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Abstract

Part 1

The electric birefringence of dilute DNA solutions has
been studied in considerable detail and on a large number
of samples, but no new and reliable information was dis—
covered concerning the tertiary structure of DNA. The large
number of variables which effect the birefringence results
is discussed and suggestions are madé for further work on
the subject. 7

The DNA molecules have been aligned in a rapidly alter—
nating (10 to 20 kc/sec) square wave field confirming that
the orientation mechanism is that of counterion polariza-—
tion. A simple empirical relation between the steady state
birefringence, Anst' and the square of the electric field, E,
-has been found: Ans = E?/(a E* + b), wherea = llAns

t
and b = (Ez/Anst)E-*o’ Ang is the birefringence extrapolated

to infinite field strength.

The molecules show a distribution of relaxation times
from 10-“i to 0.2 sec, which is consistent with expectations
for flexible coil molecules. The birefringence and the re—
laxation times decrease with increasing salt concentrations.

They also depend on the field strength and pulse duration
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in a rather non-reproducible manner, which may be due in
part to changes in the composltion of the solution or in

the molecular structure of the DNA (other than denaturation).
Further progress depends on the development of some control

over these effects.
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Abstract
Part II

The specificity of the dissociation of reconstituted .
and native deoxyribonucleohistones (DNH) by monovalent salt
solutions has been investigated. A novel zone uliracentri-
fugation method 1s used 1in which the DNH is sedimented as
a zone through a preformed salt gradient, superimposed on a
stabilizing Dy0 (sucrose) density gradient. The results,
obtained by scanning the quartz sedlimentation tubes in a
spectrophotometer, were verified by the conventional, pre-
parative sedlmentation technlique. Procedures are discussed
for the detection of microgram quantities of histones, since
low concentrations must be used to prevent excessive aggre-
gation of the DNH,

The data show that major histone fractions are selective
ly dissociated from DNH by increasing salt concentrations:
Lysine rich histone (H I) dissoclates gradually between 0,1
and 0.3 P, slightly lysine rich histone (H II) dissoclates
as a narrow band between 0,35 and 0.5 F, and arginine rich
histone (H III, H IV) dissociates gradually above 0.5 F
Na0104.
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_  The activity of the partially dissociated, native DNH in
sustaining RNA synthesis, their mobility and their unusual heat
denaturation and renaturation behavior are described. The two~-
step melting behavior of the material indicates that the histones
are non—-randomly distributed along the DNA, but the implications

are that the uncovered regions are not of gene-~size length.
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I. Introduction

The work presented in the first part of this dis-
sertation was undertaken to determine the feasibllity of
using electric birefringence to measure molecular param-
eters of deoxyribonucleic acids (DNA) in dilute salt
solutions, The need for new methods to study the behavior
of DNA in solution exists despite Watson and Crick's
proposal of a detalled structure for the DNA molecule
more than a decade ago (1).

This structure, deduced from X-ray scattering of
semicrystalline DNA, describes the primary and secondary
configura;ion of DNA as a basepalred double helix in
sufficient detall, but does not shed much light on its
overall conflguration (tertiary structure) in solutions,
which might concelvably be influenced by infrequent
single strand breaks or other as yet undetected inter-
ruptions of the secondary structure (2), Or it may be,
that the observed flexibility of the DNA double strand
is a direct result of an intrinsic non-rigidity of the
helix,

The results of the investigafidn were disappointing,

in that no new and reliable information was discovered

concerning the tertiary structure of DNA. Nevertheless,
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we believe that electric birefringence does have promise
of ultimate utility and are therefore setting forth our
results in cbnsiderable detall for the beneflit of future
workers,

In addition, the results include many suggestiouns
of possibly interesting differences between one DNA sample
and another, which will yield structurally significant
information, once more reproducible and confirmable
results can be obtained. For the benefit of those readers
who do not wish to peruse the detalled description, a
brief summary is presented here:

Native DNA molecules in solutions at low concentra-
tion can be oriented in an electric field, They show the
expected negative birefringence. Tﬁe molecules can be
aligned in a rapidly (10 to 20 kc/sec) alternating
square wave fleld, They do not reorient 1f the fleld is
rapidly reversed, showing that the orientation mechanism
lg that of counterlon polarizatlion,

The birefringencelis a function of the square of the
electic field, which can be approximated by a simple
empirical equation (Egqn., 21). .

The molgcules show a distribution of relaxation times
from about 10'“4 t0 close to 0.2 sec.‘ The observed complex
relaxation behavior is conslstent w;th exjectations for

flexible coil ﬁolecules.
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The birefringence and the relaxation times decrease
with increasing salt concentration in a fairly repro-
duclible way.,

The distribution of relaxation times is a function
of fleld strength, but rather non-reproducible results
were obtalned in the investigation of this wvarlable.
There are suggestions of differences between bacterial
DNA's and Calf Thymus and viral DNA's with regard to this
property and also with regard to melting behavior as
obsexrved by electric birefringence,

If is believed +that some of the observed non-re-
produciblility is due to effects of the electric field
pulseé themselves in causing changes in the composition
of the solution and in the state of aggregation or in the
molecular structure of the DNA; Further progress depends

on the development of some control over these effects,



II. Electric Birefringénce

In recent years, electric birefringence has been
used to determine electrical, optical and structural
parameters characterizing polylonlc macromolecules in
solution (3). These studies have shoﬁn that rod-like
polyelectrolytes like Tobacco Mosaic Virus (TMV) (4) are
easlly oriented in strong electiric flields due to thelr
large electric polarizability. Several investligators
have studied the electric birefringence of dilute DNA
golutions (5) and found that orientation in electric
fields 1is possible,

The advantages which this method offers are its
sensitivity to small changes in the length of rod-like
particles, the small amount of sample required for ex-
periments, and the fact that extermal forces are applied
for only a fractlon of a second, thus minimizing bﬁeak-
down and uncontrolled structural changes of delicate
molecules like DNA,

In order to understand this phenomenon and %o analyze
the experimental data, it is necessary to clearly dis- A
tingulsh the three basic,simultaneouély occurring
phenomena - optical anisotropy, electric polarizability

and orientation-dlisorientation - which make electric

blrefringence possible.
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l. Optical Anisotropy

A material is optically anisotropic, if it exhibits
different optical propertles along different directions
relative to the direction of light propagation, due to
differences in optical polarizabilities along these di-
rections. An easlily measurable quantity related to this
optical anisotropy is the birefringence, defined by
An = n, - n;. Here n, and n, are the refractive indices
along the parallel and perpendicular directlons relative
to a specific directlion, 1ln our case the direction of the
electric'field which 1s used to align the molecules,

Langevin (6), Born (7), Gans (8), and Peterlin and
Stuart‘(g) were the first to treat the optical anisotropy,
Ag, of macromolecules theoretically. A simplified ver-
sion of the derivatiog of the Peterlin-Stuart relation
shows that the theoretical equation

Ag = &—;& (13-)

v
gives rise to the following relation (Appendix I):

(n + 2) 2w0,

(1p)



Here B = optical polarizability, Fl = molecular volume
of the solute, n = refractive index of the solution,

Cv = volume fraction of anisotroplc molecules and llns

blrefringence at infinite field strength, an experimen-
tally measurable quantity.

The fact that the birefringence of DNA 1s negative
(n, ) n,) is a result of the optical anisotropy and the
mode of alignment of the DNA. Slince the optical polari-
zablllity varies with the strength of binding of an elec=
tron cloud, it is expected that the optical polarizabllity
parallel to the base pairs of DNA is larger than that per=
pendicular to them, It 1s mainly by virtue of the stack=
ing of base pairs, which causes a difference in the op-
tical properties between any direction perpendicular to
the molecular axis (cylindrical symmetry) and that paral-
lel to it, that the DNA molecule is an optically anliso=-
tropic substance. Light waves vibrating parallel to this
axis experience a smaller change in velocity (have a 1oﬁer
refractive index) than those vibrating perpendicularly.
Thus, alignment of the DNA with its axls parallel to the
electric field will result in negative birefringence
(Eqn. la with B, )8,).



In order to determine the amount of birefringence of
an anisotropic medium it is best to use monochromatic light,
which is plane polarized at 45° to the molecular axis. Such
light will have equal vectors parallel and perpendicular
to this axls., If a phase difference 8§ develops in the me-
dium, as . a result of differences in refractive indeces, the
emerging light vectors will add up to give elliptically po-
larized light, which can be thought of as a superposition
of two perpendicular harmonic vibrations, 90° out of phase,
In order to determine the degree to which the emerging

light 1s elliptically polarized, indicating the birefringence
of the medium, a quarter wave prism and an analyzer prism are
used. The quarter wafe prism introduces a 90° shift of one
of the vectors of the elliptically polarized light and brings
both vectors into phase with each other, thus creating plane
polarized light again, which, however, will be turned by a -
certain angle 8/2 from the original 45° plane. This angle
is a function of the ellipticity of the light and is there=-
fore related to the birefringence of the molecules in solu-
tlon:

| An = A\8/2 17 (2)

Here A is the wavelength of the incident 1light and 1 is the
light path through the birefringent medium. The angular
displacement 3/2 may be clockwise or counterclockwise. Look=

ing against the light source such shifta are regarded as



positive or negative birefringence respectively.

However, instead of measuring this angle by means of
turning the analyzer prism to the new extinction position,
1t 1s less time-consuming to keep the analyzer at a prede-
termined posltion and to measure the change of intensity
- of the transmitted light.

In order to find in this statlionary setup the sign of
the blrefringence, indicating which vector had been retarded
or accelerated, the analyzer 1s moved a few degrees off the
crossed position., If the analyzer prism is moved counter-
clockwise (looking against the light source) and the bire-
fringence is positive, a decrease in the intensity of the
transmitted light would be observed., If 1t were negative,

the intensity would increase.



2. Determination of the Birefringence

In appendix II a relation between the light signal
transmitted, IA’ and the phase difference, 8, due to the
birefringent medium is derived, giving.

without quarterwave prism:
I, = I, [sin®g + sin®(8/2)(1 - 2 sin2g)] (3)
A T fs) B = n ﬁ 3
and with quarterwave prlsm:
I, = (I,/2)(1 - sin 2B sind cos¢ - cos 2B cos 8). (4)

Here I, 1s the incident light intensity, B the angle by
which the analyzer prism 1s offset from the crossed position
and ¢ an angle correcting for an lmperfect quarterwave prisﬂ.
In case ¢ 1s close to zero, which holds for a well designed

quarterwave prism, equation (4) reduces to
I, = (I,/2)[1 - cos(@8-8)]. (5)

Since only the change in transmitted light intensity, IS;
is measured, which resulits from the birefringence of the
solution after the field is turned on, a more convenient

form ofequation (4) is given by

Ig cos 28(1 - cos8) - sin 28 sin8cos¢

2
IAo 2 sin<g .

(6)
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where Iﬂo is the transmitted signal before application of
the electric field corrected for the stray light, Iz, at
extinction, 4 plot of Ig /Ipg versus 8 (Fig. 1) 1s used
to convert the measured intensities into 8, . o

The angle B determines the amount of transmitted
light, IAo’ according to the relation

IAo =1, sin®B, . (7)
The imperfection of the quarterwave prism, ¢, can

be calculated from

I, = -2-2 [1 + sing (2 sinaﬁ - 1)] (8)

by letting B = 0%r 90°, for which

21I, . e I,
sing¢ = - A.1 or sing = 1 = 'TOA (9
o b3
respectively.

By minimizing the difference between the minimunm and_‘
maximun transmitted light signal, the quarterwave prism
can be set to 1ts optimum position. The intensities at
this optimum position are then used to calculate ¢ .

The ¢ 's for several Polaroid quartérwave plates and a
prism were determined, They range from 31.40 for the

plates to 10,1 % 2,7° for the prism which we designed,.
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Bigore 1
Plot of the intensity ratlo, IS/IAO, versus the negative

phase difference, 8°, due to birefringence (Eqn. 6 with
B = +10° ¢ = 00),
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FPinally, in order to eliminate ¢ altogether, a prism
designed by O'Konski (see Appendix III) was used, which
could be adjusted so as to make the imperfection essen=-

tlally zero.
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3. Electric Polarizability

Experimentélly it 1s as yet impossible to measure the
optical anisotropy of a single molecule and therefore some
means of élignment of a large collection of DNA molecules
must be used., To this end concentrated DNA preparations
have been drawn into fibers (10) or alighed by streaking
between glass slides (11). DNA molecules in dilute solu-
tions have been oriented'in flow systems by means of hydro-
dynamic forces (12) or in an electric field (5).

Due to the rather high charge density of the DNA
polyion (two negative charges per base palr every 3.4 R),
a dense counterion atmosphere is formed at the polymer
surface, and the lons have sufficlent mobillity to move
along the surface of the polymer in response to an external
electric field, This in turn causes the polyioné to be
oriented along the field direction, Just as for dipoles.

Thus, the alignability of DNA 1in solution by an
electric field 1s a consequence of an induced charge dis-
tribution along the polylon surface, expressed as electric
polarizabllity, a . According to an equation due to Maxwell
(13) for long conducting ellipsoids of rotation, the
magnltude of the electric polarizability is proportional
to the third power of the particle length, 1:
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€ 12
: (10)
24 1n(2 P) .

where P is the ratio of long to short dimenslon of the

Q, = f(e" s P)

polymer, N the dielectric constant of the solvent and

€, iIn(2 P)

£(e,s P) = (10a)

< P24+ €, 1n(2 P)
which equals unity under the assumption of completely free
movement of charges along the ellipsoid (metallic conductor).

The equation for aq, further assumes, that diffusion
effects for the moblle charges are negliglible and that, due
to the 19 factor,.the induced dipole along the main axis is
so large compared to that of the small axlis, that the polar-
1zability perpendicular to the field can be neglected, Thus,
a, is the upper limit for the polarizablility.

The energy of interaction of an induced dipole with the
external electric field is proportional to the square of the
field strength, E. Therefore, it should be independent of
the sign of the field; which acts as if i1t were always in
the same direction tending to orient the polylons.

Since the charge transfer along the polylon surface
is rapid enough (about 10=2 sec), alternating fields of up

to 10 kc/sec can'be used for alignment of the molecules.



16

which takes place in about 10=2 sec, This is deslrable,
for 1t decreases electrochemical reactions and electrode
polarization, A more detalled treatment of the charge
transfer along the polylon is given by 0'Konski (14).

The orientation of the polyions has, furthermore, the
effect of increasing the conductivity along the electric
field direction, decreasing 1t perpendicular to the fleld.
This property of polyions 1s known as electric anisotropy

and was investigated by Eigen and Schwarz (15).
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4, Orientation ~ Disorientation

The changes in molecular parameters related to the
size and shaﬁe of the DNA molecule become of prime im=
portance in regard to the determination of the degree
and mode of structural changes during DNA denaturation,
The optical polarizabllity can give us information with
respect to the internal structure of the DNA, Electric
polarizabllity on the other hand is a very sensitive
function of the length of the molecule, but it also
varies with the dielectric.constant of the solvent and
the ease of mo?ement of the counterlion atmosphere, making
its dependence on molecular parameters rather obscure,

However, the rate of orientation of the polyions
by the electric fleld as well as their rate of disorien-

tation as the field 1s turned off are also sensitive
functions of the particle dimensions, Especially the
randomization process, which occurs free of electric
field effects and is due only to Brownian motion, can be
easily related to the rotational diffusion constant, @ | ’
a parameter which involves the desired structural factors.

Exact relations between ® and the particle structure

are of course dependent upon the model chosen. Of the
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various relations available (16) we have chosen that of
a rigid rod for DNA in want of a better theory for kinked
chain or wormlike chain models, which would be more
realistic, 'i‘he relation of ® to the length, (2a), of

a rigid rod was derived by Burgers(1l6c) and is given by

3 kT 2a

89 & s {7y - 0,80) (11)
8»n® b

where m 1s the viscosity of the solutlon and b the radius
of the rod. kT has: its usual meaning. A plot of 2a ver-
‘sus.® 1s shown in figure 2,
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Flgure 2

A plot of the rotational diffusion coefficient, ®, versus
the length, 2a, of rigid, rod-like molecules (Eqn. 11
with T = 273.16°K, b = 15 £, n = 0,01792 poise).
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5. Birefringence Theory

Early papers on electric birefringence (17) con=
sldered the effect of small fields. Gans (8) considered
arbltrarlily large fields for pure induced and pure
permanent dipole moments, but obtained only a bire-
fringence saturation function for pure permanent di-
poles, O'Konski (14) developed a birefringence theory
recently for the case of mixed orlentation mechanisms,

presenting methods of analyzing experimental data.
Three main phases are to be considered:

l. The rise of the birefringence signal due to
the orientation of the molecuies by the elec-

tric field.

2. The steady state, time independent birefrin-

gence slgnal,

3« The decay of the birefringenée signal due to

Brovwnian motion alone,



22

Complications arise, since complete orlentatlion of
the polyions cannot be achieved, due to the disorienting
effect of Brownlan motion., It becomes therefore neces-
sary to extrapolate the data to infinite fleld strength.

Saturation functions for appropriate models have
been calculated, Assuming hydrodynamic, electric and
optical axes of symmetiry, rigidity of structure, high
dilution of the monodisperse polymer, the fundamental
orientation distribution function for birefringence has
been derived by Peterlin and Stuart (18)

2w 0y

T 3 cos®8 - 1
An = (gu = g;)[?(e) 27 sinf 48.(12)
n 2

This equation relates the birefringence, An, to the
volume fraction of polylons, C,, the optical anlsotropy
factor, Ag, and the angular orientation distribution
function F(8). The expression after the integral sign

is called the orlentation factor and & is the average
angle that the polymer axes make with the electric field
direction, |
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Computation of P(8#) requires an expression for the
energy of interaction of the particles with the external
electric field, B. O'Konski (14) has calculated this
function for the steady state distribution of axially
symmetric particles having either a permsnent dipole
moment along the symmeiry axis, an induced dipole moment,
or both and has evaluated the orientation factor for this
generalized case,

For pure induced dipole orientatlon, the appropriate
mechanism for the allgnment of DNA, O0'Konski's steady
state solutions of the fundamental equations for two

limiting cases become:

a) for weak fields (AeES/2 « kT)

Anst _ Aa Ea

BE g0 © b (13)
b) for strong fields QﬁaEa/a » kT)
An 3 kT

Vvt SRR v & VL

Aa B
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Here, An_, 1s the steady state blrefringence, Ahs = Eﬂ—'ig"gy
is the saturation birefringence, and Aa = (ay = a,) is the
electric polarizabllity. .

Thus, knowing Gv and n and havingAmeasured the satur-
ation value of the birefringence;;we can evaluate the spe-

cific Kerr constant

(An/E%)
Ksp = - ch—bo (15)

from equation (13), the optical anisotropy

_ Ang n

from Ang given by equation (14), and the electric polar-
izablility

2
kT 15 K, n 15 kT Angy

) B =
Aa = 4 'ﬂj Ag Ans Eg BE—>0 (17)

from the ratio of equations (15)and (16), and the temperature.

The rise of the birefringence signal with time was first
evaluated by Benoit (3a) for the two cases of low and high
electric fields. O'Konski (14) derived a relation, which
holds for any electric field. If

Yy = 2(a, - GJ_)E2®1;/1:T.‘ \ (18a)
is small, the result 1ls
dan 4 (a, - a,) E2
-(-d_t-)t—-o ol ™ ® Ang |, (18b)
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The molecular parameters are most easily obtained
from the field free decay of the steady state birefrin-
gence by Brownlan motion, which for monodispersé solu-

tions is given by Benoit (3a) as
An/Ang = =60t o o-t/7 (19)

where An, 1s the birefringence at the beginning of the
disorientation and r = 1/6 ® is the relaxation time.
The slope of a plot of (-1/6) 1au(An/Any) versus time,
t, glves ®., PFigure 3 shows a graph of the particle
length of a rigid rod as a functiion of the experimentally
determined ratio At/Alog(An/Ang).

For polydisperse systems the decay depends on the
field strength and is not exponential, O'Konski (14)
" derived the expression for the case where the optical
anisotropy is the same for all components disorienting

from a saturating field:

— =3¢ o6 ®; t (20)

where the sum is over all components i, ¢35 is the
volume fraction of component i, and ®; its rotational
diffusion constant,

In summary, the length of a rigid, rod-shaped poly-
electrolyte molecule can be determined from the decay

rate of the signal, IS/IAQ' Using figure 1, this ratio
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Pigure 3

Plot of the slope of monodisperse birefringence decay,
At/ Alog{An/Any), versus the length, 2a, of rigid, rod-
like molecules.
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is converted to 8. A plot of -1gl 8/80) = =lg( An/Ano)
against t, the decay time, should be a straight line for a
monodisperse system, and 1ts slope should give the desired

length of the particles by means of figure 3.
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6. Birefringence Apparatus

The apparatus used to measure the electric birefrin-
gence 1s essentially that described by O'Konski (14).

The overall set-up i1s shown in figure 4 and 6.
a. The Optical System

As 1light source a Sylvania Concentrated Arc lamp
(100 W, DC) was found to be suitable. It was supplied by
54 V DC, which could be regulated by means of a 10 Ohm
resistor. The operating voltage was about 15 V at 6.25
amp, A choke facilitated starting of the arc by means of
a Tesla coll. | |

The light heam then passed through a Nivoc bliconvex
lens (f 100B, dia. 48%) which rendered 1t parallel. Two
filters selected the wavelengths around 5250 £ (Fig. 5)
and a polarizipg prism polarized the light at an angle of
45° to0 the electric field direction in the birefringence
cell containing the DNA solution. The beam then passed
through a quartz window into the cell holder and was con=-
fined by a slit in front of the birefringence cell to 2 x
1 mm, It passed through the cell and out the other quartz
window of the cell holder and through a2 quarterwave prism,

whose fast axlis was parallel to the plane of polarizatlion
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Flgure 5

Visible spectrum of the two filters used to select the
light for our birefringence experiments.
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Figure 6: Block Diagram of Electrical System



4

of the incident l1light.  The light was then analyzed by a
prism, which was offset from the 45° plane by the angle B
(usually lO°);

A phototube (No, GE 931 A) detected the intensity of
the transmitted light, which was recorded on a dualbeam
oscilloscoﬁe (Tektronix Type 502) simultaneously with a
slgnal of the electric field applied across the cell.

b. The Electrical System (19, 20)

The electrical system (Fig. 6) was designed so as to
make possible simultaneous measurement of birefringence and .
pulse signal, It was constructed by A, R. Jones (21) and
was novel in that it was capable of generating a pulse of
square waves of well-defined, variable duration and field
strength, Since the duration of the lmpulses is of the
order of 10 to 10O msee, an oscilloscope 1s required from
which photographs of the signals can be obtained,

The birefringence signal was generated by the photo-
multiplier tube (Fig. 7) which was supplied with its dynode
‘voltages by & Keithley (Model 240) regulated power supply
with maximum output of * 1000 V., For most purposes, thé
applied voltage has -500 volts. Thié gave oscilloscope
~ signals of the birefringence of between Eo-to 100 nV
(Fig. 8).
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Figure 8

Oscilloscope trace of a typical birefringence signal.
The sample shown here is T4-DNA (Apgp = 0.564) in

1.26 x 10'4F,at 4,00C in response to a 10 Ke/sec alter-
nating electric field of 2375 V/cm.

Pulse duration: 51 nmseec,

Maximum birefringence: 9,55°

DNA sample number 25. The Mg-T4-DNA was dilalysed versus
water.
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The pulse that was applled across the birefringence
cell was generated by a square wave generator (Tektronix
Type 105) with a variable frequency range from 0.1 ke¢/sec
to 1000 ke/sec. A 10 kc/sec frequency was best for most
purposes. The square ﬁaVe generator out-put signal, vari-
able from 4.1 to 100 V (38.5 V were generally used), was
fed into a gating circult (Fig. 9) which coupled the signal
with the pulse (20 to 30 V) from another pulse generator
(Tektronix Type 161) to facllitate the exact timing of its
duration., This pulse‘generator waé powered by a Tektronix
(Type 160A) power supply with an out-put voltage of 160 V.
(The actual power in-put into "PG 161" was 90 V),

The gating circuit out-put'(less than 5 V) was ampli-
fied by a Dynakit (Mark III) power supply to about 1000 V
and appllied to the electrodes of the blrefringence cell,
Part of the pulse was tapped and fed to the other beam of
the osclilloscope.

The triggering of the scope (Fig. 10) was coupled with
that of the pulse generator, which started the electric
field across the blrefringence cell, causing alignment

of the polylions.
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¢. The Birefringence Cell

Since DNA at low concentration and lonic strength is
unstable at room temperature it was necessary to provide
for cooling of the birefringence cell, Thus, a watertight
cell holder (Fig. 4) was constructed with two quartz win-
dows at opposite sides for the light beam, A constant stream
of alr, dried over CaCl, kept the windows from foggling.

A c¢ooling coll, immersed in the water or ethanol bath,
which surrounded the birefringence cell in the center, was
used to lower the bath temperature to between O and 5° C.

Several birefringencevcells were desligned to minimize
the heating effects of the electric pulse as well as the
volume of DNA solution required, The most satisfactory
cell was constructed out of two platinum electrodes fitting
snugly into a micro Beckman quartz cell, The electrodes
were held to the inside cell walls by means of a removable
teflon spacer facillitating easy cleaning, The volume of
DNA solution required for an experiﬁent was 0.25 ml, the

pathlength 1 cm and the distance between the electrodes

2 mm,
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7. Experimental Procedures
a. Absorbance Measurements

Ultraviolet absorption spectra of the DVA solutlons
were recorded by a Cary spectrophotometer (Model 14) and
showed the characteristic absorption maximum at 2575 £ with
a mininum at 2310 R. However, all absorption data and cal-
culations are based on the absorption at 2600_3 (A260),
which was routinely corrected for solvent blanks and nor-
malized to zero absorption at 3600 £ (Fig. 11).

Using an extinction coefficient of 6600 at 2600 2 and
an average molecular welght per basepalr of 648, an absor-
bance of 1 corresponds to 49 x 10'6g DNA/ml.,

The ratio of the absorbance of 2600 £ to that of
2300 R was used as an indication of the amount of contamine
ation of the DNA by proteins etc,, the higher ratio showing
a purer DNA, Most of our samples had ratios of approxi-
mately 2, the highest being 2.4. DNA samples with ratios
below 1.7 were considered too contamlinated to glve meaning-
ful resultis.

The absorbances of all DNA soluiions containing low
salt concentrations were measured at less than 5% C in an

icewater cooled cell holder designed by Wm. Dove (22).
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Flgure 11

UV absorption spectrum of a solution_of "pure" Worth-
ington calf thymus DNA in 0,90 x 10=3 F Nall and O,1 F
Na-cacodylate (pH 7.l) corrected for the solveant blank
and adjuste% to zero absorption at 3600 R (3230 = 2.4,
R =2 1,5 ).

Dggged curves represent solvent and uncorrected DNA
solution. ‘
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'b. Dialysis

Since we relied heavily on the absorbance measurements
to determine the concentration as well as the purity of the
DNA sanmples, 1t was eésential that UV absorbing impurities
were kept to a minimum. Thus, i1t was necessary 1o pretreat
the Visking dialysis tubing, which was known to release UV
absorbing impurities into the DNA solution. To this end
the tublng was bolled in a concentrafed NaHOO3 solution for
15 minutes, rinsed with redistilled Water,'especially on
the inside, boiled in two changes of redistilled water for
15 minutes each, rinsing on the inside after each boiling,
and then stored at 4° ¢ in redistilled water. The tubing
was handled only with plastic gloves. The dlalysis was
carried out in a cold room at about 4° C,

When necessary, dilute versene (EDTA) solutions were
used instead of redistilled water to eliminate divalent
ions, |

Similar cleaning procedures were used dn all glass-

ware used for storage or handling of the DNA solutlons.
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c. Resistance Measurements

The ionic strength of the DNA solutlions was monitored
by measuring their resistance directly in the blrefringence
cell using a Leeds and Northrup varlable resistor. The cell
was callibrated against standard KCl solutions, as well as
the actual salt solutlons used for the preparation of the
DNA samples. A plot of the log of the resistance versus
the negative log of the normality (Pig. 12) was used to de-
termine the normality from the resistances measured before

and after the birefringence experiments.

d. Viscoslity Measurements |

The viscosity of the DNA solutions was measured in the
elegant, low shear viscometer designed by Zimm and Crothers

(23).
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Plgure 12

Calibration curves of resistance versus lonlic strength
- using the micro electric birefringence cell described
in the text.

The data for 1/2 MgCl, and Na0l0, are calculated from
the cell constant and the values from the International
Critical Tables.

The Ll-cacodylate curve was determined experimentally.
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e. Preparation of DNA Samples

Because much of ouir work was directed toward finding
a homogeneous DNA preparation for which we expected a
simple decay behavior, a large number of DNA samples was
studied which we obtalned from wvarious sources, It is
therefore most convenient to present the pertinent data
characterizing the preparations in a table.

This table lists the kind of DNA and i1ts source (S),
which may be either an industrial supplier (W = Worthington
Biochemical Corp., Freehold, N. J.,, N = Nutritional Bio-
chemicals Corp., Cleveland, Ohio) or a standard preparative
procedure (M = Marmur procedure (24), P = phenol extraction
(25)); it lists the investigators who prepared and donated
the DNA solutions (P, B, = P, Brooks, E. C. = E. Carusi,

W. H. =»W. Hubver, R. Ho J. = R. H, Jensen, R. J. = R, Jones,
‘H., 0, = H, Ohlenbusch, B, 0, = B, Olivera, R. S. = R.
Stewart, B. 2., = B, Zimm), the approxipate DNA concentra-
$iom in mg/1l, the type of salt solution and its normality
in which the DNA was supplied, and the approximate age
(storage at O to 5 9C) of the preparation before it was
diluted or dialysed (indicated by %#) to the final concen=-
‘tration used in the birefringence experiments, Similarly,
the DNA concentration, salt type and normality and storage

age of the diluted samples are listed.
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Origin and Characteristics of

DNA Preparations

# Tyge S |Donox éppn galt g Age|Conc. gal: ﬁ Age [Av.
o] onc.| Type ¥p
DNA ng/1 103 ng/1 104 ha#F
1/C,T, (W|P, B.| 772(NaIm | 1. | 60{93.3|NaIm [1.2F 25| =
2 L] i} 1] 1 ", n L] i u H 31 -
31" ["|H. O.| 742|NePC (1,01 8|58.4|NaPC [1.24 "0
I e - | - - | - |26.8|NaCac L, | 48[1.30
5 i 1] 1 - - - . [} n 1] 56 i 1 . 35
61 - %) 320 |LiCac |100 | 33|24.2|LiCac#l.0Q 2|2.14
7 1 ] 1] 1] L] " ] n 1] " 24 2 N 82
8 " " 1" n " 1] 1 " 1] 1 42 2 N 85
ol " |"[R. J.|5000|NaPC 1.0 | 60|72.2|MgCLlp¥H,04 1|1.38
NaCac [1.24
10 1l n H " 1] 1} n 1] n n 18 2 .18
10 (1] 1" 1] " it i 1 " n H n 5. 08
11 1" " L 1 1] ] 1 58.0 LU 1] 17 3.73
12 i1 1 " " it 1] l! 35 .4 H ] " 9 l o O
13| " |N|H. 0.]| 62|MgClp| 20| 5|28.2|Mg0ls [Ho0¥ 2(1.26
14 " |W|R. J.|5000(NaPC [1.0 | 60|24 .4 |MgClo4Ho0% T(0.79
NaCac |1.24
15 1] 1 1 1] ] ] 1] 21 " 9 n n 11 2 . 79
16 1] 1] 1] il it n ] 15.4 1] n 14 0.68
17 " ] i n " " 1] 7.0 n " 16 0.68
18| " |N|R.H.JJ3000|NaCacHl.0 | 93
208 |Ag 1.1 | 2|49.8|Ag 2.2| 0o} -
19|T-4 |P|W. H. | 400|NaPC [100 51.4|NaPC# 1,0 | 9[1.82
20 " ] 1 " ) 1 il H 1] 287 2 N 43
21 1] n 1] 1] 1] ] 19 . 9 H " 7 l . 57
21 1] ] 1] " " 1] (1] n - 1] 4. 16
21 1] 1] ] " n 1] 1 1] - L1 9 " 38
22| " MR, s, | 275|11 35.4 |11 013.38
23| " |["|B. 0.]100|NaCl | 10| 53|17.0|Li0ac%0.5| 0[9.10
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Origih and Characteristics of DNA Preparations

Continued
#|Type|S|Donor |Appr|Salt | N [Age| Conc.[Salt | N Rhge| Av.
of Cone,| Type p:4 Type x
Ba X
DNA ng/1 103 ng/1 10% %4
24 (T=4 |P|W. H.| 400|NaPC [100 27.7 MgPO¥* [HoO%| 13| 1.18
25 1] " i 1] n n 1] ﬁ 2 l 26
26| n |n n " " tf 27.6] " M 1% 0:88
27 |(T-2 B. Z.| 375|NaP 20 138
NaCl [180
375|LiCac#*0.,10 9| 21.9|LiCac [1.00] O 5.95
28| A Ww. D. TO0|Tris | 10 28.5|LiCac#8.6 | 2[11.87
. |Tris
29 |Cordi M| " 250|NaPC (100 | 24|155.2 [NaPO#* {1,00 21| =~
30 " 1] i i L] 1] u 151 o 8 1] 1] 26 o
31 1] t 11 ] " ] i} 148 5 ]] " 23 o
32 1] 1] it 11 " " 4] 147.2 i (1] 38 -
35| w f 1 ) " " " 118: gl v " 25 -
34" "1 % | 490| " " [146| 45.6|NaPC* [1,02) 1| -
35 1] 1] it (1] i " 1] 1] 1] ] 9 1 . 27
36 |Lyso|"| " |1000[NaCl [150 | 19| 72.1|NaPC# [1,00{ 54| 1.09
NaCit | 60
37 1] n " t "n n 1 56. 5 1] it 66 2 .24
38| " |E. 0.| 310 23.0|LiCac#0,50, 0| 2.52
39 # 1] 1" ] 1] i 30 3 9
40 1] ! 1 20 1] l.oo 77 2 :75
41| " |M|W. D,|1000{NaCl [150| 19| 72.9[MgPC [0.92| 66| 1.50
. _ NaCit | 60 NaPds#* |0.50
42 [B.M. "] " 830|NaPC: [LOO| 3| 63.7|Mg [1.0| O| 3.54
: : NaCac 0.5
43 1] n i 1] 1] n 111 18. 8 n " 72 2 a 88
44 1] I, 1] 1] (1] 1] i_l 15 in 6 n " 12 =
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The normality of each sample is given in terms of the
salt concentrations of the media and does not include the
contrivution of the DNA and its counterions. In those
cases in which the ionic strength was measured-by conduc~-
tivity determinations (Fig. 12), the total ionic strength
is given in the last column (eq) -

f. Storage of DNA Solutions

If DNA solutions are stored at low temperature and at
high DNA and salt concentrations they are stable against
denaturation for extended periods. Enzyme activity and
bacterial growth may be retarded by adding poisonous buf-
fers llke cacodylate or a few drops of chloroform.

At low ionic strengths and DNA concentrations degrada=-
tion of the DNA 1s enhanced (26). Although we have not
investigated the effect of storage on the birefringence
behavior explicitly, the available data indicate (Table V)
that degradation is not a very important factor accounting
for the observed variations of the data.

One sample of Na-T4 DNA in 10-4 N NaCl0y, which had
been frozen and stored for 287 days (sample # 20, Table V)
behaved very much like the original sample, Although the
ionic strength waé slightly higher (2.43 x 10’4f¢ instead
of 1.82 x 10=% 4 ), the characteristic relaxation time
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was nearly the same (2,3 + 0,5 msec versus 1.45 * 0,5 msec

for the original sample).
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IIJ. Experimental Results
1l. General Considerations

In order to calculate the theoretically meanlingful
electrical and optical parameters Ag, Ksp and S¢a, it is
necessary to measure the steady state blrefringence of a
number of orienting pulses of increasing field strength,
s0 that extrapolation to zero and infinlite fleld strength
is possible, Since the steady state 1s reached at any-
where from 1 to 100 ms pulse duration depending upon the
field strength, the DNA Sample, the temperature etc., it
was important to verify that the DNA did not undergo 7
denaturation or degradation during the treatment. Optical
density measurements before and after a birefringence
experiment showed that no denaturation occurred within
- experimental error (changes in absorbance at 2600 £ were
generally less than * 3 %).

To determine the extent of more subtle changes, e. g.
breakage of strands, the viscosity of solutlions of Lyso-
delkticus DNA wés measured before and after birefringence.
Six 0.25% ml aliquots of a solution'(A26o = 1,6, less than
10~% P Li-cacodylate buffer, pH 7) were each subjected at
4° G to ten high fleld (3140 * 72 V/em) 50 ms pulses at a

rate of one per minute, The combined aliquots were then
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diluted with 0.2 F Li-cacodylate to Apgo = 0.8 and 0,10 F
Li-cacodylate for a viscosity determination at 25,2° C.

A plot of specific viscoslity versus DNA concentration
(Fig. 13) indicated that considerable structural changes
had taken place during this drastic treatment,

In a follow-ﬁp experiment, eleven 0,25 ml aligquots of
a dilute Lysodeikticus DNA solution (Apgg = 0.77) in the
same dllute buffer were subjected to only five high field
(%020 = 30 V/cm) 50 ms pulses at a rate of one every two
minutes. The combined aliquots.gave a more normal viscog-
ity behavior (Fig. 14), but again a significantly lower
intrinsic viscosity than the original sample. (The viscos-
1ty was determined at 4.92° 0 in the dilute buffer).

It is clear from the above, that an excessive number
of high field pulses does cause changes in the DNA structure
making it important to use as few pulses as possible and to
begin with the low field strengths in order to get meaning-
ful birefringence results.

In addition to meaéuring the absorbance of the DNA
solutions in the birefringence cell before and after an
experiment, the resistance was measured as well to determine
any change in the lonlic strength due to absorption or de-
sorption of ions from the electrodes., Despite thorough
cleaning of the birefringence cell in boilihg redistilled

water, the resistance did at times decrease appreclably
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Figure 13

Plot of specific viscosity divided by the concentration
of DNA (dl/g) versus DNA concentration in terms of ab-
sorbance.,

Open circles represent data of Lysodeikticus DNA in
0.10 F Li-cacodylate buffer (pH 7).

Full circles represent data of a similar sample which
had ?een subjected to ten high field 50ms pulses (see
text). ;
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Figure 14

Plot of specific viscosity divided by the concentration
of DNA (dl/g) versus DNA concentration in terms of ab-
sorbance,

Open circles represent data of Lysodeikticus DNA in
10-4 F Li-cacodylate buffer (pH 7) at 4,92° C.

Pull circles represent data of a simllar sample which
had ?een subjected to five high field 50 ms pulses (see
text ° i
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during application of a few high field pulses. This makes
the interpretation of the data ambiguous, for, as will be

shown (Table III), Ag, Z¢a and especially Ksp decrease
slgnificantly with increasing ionic strength.
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2, Relation of Field Strength and Birefringence

Early attempts to correlate the field strength and
the magnitude of the steady state birefringence in terms
of O'Konski's equations (Equs.l1l3 and 14) were unsuccess—
ful, Instead it was found (Fig. 15 and 16) that the data
could be plotted as 1/8gy versus 1/E2 and Ez/ast versus
E2 resulting in straight lines, both being represented

surprisingly well by the following empirical relation:

5., = E2/(aE2 + b). (21)

with the corresponding straight'line eguations
2 2 2
/8, = a + b/E° and E7/3; = b+ aE" (22, 23)

- - 2
where a = 1/3, and b = (E /851;)3_)0-

The agreement between slope and intercept of the
two plots, which were calculated by the least mean'squares‘
method, was generally within * 5 % and independent of
the kind of DNA or the counterion used (Table I)..
Nevertheless, in calculating Ag and Ksp only the corre=-:
sponding interceptis were used and not thé slopes,
assuming the validity of O'Konski's limiting equations
(Equs. 15 %o 17). The data are summarized in table II.
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Filgure 15

Birefringence data for various DNA samples demonstrating
the straight line dependence of the inverse of the steady
state birefringence to the inverse of the square of the
fileld strength.

Sample|Type of | ITonic Concen=- emper=
Number| DNA |Strength[tration |Rp3zp jature
x 10 mg/1 og
23 |Li-T4 9.10 17.0 | 1.78] 4.2
43 Mg"B.M‘. 2.88 18.8 (1.32} 4-8
27 |Li-T2 5.95 21.9 | 1.86| 5.6
28 |Li-x 11.87 18.5 | 1.98| 3.7
38 |Li-Lyso| 2.52 23.0 | 1.94] 4.3
19 |Na-T4 1.82 5l.4 | 2.28| 3.8
29 |Na-Colil 1 155.2 - 4.0
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Figure 16

Birefringence data for various DNA samples demonstrating
the straight line dependence of E 2/8 versus E2, where &
is the steady state birefringence.

DNA samples are the same as In figure 15.
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Table I
Sample|Type of}Ionic¢ Conc. Slope Slope
Number| DNA | Str 1 1] (E3) (EB, =
x 104 mg/1 |§ VS- = ‘8’'ols Vil 5 g
1 |Na-0.T.] 1. 93.3 0.752#% 0.,994% 0,0497 |0.0513
4 H 1.30 26.8 0.568¥% 1.21%| 0.119 0.112
5 " 1.35 26,8 | 1.14 | 1.15 0,112 0,112
68. IJi"'CQTo 2.14 24.2 2.31* 1.49* 0.123 0.112
T s 2,82 24,2 3.43 | 3.04 0.124 0.121
8 . 2,84 24,2 3.45 | 3.47 0.113 0.112
9 |Mg-C.T.| 1.38 72.2 2.42 | 2.53 0.0425 |0.0431
10a i 2.19 72.2 4,18 | 4.21 0.0443 |0,0439
11 B 3.7TH 54,0 6.47 | 6.26 0.0780 |0.0823
13 " 1.24 28,2 2.43% | 1,88%| 0,0566% |0,0501#%
14 " 0.79 24.4 4,91 | 4.84 0.0997 |0.0979
16 1 0.68 15.4 | 10.03* 11.54%| 0,359 0.375
19 Na=T-4 1.82 51,4 1.65 1.53 0.0737 0.0727
20 i 2.4% 51,4 5.46 | 5.44 0,0802 |0.0802
21a s 1.57 19.9 4 . 44% | 5,22%| 0,146 0.150
21D A 4,16/ 19.9 | 14.79 [L4.82 0.214 0.211
2lc H 9.38 19.9 | 24.48 25,66 0,302 0.313
22a Li-T-4 303 3504 1.94* 1.72* 0.0662 0.0610
22¢ - 3.38 35.4 1.92 | 1.91 00,0695 |0,0694
23 " 9.10,17.0 | 13.17 p2.93 0.177 o Wy ly 7
25 4 1.26] 27.7 2.47#% | 2,13%] 0,0689 |0,0687
26 B 0.88 27.6 3.24 | 3.44 0.0954 |0,0977
27 |Li-T-2 | 5.95 21.9 T.94% | 7,12%| 0,127 0.116
29 |Na-Coli| 1 55,2 0.423%4 0,329% 0,0178 |0.0164
30 - 1 47,2 1.25 |1.25 0.0184 |0.,0191
33 " 1 18.8 0.483 [ 0.480| 0.0165 [0,0163
35 H . | 45,6 1.09 |1.16 0,213 0.0216
37 |Na-Lyso| 1,09 72.1 1.08 | 1,06 0.0246 |0.0239
38 |Li-Lyso| 2.52 23.0 2.85 | 2,78 0.115 0.114
40 s 3.6 | 3.54 | 0.162 0.160
41 |Mg-Lyso| 1.50 72.9 2.06 | 2,04 0.0216 |0.,0215
42  |Mg-B.M, 63.6 0.965% 0.834% 0,0118% |0,00886
43 -z 2.88 18.8 8.21 | 8.33 0.241 0.242
Values marked by # differ by more than 10 %.

Note: cgs and esu were used throughout. 3

is in degrees.
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Table II
Sample| Type of|Ionic|Conec. Temp, | =Ag |~ Ksp| Z¢a
Number DA Str Ra 0
x 104 ng/1 30| og x 102(x 103|x 1014
4 Na~-C.T,}] 1.30| 26.8|2.38 | 4.6 1.88 [6.13 |5.50
5 Na-C.T.| 1.35| 26.8/2.38 | 5.0 1.88 |6.44 |5.60
6 Li-C.T.| 2.14| 24.2]|2:12 | 3.4 2.09 |5.55 [4.31
1 Li-0C.T.,| 2.82] 24,2(2.,12 | 3.8 1.93 |2.71 |2.28
8 Li-C.T,| 2.85| 24.212,12 | 4.3 2,08 |2.37 |1.85
9 Mg=-C.T.| 1.38| 72.2|2.07 | 4.5 1.805(1.09 0.98%
10a |Mg-C.T.| 2.19| T72.2(2.07 | 4.9 1.78 |0.65410,60
13 Mg-C.T.| 1.26| 62,111.92 | 3.5 181 11.70 [1.B3
14 Mg-C.Te| 0.79| 24.411.94 | 4,5 2.36 |1.68 [1.16
17 Mg-C,T.| 0,68 T:011:.75 | B3 2.15 |2.49 |1.89
19 Na-T4 1.82| 51.4(|2.28 | 3.8 1.51 |2.54 |2.73
2la Na—T‘,-I' 1057 19¢9 2028 4.0 1.89 1-92 1.65
22a |Li-T4 3.38| 35.4(2.04 | 3.8 | 2.60 |3.26 |2.03
24 Mg-T4 1:18] 27.7T12.10 | 3.3 2.22 ]0.69%]0,508
26 Mg-T4 0.88| 27.611.98 | 3.8 2,09 |2.09 [1.63
27 Li-T2 5.95]| 21.9(1.86 | 5.6 2.21 [1.27 (0,94
28 Li-\ 11.9 28.5[1.98 | 3.7 | 1.26 |2.07 |2.66
29 Na-Coli| 1 155.21 - 4.0 2.21 |3.90 |2.87
33 Na-COli l 118¢8 - 5.2 2-91 3048 1095
36 Na-Lyso| 1.09| 72.1} - 2,9 2.22 |4.69 |3.42
38 Li-Lyso| 2.52| 23.011.94 | 4.3 | 2.15 [3.11 |2.35
41 Mg-Lyso| 1.50| 72.9]1.79 | 4.8 3.60 [1.34 0.607

Note: cgs and esu were used throughout.
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It should be noted, that the optical anisoﬁropy is about

minus 0,02 (in cgs units) regardless of the source of the
DNA (mammalian, bacterial or viral) and independent of the‘
kind of counterions used (Na*, Li* or Mg*'*). This result
is expected for molecules which align such that their
chromophors are oriegte& perpendicular to the electric
field, Furthermore, since Ag is obtained from data
extrapolated to infinite field strength, 1t should be
independent of the heterogeneity of the DNA preparations,

The optical anipotropy seems 0 be somewhat in-
fluenced by the ionic strength of the DNA solution
(Table III, Fig. 17a), but whether this is due to primary
changes in the optical properties of the basepalrs or to
changes in the overall configuration of the DNA is un=
certaln,

The reasons for the varlations in the Kerr constants,.
ranging from -0,65 %1077 to =6.5 x 10™° cgs-esu, cannot
be expléined unambiguously either, but it seems that
ionic strength effects are responsible to the largest
extent,. Table III shows some results with DNA samples
in solutions of increasing salt concentrations (as de-
termined from resistance measurements), The experiments
on T=-4 DNA were run'on one sample to ﬁhich were added

increasing amounts of Naclo4 while 1t was 1n the blre=-
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Table III
ﬁizgtg Tyﬁngf Igﬁc Conc. R Temp. | -Ag |= Ksp| Zda
x 104 | mg/1 30 | og x 102|x 103|x 1014
2la |Na-T4 | 1.57| 19.9/2.28 | 4.0 | 1.89 [1.92 |1.65
21p |Na-T4 | 4.16| 19.9/2.28 | 4.6 | 1.34 |0.675(0.820
2lc [Na-T4 | 9.38| 19.9|2.28 | 4.5 | 0.904|0.390|0.702
17 |Mg-c.7.| 0.68| 7.0/1.89|3.8 |2.15 |2.49 |1.89
14 [Mg-0.T.| 0.79| 24.4/1.94 | 4.5 | 2.36 [1.68 |1.16
13 |Mg-G.T.| 1.04| 35.4(1.51) 3.8 | 2.56 |1.61 |1.02
9 |Mg-c.T.| 1.38| 72.2/2.07 | 4.5 | 1.80 |1.09 [0.983
10a |Mg-C.T.| 2.19| 72.2[2.07 | 4.9 | 1.78 [0.654|0.600
15 |Mg-C.T.| 2.70| 21.9((1.19] 3.7 | 1.44 |0.473|0.535
10b |Mg-0.T.| 5.08| 72.2{2.07 | 4.4 | 1.10 |0.224|0.333

Note: cgs and

esu were used throughout.
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Figure 17

Birefringence data of Na-T4-DNA (full ecircles) and
Mg-calf thymus DNA (open circles) are plotted agalnst

" the ionlc strength of the solutions.

a) Behavior of optical anisotropy.

b) Behavior of specific Kerr constant.

¢) Behavior of polarizability calculated from a) and b),.
The DNA samples are those listed in table III.
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fringence cell., The experiments with thymus DNA in dilute
Mg(0104)2 were carried out on different aliqudts of the
same preparation, origlnally designed to show effects of
DNA concentration on the birefringence, The results do
not indicate that a consistent relation to DNA concentra-
tion exists within the range studied. However, a definite
trend of the data 1s observed in relation to changes in
the ionic strength of the solutions, with the Kerr con-
stant being affected most (Fig. 17b).

Similar ionic strength effects were observed in
measurements of the Kerr constant of bovine serum albumin
(27) and agree with predictions for ion atmosphere polari-
zation by O'Konski et al. (28),

Since the electric polarizability 1s also inversely
related to the ionic strength (Fig. 17c), the attempts to
interpret the results in terms of changes of the counter-
ion atmosphere of the DNA molecules may seem %o be correct,
but again changes in the overall structure of the DNA can-
not be completely ruled out (see decay behavior p, 82).

The fact that Mg*' counterions are as effective as
Na* or Li* in permititing extensive alignment of the DNA,
supports the contention that Mg** is bound electrostatically
to the negative phosphate groups (29) and not covalently
as proposed by Zubay (30).
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The generally lower electric polarizabllity of
Mg~-DNA's as compared to Na-DNA's may be a result of the
tighter electrostatic binding of the Mg**, If that is
indeed the case, then the factor £(e,, P) (Equ. 10D)
may be considerablj smaller than unity, as was assumed
for the case of completely free movement of charges along
the polylon,

Figure 18 shows a graph of equation 10 for £ = 1
(Curve a) and f = 0,1 (Curve b) plotted as the log of
the polarizabllity versus the rod length in ﬁngstrom.

The horizontal lines indicate the range of our calculated

T¢a for Mg**, Na* and Lit.

Since i1t is known that the Ag* “"counterions" are bound
at specific sites of the DNA (31), it was of interest to
observe the behavior of Ag* calf thymus DNA during a bire-
fringence experiment. Table IV showsAthé changes in steady
state blrefringence ag a function of the number of high
field pulses applied 1o the sample; The birefringence
increases about 7O %, contrary to observations on other
DNA preparations, At the same time a profound change in
the UV spectrum had taken place, The maximum had shifted
by about 40 R to shorter wavelengths and decreased (Fig.
19). These facts indicated that the internal structure of

the Ag-DNA had been changed during application of the
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Figure 18

The relation of the electric polarizabllity as -log ¢

to the length, 2a, of rigid, rod-like molecules as given
equation 10. 0

ag Calculated using f(ﬂ‘,P) =1, b =15 &, eg = 86

b) Calculated using fe;»P) = 0.1, same b and ego}
The horizontal lines indicate the range of observed

values for the electrie polarizability with Na=-, Li-
and Mg=-calf thymus DNA.
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Table IV

Pulse |Field |Pulse | Bire-~ | Steady State
Number | Str. Time | frin- | Pulse | Birew
V/em | msec | gence | Time | frin-
msec | gence

1 | 4370 | 3 3,470 - -

2 | 4500 | 1.5 |3.39° -l -

3 | 4000 | 3 3.879 | 29. | &.40
s8ix low field pulses
10 | 3750 | 3 4.56° | 50. | 6.0°

11 | 4000 | 3 5.16° | 50. | 6.25°
12 | 4000 | 3 5.47° | 50. | 6.65°
13 | 4040 | - - 50. | 7.0

14 | 4060 | - - 50, | T7.00

Ag-calf thymus DNA, sample number 18.
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fields, giving = more native DNA, probably as a result of
the removal of the slliver ions from thelr binding sites
between the bases (32)., Thlis suggestion would also explain
the observed andmalous increase in birefringence signal,
for 1t should be expected, that as the interstitial silver

lons are removed, the electrlcal polarlizabllity is increased.
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Figure 19

UV absorption spﬁctrum of a solution of calf thymus

DNA in 2,2 x 104 N Agt (rp = 2.0) corrected for

solvent blank and adjusted to zero absorption at 3600 8],
a) before birefringence and ‘
b) after birefringence.

Spectrum and birefringence were measured at about 5 ©C,
Sample number: 18.
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Preliminary experiments with sodium calf thymus DNA
had shown that the decay behavior of the birefringence
signal was that of a very heterogeneous system, It was
thought that preparations of bacterial and viral DNA,
which are known to be more homogeneous from other measure-
ments (33), would glve more homogeneous decay times.

That this was not the case can be seen from filgure 20,
showing a number of representative decay curves from

high field steady state birefringence of various DNA sam=-
ples. Attempts to analyze these decay curves in terms of
superimposed decay times of hypothetlical rigld rods proved
unsuccessful, since the data did not permit unique solu-
tions to the decay equation (Eqn. 20), because neither the
volume fractlions nor ﬁhe rotational diffusion constants
were known. Depending upon what assumptions were made to
fit the decay curves, different answers were obtained.

Furthermore, it must be pointed out that it is at
present not possible to distingulsh between the birefrin-
gence decay of an arbitrary collection of rigid rods and
that of more or less flexible molecules without addlitional

information from other sources,
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Pigures 20a,b

Typlcal birefringence decay of various DNA sémples:

Sample |Type of|Ionic|Conec. Temp, | Field|[Pulse |Relax.,
Number| DNA Str Ro=zo Str.|{Dura.| Time
x 104 meg/1 o¢ |V/cm {msec | msec
28 Li-X\ 11.87( 18.5] 1.98 3.7 1780 5.0 0.45
27 Li-T2 5.95) 21.9]| 1.86] 5.6 | 3620 |50. 0.66
14 Mg=-C.T.| 0.79) 24.4| 1.94 4,5 |4500 |19. 0.86
26 Mg~T4 0.88} 27.6| 1.98 3.8 |4500 |51. ~ P
8 ILi-C.T.| 2.85| 24.2| 2.12 4.3 |4125 |51.5 2T
3% |Na-Coli| 1 118.8f - |5.2 |[3500 |50, |[160,
37 Na-Lyso| 1 56.5| 1.76] 5.2 12940 |95. 186.
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Because of these inherent difficulties, we have given
up analysis of each lndlvidual decay curve wlth regard to
possible size distributions, Rather, we have determined
a "characteristic" relaxation time, v, taken as the time
at which the steady state bilrefringence signal had decreased
to 1/e.

In comparing these characteristic relaxation times,
1t soon became apparent, that a conslderable number of
parameters were affecting the results:

1) Ionic strength: Increases in the conductivity

(salt concentration) of a sample caused a decrease in the
decay times (Fig. 21).
2) Pield strength: Changes in the amplitude of the

applied field had different effects on the relaxation times,
In several experiments the data showed a clear trend toward
increasing relaxation times with lowered field strengths.
This was the case with most Li and Mg-thymus DNA samples,
with Li-T-2 and Na-T-4 DNA., In most expériments with Na-
E., Coll DNA the effect was reversed, In other experiments
no obvious relation was discernable or the data varied too
ﬁuch t0 permlt meaningful conclusions (Fig. 22).

%) Pulse duration: Increasing the duration of the

aligning pulse, up to the time when heating became pro-
nounced, gave generally increased relaxation times., How=- -

ever, as in the previous case, there were a few exceptlons,



85

Figure 21

Average "characteristic" relaxation times, v, for Mg-
calf thymus DNA and Na-T4 DNA (dashed lines) are plot=-
ted agalnst the lonic strength of the solutions. The
vertical lines indicate the average varlation of r.
The DNA samples are those listed in table III.
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Figure 22

Variation of decay times as a functlon of fleld strength
for various DNA samples:

Sample|Type of|lonic Concen- TFemper-
Number| DNA |Strength|tration|Rpzg | ature
¥ 10 mg/1 og

14 Mg"c .T . 0.79 24.4 1.94 4

8 Li“coTo 2.85 24.2 2-12 4
27 |Li-T2 5.95 21.9 1.86| 5
19 |[Na-T4 1.82 51.4 2.28 3
35 |Na-Coli| .1 45.6 - 4
33 |Na-=-Coli 1 118.8 5
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where the reverse effect was observed (Lysodeikticus and
Megatherium DNA) or where the effect was negligible or the
data too poor (Fig. 23).

4) Temperature: The effects of temperature on the
birefringence results will be discussed 1n more detail
later. It suffices here 1o note that the relaxation times
decrease as the temperature increases much above 10° C.

5) Others: Finally, there were the obvious effecis
of aging, excessive number of pulses and similar things
causing degradation of thé DNA and therefore a decrease
in the characterlstic relaxatlion times,

From the above 1t should be apparent that interpre-
tation of the relaxation times 1s rather difficult in
view of the many independent parameters affecting the
results in varying degrées. In order to obtain meaning-
ful data, it is necessary to understand the effects of
each of the variableé independently of all the others.
This, however, requlires an effort, which we considered
out of proportion to the information that we wanted to

obtain with regard to the structural parameters of the DNA.

Nevertheless, a few 1nteresting'conelusions can be.
drawvn from the decay analyses:

1) The decay of DNA solutions is hetérogeneous
irrespectivevof the source of the DNA, |



Variation of decay times as a function of pulse dura=
tion for wvarious DNA samples:
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Figure 23

[Sample|[Type of| Lonic [Concen=- Femper-
Number| DNA |Strength|tratlion [Ro3p | ature
- ¥ 1 mg/1 og
T Li-C.T. 2.82 24,2 2.12] 3.8
25 |Mg-T4 1.26 27T 2.100 4.0
24  |Mg-T4 1.18 | 27.7 | 2.10 3.3
20 Na-T4 2.43 51.4 2.28 5.9
2 |Na-C.T.| 1 93.3 - | 4
3 |Na-GC.T. 1 58.4 - 4
12 Mg'coT. 3.73 58.0 2.0 5'0
29 |Na-Goli| 1 155.2 - | &.0
%6 |Na-Lyso| 1.09 | 72.1 - 2.9
42 |Mg-B.M.| 1 63.6 - | &3 |
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2) Calf thymus and viral DNA's have low character-
istic relaxation times ranging from 0,5 to about 15 msec,
while bacterial DNA may have decay times which are larger
by an order of magnitude.

Table V gives a summary of average characteristic
relaxation times measured on a variety of samples, Since
the averages of the relaxation times per sample were ob-
tained irrespective of the field strength and pulse dura=-
tion, the uncertainties are rather large. The data are pre-
sented only to indlcate the geneial magnitude of the values
that have been observed.

The temperature was about 52 C, and theslight varia-
tlions have insignificant effects on the decay times. DNA
concentrations are giveg in mg/l1. The average lonic strength
of each sample is also indicated. The approximate decay
timeg of columns 8 and 9 were estimated from plots of =T
versus E° and are intended to show the range of varliation
- observed as a function of field strength. Column 10 gives
the approximate length of Bngstrom of a rigid rod (estimated
from Fig. 3) having a decay time equal to that of the aver=
age of the sample (Column 6),

The most striking conclusion that table V suggests
is the signifiéantly slower relaxation time of most of the
bacterial. DNA samples as compared to calf thymus and viral

DNA.
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Table V
DNA fion [ion, [ DNA |T°Clav. T rangelestimated r [equiv.rod #
str, mg/1 ms ms | , ms 2
%10 + [E°—+0|E2=100|x 10~3
CeTh. Na| 1. 93%.3]| 2. 1+6 Q.2 | X 1.7 4.5 1
Al " 1.30 26.8|4.6] 5.5 | 0.7 | 4. Ta Ts 4
- " li.39" 5.0/ 9.5 | 1.4 6. 10 8.5 5
1 Ii| 2.14 24.2| 3.4 3. 0.7H 2. 3.5 6. 6
" " 2.821 " 3.8 g P 1.4 8. _ 2458 6 T
i " l2.85" 4,31 2,9 | 0.5 5. 2.5 5.5 8
" Mg| 1.39 72.2|4.5] 1. 0.4 1. 1, 4. 9
i’ 1 a,lo " 4,9 0.8 | o.,29 2, 0.8 3.5 10
* e 5.089 " 4,47 0.21| 0.0 0.25| 0.25| 3, 10
" "]l 1l.24 62.1|3.5| 1.2 | 0.3 1. . 1.2 4, 13
" " 3,74 58.0/5.0! 0.9 0.3} 2. 0.8 4, 1L
1 "1 0.79 24.4)4.5] 1.1 | 0.4] 2.5 0.9 4, 14
" " 0.6§ 15.4]13.8| 0.6 0.2 1.2 0.6 e 1 16
" Y 0.6 7.0/5.3] 1.6 | 0.5] 3.5 i 4.5 17
T-4 | Na| 1.82 51.4[3.8] 1.45| 0.5 2.5 1.5 4.5 19
" "leag ™ 5.9 2.3 | 0.5} 2.5 2, 5. 20
¥ " | 1.57 19.9|4.0] 1.9 | 0.5 2.5 24 5. 21
% * |42 " 4.6 0.5 | 0.1] 0.5 0.4 3.5 o1
- * 1 9.2 " 4.5 0.24]| 0.09) - 0.25| 3. 21
" Li| 3.38 35.4|3.8] 12, 5.2 | 5. 20. 9. 22
" i " .71 11.1 | 4.8 9. 22
o W " 4.11 9.5 | 3.0} 8, 13, 8.5 22
i " 19,10 17.014.21- 0.9 | 0.1 1. 1, 4, 273
¥ Mgl 1.1 27.7|3.3| 2. 0.8]1.8 1, 5. 24
" "1 31,27 4.0 3,1 | 0.6 3.5 Fe 6. 25
i b 0.84 27.6|3.8| 2.7 | 0.34 3. 2.5 5.5 26
-2 | I1| 5.99 21.9(5.6f 1.4 | 0.6 | 4. 1. 4.5 |27
Lambda" [11.87 18.5|3.7| 0.45| o0.01 0.6 - 3.5 28
! 0011 Na l- 15502 4-0 67. 22. 150 80. 16c 29
d "l h ns1.8|4.7(106. 3. - |100, 20, 20|
" o » 148,5(6. 46, 38. [O. 55. 14.5 31
3 "l " p4r.2|5.0| 26.6 [26.1 ] 5. 40, 12. 32
B " " n18.8|5.2| s52. 36. [O. 65. 15, 23
" n H 45.613.4) 16.8 [16.4 | 1. 50. 10.5 34
. v t " 4.9 8.2 Tst | B 27« 2" 35
Lyso| " | 1.09 72.1|2.9} 96. |37. pO. |120. 19.5 36
" " 56.5|5.2(142. |81. [po. |[180. 24, 37
o Li| 2.53 23.0}4.3] 6.7 | 2.1 | 4. 8. Te5 38
2 b 4.0 14.5 3-6 - 17. loo 39
B " | 4,21 2.6 | 0.9] 3. 3. 5.5 40
i Mg |1.50 72.9]4.8] 76. |65. poO., |180. 18. 41
MegaJ " 63.6|4.1]| 12,7-| 5.1 | 4. 20. 9.5 42
" " |1 2.88 18.8(4.8] 1.2 | 0.2| =~ 1.3 . 43
% by 15.613.8{ 1.5 | 0.5 - 1.5 | 4.5 |44
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4, Temperature Effects

Work by a number of investigators (34) had shown that
DA undergoes drastic structural changes upon heating in
dilute salt solutions. These changes involve breakage of
the intramolecular hydrogen bonds of the DNA double helik
and subsequent unwinding of the individual strands to form
highly flexible random coils, It was therefore of interest
40 examine the changes in birefringence behavior of DNA
solutions upon heating to investigate the effects which
these structural rearrangements have on the various param-
eters.,

With this in mind, it is important that extraneous
temperature effects on the electric and optic behavior of
the system, as ﬁell as the hydrodynamic behavior of the
solution are analyzed anq compensated for.

With regard to the optical system, temperature varia-
tions should not change the optical properties and eguation
6 should still be»applicable for the determination ofvS .
Changes in the refractive index due to the temperature
changes should not effect the intensity ratio unless there
are inhomogeneous refractive index variations due to con-

vection and localized heating.
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As for the electric system, an increase in temperature
results in a decrease of the electric field due to the
decreaging registance of the solution., However, since we
measure the field slimultaneously with the birefringence
signal, the field strength can be accurately determined,

In fact, we should be able to calculate the temperature
changes during a pulse from the change in field strength

and a knowledge of the conductivity behavior of the solutlion
as a function of temperature, 1f we assume that the power
input remains constant.

The effect of temperature on the electro-optical pro-
perties of the DNA should be due to the sum of the changes
of each of the main parameters which determine the birefrin-
gence:

1) Varlations in the polarizability of the counterion
atmosphere.
| 2) Variations in the hydrodynamic properties of the
solution as evidenced by chgnges in the rotational diffusion
constant, which should be proportional to T/17H20, irrespec~
tive of the molecular shape. Thls effect should be partic-
ularly pronounced in the decay‘of the birefringence slgnal,
with short relaxation times being affected more than 1dnger

ones.,
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Filgure 24

Oscilloscope tracing of changes in the transmitted

~ 1light (Ip) of a 10-% F Na0l0s; solution initially at
4,8 00 in response to a 2,1 sec pulse of a 10 Kec/sec
alternating field of initially 3000 V/em (final field
1625 V/em). I, = 135 mV,
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3) Variations in the optical anisotropy should be due
mainly to intramolecular changes such as weakening of the
hydrogen bonds, permitting bending, or even rotation of
the individual bases, Slight displacements of the base
palrs from their positions perpendicular to the molecular
axls should have pronounced effects on Ag. _

Blank experiments with 10™% F NaCl0y at temperatures
from 1.8 to 32° O showed that there was danger of erratic
changes in transmitted light intensity upon applicatlion
of long, high field (4000 V/cm) 10 kec/sec square wave pul-
ses, which could be traced to the formation of tiny bubbles
(either from boiling or electrolysis). 4 typical signal
is shown in figure 24, Turning the field off resulted
generally in a decrease in light intensity, sometimes below
that of the inlitial intenslity, due %0 a sudden release and
rise of the bubbles. Thus, it is essential that the solu-
tions are de-gassed before a temperature experiment and
that the field strength and pulse duration are kept below
that required fdr bubble formation,

From the above 1t 1ls evident that heating of the DNA
solution should not be carried out by using long aligning
pulses, but rather by immersing the solution 1n a temper-

ature bath prior to application of the flelds,
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Flgure 25 shows the results of two heating experiments
- with Na-calf thymus DNA, The samples were heated slowly
and a serles of low to high fleld pulses was applied at
certain temperatures so that the birefringence signal at
infinite fleld could be determined for each of these temper=-
atures. These saturation blrefringence signals are accord-
ing to equation 16, directly proportional to Cys 1f the
slight changes in the refractive index with temperature are
neglected, Gv may be interpreted here 1in terms of the vol-
une fraction of alignable, 1. e. native DNA molecules or
molecular regions., Thus, changes in 85 should indicate the
degree of denaturation of the DNA, In comparing the bire-
fringence data wlth the heat denaturation curve, it was
assumed that the saturation bilrefringence of denatured DNA
1s zero, If thls assumption is accepted, then it must be
deduced from the "birefringence melting curve", that there
are structural changes which occur about 8 to‘loO C below
the breakage of hydrogen bonds as measured by heat denatur-
ation.

Further indications as to the nature of these struc-
tural changes may be obtained from an analysis of the relax-
ation times., For this purpose it is useful to multiply the
‘characteristic relaxation times by a temperature dependent

factor (T7,/T,7m) in order to standardize the structural
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Flgure 25

Heat denaturation of Na calf thymus DNA (26.8 mg/l,
Rozo = 2.38, sample number 4) in Na-cacodylate (1.30
X é8"4p. )

Curve 1 measured in the Cary spectirophotometer.
Curve 2 measured by changes in the saturation bire-
fringence, normalized t0 zero birefringence for de-
natured DNA., Full and open circles represent two sets
of experiments run 8 days apart on different aliquois.
of the same DNA (samples number 4 and 5).
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parameters and to remove the temperature dependence

(m, = 0.018 for Hy0 at 090, T, = 273.16 OK)

1." T o _ 477}0 33 (24)

T, =
° To7 9 kT, (1n(2a/b) - 0.80)

The data (PFig. 26a) show that the decrease in saturation
birefringence 1is followed or even preceded by a decrease in
relaxation times, confirming that structural changes do
occur before significant hydrogen bond disruption and sug-
gesting that these changes are elther due to breakage
(double strand scission) or increased flexibility of the
double helix, , |

For comparison with the above results figure 26b shows
the changes in 7, observed during heating of a sample of
Na-E, Goli DNA, This sample, having much higher relaxation
times than calf thymus DNA, shows much less fluctuations
in the decay times at a given temperature than calf thymus
DNA. There 1s also much less tendency for the early rapld
decrease in decay times observed with calf thymus DNA. In
fact the behaviorris very much like that commonly observed
during heat denaturation monitored by optical density chan-
ges. There 1s also considerable recovery éf longer decay
times when the DNA is slowly cooled after partial and com-
plete denaturation (dashed lines).
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Figure 26a

Changes in the characteristic relaxation time, stan-

dardized wlth respect to O °C, T,, and in the satura-

tion birefringence, 8g, upon heating a sample of Na=-

calf thymus DNA (26.8 mg/l, Rp30 = 2.38, sample num-

ber 4) in Na-cacodylate (1.30 x 10=% ugo).

Pulse duration: 50 mgec at 5 ©0 and less at higher
temperatures.

Field ®trength: 3750 to 4375 V/cm.
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Figure 260

Changes in the characterlistic relaxation time, stan-
dardized with respect to O 90, vy, upon heatlng a sampl
of Na-E, Coli DNA (148.5 mg/l, sample number 31) in 10-
F NaClOy4.

Pulse duration: 50 ms at all temperatures.

" Fleld strength: 3280 to 3625 V/cm.
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5. Transient Effects

The possibility of using rapldly repetitive pulses for
the analysls of transient structural changes is demonstrated
in figure 27a. Here eleven high field (3125 V/em) 49 msec
pulses were applied in rapid succession (within 9 seec)
causing almost complete disappearance of the birefringence.
Five minutes later recovery of the birefringence signal was
complete and another series of 5 pulses was applied (within
3 sec) causing similar effects aé in the previous case
(Pig. 27b).‘Figure 28 shows the decay behavior during enother
series of pulses applied four minutes after the previous
ones. This phenomenon and especlally Lits recovery suggests
strongly, that it 1s possible to almost completely dilstort
the axlal arrangement of the basepairs (whether this is
accompanied by hydrogen bond breakage is uncertain) without
causing substantlial unwinding at the same time, In order
to analyze these kinds of data, however, i1t is necessary to

monitor the temperature changes in the birefringence cell.

Other interesting insights into the processes involved
in alignment of the DNA molecules by electric fields may be
obtained by a more detalled analysis of the rise (Fig. 29)
and steady state signals (Fig. 30)., The observable tran-
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Figure 2Ta

Oscilloscope tracings demonstrating the decrease in
the birefringence signal of E. Coll DNA (45.6 mg/1,
sample number 34) in 10~4 P NaClO4 initially at 3.4 ©C
in response to eleven 49 msec pulses of a 10 Kc/seo
alternating electric field of 3125 V/cm applied within
9 sec.

Maximum birefringence: approximately 209

IAo‘ 67.4 mV, '
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Figure 27b

Oscilloscope tracings demonsirating the recovery of
the birefringence within 5 min, after the treatment
shown in figure 27a, and the repeatablility of the
effect. Five 49 msec pulses of a 10 Kec/sec alternating

electric field (not photographed) of 3125 V/om were
applied within 3 sec.
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Figure 28.

Oscilloscope tracings of the decay of the birefringence
signals of another serlies of pulses (8 x 49 msec pulses
3125 V/em applied within 5 sec.) 4 min, after those
shown in figure 27h. :

Note: The baseline must have shifted downward during
application of the pulses, probably as a result of an
increase in temperature,
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Figure 29

Oscilloscope tracing of the rise of the birefringence
signal of E., Coli DNA (155.2 mg/l, Rpsp = --, sample
number 29) in 104 F NaCl04 at 4.0 90 in response to
a 10 Ke/sec alternating field of 2250 V/cm.

Pulse duration: 0,98 msec.

Miximum birefringence: 14.55°

IAO - 124, nV,
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M gure 30

Oscilloscope tracing of the steady state blrefringence
signal of calf thymus DNA (24.2 mg/l, Rpzp = 2.12
sample number 8) in Li-cacodylate (2.85 x‘10'4'ggj at
4,3 00 in response of a 1.0 Ko/sec alternating field of
4700 to 3625 V/em.

Total pulse duration: 9 msec.

Maximum birefringence: 8.05°

IAQ = 75.5 nV,
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sient changes can be studied by changing the type of the
aligning fields (square wave to sinusoidal)(Fig. 31) as
well as the frequency. A

With regard to the effect of frequency changes on the
birefringence signal, it was found that maximum alignment
occurred between 10 and 20 ke¢/sec. At 5 kc¢/sec and lower
frequencies the decrease in the signals isprobably due
to electrode reactions, such as polérization or electrolysis,
while at above 50 kc/sec the decrease is most likely due
to the inability‘of the counterions to react to the rapidly
reversing field, thus causing a decrease in the induced

electric polarizadbility.
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Mgure 31

Oscilloscope tracings of the birefringence signal of
calf thymus DNA (24,2 mg/l, Rp30 = 2,12, sample number
8) in 2.85 x 10=* u (Li-cacodylate, pH 6.5) at 4,0 °C
in response to a 0.5 Ke/sec sinusoidal electric field.
Maximum field strength: 1560 V/cem.

Total pulse duration: 5 msec.

Maximum birefringence: 5.789,

IAO: 59.3 mVG
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IV. Discussion and Oonclusions

It is hoped that the data presented have demonstrated
that electrlc birefringence can be a useful tool in deter-
mining a variety of macromolecular parameters, but that it
1s lmportant to conslder the effects of a substantial num-
ber of varliables before the dats can be interpreted un-
equivocally. This requires considerable, tedious calcula-
tions and should perhaps be done by a computeér, which could
be programmed to read the birefringence gignals directly,
thus eliminating the often conslderable errors in the vi-
sual estimation of the signals. Then 1t would also be
possible to obtain results immediately so that the varia-
bles can be changed in relation to these results before
the sample has degraded by prolonged storage. It is also
deslrable to know during an experiment whether further
changes in fleld strength, pulse duration etc. are neces-

sary to glve enough data for meaningful extrapolations,

Since no satisfactory theory has as yet been devel-
oped to explain the birefringence behavior of flexible}
macromolecules like DNA, much of the data cannot be inter-
preted and must theréfore be corrélated by empirical rela-

tions like that of equation 21,
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Despite the incompleteness of this work, some new
insight has been obtained in regard to the electro-
optic behavior of DNA: »

DNA can be aligned by a rapidly alternating (10 to

20 kc/sec) electric squarewave pulse, indicating that
-counterion polarization 1s the lmportant mechanism by
which the DNA is aligned., Such a mechanism would also
predict, that changes in ionilc sfrength affect the Kerr
constant and the electric polarizability as was observed,

The relation of field strengths to birefringence
can be represented in a rather simple emplrical equa-
tion (Equn. 21). That this equation holds rather than
0'Konski's, 1s probably the result of the flexibility
of the DNA molecule,

The optical polarizability 1s rather independent
of the source and heterogeneity of the DNA, as well as
of the kind of counterions used, except for lons with
specific binding, Thls must be the result of similai—
ities of the primary structure and counterlion binding
of DNA from virus, bacterium and mammal,

The birefringence decay behavlior of DNA 1s non=-

. exponential even for viral DNA which 1s known to be
rather homogéneous in terms of molecular weight distri-
bution, Thus, flexibility must play a significant role
in determining the mode of alignmeﬁt and relaxation of
DNA,
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Bacterial DNA's must be considerably stiffer than other
DNA's, for they show relaxation times which can be an order
of magnitude iarger than those of calf thymus and viral
DNA's, This behavior may be a reflection of the less
folded structure of bacterial DNA's in vivo.

"Birefringence melting curves" show that structural
changes in calf thymus DNA occur well before actual dena-
turation. The E. Coli DNA sample, on the other hand,
shows a greater abllity to maintain its more rigid struc-
ture, which seems to collapse together wlth the breakage
" of hydrogen bonds,
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Optical Anisotropy

Clausius-Mosottl Relation: -£= é - 4";‘-’- s (1)
€+ ‘

Eqn. (1) holds for induced dipoles only.

Similarly : ne - 1

- arie —;'(Nl‘el + NaB) . (2)

In terms of refractive indeces parallel and perpendicular

t0o the electric field direction eqn. (2) becomes

& -1 4 2 -1 4 L
S SR ¢ NpBy)  ERT = LB MR, (3)

Subtracting eqns. (3) from each other gives:

2 2

_I_}_”-n4=41r(NBIr_NlﬁL)zfnn-nJ.gﬂnu+g_.52 QS 4)
, n2 + 2 - L & n n- + 2 s

Letting le = Ny ¥, /(N9 + Ny%;) and observing that for

dilute solutions Ni¥; + Np¥p o Ny¥, 1 so that Ny o Oy, /%1

2 o
. An, = 2—"’—911(Bu - Ba)(BT22), (5)

The optlical anisotropy is defined as

28 5 |
oE ¥ o Anﬂawcvn2+2) e

Note: The Peterlin-Stuart equation assumes 3/(n + 2) =~ 1
g0 that Ag = Ang 52— | (7)
8 EWOv
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Intensity - Amplitude Relation

. (1)

sin(wt = ‘-“_\;l)
271/\

Incident light: EP = B,

let n = ¢/v and k

Emergent light: E; = E, cosa = E, cosa sin(wt - kng), (2)
Ey = Ep sina = E; sina sin(wt = kny). (3)

If the incident light is polarized at 459 then the emergent

light becomes:

By =%9. .sin(wt -kny); By =%.Q sin(wt - kny),  (4)

If the analyzer prism is in the crossed position, the

emergent light becomes:

Ej_ = Ey cose - E, sine. (5)
" Substituting eqns. (4) and letting a = 45° gives:
Ej = 20 [sin(wt - kny) - sinfwt - kng)]. (6)

Letting =& fli‘.%-ﬂ! and § = ?-?:(nx - ny) = é-r-l-l glves:

X

B{ = Bo cos(wt - kn) sin 8 . (7)

If the analyzer prism is moved 8° off the crossed position:
= X - o I '

7 Ey = By t:tos(4 - B) = E eos(4 +B8). (8)

Substituting eqns. (4) gives:

Eo

Ey =_v§,[sin(wt - kn.y)cos(ff- B) - sin(wt - kgx)eoa(f. +B)] (9)
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Expansion of equn. (9) and use of trigonometric identities
gives with a = 459;

E, = Eo[cosﬁ sin% cos(wt - ki) + sinﬁcos-g- sin(wt - kn)].(;o)

Averaging over time gives for the emerging light intensity:

I, = Ei = I, (cos®g sina—g- + sin®g cose%) {11)

or I, =1, [sinaﬁ + sinag- (1 - zsinaﬁ)] 5 (12)

Introducing a quarter wave prism before the analyzer

retards Ep by (..2’-'.' -¢). Ep becomes the slow vector:

Ep = B sinwt - kft - Z + ¢) cosd. (13)

Substituting eqns. (7) and (13) in

E, = EjcosB + Epsing (14)
gives: (15)
= E, E:osﬁ cos(wt - kﬂ)sin-g- + sing sin(wt - kil - % * ¢)cos§, _

o
]

bd
1]

B E.-os,e cos(wt - kﬁ)sing-
- sinﬁ[cos(wt - kfi)cos¢ - sin(wt = kﬁ)sinqb}cos%,(w)

E, E:os(wt - kﬂ){cosﬁ sin% - sing eos%’ cos¢}

+ sin(wt -lkﬁ)sinﬁ cos% sin¢]. (17)

o
(1]
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Averaging over time gives:

I, = EE = Eg [coszﬁsinag - Lgeécostﬁ sind + sinaﬁ cosz-g-] ,(18)

I, = I, (sina-g- - S—i-%gécoscp sin8 + sin°B - 2sin°B sina-%).(J.Q)

Using the trigonometric ldentity sin®x = (1 - cos2x)/2 gives

I

I, = —2-9- (1 - sin2B sin§ cos¢ - cos2B cosd). - (20)

For a perfect quarter wave prism ¢ = O, Therefore:

A5

I, = = [1 - cos(2B - 8)] = I, sin?(B - 8). (21)

If the analyzer is at the crossed posltion B= 0, Therefore:
I, =1, sin<3 ., (22)

In practice: I, = Ig + I3 - Ig & IAo + I5s IA-O = I, sinap
i£38=0,

Iy EA%-» Ig B} 1 - sin2B sind cos¢p = cos2B cosd , —

I3 . 1 - sin2B sind cos¢ - cos2B cosd - 2sinB

. (24)
IAO 2sin®B
Since cos2B8 = 1 - 2911123 :
I8 _cos2B (1 - cos8) - sin2B sin8 cosd (25)

IA'O 7 2 sinaﬁ

il
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Quarter Wave Retardation Prism

The following instructions for the construction of a -
quarter wave retardation prism are those of C, T. O0'Konski,
who has kindly sent us a preprint and drawing descrlibing its
construction.and optical properties,

"Light enters an ordinary retardation prism, or Fresnel
rhonb, perpendlicular to one face, 1s totally reflected twice
within the rhomb, and emerges perpendlicular to the other face,
At each total reflection, light polarized perpendicularly to
the plane of reflection is retarded 459 with respect to light
polarized in the plane of reflection., The total relative re=-
tardation of 90° produced by the rhomb is analogous to that
produced by a quarter wave plate. A Fresnel rhomb 1s superior
to a quarter wave plate since the retardation is not as de-
pendent on the wavelength,

The angle of reflectlion necessary for any relative re-

tardation can be calculated from equation 30:

tané = cosP Vs% = 1/1-'3: (30)
sin“®d '

where A is the relative retardation désir_ed, @® 1s the nec-
essary angle of reflection, and m is the index of refraction

of the rhomb divided by the index of refraction of the air.
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If this equation 1s solved for o, it can be seen that a
retardation of 90° on two réflections is not possible unless
the index of refraction of the rhomb material exceeds 1.4974,
The index of refraction of fused quartz ranges from 1,486

to 1.455 in the 3000 1-,6 7000 8ngstrom region.

Theoretically, the desired 90° total retardation could
be achieved in fused quartz by three reflections of 30° re-
tardation each. However, a system of two prisms involving
two reflections of relative retardation 22,5° in each has
the great advantage that the optic axls emerges froﬁ the
second prism along the same lline along which it enters the
first prism as shown in Figure 1. Thus, the optic system
can be used either with or without the prisms; any other
type of retardation prism causes either a'lateral displace-
ment or an angular shift of the optic axls that makes the
optical system useless when the prism 1s removed,

Design calculatlons were made using equation 30. The
angle of reflection chosen for each reflection in the prisms
was 749 18' + 5', This gave a total relative retardation
for the two prisms of 90° + 1.5° for all wavelengths between
3000 and TOOO Bngstroms. Each prism was 1 X 1 cm in cross
section and 7.1 cm long... The index of refraction of fused
quartz is 1.4163 at 7060 Zngstroms and 1.3975 at 3030 fng-

stroms.



®

ANGLE OF REFLECTION FOR A 22.5° RELATIVE RETARDATION
BETWEEN LIGHT POLARIZED IN THE PLANE OF REFLECTION
AND LIGHT POLARIZED PERPENDICULAR TO THIS PLANE.

NOTE: THE PRISMS ARE SHOWN FULL SCALE

Figure |
Light path through retardation prisms
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NUCLEOHISTONE COMPLEXES
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I. Introduction

The second part of thls dissertation describes an
investigation of the dissociation behavior of deoxyribo-
nucleohistones (DNH), the complexes found in quantity only
in the cell nuclel of higher planis and organisms, The nu-
cleohistones consist mainly of basic proteins (histones)
and deoxyribonucleic acids (DNA), TOgether with appreclable
amounts of non-histone proteins they are organlzed into
the chromosome superstructure (1); they may also be involved
in the regulation of genetic activity as first suggested by
Stedman and Stedmen (2) in 1950. In 1962 the Stedman propo-
sal was supported by Huang and Bonner (3), who found that

DNA molecules, which were fully complexed with histones are
| inactive in supporting DNA-dependent RNA synthesls in vitro.

If hnistones are in fact the bilological substances
which serve in exertling genetlc control, then it would be
expected, that thelr interactlions with DNA should be highly
speclfic. Thls specificlty could be due to elther chemical
differences among the histones themselves or to a specific
mode of assembly.

To study the degree of specificity and the mode of in-
teraction of histones with DNA was the objective of this
work, Since DNA is characterized as‘a-negétive polyion and

histones as positive polyions, and since ionic interactions
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are least Specific and thus easlier 10 examine than the more
specific structural interactions, it seemed logical to
start investigating the DNAfhisﬁone complexes by looking

at the extent of the competition between monovalent catlions
and histones for the DNA polyanion,

Equilibrium dlalyslis studies at various sali{ concen=-
trations have been carried out by Akinrimisi et al. (4),
but in thesé studies acld extracted histones and very low
histone to DNA weight ratios (about 1 to 10) were used
mainly because 1t was not possible to keep the nucleohlistone
complexes in solution. Furthermore, a number of studies was
undertaken to determine the chemical and physical proper-
ties of nucleohistones at various salt conceantrations (5),
but because of the low solubility of these materials in the
range of 0,02 to 0,5 M NaCl (6), most of the data relate to
very low (less than 107 M NaOl) or rather high ionic
strengths (abovg 0e5 M NaGl). In addition, most of the
nucleoprotein preparations studied up to 1959 were elther
degraded preparations (7) or crosslinked gels (8) or re-
constlituted aggregates (9), because they were preclpitated
from dissociated material in solutions at high salt concen-
trations by‘méans of dilution to low salt concentrations
(10).

Treatment of DNH with high salt concentrations has

been employed previously for the preparative extractions
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of histones (11). It has been observed that lysine rich his=
tones are removed first (12) by salt extraction of DNH, H6Wb
ever, none of these investigations was very successful in
determining the specificlty and quantitativeness of the
interactions of histones and DNA in native nucleohistones
and very little is known about the nature of the residual,

partially salt extracted, native nucleohistones.

In our studies we have used zone ultracentrifugation
of DNH through preformed salt gradients, superimposed on a
stabilizing Dp0 or sucrose gradlent, a procedure which will
be described in detail, It facllitates the determination of
the range of salt concentrations necessary to lnduce dlisso=
clation of complexes without having to make a large number
of experiments at different salt concentrations, At the
same time approximate sedimentation coefflcients can be
obtained to aid in the characterization of the dissoclation
products. The procedure ls also potentially useful in esti-
mating quantitatively the amounts and distribution of the
disgsociating products,

The results of the procedure mentioned above have been
verlfied by the conventional preparative sedimentation tech-
nique, Here, nucleohistone solutions at varlous salt concen-
trations were centrifuged and the salt extracted histones

remaining in the_supernatant as well as those sedimenting
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together with the DNA were analyzed by Amberlite cation
éxchange chromatography.

Because histones and nucleohistones tend to aggregate
easlily and especially at concentrations exceeding about
0.1 mg/ml at high salt concentrations (above 0.2 F) and
since quantitative resulis concerning nucleohistone dis-
soclation can only be obtained if aggregation is essentially
avolded, many of the experimental problems discussed are
due to the requirement of havlng t0 work with rather low
nucleohistone concentrations. Thus, various methods of de=-
tecting small amounts of histones by UV, ninhydrin and the
Lowry procedure are discussed in addltion to experimental
difficulties llke those encountered in desalting small
quantities of histones, Readers who are not particularly
concerned with performing similar experiments and who are
disinterested in the detalls of the experimental effective-
ness of the procedures used, are advised to sklip the
experlimental parts and to look instead at the short sum-
maries at the beginning of each of the various sections.

Of the large number of figures presented, figures 11, 28,
37 and 57ff. should be of greatest interest,

The results of the salt extraction experiments sug-
gest that the different major histone fractions are selec-

tively dissociated from native DNH by lnecreasing salt con-
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centrations, It was possible to prepare partially dissoci-
ated, ﬁative nucleohistones from which histone I, histones
I and II etc, were extracted, Some of the interesting pro-
perties of these partially extracted nucleohistones have
been Investigated. Mobillities have been measured by zone
electrophoresis and the single bandedness of the material
indicated that eqpal, proportional amounts of hlstones are
~dissoclated from each nucleohistone molecule,

The two-step melting behavior of partlally extracted
nucleohistone at low salt concentration showed that the his-
tones are non-randomly distributed along the DNA chain., How-
ever, the indications are that the uncovered reglons are
not of gene-size length. Nevertheless, the RNA-priming acti-
vity of thése preparations does increase as more and more

histones are extracted.
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II. Preparation and Properties of Materials
l. Histones

Histones are baslc, nuclear proteins because of thelr
large percentage of arginine and lysine (20 to 30 mole %).
They can be separated from other proteins by their solubl-
1lity in mineral aéids (13). It has also been possible to
fractlonate the histones themselves by a variety of proce-
dures such as column chromatography on Amberlite (14),
Sephadex (15), carboxymethylcellulose (16) and others (17),
by electrophoreses of various kinds including zone or band
(18), boundary (19), starch gel (20), acrylamide gel (21)
and other electrophoreses (22), It is presently known that
up to twenty and possibly many more types of histones exist.
These types may be tentatively grouped according to thelr
arginine to lysine ratios as suggested by Murray(23). Their
molecular welghts range from approximately 8 000 to perhaps
50 000 depending somewhat on the procedures used (24).

Recent evidence shows that there exists cell, organ,
and species specificlty of the_ﬂistones present in the cell
nuclei (25), but until now no biologically significant spe-
cificity has been found.

Since the histone fractions used in ﬁhis investigation

were characterlzed and prepared by Amberlite chromatography
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with guanidinium chloride (GuCl) according %o the method of
Tuck et al. (26), we adopted thelr histone nomenclature
which 1s based on the elution pattern of acld extracted
calf thymus histones. The four major fractions are numbered
I through IV, while any subfractions obtained are lettered
alphabetically.

Figure 1 shows an elution pattern of acid (HESO4,pH 0eT)
extracted calf thymus histones obtained by small scale Am-.
berlite chromatography. A certain amount of material (here
5.4 % of the total TCA precipitable material in the efflu-
ent) elutes with the initial eluent and is referred to as
. the run-off peak, It consists presumably of non-histone pro-
teins (27). Histones Ia and Ib follow as barely resolved
peaks (HIz = 16.3 % and HIb = 10.1 %). The next and largest
peak (51.1 %) comsists of unresolved histone IIa and IIb
(HII) and the last peak (17.1 %) 1s due to unresolved his-
tones III and IV (HIII(IV)).

The amino acid compositions of the individual fractions
were determined by Murray (28) and are shown in table I.
Table II glves the tentative results for corresponding
fractions of histones from pea bud DNH as measured by Fam-
brough (27).

The interesting features of these analyses with regard
to our work are: ’
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Figure 1
Amberlite IRC-50 cation exchange chromatography.

Elution pattern of HpSO, (pH 0.7) extracted, whole
calf thymus hlstones using a gradient concentration
of guanidinium chloride (GuCl). 4.0 mg of histones
were dissolved in 0.2 ml 8 % GuCl and applied to the
column (57 x 0.65 cm dlameter). Protein concentra-
tion of the effluent was determined by optical den=
sity at 4000 & of the turbid solution resulting 15
minutes after 0.2 ml of the effluent were mixed
with 0.6 ml water and 0.4 ml 3.3 M trichloroacetic
acld,

Arablc numbers give the percentages of material in
the peaks; roman numbers lndlicate the histone frac-
tions.
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Amino Acid Composition of Histone Fractions

From Calf Thymus in Mole %

Kenneth Murray (28)
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1) The increasing amounts of arginine and the decreas-
ing amounts of lysine, so that the arg/lys ratio increases
from fraction I to fractlom IV,

2) The relative constancy of total basic amino acids
of about 25 mole % for all histone classes.

3) The relatively high over-all net positive charge
of histone I in comparison with those of the other three
fractions.

4) The higher proline content of histone I as compared
with the other three fractions, suggesting 1¢ss alpha-heli -
cal structure for histone I (29).

5) The increase in molecular weight from approximately
10 000 to about 50 000 or more for fractions I through IV
respectively. The molecular weight data vary depending upon
the methods used for their determination as well as the
procedures used for the fractlonation of the histones.
Probably the most rellable values available at present are
those based on chemical methods like end grdup determina=-

tions (30).
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2, Reconstituted Nucleohistones

We began our study of the lnteractions of histones with
DNA with reconstituted nucleohlstones, because we felt that
they were better defined systems than the whole, native DNH,
The totally covered, reconstituted complexes were prepared
by Dr. R. O, Huang (31) by dialyzing a solution containing
a mixture of DNA and a certain histone fractlion at high salt
concentration (2 F NaCl) gradually into low salt concentra-
tion (0.015 F NaCl and 0,0015 F Na citrate, pH 7). The dial-
yzates were sedimented shortly to remove any large aggre=-
gates and dust. The clear supernatants contalning the DNH
were elther used as such in our studies or lyophilized to
give white fibers of DNH, These fibers could be stored at
4% 0 for extended periods of time, They were easily soluble
in 1072 P salt at 4° C, but before using these solutions,
they were sedimented for 30 minutes at 5000 rpm (SW 39 rotor)
to remove any dust and possible aggregates.,

The following served as evidence that real complexes
had formed:

1) In reconstituted DNH I through IV dissolved in low
salt solutions, DNA and histones sedlment together at a
reproducible rate, Fully complexed calf thymus DNH has a
sedimentation coefficient of 25 to 30 S (Svedberg), while
that of the DNA alone lles around 15 5 (32),
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2) They move together in zone electrophoresis (33) at

a constant and reproduclble mobility, which is lower than
that of DNA.

3) Reconstituted DNH I and II melt at a substantially
higher temperature than DNA alone (34).

4) Reconstituted DNH I and II show a marked decrease

in thelir abillty to prime DNA-dependent RNA synthesis (35)
as compared to that of uncomplexed DNA,
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3. Native Nucleohistones

The preparation of native nucleohistones used in our
investligations involves as its first step the preparation
of crude chromatin from fresh, homogenized tlissue, Removal
of the non-chromosomal protelns by sucrose density gradlient
sedimentation gives "purified" chromatin (36). Following
the general method of Zubay and Doty (37) the nucleohistone
was prepared from this purified chromatin (38). |

The essentlal point of these procedures 1s that low
salt concentrations are used. Thus, the sodium lon concen-
tration for the preparation of purified chromatin 1s never
greater than 0.125 N and that for the subsequent manipu-
lation involved in the preparation of DNH not greater than
0.02 N.

A good calf thymus DNH preparation had a sedimentation
coefficient in low salt of around 30 S (DNA ~ 21 S) (39)
and a melting point considerably above that of DNA (40).

It has a histone 1o DNA mass ratio of about 1.4 (41) and
contains little or no non-histone protein, There are indi-
cations that it is extremely difficult, 1f not impossible,
t0 remove approximately 5 % residual RNA (42) without

removing the histones as well.
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III. Analytical Methods and Experimental Techniques
1. General Considerations

In studying the literature about histone and nucleo-
histone investigations, one cannot fail to notice the lack
of quantitative data, This 1s most 1ikely due to the great
difficulties encountered in handling preparations of histones
and nucleohistones. In this regard their teadency to aggre=-
gate (43) is by far more serious than thelr degradabllity
on standing (44), which can be effectively decreased by ver=-
sine (37), or the presence of small amounts of non-removable
"impurities" (45).

Phillips (46) and others (47) have investigated the
formatlon of aggregates of a number of histone fractions.
Their findings were that fractions containing little argi-
nine aggregate less extensively than fractions containing
much arginine (48). Precipitation is enhanced by pH values
above 10, higher ionic strength, and higher histone con-
centrations, to name only the most important parameters.

We observed similar effects wlith nucleohistones as well.
They seem to be most easily aggregated in solutions of mono-
valent salt concentrations ranging from 0.2 to 0,4 F, This

range turned out to be the one which was of maln interest
in our study. Immediate precipitation and cloudiness results,
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1f concentrated nucleohistone solutions are mixed with salt
solutlions 1n the above range, Thus, we could not use nucleo-
histone concentrations which were much above about 100 mg DNA
per liter (A260 = 2), if we wanted to get quantitative re=
sults. Also, considerable difficulty was encountered in try=-
ing to redissolve the pellets obtalned by centrifugation
from more concentrated DNH solutions, especlally those pre-
cipiltated by about 0.25 F Na0104. Thus, technlques had to be
found with which we could handle and detect rather small
amounts of material.
For instance, in a tyéical salt gradient sedimentation

experiment, only 0,25 ml of a DNH solution of about A =2

260
-6 g DNA and about

was used, which is approximately 25 x 10
the same amount of histone, After the experiment this mate-
rial may be distributed over ten to fifteen 0.25 ml fractions.
Thig_calls for the analysis of circa 2 mlicrograms of material
per sample.

While the quantitative detection of DNA at these con-
centrations is rather easy because of 1ts high extinction
coefficient at 2600 £ (e(P) = 6600 %o 6T00; 2 micrograms per
0.25 ml give an Ay, = 0,16 (49)), the problem of detecting
histones is more difficult.

Although we were able to develop a micro ninhydrin pro-

cedure which was capable of detecting less than 1 miecrogran

of amino acid per ml, we were not able to detect unhydrolyzed
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histones at these low concentrations. A micro Lowry proce=
dure which could detect concentrations of hlstones down to
about 20 micrograms per ml was also only as sensltive as the
detection of histones by their absorption at 2200 £. Since
the UV measurements were the most simple to perform, 1t was
the method of cholce. When 1t was necessary to establish
‘unambiguously that the UV measurements were those of histones,

the micro ninhydrin procedure was used,
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2, UV Analysis

The following describes the procedures and precautioﬁs
required to obtain more reliable UV measurements at lower
wavelengths., A number of uncertalinties in the quantitative

estimation of histone concentrations by UV are discussed,

All UV measurements were made in the Cary Model 14
Recording Spectrophotometer using quartz microcells (0.5 ml
capacity, 1 cm light path, 3 mm width) from the Pyrocell
Manufacturing Co.

Since we intended to use the absorption of 2200 R for
the determination of the histone concentrations, it was
important to keep UV absorbing impurities to a minimum, It
was for this reason, that we used redistilled D20 rather
than sucrose for the density gradients, and NaClO4 (pre-
pared by neutralizing HclO4 with NaOH) rather than NaCl,
for our salt gradients.

All absorbances and calculations involving DNA concen-
trations are based on the absorption at 2600 £ (Ag6o),
Those involving histone concentrations are based on the
absorption at 2200 & (Aggo) corrected for the DNA absorp-
tion glving Agao. 411 measurements were corrected for sol-

vent or HQO blanks and normalized to zero absorption at

4000 X,
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The normalization assumes that any difference in ab-
sorption between solvent and sample is due to a baseline
shift., It ignores the fact that scattering of the sample
is sometlmes appreciable and contributes to A400. However,
since the sizespf the scattering particles are generally
unknown, adegquate correctlons cannot be made, It was there-
fore decided to use the simplest form of normalization, 1.
€. normalizing to A#OO = zero, and to report the‘observed
Aygo when 1t exceeded 5 % of the Aseoe

Using an extinction coefficient for DNA of 6600 at
2600 2 (49) and an average molecular ﬁelght per base of 324,
an absorbance of 1 correspoands to 49 x 10'6 g DNA/ml, The
ratio of the absorbance of 2600 2 to that of 2200 £ (R220)
was used as another indication of the kind of material pre-
sent in the various reglons. Pure DNA has an Ronp * 1.5,
The ratio decreases as the histone concentration increases.

Since good extinctlon coefflclents for histones are not
yet available, all our UV data are reported in relation to
the orlginal absorbance present in the sample. However, in
order %o indlcate the approximate sensltivity of the UV
- measurements of histones at 2200 2 1t is worthwhile to con-
sider data obtained by Goldfarb et al. (50). From a survey
of UV absorbance spectra of a number of different proteins,
they suggested that the extinctlon coefficients of peptides

at low wavelengths are rather independent of the kind of
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proteins investigated (€ = 21.5 ¢ 1,1 1/g protein at
2100 %).

If we assume that the extinction coefficient of his-
tones at 2100 R is similar to that of other proteins, and
if we assume.further that the absorption at 2200 R is nalr
and that at 2300 2 is a guarter of that at 2100 R, as indi-
cated by our data (Fig. 2), then we find that 0.1 mg of
histones per ml have A230 = 0,54 £ 0,03, Aopg = 1.08 £ 0,086,
and A210 = 2,15 £ 0,11,

Recent data by Dr. R. H., Jensen (51) and Miss D, Tuan
(52) indicate that A230 = 0.42 for 0.1 mg‘of whole calf
thymus histones.

Since absolute, quantitative relations between DNA
and histones in the DNH complexes are important only in
electrophoresis, we shall defer any further discussion to
that sectlion. Because of the uncertalnty ;n obtaining accu=-
rate hlstone concentrations, we preferred to characterize
DNH complexes by theilr R220 réther than by their histone
to DNA weight ratios (H/D). In those instances where the

H/D is given, we assumed an R,5, of 1.50 for DNA correction
H
and an A220

plot of R,,, Versus H/D.

of 1,00 for 0,1 mg histone/ml. Figure 3 shows a

The main conclusion to be drawn from the above is that
histones can be detected down to about 20 or less micro-
grams/ml by thelr absorbance at 2200 £, if UV impurities.

can be effectively eliminated.,
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Figure 2

UV abgorption of histones relative to an absorbance at
2200 R of 1. Data for histones Ib, IIb, and III indicate
that Apzg is about (1/2) x Appg, 2nd Apjp is about 2 x

Ap20.
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to DNA weight ratio (H/D).

Ropp versus histone
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3. Dialysis

In order to keep UV absorbing impurities to a minimum,
is was necéssary 1o pretreat the Visking dialysis tubing,
which was known to release these impurities into the DNA
solution, To this end the tubing was boiled in a concen=-
trated NaHCOz solution for 15 minutes, rinsed with redis-
t1lled water, especially on the inside, bolled in two
changes of redistilled water for 15 minutes each, rinsing
on the inside after each boiling, and then stored at 4° O
in redistilled water (53). The tubing was handled only
with plastic gloves., The dialyses were carried out in a
cold room at about 4° C.

When necessary, dilute versene (EDTA) solutions were

-used instead of redistilled water to eliminate any diva=-

lent ions.
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4y Meaéurements of Heating Curves

Our heat denaturation studies with DNA and DNH were
carried out either manually in the Cary Model 14 using a
special heating compartment designed by Dr, Wm. Dove (54)
or automatically in the Gilford Multiple'Sample Absorbance
Recorder using a Beckman spectrophotometer for the UV meas-
urements.

In the Cary the complete UV spectra of the samples
were recorded and the temperatures were measured on the
fly using a copper-constantin thermocouple. One of the Junc=
tions was placed in close thermal contact to the glass stop-
pered Pyrocell microcell containing the sample, and the
other Junction was lmmersed in a water-ice bath. The po-
tential was read on a Leeds and Northrop Model K-2 poten=
tiometer. The temperature was determined from a calibratioﬁ
curve made agalnst a thermometer, which had been standar-
dized by the Natlional Bureau of Standards.

The heating curves made with the Gilford, which had
been standardized by Dr. R. H. Jensen, were found to agree
with those determined with the Cary to within 0.5 °G.

The microcells were carefully cleaned with bolling,
doubly distilled water, and all samples.were evacuated to
remove any dissolved air prior to heating. The rate of

heating was about 0.5 deg/min up to about 100° G, The
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welght of the sample cells was determined before and after

heating to assure that no evaporation had taken place,
Weight losses were generally less than 5 %.
The percent hyperchromicity (% H) was calculated on

the basis of the initial Apgy (Adg,) corrected for solvent
blank and initial Aygg (Akog). Thus,

s s % 1
4 H= [(A260 = Al;.oo) = (A-260 - A400)] x 100
e i . i
(AZ60 = 4%400)

(1)

In the experiments performed on the Gilford, only
A3ggs the absorbance at 2600 £ at 1° 0, is measured, so
that variations in the baseline during heating due to chan-
ges in scattering etc. cannot be corrected for by subtrace
ting AEOO, and the % H may be somewhat in error in that
case,

The temperature of the midpoint of the melting profile
(Tm) was detérmined and also the width of the curve, which
we defined as the difference in temperature at which 10 and
90 % of the transition had been reéched. For a few cases
which showed distinct two-step melting behavior, the Tm's
for the separately melting regions are also reported.

In order to give an indication of the steepness of the
transition at Tm, we caléulated a normalized slope

100

Stm _°°) Hiotal

T (2)
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where AH/°C = change in % H per degree at Tm and Hiotal =

total % H for the ;ransition with its midpoint at T,.
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5. Measurements of Electrdphoretic Mobilities

The apparatus used to measure the mobilities of our

DNA and DNH preparations has been described in detall by
Olivera, Baine and Davidson (55). The apparatus consists

basically of a vacuum jacketed, ice-water cooled (1 to 2° Q),

vertical quartz tube which can be scanned by a UV scanning

device, The transmitted light is detected by & photocell

and the signal amplified and recorded on alpaper recorder,
The tube is connected to the electrode compartments

by means of two sidearms, contalining solutions with differ-

ent electrolyte and sucrose concentrations, It 1s fllled

with a sucrose deasity gradient (5 to 20 %) containing

0.01 F NaCl and 0.001 F tris buffer (pH 7.5). The sample

(0e2 ml, Asgy about 1 to 2) containing approximately 2.5 %

sucrose 1s layered as a zone onto the sucrose gradient.

Finally, solvent is carefully layered onto the sample to

establish electrical contact with the upper sidearm. Turning

a stopper at the bottom of the tube establishes electrical

contact with the lower sidearm.

An electrlc field of about 360 volts is applied across
the central fube and the movement of the zone 1s recorded
in intervals together wlith the amount of current that has
passed through the tube. The mobility is calculated from

the slope of a plot of distance traveled by the zome (d)
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versus coulombs (q) using the following relationship:

u = 4/qR A (3)

where R 1s the average resistance per unit tube length.

It is 2850 ohms/cm in the central tube (area = 0,80 cma).
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6. Salt Gradient Sedimentation
A, Experimental Procedure

The followling describes the experimental techniques
and the accessory apparatus required for salt gradient

sedimentation.

In order to avold having to run a large number of sedli-
mentatlion experiments at differing salt concentrations to
monitor the extent of dissociation of DNH, we decided to
explore the possibility of sedimenting a thin layer of DNH
through a preformed salt gradient superimposed on a stabli-
lizing density 5radient. Because of the difference in molec-
ular weight of DNA and hlstones, we expected to find a non-
sedimenting zone of histones at the position where dissoci-

ation occurs.

a) Use of Quartz Tubes

To facilitate a more efficient and accurate determlina=-
tion of this zone position, we used flat-bottom, cylindrical
quartz tubes instead of the commonly employed plastic sedi-
mentation tubes. The gquartz tubes eoulﬁ be scanned before

and after a run at various wavelengths in the Cary spectro-
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photometer, thus eliminating the tedious dripping technique

necessary for analyzing the results in plastlic tubes.

The quartz tubes (4.34 cm high, 1.07 cm inner dlameter)
were supplled by the Spinco Division of the Beckman Corp.
and were designed to fit into the buckets of the SW 39L ro-
tors, the round bottom of the buckets being filled by a

0,67 cm high aluminum half sphere, Because of the fragility
of the quartz tubes, the inner ligquld head had to be counter-
balanced on the outside by a liqulid head having the average
density of that inside the tube (56). Furthermore, it is
important in handling the tubes, that the surface is touched
only with gloves or plastic covered tweezers to prevent

scratching or dilrtying of the soft quartz surface.
b) Layering Technique

The linear gradiént layering apparatus {(Fig. 4) had been
designed by Mr. J. Kaspar (57) and is described in more de=-
tail by Dr. J. Vasilevskis (58). It consists of two cams
which were driven by a common driveshaft. Each cam in turn
pushes a plunger of a syringe, one containing the heavy, the
other the light D,0 or sucrose salt solutions. The radii of
the cams varlied in such a way that when the solutions from
the two syringes were mixed, a linear gradlient resulted
(Fig. 7). Mixing was accomplished by letting the solution
flow through a spiral of plastic tubing. For our purposes

the thin caplillary outlet was replaced by a carefully
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Figure 4 >
Wl e %

Linear Gradient Layering Apparatus

CAPILLARY
OUTLET

Two metal cams (Cy; and Cp) push the plungers (P, and P, of two sy-
ringes (81 and Sp) so that the heavy and light }iquids are forced into
the mixing chamber (M) and through the plastic spiral (PS) past the
glass capillary outlet (0). A small glass ball (G) is fused to the

flange (F) at the outlet in order to divert the liquid stream even-
ly to the walls of the flange.

LLT



178

flanged, widemouth capillary (see Fig. 4). A small glass-
ball was fused to its exit so that it diverted the outflow=-
ing liquid stream evenly to the walls of the flénge. Using
thls outlet it was possible to fill the quartz tubes so that
the dense solution (high salt in 100 % D0 or 25 % sucrose)
was layered onto the tube bottom first and then the less
dense solution (low salt in 25 % D,0 or 5 % sucrose) onto
the heavier solution, while the tube was lowered by a ma-
chine at the rate of filling. Fllling of a tube with 3.5 ml
gradient took aboutrs minutes. ‘

This procedure prevented unnecessary;disturbanqgs of
the gradient after it was layered. It was fortuitous, that
the same machine which was designed for the scanning of the
quartz tubes in the Cary spectrophotometer was usable fér
the lowering of the tubes during filling.

After the three quartz tubes were filled with gradlents,
0.25 ml of the DNH sample was carefully layered on top fol=
lowed by a layer of solvent or HQO. By using a micropipette
which is touching the tube wall at the menliscus, very éharp
leyers were obtained. Figure 5 shows the 2600 R scan of a
layer of DNH IIb in 10=2 F NaCl0, above a D0 density gra-
dient (25 to 100 %). The final layer of solvent or water
was added at the top to move the meniscus, which looks like

another zone at the top of the solution, away from the sam-
prle positlion. It is clear that the meniscus would otherwlise

obscure the zone position. As can be seen from the figure,
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Figure 5

Quartz tube scan at 2600 £ of a layer of DNH IIb in 10=2 F
NaCl04 above a D0 density gradient. The menlscus was
moved up by layering solvent on top of the DNH zone, The
absorbance cutoffs at top and bottom are due to the metal
holder and serve as reference points. The tube bottom is
the interphase between the quartz disk at the bottom and
the solution. Sedimentation is from left to right.
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mixing of the top layer and the DNH layer was negligible,
making it unnecessary to increase the density of the sample
layexr by D0 or sucrose, The peak in the solvent layer 1s

due to schlieren effects.
¢) Scanning Technique

The tube scanning device for the Cary spectrophotometer
was designed by Dr. J. Vasilevskis (59). The quartz sedimen-
tation tubes were secured watertightly in a plunger, which
could be lowered or ralised by the machine intc a water bath
and past a 0,5 mn slit. The water bath was necessary to di-
minish reflection and refraction of the light beam on the
round quartz surface of the sedimentation tubes, The bath,
containing two quartz windows, the plunger, and the slit
were positioned in the path of the Cary light beam. To
avoid artifacts due to divergence or convergence of the
light beam, a diffusion plate had to be inserted before the
sllt. However, the amount of light lost in this way required
that a 1.5 to 2.0 optlical density filter be inserted into
the reference compartment of the Oary., Some of the uncerw
talnties of the absorbance measurements observedvére due to
the fact that rather small amounts of llght are actually
measured in scanning the tubes, Scans were generally made

at 4000, 2600 and 2200 &,
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d) Acceleration, Deceleration

In our first experiment is was not possible to preserve
the sample zone even during short sedimentatlions, but it waé
soon discovered that the rate of acceleration and decelera=-
tion of the rotor was responsible. That fast acceleration
was the prime factér for zone destruction was shown by a
series of experiments under varying conditions of accelera-
tion, Figure 6, for example, shows the effect of fast accel=-
eration on an initially sharp zone (Curve 1) of Escherichia
Coli DNA in 2,5 % sucrose and O,1 P NaCl and covered by HyO.
The SW 39L rotor of a Splnco Model I ultracentrifuge was
accelerated to 10 000 rpm within 1.5 minutes, kept at this
speed for 1 minute and then decelerated during 4.5 minutes
without the brakes., The tube was scanned immediately after
the sedimentation run (Curve 3). The time was 77 minutes
after that of curve 1, Curve 2 shows the effect of diffusion
on standing of a similar zone during the same time interval
(72 minutes), It is clear from curve 3, showlng the broad
and lrregular remnant of the original layer, that zoné de=
struction by fast acceleration poses a serious problem to
successful velocity sedimentation ruas.

An experiment with the new wobblefree Spinco L-2
model, kindly made available to us by Prof. W. J. Dreyer,

resulted in complete destruction of the layer, because of
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Figure 6

Effect of fast acceleration of the SW 39L rotor of a Spinco
Model I ultracentrifuge on a2 zone of Escherichia Coli DNA
(Curve 1), Apgg = 0.55 in 2.5 % sucrose and O.1 F NaCl,
layered on t6p of a 5 % sucrose solution in 0,1 F NaCl and
covered by HpO. The rotor was accelerated in 1,5 minutes

to 10 000 rpm, was kept at this speed for 1 minute and then
decelerated without brakes in 4,5 minutes, Curve 3 was traced
77 minutes after curve 1l. Curve 2 shows the effects of diffu-
sion on a non-accelerated zone after 72 minutes at room tem=
perature.
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fast acceleration and deceleration. Since it was difficult
to accelerate the SW 39L rotor slowly enough, we used the
larger SW 25 rotor, employing a teflon adaptor for the buck-
ets, This adaptor was designed bj Dr. R. Lief (60) to accom=
modate the SW 39 sedimentation tubes. The larger rotor was
accelerated manually to 20 000 rpm (close to the maximum
permissible rpm for the quartz tubes) at a rate of not more
than 1000 rpm per minute, The deceleration was that due to
the friction of the rotor itself (brakes were off) and took
45 minutes. All runs lasted from 15 to more than 20 hours

each,
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B, Analysis of Data

In all those cases 1ln which the histones had disso=-
ciafed in fairly narrow bands, formling easily distinguish-
able peaks in the 2200 2 scans from those of the DNA fure
ther down the tube (e. g. Fig. 11), the sedimentation pro-
cedure described lends itself, in principle at least, to
the determination of

a) the salt concentration range at which dissociation
takes place,

b) the sedimentation coefficient of DNA and DNH,

c) the amounts of dissociated materisl and their dis-
tributlion, if cexrtain pafameters can be measured accurately.

Should the hlstone dissoclation be gradual, it can be
easlly observed by comparing the scan at 2600 R with that
at 2200_3. However in this case, the quantitatlive analysis
of the data 1s often inaccurate due to uncertainties in

the baseline positions,
a) Salt Concentration Range

The ease of determining the range of salt concentrétion
required for the DNH complex dissociation is probably the
most valuable feature of the sedimentation procedure,

Only a few experiments are required‘to get a good idea
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about the dissociation charateristics, and the results can
then be verified and the products more thoroughly charac=-
terized by using larger scale preparative experiments.

The reliability of the results i1s a functlion of the
linearity of the salt gradient and the exactness with which
the tube position can be measured. That the salt gradlent
remains indeed quite linear throughout the time and opera-
tlons reguired for sedimentation and analysis of the results
(more than 10 hrs), can be seen from refractive index mea-
surements of fractions from the experiments with sucrose
density gradients (Fig. 7). Experiments with D20 gradients
do not lend themselves to this kind of analysis, since the
refractive index decrease‘due to the increasing concentra-
tion of D0 counterbalances almost completely the increase
~dve to the increasing salt concentration.

With respect to the accuracy of the determination of
the posltion along the quartz tubes from the scans, 1t was
found that the error was withian * 2,5 x 10-'3 cm, 1f reli-
able reference points are chosen (e.g. absorbance cut-off
due to the metal holder at the top and bottom of the quartz
tubes, see Fig. 5). This shows that the Cary chart speed

and the motor scamning speed were highly reproducible.
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Pigure 7T

Linearity of density gradients, The refractive indices of
the fractions from salt gradients superimposed on sucrose
density gradients (5 to 20 %) are plotted versus fraction
number,

Curve 1l: Uniform O.4 F NaCl concentration.

Curve 2: 0.4 to 0,8 F NaCl gradient.

Curve 3: Uniform 0.6 F NaCl concentration.

Curve 4: 0.4 to 0,6 F NaCl gradient,
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b) Sedimentation Coefficients

For the determination of reasonably reliable sedimen-
tatlon coefficients, we measured the distance traveled from
the midpoint of the initial layer to the peak maxima, Usling
a uniform low salt concentration in one of the tubes, a
sedimentation coefficient for the DNH was obtained. Sedi-
menting the DNH through a uniform high salt concentration,
a sedimentation coefficient for the corresponding DNA can
be determined, since the histones are left behind at the
initial zone position. A combination of these two sedimens
tation coefflecients is required to account for the distances .
traveled in a third tube having a salt gradient which causes
dissociation of the DNH in the middle of the gradient: DNH
from the initial zone position to the hisﬁone peak, and DNA
from there on to the final DNA peak, This, of course, as-
sumes that the dissoclation ls gquantitative and fast with
respect to the sedimentation speed,

The sedimentation coefficient i1s computed according

to the following relationship (61):

1n (rb/rz)

s = (&)
w2 t

wnere rb = the distance from the center o£ fotation to the

midpoint of the band after sedimentation, r, = the distance

from the center of rotation to the midpoint of the initial
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zone position, w = the angular speed of rotation in radians
per second, and % = the corrected sedimentation time in sec-
onds. Slunce acceleration and deceleration were rather slow,
average rpm values were computed for each 5000 rpm interval
of change in the speed of rotation, and the time for each
interval was converted to an equivalent time at 20 000 rpm

using the relation (62)

(equivalent time)== (average rpm of interval)2 i ( min, of)

at 20 000 rpm 20 000 interval

(5)

The sedimentation coefficilents were not corrected for
the density of the solutlon or standardized with regard to
temperature or concentratlion, slince we did not feel the
accuracy of the present data warranted these more elaborate
calculations and calibrations., For the case of mixed sedi=-
mentation of DNH followed by DNA in a2 salt gradient, the
mldpoint of the hlstone band was chosen as the point at
which DNH was quantlitatively converted to DNA, The time for
which the DNA sedimented was found by

1n (rENA/rg)

Spya = Ptotal = (6)
“ Spna
and therefore,

in (rg/rz)

2 L ]
w® (tyo4a1 = towa)
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A number of spyy values obtained in this manner is listed

in table III together with the corresponding sedimentation
coefflclents for the DNA, which were found by using a high
salt concentration throughout the tube so that only the DNA

sedimented.
¢) Material Balance

The following sections are intended for those readers
" who are planning to use the preparative ultracentrifugé for
quantitative measurements. It describes in detail the pro-
blems that are encountered in determining the amounts of
material present in the tubes after sedimentation by either
the scanning techniques or by various fractionation proce-
dures. The results are presented in terms of UV absorption
and show that DNA "recovery" presents in genéral no diffi-
culties, while the "recovery" of histones is obscured by

UV impurities.

Before discussing the various methods used to determine
the amount and quantitativeness of the histone dlssoclilation,
certain intrinsic complications of the sedimentation method
should be mentioned. In determining the distribution of DNA
and histones in the sedimentation tubes it must be remembered
that the material‘may be found at any of five distinct places:

1. In the histone band.
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Table III
Ionic S?NA S?NH
Strength Sved%ergs Sved%ergs
0.6 14,65 % 0,3
0.4 - 0.6 " 23.2
0.6 15.0
Oultk = 0.6 " 22,7 T 1.0
0.4 - 0.6 y 26.7 ¥ 1.3
0.6 14.1
0.4 - 0.6 . 22.2 ¥ 0.5

Sedimentation Coefficients

of Reconstituted DNH II
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2., In the DNA band,.

3. Pelletted at the tube bottom.

4, At the initial zone position, i. e. non-sedimenting
material, like fragments (degradation products) and non=-
complexed histones in the original solution.

5. Sedimented to the tube wall due to the non-sector
shape of the tube and from there

a) easily removable
b) removable by the meniscus during fractionation,
¢) non-removable except by thorough washing.

The amount of material sedimented to the tube wall can
be estimated from the following equation, which is easily

derivable from geometric considerations:

% loss = . (8)

Using ry, = 8.83 cm and 11.38 cm for the SW 39 and SW 25
rotors respectively and a distance of sedimentation of 3.0
em for (ry - ry) we find that as much as 34.0 % and 26.4 %
of the initial material may sediment to the tube wall,
Because it is often difficult to distinguish between
the various reglons, all attempts to determ;ne the recovery
of material are qulie approximate, Thus, the histone band
'is always "contaminated" with DNA which nas sedimented to
the tube wall, Material which has pelletted, decreases the
amount recovered, for it cannot be seen in the scans and

may be difficult to removeyduring fractionation, Bands of
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histones which have dissociated at the top of a high salt
gradient may be indistingulshable from material that did
not sediment at all due to degradation and remalned at the
initial zone position. Therefore, blank runs with low salt
gradlents are often required.,

These difficulties, however, are minor compared to
those due to the errors in UV measurements, which are

accunulative in nature.
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I) Data From the Scans

1) Uncertainty in Absorbance Measurements

Quantitative estimates of the amounts of material from
measurements of the areas under the various peaks depended
"greatly on the accuracy of the absorbance measurements and -
the reproducidility of the baseline, The large contributioans
of only small errors and changes in the background absorp-
tion and the baseline to the measurements of the areas made
it quite unrellable to use the baselines taken before the
sedimentation experiment 1o correct for the absorption of
the salt plus density gradlents,

Even the more dependable procedure of selecting a few
strategic positions along the tube and scanning these posi-
tions from 4000 to 2000 £ and correcting the relative
absorbancies thus obtained by those determined in a similar
manner for the gradlents before sedimentatlion, gave results
which were not very reliable., An inherent uncertainty for
each individual absorbance measurement of * 0.005 gives
rise to an error in the sample absorbance of * 0,02 absorb-
ance units. The effects of such an error is naturally much
greater on broad, dilute bands of material and figure 87
illustrates thelr distortion of the results on a rather
"good" band of histones, Here, the area under the peak

represents 23 % of the total histone present in the initial
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Figure 8

The effect of a2 baseline shift of 0.02 absorbance units on the
area under a2 histone peak. Hlstones in the peak are those ex=
tracted by 0.6 F NaClO, from native calf thymus DNH (Rppg =
0,707, 7 days o0ld) on top of a 0,6 to 2.0 F NaClOy graagent
in D20 (see Fig. 29). ,

The area down to the dashed line represents 23,0 % of the to-
tal histones in the initial zone. The error due to the base-
line shift is * 3.8 % or * 16.5 % of the peak.
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DNH used., The * 0,02 absorbance error amounts to t 3,8 %
of total histones and to *+ 16.5 % of those in the band.

The fact that "recovery" of DNA in terms of its absorb-
ance at 2600 £ is generally much better than that of histones,
which 1s often much too high, suggests that UV impurities
cannot be adequately eliminated in spite of the precautions
taken, Ideally, a second quartz tube filled with the same
gradient should be scanned in the Cary reference compartment
simultaneously with the tube containing the sample, but this
required a much more elaborate scanning device than was

avallable to us.
2) Scan Material Balance

A few of the better results of material analyses from
the scans are given in table IV, They are from runs in which
extens;ve pelletting of the DNA was avoided. The data listed
are in terms of

a) % of total initlal DNA detectable (% Ageo) in the
various regions of the tube as measured from the AQSO scan.

b) % of total initial histome detectable (% AH,.) in
the same regions as measured from the Aypy scan and corrected

for the DNA absorbance at this wavelength using a ratio of

D
Ar60 10 Bopg (R5pg) of 1.5.
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Table IV

Scan Material Balance

Reconstituted Calf Thymus Nucleohlstones

Sample DNH Ib | DNH Ib |DNE IIb| DNH IIb | DNH IIb
F Na010, |0.0-0.25/0.2~0.6/0.4-0.6[0.4-0.6 | 0.6
days old : 3 0 16 0 27
Apgo init| 331 | 331 | 1.86 | 3.40 2.965
Appo init| 2.81 2.81 2.27 | 3.425 3.02
Rpng 1.18 | 1.18 0.817| 0.993 0.982
Aygo init| 0.102 | 0.102 - - -

% Apgorec| 93.3 90.95 | 98.9 | 81.85 87.75
% not sed| 9.25 5.45 8.8 - -

% banded | 68.5 72.7 48,2 | 61.9 T4.6
% in H bd| - - 27.7 6.35 5.7
% in pel | 15.55 J2.8 14.8 13.6 T.45
% ARE,  |109.3  |106.0 77.5 | 94.3 95.16
% aB,o  |163.5  |156.5 56.1 |118. 109.45
% not sed|ll2.5 118.7 17.6 - -

% banded - - 37.8 [110.5 . 98.25
% in DNA | 43.0 33.4 G 5.4 8.25
% in pel 7.95 4.4 - 1.7 2.95
B 1.28 | 1.33 | 1.49 | 1.445 | 1.43




201

¢) The actual R%QO of the DNA band as calculated by
the ratio of the area under the A26O peak to the area under
the corresponding Aopqg peak.

The data show that the scaﬁ analysis does lend ltself
10 the gquantitative estimatlon of material in the tubes.
The computed recovery of the histones is not so accurate
‘and tends to be high. The reason that the hlistone data are
not as reliable is not due to the procedure used as such,
but rather to the difficulty of correcting adequately for
uv imﬁﬁrities, and baseline fluctuations, The significance
of the variations in the amounts of material at the various
tube positlions will be discussed as part of the resulis

sectlon.
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II) Analysis of PFractions

1) PFPractionation Procedures

Because of the unpredictable nature of the sources of
errors mentioned above, it was necessary to verify the data
obtained from the scans by fractionating the solutions in
the quartz tubes after the sedimention and analyzing the
individual fractions.

Various fractionation procedures were tried. Their
differences are described in detail to point out the arti-

facts that may affect the results.

l, Practionation from the top of the solution, either
by using a miero‘pipetﬁe or a Sigma motor pump.

2. Fractionation by pumpling heavy fluorocarbon oil to
- the tube bottom and collecting the solutlon by pushing it
upward through a capillary opening as suggested by Dr. R.
C. Lief and illustrated in figure 9.

3e Fractionation from the tube bottom by meansg of a
thin capillary and the Sigma pump; a method comparable to
the usual dripping technique.

Using procedure 3, the material which had sedimented
toward the tube wall is being desorbed by the menliscus of
the solution. Similar to procedure 1, in which the material

at the wall is desorbed in each successlve fraction, pro-
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FLUOROCARBON OIL

|

[ |

gire FRACTION

Flgure 9

Fractionation procedure using fluorocarbon oil pumped to
the tube bottom. The solution 1s pushed through a capil-
lary at the top and collected. Material at the tube wall
is not desorbed by the fluorocarbon « solution interphase,
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cedure 3 gives close to 100 % recovery of the initial DNA
if extensive pelletting is avoided, (See case 5b, p.194).
Procedure 2 on the other hand gives only 70 to 80 % recovery,
due to the fact, that the material at the tube wall is not
removed by the fluorocarbon - solﬁtion interphase, (See case
5¢, p.194).

The fractions, 0,25 ml each, were analyzed for DNA by
UV absorption at 2600 £ and for histones by UV at 2200 £

and a micro ninhydrin procedure.

Figure 10 illustrates the differences in the fraction=-
atlion procedures in terms of the DNA absorbance of the
fractions. The direction of sedimentation is from left to
right., Graph (a) shows the distribution of absorbance if
the solution is fractionated from the top of the solution.

. The DNA has banded near the tube bottom and the recovery of
Angois 96.1 % of the charge. ' o

Graph (b) shows a similar distribution after fraction=-
ation by using fluorocarbon oll, but the total Apgg recovery
is only 72.0 % of the charge. Fractionation from the tube
bottom is illustrated in graph (c¢). A considerable amount
of DNA is desorbed by the meniscus and the distribution 1is
quite distorted. Total recovery of A ., is 106 %y 1. e,
quantitative. 29.4 % are present in the top five fractions.
The % lost by sedimentation to the wall, calculated by equa=-
tion (8) was 25.3 %.
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Figure 10

Comparison of fractionation procedures.,
The sedimented zones were, reconstituted calf thymus DNH IIb.
For clarity's sake ounly A% g is shown. The direction of

0

sedimentation is from lef

a)
b)

c)

right.
Fractionation from the top of the solution using a micro
pipette. Material is desorbed from the quartz wall by

.the meniscus,

FPractionation from the top using fluorocarbon olil to
push the solution upward. Material at the quartz wall is
not desorbed,

Fractionation from the tube bottom by means of a thin
capillary and a Sigma pump (this procedure is comparable
to dripping). Material at the quartz wall is desorbed

by the descending meniscus and is "recovered" in the top
fractions.

The percentages of recovered material are based on the Agso
in the initial zone.
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It is iiportant that the differences in the fractlon-
atlon procedures be considered in relation to the purpose
of the experiments., From an analytical standpoint the flu--
orocarbon technigue is probably the best, since the effect
of sedimentation to the wall is eliminated. If total recov-
ery is the important aim, fractionation from the top is to
be preferred over that from the bottom.

Filgure 11 shows in semi-quantitative terms the agree=
ment of scan absorbance measurements, UV absorption and nin=-
hydrin tests of individual fractions taken from the top of
the solution, The initial layer contained recounstituted
DNH IIb (Rypg = 1.0). It was sedimented through Na010,
varying from 0.4 to 0.6 F and superimposed on a Dp0 density
gradient varying from 25 to 100 %. The band of dissociated
histones can be clearly ldentified by its Apyg centered
-around a NaClO, concentration of 0.452 P, This position is
confirmed by the Aopy of the fractions and the ninhydrin
tests. Only small amounts of DNA are present at this posi-
tion. The band further down the tube is due to the extracted
DNA, It is beginning to pellet at the tube bottom. Again
agreement with the absorbance measurements of the fractions
is quite good although it should be noted that the absorb-
ance at 2200 £ of the fractions is significantly higher
than that of the scan. Also the ninhydrin tests show con-
siderable background color in the DNA;
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Figure 11

Quartz tube scans before and after sedimentatlon of a zone
of reconstituted calf thymus DNH IIb (3220 = 1.0; O days
0ld) through a 0.4 to 0.6 F NaClO, gradient in Do0. The
scans are superimposed on absorbance and ninhydrin meas-
urements of the fractions taken from the top of the tube.
The histone peak is centered around 0,452 F NaCl0, and 1its
minimum and maximum area correspond to T7l.6 % and 118 %
of the initial Agao in the zone,
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The minimum area uander the histone peak corresponds to
71.6 %, the maximum area to 118 % of the original histone
present in the initial layer as measured by Agao. Thus, thé
dissociatlon here was essentially complete,

Although the quantitative results are far from satis-
factory (see Table IV), qualitatively the agreement is quite
good, indicating that the bands detected by the Cary are

real and at the correct position and that any distortions

due to light reflections etec. are negligible.
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2. Analysis of the Protein Content of the Fractious

Because of the difficulties encountered in obtaining
a satisfactory material balance for histones from the UV
measurements, we investigated the possibility of using more
specific tests for proteins to perhaps get hetter agreement,
This sectlon describes our results with a micro Lowry and
a micro ninhydrin method. They indicate that this micro
Lowry method is only about as sensltive as the UV determi-
nations, while the micro ninhydrin procedure, although much
more sensitive, requires that the proteins are hydrolyzed
for best results., Since we tried to avold this hydrolysis
step for the time being, we did not yet utilize the sensi-
tivity of this ninhydrin procedure to 1lts full capability.

a) Lowry Procedure

In our search for an easy and accurate procedure for
the determination of proteins in our fractlons, we tried
the Lowry procedure first, because 1t 1s one of the simplest
methods. The standard procedure (63) was only sensitive %o
about 50 micrograms of proteins per ml (lO;Lg/O.E ml sample
give an A-gg of about 0.1, as can be seen from figure 12).
Pigure 12 shows the absorbance at 7500 2 due to the Lowry

color readﬁion using bovine serum proteln as the standardi-
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Pigure 12

Messurement of bovine serum protein concentration by the
standard Lowry procedure (see text)., Vertical bars indi-
cate the range of absorbance measurements st 7500

taken at 30 to 1300 minutes after addition of Folin rea-
gent (no dependence on time was observed).



213

zation protein,-whose concentratlion is plotted as micrograms
per ml on the absclssa. Fluctuations in the measurements are
indicated by the vertical lines.

A micro method is described by Lowry (63), but it in-
volves too many steps, including one of sedimentation, to
be of practical value for large numbers of samples.

We succeeded in increasing the sensitivity of the
standard procedure simply ?y lowering the volume of the
reagents, lincreasing the concentrations proportionately. A

summaxry of the procedures follows:

Standard Lowry Method Micro Procedure

0.2 ml protein solution 0,2 ml protein solution

1.0 ml solution © 0.2 ml solution C" |

wait 10 minutes wait 10 minutes

0.1 ml Folin reagent 0,1 ml Folin reagent

1.3 ml wait 60 minutes 0.5 ml wait 60 minutes
, Tmeasure A750 measure A750.

Solution G =.50 ml 2 % Solution C" = 2,0 ml 10 %

Na2003 in 0,10 N NaOH Na2c03 in 0,50 N NaOQH

1 ml 0.5 % CuSO, and 0.1 ml 2 % OusO, and

1.0 % Na-K-tartrate. 4 % Na-K-tartrate.

This modified procedure gave falrly reliable results down

to about 20 micrograms of protein per ml, as seen from
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Figure 15

Measurements of the concentration of bovine serum protein
(BSP) and histone fraction III (H III) by the micro Lowry
procedure (see text). Absorbance at 7500 £ was measured at
TO to 1050 minutes after addition of the Folin reagent.



0.6}

© o o
W H (3]

ABSORBANCE, A-gq

o
o

0.1

G1e

60 80 __ 100
CONCENTRATION, pg/ml




216

figure 13. Here, the results of our analyses for bovine
serum protein and histone III are presented in terms of
the absorbance at 7500 £ corrected for Hy0 due to the Lowry
color reaction., The concentrations are based on the weight
of vacuum dried protein., As can be seen, the sensltivity is
only about the same as that of the UV analysis at 2200 &
(i, e, about 20 micrograms per ml), which is much easier

to perform, so that this procedure had only limited value

for our work.
b) Ninhydrin Procedure

The ninhydrin procedure of Moore and Stein (64) detects
concentrations of amino aclds down to 2 mM (about 240 micro-
grams per ml). However, we were able to develop a micro
procedure, which counld detect concentrations down to about

0.02 mM (2 micrograms per ml) as follows:

Moore and Stein Method Micro Procedure

0.1 ml amino acid sample 0.1 ml amino acid sample
1.0 ml ninhydrin reagent 1 drop fresh SnCly, solution
0.1l ml ninhydrin reagent

heat for 20 minutes heat for 20 minutes
at 100° C. at 100° O,
5.0 ml diluent read Ag7g after %+ hr.

read Ag70 after %+ hr) make sure sample is 0.2 ml.
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Exact timing is desirable.

Ninhydrin reagent = 4.0 g ninhydrin per 100 ml methyl

cellosolve plus 100 ml cltrate buffer prepared by dliluting
10.5 g citric acid, neutralized to pH 5.0 with NaOHd, and
0.4 g SnCly.2 HpO to 250 ml. The ninhydrin solution is
flushed for 30 minutes with nitrogen and stored in the
dark in a brown bottle,

Diluent = n-propanol diluted 1:1 with water.

Moore and Steln recommend that fresh ninhydrin solutlons
be used for the analjsis. However, 1t was found that addl-
tion of a small drop of freshly prebared SnCl, solution
(0e2 g/100 ml H50) to the sample in order to reduce any
dilssolved oxygen Jjust before addition of the ninhydrin
reagent, gave reproducible results even with 6 months old
reagent. /

In order to get reproducible results it is of utmost
ifmportance that the glass ware contalning the samples is
free of dust and other impurities and that contaminants
are kept out during the heéting period. The color reaction
is indeed quite sensitive! Pigure 14 shows the results of
our analyses using arginine.HCl as the calibration substance.
The absorbance maximum at 5700 2 of the colored dye, normal=
ized to zero absorbance at 7000 8 and corrected for the
absorbance of water ls plotted against the millimolar con-

centration of arginine.HCl. Concentrations of 0,005 mM



20 T T T L T ' I L ' ' 1
.S
o
~
‘9]
<
g
© 1o}
<
[e1]
(1 4
O
wn
m
<€0.5
0 1 | ) i A | A | A
0 0.02 0.04 0.06 0.08 0.10
CONCENTRATION, mM
Figure 14

Detection of arginine by the micro ninhydrin procedure (see text).
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should still be detectable.

The most serious drawback of the procedure is that it
- requires that the proteins are hydrolyzed to amino acids
for best results. In order to avold the digestion of his-
tones with concentrated HCl, we tested various undigested
histone fractions for their sensitivity in the micro pro-
cedure. The results (Fig. 15 and 16) show considerabie
variation in the sensitivity of the reaction for the samples
tested., The data are plotted as Ag7p versus concentratlon
in micrograms per ml, Thus, an absorbance of 0.1 at 5700 2
would equal |

26.6 micrograms of H Ib/ml

36 .4 " " H IIb/ml
3,47 . " H III/m
0.785 " " arg/ml

The sensltivity of the reaction for histones tended to in-
crease with storage time of the solution, suggesting that
enzymétic degradation may have been at work.

Although it is clear that the procedure is hiéhly
sensitive for the detection of amino acids like arginine,
we have used 1t only for the qualitative determination of

histones to verify the UV data and scans (see Fig.:li);



220

ARG

o

o
@

ABSORBANCE, As70
o
»

04

0.2

|
00 300
CONCENTRATION, xg/ml

0 |

] 1 1
200 400 500

Flgure 15

Detection of arginine and non-hydrolyzed histone fractions
Ia, IIb, and III by the mlicro ninhydrin procedure_ (see
text). The absorbance maximum of the dye at 5700 R was
normalized to zero absorbance at 7000 and corrected for
HpO absorbance. The vertical bars for H Ib and H IIb indi-
cate the range of the measurements.



2.0

[ | |
1.5 s
O
~
0
<
3’
> 1.0 i
<
m
o
%
@ R
< 0.5 4 F
HIb
0 ] | | ] | ] | ] |
0 10 20 30 40 50 60 70 80 90
CONCENTRATION, pg/ml
Figure 16

Same as figure 15 with an expanded concentration scale. Arginine data were replot-
ted for comparison. Vertical bars for H III indicate the standard deviation of the
measurements , those for H Ib and H IIb the range of the measurements.



222
Te Preparative Sedimentation

In order to obtain larger amounts of extracted his-
tones we used zone sedimentation through‘layers of increas=
ing concentrations of salt (salt layer sedimentation) and
sedimentation of batches of uniform DNH - salt solutlons
(batch sedimentation) for preparative purposes, The advan=-
tage of the first procedure was that successive fractions
of histones were extracted as the DNH sedimented from layer
to layer. Its main dlsadvantage was that the amount of ex=
tractable material per experiment was limited, since the
DNH concentration of the initial zone could not be too high
in order to avoid excesslve aggregation.

In the batch sedimentation procedure much larger gquan-
titles of DNH could be extracted, but the extracted material
was not obtained as separate fractlions., Successive extrac-
tion of the pellets by increasing salt concentrations was
difficult because it was difficult to redissolve the pellets,
especlally after treatment with 0.2 %o 0,3 F salt. 7
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A, Salt Layer Sedimentation

In order to verify the scanning data and to determine
the nature of the materlial extracted by NaClO, from native
DNH, preparative experiments in 35 ml plastic sedlmentation
tubes were carried out. Solutions of decreasing density
(D20 or sucrose) and salt concentration were layered on top

of one another in the following manner:

NaCl0, {0,001 | DNH | 0.2 | 0.3 Ou4 | 0,5 (0,6 |2,0
% D50 0 0 25 40 60 80 90 | 100

ml 2.5 245 5.0 5.0 5.0 5.0 5.0 | 2,5

The sample layer (2.5 ml) containing not more than about
600 micrograms of DNA (A260 about 5) was carefully layered
onto the Deo-salt solutions and topped by a layer of solvent
(generally 1077 F NaCl0y).

After 18 to 25 hrs of sedimentation at 20 000 rpm 1in
the SW 25 rotor, 1 mllfractions were plpetted off the top.
Absorbancies were measured and attempis were made to deter=-
mine the amino acid composition of the extracted histones
using a micro amino aclid technique developed by Prof. wW. J.
Dreyer (65) in which as little as 25 micrograms/ml of pro-
tein 1s sufficient for each analysis.

This salt layer sedimentation procedure gave results
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which confirm those of the salt gradient sedimentation tech-
nigue, but 1t 1s less elegant and can lead to errors in the
estimation of the salt concentrations at which the DNH dis-
soclates, The reason for these errors lies in the fact that
the individual layers are not stabilized by density gradients
and convection occurs throughout each layer, Thus, it 1s
possible that material, which actually dlssociated at the
interphase of two layers does not remain there but distrib-
“utes throughout the lower layer containing the higher salt
concentration. The erroneous concluslon would be that the
dissociation occurred in this higher salt concentration
rather than in the intermédiate, lower range.

However, Judicious choice of the salt concentration
of each layer will meke this method useful for larger scale,

selective dissocliation of individual histone fractions.
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B. Batch Sedimentation Experiments

The following procedure was used in order to prepare
milligram quantities of extracted histones for characteri-
zation by Amberlite chromatography. Since we used falrly
concentrated solutlaons throughout,-we d4id not expect to
recover the theoretical amounts of extracted histones and
hoped only to recover enough material for a successful his=-
tone analysis.,

For the sedimentation experiments we used 2.5 ml of
fairly concentrated DNH solutions (A260 about 50 or somewhat
more) which were diluted to 25 ml with the appropriate salt
solutions, Since the salt concentration of the final solu-
tions was 10 % lower than that added to the DNH, the results
are listed in terms of these final salt concentrations.

The DNH-salt solutions at these concentrations were
almost always cloudy before sedimentation indicating con-
siderable aggregation of histones and/or DNH., No cloudiness
remained after sédimentation in the SW 25 rotor for about
20 to 30 hrs at 20 000 rpm. The clear supernatants were
fractionated (3 to 4 ml fractions) from the top and their
UV spectra were taken. Those fractions containing little or
no fpogo were combined and exhaustively dialysed versus 1 F

acetic acid to remove the salt. The dialysates were freeze

dried and as much of the flaky, white residue as possible
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was dissolved in 0,2 ml 8 % guanidinium chloride, buffered
at pH 6.8 with 0,1 F phosphate buffer. Any undissolved mate=-
rial was centrifuged down in a clinical centrifuge and the
clear supernatant applied to the Amberlite IRC=50 cation
exchange column for identification.

For comparison, the salt extracted DNH pellets were
treated with sulfuric acid (pH 0.,7) to extract the remaining

i

hilstones, They were precipltated from the sulfuric acild solu~
ﬁion by the addition of excess ethanol in the cold. The white
precipitate was washed with cold ethanol and dissolved in

0.2 ml 8 % guanidinium chloride (pH 6.8) and applied to the
Amberlite column. Undissolved material was sedimented as
before.

If it was desired to recover the partially dissociated
nucleohistones from the pellets in thelr native state, 1t
‘WBS advantageous to use a concentrated sucrose solution as
the lowest layer during sedimentatlon, Thls layer preven-
ted the extracted DNH from packing too tightly, making it
easier to remove the material from the pellets by diésolving

them in water or very low salt solutions,
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8. Desalting of Histone Samples

Since we have encountered considefable difficulties
in desalting our rather dilute histone soluﬁions and had
initially lost substantlial quanilities of msterial because
of its eagy adsorbablility, 1t is worth-whiie to pass along
-some of the experience gained.

In exploring better desalting methods for hlstones,
we were initially trylng to find a procedure which did not
involve the use of acldic solutlions, for we hoped to com-
pare non-acid treated, salt extracted histones with those
extracted with mineral acids, using either zone electro-
phoresis or Amberlite chromatography. However, we were
not able to desalt histones successfully without using

acldic solutions,

a) Dialysis

Dialysis of a small histone sample versus water,
which is the method of general choice for desaltiﬁg of
macromolecules, resulted in almost complete loss of mate-
rial, For lnstance, in dlalysing a one ml sample contalning
12 to 37 micrograms of histones, more than 97 % of the
materlial was lost. Only about 5 % was recovered from solu-

tlons containing 90 to 190 micrograms of histones per ml,
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This loss was mainly due to the fact that most of the hlse
tones were adsorbed to the inside wall of the dialysis bags.
They could be partially desorbed by HCL, indicating that
they had not degraded or dialysed through the bag.

Finally, we dialysed the histone solutions against
1l ® acetic acld which prevented extensive adsorption of the
histones to the tube wall., The acetic acld and water could
then be removed by freeze drying and the desalted histone
residues used in Amberlite chromatography. Highest recovery,

as measured after Amberlite fractionation, was about 67 %.
b) Acetone Precipitation

Our attempts to use acetone preclpitation were also
not very successful since appreciable amounts of salt co-
precipitated, especially at higher salt concentratioans.

The procedure may eventually lend itself to quantitative
separation of salt and histones, but more work must be done
to determine the best conditlons for quantitative precipi=-
tation of saltfree histones.

¢) Sephadex Chromatography

Extensive work with a Sephadex column desalting pro-

cedure showed that small quantities of histones could not
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be separated from salt by uslng water as the eluent. Figure
17 shows the elution diagrams in terms of Anop Of histone
IIb in 1 F NaCl from a 38 cm high Sephadex G=25 (66) col-
umn with 6.45 ml bed volume, Graph (a) illustrates that
elution with distilled water of 75 mlicrograms of H IIb in
0.5 ml solvent does not result in desalting of the histone.
Graph (b) shows paritial desalting of an equal amount of

H IIb if 1072 P HCLO, is used as the eluent. The complete
desalting shown in graph (¢) was accomplished by using

10~

F HClO,. Here the column was charged with 37.5 micro-
grams of H IIb in 0.25 ml 1 F NaCl solutlon. Further
experiments with 0,1 F H’("Jlo‘,+ as the eluent indicated that
the yield of salt free histones decreased with increasing
initial amounts of H IIb. Thus, the recovery was 75 to 90 %
for 37.5 micrograms of H IIb charge, but only about 5 %
for 300 micrograms charge.

These results indicate once agaln that histones are
rather difficult to work with and that extreme care must

be exercised -to avold substantial losses in preparative

experiments.
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Pigure 17

Desalting of histone IIb by Sephadex G-25 (coarse) chroma-
tography. 1.355 g dry gel gave 6.45 ml bed volume; the
column height was 38 cm.

a) 75 micrograms of H IIb in 0.5 ml 1.0 F NaCl eluted with
distilled water gave no separation of histones from salt.

b) 75 micrograms of H IIb in 0.5 ml 1.0 F NaCl eluted with
0,001 F HClO4 gave partial separation of histones and salt.

¢) 37.5 micrograms of H IIb in 0,25 ml 1,0 F NaCl eluted
with 0,01 P HGlO4 gave complete separation of histones and
salt. The histone peak is at the position at which material
not entering the gel pores should be, NaCl is at the posie=
tlon expected foxr materlial entering the pore volume.
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9. Amberlite IRC-50 Cation Exchange Chromatography

The Amberlite chromatography fractionation procedure
for histones 1s described in detail by Murray (26). The
development of a microprocedure requiring as little as
1l mg of histones per experiment is the result of work done
by Mr., D. Fambrough, Jr., in Prof. J. Bonner's laboratory.

A brief description of the procedure follows:

The column (57 x 0.67 cm diameter) was carefully
packed with thoroughly cleaned Amberlite IRC~50 resin,

The histone sample was dissolved in 0,2 ml 8 % guanidinium
chloride (GuCl) (a2ll GuCl solutions were buffered at pH

6.8 with 0.1 P phosphate buffer) and applied to the column
using 0.3 ml 8 % Gull as wash, The column was then connected
"t0 a reservolr containing 15 ml of the 8 % Gull and a magneé
tic stirrer., This reservolr was in turn connected to a
second vessel containing 19 ml 10.5 % Gull. All connections
were alrtight so that the solutions syphoned into the column
as the eluent was collected in 0.3 ml fractions by an auto=
matlic fraction collector.

After the 19 ml of reservolr 2 were used up, 25 ml
13 % GuCl were added to it. After these had syphoned into
flask 1, all flasks were dlsconnected and replaced by a
flask containing 10 ml of 40 % GuCl, Finally, the column

wa.s regenerated for the next experiment by flushing it with
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15 t0 20 ml 8 % GuOl. Each experiment, requiring aﬁout
. 220 fractions, took about 20 hours.

The histone concentration of the effluent was deter=-
mined by measuring the optical density at 4000 R (Ai%%) of
the turpid solution resulting when effluent, distilled
water, and 3.3 F trichloroacetic acid (TCA) were mixed in
the ratio of 1l:3:2, The calibration for estimating the
amount of histones in the effluent (0.765 mg H/ml for

Apoo = 1) was performed by Mr. D. Fambrough.
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10, DNA-Dependent RNA Synthesis

The following describes the procedure used by Dr,. R.
C., Huang for the determination of the RNA-priming activity
of a number of partlally salt extracted calf thymus nucleo-
histone samples (67).

The assay and incubation mixture consisted of the
following ingredients:

0,02 ml 1.0 M tris buffer (pH 8)

0.04 ml 0.0125 M MnClo

0.04 ml1 0,05 M MgCly

0.04 ml 5 micromoles each of three NTP's per ml

0,02 ml ATP.014, 10 microcurie/ml; 1 microcurie/micro-

mole

0.06 ml 0.1 M beta~mercaptoéthanol

0.02 ml (or 0,01 ml) RNA polymerase, Asgo/Apogo = 1.5

0,25 m]. primer DNA or DNH in 0,016 M saline citrate,.

0.49 ml
The solution is kept for 10 minutes at 35° C. The reaction
is stopped by adding TCA and the resulting precipltate is
washed on a millipore filter with 6 times 5 ml cold 10 %
TCA, The radiocactivity in counts per minute (ecpm) incor-
porated into the precipitate as macromolecular RNA is a

measure of the RNA-priming activity of the DNH.
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IV. Discussion of the Results From Salt Gradient

Sedimentation
1. General Considerations

Most of the conclusive evidence for selective dissoci-
ation of histones from nucleohlistones comes from the prepa-
rative experiments (Section V). However, the results of
the salt gradient sedlmentations have been useful in deter-
mining the galt concentrations and ranges at which the
individual histone fractions dissoclate.

In the following the results of the salt gradlient
sedimentations of the individual samples of reconstituted
and of native DNH are desciibed in detail, They show that
DNH I dissociated at less than 0.2 F Na0104, DNH IIb at
0.45 F NaCl0, and DNH III and IV at concentratlons above
0.5 F. In native DNH the dissoclation is a combination of
that of the individual histone fractions,

The results using salt gradient sedimentation are at
present mainly of gqualitative interest; however, the method
is promising for the quantitative analyslis of the dissocla-
| tion, We have presented the quanﬁitative results in detall
to show the feaslbllity as well as the difficulty of ob=-
taining meaningful data.
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The mass balance from the scans for DNA is generally
qulte satisfactory if pelletting 1s avoided, but the mass
balance for histones 1s more often than not too high., This
is particularly the case, 1f the dissociation is gradual,
so that no distinet histone bands are formed in the salt

gradients.
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2, Reconstituted Calf Thymus Nucleohistone I

Two freshly prepared DNH I samples, which varied in
their R220 ratlos were linvestligated. Quariz tube scans after
sedimentation of DHH I zones are shown in figures 18 to 20,
The direction of sedimentation is from left to right in all
of these tracings. The position of the inlitial layer is
1ndicatéd below the meniscus from which it 1s separated by
a layer of solvent, The density gradients were 25 to 100 %
D50.

The DNH sample sedimented in the tube whose scans are
shown in figure 18 had an Roog of 1.18. Sedimentation
through the salt gradient, which varied from O to 0.25 F
Na0104, resulted in the gradual removal of the histone; no
histone band is observed. The band near the bottom of the
tube is due to the extracted DNA and i1ts maximum has a
sedimentation coefficient of 16.2 S. |

Figure 19 shows the same material after sedimentation
through é 0.2 to 0,6 F Na0104 gradient. Here the histone
hés come off at the initial zone position in a broad band.
The maximum of the DNA band near the tube bottom has a
sedimentation coefficient of 14,7 to 15,0 S.

Flgure 20 shows the results of sedimenting a DNH I
sample having an Ry of 0.69 through a salt gradient
varying from O to 0,2 F NaClO4. The dissoclation is gradual,
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Figure 18

Quartz tube scans before and after sedimentation of a zone of reconstituted calf
thymus DNH I (Rggg = 1,18, 1 day old) through a 0 to 0.25 F Na0104 gradient in
D20. The histone is gradually removed in the top half of the tube (area as o
lined, corrected for DNA absorbance, corresponds to 112.5 % of the initial Aggo)
The band near the tube bottom is extracted DNA; its maximum has a sedimentation
coefficient of 16.2 S,

8ce



229

Figure 19

Quartz tube scans before and after sedimentation of a zone
of reconstituted calf thymus DNH I (Rppg=1.18, O days old)
through a 0.2 to 0,6 F NalClOy gradien% 2‘ Do0. The histone
has come off at the initlal zone position (area as outlined,
corrected for DWNA absorbance, corresponds to 118.7 % of the
initial Heo). The band near the tube bottom 1s extracted
DNA; its maximum has a sedimentation coefficient of 14.7

to 15.0 S.
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Figure 19
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Figure 20

Quartz tube scans before and after sedimentation of a zone of reconstituted
calf thymus DNH I (Rppp = 0.69; 2 days old) through a O to 0,2 F NaClOy
gradient in D20, A considerable amount of histone I (area as outlined, cor-
rected for DNA absorbance, corresponds to 86.5 % of the initial AB,y) re-
mained at the initial zone position, probably because of the excessive his-
tone coverage. Most of the DNA is pelletted at the tube bottom.
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but a considerable amount of histone I had remained at the
initial position indicating that the complex was not very
tightly bound, probébly because of the excessive histone
coverage. Most of the DVA had pelletted during this run.

The quantitative anal&sis of the scans is summarized
in table Va., The symbols are explained on the opposite page.
Line k gives the "recovery" of the DNA in terms of its Aogg
and shows that it 1s essentlally complete in those cases
where extensive pelletting was avoided, The histone recovery
(Line g) is always too high, which is probably due to the
presence of UV 1mpurities. The data suggest nevertheless,
that the bulk of the histones are present as the dissociated,
non-sedimenting material at the top of the tube (Line r).

The significant fesult of these scans i1s that the amount
of histones which dissoclated as a band at the top of the
high salt gradients is approximately equal fo the amount of
histones which were more gradually removed in the upper por-
tlion of the tubes containing the low salt gradients, Thus,
histone I dissoclated below 0.2 F NaCl0, from reconstituted
DNH I.

The UV analyses of the solutlons after fractionation
from the top and the redissolved pellets confirm the re-
sults: The DNA recovery is nearly gquantitative (Table Vb,
Line k), but the amount of histones recovered from the upper
part of the tubes 1s again too high (Line r) due to UV
impurities.
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Explanation of Symbols

Sample: Sample number

F NaClO,: initial and final formal concentration of the
NaOlO4 gradient superimposed on the Dp0 gradient “

days old: number of days after preparation of the DNH

S: sedimentation coefficlent in Svedberg ualis

P of pk: formality of Na0104 at the center of the H peak

Aopo 1nit: absorption at 2600 £ of the sample in the

initial zone corrected for blank and A400

A init: ditto for 2200 &

220
Raao: ratio of A260 to A220 of the initial sample

Auo0 init: Absorption at 4000 £ Lf more than 5 % of A,

H/D: see figure 3

% Aesorec: % of the initial A260 recovered after experiment

% not sed: % of the initial material not sedimented

% banded: % of the initial material found in a band

% in H bd: % of the initial A,., found in a histone band

% in pel: % of the initial material found in the pellet

%_Aggorec: % of the initial A220 recovered after experiment

% AS,orec: % of the initial absorption at 2200 £ due to his-
tones only (Agzo is corrected for Hp0 blank and 4,44
and for the DNA by using R220 = 1.50), recovered after
sedimentation

% in DNA: % of initial histone found in the DNA band

Réeo: ratio of the area under the Ango peak to the area

under the corresponding AEEO peak
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Table Va_

a) Sample 2 1 5 | 2

b) F NaOl0, 0.0-0.2 0.0-0.25 | 0.2-0.6 | 0.2-0.8

c) days old 2 1 0 0

d) s - 16.2 14.7-15.0 -

e) F of pk - - - -

£) Apgp init 2.25% 3.1 3. 31 2,253

g) Appg init 3.268 2.81 2.81 3,268

h) Rosg 0.689 1.18 1.18 0.689

i) E/D 1.60 0.37 0.37 1.60

3) Ayp0 init 0.465 0.102 0.102 0.465
k) % Apgorec 38.3 93.3 90.95 67.9

1) % not sed 10.3 9.25 5.45 21.55

m) % banded - 58.5 T2.7 -

n) % in H bd - - - ,
lo) % in pel ? 15.55 12.8 ?

p) % ANE rec 83.5 109.3 106.0 88.2

a) % afsorec 121.3 163.5 156.5 105.2

r) % not sed 86.5 112.5 118.7 78.4
|s) % vanded - - - -

t) % in DNA - 43,0 33.4 =

u) % in pel ? T.95 4.4 ?

v) Ry, - 1.28 1:33 -
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Table Vb

a) Sample 2 2

b) F NaCl0, 0.0-0,2 0.2-0.8
¢) days old 2 o]

da) s - -

e) F of pk - -

£) Apgo init 2.253 2.253
g) Apog init 3.268 3.268
h) Rosg 0.689 0.689
1) E/D 1.60 1.60
3) Ayoo 0.465 0.465
k) % Angorec 89.35 9%.5
1) % not sed 31.85 31.5
n) % banded ? ?

n) % in H bd " -

o) % in pel BT:5 62,0
p) % A5, 116.0 126.9
a) % AR, 138,15 154.7
r) % not sed 117.2 132.5
5) % banded - "

) % in DNA - .

u) % in pel 20.95 22,2
v) R333 1.04 1.06
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3. Reconstituted Calf Thymus Nucleohlstone IIb

The dissociation behavior of reconstituted DNH IIb
(Ropg = 1.0) was esthetically the most pleasing in that a
rather sharp band of histones was observed in salt gradients
from O.4 to 0.6 F NaClQ, (Fig. 11). The histone band was
reproducibly centered around 0,450 * 0,005 F Na0104 if the
density gradient was Dad. The width of the band at its
base was about 0,12 F NaClO,.

In a sucrose density gradient (5 to 20 %)} the disso-
ciation of freshly prepared DNH IIb occurred at a higher
'salt concentration (0,535 F NaGlOA). This result may be
due to the effect of the change in dielectric constant of
the medium on the free energy of association, but more
extensive studlies are required to establish this point.

Below 0.4 F NaCl0, we did not observe any histone
bands., Plgures 21 and 22 illustrate the behavior of DNH IIb
in D0 density gradients contailning uniform Na0104 concen=
trations of 0,2 F, Pigure 21 shows drgo and Appn scans
after most of the Aygq materlal had sedimented to the tube
bottom. The total area under the curves as shown presents
18.3 % of the initial A,., and 120 % of the initiel Af,, in
the zone, Because of the flatness of the curves these re-

sults would be considerably influenced by small changes in
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Figure 21

Quartz tube scans before and after sedimentation of a zone of reconstituted calf
thymus DNH IIb (Rppp = 1.0) through a uniform 0.2 F NaClOy concentration in DO,
No histone peak is formed. The amount of H IIb in the upper part of the tube
(area as gutlined, corrected for DNA absorbance, corresponds to 67.6 % of the
initial AEQO) is probably exaggerated due to an uncertain baseline, It repre-
sents dissociated H IIb due to storage of the solution for 27 days at 4 °C. Most
of the DNA is pelletted at the tube bottom.

Lie
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the baselline., It should be pointed out that no distinct

band of Agao material remained behind at the initial posi-
tion even though the DNH preparation had been stored for

27 days at 4% 0, This is in striking contrast to. the changes
observed on storage of DNH III solutions.

Plgure 22 depicts the same DNH IIb preparation after
47 days of standing and this time 21,4 % Agao remained at
the initial position. In order to illustrate the band of
DNH IIb, this run was terminated after only 6 hours includ-
ing 23 minutes of acceleration to, and 44 minutes decelera-
tion from 20 000 rpm. Only one band is observed in both
the Apgo and the Aypn scans and ;ts maximum has a sedimen-

-tation coefficient of about 19 S. This is rather ilow for a
completely complexed DNH sample and confirms partial degra-
dation, Also the Réao calculated from the aresa under the
peaks 1s 1.37 rather than 1.0 as measured for the initial
material.

The same figure illustrates further the amount of
spreading which occurs during the sedimentation of DNH
alone, Since the diffusion coefficient for DNH is rather
small (approximately 1078 cme/sec (68)), the spreading of
the band must be due to molecular welght heterogenelty

and s on ¢ effects (69).
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Flgure 22

Same DNH IIb preparation as figure 21 after 47 days of stor-
age at 49 C, The amount of H IIb in the upper part of the
tube is due to degradation (area as outlined, corrected for
DNA absorbance, corresponds to 21.4 % of the initial AHog,
but the baseline is probably too high)}. The broad band at
the tube center 1s undissoclated DNH Ilb; its maximum has a
sedimentation coefficient of 19 S, The RA of the areas
under the peak is 1.37. Both, the low S and the high Rbag
indicate that degradation of the DNH IIb has occurred during
storage (compare with Fig. 25).
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When DNH IIb zones were layered on top of gradients of
0.6 P NaClO, or higher, sharp bands of H IIb were always
found at the interphase of zone and gradient.

A summary of the quantitative analyses of the dissocia-
tion of DNH IIb 1s shown in tables VI to VIII. The data are
listed in the same form as those of table V and the symbols
are explained on pageEA} As with DNH Ib, DNA recovery in
terms of Aygq (Line k) was close to quantitative in runs
where pellettihg was avolded. Recovery of histone IIb (Line
q) was almﬁst quantitative in those runs in which the salt
concentration of the Dpo0 gradlent exceeded 0.5 P énd most
~of the recovered hlstone was present in a characteristic
band (Line &), indicating that dilssociating was sharp and
essentially complete,

In contrast, those runs with gradients containing uni-
form NaCl0, concentrations of 0.2 F and even 0.4 F showed
no histone bands and gave only about 30 % recovery of ini-
tial histones in the solution above the pellet (Line q).
Most of this material was found in the upper part of the
tubes (Line r) and may be due to slight degradation of the
DNH on standing for periods of 16 to 47 days (Line c), A Tun
with freshly prepared DNH IIb in O.4 F Na0104 did not show
any analyzable material in the scans and the DNH must all

~have sedlmented to the tube bottom.
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Table VI

Reconstituted Calf Thymus Nucleohistone IIb

Sucrose Denslty Gradients

Sample 3 3 3 3 3
b) F NaCl0, Ok | 0.4-0,6 | 0.4-0.8 | 0.6 0.8
c) days old 16 16 0 16 0
d) s - 70 39 9.9 13.0
e) P of pk - 0.484 0.535 - =
£) Apgg init 1.86 1.86 1.258 | 1.86 1.258
g) Appg init 2.27 2,27 1.536 | 2.27 1.536
n) Roog 0.817 0.817| 0.816 0.817 | 0.816
i) /D 1.12 1.12 1.12 1,12 1,12
1) Augo intt - - 0.074 " 0.074
k) % Apgorec 61.5 - | 98.9 54.8 92.45 | 104.3
- |1) % not sed 10.7 8.2 - - -
m) % banded 50.8 48.2 54.8 81.0 97.1
n) % in H bd - 27.7 - T.45 7.2
o) % in pel ? 14.8 - 4.0 -
p) % AN 47.7 T7.5 51.0 46,7 48,6
a) % A% 31.2 56.1 68.5 ? ?
r) % not sed 27«5 17 .6 24,6 - -
s) % banded 0 37.8 43.9 29.8 43,6
t) %4 in DNA 3.9 0.7 - neg. neg.
u) % in pel 2 - - neg. neg.
¥) By 1.06 | 1.49 2,28 -5} By 5]
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Table VII

Reconstituted Calf Thymus Nucleohlstone IId

a) Sample 4 4 4 4

b) F Na010, 0.2 0.2 0.4=0.5 | 0.4-0.6
c) days old 27 47 47 0

d) s - 18.55m o 5y -~ 22 B
e) F of pk - - (0.402) 0.450
f) Apgo init 34560 3.512 3.512 3.15
g) Aspg init | 3.627 3,52 3.52 3.15
h) Rosg 0.980 0.996 0.996 1.00
i) /D 0.713 0.683 0.683 0.679
3) Aygp inlt - - - -

k) % Apgorec 18.3 60.2 95.0 88.7
1) % not sed 2.8 5.8 - i

m) % banded 15.5 56 .4 - 671
n) % in H bd - - - 6.88
0) % in pel ¥ - - 14.7
p) % Aggorec 21;6 50.3 93.4 102.6
a) % s orec | 27.5 31.0 90.5 130.5
r) % not sed 26.8 21.4 - -

s8) % banded - - - 122,0
t) % in DNA 0.7 9.6 - 6.0
u) % in pel ? - - 1.9
v) B5pp 1.47 137 - 1.445
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Table VII

Reconstituted Calf Thymus Nucleohistone IIb

a) Sample 4 4 4 4

b) F NaOl0, 0.4-0,6 | 0.4-0.6 0.6 0.6
¢) days old 27 47 o] 27

d) s 22.0pyg | 13.Opya | 15.Opya | I4-Ipyy
e) P of pk 0. 448 0.452 - -

£) Apgo init 3.560 3.512 3.15 2.965
g) Aopg init 3.627 3.52 3.15 3.02
k) Rpog 0.980 0,996 1.00 0.982
i) 5/D 0.713 0.683 0.679 0.714
3) 400 init - - - -
k) @ Apgorec 81,0 98.8 87.1 87.75
1) % not sed - - - s

n) % banded 65.4 - T3.4 T4.6
n) % in H bd 5.1 - 4.0 BT
0) % in pel 10.5 - 9.7 745
p) % AMS rec | 88.5 96.1 113.0 95.16
a) %'Ageorec 103.5 90.8 163.4 109.45
r) % not sed - - i -
|s) # banded 107.3 - 144,0 98.25
t) % in DNA -2.8 - 177 8.25
u) % in pel -1.0 - 1.7 2.95
v) Rhog 1.565 - 1.62 1.43
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In summary, we feel that the results
tone IIb dissociation illustrate best the
cabllity of the salt gradient experiments
and the kinds and acoufacy of information

present.

of the nucleohis=-
potential appli-
in quartz tubes

obtalnable at
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4, Reconstituted Calf Thymus Nucleohistones III and IV

The results with DNH III and DNH IV are rather incom=-
plete and not very conclusive, This is partially due to the
difficulty of preparing good samples of reconstituted DNH
III and IV because these histones aggregate very easily, and

partially due to the degradabllity of these nucleohistones

during storage.

Three preparations of DNH III (Rpsg = 0.835, 0.725,
0.822) and one of DNH IV (Rpog = 0.725) were studied. The
first sample was prepared by dissolving 1yophilyzed DNH III
in 10~2 P NaCl0,, the others were freshly reconstituted
samples.

The dissociation behavior of these materials seemed at
first most erratic. At times the complex would dissociate
below 0,2 P salt, at times not below 0,6 F, This behavior
was found to be due to aging of the DNH III in solution,
Freshly reconstituted material dissoclated above 0,6 F
Na0104 in a rather gradual manner, while storage of the solu=-
tlon for a few days at 4° ¢ gave progressively larger amounts
of non-sedimenting histone III at the initial zone position.

Pigures 23 to 25 1llustrate this situation, The first
figure presents the Aygq and Agpg scans of a very fresh DNH
III sample (Rppg = 0.725) sedimented immediately after

-
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Figure 23

Quartz tube scans before and after sedimentation of a zone of freshly recon-
stituted calf thymus DNH III (Ropg = 0.725; O days old) through a O to 0.2 F
NaCl104 gradient in Dp0, Only negligible amounts of H III were extracted.
Most of the DNH is pelletted at the tube bottom.

282



INITIAL
LAYER
0.7—

0.6—

MENISCUS

o
|

[=}
»
I

ABSORBANCE

T

0.2}

TUBE BOTTON

I [ | |

ool |

Figure 24

Same as figure 23 except that sedimentation was through a 0.2 to 0.6 F NaClOy
gradient in D20. Again only small amounts of H III were extracted (area as oqut-
lined, corrected for DNA absorbance, corresponds to 17.3 % of the initial A22O)
and most of the DNH is pelletted at the tube bottom.
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reconstitution through a D,0 gradient containing 0 to 0.2 F
Na0104. Figure 24 shows scans of the same material after
sedimentation through a 0.2 to 0.6 F NaClO,; = D0 gradient
in another tube of the same run, In both cases most of the
DNH III sedimented to the tube bottom and only negligible
amounts of histone IIT were extracted.‘

Figure 25 on the other hand shows the scans of a DNH
III solution (Rppg = 0.836) which had been stored for only
6 days at 4% C and then sedimented through a 0.2 to 0.6 F
Naﬁlo4 gradient in DEO. It is obvious that a large amount‘
of histone III remained at the initial zone position, indi-
cating that extensive dlssociation or degradation had taken
place during storage. Similar results were obtained after
storage of other DNH III preparations; The reason for this
c¢hange in behavior of DNH III durling storage is not known.
It points out the necessity of specifying the age of the

sample, if any measurements on DNH III are to be meaningful.

For the sake of completeness, a sample of DNH IV was
sedimented through gradients of O to 0.2 F (Fig. 26) and
0.2 to 0.8 F NaCl0, (Fig. 27). In both cases the DNA (DNH?)
had sedimented to the bottom of the tube leaving behind a‘
very gradual tall of 2200 £ absorbing material. The highest
absorbance was at the initial position, Because of the

gradualness of the change in absorbance, quaniitative estli-
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Flgure 25

Quartz tube scans before and after sedimentation of a zone
of reconstituted calf thymus DNH III (Rppp = 0.836) after
storage for 6 days at 49 C. The gradient was 0,2 to 0,6 F
NaClOy in D20, A large amount of H III remalned at the
initial position (area as outlined, corrected for DNA ab=-
sorbance, corresponds to 211 % of the initial Aggc) indicat=
ing substantial degradation on storage. The Appp baseline
as measured is obviously too low (the area down to about
0.3 absorbance equals 100 % recovery of AHop). This also
accounts for the low Rppg (0.96) of the areas under the DNA
peak. :
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Same as figure 26 except that the DNH IV was O days 0ld and sedimented through a
0.2 to 0.8 F NaCl04 gradient in D20, Again considerable amounts of histones re-
mained in the upper part of the tube (area as outlined, corrected for DNA ab-

sorbance, corresponds to 123.7 % of the initial AH-3), but the baseline is again

too low, Most of the undissociated DNH is pelletted at the tube. bottom.
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mates of the amount of material left behind are unreliable.
The only conclusion that we want to draw from this frag-
mentary result is that no peak of histone IV was observed

up to 0,8 P salt concentration.
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5. Native Calf Thymus Nucleohistone

Finally, we examined the dissoclatlon behavior of
native, whole calf thymus nucleohistone. Figure 28 shows
scans at 2600, 2200 and 2100 R after sedimentation of a
fresh sample (R,5, = 0.707) through a D0 gradient contain-
ing 0.3 to 0.5 F NaCl0,. Two clearly distinguishable bands
are visible, the first at the interphase of the initial zone
and the gradient, the second centered at 0.42 F NaClOy4. In
gradients beginning at 0.4 F or higher NaClO, concentrations,
the two bands fuse together at the top of the gradient.
Figure 29 shows this situation in a salt gradlent varying
from 0.6 to 2.0 F NaClO, 1in Dp0. No further bands are ob-
served at concentrations above 0.6 F.

Table IX lists the results of the quantitative esti-
mates from the scans, Since the DNA was pelletted in all
of the experiments, the material balance for DNA {(Line k)
is meaningless., (It should correspond to material sedimeﬁted
to the tube wall). In regard to the amounts of histones re=-
covered (Line g) the results are highly variable (53 to
135 %). Significant 1s that a large percentage of the re-
covered material is present in the histone bands (Line s)
and that the two bands of figure 28 contain about equal
quantities of material absorbing at 2200 £ (Column 1, Lines

r and s). .
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Pigure 28

Quartz tube scans before and after sedimentation of a zone
of native calf thymus DNH (Rpp0 = 0,707, 7 days old)
through 0.3 to 0.5 F NaClO4 in Dp0O. Two clearly distin-
guishable histone bands are visible, the flrst at the
interphase between initial zone and gradient (area as
outlined, corrected for DNA absorbance, corresponds to
22,2 % of the initial Al,,), the second centered at 0.42 F
NaCl10, (area as outlined, corrected fopr DNA absorbance,
corresponds to 27.0 % of the initial A§20). Most of the
DNA has pelletted at the tube botton,

Figure 29

Same as figure 28 except that sedimentation was through a
0.6 to 2.0 F NaCl0yp gradient in Do0O. The top band of his-
tones is due to the superposition of both bands of figure
28 (area as outlined, corrected forHDNA absorbance, cor-
responds to 47.0 % of the initial ASpq with 47.0 % remain-
ing in the tail in the lower part of the tube). Most of
the DNA has pelletted at the tube bottom. The Arny base-
line is probably too low.
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Table IX

Native Calf Thymus Nucleohlstone

a) Sample 5 5 5 5
b) F NaGl0, 0.3-0.5 0.4-0,6 0.4=1,0 0.6-2,0
¢) days old 7 3 o T
a) s . - » -
e) F of pk 0.338/0.417 0.461 0.54 0.6
£) Apgo init 3. 74 1,93 1.93 3.7T4
g) Apog init 5.3 2,73 2.73 53
h) Rong 0.706 0.706 0.706 0.706
1) Ahpo init | 0.38 0.227 0.227 0.38
3) /D 1.53 1453 1.53 1.53
k) % Apgorec 18.5 52.9 42.3 23.25
1) % not sed 5.85 - " =
m) % banded - ” - -
n) % in H bd 10.1 26.4 - 8.5
o) % in tail 2.6 26.5 42.3 14.75
p) % ANE 37.1 95.0 91.4 60.85
Q) % A%, 53.4 132,1 134.5 94.0
r) % not sed 22.2 = - -
s) % banded 27.0 99.9 86.5 47.0
t) % in DNA - - - -
u) % in tall 4.2 32,2 48.0 47.0
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Prom our experiments with feconstituted nucleohlstones
we would infer that the first band of figure 28 is due %o
histone I. The band centered around 0,42 F salt is mos%
likely histone II. If any histones come off at even higher
concentratlons they are probably histone III.

Because of the important implications of these assign-
ments 1t was necessary to verlfy them by actually isolating
the individual histone fractlons from native DNH for posi-
tive identificatidﬁ.
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V. Discussion of the Results From Preparative

Sedimentation

This chabter descrlbes our results with salt layer and
batch sedimentation and our attempts to identify the extrac=
ted histone fractions. Fdr comparison with the data of the
salt gradient experiments, approiimate material balances
are presented for both sedimentation procedures.

The larger scale batch sedimentation experiments offer
the most conclusive proof that histones were indeed ex-
tracted in fractions which are ldentical with, or very
similar to the hlistone I, II, III and IV classes obtalined

by Amberlite chromatography of acld extracted histones.
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l. Results of Salt Layer Sedimentation Experiments

A typical result of a salt layer sedimentatlion experi-
ment with native calf thymus DNH is shown in figure 30,
Here the absorbance measurements of each fraction are plot-
ted versus the fraction number, sedimentation being from
left to right. The Na6104 concentrations of the individual
1aygrs are listed in the boxes in the upper part of the
draﬁing.

The Aygo data indicate that most of the DNA is pellet=-
ted. The absorbances at 2200 B show a broad histone band
in the 0.4 and 0,5 F NaClO, layers. Some material may be
in the 0,2 and 0,3 F salt layers as well as in the 0,6 F
layer, but the concentrations are consliderably lower than
in the main band.

Figure 31 presents the results of a similar experi-
ment in which the sedimenting material was purified calf
thymus chromatin instead of DNH., The material in the ini-
tial zone had a rather high physical density and much had
sunk to about the middle of the sedimentatlon tube before
it could be mounted and sedimented. Nevertheless, zones
of dissociated histones were obtained and approximately
at the expected poslitions for native DNH.

This result indlicates that even in the much more com-
pPlex aggregates which chromatin represents, the hilstones

are quite accessible to selective salt dissociation.
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Figure 30

Preparative salt layer zone sedimentation using the SW 25
rotor and plastic sedimentation tubes. Native calf thynus
DNH ( Apgo = 3.937, 0 days old) in 0.016 F saline citrate
was sedimented through layers of increasing Dp0 concen-
trations and NaClOy formalitles as indlcated in the boxes
in the upper part of the figure. The Asop of the fractions
show a broad histone band in the 0.4 to 0,5 F NaClOy lay-
ers, Most DNA 1s pelletted at the tube bottom.
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Figure 31

Same as figure 30 except that purified calf thymus chromatin
(Aogo = 4.109, O days old) was sedimented., The histone band
is even broader than that of the DNH, but 1lts general posli=-
tion with regard to the salt concentration is similar,
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Two results of the amino acld analyses of the fractions
‘are shown 1n table X. They indlicate a distinct trend in the
arginine to lysine ratios, with lysine rich fractions dis=-
soclating at lower salt concentrations than arginine rich
fractions, However, the preliminary data were not exact
enough to permit ldentification of the kinds of histones
present in the fractions,

The reason for the poor results was the unexpected loss
of most of the histone samples during desalting by dlalysis

against water.



277

Table X
Summary of Amino Acid Analyses

by the Dreyer Procedure (65)

Formality of | Mole Ratio
NaC10y arg/lys
initial zone | 0.366|0.405
0,2 0.275[0.325]
0.3 0.2920,326
0.3 = O.4 0.347]|0.400
0.4 0.524|0,546
0.4 0.457(0.500
0.4 - 0.5 0.51310.568
0.5 0.575|0.587
Histone ID 0.10
Histone IIb 0.59
Histone III Lo BT
Histone IV 1.42
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2. Results of Batch Sedimentation Experiments
Identification of Histones by Amberlite
Chromatography

The resulits of our batch sedimentation experiments cén
best be discussed in terms of the data of our Amberlite cat-
ion exchange chromatography. In these experiments histones
extracted from purified calf thymus chromatin by varying
concentrations of Na0104 were analyzed with regard to the
number of histone classes they contained.

Figure 1 should be consulted for the elutlon pattern
of whole calf thymus histones. Pigure 32 shows that 0.27 F
Na0104 extracted histones Ia and Ib, some uncharacterized
run-off material, which is probably non-histone protein (70),
and a small, negligible amount of material which eluted at
GuCl concentrations at which histones II and III(IV) would
come off the Amberlite.

Total recovery of material in the eluent represents
37.6 % of the Ageo material present in the fractions of the
supernatant which were dialyzed, lyophllyzed and applied
to the column, The greatest loss occurred probably in that
not all of the freeze dried material could be redlssolved
in 8 % GuCl.

Figure 33 gives the elution pattern of material extrac-

ted from the 0,27 F NaCl0, extracted pellet by HpS0, (pH 0.7
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Figure 32

Amberlite IRC-50 cation exchange chromatography. GuCl

elution pattern of histones extracted by 0,27 F NaClOy
from native calf thymus chromatin, :

Arabic numbers give % of eluted material in the peaks;

roman numbers indicate the kind of histone fraction in
the pesks.
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Figure 33

Same as flgure 32 except that here the HpSOy (pH 0.7)
extractable histones in the 0,27 F NaClO, extracted
chromatin pellet were eluted.
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The run-off peak 1s rather large, but there are no peaks at
the histone Ia and Ib positions. The histone II peak is
smaller than expected, if all of the remaining material
had been recovered from the pellet, Histones III and IV
come off as the last peak at the place where the Gucl'
concentration increases to 40 % as expected;

In three attempts made to determine the kinds of hisg-
tones extracted bj 0.36 F NaClO,, we were not able to dis-
solve enough material in 8 % GuCl for a successful Amber- -
lite experiment., A fourth attempt gave the results shown
in figure 34. The first and largest peak is clearly run-off
material, It 1s followed by a smaller peak which could not
be classified unambiguously. It may be histone Iaa, but
it seems more likely that it 1s additional run-off material
(see discussion on page 301), The last peak is unresolved
histone I. No significant émounts of histones II and III(IV)W
were detected in the GuCl soluble material,

Although recovery of histones from the 0,36 F NaClO,
supernatant was difficult, acid extraction of the residual
pellets was easy. Figure 35 shows that only histones II and
III(IV) were present in the pellets as expected. There was

no run=-off peak,
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Figure 34

Amberlite IRC=50 cation exchange chromatography. GuCl
elution pattern of histones extracted by 0,36 F NaCl0y
from native calf thymus chromatin.

Arabic numbers give % of eluted material in the pezks;

roman numbers indicate the kind of histone fraction in
the peaks. g
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Figure 35

Same as figure 34 except that here the histones were acild
extracted from the 0,36 F NaClO, extracted chromatin pellet,
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Using 0.45 F NaClO,, histones Ia, Ib and IIa, IIb
(Fig. 36) were found in the supernatant after sedimentation
plus a small amount of run-off material, No histone III(IV)
was extracted, Only negligible amounts of material were
recovered from the pellet by sulfuric acid treatment, not

enough for a successful Amberlite experiment.

In order to summarize and correlate the Amberlite data
most effectively, it is best to present the results in rela-
tive térms (Table XI). Here the assumption is made, that
any "lost" material has the same average composition as the
material actually eluted from the lon exchange column,., The
results, normalized to the total amount of eluted, TCA pre-
cipitable histones, are plotted in figure 37.

The lower half of each graph shows the distribution
of histones in the supermatants, the upper half the distri-
bution of histones in the acid extracts of the correspond-
ing pellets, The areas of the blocks are proportional to
the percentages of material eluted., Vertical blocks indicate
that definlte peaks were eluted, horizontal blocks indicate
background absorption and no peaks, The top graph shows the
elution pattern of whole, aclid extracted histones for com-

parison,
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Figure 36

Amberlite IRC=50 cation exchange chromatography. GuCl

elution pattern of histones extracted by 0,45 F NaClO,
from native calf thymus chromatin,

Arabic numbers give % of eluted material in the peaks;

roman numbers indicate the kind of histone fraction in
the peaks.
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Table X

I

Percent Distribution of Histones

in the Peaks Eluted from Amberlite IRC-50

0.27 F 0.,%6 F 0.45 F
peak super=-|pellet | super-|pellet | super-| pellet
natant natant natant
36.7
I'lln—Off 22.5 30'1 19.1 2-6 11.8
Ia 22.1 11.0
10.1 350 6.3
Ib 30.9 p P
IIa 6.2 15,0
14.9 18.2 3.0
IIb 41,8 42,1
III(IV) 9.5 | 41.6 8.2 43.3 4.9
99.9 [100.0 100.0 |100,2 99,9
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Figure 37

Summary of our Amberlite IRC=50 cation exchange chromatography
experiments,

The lower half of each graph shows the distribution of his-
tones in the supernatants, the upper half the distributlon
of histones in the acid extracts of the corresponding pel-
lets. Abscissa and ordinate are not to scale, they only
indicate qualitatively the relative positions and width of
the peaks of the eluted material., The areas of the blocks,
however, are proportional to the percentages of material
eluted, The amounts of histones in the total effluent per
experiment are normalized to 100 %. Tall blocks indicate that
the material was present in peaks, horizontal blocks indicate
that only background absorption was present and no peaks,
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The figure summarizes our results most clearly:
0.27 F NaCl0, extracts histones Ia and Ib and some run-off
peak. The remaining pellet does not yield histone I but
only histone II and III(IV) and some more run-off material.
0,36 F NaCl0, extraction gave similar results, but no run-
off material was obtained from the pellet. _
0.45 P NaClO, extraction yielded all histones except III(IV).
The material remaining on the pellet was too small for
successful Amberlite chromatography, but presumably only

histones III(IV) were present.

In concluding thls section 1t must be ﬁointed out that
the nice correlation observed may be subject to some modi-
fications. First, there l1ls the matter of the unsatlisfactory
material balance, a summary of which is given in table XII,
One of the difficulties in obtaining a good material balance
is the high concentration of nucleohistones used in these
salt extraction experiments, where the initial Aogo Was
about 5 throughout the sedimentation tube. Because of the
insolubllity of DNH and histones at these salt concentra-
tions much of the material aggregates and sediments to the
.tube bottom, Part 1 of table XII gives the amounts of his=-
tones recovered in the fractions after sedimentation.

The amounts of histones in section a) were calculated

from the'Aago's of the fractions, assuming 0.1 mg_H/ml per
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Table XIT"

Histone Material Balance of

1) Batch Sedimentaion

Total Amount of Histones Present in the Chromatin Used

7570 7570 7045 7570
a) Amounts Recovered in Sedimentation Fractions
NaC10, 0,27 F | 0,36 F | 0.36 F | 0.45 F
Super-
natant 535 1114 1761 1458
tail 188 356 - 1410
pellet 6852 » 6105 — 4706
b) Percent of Initial Amounts
SUpEeT=-
natant T.05 14.7 25.0 19.2
tall 2.5 4.7 - 18.6
pellet 90.5 80.6 - 62.2
c) Percent of "Expected" Histones
SUpeT= :
natant - f i 45.3 78.5
no
H II
total 29.3 59.8 78.5
super-
natant 17 .6 30.2 23,0
. plus ;
tail 5.6 - 22.%
H II
total %8 30.2 45.3
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Table XII

Histone Material Balance of

2) Amberlite Chromatography

Amount of Histones Used in Workup

e 535 1114 1761 1458
pellet 6852 6105 - 4706

d) Total Amounts Recovered From Amberlite Column
Na0104 0.27 F 0.36 F 0,36 B 0,45 F
Fakait 212 192 525 973
pellet 2526 2970 - - 268

e) Recovery in Percent of Amount Used in Workup

. matant 39.6 17.2 29.8 66.7
pellet 36,8 48.6 - 5:7
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Apog = 1.0, The amount of histones expected in the pellets
was estimated from the difference between the initial
material and/that found in the fractions. Section b) glves
the corresponding percentages. In ¢) a comparison is made
between the amounts of hlistones found and those expected
if 0,27 F salt extracted run-off peak and all of histone I,
0.36 F salt did or 4id not extract in addition histone II,
and 0,45 F salt extracted all histones except III and IV.
The percentages of histones found in the fractions of
Amberlite chromatography of whole, acid ext&acted histones
(Fig. 1) were used as basis for these calculations.
| It is obvious that a considerably lower percentage of
histones is found in the supernatants than expected, indi-
cating that significant amounts of these histones must
have pelletted together with the partially extracted DNH,
It is at present unexplalnable, why these histone aggre-
gates did not dissolve in the HpSOy (pH 0.7), which was
used for the extraction of the residual histones from the
pellets, Only those histones which were noti extfacted or
precipitated by the particular salt concentration used are
removed from the pellets by the acid.

For the Amberlite runs only the histones in the super-
natants were used, since the bottom fractions (tails) con=-
tained significant amounts of Aygq material and were dis-

carded. Part 2 gives the amount of TCA precipitable his-
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tones which were recovered from the Amberlite column. Sec-
tion d) gives the total micrograms found in the effluent

and e) the corresponding percentages in terms of the amounts
of histones in the supernatants or pellets. It 1s obvious
that considerable amounts of histones are "lost" during

the workup; most of it probably because not all of the salt-
free histones, aggregated by freeze drying, or in the case

of H2804 extraction by ethanol precipitation, are soluble

in the 8 % GuCl.

We have made an attempt to dissolve the GuCl insoluble
residue of the histones extracted by 0.36 F NaClOy in 10 M
urea and found that even in this medium they are not com-
pletely soluble, The fraction that did dissolve was subjec=-
ted to acrylamide gel electrophoresis (70) and gave a band
pattern similar to that of histone II plus some small
amount of histone I. It was not possible to decide whether
the histone II bands were due to fraction IIa or IIb. In
any event, the above result points out that the Amberlite
chromatography data may be sublect to some modiflicatlions
depending upon how completely the histone samples are

soluble in 8 % GuCl.

Second, we have observed some variation in the amounts
of histones detectable by TCA precipitation in the Amberlite

effluent upon - -storage. Fligure 37a shows the change‘in turbid-
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Flgure 3T7a

Change in TCA precipltable material in the effluent of
Amberlite IRC-50 cation exchange chromatography on standing.
The elution pattern is that of histones extracted by 0.36 F
NaCl0, from native calf thymus chromatin (Fig. 34).

The so0lid line represents the turbldity if the fractions are
treated with TCA immediately after collection, the dashed
line that 12 hours, and the dotted line that about 30 hours
after collection,

The turbidity of the run-off materlal decreases consider-
ably during storage.
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i1ty resulting when the effluent, containing histones extrac-
ted by 0.36 F Na0104, i1s treated with TCA immediately after
collection of the fractions (solid line, see also figure 34),
12 hours after collection (dashed line) or approximately 30
hours after collection (dotted line). There is a clear de=-
crease of turbidity in the run-off material and the peak
following it, while the peak representing histone I is not
affected, The degradability of the second peak being similar
to that of the run-off material was the main reason why is

was preéumed to be run-off materlial rather than histone Iaa,

It is obvious that differential solubility of histone
fractions and differential degradability may have distorted
the Amberlite results somewhat, but it seems nevertheless
quite safe to regard the overall concluslons concerning the
selectlve extraction of histones from native DNH ag correct,
especlally in conjunction with the data of reconstituted

nucleohistone dissociation.
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Vi, Partially Extracted Native
Calf Thymus Nucleohistones

Because of the blological implications, it is to be
expected that the paritially extracted, native nucleohistones
wlll be of greater interest than the extracted histones.

The following chapter considers some of the interesting
blological and physical properties of the partially salt
extracted DNH, The increasing activity in sustaining DNA-
dependent RNA synthesis of DNH treated with increésing salt»
concentrations and the corresponding increase in electro-
phoretic mobility are discussed as confirmation of the his-
tone extraction data. Attempis are made to interpret the

low fonic strength meliting curves of these materials in
terms of the distribution of histones along the DNA strand.

But before discussing these results we turn our atten=-
tion briefly to the problems of “contamination" of salt
extracted nucleohistones with histone aggregatés via recon=-

stitution, and of "degradation".
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l., Resedimentation of Extracted Nucleohistones

Since all of our partially extracted nucleohlstone
samples are obtained from the material that sediments to
the tube bottom, it might be argued that they may be con=-
taminated with aggregates of histones or non-histone pro-
teins, These aggregates may, upon resuspension of the pel-
lets in low salt medla, redissolve and recomplex wifh the
denuded DNA regions.

In order to determine the extent of such recomplexed
artifacts; a number of extracted nucleohistone preparations
was Tresedimented and the effect of such treatment was exam-

ined by electrophoresis and heat denaturation,

The experimental procedure was the following: The sedi-
- mented pellets or fractions containing high concentrations

4 N Nat

of DNA (DNH) were diluted and dialyzed into 3 x 10~
EDTA (pH 6.3); Mobilities and melting eurves were measured

on an aliquot of these samples and the remainder was diluted
with salt solutions having concentrations close to those

used in the original extractlon, These solutions were resedi-

" mented and the pellets were treated as above for repeat

mes suremnents,
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The mobllity data are listed in table XIII and show
that the mobilities of the resedimented samples are only
slightly-faster than those taken before resedimentation.

FPigures 38 to 41 show the changes in melting behavior
upon resedimentation, The resedimented samples (full cir-
cles) melt at somewhat lower temperatures and show sharper
transitions., The sample extracted with 0.45 F NaCl and
resedimented in 0.48 F NaCl (Fig. 39) shows a more distinct
two step melting profile than the original sample, suggest-
ing that additional histones (in this case histone II) were
extracted by the slightly higher salt concentration,

Resedimenting a sample, first extracted by 0.27 F NaCl,
in 0.45 F NaCl gave the melting profile shown in figure 42,
In this case the shift of the lower melting regions toward
lower temperatures is much more proncunced than in any of
the other samples, indlcating that considerably more his=
tones were extracted. Again, the two step behavior is more

pronounced,

In summary, we conclude that measurements performed
with resedimented preparations indicate that their proper-
ties do not change apprecliably, suggesting that any histone
aggregates which may be present in the pellets, do not
reconstitute too easily and do not cause grossly erroneous

results, In addition, the fact that histone aggregates are
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Table XIII

Mobilitles of NaCl Extracted Native Calf Thymus DNH

1st Sedimentation Resedimentation

Age of P NaCl Mobil%ﬁy Age of P NaCl Mobil%ﬁy

Sample Conec. cm%/%?sec Sample Conc. CEE}g-see

4 0 s P 10 o 1.38

(2) 5 | 0.27 | 1.39 (5) 9| 0.26 |1.42

(7) 9 0.45 | 1.53 (9) 15 | 0.48 | 1.48 0.04
- (9) 10 0,50 | 1.56

(o) 3 1.80 2.04 (1) 6 1.94 | 2,21 -2,28|




Figure 38
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Heat denaturation curves of native calf thymus DNH (Apg0 =

=0.685) partlally extracted by batch sedimen=-

tation a) with 0,27 F NaCl and b) resedimented in 0,26 B

NaCl.

The samples were heated in 3 x 10~% N Na* EDTA (pH 6.3)

in the Cary.

b) 73.5 | 42.0

0.905

Results | T,°C | # H | Slope | Ango | Rooo Days 01d | A ¢
a) T4T | 39.9| 3.21] 1,20 | 0,94 iag 8 27.7
%,2% 0.82 2) (5) 10]25.7
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Pigure 39

Heat denaturation curves of native calf thymus DNH (Apgo=
0.732; Rppg = 0.685) vartially extracted by batch sedimen-
with 0,45 F NaCl and b) resedimented in 0,48 F

tation a

NaCl.

The samples were heated in 3 x 10~%* N Wa* EDTA (pH 6.3)
in the Gary »

Results | T,°C |% H |Slope | Asgo |Ropo | Days 01d | A%
a) 69.5 | 39.1 | 2.03 |0.663 | 0,995 | (7) 12 42,0
b) 68.7 |43.2 | 0.88 | 0,905 | 0,90 | (7) (9) 15| 40.0
initial | 56.1 |23.0 | 3.15 25,0
final 81.0 |20.2 | 8.56 15,0




W B
o O
| |

% I-llePERCHROMICITY
Q
|

o—o—o SEDIMENTED IN 0.45 F NaCl
e—e-¢ RESEDIMENTED IN 0.48 F NaCl

i
60
TEMPERATURE,
Figure 39

60¢



310

Flgure 40

Heat denaturation curves of native calf thymus DNH (Asgg =
0.760; Rong = 0.873) extracted by batch sedimentation with
a) 1,80 F l(\)Tacl and b) resedimented in 1,94 F NaCl.

The samples were heated in 3 x 10=% N Nat+ EDTA (pH 6.3)

in the Cary.

Results |Tm°C | % H | Slope | Apgo | Roop | Days 0ld |A °C
a) 43,51 44,0 3,41 | 0.,697|1.16 | (0) 3 49,0
initial |38.9]29.0| 7.72 13.5
final 75.0 | 15.0 | 2.48 35.0
b) 39.7 | 46.0| 5.93|0.782| 1.24 | {0) (1) 5|58.5
initial |37.7T|35.4 1| 7.7T1 12.5
final 88.8 | 10.6 3.26 27.0
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FPigure 41

Heat denaturation curve of native calf thymus DNH (A26O=
0.760; R.Q = 0.873) extracted by batch sedimentation
with a) 7280 P mall (same as Fig. 40) and b) resedimented
in 1.94 F NaCi,

The samples were heated in % x 10~% ¥ Na* EDTA (pH 6.3)
in the Cary.

Results Tm°c % H |Slope | A260 [Ropg Days 014 | A ©OC
a) 43,5 | 44.0 | 3.41 | 0,697|1.16 (0) 3 49,0
initial |38.9 {29.0 | T.72 "] 13.5
final 75.0 {15.0 | 2.48 2540
b) 40.6 |37.2 | 3.92 | 0.873|1.32 | (0) (1) 10| 57.5
initial 37.2 |26,0 5,62 13.0
final 82,0 |11.2 | 1.74 42.0
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Pigure 42

Heat denaturation curves of native calf thymus DNH (Apgo =
0.732; Ropp = 0.685) partially extracted by batch sedimenta=
tion a) with 0.27 P NaCl (same as Fig. 382) and b) resedi-
mented in 0.45 F NaCl.

The samples were heated in 3 x 10~% N Ka* EDTA (pH 6.3)

in the Oary.

Results | T,°C |# H |Slope | Apgy | Ropg | Days Ola| A°C
ag T4.7 |39.9 | 3.21 |1.20 | 0.94 | (2) 8 27.7
b 68.7 | 38.4 | 1.90 [1.180]0.97 | (2)(9)15 | 43.7
initial | 56.7 |23.0 | 2.37 32.0
final 82.3 |15.4 | 8.25 10.3
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not very soluble even in dilute HpSOy, as evident from the
Amberlite chromatography results, makes it unlikely that
significant reconstitution occurs on dissolving the pellets.
Furthermore, in contemplating resedimentation it must be
remembered that nucleohlstone degradation continues at an
unabated rate, so that some of the changes observed may

actually be due to slight degradation.
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2. Degradation of Nucleohistones

Prolonged storage of nucleohistones at 49 C causes
changes in their properties which seem to be mainly the
results of histone degradation., A convenlent way of meas-
uring this degradatioq is by electrophoresis. Table XIV
glves some indicatlon as to the magnitude of the changes
observed., In every case the mobility increases, elther due
to a 1oss or a lowered complexing ability of the hlstones
of native calf thymus DNH. In addition to these increases
in mobility, increases in the RNA-priming activity of
stored DNH were observed.

Somewhat surprising is the fact that the melting
curves of native DNH do not show very pronounced changes
upon storage for similar periods of time and the Tm's do
not appear vefy sensitive criteria for the detection of

degradation of native DNH.,

The most sensitive test for the extent of degradation
that we have observed is the ease with which histones can
be extracted by salt solutions. Figure 43 shows the absorp-
tion pattern of a layer sedimentation experiment of native
calf thymus DNH which had been stored for 19 days at 4° 0O,
" Comparison with figure 30, which shows a pattern for very

fresh DNH, indicates clearly the increase in the amount of
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Figure 43

Effect of storage of native calf thymus DNH for 19 days at
40 C on the preparative salt layer zone sedimentation using
the SW 25 rotor and plastic sedimentation tubes. The DNH
(Apg0 = 1.93; Ropo = 0.706) in 0,016 P saline citrate was
sedlmented through layers of increasing D20 concentrations
and NaClOy, formalities as indicated in the boxes in the
upper part of the figure. Most of the histones have re-
mained at the top of the first salt layer contrary to the
results with undegraded DNH (Fig. 30).
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histones which can be extracted or which are largely dis-
sociated by low salt concentrations, Particularly striking
-are also the data wlth reconstituted DNH III, which were
mentioned earlier (Fig. 25). In this particular case pro-
found changes had already occurred within 6 days after pre=-
paration,

Similarly striking increases in mobility are observed
if native DNH, which had been stored for extensive periods
(36 days), is salt extracted (Table XIV, Sample 1). Evi-
dently, considerably more histones become extractable by
low salt concentratiouns.

Heating curves of DNH, extracted after varying times
of storage, feflect changes in the extractability of his-
tones as well. The melting profile is more distinctly two
step (Figure 44 and 45), and low sait extracts considerably
more histones if the DNH sample is older (Fig. 44). The
significance of the rather low Rppg values of both of the
0ld DNH samples 1s unknown, However, the lower melting
temperatures observed suggest that whatever the material is
which contributes to the low R220 it is not stabilizing the
DNA agalinst melting.

Since there is little indication that the DNA is being
degraded during storage - e, g. RNA=-priming activity in-
creases, sedimentation runs do not show degraded DNA at

the initial zone position « the most probable cause for
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Table XIV

Mobilitles of NaClO, Extracted Native Calf Thymus DNH

Sample|nat. (0.20F |0.27F|0.30F |0,40F | 0,45F|0,50F | 1.0F
#7 1.20% 1.3%% |[1,57% 1.84%

age 9 (8)11 j(8)11 (8) 9

#5 1.284# 2,05%
age 1 (0) &
#9 1.33 1.435 1.91

age 5 (1) 8 (0) 6

# 6 1.42%1,56% 1.66% |1,79%

age 21 [(24)27 (24728 (21§§9

Mobilities of NaCl Extracted Native Calf Thymus DNH

Sample|nat. [0.27F |0.45F | 0.48F 0.50F |1, 80F 1.94F

# 8 1.15 L.39% |1,53% 2.04

age 412) 5 [(7) 9 (0) 3

# 8 :

resed, |1,38%L,42% 1.48%,04|1.56% 2.21-2,28%
age 10 {(5) 9 (9)15 (9)10 (1) 6

#7 1.34 1.72 |1.89 2,06

age 36 K37)39| (37)39 (37)44

# Measurements by B, Olivera
Age denotes total days of storage of DNH at 4° C; the

numbers in brackets indicate days of storage until salt
extraction was performed.

Reproducibility of measurements was % 2 % or better unless
otherwise indicated,

Underlined data are from samples prepared by zone sedimen=-
tation., All others are from batch sedimentation.
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Figure 44

Heat denaturation curves of native calf thymus DNH (Aogq=
0.732; Rppg = 0.685 and b) Apgg = 0.815; Ropg = 0.788
partially extracted by baitch sSedimentation with 0.27 F NaCl
after different times of storage at 4¢ C,

The samples were heated in 3 x 10=% N Na* EDTA (pH 6.3)

in the Cary.

Results |T,°C [Z E |Slope | Apsgo | Roog | Days 01d| A°C

a T4.7 | 39.9 | 3.21 |1.20 | 0.94 ia) 8 2.7
b 62.% |28.2 | 3.21 |0.762 | 0.66% | {(37) 43 |40.0
initiel |55.0 [16.8 | 4.42 [{Aio0= 0.093) 24 4
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Figure 45

Heat denaturation curves of native calf thymus DNHi(a)A260=
0.732; Rong = 0.685 and b) Apgp = 0.805; Rpog = 0.794)
partially extracted by baitch sedimentation wgth O0.45 F NaCl
after different times of storage at 4° C,

The samples were heated in 3 x 10=% N Na* EDTA (pH 6.3)

in the Cary.

Results T™mOC |% H |Slope |Logg |Rosg | Days 01d| ACC
a) 69.5 [ 39.1 | 2.0% | 0.662 | 0,995 27) 12 | 42,0

b) 68.8 | 33.6 | 1.8% |0.667 | 0.667 | (37) 41 | 39.0
1nitial 51.0 |14.8.| 4.75 20.0




HYPERCHROMICITY

40}

ol
o
I

n
o
i

I I [ T I I | |
0.45F NaCl EXTRACTION
oo (7)12 DAYS OLD
oo0(37)41 " "

1
40 60 80 o)
TEMPERATURE, °C

Figure 45

Gege



326

the changes in the behavior of the DNH upon storage is
action of enzymes on the histones, It is quite possible

' that some of the non-histone proteins observed in the run-
off peak during Amberlite fractionations are proteolytic
enzymes which could not be removed during preparation of
the DNH. (71). Further experiments to clarify this point

are however required.



327

It may be concluded from the foregoing that any results
with aged, native DNH samples (say samples stored for more
than 14 days) must be considered with caution., Although
there probably exist differences in degradability between
various DNH preparations, the age of the preparations used
should always be stated in order to present meaningful data.

In the following we have adopted the convention that
a number in brackets indicates the age in days at which a
preparatlon was salt extracted, The number that follows
the brackets indicates the age of the preparation at which
the experiment under consideration was performed. Both ages
are given, since it seems as 1f salt extraction decreases
the rate at which the residual nucleohistone samples degrade

to some extent,
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3¢ RNA-Priming Activity

Having mentioned some of the problems that may be
encountered in experiments conqerning nuclechistones, we
may now turn our attention to the more interesting features
of these materials, for instance thelr ability to sustain

DNA-dependent RNA synthesis.

Comparing the activity data of DNH (the measurements
were made by Dr. R. C., Huasng) which were mormalized with
respect to the DNA activity and corrected for the activity
of the enzyme alone, a sharp increase in RNA priming activ-
1ty after extraction with 0.2 F %o 0.4 F NaCl04 is obvious
from figure 46,

The figure shows preliminary results of two series of
activity measurements made on the same preparation of DXNH,
The data of curve I were obtained using the DNH sample
immedlately after preparation and salt extraction but a
slightly aged RNA polymerase preparation., The data of curve
II represent the results if the salt extraction is carried
out 5 days after preparation of the DNH and a fresh prepa-
ration of RNA polymerase 1s used. Although it 1s not possi-
ble to assess whether the dlfference 1n the shape of these
curves 1s due to the effects of storage or to the fresh;

ness of the RNA polymerase, it 1s clear that salt extrac-
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Figure 46

Preliminary results of the effects of salt extraction of

histones from native calf thymus DNH on its RNA-priming

actlvity.

Curve 1: 19.6 micrograms of DNA were used per measurement.
The RNA polymerase preparation was old.

Curve 2: 8.35 micrograms of DNA were used per measurement,
The RNA polymerase preparation was fresh.
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tion increases the activity of the original DNH, Extraction
of histoneg with 0,6 F N30104 gives a pellet which has
close to 90 % of the RNA-priming activity of DNA. More
detalled results under standardized conditions aie requlilred
to determine the contribution of the individual histone
fractions more exactly.

Prof. Bonner and coworkerxrs have investigated the
possibility of whether salt extraction activates 1n¢1vidual
genes specifically by tracing the relative amounts of globu-
lin made by salt extracted pea bud nucleochistones. Prelimi=-
. nary results ilndicate that some specific activation is

indeed observed in this case (72).
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4, Zone Electrophoresis of Salt Extracted Native

Calf Thymus Nucleohlstones

Our electrophoretic mobility measurements of partially
salt extracted DNH are summarized in table XIV, The data
are grouped accdrding to NaClO, and NaCl extractions, Most
samples were obtalined by‘batch sedimentation, Those, whose
mobilities are underlined, were prepared by sedimenting a
1 ml zone of DNH through solutions containing a uniform
salt concentration, Only the 1,0 F NaClOy extracted DNH
was obtained as a pellet from a salt gradient experiment
in D50 (0.4 - 1.0 P gradient).

The results confirm that a) extraction with increasing
salt concentrations increases the total charge of the DNH
by removal of the positively charged histones, and that
b) NaCl is not quite as efficient as NaClO, in extracting
histones from calf thymus DNH.

Farthermore, from the fact that only single, although
at times somewhat broad peaks are observed (Fig. 47 a to f)
shows typlcal bands of salt extracted DNH in comparison to
native DNH) we conclude that c¢) the various kinds of his-
tones must have been removed in approximately equal pro-
portions from the lndividual DNH molecules.

The singlebandedness of the partially salt extracted

native DNH is the most convincing evidence that gross
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Figure 47

Successive position and shape of native and partially ex-
tracted DNH bands during zone electrophoresis.

Separation between markers, M, equals 3 cm actual distance
traveled. Amount of current is given in arbitrary units for
the final position of the bands only.

Sample n days old
a) native DNH . 3 15
b) 0.27 P NaClOy extract 35 gl; 2

o

dg'native DNH
e) 0.48 P NaCl extract

1.3
1.4
c) 0.45 F NaClOy extract|1.91
1.3
1.5
f£f) 1.80 F NaCl extract |2

5 | 36
3 (7;(9) 15
(0) 3

Sample e) was resedimented.

Sample f) shows in the last scan of the band an electro=-
phoretic anomaly, & minor artifact peak that travels faster
than the main peak (see also ref., 55).

p = mobility in 10~%* om?/V-sec
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Figure 47
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intermolecular heterogeneity does not exist, This conclu-
sion was reached because of the results of mixing experie
ments performed by B. Olivera (73). He has shown that
electrophoretic separation of DNA and DNH is governed by
the following facts:

1. Histone II, once complexed to DNA, does not redis-
tribute at low ionic strength (2‘;.0"2 N) to noncovered DNA
regions.

2, Histone I, reconstituted as such or as a part of
whole histones to DNA, redistributes readlly at low ionic
strength to non-covered DNA reglons, but thé histone I in
native DNH redistributes much more slowly under similar
conditions,

- 3, Histone III and histone IV, once complexed to DNA,
do probably not exchange at low lonic strength, but since
the mobilities of even fully complexed DNH III or DNH IV
is close to that of DNA, resolution of the material bty
eiectrophoresis isrdifficult.

The evidence for these statements comes from the suc-
ceasful electrophoretic separation of the following:

a) Fully compiexed DNH II from DNA, DNH I, DNE III
and native DNH,

b) Partially complexed DNH II from DNA.

¢) Native DNH and chromatin from DNA under only slight
modifications of the mobility (that of DNH is increased,
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that of DNA slightly reduced) indicating a limited exchange
of some mobility retarding material.

On the other hand, it was not possible to separate
the following materials electrophoretically:

a) Reconstituted DNH I from DNA or partially reconsti-
tuted DNH II, and |

b) reconstituted whole DNH from DNA,

Since salt extracted, native DN, from which histones
I or I and II were removed, could not be resolved into two
or more bands, it must be concluded that the histone frac-
tlions are not chromosome or molecule specific (see also

melting curve results).
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In the followlng, attempts are made to correlate the
observed mobility data with values calculated for a number
of hypothetical situations,

Changes in the electrophoretic mobility of DNH after
salt extractlon of histones should be related to the overall
changes in DNH charge and therefore to the amount of charge
removed as hlstones. Using the known amino acid composition
of the histone fractions, it should be possible to predict
these changes in mobility, if it is assumed that changes in
the friction coefficlient and counterion effects due to the
histone removal are negligible, i. e, if the mobillity is
directly proportional to the charge only.

If a mobility of 2.18 x 10~% cm®/V-sec (74) is taken
“to represent DNA which is 100 % charged, then the % charge
of the various nucleohlstone samples c¢an be calculated and
the change in total charge upon salt extraction compared %o
the amount of histone removed.

Thus, an average molecular weight per amino acid residue
was calculated (Table XV, Line a) from the amino acid com=-
positions of the various histone fractions, as determined by
Huang, Bonner, and Murray (75). Assuming that all of the
acidiec (Line ¢) and basic (Liﬁe b) amino acids are charged,
t+he moles of net charge pef 100 g of histone fraction were

computed (Line e). From the weight percent of the histone
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Table XV

Calculation of Mole % Charge of DNH

Histones H Ib H ITb| H III H IV DNA
a) av. MWT/AA [103,32 | 112,44 | 114,90 115 97 | 324
b) M% + AA 28.6 24.3 23.9 23.4 0
c) MZ - AA 6.8 14.3 14.3 15.1 100
d) MZ charge [+21.,8 |[+10.0 |+ 9.6 |+ 8.3 |-100
e) M%Z C/100g H|+.2110 | +.0889 | +.08355|+.07157| -.309

+,07756

Histones H Iab| H IIab |H III(IV) RUN-OFF DNA
£) % TCA ppt. | 26.4 51.1 16.4 -t | -
g) # H fract. | 28.1 54.4 17.5 0 -
h) M% C/100g H|+.0593 | +,0484 | +.0136 -« 309

H/D = 1.5
i) M% ¢/100g D|+,0889 | +.0726 | +.0204 - . 309

H/D = 1.0
J) M%Z ¢/100g D|+.0593 | +,0484 | +,0136 - . 309

H/D = 0.5
k) M% C/100g D|+.0296 | +.0242 | +,0068 - . 309
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fractions in whole calf thymus histone (Line g), as deter-
mined by Amberlite chromatography (Fig.‘l), and from an
assumed histone to DNA welight ratlio for native DNH, the
net moles of positive charge due to the individual histone
fractions per 100 g of DNA were calculated (Line i - k) and
compared to the negative charge of the DNA.‘Hypothetical
mobilities can then be derived for totaily covered, native
DNH (Table XVI, Column 2), and for samples from which his=-
tone I (Column 3) or histones I and II (Column 4) were
extracted.

A comparison of the mobility of native DNH with those
calculated (Table XVII) shows that the closest agreement is
obtained if the H/D is assumed to be between one and 1.5.
However, the observed mobilities for extracted calf thymus
DNH are in general lower than the corresponding calculated
values,

This discrepancy may be due in part to the presence in
the hlstone fractions of glutamine and aspargine instead of
the negatively charged glutamic and aspartic aclid, as was
. assumed in the calculations., If the amounts of amide found
by several investigators (76) are taken into consideration
(Table XVIII, Line d), then somewhat lower mobilitles are
calculated (Table XIX, Lines d). Again, the agreement is
best with DNE having an H/D between one and 1.5, however
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Table XVI
Hypothetical Mobilities

H/D = 1.5
Removed Histones None HI H I&II All
a)M% charge/100g DNA| 0,1819 | 0,0930 | 0.0204 0
b) % complexed DNA 58.9 30.1 6.6 0
c) % free DNA 41.1 69.9 93.4 100
d) mobility 0.895 1l.525 2,035 2.18
H/D = 1.0
Removed Histones None - o 4 B I&Il All
8 )M% charge/100g DNA| 0.1213 | 0.0620 | 0.0136 o
b) % complexed DNA 39.3 20.1 4.4 0
c) # free DNA 60.7 79.9 95.6 100
d) mobility 1+ 3525 1.74 2,08 2,18
H/D = 0.5
Removed Hlstones None HI H I&IT All
a)M% charge/100g DNA| 0.0606 | 0.0310 0.0068 o)
b) % complexed DNA 19.6 10.0 2.2 0
¢) % free DNA 80.4 90.0 97.8 100
d) mobility 1.75 1.96 2,135 2.18
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Table XVII

Comparison of Calculated And Observed Moblilities

Observed Mobilities Calculated Mobilities
DNH Samples Less Than 2 Weeks 0ld for H/D of
Salt NaC10y, NaCl 1.5| 1.0 | 0.5
Cone, '
Native DNH Fully Covered
0 o I B 1,38 0.895 | 1.325] 1.75
0.566 1.104 | 1.64
Histone I Removed
.20 1.525 1.74 1.96
0.27 F 1.435 1.39 1.26 1.57 | .87
0,30 ¥ Lie 30
Histones I & II Removed
0.40 F 1.57 2,055 | 2.,08. | 2.1355
0.45 F 1.91 1.55 1.96 2.04 | 2.11
0.50 F 1.84 1.56
All Histones Removed
1.0 F 2.05 2:.18 2.18. 1 2.18
1.8 ¥ 2.04

A1l mobilities are in units of 10~%4 cm2/V-sec.

The underlined numbers were calculated by considering mole

percent of amide (Tables XVIII and XIX).
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Table XVIII

CGalculation of Mole % Charge of DNH

Includes Amide (76)

Histones HIb H IIb H III H IV DNA
a) av. MWT/AA |103.32 |112.44 | 114.90 | 115.97 | 324
b) MZ + AA 28.6 24,3 23.9 23.4 0
c) M%Z - AA 6.8 14.3 14.3 15.1 100
d) M% Amide 2.4 BT 4.5 4.5 0
e) M% charge |[+24.,2 |+13.7 + 14,1 +12.8 =100
f) M%Z C/100g H|[+.2343 |+.1218 | + .1227 | +.1104 | «.309

+,11655
Histones H Iab |H IIab |H III(IV) RUN-OFF DNA
g) % TCA ppt 26.4 51.1 16.4 6.1 -
h) % H fract. 28,1 54 .4 17.5 0 -
1) M%Z G/100g H|+,06584|+,06626| + 02040 -.309

H/D = 1.5
3) M% 0/100g D |+.09876| +.09939| +.03060 -.309

H/D = 1.0 |
k) M% G/100g D |+.06584|+.06626] +.02040 -.309

H/D = 0.5
1) M% 0/100g D [+.03292|+.03313| + 01020 -.309
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Table XIX

Hypothetical Mobilities

/D = 1.5
Removed Histones None HI H I&II All
a) M% charge/100g DNA | 0,2288| 0,1300| 0,0306 0
b) % complexed DNA 74,03 42,07 9.90 0
¢c) % free DNA 25.97| 57.93| 90.10| 100
d) mobility 0.566 | 1.263 | 1.964 2.18
B/D = 1.0
Removed Histones None R i 5 H I&II All
a) M% charge/100g DNA | 0.1525| 0.0867 | 0.0204 0
b) % complexed DNA 49.35 é8.05 6.60 0
c) % free DNA 50.65| T71.95| 93.40 100
d) mobility 1.104 | 1,569 | 2,036 218
H/D = 0.5
Removed Histones None HI H I&II All
a) M% charge/100g DNA | 0,0762| 0,0433| 0.0102 0
b) % complexed DNA 24.68| 14.02| 3.30 o
¢c) % free DNA 75.32| 85.98| 96.70 | 100
Ql‘mobility 1.642 | 1.874 | 2.108 2,36
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the calculated mobility for fully complexed DNH 1s now

too low in comparison to the observed values. (Table XVII).

In summary, it seems as if changes in the net charge
of DNH due to the selective extraction of histones account
only quallitatively for the observed changes in mobility.
Perhaps, the selective removal of individual histone frac-
tions is not qulte as quantitative as was assumed in the
calculations, or as clearly differentiated into fractions
as indicated by our Amberlite chromatography. On the other
hand we have no guarantee that the friction coefficlent
remains unchanged during salt extraction of histones, so
that the discrepancy between observed and calculated mobi-
lities is due to structural changes of the DNH. Viscoslty
measurements on partially salt extracted DNH should clarify

this point.



5. Distribution of Hlstones Along the DNA Helix
(Heating Curve Results)

A detailed discussion of our heat denaturation experi-
ments with partially salt extracted native DNH aﬁd partially
reconstituted DNH is presented next. Possible interpreta-
tions of the results and thelr implications with regard fo
the distribution and interaction of the various histone
fractions with DNA are consldered.

Here the inherent complexity of the histone - DNA
interactlon becomes perhaps more apparent than in any of
the previous sections. The individual histone fractions
show not only distinctly different effects on the melting
behavior of DNA, but there exists the possibility that the
acid extracted histones and thelr complexes with DNA are
not structurally identical to native DNH.,

Having indicated that our electrophoresis results
show that intermolecular heterogeneity of histones bound
- to DNA is rather unlikely, we now focus our attention on
the alternative situation: the extent of intramolecular
heterogenelty of histone binding. It i1s hoped that informa-
tion concerning the distribution of histone fractions along
the DNA helix night give clues to the signiflcance of the
histone - DNA interactions and to the manner in which the
histones inhibit the RNA-priming ability of DNA,
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a) General Considerations of Heat Denaturation

Next to direct examination of the partially salt extrac-
ted, native DNH by electronmicroscopy - a distinct possibi-
lity for future work - probably the most informative data
which have bearing on this problem are those obtained from
heating experiments. In a number of treatises dealing with
the heat denaturation of DNA it is believed that a certain
minimum numbexr of basepalrs must be broken in order for
denaturation (unwinding of the strands) to proceed at a
detectable rate, Prom 10 to perhaps 100 basepairs (77) are
‘assumed to be involved in this "cooperative unit". It then
follows that longer, for instance gene-size DNA reglons
extending over about 500 basepairs, would melt close to
the temperature at which the pure DVA molecule melts. Simi-
larly, large reglons which are completely covered with his-
tones would melt like DNH, However, such a situation exists
only if the histones are bound irreversibly to the DNA,
Only fhen is it possible to melt the regions selectively.

In order to get as good a resolution of these melting
regions as possible, low ionlc strength solutlons were
used for the heating experiments. To eliminate divalent
ions, which are known to stabilize the DNA heiix against
melting (78), we used 104 F EDTA solutions (3 x 10~% N in

Na* , pH 6.3). B. Olivera's heating curves were done in
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7.5 x 10~% N Nat-ED?A (pH 8). For the first medium the mid-
point of the melting profiles (Tm) for DNA and DNH differ
by 39.5° C, in the second medium the difference is about
300 0., Thus, 1f the extracted DNH consists of any kind of
alternating sequence of gene or larger size DNA and DNH
regions, we would expect a rather distinct two step melting
curve with a separation of about 409 C between the two
steps (30° C in the other solvent). If in the other extreme
the remalning histones are randomly distributed along the
DNA strand, only a broad melting curve should be observed
and the Tm should decrease in proportion to the amount of
histones extracted.

On the other hand, if the histone - DNA interactions
are reversible and the histone molecules can migrate aléng
the DNA, then it becomes more difficult to predict the melt-
ing behavior of the DNA, We must now consider the relative
strength of histone binding to native as against denatured
DNA -and the possible redistribution of the histones along
the DNA during heating.

If a redistribution of histones occurs during the melt-
ing of only sparsely covered DNA regions, so that the more
. thickly covered, still native regions are even more stabi-
lized against denaturatlion, then one should expect a melie=
ing behavior similar to that ohserved with magnesium DNA

(79). In this case the melting profile of DNA is consider-
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ably broadened as small amounts (less than one equivalent
of Mg** per phosphate) of Mg** are added %o the DNA solu-
tion. The melting curve remains essentially symmetrical
around Tm. This behavior was explained by the migration of
Mg** ions from denaturing regions to still-native regions
whose stabllity they enhance.

Alternatively, if histones were bound more strongly
to denatured DNA (an unlikely assumption if the hlstones
are really the agents controlling the genetic activity of
native DNA) then the melting curves should be similar %o
those observed with ribonuclease (80). Here the overall
effect 1s a destabilizatlon of the DNA hellx at low lonic
strength, which manifests 1tself by a decrease in the melt-

‘ing temperature,
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b) Heating Curves of Reconstituted Calf Thymus DNH

Heatlng experiments with native DNH and with reconsti-
tuted DNH I, DNH IIb and DNH III(IV) rule out the possibi-
1lity that any of the histone fractions bind denatured DNA
more strongly than native DNA, But here ends the behavior
common to all histone‘fractions. The interesting differences
that exlist between the varlious DNH preparations will now be
discussed in turn. The experiments with reconstituted DNH
were performed by B. Olivera and the interpretation of the

data is the product of long hours of mutual discussion.

Figures 48 to 50 summarize Olivera's heating experi-
ments with reconstituted calf thymus nucleohistone prepara-
tlons which varied in their histone coverage as determined
by Bopge Figure 48 shows the denaturation behavior of
partially reconstlituted DNH I. The curves mimic those of
Mg**-DNA (79): The melting profile of DNA is broadened
considerably when even a little (H/D = 0,18) histone I is
assocliated with the DNA; the profile sharpens beyond that
of native DNH as the histone coverage becomes more com-
plete., The Tm increases with increasing amounts of agsoci=-
ated histone I until a melting temperature highexr than
that of fully complexed native DNH 1s reached.
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Mgure 48

Heat denaturation curves of reconsiituted calf thymus

- DNH I compared to calf thymus DNA and native DNH,

The samples were heated in 7.5 x 10=% N Na+ EDTA (pH 8)
in the Gilford Dby B, Olivera.

Results TmOC | % H |Slope |Acgo |Repo | B/D | AOC
DNA 46.7 | 37.6 | T.66 | 0.848 |1.66 - 13,0

rec. DNE |[59.8 |36.6 | 2.49 |0.724 |1.33 | 0.18]| 32.8
n & 67.5 | 35.7 | 3.33 | 0.744 [1.17 | 0.38| 30.4
" Y 76.8 |33.7 | 5.28 |0.786 [0.98 | ©0.72| 18.1

DNH. - 76.2 | 36.0 | 3.61 | 0,860 |0.81 | 1.16| 24,6
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The results are interpreted similarly to those of Mg**
DNA: Histone I binds stronger to native than to denatured
DNA., It 1s capable of traveling along the DNA strand to
still-native regions as melting of partially covered regions
~ progresses accounting for the pronounced broadening of the
transition at low histone coverage. (That histone I can
migrate between DNA reglions and molecules has already been

mentioned in the section on electrophoresis).

Reconstituted DNH IIb (Pig. 49) is not as stabilized
against melting as DNH I at comparable H/D, which is most
likely due to the lower net positive charge per weight of
histone IIb (Table XV}. The normalized slope of the curves
at Tm changes only slowly with the amount of histone IIb
associated with the DNA, The Tm increases in proportion to
‘the amount of histone IIb bound to the DNA,

Figures 50 and 51 show the renaturation behavior of
two DNH IId samples differing in their H/D. For comparison
a sample of DNA (Fig. 52) was renatured simultaneously with
the other two samples. Aslde of the previously discussed
differences in Tm and the constancy of the normalized
slopes at Tm of the DNH IIb samples, the most striking
~difference between the DNA and the DNH IIb renaturation
curves 1s the shape of the "hysteresis" loops. The width
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FPigure 49

Heat denaturatlon curves of reconstituted calf thymus
DNH IIb compared to calf thymus DNA and native DNH.

The samples were heated in 7.5 x 10=4 N Na+ EDTA (pH 8)
in the Gilford by B, Olivera.

Results ™m®C | % H |[Slope (&pgo | Rooo | B/D | A°C|ay00
DNA 46,7 |37.6 | T.66 | 0.848 | 1,66 - 13.0
rec, DNH |50.1 [33.8 | 2.75 | 0.54 | 1.20 | 0.34 | 30.5
" " 61.5 |31.0 | 2.95 |0.59 | 0,98 | 0.72 | 32.0
5 " 67.6 |3L.0 | 3.57 | 0,60 | 0,91 | 0,88 | 31.0{0,038

DNH. . 76.2 |36.0 | 3.61]0.86 | 0.81 | 1.16 | 24.6
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Figure 50

Heat denaturation and renaturation curves of reconstituted
calf thymus DNH IIb in 7.5 x 10=4 N Na* EDTA (pH 8)., Sample
and heating experiment by B. Olivera in the Gilford,

Results ™mOC | % H Slope | Aogo | Reoo | H/D
Overall 48,7 | 35.6 | 2.90| 0,514 1.18 0.38
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Figure 51

Heat denaturation and renaturatiﬁn curves of reconstituted
calf thymus DNH IIb in 7.5 x 104 N Na+ EDTA (pH 8)., Sample
and heating experiment by B. Olivera in the Gilford.

Results ™m0 | % H. | Slope | Logo | Rogo | H/D
Overall 59.2 | 32.6 | 2.67 [0.536 | 0.994| 0.69
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Figure 52

Heat denaturatioa and renaturation curve of calf thymus
DNA in 7.5 x 10=% N Nat EDTA (pH 8). Sample and heating
experiments by B. Olivera run in the Gilford.

Results | Tm®C | % H |Slope |40 |Ro20

|Overall | 45.7 | 37.2|20.83 | 0.485|1.58
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of these 1oopé is obviously related to the rate of renatur=-
ation of the DNA strands. Wider loops indicate a slower
renaturatlon rate than narrow loops.

On the molecular level we may interpret the width of
the loops in terms of the length of denaturing DNA regions.
Thus, i1t seems as 1f the denaturing regions in reconstitu-~
ted DNH IIb are considerably shorter than those in DNA and
therefore can reanneal more readily. The fact that the
‘loops do not become larger as more of the DNH IIb is dena-
tured suggests that histone IIb cannot migrate along the
DNA strand, Since the extent of renaturation of partially
denatured DNH IIb is similar to or even slightly less than
that of DNA, it seems as 1f the histone molecules are bound
t0 single DNA strands and remain bound even after denatur-
ation, The lower recovery of denatured DNH IIb compared to
that of DNA, which 1s especially noticable at higher H/D,
may be due %0 a certaln degree of lnterference by the his-

tones with renaturation.

Before considering the results with reconstituted
DNH III(IV) it should be pointed out that the preparation
of these complexes is quite &ifflcult because of the ten-
dency of these materials to precipitate. The H/D values,
which are based on the Rppg of the solutions of these

gsamples may be considerably too high since the complexes
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were not separated from any non-complexed histone III(IV).
From the mobility of thg most highly complexed DNH III
(H/D = 0.78) which is 1.8 x 10~% cm2/V-sec we would calcu-
late that only 17.5 % of the charge of pure DNA is com-
plexed, & result incompatible with the high H/D ratio.

In splte of these unceritainties, it is worthwhile to
consider the denaturation results obtained with DNH III,
for even the qualitative data are rather interesting, espe-
clally in comparison to the results with partially salt
extracted, native DNH.

The melting curves of partially reconstituted DNH III
(IV) (Pig. 53) are most difficult to interpret in view of
what is known about the melting behavior of DNA, DNH III(IV)
wlith low histone coverage shows a peculiar skewing of the
upper parts of the melting profile towards higher tempera-
ture. Increased coverage leads to 2 pronounced broadening
of the transition with the last melting reglons even more
stabllized than those of native DNH. This fact suggests
that the binding of =zcid extracted histone IIT(IV) to DNA
is more intimate than that of “native" histone III(IV).
Perhapé, acid extraction has aitered the structure of
histone III(IV).

Quite unusual is the remarkable ability of DNH III(IV)
to renature (Figures 54 to 56, Table XX). Already, if small
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Flgure 53

Heat denaturation curves of reconstituted calf thymus
DNH III(IV) compared to calf thymus DNA and native DNH,
The samples were heated in 7.5 x 104 N Na+t+ EDTA (pH 8)
in the Gilford by B. Olivera. ‘

Results Tm®C | % H |Slope | Aogo | Rezo | H/D

DNA. . 1“6.7 37- 6 7-66 09848 1.66 -
49.9 | 36.0 | 7.58|0.530 |1.32 | 0.18
53.0 | 36.0 | 4.69 | 0.473 | 1.06 | 0.56
63.8 | 36.0 | 2.31 | 0.555 | 0,89 | 0.93

DNH. 76.2 [36.0 | 3.61 | 0.860 |0.81 | 1,16
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Figure 54

Heat denaturation and renaturation czrve of reconstituted
calf thymus DNH III(IV) in 7.5 x 10=+ N Nat EDTA (pH 8).

Sample and heating experiment by B. Olivera in the Gilford.
Regults TmOC | % H | Slope | Apgo | Rpoo | H/D

Overall 49.4 | 32,8 8.99 | 0.784 11,32 | 0,18
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Figure 55

Heat denaturation and renaturation curve of reconstituted
calf thymus DNH III(IV) in 7.5 -x 10~% I Na* EDTA (pH 8).
Sample and heating experiment by B, Olivera in the Glilford.

Results TmOC | % H | Slope | A2gp | Re2o | H/D

Overall B2«3 | 32.5 5.62 | 0,832 | 1,06 0.56
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Figure 56

Heat denaturation and renaturation cﬁrve of reconstituted
calf thymus DNH III(IV) in 7.5 x 10=4 N Na+ EDTA (pH 8).
Sample and heating experiment by B. Olivera in the Gilford,

Results ™m9C | # H | Slope | L2560 | Rezo | H/D

Overall 5971 33.6| 2.69 | 0,789 0.94 0.81




40|

w
o
|

HYPERCHROMICITY
S
:

%
o
|

l I | ]

| I

i)
40 60 80 100
TEMPERATURE, °C

Figure 56

69¢



370

Table XX

Renaturation of C. T. DNA

% Denaturation at T °C % Renaturation
60 46 qe
87 51 50
96 58 35
100 97 23

Renaturation of C, T, DNH IIb (H/D = 0.19)

% Denaturation at T °C % Renaturation
43 46 60
58 Bl 58
T2 58 54
100 o7 20

Renaturation of C. T. DNH III(IV) (H/D = 0.12)

% Denaturation at T °C % Renaturation
63 50 100
89 58.5 g2
9% 66 58,
100 100 14
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~ amounts of histone III(IV) are complexed to DNA (H/D = 0,18)
a striking effect on the degree of renaturation 1s observed,
even though the Tm is not increased appreclably. The re=
covery of the native absorbance is 100 % even aftEr 63 %

of the material has been melted, It still recovers 92 %
after as much as 89 % has been melted. The contrast with
the behavior of pure DNA is obvious (Fig. 52): It recovers
~only 72 % after 60 % are melted and only 50 % after 87 %

are melted (solvents and rate of heating and cooling were

of course identical).

As the histone III(IV) coverage is increased, the
phenomenal recovery observed with the H/D = 0,18 material
1s somewhat lowered, although it is still considerably
higher than DNA, This slight lowering in the effectlveness
of histone III(IV) is most probably caused by the effects
of the higher temperatures required to give a comparative
percentage of hyperchromiclty. From the unsymmetrical shape
of the DNH III(IV) melting curves it may be inferred that
histone III(IV) does not move along the DNA chain like his-
’tone I and from the completeness of the renaturation it can
be deduced that histone III(IV) binds to both DNA strands.

This tends to keep the complementary strands in register.
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The width of the "hysteresis" loops, which are com-
parable to those of DNA (Pig. 52) indicate little if any
effect of histone III(IV) on the rate of renaturation of
the DNA, Thus, 1t seems as if the crosslinks due to his-
tone III(IV) are rather large distances apart, Since the
width of the loops does not decrease appreciably with in-
creasing histone coverage, we conclude that the number of
crosslinking units does not increase in proportion to the
histone coverage. Indeed, it may be possible that additional
histone molecules tend to aggregate at the same sites as
the original crosslinking sites. Whether such aggregation
would increase the Tm to the extend observed cannot be de=-

termined with certainty.
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¢) Heating Curves of Native Nucleohistones

Figures 57 to 59 show a number of typical melting
curves of partially dissocilated, native nucleohistone sam- .
ples. The first set of curves (Pig. 57) illusitrates the
effect of Nall extraction of native calf thymus DNH, All
samples were prepared by batch sedimentation and resedimen=-
tatlon in solutions contalning the indicated salt concen=-
trations,

Figure 58 shows the effect of NaClOy extraction for
comparison. It is immediately obvious that Na0104 extraction
is more efficient than NaCl extraction, since comparable
salt concentrations lower the Tm considerably more, 1f the
salt is Na0104. These results support our electrophoretic
observations.

Figure 59 presents heating curves obtained with par-
tlally Na0104 extracted pea bud nucleohistones, The general
shape of these curves are similar to those of calf thymus
DNH (FPig. 58). The Tm's are higher, since the salt concen-
trations were 7.5 x 10~% N Na+ EDTA (pH 8) rather than
3 x 10~% N Na* EDTA (pH 6.3) as in figures 57 and 58.

From the shape of these heating curves 1t is immediately
obvious that neither of the two ideal cases discussed on
page 346 is applicable, Removal of histone I, e.r £+ BF O,2T F

NaCl (Pig. 57) shows up merely as a skewing toward lower
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Heat denaturation curves of NaCl extracted, native calf
thymus DNH compared to calf thymus DNA and native DNH in

3 x 10~% N Na* EDTA (pH 6.3). Extraction by baich sedimen-
tation and resedimentation, Heated in the Cary.

Results | TmoC | % H | Slope | Angg | Ropg | Days 0ld | A 9¢
DNA 39,8 | 38.0 | 6.08 | 1.03 | 1.2% - 19,0
1.94 P | 39.7 | 46.0| 5.93|0.782| 1.24 | (0)(1) 5| 58.5
initlal | 37.7 | 35.4 | T.TL 12.5
final 88.8 | 10.6 | 3.26 27.0
0.48 F 68.7 | 43.2 | 0.88|0.905| 0.90 | (7)(9)15 | 40.0
initlal | 56.1|23.0| 3.15 25,0
final 81,0 | 20.2 | 8.56 15,0
0,27 F | 73.5|42.0 | 3.23|0.905]| 0.82 | (2)(5)10| 25.7|"
DNH 79.3 | 33.2 | 4.970.89 | 0.72 | 38 19.5

(A400 =0, 068)
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Heat denaturation curves of NaClOy extracted, native calf
thymus DNH compared to calf thymus DNA and native DNH in

3 x 10=4 N Na+ EDTA (pH 6.3). Extraction by batch sedimen-
tation and resedimentation,

Results T™mOC | %4 B |Slope | Ao | Repo | Days 01d| ACC
DNA 39.8 | 38.0 | 6.08 |1.03 | 1.24 - 19,0
0,90 ™ 40,0 | 37.4 | 6.39 |1.02 | 1.38 | (0)(2) 5| 21.5
initial 39.3 | 33.6 | T.11 13,7
final 70.5 | 3.8 | 2863 31.5
0.45 F 49.5 | 35.8 | 3.41 [1.09 | 1.15 | (0)(2) 5| 34.5
initial 47.5 [ 28.0 | 8.21 17.0
final 4.7 7.8 7.05 17.0
0.38 51.5 | 34.2 | 2.66 |1.17 | 1.17 | (0)(2) 5| 40.0
initial 47.3 |1 24.0 | 7.29 , 19.2
final 74.7 | 10.2 | 5.88 : 19.0
DNH 79.3 | 33.2 | 4.97 |.0,89 0,72 38 19.5

(Azﬂ)o =Q, 068 )
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Figure 59

Heat denaturation curves of NaClOy extracted, native pea
bud DNH czmpared to pea bud DNH and calf thymus DNA in
7.5 x 10=4 N Na* EDTA (pH 8). Extraction by batch sedimen=-
tation. Heating experiments by B. Olivera in the Gilford.

Results ™m®C | % H | Slope | 4260 | Roop | Days 01d| A9C
0.54 F 45.2 | 33.2 | T.35 | 0.558] 1.21 {4) 9 29.3
0,45 F 53.7 | 34.0 | 0,71 {0,96 | 0.84](2) 9 47.

initial 43,9 1 17.6 | 7.67 11.0
final 78.3 | 16.4 | 2,12 36.0
0.36 P 65.6 | 33.6 | 1.38 | 0.535| 1.10| (0) 9 4y,

initial 48,5{16.0 | 4.13 21.6
final 77.0 | 17.6 | 3.64 21.4
DNH 77.2 | 34.7| 2.94 [0.60 | 0.63] 11 23.4
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temperature of the lower part of the DNH melting curve,
indicating that histone I is distributed fairly evenly
along the DNH., Removal of histone I and II by higher salt
concentrations produces the two step profiles, while ex=-
traction with 1,94 P NaCl or 0.9 F NaCl0, gives DNA-like

melting as expected after total removal of histones.

The two step melting profiles are most plausibly
explained by non-random distributions of the histones still
associated with the DNA, 1., e, histones III and IV. Since
the steps are not too sharp, 1t is belleved that the dis-
socliated reglons are either not very long, i. e. consider=-
ably shorter than the cooperative unit, or they are not

completely pure DNA regibns.

With regard to the nature of the differently melting
regilons, it is of considerable interest to investigate the
renaturation behavior of partially dissociated, native
nucleohlstones, The renaturation behavior of a2 sample of
pea bud DNH which was extracted with 0.36 F NaClO, is
shown in figure 60, For comparison, & sample of the same
material extracted with 0,54 P NaClO,;, which should remove
hlstones I and II, was heated simultaneously with the above
sample (Fig. 61). The renaturation behavior of the second

sample is indeed very similar to that of uncomplexed calf
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Figure 60

Heat denaturation and renaturation curve oﬁ
extracted, native pea bud DNH in 7.5 x 10~

(pH 8). Heating experiment by B. Olivera in the Gilford.
Age of sample:

(0) 13 days.

0.36 F NaClOy
N Na* EDTA

Results ™mC | % H Slope | 4pgo | Rezo | H/D | ACC
Overall 63.3 | 30.4 | 0,55 |0.535 | L.07 | 0.55| 43.5
1st step | 41.5 | 1l1l.2 0.94 16.7T
2nd Step 8305 902 0,071 1805
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Pigure 61

Heat denaturation and renaturation curve oﬁ 0.54 F NaCl0y
extracted, native pea bud DNH in 7.5 x 10=% N Nat* EDTA
(pH 8). Heating experiment by B. Olivera in the Gilford.
Age of sample: (2) 13 days.

Results TmOC | # H | Slope | Apgo | Rpog | /D | ACC

Overall 44,4 | 32,6 | 3.47 0.462 | 1.165| 0.39 | 15.4
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thymus DNA (Fig. 52). The behavior of the partially extrac-
ted material is thus unlike the behavior we have observed
with our reconstituted samples: The 0,36 F NaClOy extracted
sample shows clearly two differently melting regions, the
first at ™m = 41.5 °C, the second at Tm = 83.5 °C, which
incidentally is considerably above the Tm of whole, native
DNH (Tm = 77.2 ©°C). This fact suggests that some of the
_remaining, non-dissociated histones can migrate from the
denaturing regions to still-native regions, imparting to
them added stabllity. Since these histones are mainly frac-
tions II and III(IV), we were further surprised by the
relatively poor renaturadbility observed here, in contrast
t0 that found with reconstituted DNH III(IV) (PFigures 54

to 56). Especially the sudden decrease in renaturation
ability after the fourth heating cycle is qulte striking.
That the behavior is no artifact and is remarkably repro-
ducible can be seen from figure 62, showlng the results of
a similarly treated pea bud nucleohistone sample.

One possible expianation for the effect 1s the presence
of one or more single strand breaks, so that a certaln
amount of denaturation may cause a complete splitting off
of segments making renaturation unlikely. Of course, more
experiments are necessary to determine whether‘this con=-

tention is correct.
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Figure 62

Heat denaturation and renaturstion curve o£ 0.3 F NaCl0Oy
extracted, native pea bud DNH in 7.5 x 10=% N Kat EDTA
(pH 8). Heating experiment by B, Olivera in the Gilford.
Age of sample: (0) 13 days.

Results TmoC | % H Slope | Ap60 | Re2o | H/D | A CC

Overall 66.3 | 33.0 | 0.725 0.478 | 1,025 0,64 | 45,2
1st step | 40.8 9.2 C.91 10.2
2nd step | 84.5 | 12.6 | 1.10 12,0




HYPERCHROMICITY

40

w
o

20

60
TEMPERATURE,

Figure 62

80

Lo¢



388

In retrospect the following cohclusionsycan be drawn
from the heating and renaturation experliments presented:

1) Acid extracted histone fractions when reconstituted
to DNA, change its melting behavior in characteristic ways.
As judged by the H/D ratio, acid extracted histone I im=
parts the greatest stabllity against melting of DNA and 1s
capable of migrating along the DNA strand from denaturing
to still-native regilons. Acid extracted histones III(IV)
do not séem to stabilize the DNA very much, but aid con=-
siderably in its ability to renature. Acid extracted his-

. tone IIb exhibits intermediaté effects,

2) Distinct differences exist between the melting
behavior of reconstituted DNH and that of partially salt
extracted, native DNH., These differences must be due to
different, perhaps more specific arrangements of the his-
tone molecules along the DNA strands in native DNH as
compared to recounstituted DNH as well as to differences in
the histone structures of native versus acid extracted his-

tones, .
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Sumnary

The work described in the second part of thls thesis
has demonstrated the following, subject to the numerous
qualifications described in the text:

1. Histone ~ DNA complexes can be specifically dlsso-
clated by monovalent salt solutions. This specificity has
been observed with reconstituted nucleohlstones as well as
- with native nucleohlstones and has been described here in
terms of the behavior of three major histone fractlons ob-
tained by Amberlite chromatography: Histones Ia and Ib,
histones IIa and IIb, and histones III and IV.

Just as these fractions can be successively eluted from
Amberlite IRC-50 resin by increasing concentrations of GuCl,
so they can be extracted from DNH by increasing concentra-
tions of NaCl0, (NaCl).(Other salts have not yet been tried,
leaving interesting possibilities for future investigations.)
Thus, 0.1 to 0.3 F NaClO4 extracts histones I only; histones
II are extracted next by Na0104 concentrations between
0.35 and 0.5 P; histones III and IV follow at concentrations
above 0.5 F NaCl0,. Extraction by 1.0 F NaCl0, gives essen-
tially pure DNA as Jjudged by lts melting behavior, |

2. One interesting feature of the nucleohistone disso-
cilation, which was demonstrated using a novel salt gradlient

sedimeﬁtation technique, is the relative sharpness of the
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dissoclation of histone IIb from reconstituted and ngtive
DNH in comparison to the gradualness of the dissociation
of histones I and III(IV). The band center of extracted
histone IIb lies at 0.45 F NaClO, using reconstituted DNE
IIb, and at 0,42 F NaCl0, using native calf thymus DNH,
‘The significance of this observation, especially from a
biological point of view, awaits further investigations.

3. It was found that "purified" chromatin could be
dissociated just as well as the nucleohistones., This indi-
cates that the histones must be situated aloﬁg the DNA of
the chromatin at positions which are quite exposed to en-
vironmental influences and which permlt removal of the hlige
tones in spite of its more complex structure and presence
of non-histone proteins.

4, Heating experiments are presented which support the
contention that the histones are non-randomly distributed
along the DNA strands. However, the non-randomness does not
seem to extend over counsecutive DNA reglons which are much
larger than 50 to at most 200 basepairs even after almost
80 % of the histones (i. e. histones I and II) have been
extracted.

This result is particularly surprising in view of the
increased RNA-priming activity of the extracted DNH. It
- seems as 1f the non-extracted histones (mainly III and IV)

do not interfere with the ability to transcribe genetic
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information, although they do stabilize the DNA signifi-
. cantly against heat denaturation.

In order to illuminate this situation, it should be
of interest to lnvestigate the slze distribution of the
newly syntheslzed RNA as a function of the amounts of his-
tones extracted from the DNH. With regard to the specifice
i1ty of histone binding it might also be interesting to
determine the base composition of the ﬁewly syntheslzed
RNA, which should be complementary to the DNA sequences be-

ing read.

Finally a word of caution, for the fact that the DNH
complexes are selectiﬁely dissociated by iuncreasing salt
concentrations should not lead to the assumption that this
is the mechanism employed by the living cell, It is a con=-
venlent experimental procedure for studying polymer - poly-
mer binding and seems promising as a standard method for
the determination of the kinds of histones complexed to
the DNH of varlous tissues,

Furthermore, the possibility of partially removing
histones from native DNH without destroylng its blological
activity may offer interesting possibllities in studying
the synthesis of speciflic proteins and therspeeificity of
the regulation of gene activity by histones.
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Also, it may be possible by refining the techunique to
extract even more selectively a number of subfractions of
histones and to study thelir influence on the blologlcal
and physico-chemical prdperties of DNH. In this respect
,differeﬁt agents may be tried which may extract histones
from the DNH in a different order or with different overall

compositions than those extracted by NaCly,.



393

REFERENCES



394

References

1) The chromosome superstructure.

a) J. Schultz, Cold Spring Harbor Symp, Quant, Biol.,9,

55 (1941).
b) D, Mazia, T, Hayashi and K, Yudowitch, ibid., 12, 122
(1947).

¢) A, E, Mirsky and H, Ris, J, Gen, Physiol., 31, 7 (1947).

d) A, E, Mirsky and H, Ris, ibid,, 34, 475 (1950-1951).
e) Go. Zubay and P, Doty, J. Mol. Biol., 1, 1 (1959).

£) G. Zubay in The Nucleohistones, edited by J. Bonner

and P, Ts'o, Holden-Day Inc,, San Francisco, London,
Amsterdam, 1964, p. 95.
2) E. Stedman and E, Stedman, Nature, 166, 780 (1950).

3) R. C., Huang and J, Bonner, Proc, Natl, Acad, Sci., U. S.,
48, 1216 (1962).

4) B, 0., Akxinrimisi, J. Bonner and P. 0. P. Ts'o, J. Mol.
Biol., 11, 128 (1965).
5) Nucleohistone properties at varidus salt concentrations.
a) A, E. Mirsky and A. W. Pollister, J. Gen. Physiol.,
30, 117 (1946). _
b) G. Frick, Biochim. Biophys. Acta, 3, 103 (1949).

c) E, Chargaff, 0. F. Crampton and R. Lipshitz, Nature,
172, 289 (l953).
d) G, L. Brown and M. Watson, Nature, 172, 339 (1953).




395

e) P. P. Davison, B, E. Conway and J. A. V. Butler, Progr.
Biophys. Biophys. Chem., 4, 148 (1954) p. 151.

£) ¢. P, Crampton, R, Lipshitz and E. Chargaff, J. Biol.
Chem,, 206, 499 (1954).

g) K. V, Shooter, P. P. Davison and J; A. V. Butler,
Biochim, Biophys. Acta, 13, 192 (1954).

h) B. Bakay, J. J. Kolb and G. Toennis, Arch. Biochem.
Biophys., 58, 144 (1955).
1) I. H. Goldberg, Biochim. Biophys. Acta, 51, 201 (1961).

j) P, M. Bayley, B. N. Preston and A. R. Peacocke, ibid,,
55, 943 (1962).

k) D, M. P, Phillips, Progr. Blophys, Biophys, Chem,, 12,
211 (1962) p. 240. |

1) G. Giannoni and A. R. Peacocke, Biochim, Biophys., Acta,
68, 157 (1963).
m) Loc. cit. ref, 4).
6) Low solubility of DNH at moderate salt concentrations,
a to f) loc.cit. refs. 5a, 5b, Se, 5f, 5g, 5k).
7) Degraded DNH preparations, |
a to ¢) loec., cit, refs. 1lb, 5g, 51).
d) M. E. Maver and A. E, Greco, J. Biol, Chem., 181, 853
(1949).
e) L. G. Allgén, Acta Physiol. Scand., 22, Suppl., 76 (1950).

£) J. A, V. Butler, P. P, Davison, D. W, P. James and
K. V. Shooter, Biochim, Biophys, Acta, 13, 224 (1954).




396

g ) J. A, V, Butler and P, F, Davison, Advan, Enzymol.,
18, 161 (1957).
h) E. Fredericq, Biochim, Biophys, Acta, 55, 300 (1961).

i) E, Fredericq, ibid,, 68, 167 (1963).
8) DNH as crosslinked gel.
a to ¢) loc, cit, refs. le, 5g, Th).
d) X, G, Stern, G. Goldstein, J, Wagman and J, Schryver,
Federation Proc., 6, 296 (1947).

e) P. Doty and G, Zubay, J. Am, Chem. S0C., 78, 6207
(1956).
9) Reconstituted DNH aggregates.

a) W. Hulskamp, Z, Physiol, Chem,, 32, 145 (1901) p. 161.

b) S. S. Cohen, J, Biol. Chem,,158, 255 (1945) p. 262,

¢c) M, L, Petermann and C, M, Lamb, ibid,, 176, 685 (1948).

d) E, Ohargaff and E, Vischer, Ann, Rev, Biochem., 17,
201 (1948) p. 202.

e) G. Schmidt, ibid., 19, 149 (1950) p. 157.
f) G. Prick, Biochim, Biophys. Acta; 8, 202 (1952).

g) C. ¥, Crampton, R, Lipshitz and E, Chargaff, J, Biol.
Chem., 211, 125 (1954). '

n) M. M, Daly and A, E. Mirsky, J. Gen. Physiol., 38, 405
(1955).
1) . F. Crampton, J, Biol. Chem., 227, 495 (1957).

J) N, Ui, Biochim, Biophys. Acta, 25, 493 (1957).

k) C. P, Crampton and E, Chargaff, J, Biol, Chem,, 226,
157 (1957).




297

1 to o) loec., cit. refs. 1ld, Se, 5f, Th).

10) Preparation of DNH using high salt concentrations.

a)

b)

c)

d)

e)

£)

g)

h)

i)

3)

I. Banga and A. Szent-GySrgyi, Enzymologia, 9, 111
(1941).

A, B, Mirsky and A. W, Pollister, Proc. Natl, Acad.
Sci, U, S., 28, 344 (1942).

K. G, Stern, S, C, Shen and P, Macaluso, Federation
Broc., 4, 106 (1945).

K. G. Stern and S, Davis, 1ibid., 5, 156 (1946).

D, ¢, Gajdusek, Biochim., Biophys. Acta, 5, 397 (1950)._

J. Shack and J, M, Thompsett, J, Biol, Chem,, 197, 17
(1952).

Y, Khouvine, J, Greégoire and J, P, Zalta, Bull, Soc.
Ohim, Biol., 35, 244 (1953).

L., B, Smillie, A, M, Marko and G, C, Butler, Can, J,

Biochem, Physiol,, 33, 263 (1955).

H. H, Henstell, R. I. Preedman and I. Cooper, Biochim,

Biophys, Acta, 16, 211 (1955).

K. Murrey and A. R, Peacocke, ibid., 55, 935.(1962),

k to o) loc, eit, refs. 5b, 5f, 84, 9c, 9i).
11) Preparation of histones using high salt concentrations.

a)
b)
c)

a)

I. Bang, Z, Physiol, Chem,, 30, 508 (1900).

E, Hammarsten, Biochem, Z., 144, 383 (1924) p. 389.

R. R. Bensley, Anat. Record, 72, 351 (1938).
M. M. Daly, A. E. Mirsky and H. Ris, J. Gen, Physiol.,
4, 439 (1950) p. 441,




398

e) J. Grégoire and M, Limozin, Bull. Soc, Chim, Biol,, }Q,E
15 (1954).

f) ¢. P. Crampton, S. Moore and W, H., Stein, J, Biol,
Chem,, 215, 787 (1955).

g) J. M, Luck, H, A, Cook, N, T. Eldredge, M. I. Haley,

D, W. Kupke and P. S, Rasmussen, Arch, Biochem, Bio=-
phys., 65, 449 (1956).

h) J. M, Neelin and G. C, Butler, Can. J. Biochem
Physiol., 37, 843 (1959) p. 844.

1) L., S. Wolfe and ﬁ. MeIlwain, Biochem, J,, 78, 33 (1961).

J to o) loc, cit, refs. 5£, 53, T7£, 9b, 91, 10h).

see also ref. 12).
12) Extradtion of lysine rich histone by salt.

a) E. Stedman and E, Stedmsn, Phil, Trans, Roy. Soc. Lon-
don, Ser., B, 235, 565 (1950-1951).

b) P. F. Davison and J. A. V. Butler, Biochim, Biophys.
Acta, 15, 439 (1954).

¢) J. A, Lucy and J., A. V. Butler, ibid., 16, 431 (1955).

d) L. B. Smillie, G. C. Butler and D. B, Smith, Can. J,
Biochem, Physiol., 36, 1 (1958).
e) loc. cit., ref. Sl). . 163,
13) Extraction of histones by strong acids.
4) Hydrochloric acid.
a) A. Kossel, Z, Physiol. Chem,, 8, 511 (1884),



299

b) P. P. Davison, D. W. P, James, K. V. Shooter and J.
A. V., Butler, Biochim, Biophys, Acta, 15, 415 (1954).

¢) J. M. Neelin and G. E. Commell, ibid., 31, 539 (1959).
d) D. M. P, Phillips and E. W. Johns, Biochem, J,, T,
17P (1959).
e) L, Hnilica, Experiencia, 15, 139 (1959).
f£) D. M. P. Phillips and E. W. Johns, Biochem, J., 72,
538 (1959).
g) E. W, Johns, D. M. P, Phillips, P. Simson and J, A. V.,

Butler, ibid., 77, 631 (1960).

h) L, Hnilica, E, W. Johns and J, A, V. Butler, ibid,,
82, 123 (1962).

1) J. A, V, Butler, loec, ¢it. ref. 1f), p. 38.

j to s) loc, cit, refs. 3, 5a, 51, 7f, 10g, 11d, 11f,
1lg, 11h, 12a).

B) Sulfuric acid.

a) K. Felix and A Harteneck, Z, Physiol,Chem,, 157, 76
(1926).

b) N, Ui, Biochim, Biophys. Acta, 22, 205 (1956).

c) H, J. Cruft, J, Hindley, C. M. Mauritzen and E., Sted-
man, Nature, 180, 1107 (1957).

d) H. J. Cruft, C. M. Mauritzen and E. Stedman, Phil,
Trans, Roy., Soc. London, Ser. B, 241, 93 (1957).

e) P. F. Davison, Biochem, J., 66, 703 (1957).

f£) H, C. Cruft, C. M. Mauritzen and E. Stedman, Proc, -

Roy. Soc. London, Ser. B, 149, 21 (1958).

i



400

g) J. M, Luck, P, S, Rasmussen, K, Satake and A. N.
Tsvetekov, J, Biol. Chem., 233, 1407 (1558).

h) ¢, M, Mauritzen and E, Stedman, Proc, Roy. Soc. London,
Ser. B, 150, 299 (1959).
1) ibvid,, 153, 80 (1960).

j) K, Satake, P. S. Rasmussen and J., M, Luck, J. Biol,
Chem,, 235, 2801 (1960).

k) D. J. R. Laurence, P, Simson and J. A. V. Butler,
Biochem. J., 87, 200 (1963).

1) XK. Murray, loc, cit, ref. 1f) p. 23.

m to r) loc. cit. refs. 5a, 7f, Sh, 93, 12a, 13Af).

C¢) Perchloric acid,

a) M, Ogur and G. Rosen, Arch. Biochem., 25, 262 (1950).

b) R. N. Peinstein and C., L. Butler, Proc., Soc. Exp. Biol.

Med., 79, 179 (1951).

¢) E. W, Johns and J., A, V, Butler, Biochem, J,, 82, 15
(1962).

D) Trichloroacetic acid.

a) E, H, de Nooi) and H, G. K. Westenbrink, Biochim,
Biophys. Acta, 62, 608 (1962).

b) loc. cit. ref. 1341),
E) Citric acid.
a) D. M. P. Phillips, Biochem. J,, 67, 92 (1957).

b) J. M, Neelin and E, M, Neelin, Can, J. Biochem.
 Physiol., 38, 355 (1960).



401

¢) A. L, Dounce and R, Umafla, Biochémistzx, 1, 811 (1962).

d) J. M. Neelin, loc, cit. ref 1f) p. 66,
e to g) loc, cit, refs, 7f, 1lh, 12b).
F) Phosphoric acid.
a) loc., cit. ref. 7f).
14) Amberlite chromatography of histones,
a) 0. F, Orampton, S, Moore and W, H. Stein, J, Biol,

Chem., 225, 363 (1957).

b) P. S. Rasmussen, K, Murray and J. M, Luck, J, Mol,
Biol., 1, 79 (1962).
¢ to j) loc, cit, refs, 9i, 11f, 1llg, 1llh, 13Bg, 13Bj,
13B1, 13Ed).
15) Sephadex chromatography of histones.
a) J. Porath, Biochim, Biophys, Acta, 39, 193 (1960).

b) He J. Cruft, ibid., 54, 611 (1961).
e¢) H, J, Cruft, loc. cit. ref. 1f) p. 75.
16) Carboxymethylcellulose chromatography of histones.

a) P. F. Davison, Biochem, J., 66, 708 (1957).

b) J. A, V. Butler, J. Gen., Physiol., 45, Suppl., 195

(1962).
¢) L. S, Hnillica and H. Busch, J. Biol. Chem., 238, 918
(1963). |

d to h) loc. cit., refs. 13Af, 13Ag, 13Ai, 13Be, 130c),
17) Other chromatographic procedures for histones.

a) loc, cit, ref. 13Ea).



402

18) Zone electrophoresis of histones.

a) B, M. Olivera and N, Davidson, private communications.
19) Tiselius boundary electrophoresis of histones.

a) J, L. Hall, J, Am, Chem, Soc., 63, 794 (1941) p. 797.

b) H, J. Cruft, C, M. Mauritzen and B, Stedman, Nature,
174, 580 (1954).

¢) J. A. V. Butler, P, F, Davison, D. W. F., James and
K. V. Shooter, Biochem, J.,57, XXIV (1954).

d) H., J. Cruft, C., M. Mauritzen and E, Stedman, Proc.
Roy. Soc., London, Ser. B, 149, 36 (1958).

e) L. Hirschbein and R, Rosencwajg, Compt. Rend., 251,
1309 (1960).

£) E. H. De Nooij and J. A. Niemeijer, Biochim, Biophys.
Acta, 65, 148 (1962).

g to s) loc, cit, refs. 7f, 9h, 93, lle, 1llg, 124, 13Ab,
13Bc, 13Bd, 13Be, 13Bh, 13Bi, 13Da),

20) Starch gel electrophoresis of histones,

a) E. W. Johns, D. M. P. Phillips, P. Simson and J. A.
V. Butler, Biochem,J., 80, 189 (1961).

b) J. M. Neelin and G. C. Butler, Can, J. Biochem,
Physiol., 39, 485 (1961).

c) E. W. Johns and J. A. V. Butler, Biochem, J., 84,
436 (1962).

d) K. Murray, Anal, Biochem., 3, 415 (1962) p. 423,

e to p) loc, cit, refs., 1l3Ac, l3Ag, 13Ah, 13Be, 13EBk,
13Ce, 13Da, 13Eb, 13Ed, 15b, 16b, l6c).



403

21) Acrylamide gel electrophoresis of histones,
a) He J. Cruft, Biochem., J., 84, 47P (1962).

b) H. C, McAllister, Jr., Y. C, Wan and J, L. Irvin,
Anal, Biochem,, 5, 321 (1963).

¢) H. J. Cruft, loc. clt. ref, 1f) p. T72.
22) Other electrophoresis procedures used for histones.
A) Paper electrophoresis.
a to ¢) loc cit, refs. lle, p. 19, 1llg, 13b, p. 417).
B) Ethylcellulose column electrophoresis,
a) loc, cit, ref, 1llg).
C) Glass column electrophoresis.
a) loc, cit, ref. 9h).
23) K, Murray, loc. cit, ref. 1f) p. 15.
24) Molecular weight of histones,
a) Do M. P. Phillips, Biochem. J., 68, 35 (1958).

b) R. Trautman and C. F. Crampton, J. Am. Chem. SoC.,
81, 4036 (1959).
¢) D, M, P, Phillips, Biochem, J., 80, 402 (1961).

d) G, Glannoni and A, R, Peacocke, unpublished observa-
tions reported by P. M, Bayley et al., loc, cit,
ref. 5j).

e) D. M. P, Phillips, Biochem, J., 87, 258 (1963).

£ to u) loc, cit, refs. 5h, 7f, 93, 1llg, 1llh, 13Ab, 13Af,
13Ag, 13Bb, 13Bec, 13Bf, 13Bj, 13Cc, 13Eb, l4a, 19c).



A

25) Cell, organ, and species specificity of histones,

a)

b)
c)

d)

e)

Y. Khouvine and ?, Baron, Bull, Soc, Chim, Blol., 33,
229 (1951),

E. J. Eadle and G. Leaf, Biochem, J,, 50, XXXIV (1952).

H, A, Harper and M, D. Morris, Arch. Biochem, Biophvs,.,
42, 61 (1953).
V. G. Allfrey, A. E. Mirsky and H. Stern, Advan,

Enzymol., 16,411 (1955).
BE. W. Johns, Biochem. J., 8%, 25P (1962).

f to r) loc, cit, refs. 2, 114, 1llh, 13Ah, 13Be, 13Bg,

13Bh, 13Bi, 1l4a, 16b, 19b, 20a, 20b).

26) Amberlite chromatography of histones using GuCl,

a to d) loc. cit, refs. llg, 13Bg, 13Bj, 13Bl).

- 27) D. Fambrough, Jr., private communications.

28) Aﬁino acid composition of histone fractions.

a and b) loe. cit. refs. 13Bl, 1l4b).

29) Proline incompatible with the alpha-helix of proteins,

a)
b)
c)

d)

e)

L. Pauling and R. B. Corey, Proc. Natl. Acad. Sci.
U, S., 37, 272 (1951) p. 277.
Je Te Edsall, J. Polymer Sci., 12, 253 (1954) p. 256.

H, Lindley, Biochim, Biophys. Acta, 18, 194 (1955).

A. G, Szent-GyYrgyl and C, Cohen, Sciénce, 126, 697

(1957).
J. C. Kendrew, H, O, Watson, R. E, Dickerson, D. C.

Pnillips and V. C. Shore, Nature, 190, 666 (1961).



405

£f) H. 0. Watson and J. C. Kendrew, Nature, 190, 670 (1961).

g) D. R, Davies, J, Mol, Biol., 9, 605 (1964),

30) Molecular welght of histones by end grbup determination.
a to J) loc, cit, refs. 1llg, 13Af, 13Ag, 13Bgz, 13Bj, 13Cec,
13BEb, 24a, 24c, 24e).
31) Preparation of reconstituted DNH.
&) R. 0. Huang and J. Bonner, Proc, Natl. Acad. Sci. U.
Sss 48, 1216 (1962).

b) J. Bonner, R. C, Huang and K. Murray, Federation Proc,,
22, 353 (1963).
32) R, C, Huang, J. Bonner and K, Murray, J. Mol, Biol,,
8, 54 (1964).

33) B. M, Olivera, R. C. Huang and N, Davidson, Z, Blektiro-
chem,, 68, 802 (1964).
34) Melting temperafure of reconstituted DNH.
a) L. S. Hnilica and D, Billen, Biochim., Biophys. Acta,
91, 271 (1964) p. 276.
b) loc, cit. ref, 32).

' 35) Priming of RNA synthesls by reconstituted DNH.
a to ¢) loc. cit. refs. 3, 32, 34a). '
Different results were obtained by
a) v, ¢, Allfrey, V. C. Littau and A, E, Mirsky, Proc,
Natl, Acad, Sei. U. S., 49, 414 (1963).

e) G. C. Barr and J. A. V. Butler, Nature, 199, 1170
(1963),




406

£) J. Hindley, Biochem, Biophys, Res. Commun., 12, 175
(1963).
36) loc, cit. ref. 3).

%7) loc. cit, ref. le). See also

A. R. Peacocke and B, N, Preston, Nature, 192, 228 (1961).
%8) R, C, Huang, J. Bonner and K, Marushige, unpublished
| work. See also

J. Bonner and R. C. Huang, J. Mol, Biol., 6, 169 (1963).

39) Sedimentation coefficient of native DNH,
a) R. 0, Carter, J, Am, Chem, Soc,, 63, 1960 (1941).

b to e) loc. cit. refs. le, 51, 8e, 32).
40) Melting temperature of native DNH.

a) M, F. Lee, I, O. Walkexr and &, R. Peacocke, Biochim,

Biophys. Acta, 72, 310 (1963).
b) J. Bonner and R. C. Huang, loc. cit. ref. 1f) p. 254.
¢ to £) loc, cit, refs. le, 3, 32, 38).
41) loc. cit, ref, 40b), p. 257.
42) Residual RNA in DNH.
a) R, O, Huang and J, Bonner, unpublished results.
See also
b) J. A. V. Butler, P. F. Davison and D, W, P. James,
Biochem, J., 54, XXI (1953).

¢ to e) loc, cit. refs. le, 51, Tf).
Little or no RNA were found by

f) K. G, Stern, G, Goldstein and H, G. Albaum, J, Biol,



407
Chem., 188, 273 (1951).

g) P. F. Davison and J., A, V, Butler, Biochim, Biophys.
Acta, 21, 568 (1956).
h and 1) loc. cit, refs. 5a, Th).
43) Aggregation of histones.
a) G, Toennis and B. Bakay, Nature, 176, 696 (1955).
b) E. Fredericq, Biochim, Biophys, Acta, 55, 300 (1962).

¢ to s) loc, cit, refs, le, 5a, 5b, 5g, 51, Tg, 8e, 1llh,
llg, 12b, 124, 13Ab, 13Bb, 13Bd, 13Bf, 19b, 19¢).
See also ref. 6).
44) Degradability of histones on standing.
a) J. P. Greenstein, J, Nat. Cancer Inst., 1, 77 (1940).

b to g) loe, e¢it, refs. 5g, 5h, 51, Te, 1lOe, 11h),
45) "Impurities" found in DNH.
A) RNA.
See ref. 42), Also loc. ecit., refs., 5h, 5k, 134ADb).
B) Non-histone protein.

a) D, Hamer, Brit., J. Cancer, 7, 151 (1953).
b) B. Bakay, Federation Proc., 13, 178 (1954).

¢) E. Fredericqg, E. J. Bigwood and Cl, Wodon, Arch,
Intern. Physiol, Biochim., 69, 639 (1961).

d to h) loc, e¢it, refs. 5a, Th, 10b, 13Ab, 42g).
C) Lipids. |
a) J. R, Baker, Quart, J. Microscop., Sci,, 87, 441
(1946).




408

b) J. Chayen and P. B. Gahan, Biochem. J., 69, 49P
(1958).

¢) M. H. F. Wilkins, G. Zubay and H, R. Wilson, J. Mol.
Biol., 1, 179 (1959) p. 182,

d) L. Hirschbein, Compt., Rend., 250, 222 (1960).

e and f) loc., e¢it., refs. 5h, Th).
D) Enzymes.
a) loc, cit. ref. 42f1).
E) Hexoses.
a) loc, eit, ref., Th).
_F) Salts,
a and b) loc, cit, refs. 5h, 42g),.
46) loc, cit, ref., 5k).
47) Aggregation of histone fractions.
a) L. Ahlstrém, Arkiv Kemi, 24A, No, 31 (1947).

b to f£) loc, cit. 104, 1l3Aa, 13Ab, 13Bb, 13Bf).
Also ref. 43).
A) Aggregation by base.
a) Wo L. Bloom, D, W, Watson, W, L. Cromartie and M,
Preed, J. Infect, Diseases, 80, 41 (1947) p. 48.

b) W. L. Bloom, B. Codgell and G. T. Lewis, Cancer
Res., 10, 205 (1950).
¢) N. Ui, Bull. Chem. Soc. Japan, 27, 392 (1954).

d to J) loc, cit. refs. 5a, 5h, 9J, 13Bf, 19b, 25e,
43a).



409

B) Aggregation by high salt concentration.
a to e) loc, cit. refs. 5h, 9j, 124, 13Bf, 43a).
0) Aggregation as a function of histone concentration,

temperature and time.,
a and b) loc. cit. refs. 13Ab, 13Bf),
48) Aggregation a8 a means of separating histone fractions.
a to ¢) loc, cit. refs. 9), 13Bb, 13Bh).
49) Extinction coefficient of DNA and DNH.
a) E, Chargaff and R. Lipshitz, J, Am, Chem, Soc., 75,
3658 (1953).
b to i) loc. cit. refs. le, 5a, 5f, 53), 7h, 8e, 10j, 40a),
50) Extinction coefficient of peptide bond.

a) A, R, Goldfarb, L., J. Saidel and E, Mosovich, J, Biol,
Chem,, 193, 397 (1951).
b) A. R, Goldfarb and L., J, Saidel, Science, 114, 156
(1951).
51) R, H, Jensen, private communications.,
52) D, Tuan, private communications.
53) R. F. Stewart, private communications.
'54) W. P, Dove, Ph, D, Thesis, California Institute of
Technology, 1962, p. 27.
55) B. M., Olivera, P, Baine and N, Davidson, Biopolymers, 2,
245 (1964).
56) Beckman Instrument Co., Inc., Spinco Division, Palo
Alto, Calif., Tentative Procedure "Use of Flat Bottom
Quartz Tubes in SW39 Rotors", 1963.



410

57) J. Kaspar, private communications,

58) J. Vasilevskis, Ph. D, Thesis, California Institute
of Technology, 1963, p. 1ll.

59) J., Vasilevskis, private communications,

60) R, C, Lief, Ph, D. Thesis, California Institute of
Technology, 1964, p. 36.

61) H, K, Schachman, Ultracentrifugation in Biochemistry,

Academic Press, New York, London, 1959, p. 10.

62) Approximation for the statistical average,

63) 0. H. Lowry, N. J. Rosebrough, A, L. Farr and R. J.
Randall, J. Biol. Chem., 193, 265 (1951).

64) S. Moore and W. H. Stein, J. Biol. Chem., 176, 367
(1948).

65) W. J. Dreyer, private communications,

66) R. ¢, Huang, private communications,

67) M; E, Reichmann, S, A. Rice, C. A. Thomas and P, Doty,
J. Am, Chem. Soc., 76, 3047 (1954).

See also loc, cit, ref. 3%9a).
69) Loc, cit. ref. 61) p. 90.
70) F. Fujimura, private communications.
71) Loc., cit. ref. 1l4b),
72) J. Bonner and R. C. Huang, private communications.
73) Loc., cit. ref. 33a).
T4) Loc. cit, ref, 55).

75) Loc, eit, ref. 32).



411

T76) Determination of amide in histones.
& to ¢) loc, cit, refs, 11f, 13Af, 13Bg).
77) Cooperative melting unit of DNA.
a) C. A. Dekker and H. K. Schachman, Proc., Natl. Acad.

Sei, U. S., 40, 894 (1954).

b) S. A. Rice and P. Doty, J. Am, Chem, Soc., 79, 3937

(1957). | ‘
¢) S. A, Rice, A, Wada and E. P, Geiduschek, Discussions

Féraday Soc., 25, 130 (1958).

d) A. R. Peacocke and I. O, Walker, J, Mol, Biol., 5,
560 (1962).
78) G. L. Eichhorn, Nature, 194, 474 (1962).

79) W. F. Dove and N, Davidson, J, Mol, Biq;&,ﬁ, 467 (1962).

Loc, cit, ref. 54) p. 51.

80) G, PFelsenfeld, G, Sandeen and P. H, von Hippel, Proc.

Natl, Acad. Sci. U. S., 50, 644 (1963).



412

PROPOSITIONS



413

Proposition I

It 1s proposed that the interaction of silver iouns
with baslic proteins and polypeptides be investigated, in

order to establish

1) whether arginine and lysine side chains show differ-
ences in thelr formation of metal complexes,

2) whether arginine-rich proteins can be selectively
precipltated in proportion to their arginine content.

As has been shown in the preceding thesls, detection
and characterization of individual histone fractions was
rather complicated and non-quantitative due to the necessity
of having to work at lowvconcentrations in order to avoid
preclpitation of histones at the salt concentrations used
for thelr dissociation from nucleohlstones., In searching
for a way to simplify detection and quantification of these
histone fractions, several reports were found in the litera-
ture (1) stating that histidine and arginine may be precipi~-
tated selectively from a mixture of amino acids by the addi-
tlon of silver ions. Histidine precipitates at pH 7, argi-
nine at pH 9, while lysine (2) precipitates much less read-
ily. If a simllar selectivity of complex formation can be
detected in the case of basic proteins, like histones, which
are classifled according to their arginine to lysine ratio

(Table I) - their histidine concentration belng smell and
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rather invariant - 1t should be possible to detect and
characterize small amounts of these proteins by ﬁsing
radioactive silver.

Unfortunately, no binding studies of silver %ith basic
‘ proteins have been found in the literature, although there
are numerous reports of interactions of silver with ehzymes
and proteins (3). In some cases the interactions have been
investigated in more detail. Thus, it was found that silver
ions bind stoichiometrically to the imidazole group of his-
tidine (4), but there is some indication that other groups

such as - SH (5) and probably also arginine and/or lysine
participate in the silver binding as well, Since the histones
do not contain cysteine, the binding capacity of silver for
-SH: groups does not interfere in this case.

In order to determine the likelihood of silver binding
to basgslc amino acld resldues, it may be instructilve 1o com-
pare the data avallable on amino acids and related compounds.
Association constants for Ag-arginine have been reported (6),
but there are no data for Ag-lysine for comparison. The only.
comparable data available are those of complexes with diva-
lent Co, Cu, Mn, Ni, Zn, and Fe (Table II)., Except in the
case of Fe, the complexes with arginine are always somewhat
stronger than with lysine, suggesting that similar observa-

tions may be expected with silver.
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Table II
First Association Constants (log Kqp)
20 or 25 %
Ligand H* Agt lHg't |outt [cott | Matt| witt| zdt | pett
biguanide|13.25 11.9 9,16
arginine [12.48 | 3.2 T34 | 3.7 | 2.64] 4.92]4.19 2.86
lysine 10,72 6.8 | 3.4 12.18] 4.4 | 3.8 | 4.5
Me-NH, [10.72 | 3.15| 8.6
Et-NH, (10.75)] 3.37
NH3 9,61} 3.4 | 8.8 | 4.25| 2.1 2.8 |2.4
glycine |(9.7) |(3.45410.3 | (8.3) [(5.0)(3.3)}6.5)[5.3)(4. )
nistidine| (9.17) 6.45 | 7.28[10.5) |(7.1)| 3.58(8.70%6.7)| 5.85
imidazole| (7.1) | 3.78 | 3.57| (4.25)(2.3)| 1.65(3.1)(2,7)] 3.20
albumin | 2.7 2.9

underlined values = X;K5 ,

values in parentheses are averages over several reported

values,
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However, the results with free amino acids should not
be strictly comparable to those with polypeptides or pro=-
teins, since in these instances only the sidechain amino
or guanidino groups are expected io act as ligands, the
alpha-amino and the carboxyl groups being part of the pép-
tide chain, Steric effects may also become lmportant in
determining the strength of the binding.

A more useful comparison seems to be that of relating
the basicity of the ligand to the strength of the complex
formed with silver ions, a&s was pointed out by Larssen (7)
and by Bruehlman and Verhoek (8). A linear relationship
exists between the pKHB’ the negative logarithm of the acid
dlssoclation constant of the ammonium lons, and log K;, the
logarithm of the first association constant of the corre=-
sponding amines with silver lons. A similar dependence of
PKyp and log KHgB was observed by Wirth and Davidson (9)
for mercury complexes. They measured the association con-
stant for guanidinium lon with mercury and found that it
fell on the straight line plot together with pyridine,
primary and secondary amines. Since Hg binding is character-
istically similar to that of Ag, an approximate PKAgGu may
be calculated by assuming that guanidinium-silver would
fall on the straight line obtained by Bruehlman and Verhoek
for the binding of Ag with ﬁyridine and primary amines, 1i.

€, 10g Kl = 0.253 log KHB+1.65 1 oo253 X 13054"'1065 = 5-080
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Compared to 3.4 - a good average value for the log Kj
of complexes of silver ions with primary amines = the esti-
mated assoclation constant for AgGu indicates that guanidine
binds silver ions 31.6 times better than a primary alkyl
amine, This comparison, however, neglects the pH dependence
of the binding. In order to evaluate this effect, a useful
relation i1s that of log K* = log (K1/ 1 + Kyp[H'] ), where
K# 1s the effective equilibrium constant expressing the de-
pendence of the silver complex association constant and the
acid dissociatioh constant on the hydrogen ion concentration.:
Figure 1 shows plots of log K¥* versus pH for arginine (ARG),
guanidine (GU), primary amines (RNHp), imidazole (IM), and
histidine (HIS).

These curves lndicate ihat the primary amines are com=
plexed more strongly than either arginine or guanidine below
PH 11; a surprising result in regard to the observed pre-
clpitation behavior. Evidently, primary amines must form
stable, soluble complexes in agqueous solution, while the
complexes with guanidine; although weaker, are much less
soluble, If a similar behavior is observed with histones,
it should be possible to precipitate histones according to
their arginine content, but the silver bound would be pro=-
portional to the total amount of basic groups and not to
those of arginine alone,

0f the numerous procedures available for the study of
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Figure 1

Plot of log K¥* = log [Kl/ 1 + K (H ﬂ versus pH for his-
tidine (HIS) imidazole (IM), guanidine (GU), aliphatic
amines 5, and arginine (ARG),

Kl is the f rst association constant for the correspond=-
ifig silver ion complex (Kj = *]/[A +[L]). Kyg is
the acid dissoclation constant % L] « [H*]/?LH*])
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metal - polymer binding (10) the following procedures should
be useful for histone - metal interactions:

1) Zone electrophoresis at low ionic strength, Histone
mobilities in 0,01 F NaCl, buffered at pH 7.5 with 0,001 M
tris buffer, range from 1.05 x 10~%4 cm2/V-sec for histone
fraction II to 1.52 x 10=% cm2/V-sec for histone fraction
T {11,12]).

2) Ultracentrifugation. Unaggregated histones have
sedimentation coefficients of 1 to 2 8 (13).

3) Equilibrium dialysis (14). 7

4) Potentiometric titrations (15).

5) Spectrophotometric methods in cases where the com=-
plex formation results in easlly measurable changes in
spectral bands (16).

If silver turns out to be sufficlently selective in
1ts complex formation, the most suitable isotope for the
detection of small amounts of complex would be Agllo,
having a half-life of 225 days and emititing 0.7 to 1.4 Mev
gamma rays and 0.4 to 1.3 Mev beta minus particles (17).
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Proposition II1

As has been shown in the preceding dissertation, the
selective extraction of histone fractions from native DNH
has made i1t possible to obtain partially extracted, native
DNH which shows a two step meliing behavior. There is good
indication that partial melting of this material and 1its
renaturation upon slow cooling results in migration of
residual histones from the melting to the more resistant
DNA regions with simultaneous sharpening of the two step
melting profile. Thus, long, DNA-like regions must have
been formed which alternate with rather fully covered DNH
reglons, Since zone eiectrophoresis of this material does
not give more than one band, 1t is concluded that the dif-
ferently melting regions exist side by side on the same
DNA moleculé. |

It 1s proposed that the possibility of separating
these regions by any one of the following procedures be
invegtigated, in order to determine

1) whether 1t is possible to isolate unique, intact
DNA regions (genes) which are active in supporting the
synthesls of messenger RNA, which in turn can support pro-
teiln synthesls, and

2) whether their base composition is different.
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Proposed Experimental Procedure:

l, The partially salt extracted, native DNH 1s par-
tially heatdenatured at low ionic strength (e. g. 1074 7
EDTA) and cooled slowly to allow renaturation to proceed %o
completion.

2. The renatured DNH, containing relatively large
regilons of free DNA, must be degraded either by

a) sonication (1),

b) shearing in a syringe (2), & homogenizer (3) or an

atomizer (4), or

¢) treatment with endo-DNAse (5).

Ideally, the DNA fragments should have a molecular
welght of 300 000 to 1 000 000 daltons, i. e, they should
be approximately of gene size, The effectiveness of the
degradation procedure can best be determined by zone electro-
phoreslis. Uncomplexed, free DNA regions should be easily
separable from DNH regions by this procedure (6).

(Preliminary experiments have shown, that vigorous
shearing of partially salt extracted DNH by passing it
through a fine syringe, resulted in considerable broadening
of the electrophoretic peak as compared to that of the un-
sheared material.)

The separated, uncomplexed DNA 1ls then tested for its
RNA priming activity by the procedure of Huang and Bonner
(7). Coupling this system with 2 protein synthesizing sys-
ten (8) makas it possible to determine, whether the iso-



429

lated DNA is enriched in some specific gene, which may be
identified by its respective protein (e. g. pea seed
globulin),

In addition, some indication of tha effectiveness of
the procedure may be obtained by determining the base
composition of the RNA synthesized at various stages of
the procedure by:

1. DNH extracted at various-salt concentrations.

2. The DNH of 1) partially heated and renatured.

3. The DNH of 2) after comtrolled degradation.

4, The DNA and DNH fractions after electrophoretic

separation,

In the last instance, a correlation between the compo-
sition of the DNA and the syntheslzed RNA should be 0b-
served,

The base composition of the DNA and RNA can be deter-
mined by hydrolysis of the nuclelc aclds and separation of
the bagen by electrophoresis (9). Other procedures that
have been used for the determination of the guanine-cytosine
content of DNA are:

" a) equilibrium density sedimentation (10),

b) column chromatography (11), and |

¢) heat denaturation (12).
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Proposition III

It is proposed that the denaturation - renaturation
behavior of DNA=-dye coﬁplexes be investigated with particu~
lar emphasls on their renaturation behavior for the follow-
ing reasons:

1) The melting behavior of DNA is now quite well under- -
stood and most changes in the melting profiles due to dye
complexing should be explainable (see below).

2) The distribution of dyes in partially denatured and
renatured DNA-dye complexes may lead to insights about the
distribution of G-C (A-T) pairs of the DNA strands.

3) The renatured complexes may give clues about the

process of denaturation.

Baslecally, there are two main features of polyion
behavior: |

a) Behavior explainable on purely eledtrostatio grounds,

b) Behavior due to other than electrostatic forces.

This division 1s useful, but somewhat arbitrary. It
‘defines electrostatic forces as those which obey the Poisson
Boltzmann equation. Quallitatively, electrostatic forces are
those responsible for most of the effects of simple counter-
ions such as alkall metals and of lonic strength on the

melting behavior of DNA,
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Since the behavior of DNA due to non-elecirostatic
interactions 1s generally régarded as of greater intrinsic
interest, 1t 1s desirable to choose conditions such that
the electrostatic effects due to simple counterions are
elther minimized or are used to swamp out electrostatic
interactions of the bases, so that the non-electrostatic
effects may be observed separately. _

The cholce of experlimental conditions will depend upon
the strength of the complexes formed:

1) The binding to DNA of dyes which are not charged
should be relatively independent of the counterion concen-
tration. Melting studies of these complexes would be use-
ful for gaining knowledge about purely non-slectrostatic
effects (1),

2) The binding of charged dyes to DNA may be either
strong or weak.

a) Strong binding may be defined as binding which is
sufficlently strong so that the dyes are bound at salt con-
centratlions high enough to swamp out most electrostatic
effects., Any change in the melting behavior at these salt
) ooncentrations should then be due mainly to non-eleciro-
static interactions of dyes and DNA,

b) Weak binding may be defined as binding which is
signiflcantly affected by varliatlons in the lonle strength
of the DNA solution., In order to study this kind of binding
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it is necessary that counterion competition for the sites

be minimized by lowering the ilonic strength of the DNA solu-
tion as far as possible without causing spontaneous denatur-
ation of the DNA, This will assure that the effect of dye
binding on the melting behavior is maximized, due to the
combined actlon of electrostatic and non-electirostatic for-

ces,

Speclfic considerations with proflavine as model dye:

Two distingulshable types of binding of proflavine to
DNA were found to exist (2). The first and strongest bind=-
ing is characterized by binding of an individual dye mole=-
cule per 5 nuéleotide pairs, It is the binding of greatest
interest and has been explained in terms of intercalation
(3). _

The second type of complex was studied extensively in
the case of acridine orange (4). It is due %o weaker binding
and involves stacking of dye molecules presumably along the
phosphate groups on the outside of the DNA and is regarded
as less Interesting from a biological point of view,

All studies concerning the proflavine - DNA interaction
indicate that the binding is reversible.

Turning now to the effect of the strong binding on the
melting behavior qf,DNA at equllibrium, it should be possible

%0 confirm:
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1) the reversibility of the binding, and

2) to determine the relative binding ability of native
versus denatured DNA.

Reversibility of binding can be tested by adding uncom=-
Plexed DNA to a solution containing the DNA-dye complex, If
the melting profile of the mixture shows one step only, the
binding 1s reversible, A two-step behavior will indicate
non-reversible binding and should not be observed with pro-
flavine-DNA.

If native DNA binds more strongly than denatured DNA,
the melting curves should be broader than those df unc om=-
plexed DNA, for the dyes will migrate from the denatured
reglons to regions which are still native.

If denatured DNA binds more strongly than native DNA,
the melting profile should be steeper than that of uncom-
plexed DNA and the Tm should be lower than that of pure
DNA, Should the binding to denatured DNA be very sitrong,
it may be possible to denature the DNA merely by lncreasing

the dye concentration,

With regard to renaturation and especially partial
denaturation and subsequent renaturation, it has not yet
been possible to develop a rigorous theory because of the
complexity of the phenomenon and the lack of detalled

studies, Nevertheless, some conclusions may be reached
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from previous work with pure DNA, The two fundamental
parameters whlch are of interest in renaturation studies
are:

1) the completeness of renaturation, and

2) the rate of renaturation,

In order to obtain meaningful renaturation results, 1t
1s 1lmportant that chemical changes during denaturation
(depurination, phosphate bond breakage etc.) are prevented
or at least determined by independent measurementis. It has
been reported, that dye binding may increase the susceptli-
bility of DNA to degradation (5).

FPurthermore, the rate of heating and cooling of the DNA
solution should be slow enough to assure that no further -
changes 1n the extent of helix-coll transitions dceur at
the temperature at which readings are taken. If the rates
towards helix-coll equilibrium are very slow, extrapolation
- %0 infinite time may have to be made for each recorded
'temperature.

It is known that renaturation can be significantly
enhanced by lowering the temperature some 10 to 20 degrees
below that used for denaturation, However, under these cir-
cunstances renaturation is not an equilibrium process and
a hysteresls curve of absorbance versus temperature 1s
obtained (Fig. 1). It may be posslble to use the width of

the hysteresls loop under standard cooling rates as an



Flgure 1

Heat denaturation and renaturation curve of calf thymus
DNA in 7.5 x 10-4 N Na* EDTA (pH 8). Sample and heating
experiment by B, Olivera run in the Gilford.

Results | TmOC | % H | Slope | 4ngp |Re20
Overall | 45.7 37.2 | 20.83 | 0.485(1.58
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empirical parameter for the rate of renaturation, 1f appro-
priate calibration ex?eriments can be performed or if a
theoretical relation can be found between the rate of cool-
ing, the loop width, gnd the rate of renaturation.

In whichever way the rate and extent of renaturatlon
are determined, they will permit valuable conclusions about
the interactions of dye molecules and DNA: _

If the rate of renaturation of DNA is significantly
increased by dye complexing, it can be concluded that the
dye elther crosslinks the DNA strands or maintains a struc-
ture in the denatured regions which makes reannealing more
favorable,

The effeets on renaturation of crosslinking of DNA
strands by chemical means has been investigated by Geldu-
schek (6). If dyes act in a similar way, as would be expected
if the intercalation model by Lerman were correct (Fig. 2)
(7), fast reannealing rates should be observed with DNA=-dye
complexes, They should correspond to those of chemically
linked DNA., Of course; fast reannealing rates will only be
observed, if the DNA-dye complex is not completely denatured,
. for in contrast to covalent binding, the non-covalent dye=-
DNA interactions would then be destroyed., If crosslinks
between non-complementary palrs have formed either before
or after denaturatio@, they will reduce the completeness
of the renaturation.iThe effect on the rate may depend

greatly upon the detdiled mode of crosslinking,
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Figure 2

A molecule of proflavine superimposed over a nucleotlde
pair with the deoxyrlbose phosphate chain in the extended
configuration (L. S. Lerman (3b)).



Ldcd;

Interpretation of the renaturation results will beconme
more difficult, if dye bilnding 1s base pair specific. In
native DNA there are 16 distingulshable arrangements of
nelghboring basepalrs. After denaturation the bases may
come togethei in any of 256 different quartets, for it is
concelvable that the dyes may have special affinities for
nqn-Watson-Grick base pairing. In order to determine the
degree of specificity under these circumstances, binding

studies with model DNA molecules seem absolutely essential,

If the dye binding is specific for any particular base
pairing, 1t may be possible by electron microscopy to deter=
mine regions along the DNA which consist of sequences of
these basepairs. Should the selective binding be stronger
to denatured DNA, it may be possible by partial denaturation
to denature the strongly binding base pairs first and, by
investigating the DNA after progressive stages of denatura-
tlon, to determinertheir distribution along the strand.

Similar denaturation - renaturation experiments with
dyes which bind more strongly to denatured regions, should
permit "freezing" of early denaturing regions, since dye
complexing should prevent their reannealing. Thus, it
should be possible to observe whether denaturation can -
start in the middle of DNAlstrands at particularly heat
labile reglions or only at the ends.
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Proposition IV

Because of their biological and industrial importance,
phosphorus and 1ts compounds have been investigated by
biologists and chemists alike (1). Many interesting phenom=-
ena have been studied, such as hydrolysis reactions in the
presence and without enzymes, complex formation with metals,
proteins and organic compounds, reactions of phosphorus
halides, metal phosphides etc.

One problem, however, seems not to have been consldered
in great detall at all: The extent of stereospecific com=
plex formation of phosphates with other compounds. There
have been Innumerable reports of specific metal idn binding
to phosphates (2), of the ability of phosphates to precipi=-
tate macromolecules like proteins (3), and of the ability
of nitrogen bases to precipitate polyphosphates (4), dbut
whether these interactions are primarily lonic or influenced
by stereospecific interactions is not known.

In the following, a system and procédure are proposed
by which the exlistence of stereospecific interactions be-
tween nitrogen bases and phosphates may be investigated._ln
particular, the interaction between the guanidinium group
and phosphates shoﬁld lead to stereospecific orientation

according to the scheme shown in figure 1 (5).
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Flgure 1

Proposed stereospecific orlentation of a guanidinium
group with a phosvhate ion. The numbers indicaie bond
length in Angstrom. The N-C-N and 0-P-0 angles are
both 123 degrees.
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The resonance theory predicts (6) that both -NH,
groups of the guanidinium residue, and both singly-bonded
oxygen atoms of the phosphate are egulivalent and that con-
siderable pi-bonding stabilizes these ionized groups. (In
fact, the stability of these groups is such, that the N-P
bond in phosphagens (7) constitut;s a rather high energy
state with regard to its hydrolysis products, making these
compounds the prime energy storage compounds of the aniﬁal
kingdom, )

As the above figure illustrates, the bond distances
and angles of guanidinium and phosphate complement each
other such that it might be conceivable that thelr inter-
actions, although probably mainly ionic, lead to consider-
able stereospecific alignment of the charged groups with
respect to each other, If such alignment can be demonstrated
in the case of monomers, its effect on polymeric substances
should be cumulative and may be of profound biologlcal
importance.

It 1is suggested, therefore, that the nuclear magnetic
resonance spectra of NaH2P04 and similar phosphates (8) be
studied in relation to changes in the concentration of
arginine-Nl5 or creatine-N15 in aqueous solution., Splitting
of the NMR band of phosphorus should be an indication of
strong, partlally covalent linking of B3l 4o W12, A 1:2:1

triplet would result. The N12 peaks would be split into
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two equal peaks each. However, spin-spin coupling may not
be very likely. The strongest interactions that may be
observed will probably cause only broadening and perhaps
shifting of the phosphorus band due to restrictions in the
rotation of the interacting moieties (9).

In order to determine whether there exists a preferred
stereospecific interaction between guanidinium and phosphate,
the observed shifts should be compared to shifts obtained
with compounds containing only an ammonium'group instead

of a guanidinium group.
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Proposition V

Ozone 1s one of the more economic and speciflc oxi-
dizing agents (1) and it is surprising that it is not being
used more widely for the many oxidations required in organic
reactions, The only major application for ozone so far has
been the result of its high specificity for the carbon=-
carbon double bond (2). Any ozonides which may be formed in
inert solvents are generally not isclated due to their relaw-
tive instability and are reduced with Zn and mineral acid
or hydrogen and Pt to aldehydes or ketones (3). In reacti&e
solvents, however, like water or alcohols, ozonldes do not
form and one obtalins thg peroxides or alcoxy-peroxides by
addition of solvent molecules to the intermediate peroxy
zwitterion (4).

In comparison to the unsaturated carbon bond, the
solvents most generally used for ozonolysls are rather
inert to ozone attack., Nevertheless, they do get oxidized
if no olefins are present, In particular, primary alcohols
have been found to give the corresponding aldehydes and
acids (5). Hydrogen peroxide is almost always detected in
the reaction mixture. Secondary and tertiary aleochols have
not been studied in regard to their susceptibllity to ozone
attack in any great detall, which is surprising in view of

what is known about thelr ease of oxidation by other oxidiz-
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ing agents., Thus, secondary alcohols are readily converted
by many oxidizing agents {e. g. KpCrpO7 in dil. HpSOy,
aluminum t-butoxide etc.) into ketones in good yield (6).
Since ozone 1s reactive enough so that it does not require
metal lon catalysts, it is capable of being a very "clean"
oxldizing agent. Regretfully, many of its feactions are )
stlll not very well understood.

There have been very few quantitative studies to com=
pare relative reactivities of various organic groups towards
ozone, Spectroscopic data about possible intermediates
formed during ozonolysis are rare (7), and more work is
required to gain an understanding of the mechanism of oxi-
datlon by ozone. .

In particular, I shbuld like to propose that the reactiv-
ity of secondary alcohols with regard to ozone be investl-
gated and that the quantitativeness of conversion of these
alcohols to ketones (and maybe other products) be determined,
The effects of solvents on the course of ozonlzation should
also be studied,

With regard-to the mechanism of ozone reactions with
secondary alcohols several possibllities exist:

a) Ionic mechanism:

In heterolytic oxidations of alcohols two related
mechanisms have been consldered which are elimination

reactions involving the removal of the hydrogen atom of the
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C-H bond together with a pair of electroms. The first
scheme resembles the base-catalysed decomposition of hydro=-
peroxides in that the oxidant is initially attached to the
oxygen atom of the alconhol, i, e. (8)

B: + H-(:3-O-0x — (BH)* + {::-o + 0x™ . (1)

In the absence of B:, the electron movement may occur in

the reverse direction as "hydride transfer", i. e.
1
ox + H-&:J-O-H — Ox-H + ¢=0 + B , (2)

In many reported cases these electron transfers occur within
eyclic intermediates or complexes (9).
If ozonization proceeds via this heterolytic process

it would follow process (2) which may be represented as

R. ,0-H R
2 4 0=0 —> =0 + Ho0 + On . (3)
a0 e R’ 2 2

By replacing the C-H by C=-D one could determine whether
rupture of the C-H is involved in the rate determining step
of the oxidation, Furthermore, 1t would be expected that
the rate of reaction can be influenced by varying the nature
of the R=~groupse More strongly electron donating groups
should favor the reactioﬁ.

If 02 and >G=0 can be ldentified in the early stages
of the reaction, they may be regarded as evidence for the

ionic mechanisnm,
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b) Free radical mechanism:

It is conceivable, on the other hand, that the reaction
proceeds via a free radical mechanism by abstraction of a
hydrogen atom rather than a hydride ion (similar to autoxi-
dation with Oy (10)). The course of the reaction would then
be determined by the ease with which the free radlcal dis=-
proportionates to glve ketone by expulsion of another
hydrogen atom, in relation %o its reactivity toward free
" radical scavengers (02,‘12, guinones etc.,) that may be

added to the solution.,
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