIGURE 2. Force/area and surface potential (V) measurements for monolayers spread on
hydrochloric acid pH 2, 20 O a, PMG; b, PEG; c, PBG; d, poly-DL-leucine; e, poly-D-

alanine; f, poly-D--amino-fl-butyric acid; g, poly-L-norvaline; h, poly-L-norleucme.

001 x hydrochloric acid, it has not been found possible to obtain agreement with
the lower area they give for the polymer on 01 c sodium hydroxide. The possibility
that the solvent they used might cause the polymer to be in a different conformation
has been investigated by preparing monolayers from the solvent recommended by
Davies (15 a), consisting of 80% dichloracetic acid, 20 % isopropanol. This was
found difficult to use, but with care the same area was found on both 001 N hydrochloric acid and 0 1 N sodium hydroxide. Since this solvent is more dense than water
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and completely miscible with it, a low result might have been caused by polymer
being carried with solvent into the substrate.
The area per residue, calculated by extrapolation of the first steep rise of the
force/area curve to zero force, is compared in table 1 with the area calculated on the
assumption that the molecules are in the a-helical conformation. The inter-helix
distance used in this calculation is derived from the electron-diffraction observations (see below) on the assumption that there is hexagonal or near-hexagonal
packing, and that the separation between helices in the monolayer is the same as in
the specimens used for electron diffraction. It will be seen that there is reasonable
agreement.
TABLE 1. COMPARISON OF MEASURED AREAS PER RESIDUE
ELECTRON DIFFRACTION OBSERVATIONS
(100) spacing
polymer
PMG

PEG
P130
poly-D-alanine
p01y-D-z-amino-27-butyric acid
poly-L-norvaline
poly-L-norleucine
poly-DL-leucine

(A)

WITH

calculated
area

observed
area

(AZ)

(AZ)

177
197
216
128
145
166
180
192

196
215
138
155
170
173
175

102 (calc.)
113
125
742
8.61
96
104
11.1

175

In the force/area curves of PMG, PEG and poly-L-norleucine there is a plateau
at a well-defined force, over which the monolayer clearly undergoes a transition.
A similar effect has been observed by Isemura & Hamaguchi (1952), in poly-DLammocapryhc acid and poly-DL-a-aminocapric acid, which they attributed to a
reorientation of the molecules. Crisp (1958) has criticized this interpretation and
suggested a transition from a two-dimensional orientated ifim to a three-dimensional
disorientated state. Malcolm (1966) has suggested that the plateau in PMG is consistent with the regular collapse of a-helices in the monolayer to form a bilayer. The
arguments in support of this view, which apply also to PEG and poly-L-norleucine,
are as follows.
The plateau is remarkably fiat (in contrast to the data available to Crisp),
which is a strong indication of a simple first-order phase change.
The area per residue, at the end of the transition, is too low to accommodate
any reasonable monolayer conformation.
The experimental evidence both before the transition, from surface area and
deuterium exchange measurements, and after, from infrared spectroscopy and
electron diffraction studies, is consistent with the presence of a-lielices.
The surface potential remains fairly steady during the transition (see below).
The proposed mechanism of bilayer formation gives reasonable quantitative
data relating to intermolecular cohesive forces.
If a-helices are present in the monolayer, they are in a condensed state and
must therefore be packed in parallel groups. In addition, the temperature coefficient
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of the pressure required to produce a bilayer is small and negative (in the range:
—01 to —0.2dyncm'°C—'). These facts suggest that both the initial and final
states are ordered and that the entropy change in the transition is small.
In the remaining polymers in figure 2, there is an inflexion rather than a plateau,
suggesting that a similar type of transition may be occurring in the other monolayers, but that either the initial or final state is in some way more disordered. In
experiments still proceeding with poly-,g-benzyl-L-aspartate, high molecular weight
material has been found to give a plateau, whereas low molecular weight polymer
(mol. wt. 5000) gives an inflexion at about the same pressure. With this polymer the
length of the plateau depends to some extent on the spreading procedure used to
form the monolayer, but with the group of polymers considered here, any such
effect is slight. Attempts to prepare monolayers with a plateau from polymers giving
an inflexion, have been made. Two methods were used, first to spread monolayers
at ten times the normal dilution of chloroform, and secondly to spread on water at
45 °C and allow the temperature to fall to 20°C before taking measurements. These
approaches produced no detectable effect. Thus the shape of the force/area curve
appears predominantly to be an intrinsic characteristic of the particular polymer
specimen.
When the bilayer is more or less complete, under further compression the film
must continue to increase in thickness either as a result of the regular formation of
further layers, or folding, or both. If compression is stopped the film relaxes, and the
force/area curve is therefore dynamic. Relaxation is, however, slow; any convenient
rate of compression, with up to an hour for obtaining the curve, produces essentially
the same form of curve up to 70 dyn cm' or more, when the ifim suddenly becomes
unstable and collapses.
On the basis of the proposed transition from monolayer to bilayer, considerable
information may be derived concerning the cohesive forces involved. The work
required to remove unit area of monolayer from the water surface Wp/L, can be
calculated from Young's equation, assuming that this equation (Elliott & Riddiford
1964) derived for a smooth solid, may be applied to a monolayer:
Wp/L

= 7L/(1+c050).

YLIA is the surface tension of the liquid with respect to air and 0 the angle of
contact of the polymer/liquid interface. The work W done on the film during compression to form unit area of bilayer is numerically equal to the pressure required
to form the plateau, plus a small correction for the energy stored in the compressed
bilayer amounting to not more than about one erg CM-2. The values calculated for
the work of adhesion WP/L, are greatly in excess of the values obtained for W,
showing that the principal source of energy for the transition from monolayer to
bilayer is the free energy of the polymer/vapour interface, F. Thus the removal
of unit area of monolayer from the water surface to form a bilayer may be expressed
by the equation:
2F i = - YL/A(' + cos 0) + W.
This assumes that the polymer is sufficiently hydrophobic for the work required to
displace any adsorbed water molecules from between the two layers of polymer as
24
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the bilayer forms to be negligible. If this is so, 2Fpiv is approximately the work of
cohesion of the polymer, since it is reasonable to assume that the work of cohesion
between two monolayers is the same as between similar surfaces in a thick specimen
(but see below).
Table 2 shows the values calculated from data for monolayers on distilled water.
The values for 0 are not very accurate (approximately ± 2°) and it has therefore
not been thought justifiable to apply small corrections for the energy stored in the
compressed bilayer. Since the inflexion observed when a plateau is absent appears
to have the same general characteristics and to arise in the same general way as the
plateau, its position has been used to provide a value for W, albeit rather less
accurately; it is not essential for the theory that the bilayer formation shall proceed
to completion, all that is assumed is that the plateau or inflexion represents the
region where molecules leave the water surface and start to form a second layer in
a regular manner.
TABLE 2. APPLICATION OF YOUNG'S EQUATION TO CALCULATE
ENERGIES OF COHESION (20 °C)
2Fj

polymer

0 (deg)

PMG
58
PEG
63
P130
73
poly-D-alanino
42
poly-D--amino-n-butyric acid 57
poly-L-norvahne
87
poly-L-norleucine
94
poly-DL-leucine
97

pressure
to form
bilayer
W
(dyn cm') (erg cm-2)
20
22
Ot
25t
25t
20f
105
20f

1111
106
94
127
1125
766
678
638

(erg cm-2)
91
84
88
102
875
566
573
438

(kcal/mole
pair
residues)
3•43
356
409
304
29
21
21
1-6

t Approximate value.

To express 2FPv on a molar basis and attribute it to the interaction of the sidechains between the planes, it is necessary to make some assumptions concerning
the packing of the second layer of molecules on top of the first. In the absence of
any evidence to the contrary, it will be assumed that the helices pack in the normal
hexagonal manner and that, in an infinite structure, cohesion between (100) planes
can be attributed to two-thirds of the total number of residues. The values of the
cohesive energy so obtained expressed on a molar basis, are mean values for the
many ways in which the side-chains can pack together in a hexagonal structure (see,
for example, Elliott & Malcolm iç).
The pressure required to form a bilayer should decrease as the work of adhesion
decreases and this has been investigated for PMG and PEG. Figure 3 shows a graph
of if against Wp/L for PEG monolayers on water/isopropanol mixtures in the range of
0 to 4 % isopropanol giving a range of YL/A from 728 dyn cm-1 to 54 dyn cm' and
of 0 from 63 to 53°. If _V11,/v were independent of the liquid then from the equations
above, the graph should be linear with unit slope. The observed variation of W with
T'1'/L is good support for the validity of the overall picture, but the slope is not so
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steep as would be expected if Fplv were independent of the composition of the
substrate. Similar results have been obtained using water/acetone mixtures, and it
has been found for both liquid mixtures that a graph of W against IlL/A is linear
with a slope of approximately unity. If the correct value of 0 were around 900 and
the observed value too low, this would account for the result, without postulating
a dependence of Fp1v on the composition of the substrate. This appears unlikely
930 and PEG would be expected to be considerably
since for polyethylene 0 is only
less hydrophobic, and hence with a correspondingly lower value for 0. It must therefore be concluded that Fp/v depends to some extent on the composition of the
substrate. This may be caused by either a direct interaction between the substrate
and the film, or indirectly as a result of adsorbed vapour molecules influencing the
formation of the bilayer. Clearly this should be the subject of a further investigation.

I

YLIA(' +cos 0) (erg cm)
FIGURE 3. Graph showing the relationship between the work W required to form a bilayer and
the work of adhesion of the polymer to the liquid, for PEG on water-isopropanol
mixtures 20 °C.

The validity of the foregoing also rests on the use of Young's equation which, as
has been pointed out by Lester (1961), may not be valid for polymers, since the
component of the liquid surface tension normal to the solid surface may cause it to
deform and produce an error in 0. It is suggested that this may be important if the
Young modulus for the solid is less than 1010 dyn CM-2 An approximate value for
PEG, obtained by measuring the deformation of a thick undrawn fibre loaded at
one end, is 2 x 101 dyn CM-2; there may therefore be an error in the value of 0. However, the thickness of the surface layer of water, assumed to cause the deformation,
is perhaps bA, comparable with the diameter of an a-helix. Therefore, in contrast
to rubbers and similar materials considered by Lester, where individual molecules
are probably flexible, Young's modulus for PEG may not be related very closely to
the deformability of small areas of specimen composed of -helices, possibly in a
para-crystalline array. These considerations lead on to a realization that even if any
deformation is slight, the surface may not be smooth' as is assumed in the derivation of Young's equation. The effect of deformation and irregularities would
probably be to make the true values of 0 higher.
The values in table 2 must therefore be considered inexact. Nevertheless, they
24-2
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appear consistent and reasonable and this is good support for the interpretation of
the plateau and inflexion in the force/area curves. Moreover, in the absence of more
precise methods, the results indicate a new experimental approach to understanding molecular cohesion in polypeptides and perhaps other polymer systems.
The data is of particular interest in relation to understanding protein/water and
protein/protein interactions.
Surface potential measurements
The dependence of the surface potential on area (figure 2) can be understood in
terms of the picture derived from the force/area curves. At areas well above the
condensed area, the surface potential varies widely across the surface, showing that
the monolayer is condensed into large-scale aggregates. As the monolayer is compressed so that it begins to exert a pressure, the potential becomes uniform over the
surface and rises steadily to a peak at an area close to that at which the transition
starts. This monolayer potential has been interpreted, in the case of poly-D-alanine
as arising from a change in the net orientation of the surface water molecules consequent upon spreading the monolayer (Malcolm 1965); this must be so if the
molecules are in the -helical conformation, since a long a-helix, which has a nearly
symmetrical array of dipoles in the backbone and the side-chains, can have almost
no net dipole moment at right angles to its axis, provided it remains undistorted at
the water surface. In poly-D-alanine and the other polymers with hydrocarbon
side-chains, the main dipole in the molecule is the dipole of the peptide group, which
is quite polar with a moment of about 37 Debye units. Thus dipolar interactions
with the substrate water are to be expected; the positive sign of the potential shows
that the positive end of the water dipoles tends to orientate towards the monolayer,
with perhaps a weak hydrogen bond between a water hydrogen and the carbonyl
group. A more complicated situation arises with the esters of poly-L-glutamic acid,
since any distortion of the side-chains at the interface will destroy the helical
symmetry and in general give rise to a net dipole moment. In addition the sidechain dipoles, as well as the peptide groups, will interact with the underlying water.
It is possible that the net effects of the side-chains on the potential is small, since
the observed potentials are comparable to those of the other polymers.
For the polymers with normal hydrocarbon side-chains, the initial rise in the
surface potential is proportional to the increase in the number of residues per unit
area. This is probably a consequence of the condensed aggregates becoming more
closely packed and to some extent, when the side-chain is long, as a result of the
side-chains being distorted under pressure. The surface potential per residue, at the
end of the initial rise, is approximately the same for all four polymers. This suggests
that the interaction of the peptide group with the water is independent of the sidechain size, and that any ordering of the water around the side-chains on the underside of the helices does not affect the surface potential.
When a bilayer starts to form, no change in the surface potential is to be expected,
provided the helices in the second layer are undistorted and do not interact with
either the substrate water or with any adsorbed water molecules present in the film.
It will be seen that for both PEG and PMG, where there are well-defined plateaux
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in the force/area curves, there are corresponding plateaux in the surface potential.
This is not the case with poly-L-norleucine which, like most of the remaining
polymers, shows a small decrease in the surface potential when the bilayer starts to
form. If in these instances the first molecules to move into the upper layer are those
which occupy the smallest area per residue, and we assume that the dipolar contribution of the water depends only on the number of residues per unit area in the lower
layer, loss of the most closely packed molecules to the upper layer would account for
the observed decrease. This would be expected to occur in the most crystalline
regions of the specimen. As the bilayer continued to form compression of the
remaining less crystalline areas of monolayer would then cause the potential to rise
again. A contributory factor here is probably the compressibility of the molecules.
While the backbone of the helix is relatively rigid, long side-chains would be
expected to show deformations under pressure and it is therefore of interest to note
that during the formation of a bilayer the fluctuations in the surface potential are
most marked in the polymers with long side-chains.
An important general conclusion from the surface potential measurements is that
the net reorientation of the water molecules induced by spreading the monolayer
can give rise to large potentials. The usual practice of combining the unknown
contribution of the water molecules with the monolayer dipoles and expressing the
result as a moment per monolayer molecule (Adamson 1960; Davies & Rideal 1961)
has therefore little to commend it. There is then the tendency to interpret the dipole
moment directly in terms of the con-formation of the monolayer, as has been done
by Davies (1953a,b) for poly-DL-leucine and other polypeptides with, on the
evidence presented here for poly-DL-leucine, incorrect conclusions.
The deuterium exchange measurements
The deuterium exchange curves (figures 4 and 5) show that the technique
described produces consistent results. No correction has been applied for any initial
exchange during spreading of the monolayer or for the possibility that the polymer
was not quite 100 % deuterated. Each exchange experiment was timed from the
moment of completion of spreading the monolayer, so that these quantities are
included in the extrapolation to zero time on the exchange curves. So far as possible
the procedures used were standardized, nevertheless variations were observed,
which may be attributed to effects caused by differing rates of removal and drying
of the film, and high accuracy is not claimed for the experimental data. However,
interpretation of the results depends only on the general pattern of the exchange
reaction and this is well established by the results. For the polymers considered
here, of high molecular weight, there is no observable dependence of the rate of
exchange on the area available to the monolayer and compression of the monolayers to 5 dyn cm-1 did not appear to affect the results.
It is reasonable to neglect any reverse reaction and to analyse the results as a
series of one or more first-order reactions. If f is the fraction of peptide groups
which have not exchanged at a time t then
1—f= feit ,Ef i = 1,
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when fi is the fraction of the total number of peptide groups with a first-order rate
constant ki for i different types of sites. In no case, making generous allowance
for experimental errors, is it possible to fit any of the exchange curves using only
one exponential term. In general two or three terms are necessary at each value
of pH.
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FIGURE 4. Deuterium/hydrogen exchange curves for monolayers on substrates of different
values of pH. (a) 005 iu bicarbonate buffer pH 10, (b) 005 M phosphate buffer pH 75,
(c)hydrochloric acid pH 2. Upper graphs PMG; middle graphs PEG; lower graphs PBG.

A few experiments were continued for periods up to 24 h and these suggested that
an additional term was necessary to account for the final very slow exchange. This
has not been given separately in the analysis. Experiments over longer periods
would be desirable; however, occasional darkening of the films and the possibility
of de-esterification under alkaline conditions of the esters of polyglutamic acid,
suggested that experiments over long periods might be suspect.
Table 3 gives approximate rate constants derived from the results given in figures
4 and 5 and the data for poly-D-alanine (Malcolm 1965), at pH 75 and pH 10.

377

Synthetic polypeptide monolayers

Fractions with an exchange half-time of less than 1 min have not been included in
the table. At pH 2 the exchange was too slow to obtain reasonably accurate rate
constants, though there appeared always to be a small initial exchange followed by
a very slow reaction.
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1111111111
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100
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FIGuRE 5. Deuterium/hydrogen exchange curves for monolayers on substrates of different
values of pH. (a) 005 M bicarbonate buffer pH 10, (b) 005 M phosphate buffer pH 75,
(c) hydrochloric acid pH 2. Upper graphs poly-L-norvaline; lower graphs poly-DLleucine.
TABLE 3. RATE CONSTANTS FOR DEUTERIUM EXCHANGE IN MONOLAYERS,

20 °C FOR FRACTIONS WITH
polymer
PMG

pH
7.5
100

PEG

7.5
10.0

PBG
poly-D-alaflifle (22 C)

100
75

10
poly-L-nOrvalifle
poly-DL-Ieucifle

10
75
10

> 1 MIX
f(%)
23
70
43
10
10
12
80
50
5
34
54
5
10
60
20
10
15
60
16
60
20
20

k(min)
002
5x10-4
023
O07
001
02
0002
02
008
0047
00026
02
0014
7x10 5
02
008
007
00043
009
00023
009
00023
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It has not proved possible to measure the activation energy for the exchange
reactions since, in experiments to test this possibility, it appeared that not only
were the rate constants k1 a function of temperature but also the coefficients f.
This is in contrast to the situation found in insulin by Hvidt & Linderstrein-Lang
('955).
For material of high molecular weight, exchange at sites at the ends of individual
molecules (e.g. unbonded peptide groups in c-helices) can make only a very small
contribution to the total exchange, so that it will be neglected in analysis of table 3.
These results provide strong evidence against all conformations hitherto proposed
for monolayers of synthetic polypeptides except the a-helix (or related helical conformations) for two main reasons. First, the observed rates are much slower than
are observed in small peptides and in polymers where hydrogen bonding to water
can take place. Thus for poly-DL-alanine in aqueous solution at pH 75, the empirical
formula given by Bryan & Nielsen (1 960) gives a rate constant of 150 min—' at 20°C,
much faster than could actually be measured. In this case the polymer is either
hydrogen-bonded to water, or in helices of marginal stability. The difference between
this value and the value for a poly-n-alanine monolayer is too great for the polymer
in the monolayer to be hydrogen-bonded to water. Secondly, conformations similar
to the /3-conformation, as proposed by Mishuck & Eirich (155) or the extended
conformation proposed by Cheesman & Davies (1954) are unacceptable since both
these have all their peptide groups similarly situated with respect to the interface,
and there should therefore be only one rate-constant for the exchange reaction.
Even if allowance is made for local variations in the environment of some of the
peptide groups, the wide range of the observed rate constants in monolayers can
hardly be accounted for in this way.
The proposal that the a-helix is the stable conformation in the monolayer
(Malcolm 1962, 1965) can form the basis of a satisfactory explanation of the
deuterium exchange data. Since it is a structure with intra-molecular hydrogen
bonds the general slowness of the reaction is accounted for. In addition, it is to be
expected that at a given pH the rate of exchange of a group will depend markedly
on whether it is on the underside of the helix, between helices or exposed to the
vapour. While peptide groups most closely in contact with the substrate will clearly
be the first to exchange, it is not perhaps wise to try to identify at this stage any
particular rate constant at a given pH with a particular group of exchangeable
sites.
Distortion of the helix arising from the asymmetrical environment cannot be
ruled out, nor do these experiments exclude other helical conformations. One
assumption implicit in this explanation is that the molecules do not rotate appreciably about their axes over the duration of an experiment; if they did, then on a timeaverage all the peptide groups would be exposed to the same exchange conditions
and there would therefore be only one rate-constant. The cohesive forces between
the molecules and interpenetration of the side-chains would be expected to prevent
any rotation, nevertheless a slow random rotation within a monolayer aggregate
by a cog-wheel action is perhaps conceivable, and it is therefore satisfactory to have
evidence that this is not appreciable.
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The deuterium exchange reaction
The exchange experiments, along with the force/area and surface potential
measurements, lead to a consistent and simple picture of the polypeptide monolayer.
The molecules appear to be in a helical conformation, which in the absence of any
evidence to the contrary will be assumed to be the a-helix; indirect observations,
from infra-red spectroscopy and electron diffraction (see below) strongly support
this assumption. Since helices are essentially rod-like, the cohesive forces then cause
the molecules to condense and form parallel arrays with a high degree of order, as is
shown in some instances by the plateaux in the force/area curves. The monolayer
thus appears to be essentially a solid, with the individual molecules having little
freedom to rotate, or to flex within or out of the plane of the interface. Such a
structure is of value as a model system for understanding reactions of biological
interest, and one immediate application is to a better understanding of the
deuterium exchange reactions used to study protein structure. It must be concluded from the stability and regularity of the monolayer that, while some exchange
may first take place around the edges of monolayer aggregates and at the ends of
helices, the bulk of the observed exchange arises from a reaction in which the helices
are not allowed to 'break' or flex. The reaction mechanism must be one in which the
deuterium is removed from the helix with little change in the coordinates of the
other atoms of the peptide group. That exchange at a sufficiently high pH might
take place by such a process, has not previously been shown. Previous experimental
investigations on synthetic polypeptides have been largely restricted, for solubility
reasons, to poly-L-glutamic acid in aqueous solution (Blout, de Lozé & Asadourian
1961) in which very slow exchange was observed at pP 35. Under less acid conditions, where exchange was faster, the a-helix was becoming less stable and conformational changes were probably exposing intramolecularly bonded peptide
hydrogen atoms to solvent (Hvidt & Nielsen 1966).
Thus it has been supposed that the exchange rate of an intact a-helix that is not
allowed to 'break' in order for exchange to proceed might be expected to be negligible under all conditions normally encountered in protein hydrogen exchange work.
On this basis Hvidt & Nielsen (1966) have presented a detailed analysis of deuterium
exchange in proteins. It is assumed that in any protein molecules in which the
macromolecular conformation is hypothetically considered to be fixed, practically
all the peptide group hydrogen atoms fall into two classes of labile hydrogen atoms,
one in which the exchange rate is immeasurably slow, and one which is rapid,
approaching that of low molecular weight polypeptides. The fraction that is
observed to exchange slowly is then attributed to reactions arising from a transconformational change in the protein molecule.
It would appear, from the exchange data on monolayers, that the postulate of
a transconformational change is not always necessary if a-helices are present in the
protein, since a range of slow exchange rates would be expected in helical regions,
determined by the pH and the accessibility of the peptide groups to water. In fact,
a monolayer of a-helices can be considered as a model of a perfectly stable protein,
composed entirely of helices, in which the monolayer/water interface represents the
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outer surface of the protein and the monolayer/vapour interface the interior. This
model shows that even in the absence of a conformational change, exchange would
be expected except under certain acid conditions. Thus the deuterium exchange
measurements of Jordan & Speakman (x 967) on wool, at an arbitrary p11, are not
a reliable direct measurement of a-helical content; the agreement they obtain with
other methods is probably a consequence of the fact that the a-helical regions in
wool are probably the most crystalline and resistant to penetration by water.
It must be concluded therefore that under conditions of pH and temperature
where an intact helix can exchange, the reaction scheme proposed by Hvidt &
Nielsen may require modification, but it is probably satisfactory at p1-1 2 to 3 where
intact helices exchange very slowly.
The deuterium exchange curves and the data in table 3 give some further qualitative evidence concerning the effect of the hydrophobic character of the side-chain
on the exchange rate. Thus PBG exchanges much more slowly than PMG or PEG
at the same PH; similarly, exchange in poly-L-norvahne is much slower than in
poly-D-alanine. Poly-DL-leucine is exceptional, almost certainly because with equal
numbers of D and L residues it is composed of either short lengths of right- and lefthanded helices with intervening breaks, or of helices with both L and D residues in
them, which in either case will be a less stable structure than a helix composed
entirely of one enantiomorph. A consequence of this is that the initial exchange is
larger than in the other polymers.
Although PEG is more hydrophobic than PMG it appears to exchange slightly
faster. There may be several reasons for this. The electron diffraction patterns from
the two polymers (see below) suggest that a PEG monolayer may be less crystalline
than PMG, so that it might be more penetrable to water and hence exchange more
rapidly. This may be helped by the additional methylene group which, while
increasing the hydrophobic character of the polymer, also increases the separation
between the helices. Moreover, a hydrophobic group at the end of a side-chain may
have less effect on the exchange than when it is close to the peptide group. It will
also be noted that the surface potential of a compressed monolayer of PEG is
exceptionally high, suggesting again a particularly strong interaction with water.
Finally it should be remembered that, since the exchange depends on the pH of
the substrate, a full discussion of the exchange mechanism will involve the question
of the accessibility of the peptide groups to solute as well as to water.
The molecular structure of the collapsed monolayer
When monolayers were collapsed and removed from the surface, their infrared
spectra were in all cases consistent with the a-helical conformation. This applied to
both the normal and the deuterated specimens. If therefore any of the polymers had
been in the fl-conformation at the interface, it is necessary to postulate a complete
conformational change caused by removing the monolayer, since the fl-conformation
can be recognized from the position of the amide I band. In early work, however,
spectra showing signs of the fl-conformation were obtained from monolayers of
PMG spread on alkaline substrates (Malcolm 1962). This was correlated with a
force/area curve that was more hyperbolic than usual and deuterium exchange
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FIGURE 6. Electron diffraction patterns from collapsed monolayers spread on distilled water.
(Magn. x 2.) In all cases the outermost reflexion corresponds to a spacing of 1495
± 0005 A: (a) poly-n-alanine, (h) po1y-r.norva1ine, (c) I'MG, (d) PEG.
(Fain(/ P. 3S1)
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which depended on the area per molecule. It appears now that the material used for
this early work was of low molecular weight, possibly as a result of degradation
during storage, and these results need repeating with well characterized low
molecular weight material. Fresh high molecular weight material gives the type of
behaviour described in this paper.
Additional information has been obtained by electron diffraction examination of
the collapsed monolayers, and the photographs in figure 6, plate 4, are typical of the
patterns obtained. In all cases the observation of meridional refiexion at 1.5A and,
with exceptions to be discussed, a general correspondence of the positions and intensities of other refiexions with those obtained in X-ray diffraction studies of specimens
shown to be in the a-helical conformation, show that after removal of the collapsed
monolayers from the surface the conformation is that of the a-helix. It is clear also
that the method of forming the specimen causes the development of a high degree
of orientation, and the molecular axes have been found to orientate parallel to the
TABLE 4. OBSERVED AND CALCULATED SPACINGS FOR PMG FOR
A HEXAGONAL CELL, a = 11.80A, c = 27A
d (obs.) (A)
absent

589
295
544
488
4'01
293
150

d (cab.) (A)
1022
590
2'95
540
493
398
2'93
150

h ic 1
100
110
220
1 12
1 13
1 1 5
1 18
0 0 18

barriers used to collapse the film. This is to be expected if groups of parallel molecules
in no particular orientation, collapse to form anisotropic structures. Viscous drag
during compression would then be expected to cause orientation with the long axes
at right angles to the direction of compression. This appears to be a new method of
preparing thin, highly oriented, polymer specimens. In the case of poly-D-alanine,
deliberate stretching of the film not only improved the orientation but also produced additional refiexions which could be indexed on the cell proposed for the
/3-conformation (Brown & Trotter 1956). It is therefore emphasized that care has
been taken to avoid orientation caused by stretching the specimen during its
removal from the surface.
In general there is not a sufficient number of refiexions to warrant a detailed
investigation of the unit cells, and table 1 gives the (100) spacings calculated
assuming hexagonal packing. The spacing for poly-D-alafllne agrees within the
limits of experimental error with the value given by Brown & Trotter (1956). The
spacing of 125A for PBG may be compared with 126 and 13.2A given by Bamford
et al. (1956) in a specimen showing double orientation. PEG gives equatorial
refiexions at 11.3 and 575A (figure 6d) compared with the value of 1203A from
X-ray studies on material prepared as film or thick fibres (A. Elliott & L. Brown,
and M. Harding, private communications). These differences are probably real and
a consequence of the ways the specimens are prepared.
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In contrast to PEG and PBG, PMG is particularly crystalline (figure 6c) and a
number of refiexions have been indexed on a cell close to that proposed by Bamford,
Brown, Elliott, Hanby & Trotter (1952) (table 4). There are, however, far fewer
refiexions than in the usual fibre photographs of this polymer, and this can be
understood if the specimen approximates to a single crystal with the a- and c-axes
perpendicular to the
The generally complete absence of the strong 100
refiexion that dominates fibre photographs is particularly striking. Only occasionally have weak 100 and 210 refiexions been observed, showing that usually the
a-c planes are not inclined at more than 100 to the plane of the specimen. In some
specimens a weak equatorial arc Ca. 11-4A has been observed, and sometimes in
addition a longer sharp arc at the same spacing but not symmetrical with respect
to the rest of the diagram, as can be seen in figure 6 c. The origin of these refiexions
remains obscure, but one possibility is that they arise as a first-order refiexion from
a simple monolayer lattice of parallel a-helices. Finally it will be seen that there is
a strong layer line streak on the fifth layer line which, as a consequence of the few
crystallographic refiexions, is clearly observed. This probably has its origin in a
measure of randomness in the antiparallel arrangement of the molecules, as has
been found for poly-L-alanine (Elliott & Malcolm 1959).
All the polymers with hydrocarbon side-chains except poly-D-alanine generally
show poor crystallinity and give diffraction patterns similar to poly-L-norvaline
(figure 6 b). It is of interest to note, however, that the densities of the polymers with
normal hydrocarbon side-chains calculated from the electron diffraction data
assuming a hexagonal cell, show a progressive decrease: 1.24, 140, 1-04 and 1 -00 g/ml
as the side-chain increases from one to four carbon atoms. Since the backbone of the
helix mustremain of almost constant density, this large decrease must arise from the
increasingly poor packing of the side-chains. Thus while poly-n-alanine packs
exceedingly well (Elliott & Malcolm 1959) and gives a high cohesive energy, the
helical arrays of longer normal hydrocarbon side-chains are not fitted to dense
packing and consequently the cohesive energies (table 2) show a corresponding
decrease. The density calculated for poly-DL-leucine, 0.88 g/ml. is also very low, as
is the cohesive energy. These correlations are good indirect support for the general
validity of the interpretation of the significance of the force/area curves and the
application of Young's equation.

The mechanism of bilayer formation
In the light of all the experimental results it is possible to put forward a tentative
model for the way in which a bilayer forms. It is likely that when the monolayer is
under pressure, a number of individual molecules are forced out of the lower layer
and act as nuclei for the formation of the second layer. Once this has happened, the
second layer will be formed as a cooperative process as shown in figure 7. Of the two
molecules A and B in the lower layer, B is to some extent more stable than A, owing
to the packing of C above. If there is an interaction between A and C through
attractive forces between side-chains, then A will be the least stable molecule in the
structure and forced into the upper layer. This process will then be repeated, the
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work per residue required to move each molecule to the upper layer remaining
constant.
This process will occur most readily if the side-chains are sufficiently long to
interact, or where there are dipoles in the side-chains which will, if they are sufficiently close, produce an attractive force as in PMG and PEG; for PBG, however,
dispersion forces between benzyl groups may be more important. This scheme also
explains qualitatively why, in the other polymers, four carbon atoms are necessary
in the side-chain before a plateau appears, though it should be realized that,
assuming reasonable inter-helix distances, a four-carbon side-chain is not sufficiently
long for the side-chains of molecules A and C to be in contact. Spontaneous thermal
fluctuations are probably important in all cases in initiating a movement and these
will be most marked when intermolecular cohesion in the monolayer is weak. This
could be another reason why poly-L-norleucine shows a flat plateau whereas
poly-D-ala.nine does not.

F4i1JOOQcJcffl
FIGUnE 7. The collapse of a polypeptide monolayer to form a bilayer,
molecules viewed end on.

When only an inflexion is observed in the force/area curve, the formation of the
second layer probably proceeds less smoothly and produces a less regular structure.
The energy differences involved over the length of an inflexion are, however, very
small; an increase of 1 dyn cm-' in the pressure required to force a molecule out of
the surface, corresponds to only 0.03 kcal/residue at 20A2/residue.
When the bilayer is complete, it is possible that a third layer may in some cases
form by a similar process, though in this case two molecules must be moved, one into
the third layer and one into the second. There is some evidence for this, the force/area
curves of both PMG and poly-L-norleucine both show definite changes of slope
around 6A2 /residue; in addition, the 'single crystal' diffraction pattern of PMG
shows clearly that the final structure has the same orientation of the crystallites
throughout the thickness of the film. This last point is not entirely conclusive since
it is difficult to rule out recrystallization at a later stage in the collapse of the specimen. The diffraction pattern of poly-n-alanine also shows that at some stage a
regular structure must form over a thickness sufficient to give a well-defined
hexagonal pattern. Certainly the structures develop considerable strength and
before final collapse will sustain, during slow compression, a pressure of 70 dyn cm-1.
Some of these points concerning the formation of multilayers might be answered
by direct electron microscopy of the specimens at high power. At low power and in
the light microscope some films, notably PEG, looked remarkably uniform and were
almost invisible except for regions where the film had clearly folded in the last
stages of collapse. Other films had a characteristic texture which it would be of
considerable interest to examine under high power.
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CONCLUSIONS

A reasonably satisfactory picture of the structure and properties of these monolayers can clearly be developed. In the past, undue reliance has been placed on the
application of the standard and often not very precise methods of surface chemistry,
without attempting to check the conclusions against those drawn from other fields
of structural investigation. The value of the use of a wide range of techniques is
clearly shown, particularly when these are applied to a series of related polymers.
While at the outset of this work there were reasonable indications, both experimental and theoretical, that the a-helix was probably stable in these polymers at
the air/water interface, the search for experimental proof has produced a number of
new pieces of information which, though in retrospect they might have been
expected, have given additional interest to the work.
There is now good evidence that in monolayers of the polymers we have considered, the a-helix is stable at the air/water interface, and that the molecules pack
in a regular array with little freedom of rotation about their axes. This conclusion
has an important bearing on the significance of surface potential measurements,
both in relation to these polymers and in surface chemistry generally. The deuterium
exchange measurements not only contribute to the evidence for the structure of the
monolayer but show also the conditions under which exchange can take place in an
a-helix, the effects of the hydrophobic side-chains and of the accessibility of the
peptide groups to water.
Perhaps the most interesting new result is the fiat plateau observed in some of
the force/area curves, which is remarkable for a transition in a polymeric system.
This is being further investigated and it is possible that it may be observed in other
types of polymers. While the explanation of the plateau appears reasonable, the
conditions under which it forms and its shape, need further experiments before a
full understanding is reached.
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(Reprinted from Nature, Vol. 219, No. 5157, pp. 929-930,
August 31, 1968)

Right-handed cc-Helix and
Conformational Changes in
Polyfl-benzyI-L-aspartate
need to use non-aqueous solvents has limited the
biological value of experimental work on many synthetic
polypeptides. Considerable interest has therefore been
shown in their surface chemistry, because, quite apart
from the importance of understanding the conformation
of polypeptides at interfaces, the properties of the polymer
when exposed to water can also be investigated. From
a combination of the classical methods of surface chemistry
with the normal methods of structural investigation, there
is at present good evidence to show that the a-helix is
present in molecular monolayers of a number of synthetic
polypeptides at the air/water interface'. This work has
been extended to poly- 3benzyl-L -asp artate, and in this
communication I consider chiefly the properties of
the polymer after removal from the water surface;
full details of the surface chemistry will be given
elsewhere. In contrast to most synthetic polypeptides
composed of L-residues, this polymer normally exists in
solution and in the solid state as a left-handed rather than
a right-handed a-helix2 ". If a specimen is heated to
160' C it undergoes a transition to the o-helix, containing
four residues per turn, which also appears to be lefthanded4 . Orientated specimens have characteristic infrared absorption frequencies and dichroism enabling the two
conformations to be clearly recognized and distinguished
from the right-handed a-helix'.
I have examined two polymer specimens, with molecular weights given as 250,000 and 130,000, from Pilot
Chemicals Incorporated and the Sigma Chemical Company, respectively. In all respects the results from the
two specimens were very similar. Monolayers were spread
on distilled water in a Langmuir trough using 005 ml. of
solution containing about 1 mg/mi. of polymer, the
solvent being either chloroform containing 17 per cent
dichloroacetic acid (in which the polymer is a-helical) or
chloroform with 10 per cent dichloroacetic acid (in which
the polymer is randomly coiled 2 ). From either solvent the
force/area curve of the monolayer gave a condensed area
of about 205 A'/residue (consistent with a monolayer of
a-helices) and a plateau at a pressure of 10 dyne cm'
probably arises from
which, as in certain other
the regular collapse of the a-helices in the monolayer to
form a bilayer.
As with other synthetic polypeptides, it has been found
that if a monolayer is compressed between two barriers
THE

until it is a narrow collapsed ifira with a mean thickness
of about 300 A, it can he removed from the surface and
the dry film can be examined by electron diffraction'.
Considerable orientation develops during compression,
and the diffraction pattern shows the principal features of
an orientated cc-helical structure, including a meridional
refiexion at 1-49,5+0-005 A and a strong equatorial
reflexion at 126 A. Orientated air-dried specirriells, for
examination by polarized infrared spectroscopy, were
each prepared by folding up a similar narrow collapsed
film of polymer on the water surface and lifting it off on
a silver chloride plate. The infrared dichroism and frequencies of the principal amide absorption bands were
found to be those which are normally obtained for righthanded cc-helices composed of L-residues. Furthermore,
with very slight differences which are attributable to the
differing side chain composition, they are almost identical
to the spectrum obtained by Bradbury et al.5 for the
copolymer (86 per cent ethyl-L-aspai-tate 14 per cent
benzyl-L-aspa.rtate) which they clearly show is from a
right-handed a-helix. The spectrum produced by the
left-handed a-helix is quite different in detail and it is
reasonable to conclude from this evidence that specimens
prepared from collapsed monolayers of poly--benzyl -Laspartate are in the right-handed a-helical conformation.
This conclusion is not surprising because many of the
side chains, which by their interaction with the backbone
normally cause the left-handed sense to be marginally
more stable6 , will have less effect in the polar environment of the interface. It would therefore appear that,
depending on the solvent used, a transition occurs to the
right-handed a-helix from the left-handed a-helix or from
the random-coil form, as the case may be, on spreading
the monolayer.
Investigation by polarized infrared spectroscopy of
orientated specimens prepared as already described has
shown that the right-handed fonu has the following
properties. (1) As with the left-handed form, heating an
orientated specimen to 160° C causes a transition to the
orientated o-conThrmation. (2) While exposure to chloroform vapour has no effect, exposure of an orientated
specimen for about 10 min to the vapour of chloroform
containing 4 per cent by volume trifluoroacetic acid, or
10 per cent diehloroaeetjc acid, causes the polymer to
undergo a transition to the orientated left-handed a-helical
form. Prolonged exposure to the vapour (particularly
when trifluoroacetie acid is used) or use of a concentration
of acid which is too high causes the polymer to become
disorientated. The film is swollen and softened by the
acid and it would therefore he wrong to consider this
conformational change to be strictly a solid state tramisition.
In view of the molecular weights of the polymers,

these conformational changes imply quite extensive
molecular rearrangements. It might, however, be pointed
out that to change the sense of the helix does not require
a net rotation of the whole molecule about its axis; the
transition can take place simply by breaking hydrogen
bonds, together with rotations about the bonds to the
C atoms. The fact that the orientation of the molecules
is not lost during the transition suggests that short regions
first become unfolded, and that refolding in the opposite
sense then takes place with a concomitant propagation
of the unfolded regions along the molecules. The changes
are therefore no more or less remarkable than the transition
reported in orientated films of salts of poly-L-lysine where
the a-helical structure can be converted to an orientated
3-conformation by changes in the humidity80 .
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Surface Chemistry of Poly (t3-benzyl L-Asparta!e)
B. H. \ IALC()L.\ I, Department qJ Molecular Biolo1jj, 1' nuersitj oJ
I'](h/tbUr(Jh, ii'ltii but1j/i, Scotland

Synopsis
oletular inonolaers f poly
( u3-benzyl L-aspartate ) spread at, an air-water iii terlace
Molecular
have beeti studied. The ,'esult s obtained built by direct, observations on the monlaver
and from exaniiiiation of collapsed Ii lins wit h polarized i if,'ared spectroscopy and electron diffract jot, are consistent with the preeine of tight handed a-helices in the 1110110layer when t he molecular weight is high. When I ' ( v/v) isopropal ui is present in the
suhphase the right-handed helix prevails, provided that the mom layer is first spread ott
water. 1\loiiolayers of low molecular weight polynier appear to form the crossed-is
struct ore. Orientated collapsed films of high molecular weight polymer can he cot,verted to the left-handed c-helical and to the w-confor,nat ion, and the mechanisms are
discussed. The surface chemist rv of this polymer is compared with that of related
it pun tern of behavior emerges.
p dymners and a consistent

INTRODUCTION
PoIy(-benzyl L-aSpartate) has been extensively investigated since it was
discovered that in contrast with most synthetic polypeptides composed of
L-residues it normally forms a left-handed rather than a right-handed
a-helix.' 2 Furthermore, heating a specimen to 160°C causes it to change
to the 4.013 w-helix, which is also left-handed.' By comparison with the
right-handed a-helix, the left-handed form is relatively unstable. A
number of factors are implicated. Studies of copolymers with other aspartate esters have suggested that entropy consideration8,4 electrostatic interactions between the side chain and backbone,', and solvent effects"-' may all
be important. Direct studies of this polymer in water would be of considerable value, in view of the biological interest in the left-handed helix, but are
precluded since it is not soluble in water. In this situation studies at the
air—water interface of molecular monolayers provide a useful alternative
approach.
No single experimental method at present available is adequate to
determine with certainty the detailed conformation of a polymer in the
monolayer state. It is therefore necessary to proceed by combining direct
studies on the monolayer with more powerful indirect techniques such as
electron diffraction and polarized infrared spectroscopy which can be applied to collapsed films or multilayers removed from the surface. This
approach has provided good evidence in support of the view that the a-helix
is stable in a number of high molecular weight polvpeptides when spread
© 1970 by Juliti Wiley & Sons, Inc.
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as monolayers at the air--water interface.89 The helices condense to form
regularly packed arrays or micelles" which may contain many molecules. 10
Under pressure the monolayer progressively collapses to form a bilayer,
giving rise to a plateau in the surface pressure—area curve, provided that the
side chain is sufficiently long. The height of the plateau depends on the
hydrophobic character of the side chain and on the free energy of the polymer—vapor interface. This model provides a basis for understanding pertide deuterium exchange9 in the monolayer state and the series of transitions, indicative of the consecutive formation of several layers of molecules,
which occur when a monolayer of poly-o-benzyloxycarbonyl-L-lysine is
compressed.10 These results are not readily interpretable if the polymer is
in an extended conformation in the monolayer state or if the plateau is associated with a reorientation of the side chains or some other conformational change.
From this background, the results from poly(/-benzyl n-aspartate) can
be examined. It has already been reported that films prepared from collapsed monolayers are in the right-handed a-helical conformation, and
this result will here be considered further in relation to the properties of the
monolayer.
EXPERIMENTAL
Material
Polymer specimens were obtained from the Sigma Chemical Company
and Pilot Chemicals Incorporated (Lot A30) with molecular weights given
as 130,000 and 250,000, respectively. A specimen of low molecular weight
(5000 from the van Slyke method) was obtained from Yeda Research and
Development Co. Ltd.
The specific viscosities of the two high molecular weight polymers measured at 0.2% (w/v) in dichloroacetic acid (25' Q were 0.17 (Sigma) and
0.32 (Pilot).
Dichioracetic acid (B.D.H.) was redistilled wider reduced pressure, and
Analar grade chloroform was distilled shortly prior to use. Water for the
Langmuir trough was distilled twice, the second time from an all-glass still
containing alkaline potassium permanganate. It had a conductivity of
700,000 ohm/cin or higher.
Methods
Solutions for spreading mnonolayers were normally made by dissolving
about 10 mg of polymer in 1 ml dichloroacetic acid and making up to 10 ml
volume with chloroform. About 0.03 ml was applied to a well-swept water
surface in the Langmuir trough. About ten small drops were just touched
on the surface from the tip of an all-glass Agla micrometer syringe at an
area of 25 A2 /residue. The trough was normally of fused silica 15 cm wide,
uid the mnomiolayer was compressed at 4 mm/min by a continuous drive.
The film balance was a simple flexure device. 12
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Oriented collapsed films were prepared for infrared spectroscopy and electron diffraction analysis as previously, 10 except for the low molecular
weight specimen which produced verweak films. This necessitated a
special method for preparing oriented films for spectroscopy, and for this a
trough, 3 in long X 25 mm wide, was used. This was made of a piece of
aluminum alloy channel which was cleaned and well waxed. The monolayer was spread in the usual manner and swept off by a barrier with a plate
of silver chloride mounted on its leading edge. The collapse was effected in
stages of about 30 cm of trough length, by lifting off a second barrier and
moving it back along the trough as the film pied up against the silver chloride plate. At the end of the trough the film could be picked off on the plate
and dried.
A two-part trough made of Perspex was used to investigate the effect of
isopropanol in the subphase. This had an overall size of 60 X 15 cm, and
was well waxed. A series of four narrow barriers across the width in the
middle divided the trough into two main compartments and allowed limited
mixing between them. These came to within 1 mm of the liquid surface.
A complete seal, to keep separate different subphases, could be made by
two waxed glass barriers with a 1-mm projection on the lower surface which
fitted on top of the lower barriers. When these were removed, the liquid
surface was continuous and a monolayer could be moved from one part to
the other between two barriers. Stirring was effected by a magnetic roller
which moved along the floor of the trough.
RESULTS
Surface Pressure-Area Curves
Both high molecular weight specimens behaved in the same way in all
respects. The first steep rise of the surface pressure—area curve (Fig. 1)
gives an area of 20.5 k2 /residue when extrapolated to zero pressure. The
length of the plateau and the presence of the small initial peak depended to
some extent on the spreading conditions. The plateau was shorter and the
peak smaller if the monolayer was spread at an area greatly in excess of the
condensed area or if the solution was applied to the surface in a large number of drops. The normal procedure was to apply about 10 dros at an
area of 25 A'/residue. The height of the plateau, which does not depend
on the spreading conditions is 10.5 ± 0.5 dyne/cm (20°C) and about 2.5
dyne/cm lower at 40'C.
There appears to be no significant difference between monolayers spread
from solution in chloroform containing 1% (v/v) dichloracetic acid, in
which the polymer is a-helical and from chloroform with 10% acid in which
it is randomly coiled.'
The low molecular weight material behaved quite differently: the curve
rose less steeply from a higher initial area and had a smaller pressure at
low areas. This shows that the film develops less strength than the high
molecular weight material when it collapses, as might he expected. This
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Fig. 1. Stirfare preire— area curves for monolayers spread on water at 20°C:
high molecular weight; (—) low moleeular weight.

was also evident from the difficulty experienced in removing collapsed
material from the surface.
Infrared Spectra
An orientated specimen of the. high molecular weight polymer prepared
by collapsing a monolayer spread on distilled water gives a spectrum of a
type not previously reported for this polymer (Fig. 2). it is however very
similar to the spectrum of the copolymer (86% ethyl L-aspartate--14 0/0
benz)-1 L-aspartate) which Bradbury et al. 11 show is produced by a righthanded a-helical conformation. The frequencies of the ester band (1740
cm), the amide I band (1658 cm'), and the amide II band (1552 cm -1)
were checked by measurements carried out at P.C.i\i.U. Harwell and are
probably accurate to ± 2 cm. These figures are in good agreement with
those for the right-handed helix in the copolymer" and well outside the
values, given for the left-handed helix of poly(-benzyl L-aspartate),13 as
also observed in this work on specimens prepared in the usual way.' The
dichroic character of the ester C—O at 1168 cm is further cheek, since
it is parallel for the right handed form but perpendicular for the left handed
form. The relative intensities of the bands in the 1200-1300 cm' range
are a further valuable diagnostic feature and are in good agreement with the
spectrum of the right-handed copolymer. 3
If a specimen prepared in a similar manner is suitably treated it can be
converted to the left-handed a-helical or to the a-conformation with practically no loss of orientation, as shown by the dichroism. The left-handed
helix is produced by exposing the dry film to the vapor of chloroform contaming 100/0 (v/v) diehioroacetic acid for about 10 mm. (The chloroform
vapor has no effect on its own, its use is to reduce the partial vapor pressure
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Fig. 2. Polarized infrared spectra from collapsed monolavers of high molecular weight
polymer with (-) E vector perpendicular, (--) E vector parallel to specimen (i.e.,
parallel to barrier used to collapse the film): (a) air-dried; (b) air-dried, then exposed to
vapor of chloroform containing 101,(v,/'v) dichioroacetic acid; (c) air-dried then heated
briefly to 160°C.
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Fig. 3. Polarized infrared spectra from collapsed moiiolavers of low molecular weight
polymer, directions of electric vector defined as in Figure 2: (a) monolayer removed immediately after spreading and air-dried; (h) monolayer left on water 70 miii before removal. Note that the specimens were very lion I iiform in thickness so that the strong
bands appear weakei' than normally.

of the acid.) During treatment the specimen is seen to swell under the
microscope, but provided the treatment is not carried on too long, the
appearance of the specimen after treatment is not very different once the
acid has diffused out of the specimen, though it clearly has been softened.
Heating a specimen for a few minutes in air at 160° C produces the co-conformation and the birefringence changes from + to -, as with specimens
prepared by heating the left-handed form. Again, it is clear that the material softens during treatment.
The spectrum of the low molecular weight material (Fig. 3) depends on
the time the monolayer is left On the water surface. The low-frequency
component (1635 cm) of the amide I band increased with time over about
the first hour after the monolayer is spread. This is a good indication that
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a fl-conformation was developing on the surface from a-helical or random
coil material, which gives rise to the high-frequency compoiieiit. This
effect was first observed by Anderson, ' who participated In the early stages
of this work. In contrast to the high molecular weight material, the dichroism shows that the specimen forms with the molecular axes in line with
the direction of compression rather than at right angles to it, and parallel
to the barrier, as normally. This call be accounted for if it is assumed the
molecules pack side-by-side, forming a fl-con formation in which the longest
dimension in the micelles is at right angles to the molecular axes, in the direction of the hydrogen bonds. The structure is therefore crossed-fl, which
has been recorded before in this polyn1er 1 and is not uncommon when the
molecular weight is low, I5 but it has not previously been observed in the
monolayer state.
It was not possible to correlate the development of the fl-conformation
as indicated by the infrared spectra with the shape of the surface pressure—
area curves. The infrared spectra showed a significant amount of the
fl-conformation when the film was immediately removed and most of the
increase appeared to take place in about the first 15 mm. In this circumstance the surface pressure curve, which required about 30 miss to record,
was relatively insensitive.
Electron Diffraction Studies
Specimens for electron diffraction examination were prepared from collapsed films as described previously.9 Air-dried specimens give diffraction
o
patterns showing poor crystallinity but with a fair degree
of fibre orientation. A strong equatorial reflection at about 12.5 A, a very diffuse meridional are at 1.52 A (these differ somewhat from the earlier reported values") and strong reflections in the region of 5.4 A are the principal features
of the pattern and are a good indication that the a-helix is present. If we
take the 12.5 A reflection to be the 100 reflection of a hexagonal cell, the
density is 1.24 g/cc compared with 1.20 g/cc for the left-handed form.'
In neither case, does the diffraction pattern enable a sense to he assigned to
the helix.
If a specimen is heated briefly to 160°C there appears to be no loss of
orientation in the specimen and the pattern changes to one with a high
degree of crystallinity containing a number of well defined reflections.
The pattern is very similar to that of the w-conformation obtained by
Bradbury et al.' with five reflections on the equator and four on the first
layer line which agree in spacing with the strongest x-ray reflections.
In
o
addition there is a well defined reflection on the meridian at 5.30 A, not
recorded by Bradbury et al., which may be indexed as 001 on the unit cell
they propose and which would be forbidden if all residues were equivalent.
It was not, however, possible to find a structure in which all the side chains
were similarly orientated and observation of this reflection is consistent
with that conclusion. A similar situation exists with poly(y-methyl L-glutamate) where electron diffraction reveals an 006 reflection.16 These
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results leave no doubt that the polymer conformation produced by heating
collapsed 1111 iioI ayers is i dci ti cal with the eo i fo rmati on pu shi iced by heating
hg tile Ielt-Illilde(I a-helical structure.
Effect of Isopropanol in the Subphase
lit the light of experience \Vitll other polymers it was anticipated that a
number of factors might combine to affect the structure and behavior o
the monolayer when isopropanul is added to the subphase. These are:
(I) a lowering of the plateau arising principally from a reduction of the
adhesion between the l)olymer and the subphase as is generally observed, 9
(2) a modilication of the spreading arising from the lower surface tension
of the subphase, (3) the confirmation ill the iiiuiiolaver might be 1111 id lied
as a result of the lower polarity of the suhphase, (4) the presence (If isopropariol in the collapsed him might cause conformational changes alter
the film has been removed.
If a monolayer is spread directly on a subphase containing 101
0 (v/v)
isopropanol there is no indication of a plateau (Fig. 4), and the collapsed
him gives a spectrum characteristic of the left-handed a-helix. Exact
reproducibility of the area is difficult, an indication that spreading conditions are critical, but it is invariably too low for any reasonable conformation in a monomolecular layer. Reduction of the isopropanol concentration to ( / 20/0 (v/v) produces a higher area at a given pressure anti the spectrum suggests a mixture of the right- and left-handed forms. In contrast,
if a monolayer is first spread on water and then very slowly transferred to
a subphase containing 1% (v/v) isopropanol, a plateau is observed at about
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Fig. 4. Surface pressure-tret CUVC9 for high molecular weight polymer on isopropanol-wal.er mixtures: (- - ) on 1
(v/v) isopropiuiol ; (—) on 1/
(v/v ) isuproP191101; (—) polymer first spre:ol on distilled water and then trw isferred to 11,/, (v/v)
isopropanol.
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(111, tli can a is higher, and the spectrum is that of the right-handed
a-helix. this isa'rood indication that isopropan()l present In the film
after removal of the film horn the surface does lint p ro duce the left-handed
helix and that, provided the right-handed helix is first formed in a monolayer, it is stable Ili the presence iii 1% isopropallol in the subphase. The
low plateau shows that the monolayer is only marginally stable and this
is probably why spreading directly on isOprOpaflol solutions gave poor
reproducibility and low areas, for an excess surface pressure of 3 dyne is
sufficient to force a molecule out of the surface. It is quite likely that
during spreadi ig such pressures are exceeded, since this is a nonequihibriurn
phenomenon with chloroform sweeping across the surface tending to compress any polymer already present. The final structure might well be
very irregular with parts of individual molecules in contact with the subphase and other parts in it disorganized upper layer. In this situation it is
unlikely that it molecule would be stable if it were to adopt left- and righthanded helical structures along its length, depending on the local environment, and the left-handed a-helix would then be favored. This explanation is consistent with the gradual initial rise Ili the pressure-area curve when
the monolayer is spread directly on isopropanol solutions, compared with
the case where the film is first spread on water, which shows the molecules
are not fully condensed into an organized structure. In addition, when
these monolayers are examined by electron diffraction and polarized infrared spectroscopy, little orientation and ver low crystallinity is observed,
as is to be expected from the collapse of it disordered structure.

3 ilviit'

Measurement of Angle of Contract
The angle of contact 0 of the high molecular weight polymer was incasured by the dipping-plate technique. A film was prepared by drying a
solution Ili chloroform on a microscope slide. As in earlier work' the
angle varied it few degrees across the specimen and was lower after the
surface had been wet. The best value after wetting was 71 ± 2°. This
may be compared with 73° for polv(y-benzyl L-glutamate). 9 Since the
polymer was in contact with water it is not possible to say whether the
surface molecules were in the left-handed a-helical conformation, as prepared, or in the right-handed helix, but the two values of 0 are unlikely to be
very different.
DISCUSSION
Conformation of the Monolayer Spread on Water
The experimental results show quite clearly that the film of high molecular weight polymer when removed from the surface and dried down, is
-helical conformation, irrespective of whether the
Ili the right-handed ox
polymer in the spreading solution is in the left-handed helical form or is
randomly coiled. A conformational change must therefore take place
eithpr during the spreading or removal of the film from the water surface
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(or at both stages). A conformational change to the right-handed helix
is very unlikely when the polymer is being removed and dried down, since
the left-handed helix appears to he the inure stable in the solid state, and
our ability to convert the polymer to the left-handed form by exposure to
dichioroitcetic acid vapor supports this view. The most simple hypothesis
is therefore that the right-handed helix forms during spreading of the monolayer. A more elaborate hypothesis is that some other conformation in the
monolayer forms the right-handed helix on collapse at the plateau, but there
is no evidence for this: on the contrary, the pattern of behavior in the
monolayer follows that of earlier work. "'7 ''8 This showed that the plateau
can be accounted for very simply by the progressive collapse into a bilayer
of molecules packed side-by-side in an orderly mariner, as is to be expected
from the rod-like nature of the helix. A further check is provided by the
condensed monolayer area 20.5 A2 /residue, which is in reasonable agreement with the area of 22 A2 /residue calculated assuming the same interhelix distance as in the solid state (from the diffraction data). In addition,
in view of the observation that when low molecular weight polymer is
spread as a monolayer the infrared spectrum shows a progressive increase
in the amount of 0-structure, it is very probable that a 0-structure would be
similarly detected in the high molecular weight material if it were present,
or formed during collapse or removal of the film. Therefore in the absence
of contrary evidence or any method which provides detailed conformational
information directly on the monolayer in situ, these results support the
view that high molecular weight polymer forms an a-helix when spread as a
monolayer and that it is right-handed.
The presence of the right-handed helix in the monolayer can be accounted
for by the polar effect of the aqueous substrate weakening some of the sidechain backbone interactions important in causing the left-handed structure
to be normally the more stable. In this context it is of interest to compare
this polymer with poly(y-benzyl L-glutamate), which has one
more in the side chain. This causes the angle of contact of the cast film
to be about 2° higher and the plateau about 4 dyne/cm lower. Similarly
poly(-methyl L-aspartate) has an inflection at about 25 dyne/cm" and
poly(-y-methyl L-glUtarnate) a plateau at 20 dyne/cm9 ; again, poly-benzyloxycarbonyI-r-ornithine" has a plateau at 10 dyne/cm and poly-benyloxycarbonyl-L-lysine'° its first plateau at 6 dyne/cm. From these
correlations it follows that in all three eases addition of one —CH2— group
to the C is the direct cause of the lowering of the plateau by 4-5 dyne/cm,
and this is consistent with the explanation already given for the significance
of the height of the plateau. The lowering of the plateau might partly
arise from the free energy of the polymer-vapor interface being increased
by the additional —CH2---- but more probably, because of the increased
angle of contact and because the group is close to the backbone, the principal
effect of the group is to reduce the adhesion of the polymer to the subphasc
by direct hydrophobic interaction with the water. A simple calculation
suggests that this explanation is reasonable. Assume that in a monolayer
which forms a plateau at 20 A2 /residue, '/3 of the residues are directed into
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the subphase and the remaining 2/ form polymer—polymer contacts or are
directed into the air. If addition of one —CH2--- group to those side chains
which are directed into the water lowers the plateau by 4 dyne/cm, this
corresponds to 346 cal/mole of residues directed into the water. This
value may be compared with 600 to 800 cal,/mole for the desorption of a
In view of the
—CI-12— group from the water surface in simple systems. 2°
gross simplifying assumptions involved, these figures ale sufficiently close
to support the view that water molecules penetrate the side chains of
possibly l/ of the total number of residues in the lm)nohbyer as far as the
/3-C atom. This will greatly modify side-chtill backbone interactions, and
in the case of polv(/3-benzyl L-aspiLrtiLte) this is why the right-handed
a-helix forms in the monolayer.
Conformational Changes in the Collapsed Film
The molecular rearrangement in the collapsed film from the right-handed
to left-handed a-helix or to the co-conformation without appreciable loss of
orientation is quite striking. It has been pointed out that a change of
sense does not necessarily involve a net rotation of the whole molecule about
its axis" (which would require a very high activation energy) since if the
hydrogen bonds along a short length of helix are opened, refolding of that
length can taken place in the opposite sense simply by rotations about the
bonds to the a-C atoms. Since the molecules do not become disorientated
(luring the change, it is probable that the unfolded regions are propagated
along the molecules from one or both ends, the energy for the transition
being derived from the higher stability of the left handed form. The
transition is complete in a few minutes and in practice it is probable that
the rate limiting factor is the diffusion rate of acid through the thickness of
the film (about IA).
The observation that with a similar degree of heat treatment orientated
films of right- or left-handed a-helices can be converted to the w-helix suggests that a common factor controls the transition in both cases, probably
melting of the side chains. When there is no change of helix sense, an a
to w transition can take place either by the helix tightening to 4 residues
per turn, which involves a relative rotation of the two ends of the molecule
or by a similar process to that above where a group of hydrogen bonds
ope,l' involving no such rotation. But when there is a change of helix
sense as well as pitch, any mechanism must involve opening of hydrogen
bonds, and it follows that both the a to w transitions may take place in the
same way with the propagation of an unfolded region along the molecule.
The process is, however, more complicated than a simple change of helix
sense, as considered above, since the molecule also shortens by 0.2 A per
residue.
CONCLUSION
The hypothesis that the a-helix is stable ill a number of polvpeptides when
spread as monolu ers at the air—water interface was originally based 011
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surface areas, infrared frequencies of collapsed Iii ins and qualitative denterium exchange data.' It has subsequently been supported by work on
other polymers with a lunge of side chain lengths and has satisfactorily
explained the presence and height of the plateau in the surface pressurearea curves) and the remarkable Series of transitions observej in the ease of
poly--benzyloxycarboii vI-L-lysine. 0 Alternative hypotheses concerning
the eoiiformatoiI ill the monolayer give rise to difficulties which require
Furt'ller postulates
ates Si fl J) iv to eXpI iA II (II IC' (Jr more aspect of the. experimental
results. The surface chemistry of poly (-beiizyI L-aspartate) fits into the
patteni established oil related polymers and the evidence that the helix is
right handed is strong and theoretically reasonable. However, unless some
direct method is developed for giving detailed conformational uiformatioii
oil monolavers in situ, an element of uncertainty remains. From
cxexperimentalresults it is reasonable to suggest that, if it were possible to
periental
prepare this polymer as a component of a block copolymer soluble ill water,
that it would be in the right-handed conformation in aqueous solution.
This is of particular biological interest in view of the attention that has
been given to the occurrence of the left-handed helix in nonaqueous systems.
I I hat/k tile Science Research Council for financial support and Miss L. i\ [all aby for
technic ii assistance.
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Multilayer Formation by a Compressed Monolayer of
Poly- € -benzyloxycarbonyl -L -lysine
By B. R. MALCOLM
Deportment of Molecular Biology, University of Ed i burgh
(Received 26 August 1968)

Molecular monolayers of poly -€-benzyloxycarbonyl-L-IysiIle were studied at the
air/water interface. Deuterium-exchange measurements and the surface area of
the monolayer are consistent with a structure consisting of condensed ordered arrays
of -helices. Collapsed films removed from the surface and air-dried were examined
by polarized infrared spectroscopy and electron diffraction and found to consist of
molecules in the -helical conformation. There is no indication of a conformational
change during compression of the monolayer, and a series of transitions found in
the force-area curve are interpreted as the consecutive formation of additional
layers of molecules. Some of the factors that influence this almost perfect plastic
behaviour are discussed.

Recent investigations of the surface chemistry of
high-molecular-weight synthetic polypeptidos have
provided good evidence to show that when prepared
as monolayers at the air/water interface they
frequently exist as condensed ordered arrays of
-helices (Malcolm, 1962, 1965, 1966, 1968a). In
some instances the force-area curve has a plateau,
Which has been interpreted as the regular formation
of a second layer of molecules (Malcolm, 1966,
1968a). The pressure at which this forms is a
characteristic of the polymer and depends on the
work of adhesion between the polymer and the
substrate and on the free energy of the polymer/
vapour interface. In a few cases it has been possible
to infer the development of a third layer of
molecules. It appears that a necessary condition
for the formation of a plateau is that the side chains
should be sufficiently long and contain groups that
interact to promote a co-operative transition. Thus
for polypeptides with hydrocarbon side chains
only an inflexion is observed in the force-area curve
unless the side chain has four or more carbon atoms.
Plateaux are observed, however, with the methyl,
ethyl and benzyl esters of poly-L-glutamnic acid
(Malcolm, 1968a) and with po1y--henzyl-Laspartat.e (Malcolm, 1968b). It therefore seemed
probable that poly- e-benzyloxycarbonyl-L-lysine
would exhibit a similar pattern of behaviour and a
plateau was indeed observed, but in this instance
there is remarkable evidence for the regular consecutive formation of additional layers of molecules
and it provides a noteworthy example of almost
perfect. molecularplasticity.

MATERIALS AND METHODS
The material used was obtained from Pilot Chemicals
Inc., Watertown, Mass., TJ.SA . (lot L-78; mol.wt.
250000). Solutions for spreading monolayers were prepared
by dissolving about 10 mg. of polymer in 1 ml. of dichloroacetic acid and making up to 10 ml. volume with chloroform.
In this solvent the polymer is in the a-helical conformation
(Karas-z, O'Reilly & Bair, 1965). For deuterium-exchange
experiments the polymer was deuterated by using 0rleuterated dichloroacetic acid, and benzene in place of
chloroform. Monolayers were prepared with about 006 nil.
of the solution. These procedures have been described
previously (Malcolm, 1968a).
Force-area measurements. The type of film balance
employed is particularly suitable for this work. It consists
essentially of a thin bent metal strip mounted with its lower
edge in the interface, forming a flexible barrier across the
Langmuir trough (Malcolm & Davies, 1965). When the
monolayer is compressed against it, the strip is displaced
and exerts a steady reaction on the film. The displacement
of the strip, which is measured with a microscope fitted
with a micrometer movement, is a measure of the force on
the film. The film was compressed continuously with a
waxed glass barrier moving at 4 mm/mm. and readings were
taken at 4-mm. intervals. Although the results described
below could probably have been obtained with other forms
of apparatus, the continuous pressure applied to the film
by this method probably gives better results than the usual
procedures, where the film is compressed in increments.
The force-area curves obtained are essentially dynamic, but
the main features of the results are not at all sensitive to
the rate of compression.
Observations on collapsed films. It was found that, if a
monolayer is compressed until it forms a narrow strip
between two barriers, high orientation frequently develops,

734

B. R. MALCOLM

the molecules becoming aligned parallel to the barriers. The
film can then be removed and examined by electron
diffraction (Malcolm, 1968a). This method was applied
here and extended to provide thicker oriented specimens for
examination by polarized infrared spectroscopy. For this
a two-pronged fork, suitably supported at its upper end, is
lowered into the water while the film is being compressed.
When the barriers are about 3 mm. apart they are gently
moved back, releasing the film, and the fork is rotated and
moved across the water so that the polymer strip is wound
around it, forming a series of loops on the water surface.
The barriers can then be used, if necessary, to compress the
loops, and the film is picked off the surface by drawing an
AgCI plate through the interface between the prongs of the
fork. Infrared spectra of dry films so obtained were recorded
on a TJnicam SP. 200 spectrometer fitted with a selenium
polarizer and an NaCl prism.
Angle of contact. The angle of contact of the polymer
against water was measured with the dipping-plate technique
as described previously (Malcolm, 1968a). Films of polymer
for this were cast on microscope slides from solution in
chloroform containing about 40% (v/v) NN-dimethylformamide.
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RESULTS
Force-area curve. Monolayers spread on 0-01Nhydrochloric acid and on distilled water gave similar
force-area curves within the limit of experimental
error (Fig. 1). An alternative way of plotting the
data is also shown, where the product FA is plotted
against A (F in dynescm.-1, A in 12/residue). This
is essentially an idealized stress-strain curve
(Malcolm, 1966), and additionally has the practical
advantage of enabling detail to be recognized in the
steeply rising part of the force-area curve. Extrapolation of the first steep rise of the curves to zero
gives an area of 240±0512/residue for the
monolayer.
Minima occur in. the FA-A curve at areas of
approx. 12.1, 8.4, 59, 43 and 3.4(?) AZ/residue.
These can he interpreted as corresponding to the
completion of two, three, four, five and (possibly)
six layers of molecules. When a layer is complete,
FA is a direct measure of the stress being applied
to the film (at other areas the film is of non-uniform
thickness and the stress uneven). The peaks in the
force-area curve are accentuated by lowering the
temperature of the trough to 16° and almost disappear if measurements are made at 34°. Similarly,
lowering of the rate of compression of the film
produces smaller peaks. Such variations in the
conditions do not, however, significantly alter the
positions of the minima in the FA-A curve.
Infrared spectroscopy and deuterium exchange.
The spectrum of a collapsed monolayer (Fig. 2a)
agreed in detail with that obtained from an oriented
specimen prepared by drying a drop of solution of
the polymer in chloroform, the film being stroked
at the same time with a glass rod to promote
alignment of the molecules. The amide I band

0

10

20

A (i 2 /residue)
Fig. 1. Lower graph: dependence of area (A) on force (F)
for a monolayer of poly-e-benzyloxycarbonyl-L-lysine
spread on 0-0I N-1-10 (20°). Upper graph: plot of the
product of the force (F) and the area (A) as a function of the
area (A).

(1655cm.') has the frequency and dichroism
normally found for u-helices; the corresponding
band for the amide groups in the side clinics is at
1700cm.' and has low dichroism. The NH
stretching bands (approx. 3300cm.-1), the amide II
band (approx. 1550cm.-') and the amide III band
(approx. 1250cm.-') contain components from
both the 'backbone' and side-chain amide groups.
This is shown clearly from the spectrum of the
deuterated specimen (Fig. 2b). The amide I band
of the 'backbone' has moved to 1652cm.-' and
a dichroic band has appeared at 1450cm.- , as
is usually observed for deuterated a-helices
(Miyazawa, 1962). On the other hand there remain
bands at approx. 1700cni.-', 3300 cm., 1540cm.-'
and 1250cm.-1, all of which now show little
dichroism and are attributable to the side-chain
amide group, assuming that the deuterium of the
side-chain amide groups has completely exchanged.
The absence of dichroism from these bands is
probably a consequence of a measure of disorder and
diversity of side-chain orientations, which is not
unexpected and is probably correlated with the poor
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Fig. 2. Polarized infrared spectra of air-dried specimens prepared from monolayers (200): (a) polymer spread
on distillecl:water; (b) cleuteratecl polymer spread on 001 sc.HCI.
, Electric vector perpendicular to the length
electric vector parallel to the
of the specimen, i.e. parallel to the direction of compression of the film;
specimen.

crystallinity of the electron-diffraction patterns
(see below). The total time the polymer was in
contact with water was about 15mm., and leaving a
monolayer on the surface of 001 N -hydrochloric acid
(20°) for lOhr. produced little change in the
spectrum. At a substrate pH 7.2 exchange is almost
complete after 9hr. and at p1110 in a few minutes.
Full kinetic measurements were not attempted, but
the pattern clearly follows that observed in previous
work, except that on alkaline substrates the
exchange is rather more rapid than that observed
in the esters of poly-L-glutamic acid (Malcolm,
1968a), probably on account of the hydrophilic
amide group of the side chain promoting the
exchange.
Electron diffraction. The diffraction patterns of

air-dried specimens prepared from rnonolayers
spread on distilled water show poor crystallinity but
considerable orientation, with the usual intensity
distribution characteristic of the a-helix, as
observed in previous work (Malcolm, 1968a).
There is a meridianal reflexion at 150k, and
equatorial refiexions at approx. 143k and 82k
that can be indexed as the (100) and (110) refiexions
of a hexagonal cell. These two refiexions are of
rather variable relative intensity from one specimen
to another with the (100) usually weaker than the
(110). This is somewhat similar to the situation
found in poly-y-methyl L -glutamate, where a high
degree of double orientation occurs and the (100)
refiexion, normally (in fibre photographs) by far
the strongest, is not observed at all in some instances.
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The explanation in this case is probably that, as
with poly-y-rnetliyl L-glutamate, the structure
develops with the (100) planes mainly parallel to
the water surface.
Viewed in the electron microscope the films,
estimated to be 2001 in thickness, appeared
remarkably uniform, except whom folding had
occurred in the last stages of collapse. This observation suggests that, although consecutive layers of
molecules appear to form to a thickness of at least
50k, as shown by the force-area measurements, it is
probable that this process continues further.
Otherwise, if at 501 the film were to start to fold
and buckle, the resulting texture would have been
clearly visible in the microscope.
Angle of contact measurements. The angle of
contact, 0, determined against distilled water, was
62 ± 2°. If we accept, bearing in mind the reservations that have been expressed (Malcolm, 1966,
1968a), the application of Young's equation as a
measure of the adhesion of the polymer to the
water, the following expression can be used to
calculate the free energy of the polymer/vapour
interface (Fpiv):
2Fpiv = - yL/v(1+ COS O)+W
where LJV is the surface tension of the water and
W the work done on the film to convert 1 crn.-2 of
monolayer into a bilayer. TV is numerically equal
almost exactly (Malcolm, 1966) to the pressure on
the film at the plateau (6 dynescm.'). Taking
728 dynoscm. 1 for yLIv 2Fp1v = 101 ± 2 ergscm. -2.
DISCUSSION
The results of the polarized infrared spectroscopy
and electron diffraction leave no doubt that when
the fully collapsed polymer film is removed from
the surface and air-dried it is in the a-helical
conformation. If the force-area curve arises from
the collapse of molecules in the a-helical conformation, the form of the curve can then be accounted
for in a relatively simple way. Caution is, however,
necessary, since it is in principle possible for some
other conformation in the monolayer state to be
converted into the a-helical form on compression,
giving rise to a plateau in the force-area curve. It is
therefore essential to distinguish between observations related directly to the structure of the
monolayer and indirect observations on the
collapsed film or a dried monolayer.
Loeb & Baler (1968) have used infrared multiplereflexion spectra to study the conformation of
poly-y-bonzyl n-glutamate monolayers. Although
this approach is valuable, it is indirect since it
involves transferring the monolayer to a germanium
or other optical surfiicc. This tmamisfbr may cause a
conformational change, particularly if the mono -
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layer interacts strongly with the water (as with
poly--benzyl L-aspartate; Malcolm, 19685) or is
hydrogen-bonded to it. If it is possible to observe
slow deuterium exchange, as in the present work,
information can be obtained about the hydrogenbonding in the monolayer. Early work (Malcolm,
1962) has, however, been questioned by Loeb &
Baier (1967), who point out that deuteriumhydrogen exchange is complicated by the effect of
the environment on the exchanging group and that
the effect of the nearby surface has not boon
independently investigated. The kinetic measurements (Malcolm, 1968a) are, however, good support
for this approach. In addition in the present work,
the evidently complete exchange of the side-chain
amide groups under conditions where the 'backbone' peptide groups do not exchange serves as a
useful control, and shows that the two groups must
be in different environments. If the polymer were a
random coil on the surface, with all the groups free
to hydrogen-bend to water, it would be expected
that they would all rapidly exchange. It can therefore be concluded that, as in previous work, the
slow exchange of the 'backbone' rules out conformations in which it hydrogen-bonds to the
substrate water.
The interhelix distance in the collapsed film
calculated assuming that the equatorial refiexions
arise from the (100) and (110) planes of a hexagonal
lattice is 164k. This is in reasonable agreement
with the distance (16k) calculated from the area/
residue measured in the monolayer, assuming the
molecules are a-helical. It should be realized of
course, particularly with long side chains, that the
packing in a monolayer may not be the same as in
the solid state, so that exact agreement is not
necessarily to be expected. The observed area/
residue is too high for the -eonforrnation to be
acceptable, since this leads to an area in a monolayer
of about 17k2/residue (Malcolm, 1965).
The direct observations from both deuteriumexchange and surface-area measurement are therefore consistent with the presence of the a-helix in
the monolayer, or of some closely related conformation. As in other cases (Malcolm, 1968a) the
plateau implies a high degree of order in the
monolayer, which on this basis arises directly from
the side-by-side packing of the rigid helical molecules. On the other hand, if, as has been suggested
for poly-y-bcnzyl n-glutamate, a conformational
change takes place at the plateau (Isemnura Si
Suzuki, 1967) then in the present case some further
explanation is necessary to account for the further
inflexions in tln force-mu-ca curves. The explanation
given for the plateau in poly-y-methyl n-glutamate
(Malcolm, 1966) can ho simply extended, however,
by postulating the formation of further layers of
molecules. If this is correct the monolayer micelles
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of -helices contain many molecules, since almost
every micelle must form six or more layers on
compression. A micelle might therefore contain
about 100 or more molecules with an overall size of
not less than 1500A x 1500A (assuming no end-tocurl aggregation of the molecules). The formation
of a multilayer, one layer at a time, can then take
place by a simple co-operative process in the same
way as suggested for the formation of a bilayer
(Malcolm, 1968cc), except that it is now necessary to
postulate the movement upwards of molecules
through the entire thickness of the film. Once,
however, the pressure to form the first plateau is
reached, where there is sufficient energy to detach
molecules from the water surface, very little
additional energy is necessary to propagate a
movement of moleci mles through the film. An upper
limit, bearing in mind that the measurements are
dynamic (aixd the film therefore not in equilibrium),
can he calculated from the force-area curve. For
the third layer, the work done on the film above that
required to remove molecules from the surface of
the water is represented by the area in the force-area
curve above the level of the first plateau, over the
range where the third layer of molecules is forming.
This gives approx. 1 erg for the formation of
1cm.2 of triple layer or 003kcal. mole-1 of residues
transferred. Similarly, the peaks in the force-area
curve may be related to the energy for initiation of
the next layer of molecules (which requires more
work than the propagation of a layer once it is
initiated). In these regions, however, the film is
clearly metastable and the size of the peaks is
dependent on the experimental conditions as well
as on the number and rate of formation of sites at
which the next layer starts to form.
One factor important in determining the
behaviour of the polymer is the free energy of
the polymer/vapour interface, which is the main
source of energy for the transition from monolayer
to hilayer (Malcolm, 1968a). The value obtained is
rather higher than in other cases where a plateau is
observed, and it is of interest to compare this
polymer with poly-y-benzyl L -glutamate. This
shows a plateau at about the same pressure and,
as might he expected from the more hydrophobic
nature of the side chain, has a significantly lower
work of adhesion to water (Wpii. 94 ergscm. 2 ).
Thus although the amide group in the side chain
of poly-e-benzyloxycarhonyl-L-lysine increases the
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adhesion of the polymer to water, it correspondingly
increases the free energy of the polymer/vapour
interface. This relatively higher free energy might
he one factor facilitating the formation of additional
layers of molecules in the manner observed. There
is, however, 0110 important additional factor, since
in this instance the side-chain amide groups at the
polymer/vapour interface may adsorb water molecules by hydrogen-bonding. These may have to be
displaced when a further layer of helices forms, so
it cannot be assumed in this case that the free
energy of the polymer/vapour interface is directly
related to the energy required to separate two layers
of polymer molecules. However, the presence of
the water molecules could well be very important
in promoting the, almost perfect plasticity of the
system.
In conclusion, it appears that this polymer fits
into the pattern established in previous work, and
in particular the remarkable formation of the
mnultilayer is good support for the explanation that
has been given earlier of the plateau. Although the
side chain of this polymer is not one occurring in
proteins it is nevertheless of interest as a model for
understanding reactions, such as the deuteriumexchange reaction, at interfaces, and the factors
that control the tertiary structure of proteins and
intermolecular associations.
This work is supported by the Science Research Council,
and I am indebted to Miss L. Mallabv for technical assistance.
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PROTEIN CONFORMATIONS
AND INTERACTIONS
AT INTERFACES
By B. R. MALCOLM
(University of Edinburgh, King's Buildings, West Mains Road,
Edinburgh, 9)
Monolayers of synthetic polypeptides and proteins have been
investigated by infra-red spectroscopy and deuterium-exchange
techniques. PoIy-n-alanine is stable in the cc-helical conformation
at the air—water interface. The spectra of myoglobin and insulin
show that unfolding of the protein does not lead to denaturation
such as is produced by heating a solution and the evidence suggests that myoglobin probably loses only its tertiary structure
at the air—water interface. The surface potential of poly-D-alanine
is attributed to a net reorientation of the water molecules produced by spreading the monolayer.
Monolayers of a-helices are shown to pack with considerable
side-chain interactions and the intermolecular forces could well
be important in the structure and biochemistry of interfaces.

Introduction
OUR present concept of the molecular structure of a cell membrane
owes much to Danielli & Harvey' who suggested that it consists of
a bimolecular lipid layer with a layer of protein adsorbed on either
side. This structure in various forms has received considerable
support from electron microscopy and X-ray analysis ;2 it is also
invoked to account for permeability properties in terms of a
hypothetical molecular structure.3 The protein layers are generally
drawn as extended polypeptide chains with the side-chains interdigitating with the lipid. Sjostrand, for example, describes4 the
protein adjacent to the lipid as stretched polypeptide chains, but
considers there to be an additional layer of globular protein on
one side of the membrane in order to account for the asymmetry
observed with the electron microscope.
The idea of extended polypeptide chains adjacent to the lipid
receives support from experiments on the surface chemistry of proteins and synthetic polypeptides. In the case of poly-DL-leucine
spread at the air—water interface, Cheesman & Davies 5 conclude
that the side-chains are directed alternately into the air and down
into the water; at the oil—water interface all the side-chains are supposed to be directed into the oil. The same authors state that the
unfolding of myoglobin at a surface consists of a reorientation of
102
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the polypeptide chain subsequent to the surmounting of an energy
barrier due to a restriciting group. They consider the reorientation
to be of a drastic nature involving a change of configuration
throughout the chain, the bonds determining the configuration of
the polypeptide chain being broken. They suggest that the interfacial unfolding of many, if not all, proteins involves a complete
and irreversible change in the topochemistry of the polypeptide
network, a prerequisite for this change being the removal of a
restriction imposed either by a prosthetic group or by one or
more intramolecular linkages between amino-acid residues. The
situation at a lipid—water interface is not the same as at an oil—
water interface because of the polar groups on the lipid molecules.
Haydon & Taylor have discussed this point considering again an
extended polypeptide chain. They find that at a phospholipid—
water interface, the energy required to uncoil a protein is too
large for the free-energy change associated with the interpenetration of the extended chain or the side-chains into the phospholipid,
and conclude that the protein would not therefore adsorb. At a
cholesterol—water interface, unfolding and adsorption is considered
a possibility.
It is difficult to reconcile the idea of a fully extended protein
with the biochemical concept of a biological interface being the
site of considerable enzyme activity. The most direct method of
investigation is by X-ray analysis of membrane structures7 and this
approach has met with some success. Unfortunately, while the
evidence supports the general model of the interface, the X-ray
diagram lacks sufficient detail to provide a picture of the conformation of the proteins. This is not surprising, because of the
diversity of the molecules present and because the protein is
probably closely associated with the strongly scattering phosphate
groups in the lipid. We are therefore led to reconsider the methods
of surface chemistry and the conclusions that have been reached,
in the light of progress in other fields. Bamford el al. 8 have discussed
critically the surface chemistry of the synthetic polypeptides and
have pointed out that in certain cases the results are inconclusive;
they consider that often the -helix of Pauling et al.9 fits the experimental results as well, if not better, than an extended-chain
structure. Evidence in support of this suggestion has been obtained
from work on a number of synthetic 1)olypeptides1° and full details
will be given elsewhere. If this is accepted, a reconsideration of
the meaning of experiments using Langmuir trough, surface
viscosity and surface potential techniques is necessary. It is important to settle these points beyond reasonable doubt on as wide a
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range of polymers as possible. Further experiments are therefore
described here on poly-alanine and by way of contrast on a nylon,
and an attempt is made to extend the methods to monolayers of
protein.
Poly-alanine has been chosen because it has been very fully
studied in the solid state by X_raysSlS and infra-red spectroscopy13
and in solution by optical rotation,14 ultra-violet absorption15 and
deuterium exchange techniques.16"7 A further important feature
of this polymer is the small size of the side-chain, which helps to
remove ambiguities in discussing alternative conformations. It
will be shown that its behaviour in monolayers is again consistent
with the presence of the -helix. Part of the argument rests on
infra-red spectroscopic measurements of deuteriurn—hydrogen
exchange with the substrate, in monolayers in which the peptide
hydrogen atoms have previously been replaced by deuterium. The
exchange is slow under conditions which in solution would cause
rapid exchange if the polymer were unfolded in a randomly coiled
conformation. Because the chemical forces at an interface are not
quite the same as in a solution, a direct comparison of exchange
rates may not be valid. Analogous experiments have therefore
been made on a nylon copolymer believed to be randomly coiled
at the air—water interface.
The two proteins so far investigated, insulin and myoglobin,
may not be typical of the proteins found in natural membranes.
They are model systems from the point of view of this work and the
conclusions reached on them have to be viewed in this light.
However, our extensive knowledge of their structure at present
outweighs this disadvantage.
Experimental
Force—area curves of monolayers were obtained in the usual
manner with a Langmuir trough of fused silica, a waxed mica float
and a torsion head sensitive to 004 dyne/cm/division. Surface
potential measurements were made with a calomel/potassium
chloride electrode in the trough and a 1-mc. polonium source
above the surface coupled to a Lindemann electrometer and a
potentiometer. Monolayers for spectroscopic examination were
usually spread on a separate trough 60 x 15 cm.2 of waxed Perspex.
To remove a monolayer, it was first compressed between two waxed
glass barriers, until the separation between them was about
1-6 cm. The polymer was then removed by drawing a barium
fluoride plate across the trough between the barriers. The crumpled
multilayer so deposited on the plate could be lightly blotted and
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dried down in a vacuum very rapidly to form a specimen in the
form of a film 1 or 2 mm. wide across the plate. All solutions were
spread from an all-glass Agla micrometer syringe as evenly as
possible over the surface. The time taken to spread, remove, and
dry the monolayer was about 2 mm.
Infra-red spectra were obtained with a lJnicam SF200 spectrometer immediately after the film had been dried. Care was taken
that the specimen was accurately in the image plane of the spectrometer entrance-slit and its position was carefully adjusted for
maximum absorption. The method of forming the specimen
inevitably produces considerable non-uniformities in its thickness,
nevertheless quantitative and fairly accurate measurements can
be made of the deuterium exchange from the ND- and NH-bands.
It is found that provided their optical density is not more
than about 01, their relative strengths are not seriously affected.
The percentage of amide hydrogen (%NH) is then calculated
from the formula: %NH = NH/(NH+F33 ND) x 100% where
the symbols on the right represented the measured peak optical
densities of the NH- and ND-bands at 3300 cm.' and 2400 cm. 1
respectively. The factor 133 arises because it has been found that
the extinction coefficients of the NH- and ND-bands differ
appreciably. An accurate value for this factor is difficult to obtain
because of the problems involved in obtaining a uniform and fully
deuterated specimen; the value given is probably correct to + 0-1
for poly-D-alarnne and the same value has been found for the
9 : 1 D—L-copolymer (see below). This uncertainty limits the
absolute accuracy; relative measurements were reproducible
usually to ±2%. It should be noted that when the NH- and
ND-bands are of about equal strength, errors caused by nonuniformity of the specimen and mis-alignment of the image of
the specimen on the spectrometer slit are very small, since both
bands are nearly equally affected. The formula assumes that the
optical density of the NH- or ND-band in a specimen is proportional
to the respective content of amide hydrogen or deuterium. If the
vibrations in the molecule are coupled, as they appear to he,18
this is not necessarily so. However experiments on poly-y-ethyl-Lglutamate, to be reported elsewhere, suggest that this assumption
is valid.
Materials
The poly-D-alanine and a 9 : 1 copolymer of D- and L-alarnne
were both prepared by Mr. W. E. Hanby of Courtaulds Ltd. These
were found to have reduced viscosities respectively of 298 and
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158 dl./g. measured at 25° at 0.2% w/v concentrations in
dichioroacetic acid. The lower viscosity of the 9 : 1 copolymer is
probably not an indication of a lower molecular weight but of a
lower proportion of polymer in the -helical conformation in this
solvent.14 N-Deuterated polymer solutions were prepared by
dissolving about 15 mg. of the polymer in 1 ml. of CHCl2 COOD
followed by the addition of 9 ml. of chloroform. The sequence of
this preparation is important and instructive. The deuterium
exchange proceeds rapidly in a solvent able to open hydrogen
bonds ;19 subsequent addition of a non-polar solvent helps to form
and stabilise the a-helix. The CHC12 COOD was prepared by twice
distilling dichioroacetic acid from an equal volume of 99.8% D 20
and the chloroform was redistilled to reduce the ethanol content.
The polymer solutions did not keep well and it was necessary to
use them within 2 days to obtain consistent results.
The nylon used was a 1 : 1 : 1 copolymer of nylon 6, nylon 66
and nylon 11 made available by Mr. R. W. J. Williams of British
Nylon Spinners. A similar deuteration procedure was used as for
poly-alanine except that, in order to keep the polymer in solution,
1 ml. C,H5 0D was added with the chloroform. This solution was
used immediately after preparation.
Sperm-whale myoglobin was used as supplied by Seravac
Laboratories (Pty) Ltd. without further purification. It was spread
from solution in a 1 : 4 : 5 mixture by volume of dichloroacetic
acid/water/isopropanol. Six-times-recrystallised ox-insulin was
provided by Mr. J. Agar of Boots Pure Drug Co. Ltd. Solutions
for spreading monolayers were made by dissolving about 10 mg.
in 5 ml. of 001 N-hydrochloric acid followed by the addition of
isopropanol to 10 ml. total volume.
Results
Polv-alanine
The force--area curves (Fig. 1) and surface potentials of poiyn-alanine and the 9 : 1 n-L-copolymer are so very similar that the
differences are within the experimental errors and average values
are given here. On both 001 N -hydrochloric acid and 001 N-sodium
hydroxide the area per residue obtained by extrapolation of the
almost linear part of the force—area curve to zero area is (138±
0.4)A2 per residue. This is good evidence that the structure of the
monlayer is independent of pH. The surface potentials at this area
are 550 mV on 001 N-hydrochloric acid and 515 mV on 001 Nsodium hydroxide, all measurements being taken at 20°. Before
the film is compressed, the surface potential fluctuates widely at
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Force—area curves at the air—water interface 200
Poly-D-alanine (curve A) and nylon (curve C) on 001 N-HC1, and
myoglohin (curve B) on 0.005 M-phosphate buffer pH 63
FIG. 1.

various parts of the surface showing that the film is condensed
into large-scale aggregates. On compression of the monolayer the
potential gradually becomes uniform over the surface. There is
always a slight drift in the torsion-head reading each time the film
is compressed. This almost certainly indicates a rearrangement of
the molecules forming the aggregates and causes the precise shape
of the force-area curve to be time-dependent. However by taking
readings over about 30 mm., this has only a slight effect on the
force—area curves.
Fig. 2 shows the spectrum of poly-D-alanine (undeuterated)
obtained by removing a monolayer which has been spread on
dilute sodium hydroxide; very similar spectra are obtained spreading monolayers in the pH range 2-11. At higher pH values, the
presence of sodium hydroxide on the film when it is dried causes
difficulties. A typical spectrum obtained from a monolayer of
N-dcuterated 9 1, D—L-poly-alanine is shown in Fig. 2 (lower
diagram). Because of the scatter of radiation caused by the nonuniformity of the specimen, the true zero for measurements of
the ND- and NH-bands at 2400 cm.-1 and 3300 cm. is estimated
by drawing a straight line across from 2200 cm.—' to 3700 cm..
By measuring the deuterium content in the way described, for
monolayers which have been on the surface for various lengths of
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(Upper diagram) Infra-red spectrum of poly-D-alaeine after being spread
as a monolayer on NaOH pH 105, 10 mm., 200. (Lower diagram) N-deulerated
9 : 1 D-L poly-alaisine after being spread as a monolayer on HC1 pH 3, 10 nun., 22°
FIG. 2.

time, it is possible to investigate the rate of exchange under various
conditions and make a comparison between the two polymers. As
might be expected, the rate of exchange increases appreciably if
the temperature is raised and in this work is has been kept constant
at 220. In the range 20 to 30A2 per residue, there is no observable
dependence of the exchange rate on area (in contrast with polv-ymethyl-L-glutamate) and all films were spread at 20 A2 per residue
to make full use of the trough area. The exchange was timed from
the moment of completion of spreading the film (Fig. 3). For both
polymers the minimum rate of exhange was around pH 3. The
results show that the initial deuterium content of the polymers must
have been at least 85% and possible higher.
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TIME, mm.
Fun. 3. Deuterium—hydrogen exchange in Ndeutevated monolayers on substrates at various
constant values of pH (22°)
A poly-n-alanine B 9 1 D—L-poly-alanifle

Quite clearly from the curves the reaction is not first-order and
it is convenient to consider there to be three phases, an initial
rapid reaction over in about the first minute, a slower phase
lasting about 1 h., followed by a very slow reaction which can be
observed over many hours. The main difference between the
exchange of poly-n-alanine and the 9 : 1 copolymer is in the extent
of the initial exchange. This was investigated separately by preparing both solutions from the same solvents so that as far as
possible conditions were the same. The exchange taking place in
the first minute plotted against pH of the substrate is shown in
Fig. 4. This shows that the incorporation of some L-residues in a
molecule composed of n-residues increases the initial exchange
rate, except, it appears, at pH 2-3.
Nylon monolayers were examined when spread on 001 Nhydrochloric acid. The force—area curve has been plotted taking a
mean residue weight (190). When the N-deuterated polymer was
spread on 0•01 N-acid at 22° and immediately removed, the
spectrum was normal and showed no trace of any band attributable
to deuterium. Because the spreading solution used was dilute and
contained dichioroacetic acid which is very difficult to remove, it
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FIG. 4. Measurements of the amide hydrogen content of N-deuterated polymer monolayers after I ins a
at different values of pH
9 : 1 D-L-poly-alanine
- - - pOIy-D-alaflifle

was not possible to show directly that the polymer was deuterated
before spreading, but there is no reason to suppose that the
chemistry of the exchange reaction in the preparation is any
different from that of the polypeptides.
Monolayers of protein were found to be more difficult to remove
than those of the synthetic polypeptides and it was necessary to
have the substrate fairly close to neutrality. In order to compare
the spectra of monolayers with those of the native protein and of
denatured protein, spectra have been prepared (Fig. 5). The
spectrum of the native protein was obtained by drying down at
room temperature an aqueous solution of the protein spread evenly
on a barium fluoride plate. The spectrum of denatured myoglobin
was obtained by drying down in the same way the rather more
viscous solution obtained by heating the protein solution to 900.
This treatment is not sufficient to denature insulin; but by heating
to 1000 a solution at pH 2 (or slightly lower), a gel starts to form
after a few minutes and this can be spread into a film and dried
down on barium fluoride. The spectra obtained by denaturing in
this way show marked changes in the amide band at 1660 cm. -I,
with the development of a component of about equal strength
in the case of myoglobin, and in insulin an almost
at 1635
complete shift of the band to 1635 cm.'. So far, spectra showing
similar features have not been obtained by spreading monolayers
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5. Infra-red spectra

of' myoglobim and insulin
Myoglobin: (a) native protein, (b) monolayer after
45 mm. on Phosphate buffer pH 63, 20°, (c) cast ii'oni
aqueous solution after 15 mm. at 90 °
Insulin: (a) native protein, (5) monolayer after 20 mm.
at 36° on distilled water, (c) after heating a Solution
in HCI pH 15, IS mm. at IOU'

of protein. The actual appearance of the specimens of insulin
monolayers spread on distilled water at 360 is different from those
spread at 200 so that changes may well occur on heating monolayers, but the spectra are clearl\' more similar to the native than
the denatured protein.
Discussion
In interpreting the experimental results we can consider three
types of possible conformations in monolayers which are distinguished by their patterns of hydrogen-bonding:
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monolayers in which the peptide groups are hydrogenbonded intramolecularly, as for example in the a-helix;
extended chain conformations with intermolecular hydrogen-bonds as in 13-keratin;
extended chains with hydrogen-bonds formed between the
amide groups and water molecules in the environment; these
structures will be much more flexible because they lack
the constraints of intra- or inter-molecular bonding. The
term 'hydrogen-bond' will be used irrespective of whether
the atom involved happens to be hydrogen or deuterium.
It will be assumed that the amide group is planar as postulated
by Corey & Pauling,22 so that the only free rotation in the polypeptide chain is around the bonds to the a-carbon atom. This
assumption is supported by very considerable X-ray evidence and
it has an important bearing on possible conformations in monolayers. If an attempt is made to build, with suitable models using
this restriction, a structure in which all the bonds between the
aC- and lC-atoms are directed to one side of a plane, it will be
found impossible unless there is a fairly regular sequence of L- and
n-residues; otherwise the molecule becomes very convoluted and
no longer lies in the plane. Thus, the conformations proposed by
Davies2' for polypeptides with hydrocarbon side-chains in which all
the hydrocarbon groups are directed to one side of an interface are
only acceptable for copolymers of u- and L-residues and cannot be
generalised to include polymers consisting of only one enantiomorph.
Considering now the spectra of poly-alanine (Fig. 2), these leave
little doubt that the specimens are in the a-helical conformation
after being removed from the interface and dried down. The
spectrum of poly-n-alanine agrees in detail with the spectrum of
a-pOIv-L-alanine shown by Elliott.13 In particular there is no trace
of the f-conformation of this polymer which is indicated by the
shift of the amide band at 166() cm.' to 1634 cm.' and other
changes. It seems unlikely that if a film were in the p-conformation
on the water surface it would spontaneously revert entirely to the
a-form on being removed, since the p-conformation of this polymer
appears to he quite stable; however, the spectrum by itself does
not entirely rule this out nor does it eliminate the possibility that
the molecule on the surface is unfolded and hydrogen-bonded to
water. This latter possibility is the reason for the deuteriumexchange experiments.
We have good evidence that in solution poly-DL-alanine is
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mainly randomly coiled14"
7 and deuterium-exchange rates
indicate a first-order reaction.' 6 '7 The rate is slowest at pH 28
and at 200 the exchange is then complete within an hour. No
observations have been reported with a pH above 491 since the
exchange is then too rapid to follow by the technique of Berger &
Linderstrorn-Lang, even at 00. The rates are of the same order as
in simple di- and tri-peptides.'7 While these observations alone
suggest that, if poly-u-alanine monolayers spread at an air—water
interface were hydrogen-bonded to the water, exchange would be
rather faster than is observed, the experiments with the nylon
copolymer give additional support to this view. The particular
polymer used was chosen because in it there are amide groups very
similar to the amide group in poly-alanine, but separated by 4, 5,
6 or 10 methylene groups in nearly random order. In these circumstances intermolecular hydrogen-bonding is reduced to a minimum
and it is reasonable to suppose, as in the discussion by Clark et al. '22
that the amide groups bond to the water. The absence of any
ND-band in the spectrum of the cleuterated nylon polymer, after
only 1 minute on a water surface at pH 2, is in marked contrast
to the behaviour of poly-i-alanine and the 9 : 1 copolymer. The
environment of the amide groups must be quite different in the
two cases.
Turning now to the force—area curve of poly-u-alanine, its shape
is typical of polypc'ptides with hydrocarbon side-chains. It has
been found12 that, in the solid state, -1ielices in poly-L-alanine
pack in a very neat and compact manner and it is a reasonable
assumption (see below) that a--heliccs in a monolayer will pack in
a similar fashion, particularly as time side-chains are small and
inflexible. It can also be assumed that in a monolayer there will
be a few regions of lower density where the helices do not pack
too well because of their inflexibility. This will tend to increase
the observed area per residue by a small amount. From the X-ray
data,1' the distance between a-heliccs is 855A and the increment
per residue along the helix 1495A giving an area per residue of
128A2. In the 3-conformation the corresponding figures are 478A
for the inter-chain distance and 345A for the residue increment
measured along the chain, giving an area of 165A' per residue.
A repeat distance of 345A is rather lower than the distance in a
fully extended polypeptide chain and models show that the
aC—C bonds must he directed almost perpendicular to the plane
of the molecules. It is therefore very compact and it is difficult to
devise any other conformation, with more or less extended chains,
winch has a significantly lower area. The observed area per residue
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of 138A2 is clearly consistent with the presence of -helices but
is too low for extended-chain structures.
The deuterium-exchange experiments are difficult to understand
if it is supposed that the peptide groups are hydrogen-bonded to
water. The problem is to account for the comparatively slow exchange after the very rapid exchange immediately the monolayer
is spread. One possibility is to suppose that, after the monolayer
has been on the surface for a short time, the structure is stabilised
by intermolecular hydrogen-bonds, which might exchange more
slowly, but as has been shown the observed area per residue is too
small for this to be acceptable. The postulate that the a-helix is
present provides the basis of an explanation that is reasonable and
simple. When the monolayer is spread and the solvent has evaporated, the helices must rapidly form large crystalline aggregates.
This is because a monolayer of rod-like molecules can only be
packed in a restricted area if they form approximately parallel
groups. Intermolecular forces are then sufficient to cause them to
close-pack. The final structure is probably very similar to the
packing of logs on a timber-river.
We can now broadly interpret the initial rapid phase of the
exchange as occurring when the solvent has evaporated and the
helices are at first isolated. Within this first minute, exchange will
proceed at the ends of the helices, where the amide groups are
more accessible or unbonded, and also as a result of thermal
motion causing breaks within the helices. The second phase, when
the monolayer has crystallised, is probably partly associated with
exchange around the edges of the crystalline aggregates and partly
exchange on the underside of the monolayer without the helices
opening. The third very slow phase is then exchange at sites more
removed from the water surface. Experiments still proceeding on
monolayers under pressure, show that it is not possible to prevent
exchange even when the molecules are closely packed. This supports
the idea that it is not necessary for the helix to open for exchange
to take place, a possibility considered by Berger & LinderstrornLang16 in respect of solutions.
We know that the poly-alanine in solution is in the a-helical
conformation ;14 there is then the possibility that it unfolds when
first spread and then folds up again when the molecules form aggregates. The measurements of the initial exchange (Fig. 4) suggest
this is unlikely. If the molecules were completely unfolded, L- and
D-residues should exchange at the same rate and act independently.
The effect of introducing a small proportion of L-residues on a
helix composed of D -residues is either to make it less stable but
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for its sense to be maintained, or for parts of the helix to have the
opposite sense with consequent intervening breaks.14 Either way,
the effect is to introduce sites where exchange might be expected
to occur more rapidly. It is then not surprising to find that there
is a difference between the poly-D-alanine and the 9 : 1 D-Lcopolymer which is mainly evident in the first phase of the reaction.
Monolayers of poly-DL-alanine have been investigated by
Cumper & Alexander23 who, from surface viscosity measurements,
found an area per residue of 147A2 at both the air—water and oil—
water interfaces and discuss the conformation in terms of an
extended-chain structure. This work was however prior to the
discovery of the a-helix. Later work by Glazer & Dogan 24 on the
same polymer indicates a value of 14A' per residue from the force—
area curve and a surface potential of 540 mV at p1-I 2 falling to
410 mV at pH 12. They again consider the polymer to be unfolded,
but the general agreement of all these values with those obtained
in this work suggests that the a-helix is also stable in poly-DLalanine. The variation of the surface potential with pH is attributed
to changes in the state of ionisation of the end-groups and this
may well be a contributory factor, but since appreciable changes
with pH are found even with polypeptides of very high molecular
weight, there may be some other cause. Davies25 has related the
variation of the surface potential with pH in polypeptides to the
orientation of the C 0 groups in the interface. This cannot be
the correct explanation of the origin of the changes if the -helix
is present. With the exception of the ends of the molecule, it has
no dipole-moment at right-angles to its axis, unless the side-chains
orientate in some particular way with respect to the interface.
This latter possibility is ruled out completely with poly-n-alanine
and this present work therefore supports the earlier suggestion"
that the potential arises from the water molecules. Alexander26
has pointed out that we know nothing of the orientation of the
water molecules at the air—water interface and that if we attempt
to relate the surface potential to the orientation of the amide
group in acetamides we find anomalies. A higher surface potential
is found when the C : 0 groups of acetamides are parallel to the
interface (as in the a-helix) than when they are perpendicular. If
we attribute the surface potential to the water dipoles this anomaly
can be resolved. One possibility is that the water molecules at the
air—water interface have their hydrogen atoms more or less directed
downwards and on spreading a monolayer the hydrogen atoms of
the water tend to re-orientate towards the carbonyl oxygen atoms,
perhaps forming a weak second hydrogen bond to the oxygen. A
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slight dependence of this tendency on pH would account for the
observed changes in monolayers in which thea-helix is present.
Considering now the monolayers of myoglobin and insulin,
Ambrose & Elliott27 have shown that denaturation of insulin by
heating is accompanied by a shift in the amide-1 band to 1637 cm.
and other spectral changes, and that this correlated with the development of an extended-chain 13-keratin type of structure. The
changes in myoglobin suggest that about half the myoglobin is
similarly converted on heating. The absence of corresponding
bands in the spectra of monolayers is good evidence that any unfolding in the monolayers is not so extensive as to lead to the formation of a -keratin structure. The observed area per residue in
myoglobin 168A2 , shows undoubtedly that some unfolding has
taken place, since if the molecule maintained its globular form it
would occupy not more than about bA2 per residue. If we assume
that the myoglobin monolayer is all folded as an a-helix and the
inter-chain distance is about the same as in o., -keratin, we can
find the expected area per residue. The strong equatorial reflection
at 98A in a-keratin28 can be considered, to a first approximation,
as the 10T0 reflection of a hexagonal cell. This leads to an interhelix distance of 113A and an area per residue in a monolayer of
169A2 . The close agreement of this value with the observed area
in myoglobin is no doubt fortuitous, but, taken with the infra-red
evidence, it supports the suggestion'° that the unfolding observed
with proteins at interfaces is often simply a loss of the tertiary
structure. This would not be expected to affect significantly the
infra-red spectrum. Since only just over two-thirds of the native
myoglobin molecule is in the a-helical conformation,29 the proportion in the monolayer may be no greater and there is not yet
sufficient evidence to warrant further speculation.
Until more is known of the conformation of crystalline insulin,
interpretation of the meaning of the area per residue, 155A2 , is
difficult. Unlike myoglobin it can have very little tertiary structure
and the disulphide links probably maintain its form at the interface. Similarly until the origin of the surface potential in synthetic
polypeptides is established, the values for myoglobin (340 mV)
and insulin (180 mV) at the condensed areas would appear to have
no precise significance.
The packing of a-helices in monolayers
Since the experimental results on poly-D-alafline strongly
support the idea that the a-helix is stable at the air—water interface,
and the data on myoglobin are consistent with this suggestion,
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some of the consequences of the packing of -helices will be discussed. The packing in a hexagonal lattice has been examined by
Elliott & Malcolm12 and their procedure and conclusions can be
extended to monolayers. It is found that -helices of poly-L-alanine
pack in such a way that the positions of the p-carbon atoms of
adjacent helices are equivalent, so that a translation of one helix
in a direction at right-angles to its axis, along the cell axis direction,
brings the p-carbon atoms into coincidence with those of an
adjacent helix. The simplest case is for a helix with exactly 18
residues in 5 turns and this will be considered here, but the argument can be extended to totally irrational helices. When two helices
are separated by the observed distance, this arrangement leads to
the side-chains interpenetrating and forming a series of close contacts without appreciable strain. The situation in a monolayer is
probably very similar and can he visualised as being derived by
removing one layer of close-packed helices from the hexagonal
Lattice. This leads to 10 out of every 18 side-chains being in contact
with adjacent helices. There are 4 in 18 side-chains directed into
the air and the same number into the water. Since in a monolayer
all the helices are already constrained to lie in a plane, and because
the packing is equally good irrespective of the direction of the
peptide sequence in adjacent molecules, this simple packing
scheme must produce considerable cohesion and stability.
A possible way for -helices of proteins to pack can be considered
as an extension of this scheme. Considering first identical protein
molecules, tiny will all tend to orientate in the same way with
respect to the interface and their intermolecular association will
be determined by the arrangement which gives rise to the maximum number of favourable side-chain interactions. This situation
can be derived from the packing of poly-L-alanine by now considering the helices to he separated by the expected amount for
proteins. This is shown in Fig. 6 in which 18 (3-C atoms of three
chains have been numbered successively and projected on a plane
at rightangles to the axes of the chains. Consecutive numbers
indicate a separation of 15 A in a direction perpendicular to the
plane of the drawing. The calculated distances between (3-C atoms
are as follows: 5 t 6 and 14 to iS, 66A; ito 3,1 to 17 (=1 to —1),
8 to 10 and 12 to 10, 605A. These separations are such that,
provided the chemical character of the side-chains is correct and
the side-chains are of sufficient length, all the side-chains can
interact. This of course implies a fairly specific sequence of the
amino-acids on adjacent molecules. In a general way, however, this
is reasonable for most protein monolayers since one side of the
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molecule will usually have more hydrophilic groups than another
which will orientate the molecule on the surface, so that there will
always be a tendency for the hydrophobic groups to be associated
or directed away from the water.
Similar interactions may play an important part in proteins at
a lipid—water interface. The amino-acid sequence would then
control the precise relationship of a protein molecule with its
neighbours, while the remaining side-chains would interact with
the lipid on one side of the layer and the aqueous phase on the other.
This form of interaction is a feature of any protein conformation
which has side-chains directed radially, as for example a globular
protein. It is not a feature of the 13-keratin type of structure since
adjacent molecules are held together with hydrogen bonds; a
translation of one molecule by about 69A in the direction of its
axis produces an equally favourable hydrogen-bonding situation.
A fully extended protein molecule with peptide hydrogen-bonds
formed with water is probably too flexible to lead to specific
interactions and at a lipid surface might well be converted to an
-helical form; Doty30 has shown that the helical content of proteins in solution is increased by decreasing the hydrogen-bonding
capacity of the environment and the lipid surface might act in a
similar manner.
There are several other general features of the a-helix as a
membrane component. The position of the p-carbon atoms is fixed
so that the side-chains are held in a fairly precise manner; in this
way a hydrocarbon side-chain may occasionally be forced to remain
in the aqueous phase where it might interact with hydrophobic
groups in solution. The thickness of a monolayer of r.-helices of
protein is about 10 A, which is reasonable, while the rigidity of
the helix would confer considerable stability on the membrane. If
a helix were to rotate about its axis as a result of chemical reactions
it might act as a carrier for chemically specific translocations
across the membrane.
While these features are attractive, it is important to realise
that although there is a considerable proportion of the myoglobin
and haemoglobin molecules in the -helical fold, it may not be as
extensive in the proteins composing the membrane. Finally,
although myoglobin appears to lose its tertiary structure at the
air—water interface, the behaviour of globular proteins at a lipid—
water interface may be quite different; it cannot yet be ruled out
that the tertiary structure may be partly maintained, though
electron-microscope studies suggest a limited thickness for the
protein layer.
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Conclusions
The application of deuterium-exchange and infra-red techniques
is clearly able to provide new information on the behaviour of
polypeptide monolayers and shows that the -helix is stable in
monolayers of poly-D-alanine and 9 1, D—L-poly-alanine. This
conclusion is consistent with the area per residue derived from
experiments using the Langrnuir trough comparing the values
with those calculated from poly-L-alanine in the solid state. The
difference between the initial deuterium exchange rates of poly-Dalanine and the 9 : 1 copolymer is evidence that the .-helices do
not unfold completely and then re-form in the first stage of forming
a monolayer (although partial unfolding cannot be ruled out). The
general pattern of deuterium exchange is similar to that observed
in several other polypeptides'° and supports the view that the
surface potential arises from a net reorientation of the water
molecules when the monolayer is spread.
The spectra of insulin and myoglobin show no changes of the
kind produced by thermal denaturation and the evidence suggests
that the unfolding of myoglobin is mainly a loss of the tertiary
structure, rather than a change of configuration throughout the
chain as considered by Cheesman & Davies. 5
The way in which -helices can pack in poly-L-alaninc and protein monolayers suggests that intermolecular forces can produce
considerable stability; this may have important consequences in
biology, particularly in relation to the structure and biochemistry
of interfaces. There is clearly scope for many more experiments on
both polypeptides and proteins, but it is satisfactory that a picture
of the structure of monolayers can be obtained which is related to
the structure in solution and in the crystalline state.
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Discussion
Dr. B. A. Pethiccc: Would not all the polypeptide be in contact
with water, irrespective of its arrangement? This would appear to
follow from the adsorption isotherms of water on proteins, etc.,
and the fact that the vapour is saturated at the surface.
Dr. B. R. Malcolm: Yes, this is probably true, but I do not think
that it in any way alters my general arguments about the exchange
reaction. If we take Fig. 6 to represent the packing of a monolayer
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Fin. 6. Packing of -helices in proteins with 3-carbox atoms in equivalent positions
Each 3-carbon atom is numbered and projected on a plane perpendicular to
the helix axis. Inter-helix distance 113 A.

Of poly-L-alanine, by reducing the inter-helix distance to 855A,
then the methyl groups with 13-carbon atoms number 8, 1, 12, 3,
10 and 17 interpenetrate and are in close contact with those on
adjacent helices. Because of the hydrophobic nature of these
groups and for steric reasons, I would expect the corresponding
amide deuterium to exchange more slowly than in the groups
fully in the aqueous phase.
On the vapour side of the interface the exchange reaction is
difficult to visualise. The first stage (as in the liquid) is probably
the appearance of a charge somewhere on the amide group which
will facilitate the exchange. I would expect this to be much less
probable on the vapour than on the liquid side of the monolayer.
Sir Eric Rideal: There is evidence that enzymes become inactivated when brought to an interface and that solutions of albumen
coagulate at rates proportional to their surface. Is that -13 conversion a result of adsorption or subsequent mechanical action?
Dr. B. R. Malcolm: The inactivation of an enzyme or the unfolding of a protein when at an interface does not necessarily, as I have
tried to show, imply an - to 13-conversion in the sense I have
defined the two forms. The monolayers of myogiobin undoubtedly
coagulate which is why they can be removed readily from the
water surface, but I think this arises from the action of the surface
forces on the hydrophilic groups around the outside of the molecule.
We know that in myoglobin a high proportion of the hydrophobic
side-chains are buried inside the molecule; coagulation is probably
caused by the intermolecular cohesion between these groups which
must be exposed when the tertiary structure breaks down. Flow
far this picture is true for albumen and other proteins remains to
be seen.
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Protein Conformations in the
Plasma Membrane
Abstract. Infrared spectroscopy and
optical rotatory dispersion have been
used to test theories of structure
of membrane protein. No evidence
has been found to support the view
that adjacent to the lipid there is a
monolayer of protein in the flconfor-mation. The extracted protein appears
to he a fairly typical globular protein
with a low a-helical content.
The classical Harvey-Danielli model

(I) for the plasma membrane has
formed the basis of discussion of its
structure for the last 20 to 30 years.
While the model was never intended
to explain fully the varied behavior of
the membrane, it remains the most
acceptable basis for a theory of membrane structure. The state of the protein and the nature of its interaction
with the lipid remain, however, almost
totally unknown. The proposals of
Danielli and his co-workers - (2) were
dependent on the current views on the
conformation of proteins at interfaces.
They cautiously concluded that proteins "on coming into contact with an
oil-water interface, unroll into thin
sheets, in a reversible manner" and
that the membrane consisted of "a continuous film of lipoidal molecules, of
which the two outermost layers are so
orientated that the hydrated polar
groups are in the oil-water interfaces,
with a layer of protein molecules adsorbed on both of these interfaces"
(1). Globular proteins were then believed to be adsorbed on these layers
of "unrolled" or spreading proteins.
Later workers have ascribed conformational states—usually the /3-conformation—to the layers of protein associated with the lipid; for example, Kayanau (3) postulated that they "consist of unfolded and uncoiled fabric
proteins in an extended /3-conformation, possibly resembling a pleated
sheet, with average spacings between
the backbones of about 4.7 to 4.9 A,"
together with some incompletely unfolded and uncoiled segments which
provide regions of potential extensibility (3a)
The speculations on the arrangement
of protein in the membrane have been
greatly influenced by studies on the
surface chemistry of proteins which implied that interfacial forces destroy the
secondary and tertiary structure of proteins, producing interfacial films of unfolded open-chain molecules lacking

any helical regions (4). However, infrared spectroscopy, and the measurement of rates of deuterium exchange
in monolayers of synthetic polypeptides show that a-helices can exist
at interfaces (5). Consequently, the
whole question of the conformation of
the protein in the membrane must be
reopened bearing in mind that, since
the conformation any protein adopts
at any given time is contingent upon
its environment, the conformation of
membrane protein in vivo requires the
presence of its associated lipid. As the
techniques available for the study of
conformation are mostly confined to
substances in true solution or to crystals, the possibilities of a direct approach to membrane-protein conformation are limited.
Infrared spectroscopy is one of the
few techniques yielding information on
protein conformation that is applicable to the intact membrane, albeit in
the form of a dry film. This technique reveals the presence of /3-protein
in the film by the position of the
amide-1 and -Il bands which in the /3
state are observed at about 1630 and
1520 cm -1 as contrasted with about
1660 and 1540 cm-1 given by an
a -helix or a random coil (6). The infrared spectrum of a film of hemoglobin-free ghosts of ox erythrocytes
(7), dried in air at 20°C on a barium
fluoride plate is shown in Fig. Ia. The
amide-1 band is at about 1660 cm'
with no trace of a component at 1630
cm -1. The amide-11 band, while not so
reliable for diagnostic purposes, also
shows no indication of a /3-conformation.
The ghost spectrum may be compared with that of a dry film prepared
from a solution of the ghost protein
obtained by n-butanol treatment of the
ghost (8) (Fig. lb, solid line). The
differences between these two are attributable to the lipid component of
the ghosts which can be estimated
from a spectrum of the extracted lipid
(Fig. lb, broken line). The lipid makes
only a small contribution to the spectrum of the ghost except in the region
of the CH-stretching frequencies about
2850 cm -1. About 50 percent of the
extracted protein can be converted to a
state possessing a /3-form spectrum by
heating with 50 percent ethanol at 70°C
for 3 minutes (Fig. Ic).
It might be argued that the amount
of /3-protein required to form a layer
on the lipid interface is, relative to
other proteins in the membrane, too
small to be detected by this method.

That this is not the case is shown by
calculation of the amount of /3-protein
required to cover the lipid of the
membrane when the lipid is arranged
as a bimolecular layer. The phospholipid, which makes up 70 percent of
the total lipid, (28 percent of the
ghost by weight) will—if it is assumed
that each molecule in the bilayer occupies an area of 70 A2 (9) and has
a mean molecular weight of 900—give
a total surface area of 2.1 X N A2
(N, Avogadro's number) per 100 g
ghost material. The remaining 30 percent of the lipid is mostly cholesterol,
which (if cross-sectional area is 36
A2 per molecule) can add a further
maximum value of 1.1 x N A2 to the
total area of the lipid. The actual contribution of cholesterol is probably less
in that (i) the area of a mixed monolayer of phospholipid and cholesterol
is less than the sum of the areas of
the- two pure components (10) and
(ii) the cholesterol molecules might
undergo hydrogen-bonding together,
gjving a complex solvated in the hydrocarbon chains of the phospholipid
bilayer. The second possibility seems
to have been overlooked by many
workers. We are therefore left with •a
total surface area for the lipid of about
3 x N A2. As the area per amino acid
residue of a protein monolayer is
about 17 A2 , in either a- or /3-conformation, the protein, which accounts for about 60 percent by weight
of the ghost, would (if the mean residue weight of the protein is 120) form
a monolayer of 8.5. x N A2 per
100 g ghost. Therefore, 35 percent of
the protein of the ghost would have
to be in the /3-conformation to form
a complete layer over the lipid; if
present, this percentage is high enough
to be detected by infrared spectroscopy. The protein layer contiguous
with the lipid has been considered insoluble, yet over 90 percent of the
total ghost protein may be obtained
in aqueous solution by butanol treatment of the ghosts (8).
The infrared analysis, while it excludes a significant amount of the
/3-form, does not distinguish between
the a-helix and the random chain; but
the amount of a-helix in the membrane, or, to be more precise, the
membrane protein when it is dissolved in water, can be estimated
from the optical rotatory dispersion of
the aqueous solution. Removal of lipid
from the protein may well change
the latter's conformation from the
state in vivo, although neither the
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membrane protein is • fairly typical
globular protein perhaps modified by
its sialic acid residues. How and to
what extent the a-helical and randomcoil components interact with the lipid
still remain largely an open question,
but the supposition of an extensive
array of the protein in the /3-conformation adjacent to the lipid is no
longer justifiable. This removes a rather stable and perhaps intractable element from certain models, a trend in
tune with recent concepts of the dynamic interrelation between different
micellar states in the lipoidal phase.
A. H. MADDY
B. R. MALCOLM
Departments of Molecular Biology
and Zoology, University 01 Edinburgh,
Edinburgh, Scotland
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globulin synthesis should clarify the
relationship of various classical types
of lymphoid cells.
The synthesis of immunoglobulins
by cultured lymphoblastoid cells derived from the bully coats of patients
with myeloid leukemias, lymphosarcomas, and Hodgkin's disease has been
demonstrated in our laboratories (2).
Over 50 cell lines originated from 26
patients are available for study. In
contrast, no immunoglohulins have
been detected in cell lines derived from
malignancies of nonhemopoietic tissues.
We would appreciate the opportunity
of obtaining blood samples from patients with multiple myeloma who have
plasma cells in their peripheral blood.
GEORGE E. MOORE
JAMES T. GRACE, JR.
DAVID PRESSMAN

Roswell Park Memorial Institute,
Buffalo, New York
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Protein Conformations in
Biological Membranes
The conclusions of Maddy and Malcolm (1), based upon infrared spectroscopy of dried erythrocyte membranes
and optical rotatory dispetion of solutions of membrane proteins, are unwarranted for the conformations in
vivo of proteins in biological membranes. Their quotation from my book
(2) and their added remarks, do not convey the points that I propose an extended /3-type conformation only for
the primarily structural proteins of
hydrated membranes in vivo (decidedly
not for all the proteins, nor in dried
membranes), and that this conformation
is stabilized by interactions with both
the lipid phase and the aqueous phase
of the membrane (involving hydrophobic interactions as a major component).
According to this treatment, one may
expect a large decrease in the amount
of extended conformation upon either
dehydrating the membrane or greatly
reducing its lipid content. In fact I
discuss in detail (2) the total conversion
of the extended conformation of the
structural proteins to a globular conformation as a result of reduction or
8 JULY 1966

loss of the lipid phase under certain
conditions, and the reversible pirtial
conversion to the globular conformation
during membrane transformations.
In the present state of our knowledge
it is a step backward to conclude that
findings regarding the conformations
of proteins in dried membranes set
guidelines for future studies and for
theorizing concerning the conformations
in vivo of membrane proteins. It would
be interesting to know the basis for
the authors' statement that air drying
of a membrane should not be expected
to reduce the amount of /3-conformation present. For such an assertion to
carry weight it should he based on detailed knowledge of either the structure
of the membrane or the variation in
/3-conformation with drying in some
pertinent lipid-protein model.
Maddy and Malcolm remark that
many workers seem to have overlooked
the possibility that cholesterol molecules may form hydrogen bonds with
one another and dissolve in the hydrocarbon chains of the lipid phase; references are desirable to some of the
treatments of membrane structure in
which this possibility was not overlooked. The presence of proteins in extended conformations in biological
membranes, far, from being an "intractable element" relative to micellar transformations of ;he lipid phase, as Maddy
and Malcolm assert, is an essential element of the only detailed theoretical
treatment of such membrane transformations (2).
If the relevance of the highly indirect experimental approach of Maddy
and Malcolm could be demonstrated
first in some model system, say by
elucidating the structure of the simple
aqueous gelatin gel from structural
studies of dried gelatin films, one might
have a precedent for drawing conclusions regarding the structure of biological membranes in vivo from structural studies of 'dried membranes.
J. LEE KAVANAU

Department of Zoology, University
of California, Los Angeles 90024
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membrane proteins. The term /3-conforIflation refers to structures with extended or nearly extended polypeptide
chains, each with a twofold screw axi
and peptide hydrogen bonds between
the chains (for example see I). The
presence of this structure in silk and
/3-keratin, or in other proteins as a result of thermal or other denaturation
processes, leads to a cross-linked structure insoluble in water; there has been
no previous suggestion that it needed
additional stabilizing forces. We
showed that the proteins of the erythrocyte ghost are not exceptional in this
respect, in that the /3-form can be observed in - dry denatured films. As to
Kavanau's proposed stabilization by hydrophobic interactions, it is difficult to
see how these occur between protein
and lipid. Haydon and Taylor have
pointed out the steric problems (2); if
the protein were in the /3-form these
would be particularly severe, since the
nonpolar side chains would not be long
enough to penetrate beyond the polar
lipid head-groups. This is a fundamental
probem that Kavanau does not answer
in his detailed theoretical treatment.
During further work we have obtained infrared spectra of fresh erythrocyte ghosts suspended in D20 and
of a, solution of ghost protein in DO;
both spectra show an amide I band
which is symmetrical about 1648 cm -1
and which is unaffected by drying.
Thermal denaturation, followed by drying of the protein, leads to a broader
asymmetrical band with peaks at 1648
and 1632 cm-1. We attribute the latter
peak to formation of denatured /3protein: this peak is not detected in the
unheated preparations.
These observations support our conclusion that there is no experimental
foundation for the supposition of an extensive array of protein in the /3-conformation adjacent to the lipid; they
meet Kavanau's criticisms more directly
than would experiments on gelatin.
Since gelatin, with its high proline content, does not form the /3-conformation
it is difficult to see how it could settle
the point at issue.
A. H. MADDY
B. R. MALCOLM
Departments of Molecular Biology
and Zoology, University of Edinburgh,
Edinburgh, Scotland
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It should be clear from our paper
that we do not exclude extended conformations, only the fl-conformation, as
an important structural feature of cell-
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STUDIES OF SYNTHETIC POLYPEPTIDE-WATER INTBRACICS
USING MCI4OLAYER TECHNIQUES

by
Benjamin R. Malcolm
Department of Molecular Biology, University of Edinburgh
Edinburgh, EH9 3JR, U.K.

INTRODUCTION
Early work on the surface chemistry of synthetic polypeptidea spread
as monolayers at the air-water interface was interpreted as indicating that
the molecules were in an extended conformation, with the surface potential
arising from the orientation of the peptide dipoles with respect to the
interface1. There is however now considerable evidence that in many
instances high molecular weight polymers form condensed ordered arrays of
2-5
cz-helices.
Since the helix backbone can have very little dipole moment
at right angles to its axis, the surface potential attributable to it must
arise almost entirely from interactions with the underlying water consequent
upon spreading the monolayer,2 An additional contribution to the potential
can arise from side chain-water interactions. A range of polymers of related
side chain composition has therefore been examined to see how the side chain
influences the surface potential and surface pressure-area characteristics,
with the expectation that this will increase our understanding of polymerwater interactions and the meaning of the surface potential.

2.

Relatively thick orientated films of polymer can be prepared from
collapsed monolayers.4 This produces specimens in the a-helical conformation
with very little polymer in the extended n-form. Provided that the polymer
is not too hydrophobic, the adsorption of water from the vapour phase can be
observed on such specimens by the use of polarized infrared spectroscopy.6
The abseption attributable to the OH-stretching frequencies is dichroic,
indicating a preferred orientation of the molecules, which probably arises
from their interaction with the polymer at specific sites. Since the
interpretation of the surface potential requires the postulate of similar
interactions, it is of interest to see to what extent the two quite
different types of observation might be related.

EXPERIMENTAL
Materials
Poly-L-Alanine was obtained from Sigma (Lot 107B-0599). Poly-vbenzyl-D-glutamate (Poly Glu(OBzl), MW 235000, Lot G-108 and Poly- benzyloxycarbonyl-L-Or!Ithifle (Poly Orn(Z)), MW 192000, Lot 0-22, were
obtained from Pilot Chemicals. The remaining polymers, poly-D-a-azninon-but yric acid, poly-L-norvalirie, poly-L-norleucirie, poly- € - benzyloxycarbonyl-L-lysine (MW 250000) (poly Lys(Z) ), poly-benzyl-L-aspartate
(MW 250000) (poly Asp(OBzl) ), poly-v-methyl-L-glutam&te (polyGlu(OHe))
and polyyetbyl-L-glutamate (polyGlu(OEt)) were as used previously. 2-3

3.

Measurements of the surface pressure and potential.
All monolayers were spread from solution in 10% dichloracetiC acidchloroform (v/v) at a concentration of approximately 1 mg/mi. The acid
(B.DH.) was redistilled under reduced pressure and Analar grade chloroform
(B.D.}!.) freshly distilled shortly prior to use. The subsolution, 0.01M KC1,
was made up from twice distilled water and Analar grade KCX (B.D.}I.) twice
recrystallized. The Langmuir trough was of fused silica, 15cm wide. The
film balance was a simple flexure device, based on the deflection of a bent
metal strip in the interface which is followed with a microscope.7 A
helical potentiometer coupled to the micrometer drive of the microscope
provides a signal for a recorder, directly proportional to the force on
the film. Films for the surface potential measurements were normally
compressed at a rate of 6.2 mm/min by a continuous drive and the potential
was recorded automatically using a Curium-242 air ionizing electrode and
a LI.L.Vibron electrometer. Lower rates of compression, routinely
4 mm/min were used in separate experiments to record the surface pressure.
At or below these rates, the curves were almost independent of the rate
of compression. The higher rate of compression for the potential
measurements minimised errors due to zero drift during the experiment.
In other respects the procedures followed earlier work. 2-5

.

4

Observation of the infrared spectra of water adsorbed on thick films
Three of the polmers, poly Ala, poly G1u(4e) and poly Glu(OBt)
are sufficiently hydrophyliC for it to be possible to obtain spectra of
water adsorbed on them from the vapour phase, in the region of the OHstretchi g vibrations. Orientated specimens were prepared by collapsing
monolayers.4 While other methods may prove equally satisfactory this method
has three advantages, (1) the molecules are orientated in the a-helical
conformation by compression rather than by stretching which often causes
part of the polymer to be in an extended chain conformation, (2) all
traces of solvent are effectively removed, (3) N-deuterated specimens are
readily prepared by spreading the deuterated polymer on 0.01 N HC12: this
provides a useful diminution in the strength of the Amide A (NH-stretching)
band wlkh lies close to the water band. Sufficient monolayers were
collapsed to give specimens with an optical density of 1.5 or greater
for the Amide I band. These were folded on the water surface and
mounted on a barium fluoride plate. After drying the specimen in a
vacuum a drop of a volatile liquid was applied to the surface to soften and
compact the film and reduce the scatter of radiation (chloroform for poly Ala,
5% chloroform/benzene for the other polymers). Residual scatter was compensated for with MgO powder on a plate in the reference beam. The specimen
was exposed to water vapour at various humidities from aqueous salt
solutions in a cell, and also to methanol and ethanol vapour, all at
309C. The absorption bands are weak and in any further study higher
dispersion than that available with the NaCl prism used would be disirable.

5.

RESULT
Surface pressure-area measurements
The results are presented (Figure 1) in such a way that comparisons
can be made between polymers of closely related chemical composition.
Agreement is good with earlier measurements on 0.01 M HC12. The initial
steep rise of the curves is at an area consistent with a monolayer of close
packed a-helices and the inflection or plateau arises from the collapse of
the monolayer to form a bilayer.2
Poly Orn(Z) has not been previously investigated but in general it
follows the same pattern of behaviour as poly Lys(Z)..4 However with one-(M 2lessin the side chain, the curve rises at a lower initial area and. shows only
one further inflection after the plateau. Poly Lys(Z) differs in that
inflections arise at areas consistent with the consecutive formation of 3,4
and 5 layers of molecules. Since the molecular weights of the two polymers
are comparable, it appears that as with polymers with n-alkyl side chains, a
longer side chain produces more clearly defined transitions in the pressurearea curve.
Poly Asp(OBzl) appears to form a right handed a-helix il, the monolayer
state, in contrast to the anomalous left handed helix it usually forms

and

it can therefore be compared directly with poly Glu(OBzl). It will be seen
that as with poly Orn(Z) and poly Lys(Z), an additional -CH 2- in the side
chain lowers the plateau.

6.

Surface potential measurements
The general form of the curves fdlows that of earlier work
except at low areas, where the use of a continuous drive produces smother
curves. Up to the plateau the potentia. V follows approximately the
relation V x Area/residue = constant, for each polymer. Above the areas
shown, irregularities are observed which indicate that the film is not
uniformly distributed. Where the bilayer forms, the curves show plateaux
with only slight curvature. Poly Lys(Z) has a further inflection,
corresponding to the formation of additional layers of molecules, but the
increase in height is small. The polymers with n-alkyl side chains shown
plateaux in the potentials at heights depending on bow close the molecules
ultimately pack, but the range of potentials at 20 residue is relatively
narrow (420-365mV).
The remaining four polymers all with ester groups in the side
chains do not follow a regular pattern of behaviour. The surface potential
of poly Asp(OBzl) is 200 mV higher than poly Glu(OBzl) and the potential
of poly Glu(OBt) appears exceptionally high compared with poly Glu(CMe)
and poly Glu(OBzl).
Infrared spectra of adsorbed water and alcohols
Spectra are shown for adsorption on poly Ala and poly Glu(OBt)
(Figure 2). Poly Glu(OMe) appears to behave in the same way as poly Glu(0.Et)
and a spectrum has been given elsewhere.6 During the course of an
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experiment the relative strengths of the Amide A (NH-stretching) band
(3300 cm) and its N-deuterated counterpart (2430 cm) changed slowly
on account of exchange with the vapour (not shown for clarity). This
appeared to have no significant effect on the OH-stretching bands in
the 3400-3600 cm region. Separate though similar specimens were
used for the treatment with alcohol vapour. Attempts to observe
absorption in the region of the OH deformation vibration were not successful on account of the strength of the Aside I band which overlies it, and
there were no perceptible differences in the range down to 800 cm-1. There
was very little of the 3-conformation detectable in any of the specimens as
judged by the infrared spectra and in agreement with electron diffraction
studies of specimens prepared in a similar manner2. Spectra were also
obtained from monolayers containing 1:1 mixtures of poly Ala and Poly Glu(OMe)
for comparison with hydrated keratin. Spectra from specimens which had not
been N-deuterated had water bands essentially similar to those shown, though
not so well resolved from the Aside A band.
It will be seen that while liquid water has a broad band centered
about 3420 cm4, water absorbed on poly Ala has a band at approximately
3470cm4 with a shoulder at 3530 cm-1 and poly Glu (OEt) water bands at
3440, 3510 and 3.570 cm-1. Methanol and ethanol both give one band in
poly Ala at about 3400 cn14, not resolved from the residual Amide A band,
and possibly for this reason showing very little dichroism, since the
perpendicular dichroism is of opposite character to the Aside A band. The

8.

The alcohols produce two bands showing marked perpendicular dichroism, at
about 3450 and 3530 cm in the glutamate polymers.

DISCUSSION
The surface pressure measurements
From the proposal that the plateau represents an orderly transition
from a monolayer to a bilayer, its height is a mea;ure of the work required
for the transition and is determined by the work of adhesion between the
polymer and substrate, and the free energy of the polymer-vapour interface
2,3
If

This can be seen subject to a number of simplifying assumptions

PV

as follows.

When the bilayer forms under a pressure of W dyne/cm

lv -

pv

pl - W

=

0

(1)

refer to the free energy per unit area of the liquid-vapour,
'pvand y
pi
lv'
polymer-vapour and polymer-liquid interfaces. Combining (1) with Young's
equation in the form
Y

pl

pv - lv cos Q

we get 'ypv = lv (1 + cos Q) - W

(2)

(3)

From this equation and assuming that we can use the same value for
Q as for a bulk specimen, yPV can be obtained. (1) assumes that the system
is perfectly reversible, which has not been shown experimentally. However

.
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a good indication that the system is not too far from perfect is shown by
poly Lys(Z). In this instance it is possible to observe clearly the
plateau corresponding to the formation of the third layer of molecules
3dyn/cm higher than the first plateau. On the basis of (1) it would be
expected to remain at the same height and not therefore observable. That
the additional work done to form the third layeris no more than 1.5 erg/cm2
shows that the polymer behaves as an almost perfect plastic, and the
application of (1) is not unreasonable as a first approximation in order
to establish a general understanding of the monolayers. Furthermore the
value obtained for Ypv for poly Glu(clde)2 of 45.5 erg/cm2, corresponds
well with the range 40-50 dyn/cm for recent measurements of the critical
surface tension of the polymer in the a-helical conformation.8
We can now understand the difference in the relative heights of
the plateaux in poly Glu(OBzl) and poly Aep(OBzl) and in poly Lys(Z) and
poly Orn(Z) where the virtual removal of one CH from the side chain rtses
the plateau by 4 and 6 dyn/cm respectively.

Both these pairs of polymers

have bulky groups on the ends of the side chains which will determine
the free energy of the polymer-vapour interface and which will therefore
be almost the same for each one of the pair. The difference in side
chain composition will then mainly affect the work of adhesion to water.
If we assume that in a monolyer which is undergoing a transition to a
bilayer at 20

p2
/resiaue 1/3 or the side chains are surrounded by water,

A
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4 and 6 dyn/cm correspond to energy differences of 345 and 517 cal/mole
respectively for side chains being removed from the water. In view of
the simplifying assumptions involved these figures are not unreasonable,
compared with values of 600-800 cal/mole for the desorption of -CH 2groups from the air-water interface in simple systems.9 This supports
the general interpretation of the significance of the plateau and
shows clearly an interaction between the water and a component of the
side chain. Similar information might in principle be obtained from
measurements of contact angles, but since the values obtained are only
accurate to within 20 and show variations depending on how the specimens
are prepared,8 it is unlikely that significant differences would emerge
between closely related polymers.
A similar correlation in the relative heights of the plateaux
of poly Glu(OEt) and poly Glu(CMe) is not observed, but in this instance
the difference in structure occurs close to the end of the side chain so
that both

and y will be affected and corresponding behaviour is not

therefore to be expected.
Interpretation of the Surface Potential
The surface potential-area curves all show a similar general shape
with three main parts: (i) a steady rise varying inversely as the area, up
to a point corresponding.. to the start of the plateau in the surface
pressure curves, (ii) a region over which the potentbl is either constant
or changing slowly, arising from the formation of the bilayer, (iii) a decrease
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which becomes more steep as the monolayer approaches final collapse. It
should be noted that the dependence of potential on area in stage (1) would
not in general be expected if there were a conformational change during
compression. Similarly, if the plateaux in the pressure-area curves were
the result of a conformational change, as opposed to the formation of a
bilayer, then the potential would in general be expected to increase or
decrease during (u).2
The various factors that contribute to the potential are related
in principle to those that determine the static dielectric properties of
helices in solution. We are however concerned with components of dipoles
perpendicular to the interface with the added complexity compared with
solutions, that the environment of the dipoles depedds on their location
with respect to the air-water interface. An empirical approach is
necessary as a first step, treating the various factors that contribute
to the potential arising from the backbone and the side chains as
separable.
A long isolated helix has no net dipole moment perpendicular to
its axis, since all non-axial components of the peptide dipole cancel out.
It can therefore make no direct contribution to the potential. However,
two factors, analogous to solvent effects in solution, can make
contributions: (i) a dipolar contribution from the net reorientation of
the water induced by spreading the monolayer, (ii) since peptide dipoles on
the upper surface of the helix (in air) may have a different non-axial
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dipole moment to those on the lower surface (in water) as a result of the
differing dielectric constants of the environment, complete cancellation
of the peptide dipoles may not occur. (ii) is probably small since the
strongest component of the peptide dipole is axial, though the precise
direction is difficult to determine since it is sensitive to assumptions
made concerning polarization effects. 0 The experimental results show
that (i) is predominant, since considering the series starting with poly
Ala, there is only a slight dependence of the potential on side chain
02
length (Fig. 1 curves ad) at 20A /Residue, indicative of a specific
peptide group-water dipolar interaction. If (ii) were significant, a
marked dependence on side chain length would be expected, since the side
chain would have the effect of altering the dielectric constant in the
vicinity of the peptide group.
Considering how poly Orn(Z) and poly Lys(Z) at 22X2/Residue there
is little difference in the surface potentials, suggesting that again the
length of the hydrocarbon in the side chain has little effect on the potential.
Since however the side chains now are flexible and contain polar groups,
contributions to the potential can arise from both the regular helical
array of side chains being distorted by the water and from a side chain-water
interaction.

If the backbone-water interaction is the same as that of the

previous polymers, the net effect of the side chains is small and the same
for both polymers.

13.
The remaining four polymers, all with ester groups in the side chains,
show that marked differences can be produced between related polymers by one
_CH2- group in the side chain. The preceding discussions strongly suggest
that this is not a direct consequence of the -cH2-. group contributing to
the potential. The differences therefore probably arise from polymerwater interactions which are sensitive to the side chain length and
conformation. That these make a positive contribution to the potential
is shown by the potentials being large compared with poly Ala (at the same
area, say 20 2/residue). A number of factors are involved. Studies of
side chain conformations show that they are sensitive to the composition,
the proximity of the ester group to the backbone and the dielectric constant
11 Differing interactions between the side chains and
of the environment.
water are therefore to be expected from one polymer to another, and in
some cases a specific interaction such as an H20 bridge between side chain
ester and peptide group may be possible. Such dipolar and hydrogen bond
interactions would be consistent with the preferred orientation of water
molecules, as shown from the infrared dichroism. In addition the dielectric
constant in the region of the side chains on the underside of the helices
is different from that on the upper surface, hence even if their helical
conformation is unmodified by the presence of the water, the side chains
may contribute to a finite non-axial dipole moment perpendicular to the
surface. That the dielectric constant is a significant factor fits in
with the observation that while poly Asp(OBzl) is normally a left handed
helix, it is right handed in the monolayer state on water and it has been
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suggested that this arises from the water molecules weakening the side chainbackbone interactions which normally favour the left handed form.5
11
Theoretical studies
suggest that the dielectric constant of the medium
may be responsible for this, but specific interactions with water have not
been ruled out.
Interpretation of the Infrared Spectra
While some of the details of the interpretation of the infrared
spectra are necessarily tentative at this stage, a number of important
general conclusions can be drawn with reasonable confidence. There are
five aspects of the spectra which give information:
It is possible to recognise two or three distinct pomponents to
the water absorption band, in contrast to the appearance of the band in
liquid water or hydrated keratin, indicating a more ordered structure.
The spectra are dichroic showing that the water molecules are on
average orientated with respect to the polymer.
The frequencies of the bands are higher than usual for a normal
hydrogen bond with an OR group, but not high enough to assign them to
completely unbonded OH groups. From the relation between hydrogen bond
12
strength and frequency, it appears therefore that the hydrogen bond
component of the binding is weak.
While the spectra of water adsorbed on poly Glu(OMe) and poly
Glu(OEt) are similar, the spectrum of water adsorbed on poly Ala is
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significantly different. This suggests the possibility of distinguishing
between side chain and backbone interactions with the water.
Broadly corresponding effects are observed using methanol and

(5)

ethanol instead of water. This not only assists in the interpretation,
but also helps to eliminate the possibility that some specific water
structure, such as a linear polymer, is responsible for aligning the
molecules with respect to the polypeptide.
Comparison of the spectra with those of water complexed with various
bases in carbon tetrachloride is instructive. Water in pure carbon tetrachloride has two OH stretching bands

Y

the antisymmetric mode at 3706 cm

and a weaker y1 symmetric band at 3615 cm. When a 1:1 association of
the type H-O-H..B forms the symmetry is lost, and bands occur at about
3690 cm-1 (free) and 3610 to 3550 cm (bonded), the free OH being the
stronger and narrower. With a 2:1 complex B...H-O-H..B, the symmetry
is restored with bands at 3670-3550 cm (antisymmetric) and 3580-3490 cm
13 This suggests that
(symmetric), of about equal intensity and breadth.
the water in the polymers resembles the 2:1 complex. For poly Ala the only
reasonable sites are peptide groups, where the lone-pair orbitals on the
oxygen atoms are available to form bonding sites. Possibly a water molecule
forms a bridge between two consecutive peptide oxygen atoms. The geometry
of the helix does not produce a perfect fit, but since the two atoms are
0

about 3A apart weak hydrogen bonds might be formed giving rise to the two
bands observed. The spectra of methanol and ethanol adsorbed on poly Ala
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appear to show only one band in the CH-stretching region, unresolved from
the Aside A band, again indicative of only one type of binding site. In
contrast, alcohols produce two bands when adsorbed on the glutamate
polymers, suggesting that there is an additional site, presumably on the
side chain. This is consistent with the presence of a single band at
3559 cm-1 when ethyl acetate forms a 1:1 complex with methanol in carbon
tetrachloride. 14 The component at ca. 3530 cm-1 might therefore be an
OH-side chain interaction and that at 3450 cm-1 an OH-peptide group
interaction as suggested for poly Ala. If water molecules adsorb on
the same sites as alcohols on the glutamates, the band at 3570cm4
may be a water-side chain interaction. The second hydrogen may form
a bridge to a peptide group and models suggest there are several
possibilities of this type. In addition water may bind to the peptide
groups in the same way as in poly Ala.
While the precise assignment of the interactions of water with
the peptide group and side chains requires further study, it is clear from
the results that both types of site can be involved and from the
frequencies, the hydrogen bond component of the binding is weak. Since
the rest of the spectrum shows no detectable change, there seems little

possibility that the normal peptide hydrogen bonds are opening. The
fact that when uthg N.deuterated polymers, back exchange of deuterium
is slow, supports this view. In seeking a more rigorous analysis of the
frequencies it should however be noted that while in an isolated helix all
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residues may be considered equivalent, in aicrystalline lattice that is
no longer true and several types of environment may occur for a water
molecule binding to a chemical group, with corresponding energies and
frequencies being involved. The orientation of the water cannot be
related precisely to that of the helices, until it is clear whether the
bedding enables us to consider the vibrations to be perturbed

V 1 and

modes with transition moments parallel and perpendicular to the symmetry
axis, or whether the hydrogen atoms are sufficiently decoupled for them
to move independently with moments along the bond directions. If the
former possibility is correct, then assigning the dichroism to V 3, it
is possible to relate the H-H axis of the water to the orientation of
the polymer.

This is not very exact, since the orientation of the

polymer.and resolution of the bands is poor, and a detailed discussion
is not therefore warranted at this stage, but it appears that the H-H
direction is within about 25° to the plane perpendicular to the
molecular axis.

Since however all components of the bands appear to

show perpendicular dichroism, it is reasonably certain that the planes
of the water molecules (which contain the stretching modes, irrespective
of the precise directions of the transition moments in the plane) lie in
planes more perpendicular than parallel to the molecular axis.
There are surprisingly few observations of a similar nature on
related systems, particularly in view of the importance of protein-water
interactions. Bendit 5 has however observed weak perpendicular dichroism
of water adsorbed on hydrated a-keratin. The character of the dichroism
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and the fact that the peak of the absorption band is 30-40 cm higher than
liquid water are consistent with the results reported here, and his tentative
conclusions for the positions of the water molecules in the crystalline regions
are similar. The spectrum otherwise resembled that of liquid water.
Observation on the specimens prepared from mixed monolayers of 1:1
poly Ala, poly Glu(€t4e) show dichroism in the water band as high as that of
either polymer individually, but the band becomes smoother as in liquid
water. Thus Bendit's observation that the shape of the water adsorption
band resembled liquid water is probably not an indication of the state of
the water, but rather a consequence of the complex structure of the keratin
producing a range of somewhat differing sites for adsorption of water on
to the peptide groups.

CONCLUSION,
It will be seen that there is a close parallel between the type of
interactions required to explain the surface potential results and the
infrared spectra. The surface potential of cx-helices with hydrocarbon side
chains is not sensitive to the size of the side chain and must arise mainly
from an interaction of water with the helix backbone. The positive sign
of the potential requires that on average the water dipoles have a larger
positive component directed upwards than on a clean water surface. This
is consistent with water molecules reorientating with hydrogen atoms
directed towards the lone pair orbitals of the peptide oxygen atoms.
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The infrared results on poly Ala suggest a similar type of interaction. When
ester groups are present in the side chains, the surface potential no longer
shows a regular pattern of behaviour and a higher potential (at the same
area/residue) is observed than in poly Ala. Specific interactions of water
with the side chains are required to account forbDth this and the increased
complexity of the infrared spectra.
In this simplified approach to the origin of the surface potential,
we neglect any contribution from water adsorbed at the polymer-vapour
interface which the infrared results suggest Is strictly incorrect, but
which can perhaps be regarded as small and approximately cancelling a part
of the contribution at the polymer-liquid interface. It must also be
recognised that the amount of water adsorbed in the infrared studies is
small, while water molecules involved in polymer-water interactions, giving
rise to the surface potentials, are probably equally involved in water-water
interactions, Furthermore both the infrared and surface potential techniques
present a time averaged picture of the interactions. While water adsorbed
on thick films is relatively static and probably resembles water of
crystallisation, at the polymer-liquid interface undoubtedly the water is
more mobile and the potential is an average in space and time of the
situation at individual sites. In seeking to relate the two different types
of observation these considerations are important. However, in view
of our present limited understanding of the surface potential, general
correlations between it and other types of observations are valuable. That
a correlation appears possible probably arises from the short range nature
of the interactions between the polymer and liquid water.
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There is now a considerable amount of evidence consistent with the
view that many high molecular weight polypeptides are stable in the a-helical
conformation at the air-water interface, both from direct observations on
2-5, l7,l
Early workers
monolayers and by a diversity of indirect methods.
favoured extended chain conformations and a major factor in this assignment
was the surface potential which they attributed to the orientation of the
peptide groups in the interface1. The present work is good evidence that
the potential can arise entirely from water-polymer interactions and a
fairly self-consistent pattern emerges. Our understanding of the origin of
the potentials is of value not only in interpreting polymer-water
interactions, but as a tool enabling us to study the monolayer in the
unperturbed state to follow conformational changes and interfacial
reaction.
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Captions for Figures
Figure 1. Measurements of surface pressure and potential as a function of
0
area for polymers spread on 0.01 M KC1, 20 C. In each of the
four sets of observations the side chain increases by
with successive letters of the alphabet. (a) Poly-L-alanine,
(b) Poly-L-a-amino-n-butyric acid, (c) Poly-L-norvaline,
(d) Poly-L-norleucine, (e) Poly- S - benzyloxycarbonyl-Lornithine, (f) Poly- e - benzyloxycarbonyl-L-lysine, (g) poly3-benzy1-L-aspartate (h) Poly-y-benzyl-D-glutamate, (I) Polyy-methyl-L-.glutamate, (j) Poly-'-ethy1-L-glutamate.

Figure 2. Polarized spectra of water and alcohols adsorbed from the vapour
on orientated films of (left) Poly-L-alanine. (right) Po1y-rethyl-L-glutamate, 300C. The orientation of the electric vector
is shown with respect to the axes of the helices. The OHstretching absorption (3400_3600_l) is always stronger with
the electric vector perpendicular to the helical axis. The
zero of the scale in this region has been displaced as shown
by the horizontal lines, for different treatments.
In the case of poly-L-alanine the spectra of polymer exposed
to methanol vapour are marked V. At 3300 cm-1Vi by chance
coincides with the peak height of the untreated film with the
electric vector parallel.
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