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This thesis deseribes the preparation and properties of optically
anisotropic deoxyribomwcleic acid (DNA) films and of mixed films
of DNA and poly(vinyl alcohol) (FVA).

The oriented pure DHA films were prepared by a wet spinning
method and the preparation is discussed in terms of the homogemeity
of the films and of the degree of orientation achieved in them.
Isotropic FVA=INA films were prepared by the casting of mixed
solutions of FVA and INA, and were oriented by mechanicel stretching.
The properties of the mixed films are considered in terms of an
interaction between DNA and the FVA matrix.

The potential for the use of oriemted DNA films in the
study of the intersctions between !NA and small molecules is
explored briefly by the use of dyes.

Finally, an intensity method based on Mueller Calculus is
dascribed for the measurement of the birefringence of the films.

The & spersion of the birefringence in ebsarption regions is
interesting in that it is complementary to the dichroism.
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When electromagnetic radiation interacts with matter, several
cbservable effects may be produced, these being absorption,
refraction, scattering and emission. The discussion will be
limited to molecular structure anslysis from absorption and
refraction measurements, Although only large molecules will be
consi dered, the primciples involved are quite general in most

Cases.

1.1 Dichroism and Birefringence
The propagation of light in a medium can be described by

a wave equation involving the complex refractive index, n', given by
o' = o1 = iK) (1.1)

where n is the refractive index and is the ratio of the
velocity of light in vacuo to the veloeity of light in the medium;
K is the extinction coefficient and represents the attemuation
of the light (Jenkins and White, 1957).

The nature of the interaction of electromagnetic radiation with
matter gives rise to different intensities of sbsorptioen,
depending on the direction which the eleotric vector of the
redistion makes with the changing dipole moment responsible for
the sbsarption; the sabsorption is greatest when the electric vector
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and the trensition (dipole) moment ere parallel (Sandorfy, 1964).

In general, molscules are therefore characterised by three orthogonal
ebsorption coefficients. lowever, it is usuaelly practicable

to measure only two of these, and so only uniaxial systems will

be considered. The dichroism, /¢, is defined by

be =¢,, ".1 (1.2)

€49 and .;-1 are the sbsorption coefficients for the electric vector
perallel and perpendicular, respectively, to some well defired axis
in the specimen under study. For example, the reference direction
may be the fibre axis in a system consisting of parallel fibres.
If € 4 is greater than 6.1. the system is said to exhibit positive
dichroism and if €49 is less thane.l it is said to exhibit negative
dichroism. The dichroic ratio, 1, is defined as the ratioc of the
two principal shsorption coefficients (Shurcliff, 1966).
R =l (103)
|

There is some confusion in the literature as to the definitionm of
i, some authors using the reciprocal of the definition adopted
here (Beaven et al., 1955; Bradbury et al., 1961; Gellert, 1961).

In addition to the anisotropy of absorption, molecules are
also charscterised by the amisotropy of the refractive index, n,

and this is known as the birefringence, An (Shurcliff, 1966).
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= ﬂ.“ - n‘l (101\-)

n,, mlnim the refractive indices for the electric vector parallel
and perpendicular, respectively, to a well defined axis in the
specimen.

It is obvious that dichroism and birefringence will only be
detected in oriented assemblages of molecules with polarised
radistion. Neither randomly oriented systems, such as solutionms,
studied with polarised radiation, nor ordered systems studied with
unpolarised radiation will show the anisotropy.

The type of molecular information which may be gained from
the dichroism or birefringence depends on the conditions of the
measurements. Single-wavermmber measurements of the dlechroism
allow the assigmment of observed absorption bands to transitions
predicted by theoretical calculations (Jakobi and Kuhm, 1962; Sandorfy,
1964) «» Conversely, if the direction of the transition moment in
a chromophore is known, then the dickhroic ratio allows the
caloulation of the angle between the cliromophore and the molecular
axis in long chain molecules. The usefulness of this type of
calculation is restricted Ly the incompleteness of the molecular
orientation (Bamford et ale, 1956; Fraser, 1960). The dichroism
can also give a measure of the flexibility of macromolecules in
solution (Wada, 1964). The birefringence, at constant wavenumber,
in a region of non-sbsorption can furnish information sbout the
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sise, shape and flexibility of macromclecules and also sbout
the polarisability of the molecules in varicus directions,
ensbling conclusions to be made about the arrangements of bonds in
the molecules (Cerf and Schersga, 1952).

The change in the dlchroim, or the dichroic ratio, with the
waverumber of the incident radistion is useful to separate
and assign sbsorption bands (¥ada and Kogzswa, 1964; Tanisaki et al.,
1965)« Although not much appears to have been dome on the
dlspersion of birefringence (Uriel and Sohellman, 1966), it has
been shown that the dispersion of the electric birefringence near
an sbsorption region allows the assigmment of the polarisation of
transitions from the shapes of the dlspersion curves (Buckingham,
1962; Powers, 1966,1967; Fowers and Peticolas, 1967). Sometimes
a predicted shift in the ebsorption spectrum camnot be detected, but
such a shif't may be seen as a shift of the centre of the bire-
fringence dispersion curve relative to the absorption curve
(Powers, 1967).

1.2 Griemtation of Moleoules
Orientation of molecules may be achieved in several ways,
both in sclutions and in solids.
1.2.1 Soluticn Studies
The introdustion of optical anisctrogy into an isotropic
solution of macramolecules mey be achieved by the application of an
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external field. The anisotropy of the system is due to an equilibrium
between the orienting field and the disorienting effect of Brownian
motion which is charscterised by the rotary diffusion coefficient
which in turn is related to the shape of the molecules. The external
orienting field may be hydrodynamic, magnetic or electric (Cerf

and Scheraga, 1952; Dvorkin, 1961; Wada, 1964; Houssier and
Fredericq, 1966; Oriel and Schellman, 1966; Powers, 1967). In

the case of the hydrodynamic field, the macramclecules are

aligned along the streamlines by shearing forces. In the case of
the electric field, the molecules are aligned along the field,

the orienting mechanism being due to permenent or indwed dipoles;
other mechanisms such as the dlstortion of the ionic atmosphere
surrounding the moleculss may also align them (0'Konski and

Zimm, 1950).

Different methods are used to determine the rotary diffusion
coefficient far the different methods of orientatiom. In the
hydrodynamic case, it is usual to measure the angle of isocline as= a
function of the velocity gradiemnt, or it is possible to measure the
relaxation of the anisotropy after the external field has been
removed (Cerf and Scheraga, 1952). In the electrie case, aguare
pulsed fields are used to promote the anisotropy and the time of
decay of the anisotropy is a measure of the rotary diffusion
coefficient (Timoco, 1955). The rise of the electric birefringence
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upon the application of the square pulse in principle also allows the
determination of the dipole moments of the oriented molecules (Tinoco,
1955) « It must be noted that there is a greater danger of degradstion
of the mecramolecules in the elsotric ﬁ-iautu to the high field
strengths used (Houssier and Frederieq, 1966).

One main adventage of solution studies is that the concentration
dependence of the anisotropy allows the observation of salute-sclute
interactions in the system (Dvorkin, 1961; O'Komski and
Stellwagen, 1965).

1s2.2 S01id Stgte Studies
Solid samples are usually produced by the evaporation of

the solvent from a solution cast on a suitable flat plate (Fraser,
1960). Orientation may be induced at the time of casting by the
undirectional stroking of the sclution or by erystallisstionm. In the
cases where the oriemtation of the molecules is lost before the
solvent has evaporated it may be re-introduced into the detached or
supported isotropic film by the mechanical stretching or rolling
of the film,

FPibre spinning is also known to produce molecular orientation
(ziabicki and Kedzierska, 1959; Rupprecht, 1963, 1966a).

A study of anisotropic solids is useful from the point of view
that the properties of the molecules in the solid state are not

necessarily the same as in solution; this can arise partly from
increased solute-solute interactions. Solvent effects can be studied
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directly in the case of solids (Falk et al., 1963a, 1963).
solvent absorption can be largely eliminated in spectroscopic
neasurements (Falk, 1964). In addition, anisotropic solid films
may lend themselves more readily than solutions to study by other
teclniques, such as nuclear magnetic resonance, electron spin
resonance and semiconductivity, where aenisctropic behaviour is
not uncommon (Berendsen and Migchelsen, 1965; Elliott and Wyard,
1965; Hedén and Rupprecht, 1966; Rupprecht, 1966b; Ehrenberg

ot al., 1967).

1.5 lueledo jeid Films
The aim of this work was to study the preparation of ariented

decxyribonucleic acid (DNA) films and their dichroic and
birefringence properties in the visible and ultraviclet spectral
regions. The reasons for this were:-

(2) In vivo, DNA probably occurs in a gel state and e study
of DNA films would complement our knowledge of DNA behaviour in
solutions and would improve our understanding of the nucleic acids
in vivo.

(b) Very little work has been done on the birefringence
dispersion of DNA. This information would complement the dichroism
neasurenents.

(e) It was thought that the anisotropy would provide important
gometrical information on small molecule-mucleic acid interactions,
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since small molecules such as dyes are known to interact with DNA
in an ordered way (Lerman, 1961, 1963).

(@) Most of the methods for preparing orienmted INA for
spectroscopic studies are not satisfestory.

Up to date, most of the methods for preparing oriented DNA films
involved the shearing of & concentrated solution on a microscope
slide, with a coverslip, or the stroking of a DNA gel to dryness
with & spatula (Freser and Fraser, 19513 Seeds, 1953; Sutherland
and Tsubol, 1957; Rich amd Kaesha, 1960; Bradbury et al., 19%61;
Gellert, 1961; Falk et al., 1963b; loussier, 1964; Neville end Davies,
1966; Webb and Bhorjee, 1968). These methods are unsatisfactory
because they produce inhomogeneous films with non-uniform orientation,
making it necessary to use microspectrophotometry in their study.
¥icrospectrophotometry would seem to be a difficult technique to use
in the far ultraviclet region where there is a considerable interest
at jresent (Falk, 19%)). Another interesting way of orienting DNA
hes been to deposit oriemted DNA fibres within sodium chloride erystals
by evaporating sclutions of the mucleic acid in sodium chloride; the
sodium chloride crystals could be dissolved in methanol lsaving the
oriented fibres (White and Elmes, 1952). The degree of oriemtation
by this method was not given by the authors of the work, and so this
method was not used in this project. The objection of inhomogeneity
also holds for the filme prepared in this way. It was considered
that the best method available far the preparation
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of oriented INA films was the wet spiming method of Rupprecht
(1963, 1966a)« It was thought that the mechanical nature

of the method wauld ensble reproducible oriented DNA films to
be made in large amounts. This method will not be dealt with
here since it will be described in Chapter Two, Seotion 2.2,

of this thesis. In addition to the Rupprecht method, a new
method for preparing oriented mucleic ecid filns was tried.
This involves the mechanical stretching of a film of poly(vinyl
aloochol) conteining the nucleic acids. The findirgs on this
method will be described in Chapter Three, Sections 3.5 and 3.6.
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Fibre spimnirg involves the contimuous extrusion of a fibre=-

forming polymer liquid through s circular orifice; the liquid
strean, ¥, runs down on & spiming way and is comwerted to a
solid fibre which is wound by a take-up device placed at a
dstance L from the spimeret (Fige 2.1). On the spimning way, the
polymer stream is drewn and its velocity Mrul-fm\'o,lt
the spimeret orifice, to V,, at the take-up device; simultanecusly

thoﬂmtcﬂwmmﬂudohln. The deformatiom
ratio, S, for this process is given by

v
§ ==t 2.1
2 (2.1

The solidification of the fibre may be achisved Yy the
precipitation of a polymer sclution in "wet spinning", by the
evaporation of a velatile scivent from a polymer solution in "dry
spioning”, or by the cooling of a polymer melt in "melt spiming”.
It has been found that fibre spinning produces molecular
orientation (Zisbicki and Kedsierska, 1959, 1962a, 1962b;
Rupprecht, 1963, 1966a).

In recent years, Ziabicki and his co-workers have been
responsible for a mumber of experimental and theoretical
publications sbout the neture of melt spiming in polymers
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(zisbiecki and Kedsierska, 1959, 19€0a, 1960b, 1962s, 1962b).
Their findings may be generslly applied to all three types of
spioning. The molecular orientation, as judged from birefringence
measurements, is the result of the action of the velocity gradient
parallel to the spinning way and of relaxatiom factors. The
deformation ratio affects the birefringence only if some network
structuwres are present in the polymers under study. It must be
noted that the orientation of macramclecules achieved in the
spimeret channel by the action of a perpendicular velocity
gradient is lost below the outlet and does not contribute to the
molecular orientation in the spun fibre. Zisbicki has @ivided
the spimning process into fowr parts which are realised in
succesaive sections of the spimning way (Fige. 2.1), vis.,
Segtion I (-5 to 0) (within the spimmeret chamnnel).
The mean veloeity along the channel is constant. lHowever, a
transverse velooity gradient exists and a streaming
orientation is produced as a result of the action of the
velocity field.
Lection II (0 to 1) (stream broadening).
The velocity gradient along the spimning path is negative.
There is a retraction of the polymer liguid. A
disorientation of the macramclecules which were partially
oriented within the spimmeret channel takes place.



12

Section 111 (1 to 1) (arawing).
The velocity gradient along the spimning way is positive
and an orientation of macromolecules occurs. The velocity
gradient reaches a maximm in the distame 1, from the
spimeret; this is probably commected with a structural
transformation in the flowing fibre-forming liquid, such
as the formation of a gol during the set spimning process.
After the maximum, the velocity gradient falls to sero at
1.
Section IV (1“ to L) (1umning solid fibre).
The velocity is pructically constant and no more orientation
of macromolecules is produced.
Section III is very sensitive to extermal disturbances. That is,
1 increases with the take-up velocity, Vy, and with the flow
intensity; however, it is not affected by the spimmeret orifice
diameter.

2.2 Ihe Vet Spimning of D

Various stages of the extractions of DNA from different tissues
involve the precipitation of the mucleic acid in the form of a
gelatinous mass which slowly loges water to form a fibrous
precipitate (Steiner and Beers, 1961). The precipitation reaction
was used by lupprecht in the preparstion of oriented INA in large
amounts by the wet spimning method (Rupprecht, 1963, 1966a).
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This method seems promising for the preparatiom of reproducible
films. Since it is still being investigeted by Rupprecht and very
little has been published sbout it, a report of owr experiemes
in its use is in order.

2.2.1 The Nethod
The method of preparation of the oriemted films involves

first of all the precipitation of a DNA solution which is
contimwously fed into a precipitating liquid by means of a syringe.
The gelatinous thread formed is wound onto silica slides attached
to a rotating cylinder. The gylinder is capsble of slow motion along
its exis, within desired limits, thus ensuring that the thread is
wound in parallel lgyers on the slides. Upon the achievement of

a desired thickness of mwleic acid the cylinder is dried at a
certein relative humidity (rehe); this drying process causes the
sgglomerstion of the parallel DIiA threads imto e film.

A notsble difference between the apparatus used in this
project and that of Rupprecht is the omission of e precipitation
tower in our case. This meant that the length of the spimning way
in our system was seriocusly limited.

The success of the spimming process for preparing oriented
films can be judged by several criteria, amongst them being the
optical quality of the films, the reproducibility of the
preperations and the spimnebility of the INA solutions. Iach of
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t.ese factars will now be discussed.

In his preliminary note on the wet spimning method far
preparing oriented DNA films Rupprecht (1963) claimed to have made
an "apparently homogeneous film". However, no evidence for this
was given even in his latest publication where this claim was
renewed (Rupprecht, 1966a).

Visual inspection of our films showed fine striations
parallel to the DNA fibres. However, it was difficult to distinguish
individual fibres in most parts of the films with transmitted light
under a microscopa. Nevertheless, there were regicus where fibres
could just be made ocut in an undyed film. In the case of a film
dyed with methylene blue it was much easier to see fibres (Flate 2.1).
It seems that the fibres do fuse into one mass during the drying
process and that the films do not correspond to a system of
individual fibres.

In the case of Rupprecht's sodium micleate films, a mention
was made of "longitudinal stripes" which could be prevented by
increasing the axial displascement per revolution of the gylinder
during the mreperation of the films. These were probably cracks
in bhis films since the cracking tendency was also claimed to be
inf luenced by the exial displacement per revolution of the cylinder.
It is not certain whether the very finely ruled appearamce of the



(Exemined with transmitted light under a microscope)

The film was prepared by the wet spimnirg of a solutionm of L, Coli. INA III in en aqueous
isopropancl solution (60% isopropancl) at a def armation ratio of 750. The precipitant was 0.2H
with respect to sodium acetate, The DNA film was dyed by immersion in a solutiom of methylene
blue in aquecus acetone (807 acetons) (Chapter Four, Sectiom ke241).

The dark streaks in the photograph are the INA fibres.

It is not certain what the spots in this photograph are.

Mieroscope Verigbles
vegnification of objective: 45 x
lggnification or eye~piece: 6.3 x
lognification of camera: 045 =
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whole surface of our sodium micleate films is in fact the
"longitudinal stripe" appearance of Hupprecht's films, since the
axial dlsplacement per revolution of the cylinder in cur preparations
was grester than that used by Rupprecht (Chapter Six, Section Ge3«1).

2.2.3 ZSeattering iffocts
The measured sbsarption of macramolecules is usually

greater than the true (electronic) absorption as a result of
scattering. In addition to Rayleigh scattering, scattering caused
by an inhomogemeity of the sample may also be important (Fraser,
1960) . The optical demsity due to Rgyleigh scattering may be
estimated usually from a double logarithmic plot of the optical
density outside the absorption region against wavemumber and an
extrapolation of the straight line obtained in this way to the
ebsarption region (McLaren and Shugar, 1964). There is an uncertainty
in this method in that the ancmalous behaviour of the refractive
index in the ebsorption region is not taken into account. The
scattering caused by the inhomogeneity of the sample has no exact
method of correction.

The filus prepared during this project showed a slight
absorption outside the DNA region (32,000 cm ' to 30,000 cm ')
(¢cellert, 1961; Falk, 1965; Basu and Dasgupta, 1967). in accurate
extrapolation was not possible in order to correct for scattering
losses simce the optical density between 32,000 om™' and
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30,000 om ! veried only slightly with wavenumber. Furthermore,

since it chenged only very slightly for films of varying thickness
and since there was good agreeament between the spectra of films
of varying thickness, scattering corrections were neglected
(Falk, 1965).

2.2, The Degree of Orientation
The basis of the interpretation of dichroism in terms

of moleculsr structure and orientation is the proportiomality
between the sbsorption coeff icient and the square of the scalar product
of the transition moment asscciated with a particular absorption
band and the electric vector of the polarised radiation. Consider

a simple model gystem consisting of a fractiom, £, of molecules
perfectly aligned to the optic axis and a fraction, (1 - f),

rendonly aligned. If all orientations of the chains of the perfectly
aligned molecules are equally probable, then the transition moment
vectors, P, will be uniformly distributed on & right circular

cone of semi-angle @ (Fige 2+2)« The dichroic ratio, R, for this
system is given by (Fraser, 1960)

foos P *j“ -f)

R-m"’ywiu-t)

(2.2)

According to the Watsen and Crick model, INA consists of

two interwoven helical chain molecules built up of phosphate + sugar +
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FIG. 2:2. Uniaxial Fibre Model for Calculation
of Dichroic Ratio.
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base repeating units (Steiner and Beers, 1961). The purine and
wrimidine bases point imwards to the axis of the helix and are
lvdrqonhwtnfmﬂ.u planar pairs adenine + thymine end
guanine + qytosine. At relative iumidities greater than 857,
the sodium salt of DNA exists in the B helical configuration
where the base pairs are stacked perpendicular to the axis of
the helix (Steiner and Beers, 1961). It is well known that the
micleic acids show selective asbsorption in the ultraviclet region
centred at about 38,400 em”' as a result of the purine and
wyrimidine bases. It is also known that the transition moments
comected with the n~x ‘transition respomsible for this
absorption lie in the planes of the purine and gyrimidine bases
(iich and Kasha, 1960). Consequently, it can be seen that
# = 90° in equation (2.2), at high relative humidities, and that R
will be a megsure of the degree of oriemtation, f. PFurthermore,
R will decrease as f increuses.

In our spinning system, the degree of orientation, as measured
1 ot 9% reh., appears to depemd
on the deformation ratio. The refereme direction in measuring

by the dichroic retio at 38,400 cm

the dichroic ratio was chosen as the fibre direction simce the
polymer chain exes were assumed to be oriented parallel to the fibre
axis. The form of the dichreic ratic versus deformation retio curve
is qualitatively similar to the birefringence versus deformation

ratio curve for polystyrene of Zisbicki and Kedziersks (1962b),
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except that in this case the dichroic ratio decreases with
increasing orientation, whereas the birefringexce imcreases
(Fige 243)« It is diffioult to estimate the effect of the
parallel velocity gradient since the spimning path was smell (of
the order of a few millinetres) and was not reproducible. A
comparison between the velocity difference (VE -Vo), used by
Zisbielki and Kedzierska (1962a) as a measure of the velooity
gradient, and the dichroic ratio feils to show a regular
interdependence between the two quantities (Table 2.1).

The deformation ratios used in this project to achieve a
reasonsble degree of crientation of the DA were about fifteen
times higher than used by Rupprecht (1963). This may have been the
result of the short spimming way in our apparatus compared with the
one metre spiming wey in Rupprecht's epparstus (1966s).

4inattempt was made to increase the spimning way from a few
millimetres to sbout six centimetres at constant defarmation
ratio (S = 63) but this appeared to have mo effect on the dichroic
ratio (Table 2.2). Other experiments with an increased spinning
way were unsatisfastary for a reasom which will be discussed in
Section 2.2.6 of this chapter.

As regards our best films, it is clear that the degree of
orientation is not as good yet as in films prepared by other workers
by different methods (Tsble 2.3). However, it is quite obvious
that optisum conditions for erientaticn, such as optimm defarmation
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FIG. 2-3. Dependence of Dichroic Ratio on Deformation Ratio.



Sample of DNA m; of Pilms - Ryg Ao (v = E?; N ;:.E
om.min, 0

Ss Mege 1 0491 31 63

Ba leg. 1 0490 314 63

Es Cold. I ] 0481 37 106

Ee Colie I 1 0a79 17 16

Es Cold. II 3 0.78 £ 0,04 518 20 O

B Jieg. 1 077 318 260

Es CollI 6 0.6, £ 0,03 519 €50

E. Coli. III 1 0.53 554 750

1« Mean deviation.



Lo loge DNA

Precipitant: Aquecus acetane (2070 nzo)

Diameter of gylinder: 5 cm.

Rete of rotation of gylinder: 20 repem.

Internal dlameter of capillary: 04030 cm.

Hate of feeding of INA solution: 0,22 ml. per hr.

VE = 319 nn.nin.q Vo = 51 cn.n:ln.-1

S= VWO = 6’
Film 1 Film 2
Spinning path lemgth (om.) ~De2 6
Concentration of DHA
Solution (e P 0.7
Solvent for LHA 0.15M NaCl 0,204 NaCl
Spinndng time (hrs.) 9.5 10
Drying conditions 9 days at 6 s at
9,5 re.he 95?1‘.11.
“58.&50 (unpolarised) 0.843 0.351
R}S.m 0.91 0-%




Sxieptetion in DNA Filng
Method of Freparation lethod of Storage R [avenumber Reference
% rehe  time eme™!

Shearing gel between

coverslip and slide 0 0.21 37,037 Seeds, 1953
Stroking gel 0.16 38,460 Rich and Kasha, 1960
Stroking gel 93 0431 37,037 Falk et al., 1963b
Vet spimming 93 1 week 0.28 37,037 Rupprecht, 1963
Shearing gel between

coverslip and slide 98 0436 Houssier, 1964
Wet spiming 93 3 weaks 0.54 37,000 This work




22.

ratio, optimum spimming way or optimum velocity gradient have

not been achieved in our case.

All the oriented DNA films showed negative dichroism

in the ultravielet region, 45,000 em | to 32,000 em |, which is in
agreement with previous results (Seeds, 1953; Falk et ml., 1963b).
it 93 rehe, the dichroic ratio varied slightly with wavemmber
(Fige 2e4)s In addition, there was a slight displacement of the
gbsorption maximum to shorter wavemumbers for the parallel polarised
spectrum compared with the perpendicular polarised spectrum. The
megnitude of the shift is of the order of 200 to 300 cm 's The
shift is more obvious on inspection of the dichroic ratio as a fumction
of wavenumber since the minimum in the dichroie ratio curve dees
not coincide with the maxima in the polarised spectra (Pige 2.4).
This observation of the aplitting of the two polarised components
is in egreement with the work of Rich and Kasha (1960) and some
of the measurements of Seeds (1953). It must be noted that Seeds'
relative positions of the two polarised camponents are not always
consistent.

A possible explamation for the slight @lsplacement of the
polarised spectra may be given as follows. The 38,400 cm | electronie
band is thought to consiast of two transitions from the purine and
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FIG.2-4. Polarised Spectra of a Wet Spun DNA Film.
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primddine bases, nemely a 7~x transition, of high intensity,
polarised in the plane of the bases, and an nx transition,

of low intemsity, polarised perpendicular to the plane of the

bases (Kasha, 1961). The n=x transition sppears on the short
wavenumber side of the nucleic acid spectrum in the form of a
shoulder or inflection. This was indeed obgerved in the unpolarised
spectra of our films at ebout 35,900 em '. Owing to the way that the
polarised spectra were memsured this was not so obvious in the
polarised spectra (Chapter Six, Seetion 6.5.3(b)). The fact

thet the n-x tronsition is situsted on the shorter wavemmber

side of the main band and that it is polarised parallel to the
helix axis should cause it to contribute a greater optical density
to the parallel polarised spectrum than to the perpendicular one at
lower wavemmbers.

The transmittance of a partial polariser far incident
unpolarised light is the arithmetic mean of the parallel and
perpendicular transmittances far polarised light (West and Clark-Jones,
1951) « This was confirmed for the wet spun films and mey Justify
the disregard of scattering corrections. Table 2.4 shows the
measured optical density (0.D.) of some films for unpolarised
incident radiation and the optical demsity calculated for unpolarised
incident radistion from the parallel and the perpendicular polarised
optical densities.



Sample leasured O.l. at

38,400 en~! 38,460 om !

Calculated C.Ds at
38,000 om~! 30,460 em |

1 0.263
0.698
04540

- oW oW N

0.653
0.822
0.621
0.843

0.25

0.72

0.56
0.66
0.82
0463
O.84

The reproducibility of the wet spun films can be

considered in two ways, namely as thickness reproducibility and as

orientation reproducibility.

The optical demsity of films prepared individually was not

reproducible even though the stock solution, the ogylinder speed,

the rate of feeding of the sclution into the samwe precipitant and the

spinning time were constant (Tabls 2.5).



Le Coli. DNA I
Concentration of DNA Solutiom: O.% in standard saline citrate

Diameter of cylinder: 5 cm.
Rate of feeding of DNA solution: 0,04 ml,/hr.

sample Syringe Late Frecipitant Storege of Film U'D'JB
c g

o ngm 7 yehs time (unpolarised)

(gauge) of (hws.)
Cy linder
(ropv-.)
1 19 2 Aqueous 93 16 0453
ethanol
93 53 048
2 19 2 Aquecus , 93 52 0.18
ethanol
3 26 L Aqueous , 0 13 0.83
acetone
N 26 N Aqueous o 12 0.60
acetone
5 26 4 . Aqueous , ) 73 0.35
scebone

te 33 520
2. 200 “z°
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The differences in the optical densities of the different filus are
too large to be explained on the basis of a L4 hyperchromism in
DA films on dehyaration (Falk, 1964).

The optical density remoducibility of films made during the same
preparation was better than the remroducibility of films prepared
individually. FHowever, the {ilms made at the one time werc not
idertical (Table 2.6).

The reason for the lack of reproducibility in samples prepared
individually is that different emounts of INA were deposited during
different preparations. A fibrous precipitate of INA formed on the
end of the delivery syringe and was not wound onto the cylinder.
Different precipitants such as aqueous ethanol, aquecus acetone or
aquecus isopropanol did not schieve the deposition of reproducible
amounts of DNA in different runs. This is also the reason why
the experiments involving an incressed spimning wey were unsatisfactory;
not encugh DNA was deposited on the gylinder; it was precipitated
and adhered to the end of a glass tube which was immersed in the
precipitant and was used to minimise the buffeting of the thread
by turbulence over the imcreased spimning way. The buffeting of
the threads by turbulence meant that they were not deposited as close
as possible to each other on the cylinder and that the thickness of
the films varied slightly from place to place. This cauld be a reason
for the variation of the optical demsity of different films prepared



Ls Colie DNA I
Congentration of DNA Solution: O.1% in standard saline citrate
Precipitant: Aguecus acetone (20 uzo)
Diameter of eylinder: 5 om.
Rate of rotation of oylinder: 20 repells
Internal diapeter of capillary: 0,097 em.
Rate of feeding of DA Solution: 0422 mle/hr.
Vg = 519 cmemin.”’ Vo = Ock9 cmemin” '
5 = VN, = €50
Spimming Time: 8 hours
Drying conditions: &4 to 6 days at 93. rehe

cample o.n:}s 400 %58,400
Unpolarised
1 04698 0.65
2 0.617 0464
3 0.512 0.61
kL 0.629 0.62
5 0559 0,58
6 0.540 0.73
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in the same run (Jomes, 1552)« It would also have some bearing
on the optical demsity of {ilms prepared in different runs.

The dichroic ratio was quite reproducible both in films from
different preparations and from the same preparation (Tables 2.2
and 2.6)s The slight variation in R in films prepared at the one
time may be assigned to the thickness varistion along each sample.

2e2.7 SplmneblUty of JiA
The successful preparation of oriented DNA films by

the wet spimming method depends on whether a DUNA solution can be
spune let-spimnebility may be expected to depend on the deformation
ratio and the nature of the precipitant as already discussed.
liowever, it bas been found that the INA sample and the solvent

for the UNA also affect the spimnebility.

The varicus mucleic acid samples which were used had been
prepared from several scurces. The comentration of each DNA
solution was sbout O.1% The precipitating agents had been used
far the precipitation of the LA during its preparation as well
(Marsur, 1961; Steiner and Beers, 1961). The results for the
spimnability experiments are shown in Tgble 2.7. The spimnability
was Jjudged by the presence or absence of a film on the rotating
gylinder; if a film was famed then the INA was spinmeble, It is
not clear what factars sbout the sample affect the spimability,
since in some cases a change o the INi-solvent system, in the



The Spinnability of Dii
Source of INA Solvent  Precipitaxt © ﬂzo in Electroly te ) FPresence
s Content of of film
Frecipitent . o ipd tant
EsColi. I Standard Salime Aqueous 0=33% 0 L8=160 yes
Citrate Ethanol
Es Colis I Standard Seline Aqueous 50 0 160 no
Citrate Ithanol
Bs Colis I Standerd Saline Aqueous 20 0 4,~650 yes
Citrate /eetone
E, Coli. IX Standard Saline Aqueous 20 0 260 yes
Citrate /petone
E, Coli. III Stendard Saline Aqueocus 20 0 880 no
Citrate /cetone
Bs Colis ITI  0o0M Sodivm Aqueous 40 0.2 Sodium 750 yes
Acetate Isopropanol Acetate
E, Colie. VI 10 Ethanol 0 0 L yes
B, Jieg. Standard Saline Aqueous 20 0 63=260 yes
Citrate ioetone
Calf thymus I nzo Aqeous 0-25 0 ~160 no
Lthanol
Calf thymus II H0 Aqueous 0 63 no
Acetone
Calf thymus II 0,15k NeCl Aqueous 0 63 no

icetone

*62
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same precipitant as for other samples, and in the same range of
def armation raties, changed the sydmmability. It is possible
that the presence of electrolyte was required in the precipitant
in the ocase of the calf thymus samples (Herskovits et al., 1961),
although it certainly was not necessary for most of the other samples.
It is clear that an increase in the solvent power of the
precipitant (e.g. 50/ aguecus ethanol) decreases the spinnability
of the DNA. It is also olear that the bacterial semples (J, Coli.
and B, Meg. DNA) are better suited for the spimning process than
the calf thymus samples. This could be an influence of the higher
molecular weight of the bacterial samples.

2.5 Comolnsion

The wet spinning method can be used to prepare limited mubers
of ressoncbly reproducible oriented films of DNA. The orientation
of the molecules in the films made in this work has not been as good
as that obtained by other workers. It would seem that optimum
conditions for orientation have not been achieved. The search for
the optimum oriemtation conditioms has been hampered by the
limited spimnability of the verious mucleic acids which were used.



3¢1 Upiested roly(vimyl alochol) rilms
The use of poly(vinyl alcohol) (FVA) is well kmown in the

preparation of ariented films of small organic molecules

(Tanisaki, 1959, 1960; Jekobi end Kuhn, 1962; Tenisaki et al.,
1965; Tsunoda and Yamacks, 1965; Taniseki and Kubodera, 1967a,
1967b) « A FVA sheet is usually immersed in an squecus solution
of the substance under study and the small molecules are taken
up by the sheet when it swells. The mechanical stretching of
the sheet induces the orientation of the small molecules.

Since certain DNA sauples proved difficult to spin in order
to produce oriented films, a different method for the preparation
of the films was sought. The possibility of using the FVA sheets
suggested itself as a new method. However, thick FVA films did not
take up INA molecules from solution and so mixed solutions of DNA
and FVA had to be cast in order to make FVA~DNA films.

This work involves a comparison of the behaviour of pure
DA and mixed FVA-DNA films and solutions to determine whether the
FVA in the mixed films has ary influence on the DNA in them.

The Watson and Crick double helical model of DNA has become
widely accepted es a model for the INA, both in solution and in the
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solid state (Steiner and Beers, 1961). The double helical structure
can be dlsrupted under certain conditions (Marmur et al., 1963).
This is known as denaturation and the conditions which cen demature
A imclude hest treatment, the dilution of a DNA solution, or
the treatment of a MIA solution with various chemicels, such as the
alcoholse The denaturing power of the aloochols, as measured by
immunological and spectrophotometric methods, increases with
increasing chein length in the series metiyl, ethyl, n-propyl and
n-butyl alochols. However, masking of the hydrocarbon chain with
Ry droxyl substituents reduces the dematuring power; for exanple,
inositol (qyelo=hexanehexocl) is less effective than cyclo=hexanol
(¢ edduschek and Herskovits, 1961; Herskovits et al., 1961;
Herskovita, 1962; Levine et als, 1963; Marmur et al., 1963). Some
interasction between INA and FVA, a polyhydric alcchol with e long
hy &recarbon chain, might be expected in solution on the basis of
the interaction between DINA and the simple alcohols.

Denaturation of DA is sccompanied by an increase in the
ultreviolet absorption (hyperchromism) end by only small changes in
the shape of the sbsorption spectrum. Thermal denatwration is
characterised by the melting polnt, Ta which is the temperature
when the optical density has imreased by half the total change.
Those molecules which enmhance denaturation decrease T relative
to untreated Dili.

Thamal denaturstion praofiles (optical demnsity versus
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temperature) were measured for a DNA solution in dilute saline citrate,
a FVA=DNA solutiom in dilute saline citrate and a INA solution in
alooholic d&lute saline citrate. The PVA-DNA solution had been made
by @luting one hundred times an aleocholie solution of FVA-DNA which
was to have been cast as a film (Chapter Six, Section 6.2.5). The
aloocholic INA solution in dilute saline citrate contained an
amount of ethanol equivalent to that in the FVA=DNA solution to be
cast. It was not practiceble to measure the thermal denaturation
-MhlofulﬂmlﬂdPVA-Mfihmthcfm“-mt
readily soluble without the applicatiom of heat. It can be seen
that there is very little difference between the thermal demeturation
profiles of the DNA solution and the PVA-DNA solution (Fige 3.1):
the melting points are almost idemtical; the 3l difference in the
extent of hyperchromism is not significent end could have resulted
from the degradation of the DNA since the concentrated FVA-DNA
solutions had to be shaken vigorously before they were cast as films
(Harrington and Zimm, 1965), and since a control experiment on both
shaken snd unshaken DNA solutions showed a similar difference in the
sbsorption increases (Teble 3.1). The T, of the ethanolic DA
solution is lower than that of the INA and the FVA-DNA solutions,
in sgreement with the results of Herskovits et al. (1961); hence,
any measurement on an aleocholic FVA=DNA solution whose concentration
was comparable to tiose which were cast would be difficult to

interpret end was not attempted. The large lhyperchromic change for
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FIG. 3-1. Thermal Denaturation of DNA .
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the alecholic A solution mgy be explained by the evaporation
of the solvent at higher temperatures.

It would seem that there is no intersotiom between the FVA
and the DNA in dilute solution.

T 1

Series Solution % Hyperchromic change Ty
at }B,m ﬂ-1 (ﬂc)
(corrected for solvent
expension)
1 INA (unduhn) 35 7607
PVA=DNA 32 764k
DHA (alooholie) 49 7.0
2 DHA (unshaken) 37
A ( shaken) 35

Pure DNA films show an ultraviclet sbsorption band centred
at sbout 38,400 om '. The films show spectral changes which depend on
their water comtent. The integrated imtensity of the 38,400 cm '
band incresses upon dehydration and the sbsorption maximm shifts teo
shorter wavemumbers by sbout 250 em ' (Table 3.2) (Palk, 1964).



v = wavenunber at the maximum ebscrption position

max
Vata * wavernmber at the minimum absorption position
v ® wavenumber at the point of inflection of the shoulder
rm ¢ -1 -1— -1
7o Tehie Vpax % Vadn &0 Vgp °8 Ref'erence
Pure INA 98 38,630 * 30 43,2% * % 35,500 £ 300  Falk, 1964
PVA=DNA' 100 38,630 £ 6 43,400 £ 130 35,800 £ 100  This wark
W
PVA=DNA® 93 38,6020 WAL I 3,000 £ 120  This work *
Pure DNA 0 38,390 = 30 83,29 % %0 35,500 £ 300  Falk, 196k
FVA=DNA® 0 38,400 £ 50 13,30 £ o 35,80 £ 140  This work

1« Average result of 31 measurements
2+ Average result of 15 measurements
3« Averasge result of 40 measurements
The error quoted is the mean deviation.
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The exposure of a dry film to an atmosphere of high relative
umidity results in the camplete reversibility of the absarption
change. This is true even for a film which hes also been heated
ofter drying. The dichroio ratioc of the 38,400 on~! band also
changes from a hwﬂuhamrﬂ-mmmtimmm
change is also completely reversible (Falk et als, 1963b). Both
the optical density and dichroie ratio changes occur, with lysteresis
effects being observed, between 50, and 75% rehe far the sodium
mweleste films (Falk et als, 1963b; Webb and Bhorjee, 1968) «

The explanation of the changes in the films is that there is
s rendom tilting of the bases in the mucleic acid double helix om
dehy drat ion, but that the wwinding of the two strands of the helix
cannot occur in the solid state; this restriction facilitates a
mpidrmtﬂhﬂthlhlﬂuponthlr‘byhtimd‘thnﬂﬂ.. This
explanation is analogous %o the explanation of the loss of base
stacking on denaturing INA in solution except that the polymicleotide
cheins ean uncoil in that case, making it @ifficult for the perfect
remstcoh of the bases on rengturation and for the complete
reversibility of the optical density change.

The presence of the sbsarption changes on hy dration has been
confirmed for films of the sodium salt of the INA used in this work
(Fige 3.2). The optical demsity at 38,400 cu ' was used to measure
the extent of hyperchremism since the relative changes in this
quantity were the same as the relative changes in the integrated
sbsorption.
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FIG. 3-2 Effect of Hydration on Pure DNA Film.



The ultraviolet spectrum of & pure FVA film, measured against
eir, arises from the sbsarption and the reflection of the film
(Tanizaki and Kubodera, 1967a). There is no marked optical density
change between 45,000 o 1, ibove 45,000 en™"
the absarption increases (Kern end D¥rr, 1961; Tanisaki and Kubodera,
1567a) »

The films prepared in this project showed slightly different
optical demsities (Teble 3+3). Hach film also varied slightly
in different parts owing to the relatively large area over which
it was spread. However, the spectra of the films were independent

and 30,000 om

of hydration.

In the infrared region, the FVA films showed a band at
1,650 en | which may be attributed to water (Krimm et al., 1956).
Although this band was not removed by allowing the filmas to stand
at room relative humidity foar a long time, it was removed by heating
the films at 110°C for one hour.

343

he Behaviour of Mixed FVA=DN4
3+5¢1 Appearsnce of the Films
In general, the mixed IVA~DNA films were clear and flat.

The ultraviolet spectra of the mixed films were measured asgainst pure
FVA films and showed a slight optical density (of the order of 0.02)



Zable Jed
Reproduoibility of FVA Films
Sample Concentration of Solution 0O.D. CeDe

Used for Casting Film 45,4000 38,400

(gme FVA/ml, solvent)
1 0.095 0.120 0.092
2 0409 0.108 0072
3 0«09 04093 0,082
3 0094 0,102 0409
L 0,093 0,103 0408

between 32,000 ou ! and 30,000 on~'. This was independent of the

wavenumber and of the thickness of the mixed films. It was probably
aue to a slight mismetoh of the sample and reference films (Table 3e3).
When the films were subjected to an atmosphere of high relative
mmidty they swelled and became crinkly. Ilowever, paxrfect flatness
was usually regained when thqy were re-sxposed to rcom conditions.
Upon the rehydration of @ dry mixed film the optical densily between
52,000 ow~! and 30,000 cu | increased slightly over the first
measurements for the thicker f£ilus but it was still independent
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1inmn-u. The optical

of wavenumber, even up to 27,000 cm
density at 38,400 em | was independent of time after the flatness
had been regained. The reproducibility of the optical density

foar the same conditions was better than 1¥'; the mean deviation was

mw 0-%.

5e3.2 ZThe DNA Jbsorption Region
The ultravioclet absorption spectra were not measured

above 45,000 om” ' because of the increasing sbsorption of the PVA
and because a greater error was expected from the mismetch of the
sample and reference films.

The unpolarised spectra of the unstretched mixed filus were
similar to those for pure DA films in the positions of the mexima,
minina end shoulders nesr 38,400 em ', 43,300 em ' and 35,800 en” ',
respectively. The waverumber shifts on dehydration were elso similar
(Table 3.2, Fige 3+3)« However, there were differemces in the
absorption behaviour of the mixed films and the pure films on drying
and hydration. The drying of & mixed film by decreasing the relative
humidity of the atmosphere in which the film was equilibrated
produced no change in the optical density unless the relative
humidity was reduced to 0 r.he (Fige 3+4). The percentage change
in the integrated absarpticn (messured by the increase in the optical
density at 38,400 em ') of & totally dry mixed film was much less



0.6 38,400 £ 50 cm”!
l (Dry)

35,800 140 cm™!

l

T( Hydrated)
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FIG. 3-3. Effect of Hydration on Spectrum of PVA-DNA Films.
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FI1G.3-4. Effect of Dehydration on PVA-DNA Films
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than for a pure film made fram the same LNA, even when the mixed
£ilm had been heated at 107°C for one hour and them at 120°C far
another hour (Table 3.4)e Perfect reversibility of the absorption
change on the rehydration of the mixed films was not achieved.

Only in one case was there a perfect retwn to the original opticel
density. In other cases, differences up to 5/ existed between the
final optical densities on rehydration and the origimel optical
densities of lydrated freshly prepared films, even when the optical

densities at 32,000 cm |

38,400 m-1, both for the originel readings and the final readings.

had been svbtracted fram those at

The range of relative lmidities over which the spectral
changes ocourred in the mixed films lies between 40 and 65/ r.h.,
compared with the values of 507 and 757 reh. for the sodium salt of
pure DNA (Pige 3+5), (Falk ot ale., 1963b; Webb and Bhorjee, 1968).
In Fige 345, the results of Falk et al. (1963b) have been corrected
to give the same extent of hyperchramicity as observed in ome of the
pure DNA films prepared in this project.

The sbsorption differences betweon the mixed and the pure {ilms
were the same whether the cast IVA-INA solutions had been dried to
| films slightly above room relative humidity (557 r.h.) or slightly
sbove 8 relative humidity.

34503 Oxiented FVA=DNA Films
Prelininary work has ghown that the wmechanical stretching
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FIG.3-5 Effect of Hydration on DNA Films.



The percentege opticel demsity change was caloulated with
respect to the minimum reproducible optical density of freshly
prepared hydrated films.

Film Treatment Time 9 Hyperchromism

(hrs.) at 38,400 =
Fure DNA (Es Cold. IV) P0g 33 37

PVA-DNA (Ze Cold. III, IV) PO, 110-310 16=17
FVA=-INA (B, Coli. IV) PO 310 16
and

107=120° 2 18
rure A (2, Coli. V) PO 182 46
PVA=DNA (Be Coli. V) p205 150-3% 19

of the PVA=DNA foils induces the orientation of the mucleic acide

The reference direction for the measurement of the dichroism was

the direction in which the films were stretched. The dichroise of
the DNA absorption band was large and negative (o.n." = O, = =Oub)

4
in agreemenmt with the results fram the wet spun films. Although a
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silica cell was used as the reference in these measurements, the
dichroic ratio at 38,400 m"1 decreased with increased stretching
of the hydrated films indicating that better orientation is
achieved with an increased defarmation (Fig. 3+6)« The dichroic
raetio also depended on the smoumt of moisture in the oriented film;
for example, a film driad over silica gel for twenty hours gave

a dichroic ratio of 0.88 while the same film gave a dichroic ratio
of 061 at 38,400 cu” ' upon rehydration. A study of the variation
of the dichroic ratio over a wide range of relative humidities

has not been made.

In the polarised spectra of the mixed films the parallel
component is sgain slightly dsplaced to sharter wavemmbers
compared with the perpendicular cumponent.

It is of great interest that the INA uged to prepare the
oriented IVA=-DNA filns was calf thymus DNA II in Table 2.7 which

would not readily lend itself to¢ the wet spimning method.

5«6 Discusgion
Lvidence for the interaction of FVA and poly(methylmethscrylie

acid) has been presented in the literature (Ckhrimenko and D'Yekonova,
1964; D'Yakonova et al., 1965; Okhrimenko et al., 1966). The
interaction, on the basis of infrared spectroscopy, is believed to
occur by means of hydrogen bonding between the carbaxyl groups of

the poly=-meid and the hydroxyl groups of the poly-alcchol
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FIG 3-6. Dichroic Ratio in PVA-DNA as a Function
of Stretching.
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(Distler et al., 1966). The results of the solution and solid
state studies of the PVi=INA system will be discussed in terms
of an interamction between the FVA and the DNA. It is clear that
the interaction takes place in the range of relative humiditiss
between the solution state and the film state at 84 r.h.
Although the spectra of the films in the 38,400 en”' region
failed to show anyy &dif'ference between the pure DNA and the mixed
FVA=-IHA films, it has recently been cbserved that this region is
not very sensitive to charges in the DNA which may be caused by
its interaction with inorganic salts, amino acids and other
substances in solution. However, the spectral region near
52,630 em~! is olaimed to be more semnsitive to the interactions.
The interactions result in a decrease of the absarption coefficient

of the INA absorption band st 52,083 cm™ '

and in a shift of the
band to shorter wavemumbers, relative to a salt free aguecus solution
of the DNA (Tarnck and R8hrscheidt, 1968). It may be useful to
compare the pure DA and the mixed FVA-INA film spectra in the far
ultraviolet region, but this will require very carefully-matched
preparations of the sample FVA=INA end the reference FV.i fllms.

The spectral changes of the pure DNA snd mixed FVA-DNA
films on complete dehydration and gradual relydration are
gqualitatively similar. The slightly different range of relative
humidities over which the spectral changes take place on rehydration

of the mixed PVA=DNA films, compared with the pure INA films, is not
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strong evidence for an intereaction between the FVA and the DNA owing
to the lysteresis effects noted by other workers in pure DiA films
(Falk et al., 1963b). On the other hand, both polarised infrared
spectroscopic studies and X-ray studies on the configurations of
nucleic acid films and fibres have shown that different alkali metal
salts of the acids undergo configurational changes at different
relative humidities (Bradbury et al., 1961; Wilkins, 1%3). In
particular, even in the lithium salt, the X-rsy patterns depend

on both the lithium chloride content of the INA fibres and on the
relative humidity (Marvin et al., 1961).

The low hyperchramic change of the mixed PVA-INA films on
dehy@ration is the strongest evidence for an interaction betweem
the PVA and the DNA. The small hyperchromic change in the mixed films
cannot be explained by a mismateh of the sample FVA-DNA and the
reference FVA films. The measured optical density of a hydrated
mixed film, (U.D.)h. is the sum of the optical density of the INA
in the £ilm, (v.D.) ", and of the d&ifference in the optical
densities of the PVA in the sample film and in the reference film,

(O.D.s - UOntn)hWA (mtim (3.1)).

(o.n.)h = (q.n.)hm‘ + (o.n.s - °'”'n)hpu (3.1)

Eqation (3.2) gives the measured optical density of & dry film,
(O'D')a’ in terms of the components of the sample and the reference
films,
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(G.D.)ﬁ = (ani) amu"

+ (O.D.S - QGD.R)‘WA (3'2)

Since the spectrum of a FVA film is independent of hydretion, the
last terms on the right hand side of equations (3.1) end (3.2)

are the seme. If it is sssumed that the DNA in the mixed FVA=DNA
films is hyperchromic to the same extent as pure DNA, then

(0uDeg = 04D )" may be caloulated by the simultanecus solution
of equations (3.1) and (3.2), where (o.n.)h, (O'D')d and the
relation between (0.D.), """ and (0uD.) "* are known. The
caleulated mismatch of the FVA in the mixed FVA-DNA end the pure
reference VA films greatly exceeds not only the messured mismateh,
but alse the measured (0uD.) " " (Table 3.5).

(o.n.)h = (o.x:.)hmm + (o.n.s - OuDe

)WA
R

(0eDs) 4 = (0aDe) dm + (00. = o.n.n)w‘

3
8(0Da) = (0uDag = OuDa )V

(O.D-) dm B 1.37 (O.D-)hm (Tﬁh 3.&)

(c.n.)h (0eDe) a (c;\..n..)hﬂ"L 4(0.D.) 4(0<Ds) (u.n.);ﬁ-
(measured) (measured) (caloulated) (caloulated) (measured) (measured)
(Table (Table
3e3) 3e3)
1.103 1.280 0.48 0.62 0.02 0.095
0669 0.792 0.33 034 0.02 0.095

0534 0.624 Oe2h 0.29 0.02 0,095
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The smaller hyperchromic change in the mixed PVA=DNA films
compared with the pure INA films means that there is a mmeller loss
of base pairing and stacking in the DNA in the mixed films upon
complete dehydration. The changes in the dlchroic ratio upon
hydration verify that there is less base pairing and stacking in
the @ry mived films than in the hydrated mixed films (Falk et al.,
1963b) . There ere two interpretations for the small hyperchromic
change in the mived IVA=INA films., Both interpretations are based
on the assumption that the removal of all the water molecules from
pure DNA films leads to full hyperchromism. The water molecules
stabilise the B form of DNA in the solid state (Falk et al.,
1963b) «

The first interpretation for the low hyperchromism in the
mixed PVA-DNA films supposes thet the FVA in the mixed films has
taken the place of some of the water moleculss which stabilised
the INA and that the DNA is still fully native. The removal of
the stabilising molecules of VA camnot be achieved on drying the
films with phosphorus pentexide or heating; the removal of all
the water molecules, indicated by the disappearance of the 1,650 cm '
band in the pure PVA films, does not lead to full hyperchromism
in the mixed films. The lack of the spectral changes upon subjecting
the FVA=INA films to atmospheres of decreasing relative humidity
may be explained by this model for the interactiom, but it would
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depend at whet sites the VA has replaced the water molecules in
the DNA (Falk et al., 1963a)e On the other hand, the lack of
spectral charges may also be explained by the strong association
of water with the FVA matrix itself (Erimm et al., 1956).

This model for the interaction of FVA with DNA is consistent
with the study of Webb end Bhorjee (1968) on the intersction of
inositel, a polyhydric alechol, with INA in oriented filns.
Infrered spectroscopy in the regicns 4,000 on~! o 2,000 en”' and
1,800 om~! to 1,400 on"' groved that the imositol replaces the water
molecules in the DNA double helix and completely prevents the ocourrence
of ultraviolet hyperchromic effects. '

The mode of interaction between the FVA and the LNA may be
Iy drogen bonding between the lhydroxyl groups of the I'VA and
avedlable groups such as the phosphate groups of the DNA. Infrared
spectroscopy may reveal hydrogen bonding in the PVi-INA gystem
(vistler et al., 1966). Up to date, the mixed PVA=DNA films have
contained too much FVA for a successful study of the shapes of the
sbsorption bands in the U=l stretching region in the infrered. luch
thimer films with less PVA in them are therefore recomended.

The second interpretation for the small hyperchramic chenge
in the mixed FVA=DNA films is that the DNA has interacted with the
FVA in the hydrated film end thet the optical demsity of the IVA-DNA
mummmomumwd-munmm
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at the same concentration of the mucleic acide It is assumed that
the total removal of the water molecules will lead to the seame fimal
optical density as for a pure DNA film, but the relative change will
be less for the mixed IVA-INA £ilm.

The reason far the lack of a perfect reversibility of the
sbsarption change on relydration of the mixed films is not clear.

The fact that thn'r-mnmrdhito show any
interaction between the I'VA and the DNA in solution mey be the
result of comcentration diff'erences in the solid films and in
the solutions used in the T mensurements. It must be remembered
that the solutions on which the thermal denaturation measurements
were nade were one lundred times more dilute than the solutions
which were cast, although the FVA:INA ratio was the same as in the
concentrated solutions.

3«7 Qther Attempted Studies
Substances such as poly-l-lysine and various diamines

stabilise the INA double helix to dematuration in solution and
incresse T relative to native DA (Mahler and Mebrotra, 1963;
Tsubol et al., 1966). 1t was desirable to interact the DA with
some of these substances before introducing the VA and to cast
interascted FVi-Substance~Dlli films and to test the extent of
hyperchromicity in such films. An imoreased hyperchromicity over
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a plain FVi=DNA film might have validated the second interpretation
for the iuteraction between FVA and DNA in the films.

Two substances were used = poly=L-lysine and 1,5~diaminopentane.
liowever, the precipitation of the DNA with poly-L-lysine, before the
introduotion of the FVA, and the precipitation of the DNA with
1,9=dianinopentane, after the introduetion of the FVA, made these
two substances unsuitsble for this type of study. It should be
noted that there was also precipitation of the poly=i=lysine-DNA
complex even whem it was prepared in dilute solution and the resulting
solution was concentrated by freese-drying. It should also be noted
that no precipitation was cbserved whem the I'VA was introduced into
a solution containing 1,5-diaminopentane and no DiA.

548 Comclusion

The poly(vimyl alcohol) films are probably mot suitable for
quentitative studies of interactions between DNA and small molecules
because of the interaction between the FVA and the INA. However,
they may be suitable for qualitative spectroscopic studies because
the changes of the DNA in the mixed films are gualitatively similar
to those which ocour in the pure DNA films in the region 45,000 cm '
o 32,000 em '. The mixed filns have the advantage that the DNA in
them may be orisnted when thqy are stretched, whereas it may not be
easy to orient the INA by other methods.

This method of crientation may be applicable to other
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polyelectroly tes. Ume example could be atactic and isctactic sodium
polystyrene sulphonate, where ultraviolet dichroisam measurements

on oriented films may show configurational differences between the
two types of compound. Configurationsl differences between the
atactic and isotactic sodium polystyreme sulphonates have not been
detectable in the solid state from the infrered spectra of potassium
bromide dises or from X-ray diffraction patterns of powders (Martin,
1966) » Another example could be ribomwleic acid (KNA) where the
spatule-stroking technique has been unsuccessful in the preparation
of oriented films to exemine the possibility of configurational
changes on hydration by means of polarised spectroscopy (Falk,
1965) « The possibility of using FVA=RNA films in polarised
spectroscopic studies would seem remotely possible because the

Iy dration effecta of RilL are slightly different from those of

DNA (Falk, 1565).



The interaction of DA with small molecules such as dyes has been
an important subject in commection with mutegenesis and with the
higtological staining of tissues (Urgel and Bremer, 1961; Steiner
and Beers, 1961). A lot of studies have been made in solution in
an attempt to elucidate the mode of the interactiom. Various
techniques m-huujd. including ordinary and difference
spectrophotoametry (lMorthland et al., 1954; Peacocke and Skerrett,
1956; Bradley end Wolf, 1959; Yamabe, 1967), flow dichroism
(Lerman, 1963; Nagate et al., 1966), ciroular dichroism (Gardner
and Mason, 1967), electro-optical techniques (Fowers and Feticolas,
1967) and nuclear magnetic resmance (Blesrs and Danyluk, 1967).
Relatively few solid state studies have been made on dyed INA,
especially optical measurements (Lerman, 1961; Neville mﬁ Davies,
1966) « This chapter briefly describes some optical studies of the
intersotion of methylene blue, and two triphenylmethane dyes, with
A in the oriemted wet spun DNA films.

kel Metgchromssis in Dyeg
hets! Polymer-fres Solutions
A large mmber of flat aromatic dyes aggregate in aquecus
solution. The aggregation is accompanied by changes in the dye
spectrum in the visible region. In particular, Beer's law is not
obeyed at high comentrations ond there is a blue shift of the
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absarption peak. This phencmencn is known as metachromasia.

The thiszine qye wethylens blue (MB) is one example of e
metachranatic dye (Fige Le1)s In dilute agueocus solution, the
visible speetrum of the momomer shows a strong band at 15,000 cm '
which has a vibratiomal shoulder st 16,250 om | (Pige 4e2)e A8 the
concentration of the MB is inoreased, the peak at 15,000 eu” '
decreases in intensity and the shoulder imreases in intensity owing
to the farmation of dimers (Bergmann and ('Konski, 1963). ibove
concentrations of 10" M, trimers are formed end the 16,300 !
peak shifts further to the blue with a reduction in the overall
sbsorption coefficient (Braswell, 1968).

It is known that less aggregation takes place in organic
solvents (McKay and Hillson, 1967). This has been confirmed for
solutions of methylene blue in an acetons-water mixture (80/ acetone)
for the comentraticn range 0 £0 5 x 10 M. The spectrum of the
methylene blue in the acetone~water mixture resembles the monomer
spectrum of agueous metlylene blue, except that the msin peak
is shifted to 15,200 em '+ Beer's law is cbeyed over the range of
coancentrations measured and the ratio of the optical densities of
the main band to the peint of inflection of the shoulder is constant

(Fige &e3) s

Lele2

In the case of an interaction between cationic dyes and
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polyanions in dilute aguecus solutiom metachromasia is evident,
even though the comcentration of the dye is such that only monomers
are present in an equivalent polyanion-free solution (Bredley and
Wolf, 1959)« The extent of tle metachromasia depends on the relative
usmounts of the polyenion and the dye which are present in the
scolution. This behaviour has been attributed tc the formation of
dye eggregates on the polyanion. It should be noted that at high
retios of polyanion to dye the shape of the visible spectrum of
the dye is similar to the spectrum of unbound monomer, except that
the main sbsorption peak lies at lower wavemubers (Morthland et al.,
1954; Bradley and Wolf, 1959).

. The interaction of DNA with the acridime dyes has been
interpreted in terms of two basic models. In the first model,
at high polymer to dye ratios, the dye is thought to be intercalated
or sendviched between adjacent base pairs within the double helix
(Lerman 1961, 1963). At lower polymer to dye nt:l.nu; micelles
of the dye are thought to be taken up by the phosphate groups on
the outside of the helix (Pescocke and Skerrett, 1956). In the
second model, the dye molecules are only bound externally to the
phosphate groups and are oriented with their long axes perpendicular
to the helix axis (Bradley end wolf, 1959). Other models, which are
modifications of the intercalation model, have also been proposed far
the interaction (Pritchard et al., 1966; Gardner and Mason, 1967).



421 Lrsparstion of the Dved Iilms
It was not possible to prepare oriented, dyed LA films

by the direct wet -pimingdanm&nlntimd‘MWMbm
and IN4, since the dye was washed out of the resulting film by the
precipitant. However, pure wet spun films of WA adsarbed metly lene
blue from solutions of the dye in aqueous scetoms (805 acetons)
in most cases. The films which had been spun in agueous isopropanol
conteining sodium scetate adsorbed the dye when thgy were first
immersed in the dye bath, but the adsarbed dye was released as
the time of immersion increased. These films d@id not adsord
methy lene blue if they were first kept in 80, acetone. The
explanation of this effect is not certein, since the films which had
been wet spun in 80/ scetone adsorbed the methylene blue from the
dye beth and did not appear to release apprecisble amounts of it on
standing in 80/ acetone. It has been shown that the binding of
wethylene blue by DNA in solution is reduced by imcreasing the
acetons concentration of the solution or by imcreassing the salt
concentration ( Simons, 1968). It seems that the dyeing properties
of the wet spun DNA films are comnected with the electrolyte content
of the precipitant and hence with the eleotrolyte content of the films.
The PVA=DNA films were unsuitable for studying the interactions
of dyes with DNA because of the binding capacity of FVA for
methylene blue and other dyes (Dbrr, 1966).



The spectra of the dyed wet spun DNA films are subject

to the inhomogemeity effects discussed in Chapter Two, Sections 2.2.2
and 2.2.6 (Jones, 1952).

The dyed films whose properties will be dlscussed were prepared
from the DNA £ilms described in Tgble 2.6. Zach film contained
a similar amoumt of DNA, and the polymer to dye ratio was changed
by immersing different films in solutions of methylene blue in
aquecus acetone (807 mcetame), but of different comcentrations of
the dye, for an equal time. The unpolarised spectra of the methylene
bilue adsarbed onto the films are shown in Figs. Le2 and L.k, efter the
filns had been stored at 93 r.he for five days. Two peaks may be
seen in the spectra, one at 14,800 cn” ' and the cther between
16,000 ou~' and 16,500 en ', the relstive intensity of the two
peaks depending on the polymer to dye ratios in the different films
(Teble hel)+ The position of the long wavemumber peak also depends
on the polymer to dye ratioc. For the film immersed in the most dilute
uetly lene blue solution, the spectrum of the adscarbed dye resembles
the monomer spectrum of the free dye in agueous solution, except
that the position of the main band has shifted to the red (Fige Le2).
This is indicative of the binding of wethylene blue to DHA
(Morthland et als, 1954)«

The dyed film prepared using 193:10'61mmn1u-u
the dye bath seems anomalous in the series in that the optical density
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of the adsarbed dye is higher than for a film dyed in a more
compentrated B soclution. In fact, the smount of DNA in the
particular film was grester then in the film immersed in the more
concentrated dye solution, and the data fit quite well on the
adsorption isotherm in Fige LeSe

Preliminery experiments involving the wetting and the drying
of the dyed films showed changes in the spectra of the adsarbed dye.
These changes are interesting from the points of view that the
state of aggregation of verious dyes in sublimeted layers depends
on the water content of the layers (Lysina and Vertanian, 1959),
and that the DNA configuration in the films also depends on the
water content of the films (Falk et al., 1963b).

The results for the methylene blue interaction with the DNA
in the wet spun films are similar to the results for solution
studies of smcridine dyes bound to DNA (Bradley and Wolf, 1959).
They are also similar to the results for the adsorption of methylene
blue to momtmorillonite where it has been interpreted that the
adsorbed dye exists as bound momomer and bound aggregate (Bergmann
and O'Konski, 1963). It seems that in the case of the DNA films
single dye molecules are adsarbed from a monomerie dye solution and
thet the sggregation of the dye molecules takes place on the DNA.
This also sgrees with the findings of Bergmamn and 0'Konski (1963)
on the binding of methylene blue by montmorillonite.
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All the films measured showed negative dichroism in the
visible region. The dichroic ratio was fairly constent over the
range 18,000 em™' to 14,000 en ', possibly increasing with decreasing
wavenumber (Fige 4+6). The dichroiec ratio was slightly lower at
the higher concentrations of the adsorbed dye (Table 4.1), but this
could be @ue to the higher acouracy in the measured polarised
spectra for the higher optical densities, since the polarised spectra
were measured by subtracting the background spectrum of the polariser
fram the spectrum of the polariser and the semple (Chapter Six,
Section 645+3(b)) «

It has been shown that the partiocular tramsition which was
studied in the dyed films is polarised along the long axis of the
methylene blue molecule (Kern and Dérr, 1961). llemce, the dichrodsm
of the dyed DNA films implies that the long axis of the methylene
blmmmmnmmhofmhﬁomdwoﬂthﬂum:
axis for all polymer to dye ratios studied. This is consistent with
both the intercelation model and the external binding model for
the interaction of the acridine dyes with DNA, and also with flow
dichroism measurements on the methylene blue-DNA system itself
(Nagata et al., 1966).

The triphenylmethane dyes, methyl green and rosaniline, were also
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used to prepare dyed oriented films of DNA (Fige ke1)s The reason
fa this is that I-rey measurements show that rosaniline is only
bound externally to the DNA (Neville and Davies, 1966). lo visible
dichreism was noted in the dyed films, however. This is in contrast
to the positive dichroism of nucleic acid fibres stained with methyl
green (White end Zlmes, 1952), but in sgreement with the lack of
dichroisn in films of INA stained with roseniline (Neville and
Davies, 1966). These results do mot disprove the lack of a definite
geometric arrangement of the dyes when they are bound to Diii. ['erhaps
the degree of orientation in the DNA films used was not high enough
to detect dichroism in the spectrum of the bound dyes; the degree

of orientation in the DNA films used with methyl green and rosaniline
was less than in the films used with methyleme blue. OUn the other
hand, the oriemtation of the dye transition moment may be such as

to show no dichroism.

het Gomelusion

The adsorption of methylene blue onto the wet spun, oriented
DA films is similar to the interaction of other planar aromatic
dyes with INA in solution. Dichroism measurements are consistent
with both the intercalation and extermal binding models far the
intersction of the dyes with DNA. The need for better oriented

specimens in order to determine transition moment directioms is
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shown by the lack of @ichroism in DNA films dyed with the
triphenylmethane dyes, metlyyl green and rosaniline.



BIREFRINGENCE

The potential of the measurement of the birefringence dispersion
near absorption bands has slready been discussed in Chapter One,
section 1.1. Most of the birefringence weasurements to date have
been monochromstic measurements and have been used either to study
the shape end size of macromolecules in solutiom or, from the sign
of the birefringence, merely to corrcberate structural details
dstermined by other methods (Singer et al., 1938; Seeds and
Wilkins, 1950; Oriel and Schellman, 1966). White and Elmes (1952)
measured the dispersion of the visible birefringence in pyranin-dyed
molede acid fibres, but further details of their measurements
have not been found. This work was intended to extend the con~
ventional microscopic measurements of the birefringence of DHA
£4lms in the ultraviolet spectral regiom, in order to establish
the use of the birefringence dispersion for molecular structure
determinations, The method of measurement of the birefringence
with the epparatus which has been built will be described.

Consider linearly polarised light imcident normally om a doubly
refracting plane-parsllel plate and vibrating in a direction which
does mot coincide with the optic axis. Two mutually perpendicular
polarised waves are formed in the interior of the plate and are
propegated with different velocities. Om emerging from the plate,
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the two waves combine to form, in general, an elliptically
polarised wave, If 0X(1) and 0Y(11) are the main vibration
directions in the plate, and OF is the vibration direction of the
incident wave, then the impident light vectar may be represented by

D, = & cos (ot = ¢p) (5.1)
and the emergent camponents may be represented by

DJ-lome(wt-t_l) (5.2)

D" =8 8in ¥ cos (wt - li-") (5.3)

where a is the amplitude, Y is the angle between OF and UX,

® is the angular frequency, t is the time and §y is the phase constant
(Fige 5+1) (Jenkins and white, 1957).

Irthoth!nmﬂorth-plm:hdrmdthtmhwof
the light is v, the phase difference, 6, on emergence is given by

b=¢11-¢1uth‘_(nﬁ-li_1) (5.4)

nﬂ-nlilth-hirdﬂmm.

In general, the phase dif'feremce or retardation, 3, is measured
by means of "compensatars", namely instruments which are themselves
doubly refracting plates and, if suitably placed in the path of the
waves to be examined, can compensate the phase difference and reform
linearly polarised light on energence. Compensatars are used in
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F1G.51. The Propagation of Polarised
Light in a Birefringent Plate.
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conjunction with an anelyser and a poleriser and ensble a d&reot
measurenent of ¢ (Jerrard, 1948).

Although compensators may in principle be used in the ultra~-
violet region, they are not readily available for this region
(Goerner, 1965); research is being carried out in order to produce
large sperture retardation plates for this regiom (MeDermott
and Woviek, 1961). A different method was sought to measure §
in the ultraviolet regiom. Such a method is an intensity method based
on Mueller Caleulus.

5.2 Jueller Caleulug
The ¥ueller Caloulus is a phenomenclogical matrix-algebraic
method of specifying a beam of light and the optical devices
emcountered by the beam, and computing the outoome (Shureliff,
1966). The adventage of the Jueller Caloulus over convent ional
algebraic and trigonometric methods is its relstive simplicity.
Completely or partially polarised light can be specified by
e set of four time-aversged guantities which are kmown as the Stokes
parameters and have the dimensions of intensity. The four parameters

ere usually represented by a column vectar (the Stokes vector) as
-1
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The first parameter, I, is the total intensity of the light. The
other parameters, i, C and S, describe the state of polarisation
of the light. The Stokes vector for incident umpolarised light, [U],
is given by

R
0
il o
0

W] = o (5.5)

¢, is e normalisation constent used to keep the first elememnt of
the Stokes vector unity.

In Nueller Caloulus, an optical device is represented by a
L x 4 matrix which operates on the Stokes vector of the incident

light to give the Stdakes vector of the transmitted light.

5.3 lMueller Matriges of Optiocal Deviges
Se3e1 Polarisers
A linear polariser is characterised by two principal
transmittences - the major principal intensity transmittance, k1,
and the minor principal intensity trensmittence, k,. k, is the
ratio of the transmitted intensify to the inocident intensity when
the incident beam is linearly polarised in that vibration
direction which maximises the transmittance. k2 is the ratio
obtained when the transmittance is minimised. For the convenience

of notation, the major and misor smplitude trensmittances are also
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used and these can be converted to the intensity transmittances by
squaring them. The intensity transmittance retio of a polariser
is r 2 where r_ is the retio of the minor amplitude trensmittence

P 1
4o the major amplitude transmittance. In the case of an ideal

polariser, rpaO.

The lueller matrix, [Pu], for a polariser whose major
transmittance axis is displaced by an angle c from the horisoatal
is given in Table 5.1. In the case of an ideal polariser this becomes

1 cos 2 sin 20 0
cos 2u eolzaa sin 2ce0s 2o O

PJ =% | stn2  sin 2uc0s 2 sin’2 o | (546
0 0 0 0

5+3.2 lLetardation Ilates
The Mueller matrix, [Rp], for an absorbing, non-ideal
birefringent plate is given in Teble 5.2, where § is the phase
dgifference of the plate, # is the angle by which the fast axis is
& splaced from the horisontel, and r > is the intensity transmittance
ratio of the slow axis tranmmittance to the fast axis trensmittamnce.

Inthocmutuuulm,rrnh

The schematic representetion of the spectrophotoellipsometer



o = angular displacement of the mejor transmittamce axis from the horisental

z-: = intensity transmittence retio
au = pormalisation constant
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g = angular displacement of the fast axis from the horiszontal

r? = intensity Tatie of slow axis transmittame to fost exis transmittance
é = retardation

°p = pormelisation constant

prr—— —_—

(1+ rrz) (1= rrz)ouap (1= rrz)mags 0
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which was built for the measurement of § is given in Fig. 5.2.
The matrix representation of incident unpolarised light
passing through an ideal polariser, a mon-ideal birefringent plate

and g non-ideal analyser is given by

(5] = [ag) ] (¢, V] (547

[E] = Stokes vectar of the emerging light.

[AB] = lueller matrix for a non-ideal analyser (represented by
the subsoript "a") whose major transmittance axis is displaced by
an gngle ® from the horizontal.
Since only the intemsity, I, of the emerging light is to be measured,
only the first element of [i] needs to be considered. The intensity
of the emerging light, I%p.o, is given by

1a" o,(B, + B,8in23 + B,00s23 + B, sinkp + Bgeoskp) (548)

where e, = ﬂii uhn °ﬁ:. oe.

B, = (1 + raz)(i + rrﬂ) + (1= r‘z)('l + rrz

+ ﬁrooﬁ)ouz(u - 8)
By = (14 2, 2(1 = 50 stn2 + (1 - 2, 2)(1 = 5, %) stn2e
By = (1+ r.z)U - rrz)wﬂu. + (1= rnz)(i - rrz)ouaﬂ

Bh = 31 = raz)('l + :.'1_2 + a-rw)mm +

: 2 2
#1 =2, 1+ - zrroo-b)-imom

Bg = (1 - rﬂz)(‘I + 1.",?2 - ernnab)oouz(¢ + @)
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Fram equation (5.8), it follows that

IO,O,O = he, (5-9)
2
Io.%.o "W e
10.0,-3 ) M,r: (5.11)
2
2 2
1 = ho r T (5.12)
o;gjg a'r
I I
050 0553
I‘rz = Io . = pe (5.13)
’™ve 0'0'2
Iagt o [(1+rD(1 452 - 2r (1 r %)oost] (5014)
'h'a
I -c.[(1+r2)(1+r3) +2r(1-r2)oon6] (5.15)
'E’E‘g a r r a
2
I g = 20,(1 + r, ) (5.16)
L24*2
(z -1 )
(1=r 2) 5’5 0B s
a‘r . 2).“.6 = 1 (5017)
(1 + r, {’Eé

It can be seen that measurements of the intensities in equations (5.9)
to (5+12) and (5.14) to (5.16) allow the caleulation of &, provided
that r,° is know. In fast, r,” mey be determined in a separste
measurement in the absence of the birefringent plate. The position
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Bsf_whfmdhrrotatingthshirmmphtlm
crossed polariser and analyser and should correspond to the position
of mexcimum intensity. The delermination of the phase difference
by the intensity measurements requires the use of a homogeneous
reterdation plate. That is, the anisetropie films whose bire-
fringence is to be weasured must be homogeneous. Otherwise errors
will arise when different parts of the films are exposed to the
light beam by the rotation of the filws in order to change the
value of B

A stretched PVA film dyed with methylene blue was used to

test the spectrophotoellipsometer. Such & film is birefringent

and absorbs visible and ultraviolet light owing to the presence of
the dye. The results of the measurements are shown in Figs. 5.3
and 5eke The transmittence ratio curve appears to agree with the
dichroism results of Kern and Dérr (1961) in that the smallest

r,? ocours where the methylens blus absarbs strorgly, vis. near
34,000 om™ ' and 15,000 o™ '+ The phase &ifference dlspersion

plot shows that & varies linearly with the wavemumber over the range

1 1

40,000 om ' to 16,000 em '« It follows from equetion (5.4) that the

birefringence is independent of wavemumber for the dyed film, This
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agrees with the results of West and Makass (1949) for a stretched
pure PVA film when their values of ¢ are plotted against the
wavenunber (Fige 5e4)« The magnitudes of & and the slopes of the
straight lines for the dyed and the pure I'VA films are different
owing to differences in both the thicknesses and degrees of
stretching in the films., It seems that the birefringence of the
FPVA in the dyed film predominates over most of the spectral range
measured. However, the birefringence behaviowr of the dyed film
is slightly modified at the red end of the spectrum by the
methylene blue where the dye shows the strongest sbsorption.

5'6 D SPDEISLON U

The development of the upntnﬂwtumpn_dhr and the method
of the preparation of the oriented INA films took place simultaneocusly.
The birefringence measurements on the wet spun DNA films have not
been satisfactary up to date, although changes in the birefringemce
have been observed in the region of the DNA sbsorption (45,000 o
t0 35,000 om~ ') as expected. The ressoms for the lack of success
in the birefringence dispersion measurements are comected with
slight thickness inhomogeneities in the filws and with the low
degree of orientation and hence with the low birefringence of the

films.



6.1 Reageuts

6.1+1 Deaxyribomucleis Acid
The sodium salts of the DA from the E, Coli. and B, Meg.

bacteria and from the calf tlymus gland were used. The bacterial
DA had been prepared by the method of Marmur (1961). Table 6.1 gives
some properties of the various nucleic acids used and shows that the
preparations were probably native. It was not possible to characterise
the E, Coli. DNA VI, the B. Mege DNA and the calf thymus DNA I at
the time of the spiming experiments., Calf thymus DNA I could be
precipitated by ethanol, even though a solutiom of it dld not give

a film during the wet spimning process. The physical state in which
the nucleic acids were supplied is :l.np'urtnnt in that solid INA

films show considerable hyperchromicity on drying and this change is
reversible even over long storage periods (Falk et al., 1963b); this
moans that an originally mative DNA is unlikely to denature when it
is stored as a solid for some time.

6.1.2 Poly(vim sloohol)
"Baker grade” PVA (99=100/ hydrolysed; viscosity of a 40
aqueous solution at 20°C = 55~ ¢p) was used for the preparation of
the unoriented FVA-DNA films and for the ariented FVA=MB film

(J.7+ Baker Chemical Company, New Jersey). A weak band in the
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Zabls 6.1
Leggrribamuclelde icids
Source State 0 Hyperchromicity Solvent
Supplied at 38,460 ow~1
e Coli. I Selutien 1O Standard Saline
(0.%7) Citrate
Es Cold. II  Solutien 3% 01K NeCl
(0+1%)
X « III Solda 36 Standerd Saline
Citrate
e Colde IV  Solid 38 Standard Saline
Citrate
wc v Solid w Solid State
e Colie VI  Solutiom - 0
(0.15) k.
B, Yeg. Solid - -
Calf thymus I Solid - -
Calf thymus
IT  Soldd 37 Dilute Saline

Citrate
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infrared at 1,710 ou"" showed the presence of some acetate groups,

although these did not affect the ultraviclet spectrum.

Zlvenol 50=42 (B86=897 hydrolysed I'VA) was used for the preparation

of the stretohed PVA=DNA films (Monsanto Chemicals (Aust.) Ltd.).

6.1s3 Dyes
Methylene blue (B.D.H., Ltd.) was used without further

purification. The visible spectrum of a dilute aquecus solution

of the dye compared very well with the spectra of the purified

methylene blue used by other warkers (Bergmann end ©'Konski, 1963;
Braswell, 1968) (Table 6.2).

P * waverumber at the msximum sbsarption position

“sh

= wavenumber at the point of inflection of the shoulder

¢m-mw;ptun coefficient at v {uncorrected far dye

adsarption to the walls of the glass vessels and cells)

Uels
e BO8E | o440 of optical demsities st the maximum and st the

UeDe

8h o sint of inflection of the shoulder
Py
cmmtntion v v 6 x 10 OeDe
e = ' mile oo
(H x 106) cm em - ““osh
Bm and 9-8 15.0“3 16.327 BM 199
("Conski, 1963
Braswell, 1968 15,038 7.8
This work 540 15,070 16,250 845 2.01
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Methyl green (George T, Curr Ltd., London) and Rosaniline

Hydrochloride (B.D.H. Ltds) were used as supplied.

6.1, Other Roegents
"A" grade 1,5-diaminopentans dihydrochloride (Calbiochem.,
Los Angeles) was used as supplied.
Poly=L-lysine hydrobromide (L. Light and Co., Ltd., Colubrook,
fnglend) was used as supplied.

€.2 Resggent tolutions
6.2.1 Dilute Saline Citrate
0.,0154 sodium chloride plus 0,00158 trisodium citrate.

6.2.2 Standard Saline Citrate |
0.15¥ sodium chloride plus 0.015M trisodium citrate

6.2.3 DA for et Spinning
Salt-free aquecus INA -o_lut!nu were prepared by

dissolving DNA directly in water in the cold over a period of
several days. Occasional shaking was needed. The concentration
of the salt-free solutions was greater or equal to 0.1, the DA
still retaining its native configuration at thess compentrations
(Kurucsev, 1963). |

When a DNA solution in standard saline citrate, or in 0.1M to
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0o’ sodium chloride or sodium acetate was required, the salt-free
aqueous DHA solution was diluted with an appropriate amount of a
concentrated salt sclution. All the DNA solutions were stored in a
refrigeratar.

Befare use, the DNA sclutions were degassed by freesing them
in liquid nitrogen, evacuating the container, and then thewing
the frozen solutions in vacuo. This was repeated several times.
It has been shown that the double helical structure of the IA
is not broken down by freesing solutioms to =192°C and thawing
them (Shikama, 1965) «

DA solutions for preparing the unoriented pure INA
films or the mixed PVA~DNA films were made by dissolving INA in
water or 10" U sodium chloride at a comcemtration of 1 in the cold
over a period of several days. The sclvent had been degassed befare
use. The resulting viscous solutioms were stored in the frozen state.

62,5 EVA-DNA Solutions
The following recipe is the final one used. Degassed

ethanol (1.0 ml.) and degassed dilute saline citrate (5.0 ml.) were
added to the PVA (0,7130 g.) and the resulting slurry was heated
on a water bath for five mimutes., The ¢lear solution formed was
shaken vigorously for thirty mimites in order to homogenise it.
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It was then allowed to equilibrate te room temperature overnight.
Each FVA solution was prepured in duplicate.

The stoek DNA solution (1.5000 g.) was added to one of the
PVA solutions and degassed dilute saline citrate (1.5000 ge) was
added to the other FVA solution at room tempersature. The FVA solutions
were then shaken vigorously for one hour at room temperatwre. It is
unlikely that the DA was denatured during this process (Chapter
Three, Section 3.2)« The resulting homogeneous FVA=DNA solutions
were free of bubbles.

All the solutions were protected as much as possible from the
room lights by means of sluminium feoil.

The omission of the ethanol fram the PVA=DNA solutions caused
them to froth considerably during the shaking. The froth was very
difficult to remove, even when the solutions were evacuated and
left to stands Films cast fram the frothed solutions were unsuitable
for spectrophotometry because of the jresence of very many bubbles
in them.

The presence of ethanol in the mixed solutions did mot affect
the properties of the FVA=DNA films cest. A solution which &id not
contain ethanol but which had been allowed to stand at room
temperature for one week, to become suTiciently free of froth,
gave a film which behaved similarly to the films cast from the
gthanolic solutions. FPurthermore, the denaturation of INA Yy

ethanol in solution is reversible when the ethanol-denatured DHA
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is dialysed back into 0.2 aguecus sodium chloride (llerskoviis

et al., 1961). Neville and Davies (1966) have shown that sodium-UNA
fibres made from an ethanolic gel of INA behave in the same way as
fibres mede from an ethanol-free gel.

6.3 Eilm Preparstions

6e31 liet Spinming
A motor-driven syringe was used to inject the INA solutions

into the precipitating liquid. It consisted of a Vemmer synchromous
motor (1/15 r.p.m.) camected to the micrameter head of an “igla"
micrometer syringe (Burrcughs Wellcome Ltd., London); the syringe
itself was clipped into a metal holder which was attached to the
micrometer head (Flate 6.1). The syringe system could be lowered
and raised by means of & sCI'eW.

Both an "Agla" glass syringe (capacity, 0.5 ml.) and a "Van"
syringe (capacity, 5 ml.) were used. The rates of feeding of the
solutions were 0.04 ml./hr. and 0.22 ml./hr., respectively. Stainless
steel capillaries of different internal diameters were used to change
the speed of extrusion, V,, of the INA solutions. The internal
diameters of the capillaries varied up to 0,097 ems Thicker<bored
capillaries (internal diemeter .. 0.16 cm.) were not suitable because

they allowed the syringes to empty by gravity.
It is unlikely that any degradation of the DNA occurred in
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the extrusion process, simce the rate of shear at the walls of
the capillaries was small. The rate of shoar, caloulated from
equation (6.1) , amounted to 23 se0 | for a capillary of internal
diameter 0,030 cm., and far & feed rate of 0,22 ml./hr. (Harrington
and Zimm, 1965)«

o ke S (R
s i i

¢ = maxioum (wall) shear rate.
b = radius of capillary.

-&-nbmdvolm-f‘.\muh

The final device built for the winding of the precipitated
thread is shown in Plate 6.2. All the metal parts which came into
contect with the precipitant were constructed from stainless steel.
A teflon cylinder (length, 5 cm.; diameter, 6.3 cm.) was rotated
about a keyed shaft mounted in two teflon end bearings. The oylinder
was immersed in the precipitating liquid contained in a rectangular
glass tank. The shaft was rotated by means of an electric motor
with an infinitely verisble gearbox (Model 10-E=4O00R HC1j Zeromax
Compary , Mimmesots) mounted on aluminium legs above the precipitant.
The rotation from the motor to the shaf't was transmitted, with a 2:1
reduction, by means of a chain and twe sprockets. The speed of the
cylinder was usually about 30 repeits

Linear motion of the cylinder along the keyed shaft was achieved
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by means of a leadscrew operated by a reversible induction motor
with s double reduction gearbox (Parvalux, Model SD=10), giving

a fioal speed of rotation of 5 r.pem. The leadscrew was also
mounted above the precipitant, The axial motion was transmitted
from the leadsorew to the cylinder by means of two doubly-cranked
arms. The rate of axial movement was 0.63 om./min. The exial
displacement per reveolution was 0,019 cm., and was greater than

the value, 0.0115 em., used by Rupprecht (1966a) during the spiming
of the sodium salt of DiNA.

The change of d&rection of the axial motion was governed by
two microswitohes mounted near the leadscrew. ihen an end point
was reached, a microswitch gave an impulse to a relay which changed
the rotational direction of the motor driving the leadscrew, and
hence changed the direction of the axial motion of the cylinder
(Fige 641).

Another apparatus was also used for the winding of the
precipitated thread where the axial motion of an anodised aluminium
cylinder (length, 5 om.; diameter, 5 cm.) was achieved by means of
a cam coupled to the cylinder. Th-onm.opmubynwmm
and a warm on the kqyed shaf't, The axial motion was not independent
of the rate of rotation of the cylinder. The axial displacement
per revolution inm this apparatus was 0,022 cm. Constant speed moteors
(Parvalux SD=22 at 20 rep.m. ond Venner at 2 repems and 4 repeis)
were used to rotate the keyed shaf't.
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FIG. 6-1. Circuit Diagram for Reversing Motor.



81.

silica slides (3.5 ome x 142 cm. x 0.1 cm.) were clamped in
grooves machined in the cylinders. The maximum number of slides
which could be attached was 10 and & for the teflon and aluminium
cylinders, respectively. The ares of the film obtained on esch silica
slide was 3.0 n.‘: 142 cme

Before the start of a preparation, the syringe containing
the degassed INA solution was switched on and allowed to empty
for thirty mimutes to get rid of any air bubbles which had formed
when the solution had been sucked into the syringe. When a
contimous stream of DNA flowed down through the precipitant, the
eylinder and the axial &riving spparatus were also started to begin
the preparation of the films,

The capillary from the syringe was normally positiomed
only a few millimetres from the ¢ylinder. When an increased spimning
way was required, the end of the capillary was positioned in a
glass tube (internal dlameter, 0.6 om.) above the cylinder. The end of
the capillary was kept just below the swrface of the mrecipitant in
this case. The glass tube was mounted in a perspex plate which rested
on top of the tank containing the precipitant. It prevented the
buffeting of the LNA thread which flowed down omto the cylinder
fram a height of sbout 6 cm.

6-3.2

The PVA=DNA and the corresponding VA solutions were poured



824

onto separate glass plates (15 cm. x 15 ome x 0.63 cm.) and were
grread over an area 15 cm. x 7.5 em. with a brass roller. The
spread solutions were allowed to d&ry in the air, under a light-
proof box, at room temperature and room relative humidity. The
drying time was less than a day. The thickness of the films was
approxinately 0.002 cm.

The brass roller consisted of s brass rod which had been
machined to take two brass rings of slightly larger diameter
than the rod on either end of it. A clearance of 0,033 cm. between
the rod and the glass plates was achieved in this way.

The glass plates had previously been cleaned in chramic acid,
alocholic potassium hydroxide and distilled water and had been
rendered non~polar with Releasil 7 (Midlands Silicones Ltd., U.K.),
to facilitate the detachment of the films. A control experiment
using untreated perspex plates (15 em. x 15 em. x 1.2 cm.) showed
that the silicone did not affect the dehydration bebaviour of the
PVA=-DNA films.

6.3.5 Stretching of the FVA Filus
small strips of the FVA films (2.5 om. x 2.5 cm.) were

stretched by means of a stretching device operated by a screw
(Tounoda end Yamacka, 1965). Adhesive tape was not sufficient to
mount the £ilme on the stretching device. It was necessary to clamp
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the films as well, by means of small brass plates screwed onto the
stretching device through the tape and the films. A brass strip
mounted between the films and the screw protected the films fram
contamination by the oil from the serew (Fig. 6.2).

The stretching of the films at room temperature was easiest
after the films had been subjected to an atmosphere of water wapour
in a desicoator. It was necessary to stretch the thin films slowly,
over & period of several days, lest breaksge occurred. In this
respect much thicker films are stronger and may be extended further.
It was necessary to dry the films after they had been stretched
in order to overcome relaxation effects, and hence to prevent the
contraction of the films after they were removed from the stretching
device.

Isotropic pure DA films were prepared hy the evaporation
of several drops of a DNA solution (concentration, 1%) spread onm the
inside surface of a silica cell (path length, 1.0 cm.). The drying
time was several days at room temperature and room relative humidity
in the dark.

6.3.5 Dyed Filmg
Oriented dyed films of DNA were prepared by immersing

the wet spun DNA films into solutions of the dyes in aquecus acetone
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FIG. 6:2. Stretching Device .
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(80y: acetone) (Teble 6.3). After & sufficient emount of e had
been adsorbed by the films, they were first rinsed in aqueous

acetone (80 scetone) end were then stored in a fresh solution of
aguecus scetone (80 acetoms) for about forty minutes in order to
remove axy unbound dye. lethylene blue was adsorbed faster than

Dye Concentrations of Time of Immersion
Dye Selutions of Films (hrs.)
Methylene blus hedls x 1078 to 49l x 0™ 1.5
Methyl green 0,009k;" 96
Rosaniline 0.019" 96

The uncertain purity of the methyl green and the rosaniline is the
reason for the percent concentration units for these dyes in Table 6.3.

The PVA=MB film for the hirefringence measurements was prepared by
jmmersing a relatively thick PVA film (thickness, 0.017 cm.) in an
agueous solution of methylene blue (concentration, 8 x 107" for
several hours. The dyed FVA film was then rinsed in water and was
stretched in order to orient the molsoules.



6e4 Storage of the Filng
6ehot Net Spun Films

After the deposition of the DNA on the cylinder, the
cylinder was dried overnight with silica gel (0.5 gs)e The
cylinder was then subjected to an atmosphere of 93/ rehe in =
desiccator at room temperature. In the case where the precipitant
contained sodium acetate, the cylinder was first immersed in
ethanol for 16 hours and was then kept in aguecus ethanol (907
ethancl) for 3 days in the cold, the aguecus ethanol being changed
every day.

Gebe2 EVA=IN Films
The FVA=DNA films were stored in the dark in blackened

desicestars since a dry film which had been stored unprotected from
room lights did not show the optical density changes upon Iy dratiom
which a film stared out of the light showed (Fige 6¢3) «

6ehe> lumidity Coptrol
The relative humidity inside the desiccators containing

the films was controlled by using saturated aquecus solutions of
various salts (Teble 6.4). When the films were stored over water
itself, the relative humidity was takem as 100j.« [Fhosphorus pentoxide
was used to maintain 0j. r.he Storage times up to several weeks at

a particular relative humidity were used for the equilibration of
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some Tilms to constant optical density.

A saturated solution of sodiuvm nitrite was unsuitable for the use
in providing an atmosphere of 66" r.h., simce both pure VA and
nixed PVA=DNA films which hed been stored over such a sclution showed
an unexpected increased gbsorption virtually throughout the regiom
45,000 on”! to 30,000 om ', the increased sbsorption being

particularly noticesble in the region 45,000 cm ' to 40,000 e '

Zable ek

Zelgtive Tumidity Control
Room Temperature = (212 2 0.8)%

salt _ % Tehe (Lange, 1961)
rotassium acetate 20
Calcium chloride 32
Zios nitrate L2
Sodium bisulphate 52
Sodium bromide 58

l'agnesium acetate
Sedium chloride
Sodium thiosulphate
rotassium bromide

g 3 &8

Votassium chromate
Sodium sulphate

o
L
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Room relative humidity was measured over a period of twelve
days by means of a wet and dry bulb hygrometer (Veast end
S!lhy' 1965‘1%) ™

6.5 Spectroscomy

6.5.1 Ingtruments
Polarised and unpolarised measurements at 38,460 en !

(260 my) were made by means of a Unicam SP500 spectrophotometer,
whereas the spectra were recorded by means of a Unicam SP700
spectrophotaneter. Unpolarised measurements et 38,460 cu '

were also made by means of o Beckman DU spectrephotometer. "he
opticel density scele of the spectrophotometers was calilrated

using an alkaline solution of potassium chramate as the transmittency
standard (Heupt, 1952), whereas the wavemmber scale was checked by
the positiom of the hydrogen line. Unpolarised infrared measurements
were mede using o Perkin Elmer Model 21 spectrophotemeter.

6502 Jounting of the Films
The sample cell for the wet spun films consisted of a

blackened brass case (4eh ome x 142 cme X 1.2 cm.) to which two
silics windows were cemented by means of Apieson grease. Small
frames, fitting over the windows to protect them from dlslocation,
were screwed onmto the case by means of countersunk screws. A amall
glass tube, which was comnected to the cell by means of guick{it
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joints (size, B5) via a glass bridge, contalned a saturated
solution of & salt in order to maintain a constant relative
humidity inside the cell (FPige 6.b).

In the case of the pure isotropic DNA films, constant
relative humidity was ensured by sealing the silica cell with a
stopper and teflon tape (Permacel - Johnson and Johnson Piy. Ltd.,
ydney) after the cell had been teken out of a desicoator
corntaining a satuwreted salt solution.

For the ultraviolet measurements, the FVA films were fastened
to a blackened machined block (he3 ome x 1.2 ems x 0.9 oms) by
means of adhesive tape. The films formed a window in the block.

A small freme with a "Viton-A" gasket was screwed omto the brass
bloek and over the films to prevent them from contracting when they
were exposed to atmospheres of high relative humidity.

For the infrared measurements, the FVA films were fastened
in stainless steel frames which could be slid imto the measuring
position in the spectrophotometer.

645+5 Lelarised Spectrosoony
(=) Unicem S£500 Spectrophotometer
In the £P500, the polarised light was produced by
means of dichroic ultraviclet polarising filters (formula FLLO,
Folagost Ince, Uhio) mounted in the filter holder of the instrument
(MeDermott and Novick, 1961). Iwe filters were used, one to produce
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FIG. 6-4. Sample Cell for Wet Spun Films.
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horigontally polerised light and the other to produce vertically
polarised light.

The transsittance retio, rpz, far the filters was dstermined
by measuring the transmittance for incident unpolarised light
of the two polarisers superposed parallel and then crossed. Since
the transmittances far the single polarisers were the same within
experimental error, it was assumed that the two filters were
identical, and rpz wes calculsted from the expression

, 2 n(\/ﬂii + H4 -JHT' - HJ.)

P (‘.m.'1 + HJ +/E 'ﬂ.-‘l)

(6.2)

Hyy NH_‘! are the intensity transmittances for incident light

far the two filters superposed with their major transmittance axes
parallel and orossed, respectively (Land and West, 1946).

The principal intensity transmittances, kﬂ and k.l' of the
oriented DNA films were calculated using the formulae

(Ht, = 2n)
Ky -_u_r‘?i (6.3)

(1-rp)

-rzﬂ'
Kk .ﬂ_.n_‘ul (6t)

3 (1- rpz)

“"l‘l was nmeasured directly on the spectrophotometer and is the ratio

of the intensity transmittance of the DNA film and the polariser
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perallel relative to the intensity transmittance of the polariger alone.
H.i is defined similarly except that the DNA film and the polariser .
were orossed. The dichroic ratio, R, of the LNA films is given by

B e £ (645)
-luﬂk.l

In each measurement en empty silica cell (path length, 1.0 cms)

was used as the reference.

(»)

In the SP700, the principal optical demnsities of the
oriented DiA films were measured using a caleite polarising prism
(Arechard-Taylor modification of a Glan-Foucalt polariser) mounted
after the sample in the sample beam (Shurcliff, 1966). It was
assumed that the prism was a perfect polariser. FProvision was
made for the rotation of the prism and not the sample. A background
spectrum of the prism sgeinst the referemce beam was recorded in
each measurement. The reference cell was an empty silica cell

(path length, 1.0 om.).

6.5.4 olution Nessurements
Solution spectra were measured at room temperature using
silica cells of different psth lergths (0.03 cm. to 1.0 cm.) and &
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glass cell (path length, 2.0 ome)s

Thermal denaturation profiles of the INA were meesured with the
Beckman DU spectrophotometer. The sample and the reference cells
(path length, 1.0 cme) were placed in an electrically heated block
which could be moved so as to bring the cells altermatively into
the light path. The temperature of the solutions was measured by
means of a thermistor imersed in the referemte solution. The
surface of both the sample and the reference solutions was covered
with paraffin oil to minimise the evaporation of the solvent.

In the heating experiments, the optical densities were
corrected to 25°C owing to the thermal expansion of the solvent.
This was done by multiplying the measured optical densities by
the ratio of the demsity of water at 25°C to the density of water
at the measured temperature. It was assumed that the density of
the solvent behaved in the sane way as the density of water behaves

with the temperature.

6.6 Microscopy
A Reichert Zetopan Research microscope was used to examine

the wet spun DNA films in trensmitted light. FPhotographs were taken
by means of a Praktica IV reflex camers mounted on the microscope.
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