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ABSTRACT

Three preparstions cf the sodium salt of desoxyribonucisic
acld were lsolated from calfl thymus by & method expected to give
minimal or no depclymerization. In addltion; preparations werse
made from calfl splesn and bull testis tissues,

Streaming virefringence measurements 1lndicate that the
distributions of molecgular léngtn are l1dgentical 1n the c&ll
thymus preparations. ihe apparent molecular lengths range from
7,800 to 11,500 X, The scdium desoxyrlbonucleate from teatls
appeared to be significently shorter; that {rom splsen was inter-
mediete betwsen thymus and testis. ‘1he dlstributions of molescu-
lar length of two calfl thymus preparations isolated by . Slm-
mons were ccumpsred with these prepared here.

Several explanations are put forth to explain the poly-

dispersity and discrepancles between preparations.
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PART 1

INTRODUCT IOH

thile working with pus cells in the laboratory of Hoppe-
Sevlsr in 1868, Friedrich iilescher showed that ths nuclei of
thease oslls contained an unusual phosphorus compound, now
racognlzed as nuslecprotein. iiescher, vho may be regarded
as the founder of the chemisiry of ths cell nucleus, lisclated
the acidic part of this phosphdrus compound from selmon spern
in 1872 and showsed that this acidic substance constituted
almost 50% of the weight of the sperm. Since thsn, this com-
pound, desoxyribonucleic acid, has been isolated from many
tissues. It is only rescently, howsver, with the advent of
new c¢ytclogical, biochemlcal, and polymer structure lLechniguss,

that the nature of nucleic acid is belng revealed.
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Nucleic acid consists of three main ccmponentis; or gan
bases (purines and pyrimidines), a pentcse sugar, and vhos-
phate. “wo main types of nuclelc acld may be distingulished.

——

One, ribenucleic acld (RNA), contains D-ribose as the sugar
component and is found largely in the cytoplasm; the oiher,
desoxyribonucleic acid (DHA). contains D-2-desoxyribose and
is found almost exclusively 1n the nucleus. This study is
concerned only with DNA. The basic componenis of DA ars the
purine bases, adenine and guanine, and the pyrimidine buases,
cytosine and thymine. HRecently, & small amount of ancther

pyrimidine, 5-methyl cytoslne, has been found (1). The molar
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proportions of the bases im thymus LNA, as determined by
paper chromatography, are cytosine : adenine : gunanlne:
thymine as 1.0 » 1.8 = 1.3 : 1.4 (2)ﬁ.

A purine or pyrimldine i1s condensed with a pentosse or
desoxypentoge to form & nucleoside. In nucleosides, the
suger occurs in the furanose gorfiguration (3) and is attached
to the base by a N-B -D-glycosidio linkage (4), at ¥, in the

3

case of the pyrimidinees (5) snd at H_, in the case of the pur-

8
ines (6). The phosphoric esters of the nucleosides ére called
nucleotides, and may be obtained from DNA by enzymic hydroly-
sis (7). Carter, who isolated desoxyribosenucleotides by en-
gymlic hydrolysis, has obtained evidence which shows that one
phosphate is attached to C5 in the sugar {8).

DNA 1s 2 high polymer composed of many nudleotides joined
together by phoaphate ester linkagea. For this rsason, it is
more appropriate to term the compound desoiyribosapolynucleo—
tide, and to specify the name of the animal and tissue from
which it 1s prepared; for example, calf thymus deaoxyri?ose»
polynucleotide. Howsver, for the aake of conveniencs and in
conformity with common usage, the generic term dssoxyribonu-
cleic acid is retained. |

The blological propertiss of DHA are dependent upon its
high degreo of polymerization which has been confirmed by
various physical chemical studiés (9). Even the Fsulgen re-
action (10), the common method of identification of DNA in
tisaves, works only upon the polymer, sines it is contlngent

upon the insolubility of the high polymer in tissues (11).



DHA functions as a transforming factor or mutating agent
(page 4) only when it iz in the undegraded state.

,One ofvthe'prf@aﬁy.bﬁeblema is to confirm the inter-
nucleotide linkage in DE§Q  Since C, in the sugar is ocou-
pied in ring formation andicg carries no hydroxyl group,
only thse hﬁdroxyl groups in posltions 3 and 5 are available

for internucleotide linkages. On the basis of titration

data and enzyﬁic evidence, it 1s belie#ed that the mode of
linkege is Cz~Cg (9)3 l.e., Canphbsphate residueFCs. |

A ﬁenently proposed structure for DNA is that of Watson
and Crick, (12) who propose a struoture of two right-handed
helical chains, each éolled about the same axis. Each chain
consists of phosphate diester groups jAoiningB»D—-dewaoxyvibo-»
furanoss residues by means of CS'CS linkages. The basses are
on the inside of the helix with thelr planes perpendicular
to the fibre azis,and‘the phosphates are on the outside where
thég are easlly accessible to cations. The chains are held
togéthef by hydrogen bonding bgtwéen purine ‘and pyrimidine
bases. ‘ |

The structufe of Watson and Crick is primarily concerned
Qith relative apatial ?ositions of the bases, sugar, and phos-
phate. -Such = structure leaves the problem of macromolecular
configuration unanswered. Since the biological propsrties of
LA appear to be dependent upon the macromolecular configura-
‘tion; it seems desirable to study this problem. The major ob-
stacle to such a study is dependence of the macromolecular

properties upecn the method of preparation, sinee most prepara-



tiong resuli in some depolymerization. However, if a method
of preparatlon i1s utilized whioch does not cause depolymeriza-
tion of the moleculs, a study of macromolesunlar conflguration
may provide information which would shed light on the blologi-
cal properties.

Determinations of the DNA content.of various tissues are
found to be in good accord with the chromosoms thecry of here-
dity. Mirsky and Ris (13) ashowed thutsin a glver organliam,
ths same quantity of EEA pef nucleus 1s pressnt in all tissues
which have two sets of chromosomes per nucleus. lhe sgerm
huoleus, wﬁich contains only one set of chromosomes, contalns
one-hdalf as much DHA per cell.

In the nucleus, LMA is complexed with the basic proteins,
hlstons or protamine, to form hucleoprotein. Prectamine, a
simple protein whose primary constituent ls arginine (14;. has
been found énly in sperm nuclel, while histone, a larger and
more complicated protein, has been found in mest othsr tlssucs
{14}, In addition to protamine and histone, a complex acldic
proteln has been isolated from greparations of pure chromesomss
(14). Acoording to Davidson's interpretation {15), this ifypto—
phan-containing protein is the essential basis of the chromo-
some thread and is embedded in a nuclelc acid or nucleohistone
matrix. Wirsky, on the other hand, bslleves that the morpho-

logliesl configuration of chromosomes is dependent upon the

o
o
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combination of DNA and residual protein; DHA is part o
germinal material and hlstone does not contribute to the struc-

ture of the chromosome (lé)a

Another reason for poatulating DNA as part of the germinal



material is the ability of certain DNA to transform one typs
of bacterial ocell into anothsr with different morphological
oharactarisfics. In 18944, Avery, McLeod, and dectarty (16)
isoclated from encapsulateé pheunmococcus ocells of Type 1II a
blologically active fraction, which, under appropriate cul-
tural conditions, was able to induce the transformation of
unencapsulated Type II pneumocogcus into fully encapsulated
Type TIT pneumocacecuns. This tranaforming prin;ﬁple was suh-
sequently proven to be pure DNA (17). The powsr of this DA
as a transforming agent is destroyed upon depolymerization (18).
The objsctives of the present study are:
1. To prepafe the sodium salt of calf thymus DNA
by a method which causes little or no depolymeri-
zation and to carry out multiple preparatlons to
teat its reproducibility.
2. To apply this method to preparation of ths sodium
salt of DNA from calf spleen and bull testis.
3. To compare these preparatlons with regard tc

molecular length.



PART II
PREPARATION OF SODIUM DESOXYRIBOKUCLEATE

History.
In the isoclatlon of DNA from fish sperm, MNlcsoher

extracted the cytoplasm with dilute acid and then separ-

ated the nucleic ascid from the basioc protein, protamine,

with dilute alkali. Miescher warned, however, against pro-
longed contact with alkali or acidt39). Subseguent inves-
.tigators did nct heed thia'warning, The early lnvesztigators
of nucleic acld were interested only 1in obtaining a product
which they could analyze chemlcally. When evidense for the
exlstence of polynucleotides of higher order was uncovered
(20}, interest In preparing undepolymerized DNA aross. In
1224, Hammersten and Ban (21) developsd a method for prepar-
ing a highly polymerized sodium desoxyribonucleate {SDH)

from thymus. (Thymus was the animal tlssue usually used
because its content of nuclel per mass of tissue 1s relatively
large.) They extracted the nucleoprctein complex with distil-
led water, precipitated it with saturated CaClz, dissolved

the preciplitate in 10% NaCl, and then dissoclated the complex
in saturated NaCl. The protein was filtered off and the
nucleic mcid was precipltated with alcohol, The yield of
approximately 2¢ wias slightly larger than that of most present
day breparations. Although Hammeraten worked at 0° ¢. with

solutiors that were neutral to litmus, some depolymerizetion

did result in this preparation (22), due, perhaps, to lack of



provisions for inhibition of depolymeriring enzymes.

“hien the relaticn between the bicloglcal properties and

s
1

the degree of pelymerizatlicn of Lii was resli

]

ed, new attempts
10 prepare an undegraded producst wers mada. Up Lo the present
time, the most satisfectory meithod for isclatinsg thymus nucleo-
protein is that of iirsky and Pollister (23), which makes use
of solubility differences of nucleoprotein in kacl solutions

of varioug concentrations. The tissue 1s thorougnly extraocted
wlth physlological saline at 0° C. to remove cytoplasmic
material. %The remaining nuclear material 1s disperssd in

‘2 # FHall and the nucleoprotein Ls preclpltated Ifrom the viscous
solution by reducing the Wall concentration to O0.14 . ‘Hirsky
and Pollister isolated nucleic acid from this nuslsoprctein
preperation by shaking the nucleoprotein with a chilcroform-
ootyl aleohol mixture according to the procedure of Sevag (24).
Although the method may be applisd to many tlssuss, sarko and
Butler (22) stated that the yield 1s poor even with thymus and
that the method is quile time consuming.

Gulland, Jordan and Threlfall (25) applied to calfl thymus
the Hirasky technique of isoclating the nucleoprotein, and decom-
posed the nucleoprotein by the method oi Ssevag to obtain a
product which was, perhaovs, the most highly polymerized prep-
aration obteined up to that tims. However, Doty (206) showed
by & lignt scattering study that the Gulland preparstion gave
8 significantly lower molecular welrht for calf thymus SDN
than did the preparation by the Schwander and Sirner method
{27). 1In the preparation of Schwander and Signser, the nucleo-

protein was sxtracted at 0° G. with 1 M Naul contalining 0.01 ¥
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sodium citrate as an enzyme inhibitor. (A1l solutions used
in the preparation contained 0.0l ¥ sodium citrate.) The
nuclesoprotein waas precipitated in 0.14 ¥ NaCl and then re-
disaolved and réprecipitated twioce more. This part of the
procedure closely followed Hirsky's isolation of nucleopro-
tein. The novel features were the dissociation of the nucleo-
protein in saturateé NaCl and tﬁ@ removal of the protein by
filtration through Celite (distomaceous earth) which was
faster and more effective than centrifuging. The SDN was
Aprecipitated in alcohol and the washed, dried product had
the appearance of white asbestos fibre. The primavy disad-
vantage was that the preparation took approximately ome month
to carry out. |

An improvedrmethod of preparation of calf thymus SDH
involving the use of a detergent, sodium dodecyl sulfate, was
announced almost simultaneously by two groups of investigators
working independently, Marko and Butler (22) and Simmons, Kay,
and Dounce {28). In both procedures, ths nuolsoprotein wmas
extracted by the Mirsky method. The Simmons procedure called
for use of & 5% solution of sodium dodecyl sulfate to disso-
ciate the nucleic acid from the protein in 1 ¥ WaCl. The pre-
cipitated protein was removed by centrifugation and the nucleic
acid was precipitated from the euparnatént liquid with alcohol.,
The yield was very high (3% of the tissue weight). The iarko
and Butler technique involved the determination of nitrogen
concentration to fix the N at 0.5 mg. per ml. aﬁd the sodlum

dodecyl sulfate at 0.5% in 1 ¥ NaCl. The precipltate was



filtered off through Celite. Although the yileld obtalned
was not as nigh as that of the simmons greup, the product
appeared purer and the procedure was successfully apnlied
to other tissues such as czlf spleen, bull testis, and
.fowl grytnrocyte.

Criteriu Follcwed in Simmons Preparstion. The fcllow-

ing preparation was adapted from a method recently developed

by 1. 8. Simmons (28). It conforms to certain criteria which

are necesgary for giving a highly pclymerlized preparation:

1. Enzymatlc degradatlon ls minimlzed by cvollectlng Lhe
tissue immecdiately after death of the animal and storing
at -60° @. in dry iee (27).

2. There is no rise above 5%.in the preparation, prior
to adding an agent which will destroy any enzyme which
may be present (29). Alfter thia, work may ve carried
out at room iswmperaturs.

3. There is no variation from pH 7.

4, Ho reagents are uéed which will degrade, complex, or
oxidize the DNA.

5. The SDN can be easzily isolated within two days, a
large improvement over other preparations.

6. No technigues are employed which may result in
degradation.

Procedure, Calf thymus is collected within 15 minutes

after slaughtering, quickly frozen, and stored under solid

€05, until needed. Then 1t 1s thawed, cleaned, and minced

by hand with a knife.
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Starting material: 200 g. of cleansd, minced thymus.

1. All operations at OOC. Homogenize the gland in
the blendor 15 minutes with 100 ml. 0,15 i HaCl-0.01 #
godlum citrate. Dilute to 600 ml.

2. <Centrifuge at o° C, BOU x g for 20 minutes. Dis-
card the supernatant liquid.

3. Homogenize the sedimsnt in the blendor 5 minutes
with 75-125 ml. of the aalt solution and centrifuge as above.
Repeat this procedure 3 or 4 times until the supernatant
1iquid is clear.

4., Dissolve sediment in 30% sodlum xylene sulfonate,
total volume 1 liter. Then work at room temperature. Stir
for 1 hour.

5, Adé 2 volumes salt sclution. Stir # hour.

6. Filter off preclpitatite through coarge Celite two
tiﬁes or until filtrate is just slightly turbid.

7. Filier with Hyflo Super-Cell two times or until clsar.

8. Add about 0.40 volumes 98% isopropyl alcohol.

9. Dissolve preclpitete of SDH in 900 ml. water, add
100 ml. 3 ¥ sodium acetate (pH 7.0) and precipltate with
530 ml. 98% 1sopropyl alocchol. ~Repeat the dissolution and
orecipnltation 2-4 additionsal times, filtering the aqueous
solutlon before the last precipitation with alcochol.

10. Wash the precipitate 3 times with 95% ethyl alcohol,
5 tlmes with dry acetons, and twlece with dry ether.

Yield: approximately 2 g.
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Dgtailed Discussion of Preparation. The following prepara-

tory method applises in detall only to dalf thyaus gland. The
necegsary modifications for calf snleen and bull testis will
be stated afterwards. All quantities are given on the basis
of a starting material of 200 g., wet t{issue weightl.
1. Isolation of the Huclel
It is lmportant that the glandular material be collectied

a3 soon a3 possiblg after the slaughtsring of the animal (pref-
erably within 15 minutes), alnece the nucleoproteins undergo
autolytic degradation (23) alfter the animal has been killed.

The glands are guiok~frozen in dry ice and kept at ~80° C.

1

under dry i1ce until ths preparation is begun. 411 ppera-

tions are carried out at O° to 5° C. The gland 1s thawed,

the sheath of connective tlasue is removed with a knifse, and
the glandular material 1s chopped into small pleces. Tor con-
venience, it is divided into two equal portions. One portion
‘is put into a 1 lu_ﬁaring blendor cup. One hundred ml. of a
salt solution which 1s C.15 ¥ in sodium chloride and 0.01 M
in sodium citratez and 5 to 8 drops of n-octyl alcohol? which
suppressss foam (22), are added. The mixture is minced in the
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1 It has been found that nucleoproteins undergo autolytic
gegradation in tisaues in cold storage at ~400 C. (31).

The use of sodium citrate 1s based upon the observation that
pancreatic desoxyribonuclease requires magnesium ion which is
complexsed by citrate, thereby inhlbiting the enzyme (32). How-
evar, recent expsriments (33) indicate that cellular desoxyrl-
bonuclease 1s a different enzyme from the pancreatic enzyme,
and the value of the cltrate as an inhlibitor for the cellular
enzyme has been questioned (28). Neveriheless, the use of

itrate has besen continued.

The presence of n-octyl alcohol in the initial dispersal of
minoed tissue in salt solution causes hemclysis and facilitates
the removal of hemoglobin (34), but the tissues have to be



blendor for 15 minutes. The blendor is connected to =
variac so that 1ts speed can be controlled. The apeed is
set just fust snough so that it will cut open the cells.
Kunning the blendor at full spesd results in high shear
gradients whioh are bellved to degrade tne DNA (26): also
at high speeds, air 1s drawn Into the sclution causing un-
desirable surface effects (29).

Four hundred ml. of the salt zolution are added to the
hemoglobin—coloﬁed mixture in the blendor, and the mixture 19
beaten for l.to 2 minutes until homogenecusz.  Then it is gen-
trifuged at B00g> (2000 R.P.¥. on the International PR-1
Refrigerated Centrifugs) at 0° C. for 20 minutes.

The red supérqatant liguid i1s decanted. 1he precipitate
of unminced glandular materizl, nuclsil, and connective tissue
is taken up with the salt solutlon and placed in the metal
gemi~-micro head of the ¥aring blendor. A total of 100 ml.
of the salt solution is added, and it is stirred for 5 min-
utes. The mixture 13 poured into the 1 l. blendor cup, 400
ml. of salt sclutlon added, and the mixture is homogenlzed
for 1 to 2 minutesas It is again centrifuged for 20U minutes

at 800g and 0° ¢.

washed a great deal to remove the color of hemoglobin.

This speed is known to sediment nuclei, ahromatin and un-
minced fragments while leaving the cytoplasmic constituents
%n the supernatant liguids (29}.

Long stranda of white conneotive tlssus often wrap around
the blendor blades. In decanting, these will remain attached
to the blades, providing an efficient means of sevaratiag tnls
connectlive tissue, which can usually be discarded. However,
in the initial stages of the extraction, the connective tissue
often occludes glandular material which can be deltccted by &



The connective tissueﬁ which remains wrapped around the
blendor vlades, is discardsd.

Ihe second portion of thymus zland is treazed in the
same manner. After the second centrifuging, the sedlments
cf both perticns are amall enough so that they may be com-
bined. 1They arsc then taken up iIn the salt solution, poured
Into the metal %aring cup, andé a total of 100 to 150 ml. of
salt solution (deponding on tha aize of thc prealpitate)
ig added, and the pale yellow mixture ig beatsn for 3 minutes.
It is poured into the 1 l. Waring cup, 400 ml. of the salt.
solution added, and the mixture homogenized for 1 to 2 min-
utes. It is again oentrifuged for 2J minutes at 80Uz and 0% ¢.

This entire process beginning with the homogenization
in the metal cup is repeated 2 or 3 times untll the superna-
tant liquid 1s colorless and clear. After the last mixing of
the combined precipitates in the blendor, the blendor blades
should be fres of connective tissue.

2. Separatlon of the Sodium Desoxyribonucleats
from Protein

The white sediment of chromatin threads contaminated with
soms f{ibres (28) 1s taken up in 100 ml. of the salt solutlon and
poured into the 1 1. blendor cup. 4 solution of 3J3 g. of

sodium Xxylsne aulfanates iz 000 to 700 ml. of diatilled water
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reddish coloring. In this case, the connectlive and glandular
tissue ars beaten with a small amount of the aalt solution,
the liquid decanted and added to the rest of the mixture of
nuclel and the salt solution. .

6 The sodium xylene sulfonate is obtalned from "yandotte
Chemical Corporation as a commercial detergent, Naxonate.
Nexonate is made by sulfonating industrial grade xylene



is poured slowly Into the blendor with rapid stirring. The
light brown mixture becomes extremely viscous, with the ¢ hro-
matin remalining In a large white viscous mass on the surface
of the mixturse untlil the blsndor's blades gradually suck the
chromatin down and disperse 1t. Alter b minutes the mixture
1s homogeneous and highly viscous. The mixture iz stirred in
the blendor for an additional 5 minutes using the precautions
citad abave. |

The mixture 1s made up'to 1 1. with the salt solution
and mixed in a 4 1. beaker with vigorous stirring Ior 1 hour
at room temperature.7 Soms air is stirred into the solution
and the color becomes lighter. Two liters of the salt solu-
tion are added and the resulting light brown mixture 1s stirred
for & hour. A precipitate of protein ocan be detected.

The function of the detergent, sodlum Xxylene sullonate,
is to coat the protein and separate it from the nuclelic acid.
The proteins present In nucleoproteins are the baslc histones
which have an lsoelectric point of pH 12. At pH 7 during the
preperation, the ionlzation of the carboxyls 1s suppressed,
and the histonea are positlvely chargedf The negative xylene
gsulfonate ions, which have a high binding strength, are flrmly
attached to the ﬁH3+'groups of the protein. In excess of the

detergent, another layer of xylens sulfonate iona i3 absorbed

- - - -
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whioch gives a mlxture of the varlous sulfonates. For use in
this preparation it is recrystalllized from 95% ethanol (300 g.
NaXonate in 1 1. of alcohol) with approximately 50% recovery.

7 all subsequent operations are carried out at room temperature.
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with its aromatlc group probably adjacent to the aromatic
group of the inner layer and its negative sulfonic group

on the cutside (35). This gives rise to a dispersing effsct
resulting in a solubllizing of the complex. then the concen-
tration or the surface actlve agent 1s reduced Dy dilutlon,
the outer layer is removed. The remaining layer of detergent
Just neutralizes the elsctric charge on the protéin, causing
8 loss In 1ts residual water of hydration, with conseguent
loss in stability resulting In precipitation of the protein-
surface actlve agent bomplex°

4 pad of coarse Celites (either Celite 545 or 535) % to
i inch thick 1s lald down on a large {18% cm.) Buschner fun-
nel. It 1s important that a very fast, high wet strength
filter paper he uéed {8cnleicher ané Schuld #410 was found to
- be the most satisfactory for the filtration).

The 307 sodium xylene sulfonate solution is carsfully
poured onto the Celite pad so that the Celite will not be
dispersed. The first filtrate will be slightly turbid. A4
new pad of coarse Celite is lald down, and the solution Is
filtered a second time. If the filtrate 1s not almost clear,
1t is filtered again through the same pad of Celite. 1lhen a
100 ml. beaker of Hyflo Super-Cell (a diatomacecus earth fil-
‘ter aid) is mixed into the solution and the resulting suspen-

slon is filtersed through the same (second) Cslits pad. Another
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8 Tpe cosrse Celite contains many finer particles whlich pass
through the filter paper if not removed firat. %his 1a done
by mixing the Celite with water, allowing the suspenaion to
settls for 20 minutes, and decanting the liquid which contains

the suspended finer particles. This is repeated 3 cr 4 times
until the liguid is elear after atanding for 20 minutes.



beaker of Hyflo Super-~Cell is added and the filtration 1s
repeated glving a crystal-clear colorless filtrate,Q
3. ?recipitation and Purification of the
SOdium Desoxyribonucleate

A volume of 98% isopropyl aicohol (Eastman reagent grade)
that is 0.45 the volums of therclear filtrate is stirred into
'the'clear filtrate. The SDY precipitates in the form of long -
white fibres which c¢oil around the stirring rod and which may
be lifted out. The filtrate should be tested for additional
precipitaté with 0.08 volume (of the filtrate) porticns of
isopropyl alcochol. In many cases, the first 0.05 volums por-
tioh of alochol yields additional precipitate.

The precipitate ig placed in the large ¥Faring cup and
dissolved in 500 to 600 ml. of distilled water. It is atirred
as gently as the blendor will permlt, care belng taken not to
’ beat eany alr into the solution. lhs sqlution is then made up
to 200 ml., mlixed, and 100 ml. of 3 ¥ sodium acetate buffeflo
(pH 7.0) is stirred into the solution. Then 530 ml. of iso-
pfapyl alcohol are added with a great deal of siirring. The
SDN is again taken up on & stirring rod, and the solution is
tested for completenéss of precipitation with 10 to 20 ml.
portions of alcohol. This reprecipitation is repeated 2 to 3

times. Before the last reprecipitation, the water solution of

mwnnm--w-.---—-_«---e_-——...u—-.-—o.-__.-.,.—-p.._.-.-——.-....—.-—-———-—-.—a-—--oa-m—«—-——

9 Ococasionally a light yellow color is present due to an im-
purity in the Naxonate; also the Hyflo Super-Cell somstimes
contains a light yesllow cocloring. This color is not present
}8 the precipitate.

The pH of the 3 ¥ sodium acetate solution is adJusth with

glacial acetic acid.
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the SDN is {iltered through a Buechner funnel to remove any
debris which may be present. The filtrate is clear and color-
leas.

In order to obtain a final product in ths form of small
particles rather than long {ibers, & somewhat different method
of adding alcohol is emploved for the last orecipitation. The
SDN solution is made up to 1 1. aa before and placed in s large
beaksr. Flve hundred and thlrty ml. of lsoprobyl alcohol are
placed in a graduﬁted séparatory funnel and slowly added into
the vortex oreated by the mechaniocal stirrefn The stirring
and addition are oarried out slowly so that no long [ibres of
sodium desoxynucleate are formed. The last 50 ml. are added
dropwise. Within a few ml. of the eggmﬁoint the stirring is
slowed down. With further dropwise addition of isopropyl
alcohel, the solution bsgomses turbld, and at the appsarance
of an opalescent sheen to the solution, alecchol addition and
stirring are stopped. This end point is very sensitive. Ad-
dition of a few drops of alcohol beyond this point causes
precivitation of the sodium desoxynucleate in the form of
long fibres, and the process has to be repeated.

The colloidal soclution is allowed to sﬁand . for 15
minutes. Then 10 to 20 ml. of isopropyl alcohol are added
slowly with a small amount of stirring. A preclpitéte of small
partioles may becin to settle out after 15 minutes. If this
is not cbserved, another 10 to 20 ml. portion of isooropyl al-
cohol.is edded. Wwithin four such additions, larger particles
will form and precipitate. The precipitate 1s allowed to settle

overnight.
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After the period of settling, the supernatant may be
decanted leaving Just enough of the ligquld to cover the pre-
cipitate. Two hundred to three hundred ml. of 95% ethyl
aloohol are added to dehydrats ths precipitate,11 and the
mixture la oentrifuged, '

The prsoipitate,is washed on a small Buechner funnel
-(without suation) three times with 957 sthyl aicoholi three
timos with dry asostons, and twioo with dry ether. The ether
ia allowsd to svaporate in ths air. The hygvoscogic'product
of small white amorphous particles 1is put intoc a dessicator
over (a 304. |

The yield is approximately 2 g.

4. Hodifleations for Preparations from Calf Spleen
and Bull Testis

Calf Spleen@ Two hundred g. of gland are used as the
starting material. “he number of nuclei is considerably less
than for the same starting welght of thymus. The spleen nuclei
are also obscured by large amounts of connective tisgus. This
connective tissue ls broken up into small pieces and does not
wind 1tself around the blendor blades.

After the second centrifuging, the precipitates are taken
up in the salt solution and passed through a wire mesh (20
mesh per inch is convenlent) to remove the connective tissus.
The preparation may then be treated in the same manner as the
thymus. However, the amount of water in which the spleen SDN

- A G T v o O T W 1 W Gem e A BN WE S MR WM wm o W W W g W WP e MR G M sm GG S M MW R ET MR S T e W G S % Wm e Tm e e Mmoo TR e

1l This prevents the clumping of the precipltate into larger
particles during centrifugation.
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is dissolved should be reduced to 675 ml. since the final
yleld is much smaller than that obtalned from thymus gland.

To obtain maximum recovery, the alcohol solutions ars
centrifuged.

Bull Testis, The product obtained from 200 g. of
testicular tissue is very small. %Therefore, additional
precautions to insure meximum recovery are taken. %The 200
g.‘of tissue need not be divided into two parts since the
testis are easily minced and homogenized in the blendor.

30 many small plsces of connsctlve tLlasue are present that it
is very inconvenient tq remove them with & wire mesh. Instead
they are removed in the filtration, although thls causes the
filtration to be quite slow.

All precipitates from alcohol are centrifuged to obtain

maximum recovery, and the precoipitate 1s dissolved inm only

450 ml. of distilled water.
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PART 1IIT
ETERMINATION OF YIELD, CHEMICAL COMPOSITION,

EXTINCTION COEFFICILNT, AND VISCOSITY

Yleld.
In these preparations, no attempt was made to obtain

large yields since this 1s not compatible with obtaining an
undepolymerized product. In Table I are listed the starting
wet weights (column 2) and the yleld of SDN psr 100 g. tissue
{column 4). This can be compared with the results obtained
in studies which attempted to sstimate the total amount of
DNA in varlous tissues.

o Table T
1 2 = T - 4 5 8

Prepar-~ wet weight - g£. SDN g. SDN per Total g. Ref~
ation (g.) of tissue prepared 100 g. SDK per erence
tissue 100 g. tissue

Calf 125 0.92 . 0.74 2.5 (36)
Thymus~1

Calf 100 0.49 0.49 2.5 (36)
Thymus~2

calf 232 2.0 0.86 2.5 (36)
Thymua=-3

Calf 220 0.32 0.15 (L.3)* (37)
Spleen-4

Bull 290 Oa 082 Oe 028 hathand hathia
Testia=5H

#Detsrmination obtained on rat spleen

The total amounts of SDX obtéinable from the varlous tig~
sues (column 5) are based on Davidson's determination (36) for
calf thymus and Schneider's determination (37) for rat spleen

galnce rat and calf tiassues have similar amounts of DNA. However,



it should be pointed out that there is no general agreemeﬁt
smong different workers in the field reggrding the amount of
DNA found in tissves. The low yvield of SDN from bull testis
as shewn in Table I is of the same order of magnitude as that
obtained by Marko and Butler (22).
Table II
Chemical‘Composition of SDN from Calf Thymus Preparation 1.

Composlition in per cent

Analytical Statistical Chargaff ratio
determination tetranucleotidex of bases#i

N 14.23 15.9 16.15

P 8.68 9.37 ’ 9.32

H 4,56 ' 3.43 3.42

¥:P 1.65 1.69 1.73

% Statistlcal tetranucleotlide is based on equimolar ratio
of adenlne, guanine, cytosine, and thymine.
## Chargaff ratio of bases 1s listed on p. 2,

Chemical Composition of Product. Extensive analytiecal

work has been carried out by Simmons (29) on the composition

of calf thymua SPN obtained by the same preparative methods

as employed here. His determinations agree with the results

obtained byAChargaff (2} utilizing chromatograpnic technliques.
In view of thls, and because chemlcal composition is not

a useful tool in determining macro-molecular propertieg only

one analysis of chemical composition was carried out to check

the possibillity of prétein contamination. In the past, invest-

ligators who prepared SDN used the nitrogen to phosphorus ratio

as a criterion for determining whether any protein contaminant

is present.



-22-

lz(see

The results of this analysis of calf thymus SDN
Table II) are quite similer to the results obtained by Steiner
{38) for a hydrated preparation made by the Gulland méthod,
1he nitrogen to phosphorus ratic of 1.65 Indicates that no
proteln contaminant is present. The low values for both
phosphorus and nitrogen are due to hydration. ‘“Lhe discrep-
ancy between the percent of hydrogeh found in the determina-
tion and that in a statistical tetranueclseotide corresponds
to & hydration of 10.4% which agrees exectly with the hydra-
tion calculated from the nitrogen content. However, this
does not agree with the hydration caslculated from the phos-
phorus content (7.5%).

It is interesting to note that if the percentage of
phosphorus in the sample 1s recaloulated on the baals of the
statistical tetranuclieotids composition with a hydration of
10.4%, this yields a nitrogen to phosphofus ratio of 1.69.

SDN is very hygroscopic and its hydration changes mark-
edly with slight changes in humidity; In order to obtaln a
reproducible extinction cocefflolent based on a weighed amount
of SDN, it was necessary to hold the hydration constant. If
all of the water is removed from SDN by meansg of Po0g in vacuo
at temperatures of 50° to 110° C., the macromolecular proper-
ties of the molecule undergo a marked change due to degrada-
tioﬁ (29). Anhydrous cslcium sulfate at room temperature was

therefore chosen as the standard state since this provides &
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lzThe analysis was carried out in the microanaelytiocal labora-
tory of Kerchoff Laboratory, California Institute of Technology-
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constgnt water vapor pressure and does nct cauvse degradation
due to dehydration.

The SDN sample used in the analytiesl werk was taken from
its standard state and placed over P205 at room temperature
prior to analysis. The amount of water loest was 3.75% of the
weicht of the sample. This figure together with the hydration
of 10.4% in the analyzed sample corresponds t¢c a hydration of
13.7% in the standard state. '

Determination of the Lxtinction Ccefficient. Nuclelc acid

has a characteristic maximum Iin i1ts abscrpticn spsctrumn in the
ultraviolet, which 1s attrlbuted to the purine and pyrimidine
bases. This absorption meximum at approximately 280UWmM serves
as a convenlient means of determining the conasentration of
agusous soiutiocns. In order to determine an extinction co-
efficiant, a definite amount of SDN in & constant state of
nydration was weighed out. As stated above; the standard

state was chosen as the weight over anhydrous calcium sulfate.

Table III
Veight (g.) 1 om.
of SDN B1¢°™ at 260 mp
Prep. 1 ' i
0.113 211
0.0123 218
0.0100 174
0.0103 ' 120
0.0132 194
0.0113 199
0.09862 207

All readings were oarrled out in a Beckmsn DY Speotro-
photometer using a hydrogen lamp as The ultraviolet source and

a slit width of 0.6 mm. Initially weighed amounts of SDN wmere



diiuted with distilled water to give a oonaentration of
approximately 0.0015% wnhich could be conveniently read in ths
sapectroplhictometer. Teble III shows thnat the extinction coef-
ficlent obtained by this method 1s not oconstant. Since it is
'known that the absorption of S5DN is influenoeé oy pH, experi-
ments were undertaken to determine whether the pH of the solu-
tions changed while being irradiated with ultra violet light
in the a@ectrophotomotero It was found that the wH decreased
roughly in prbportion to the time the sclutlons were irradia-
ted. In one experiment the decrsase in piH was 1.5 units
after 80 minutes of irradiation. This caused an increase of
approximately 25% in the optical density. This was in accord
with the findings of Oster and iicLaren who noted a similar
increase in absorption after irradlating a dilute solution of
virus DNA (39). On the other hand, Frick (40) found that the
maximum absorpticn at 260 Mu of SDN solution did not vary be-
tween pH3-8. In order to determine whether the change in pH
waa dus to something in the distilled water itself, distilled
water was irradiated in the spectrophotometer at 260mpu. Ths
same decorease in pH as that whioch took place in SDN solutions
was noted. Subsequent experiments using conductivity water
also gave the same results. This mgrked decrsase 1n pH can-
not be explained at this time.

‘In order to hold the pH ceonstant, the optlcal density
was determined in.a KHgPaéwKQHPO4 buffer at pi 6.98 and ionic

strength of O0.1l. This gave constant results.
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1%
solution containing 1 mole of pnosphorus per liter is, there-

at 260mpg was found to be 170.4 and E'cm'for a

fore, 7030.

Table IV shows that the weight concentrations of various
sclutlions agree well wilk conuventratllons determined from op-
tical density measurements. The welghts in Table IV were not
a3 accurate as those used to.determine the extinction cosefl-
ficient in which 120 mg. of SDN were used. These values are
presented only to show the close agreemeni between the weight
congentration und Lhe optical aensity concentration when the

optical density is determined in a buffered solution.

Table IV
Preparatlion ¥eight conc. . Cono. obtained by
4 X 109 optical denaity

% X 10°
Thymus-1 22.2 21l.4
Thymus~1 ' 9.8 G.89
Thymu§~2 : 9.2 9.20
Thymus -3 10.5 11.0
Spleen-4 1073 ' 10.5
Spleen-4 48.0 46.5
Testis-5 10.0 10.7
Testis~5 76.0 75.3

Figure 1 shows that the ultraviolet absorption specira
of SDN in buffer and in distilled water are slightly differ-
ent. The peék at 260mMu in distilled water is flattened out
and slightly shifted in buffer. Nevertheless, the concentra-
tions were determined by taking the optical density at 260mu

in agreamaent with prevalent practioce.
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It is difficult to compare the value for the extinction
coefficieat with that obtainéd by other investigators, since
most determinations are-made in distilled water or in buffers
of unknown ionic strength andé are based on samples whoss hy-
dratlon is not glven. |

Viscosity. The viscosity of dilute SDN solutions has
been’showﬁ to be strongly dependenf‘upon the gradient (41).
This is caused by orientation of the asymmetric panticles
under the influence of & velocity gradient. The viscosity

is also dependent upon pH at constant ionic strengtih as

shown by'Schwander (42). In the presence of even small
amounts of salt the viscosity of SDK decreases markedly (43).
Jordan has iﬁterpreted this behavior as indicating a coiling
of the molecule caused by a reduction in the repulsion between
the charged groups, thereby produclng a more symmetrical mole-
culs (44¢).

‘A set of viscosity measurements was made to investigate
posaible differences aﬁong the various preparationa. The
measurements were carried out in 0.15M NaCl with a KZHPoéa
KH,PO, buffer of ionic strength O0.1. &n Ostwald caplllary
viscometer was used. The dimensions of the viscometer were:
capillary lengtﬁ - 13.1 cm., capillary radius - 0.021 om.,
volume - 5.0 om.ﬁ, pressure - 16 em. of H20° The average

gradient G , for water, calculated from the equation

8V

Swrat

is 1860 sec?l All measurements were carried out at 38.7° C.

G =




Prep.

Thymus-~-1

Thymus-2

Thymua-3

Spleen

Testis

Cong.

(%)

0.01e8
0.0120
0.00860
0.00615

- 0.00440

0.0le8
0.0120
0.00860
0.006158
0.00440

0.0200
0.0145
0.0103
0.00732
0.00524

6.0195
0.0140
0.0100
0.007156
0.00611

0.0133

0.00850
0,00880
0.00486
0.00347
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Table IV'

tav

(sec)

351.10

5190 20

297.68
283. 90
273.44

350.52
317.6%7
206.98
283.06
273.30

383.78
340.43
312.09
293.08
279.96

359.18
326.13
3053.74

- 277.20

876.4%2

3508. 67
291.06
278.83
270.41
264.86

.
o

(aeq)

250.96

t

v—1
fac

23.75
22.66
21.65
21.35
20.36

23.61
22.15
21.33
20.80
20.23

26.46
24.93
R3. 77
23.91
22.06

22.11

21.39
21.03
20.20
19.86

16.77
16.81
16.34
15.95
16.97

19,99
20.04

©19.88

20.06
19.50

19.89
19.64
19.58
19.57
19,38

21.24
21.32
21.27
21.18
20.88

18.39
18.71
19.09
18.86
18.94

15.14
15.60
15.49
15.36
15.54
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Since only one viscometer was used, the intrinsic via-
cosities of the various preparations could be compared at a
constant average gradient.

In table V' are listed the average tlmes of efflux (tg.)
of varicus concentrations of the different preparations. This
average time is a mean of B to 3 readings, all within 0.5
seconds df'each-other. to 18 & mean of 5 -measurements. Ignor-
ing the density (d) term, which is negligible in dilute solu-
tions of nuclelc aclds, in the equation 7,y = £191  the rela-

TZ02
tive vlscosity equals the ratio of the average time of efflux
of the SDN solution tc the time of efflux of the buffer. In
figuré 2 is plotted the natural logarithm of the relative vis-
cosity divided by the concentration versus the concentration
(in percent). In figure 3 1s plotted the reduced specific vig-
cosity (the specific viscosity divided by the aoncentration
where ‘7] sp = 77 rel ™ 1 versus the concentration (in percent).
The curves of an?rel versus concentratlion are horizontal lines,
and srs extrapolagad to zerc concentration. The limiting
points can be plotted on the curves of ZL&E and used for exira-

c
polation to zero concentration, slnee in the 1limit, In 7) ngey =

c
1 sp .
[+
The values of the intrinsic viscosity (Q;;% Z%SE) indicats
that small differencea oxlat between preparﬁtiona l, 2, 3 and 4.
Testis, however, has & much lower intrinsle viscosity ithan the
other preparations. The estimated error in the time measure-
ments 1s negligible when compared with the satimated error of

4% in the concentration measuremsnts on these solutions. A 4%
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error in concentiration would make, in effect, the viscosi~
tles of preparations 1, 2, and 3 or 1, 2, and 4 identical.
Thymus preparations 1, 2, 3 are shown by streaming birefrin-
gence to be identical in molecular length distribution.

Streeming birsfringsnce measurements alsc 1ndicate that spleen

is different from the thymus preparation and testis varles
widely from all the other preparations.

Because of the anomalous viscosity, i.e., the dependencs
of the specific viscosity upon the shear gradient, the values
obtained for the intrinsic viscosiity ocannot be used to obtain
the axial ratio by means of fbe Simha equation. At zero shear
gradlent, 1t is expected that the differences in intrinsle vis-
cosity between different preparatioﬁs become much largser.

The values of the intrinsic viscosity determined here
are approximately 1/3 of that found by Pouyet (45). Pouyet,
uaing a special Couette visoometer, found that the intrinsic

viscosity in the limit of zerc velooclty gradient was 62.
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PART IV
STREAMING SBIREFRINGLNCE S3TUDY OF SODIUX DESOXYRIBONUCLEATE

Theoretical. The following section is a brial dlscussion

of the laws poverning the rotational motion of large particles
under the Influence of & velociiy gradisnt.

Consider a saclution of large asymmetric molecules which
1s so dilute thet the interaction of these molecules is neg-
ligible. The rotational motion of these molecules is described
by use of the rotational diffusion coefficient,&

| =_51; : (1)

where k 13 the Boltzmann constant, T the absolute tempergture,
and C s the rotationsl friction constant, ia the torgus nec-
essary to malntaln unit angular velocity.

In the two dimensional case, if An is the number of
molecules per unit volume whose fixed axes lie bstween the
angles ¢ and qf»t-A(ﬁ from an axls fixed in space, 2 distribu~-

tion function may be defined by

pid)=lim  An (2)
Ads0 A
The two laws of rotary diffusion are
dn= -0 92 dt (3)
d
2
Apzeap (4)

ot 312

where t 1s the time. These laws are analogous to Fick's laws

for translatlional diffuslon.
D is related to molecular dimensions. For a prolate

T,



eilipsoid with semi~major and semi-minor axes a and b; the
rotational diffusion ceefiicisent is given by an sequation
derived by Perrin (486).

9:%5_;7%3(21_n —zg-———l) (5)
where % la the viscosity of the solvent.

%¥hen a solution is subjJected to a veloeclty gradient, the
degree of orientation of the solute partlicles is dependent
upon the balance between the orienting force of the velocity
gradiemt and thé diserienting force of rotatlcnal diffusion.
Gohaider’an ldaglized system of long rods suspepded in a
liquid which is aubjected to a velocity gradient. 1In the
abassnce of thermal agitation, the rods tend to orlent para-
1llel to the streamlines 1in the liguid. Thermal forces, how-
ever, impart random rotatlons to the molecules. Besidea re-
dueing the extent of orlentatlon, rotational Brownien motion
influences the direction of maximum orientation. Particles
which rotate away from the stireamlines against the velocity
gradient are retarded: thosso rotating with éhe velocity grad-
ient are accelerated. At equillbrium, there is a position of
maximum orientation which is determined by the relative magni—
tudes of the rotational diffusion coefficient and the velocity
gradient, G. As G increases, the directlon of maximum orien-
tation approaches that of the streamlines.

In 1832, Boeder (47) obtained a quantitative solution for
this dynamic stytem in the two dimensional cese. The increase

in the distribution function with time due to the velocity

gradient dlone 1s given DY
LYY (et (6)
3t 7 3¢
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where @ 1s the angular velooity of the particles, The total

’ )
value of '3?7 1s the sum of orienting and disorienting forces,
and from aquations (4) and {(&;,

2
dp . gd°r 3 (pw) (7)
votar = 8 2

| at 3¢ ¢ ¢

In 1923, Jeffery (48) obtained an expression for the angular

velocity. of a particle in a velocity gradient. Integrating
the above differential squation (7) for the steady state

P '
(3 =0 and substituting Jeffery's value for w{w= ~-Gsin? ¢)

¥}

one arrlves at the expression

J P + a sin® ¢= sonstant (8)
o¢
. G
where a-zy . In 1932, Peterlin and Stuart (49)

obtained a aclutlon for the three dlmensional case. Thelr
solution, however, was useful for only very small values of

@ corresponding to lew values of G. For hrlgher values of

a their solution was given 1n terms of a slowly convevg;
ing infinite  series. In 1949, Scheraga, Edsall, and Gadd
(50) employed a computing machine to obtain the solution for
all values of @ and various axlal ratios, a/b. This compu-
tation is of great value for the interpretation of data at
higher velccity gradientas.

%ith & streaming birefringence apparatus, one cbtains a
measure of the maximum of the dlstribution function p .
Streaming birefringence is most conveniently observed when the
soluticn to be conaidefed is placed in the annulus between two

ccneentric oylinders and viewed with light traveling parallel
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to the cylinder axis. If crosscd polarolds are placed above
and below the stationary concentric cylindsrs, the annular
apace 1s dark. On rotating ons of the cylinders, however, the
annular field becomes light except for a dark cross called

the cross of isocline (figure 4). Thls cross of isocllne ls
defined by an angls, )( , the extinction angls. which is the
smaller. angle between the arms of the cross and the transmls-
aion plans of either the polarizer or analyzer. A flowing
solution has the appearance of a uniaxial sphero-crystal, i.e.,
one 1ln which the optic axis makes & constant angle with the
radius vectora of the cylinder.

To simplify the theoretical discussion, elongated mcle-
gules in soluticn are repressnted by geometrical and optical
‘ellipsoids of revolution. In figure 4, the lines represent
both the geometric and optic axes of the particles. Folarized
light traveling parallel or perpendicular to the ootic axes
passes through the solution without rotation of its plane of
polarlzation. Polarized light passing through the solution
at points where particles are oriented at an angle to the
plane of polariszation emerges as elliptically polarized light.
The arms of the aross of isocline represent regions in ths
solutlon at which the optlc axes of the ellipsoidal particles
is parallel or perpendicular to the plane of polarization.

It can be seen from figure 4 that the angle of isocline, 2: ,
is equal to the angle betwsen the pariicle optic axls and ths
streamline at that point.

Since the angle,;(', is rslated toc the maximum value of
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FIG.,4

View of the birefringent medium in the
annular gap between the concentric cylinders.
The cross of isocline is shown at an angle
with respect to the plane of the polarizer for
a rotating outer cylinder. "The orientation
of elght rod-like particles at an angle with
respect to the stream lines at high velocity
gradlient 1s also indicated.

(Plane of polarizer - PP, analyzer,- AA)



the distribution function, 1t is & function of C and & .
Fcr a given molecule, at low G, the angla,')( ., tends toward
450, i.a., acomplets randomness.  As 1 inoreasas, ){ decreasges
and asymptotically-apprcaches 0%, For this ideal system cof
non-interacting, rigid, ellipscidal rarticles; the behavlior
cf the extinction angle as a funetiocn of ® 13 shown in
figure 5.

In addition %o the changs of ): with 3., one can also
measure the change irn the birefringence, An of the system.

Peterlin and Stuart obtaired the sguation
an=E7Y (0-92) 1o, an) 2

whare 0, is the refractive index of the aclvent, V is the
volume fraction of =oluts, gl—gz is tbe optical anisotropy
factor, which lncludes both the intrinsle birefringence of
the particle and the birefringence brought sbout by parallel
alignment of partloles, and f(a ,a/b) 1s an orientation factor,
which inorease {rom O‘asymptotically toward 1 aa the orienta-
tion of the partlicles increases. [ as a function of @ and
a/b has been tabulated by Scheréga, Edsall, and Cadd (50),
and haa the form indicated in figure 5. 1lhe inorsase in f
and, therefore, an varies linearly with @ for samall values
of & and approaches a saturation value for large @ .

From measurements of ;K s the rotational diffusion coef-
ficlent can be obtained. By using equation (5} and an approxi-

mate value of a/b, the length of the particle, Za , can be cal-

culated.
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it should be noted that eguation (5) is very insensitive
to variations in a/b, since the length varies as the cube rootu
of the logarithm of the axjal ratio. For axample, 1f a/b = 250,

changing this ratio by 100% changes the calculated length by

approximately 4%.
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Experimential Apparatus. The double refraotion of flow

instrument used in these studies has been fully described in
4 paosnt publicastion (B1) and is conisequently described only
briefly here. It consists of two vertically mountsd concen-
tric cylinders; an inner stator and outer rotor. A collimated
beam of light is passed up through the anﬁuiar spage between
the c¢ylinders which is {illed with the solution under lnvesti-~
gatlon. |

A detailed figure describin. the apparatus 1s Included
nere (figure 7) taken from tie paper of adsall, iilch, and
Goldstein. A zirconlum sarc ls used as a point source of light,
and a large telesccpla cbjectiliva leﬁa 1s used for ocollimation.
The light passes through the peclarlzer {1y in figure 7, then
through & reticle (2] whioch has ruled oross halrs. A glass-
bottomed bakelits cup (II} 1s posifioned in the center oI a
steel rotor (B) so that the plane polarized light passes up
between it and a central bakelite stator (X). &n Isotropic
annular ring (J) eliminates the menlscus at Lne top of the
annular space containing the solution. As the light emerges
from the cup, 1t passea through a quartér wave plate (9) and
& rotatable analyger (10), after which it 1s seéen by the opera-
tor. |

The rotor is driven through a belt drive by a variable
speed motor operated by a circuit designed to maintalin constant
Torqus. |

———Tve—

The dimensions of the apparatus are glven in Table V.



CROSS SECTIOM OF THE GCONGENTRIC
CYLINDER APPARATUS (51)

FlIG. 7
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Taole V

Inner stator radius Ry 1.0 cm.
Rotor ocup radius RE 1.1 om.
Helght of solutlon L ' 4.0 cnm.

in rotor cup

cap (Rg-H;) a <ol oom.

s

above a critlical velcelty rradient (wiich is determined
. 13

by the dimensiona .of the machine), turkulont flow develops:

‘3

For the dimensions cited in Table ¥, the eritieal gradient is

.- -1 - s .
3900 sec “(B31l). In tils study, rotor speeds up to 24 per
sgcond were employed. The maximum veloclty gradient, given
by o
R,'w~Ra.w _ ZWNR
d ~d ~ q | (10)

G=

is 1583 séa"l where « 1s revolutlions par second, @ angular
\ REt-R
velocity of the rotor, and K is 172
2

The extinotlon anglegtK , is measured when the pclarizer
and analyzer are crosssd. 4he four srms of the cross of iso-
cline are observed when the rotor 1s in motion and the reticle
is rotated so that its cross hairs coincide with the arms of
the cross of isocline. The angle 1s read on & graduaied scale
ruled, on the rotor housing.

The birefringence in the system is measured by a quarter
wave plate used as a Senarmont compensator. The solution is
obéerved at 45° from the arm of the cross ol isocline, at

which peint the optic axis of the flowing asystem is orisntad

e W - o 5 % D S N W e T T T e Sv wa T e v W W Am W A mw v e W e R Mw e e e W A Em e e e R W T e e e e

137There 1s no adequate treatment for tur bulent flow.



at 45° from the plane of the polarizer. Light emerpging at
tnls point is elllptically pelarized. whien this light isg
passed througn the guarier wave pla’;:e, whicn is orilented
narallel to the plane of polarigzaetion, the elliptically
polarized ligkt is converted into plane polarized light.

The angle which tikis plane polarized uean makes with the
transmission plane ci tihe pelarlzsr 1s measured wiith the
analyzer. On rctating clis analj_zer'by this angle, A s Whe
field at 45° béccmes carx if the original lignt beam 1s mono-
chroﬁatic; A is equal to 5 of the phase différanée and re-

lated to An by the aguation
AL , (11)
1801

shers ths wave length, A , and pa

AN =

i, =, uwotn have the same

ot

units. If white light is used, a seriss ol interferencs
cclors 1s observed. The angle of votation of the analyzer
can be callibrated for a siven wave length in terms of these
colors. In these studies, ithe wave length was 5200 S and L
was 4.2 cam. llencs,

an= 722 -10° A

Since small aacunts of birefringence are measured, it

12)

-~

}eta

]
imperative that all glass be lsotropic. Small amounta of
plrefringence seriously disturb the measurement of ZS.. The
lower 1limit ol the measurements of 4n in this apparatus l1s
approximately 3 z 10”7, which corresponds to A$3°. ‘then
AR smali ( ¢ 1°), however, the measurement of '}f is

very difficult and the precision of the measurements ls poor.
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Very small amounits of birefringence in the system dis-
tort the cross of lsocline so that the arms are not exactly
perpendicular to each other. To overocome this difficulty,
readings were initially taken in all four quadrants for both
senges of rotation. This gave an average measure of 7{ which
was sasumed to represent the actual value of ;k:

An experiment was undertaken fo determine_the ralation
between the value of Q{ determined from measuremsnts in one
quadraﬁt and the actual value of 7( determined from measure-
ments in four quadranta. To determine the actual value of 2{,
three measursementis were taken ati each arm of the cross for
both senses of rotatlon. Thne average of these 24 memsuremenls
gave the actual‘value ef CK, which waa compared with the mesan
value of X obtained by measﬁrements on one arm of the cross
of isocline for both senses of rotation. Twenty-nine such
oémpariaons wefe mada. 7The differences betwaen the actual
value of ?( and the mean 7ron one particular arm of the cross
were positive and negative in random fashion, suggesting that
no constant apparatus error was involved. The standard devia-
tion of this mean value of’j{ from the actuval value of )f waa
0=45°, whioh is 2 measure of the accurasy of readings made on.
this arm of the corosa., Thereaiter, &all measurements were made
on this one arm of the coross with the aocﬁracy represented by
this standard deviation, ¥ = 0.45°,

In measurements of extinction angle and birefringencs,
constancy of temperature is desirable. Since the apparétus
was not designed to opsrate in & oonstant temperature bvaih,

ol
however, all messurements were made at room temperature (22-25
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C.). ‘Temperature risse in the apparatus due to heating effects
‘has been shown to be negligible (51).

Experimental Kesults of Streaming Birefringence Study.

The initial streaming birefringence work was cérriad out wlth
distilled water solutions of SDE. Figure B shows a typical
curve of CK' veraus G and one of.ZS versus C. The character-
iatlc decreass of :(’ with inoreasing G resembles that of a
theoretical curve of X versus ©OC (figure 5) where o is
proportional to G ui constant € . ‘he curve showing the
inorease of A with inoreasing G has the form of the orlenta-
tion factor, f, versus C curve ([{igure 6).

Purther experiments with solutions of SD¥ in distilled
water showed strong concentration dependence. The extinction
angls curves (figure 9) continusd to rise even 1n concentra-
tions as low as 0.002%, which is thé lowest concentration
measurable in the iﬁstrument. This limit is imposed by the
limiting birefringence whioh the apparatus can deteact.

The origln of this concentration dependence is twofold,
First, lérge molecules interact sterically, impeding their
rotational motion. Secondly, electrostatic repulsions between
molecules are very prorounced in solutions of polyelsctrolytes
at low ionic strength. The polyelectrolyte character of
nucleic aclds haslbéen shown by many workers. These molecules
in solutions at pH 6 exist as stfongly charged anilona, as
shown by electromeiric titrations (52). The primary phos-
phate groups are largely., if not entirely, ionized at neutral
pH values.

In order to dearease the electrostatic interactionsa,
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solutions of SCH¥ were made up in 0.1 4 Nall. The '}{ versus
G curveas inlfigure 10 show that, in 0.1 ¥ ¥aCl, a region of
concentration independence was reached ranging»from-concentra-
tions of 0.02 to 0.004%.

in figure 11 are plotted curves of A\ versns @ for
various concentratioﬁs of SDN in J.1 ¥ HaCl. Figure 12 1is
a plot of ~£§- versus G for these same solutions. These

<
curves show the general form of the dependence of ZS. upon

L

concentration. Froﬁ equation {(9), it can be seen that &

is proportional to the produet of the orisntation fastor and
the optical factor. For an ideal, monodisperse system con-

taining freely rotating, rigid molecules in a region of con-

centratlion indspendence, the gurves of é} would bs super-
posed upon one another to give one curve. This ls largely
the case in figure 12. '“he departure from ideaiity is éhown
by tbe slight spread in the polnts.

In order to tesi the reproducibillity of the thymus prep-
aratlons, various birefringence studies were carried out and
are plotted in figuré 13. Thymus preparétions 1-3 gave iden-
tical extinection angle curves at concentrations of 0.008% in
V.1 & NaCl. %o determine whether all readings were made in
the region of concentration independsence, soms dilutions were
made to concentrations of 0.005%. Readings plotted at this
concentration gave the same results as did those mads on the
more concentrated solutions. This substantiates the fact that
all readings were made 1In the region of concentration indepen-

dence. The shape of the sextinction angle curves is discussed

below.
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]

Prep. Cong. G
@ ) fk%g

1 0.008 172
0.008 344
0.008 500
0.008 540
0.008 952
0.008 1384

2 0.008 184
0.008 350
0.005 372
G.008 532
0,008 660
0.008 792
0.008 792
0.008 792
Q0.008 1256
0.008 1328
0.008 1416
0.008 1415
0.008 1415

0.008 164
0.008 1864

I

0,008 164.

0.008 3506
0.008 514
0.008 622
0.008 982
0.005 1184
0,008 1312

-49A -

Table VI
a

eg)  (deg)
20.2 .75
15.3 .73
16.0 . 68
13.1 - 25
13.2 .72
12.7 . 20
1¢.2 ~.95
16.3 .73
15.8 .50
14.5 71
14.0 .BS
14.3 TS
#15.0 bt
#13.8 ——
13.0 .42
14.2 .89
13.3 .61
#13.9 -
*1207 -
18.7 71
*19»4 bt
+]18.0 -
17.0 .55
16.5 . 69
15.¢ 55
13.6 - L1
13.1 .58
12.9 .53

.35
16.7
15.2
8.7
1-8#5
19.7

10.4
14.6
15.6
18.8
20.0
19.3
17.5
g1.2
23.3
19.6
2262
20.3
24.6

10.9
10.2
11.9
13.4
14.2
15. 4
17.5
18.7
16.8

e

(ssa”

18.4
20.6
32.9
28.9
51.6
70.3

15.8
24.0
23.8
28.3
35.0
41.0
45.3
37.4
53,9
67.9
63.8
69.8
87.6

15.0
1651
13.8
26.6
36.2
40.4
56.1
63.4
78.2

1
2

11,050

30,580

9,010
9,500
7,580
7,060

11, 640

10, 200
10, 140
9,560
9,090
8,450
8,190
8,520
7,730
7,180
7,290
7,080
7,550

11,810
11,550
12,150
9,760
8,810
8,500
7,513
7,300
6,800

# These values are given to show the effect of the standard
on the apparent length.

deviation in
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In table VI arse the :K< and G values from which the points
in figure 13 are plotted. In additlon, the standerd deviation

for sach 75 is glven. This is computed from the equation

g = V CEf *“CEET
2.

where ey and Uecp are the standard deviations of the clock-

wise and’cohnte?dloekwise’sets of readings, respectively. The
methcd of computgtion of & ;. f) ; and 1, the apparent length,
ia ex@laihed on page 54. The wvalues of tk{ marked with an
asterisk aré,ohtained by‘addihg or subtracting the standard
deviaticn frcmkthe mean value. This 1s presented to show the
apread of apparent lengths resulting frém‘errors in ths
measuremsnt of l)f at & partlcular G.

Ths blrefringence curves for fhe 0.008% solutions (figure
- 13) are essentially superposed upon one another. Small read-
ings of ACS are éifficult, The deviations of thé scattered
goints'fall within the exgected srror spannedrby thg vertical
lines through the points. Two thymus preparatlons mads by
H. Simmonslé‘using easentiaily the same preéaratory method
were obtalned. IStreaming bifefringence studies were under-
taken to determine the reproducibility of preparations made
in different laboratories. ihe ;{ versus G curves (flgure 14)
vfor these preparations, degignated thymué A and B, are sllghtly
spread apart and are higher than those for thymus preparations
1-3. (A higher curve indicates a larger &, therefore, a
smaller molecular length.) |

The '}f versus ¢ curves for the spleen and testis prepara-
tions are plottedAin figure 15. These curves show large and

significant differences from those for thymus. The extinction
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Prep.

Spleen

‘festls

Gono.

(%)

0.008

0.008
0.005
0.008
0.005
Q.008
0.005
0.005
0.008

0,008
0.008
0.008
0.0058
0,008
0.005
0.005
0,008

G

(sec™})

180
302
548
572
1036
1068
1148
1352
1360

208
324
488
688
760
1160

. 1308

1320

~524 -

Table VII

Xmean

(deg)

22,8
20.1
16.6
l6.6
15.2
15.1
15.0
13.3
13’8

24.9
21.6
19'4
16.4
18.7
17.0
17.0
17.0

T.40
8,44
14.1
14.2
1l6.8
17.1
17.5
18.2
20.3

5,94

9.95
10.2
10.2
10.9
13.4
13.4
15.4

e

(sec”

24,4

1 32.0

38.8
40.3
61.7
62.5

- 656.5

73.4
67.0

55.1
32.6
47.8
57.6
69,4
B86.5
97.6
98.5

1
Ly (%)

10,050
8,180
8,610

8,500 .

7,370
7,340
7,230
6,970
7,180

8, 900
9,130
8,050
7,520
7,100
6, 500
6,340
6,320
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angle curve of testis implies shorter molecules than those
found in spleen, and the lower biref:ingencs gurve agsociated
wlth the testis is in agreement with this. The«sgleeﬁ gurve
for birefringence falls upon that plotted for preparations 1-3
in figure 13.

Table VII contains the ;( and C values for the points
plotted on the extinetion angle curve in figufe 15, For each
pdint, an ©%, E; , and 1 is also tabulated. 1t-§an be seen
“that, at the same velocity gradient, the apparent length of
the spleen molecule is laraer than that of tastis (This 1s
discuased fuﬂther on page 54 f.)

T All of the % versus G curves of figures 13, 14, and 15
{but not the»expgrimental ﬁoints) aré plotted together 1in
figure 16. The extinction angle curve for épleen falls upon
that for Simmcns’ preparation B. The cur ve fcr-a falls partly
ontthat for/ﬁ &nd.partly'onlthe curve for preparations 1-3.
The testie curve lies outside the range'of all the other curvesa.

~Discussion. Comparison of the extihction angle curves

shows that preparations from calf thymus tissue made by &
aingle investigator appear to be reproducible. A semiwquanti-‘
_tétive‘treatment of these détaAmay be made.

| For each meastrement_of CZ,, there correspondg an
apparent rotational diffusion coéf—ficién_t, i.e., the é

which a monodisperse system would have at this 12: and G. By

the use of equ&tion (5), this appareﬁt rotational diffusion

mm——w*—wnwa-o—v-u—nwms—————-—w—-’_wo-w_—*-w———-m-ﬂw-nm—»»m-&-‘—t‘“ma

l47ne author wishes to thank Dr. Simmons for kindly supplylng
these preparations.
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coefficient can be convertied into an apparent length. ‘lhs
curve of apparent length versus U gives some indication of
the distribution of molscular lengths.

- The axial ratio used in'equation (5) is 250. 1This esti-
mats 1ls based upon molecular weight (26) and x-pay diffraction
“data (12). Although this number is chosen somewhat arbltrarily,
the value of the length is very insensitive to the choice of
axial rsatio, as'notsd on page 36.

Figure 17 1s a plot of apparent length versus G for all
the preparationa,15 The numbers on the curves are fhe appar-
ent rotational diffusion coefficients at the varlous values
of G. For thymus preparations 1-3, the range of apparent
lengths is 7,500 R té 11{500 ﬁy FPor the teatis, the entire
distribution is shifted to lower values. It is seen that
relatively small changes in the extlnotlon angle curve cor-~
respond to large changes in apparent length.

The sequence of these curves agrees with the viscosity
meaaurements. Lf & rod-like. shepe is assumed for the SDN

molecules and if the only variation between different prepara-

- - o A - o . s Ak e - S e e e Gk T M Wb W MR T e We W B TS e A B e R T T R e S R A S PTG S e e e

l5‘1‘he values of SX’ and G used for the calculaticns wers taken
from the amooth curves, and, in most cases, are intsrnoclated
values rather than experimental points. :
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tions is the distribution of molecular length, then the vis-~
cosity measurements qualitatively indlcate that thymus preparsa-
tions 1-3 have the longest molscules, spleen is intcrmediate,
and testls has the shortest. (It may be noted that streaming
.birefringance i3 a much more sensitive tcol than viscosity for
examining mdlecular 1sngths of ellipsoidal particles.)

Since preparations A and B wsre prepared from the same
tissue as preparations 1-3, 1t must be aggumed that 4 and B
were degraded in the course of their preparation, ihe influ-~
snoce of this degradation dropped the curve of apparent length
(plotted.against'G) over a wide range of G in preparation B
than in A. Since the curve for spleen SDN falls on that of
the dégraded thymus pfeparations; the possibility that spleen
expsrienced a similar'degradatidn during its preparation can
not be excluded.

The departure of the testia lengih distribution from that
of the other preparations may imply even further degradation
from an initial state degeribed by the curve for thymus 1-3.

It may also reflect the fact that testis isva very speclal
tissue from fhe nuclear point of #iewy aince it contains hap-
loid ocslls. Theré is a possibility that the nuclelc acid mole-
cule has a different maoromoleculaf form in spsrm cells than

in the usual dipldid tissue cell. This problem may be resolved
when preparations of SDN are made from sperm cells by the
methods‘used here. |

Various reasons may bé advanced for the polydispersity in-

dicated in figure 17. First of all, nuclelc acids are believed
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to be related to genses. The manifold activities of genes

imply that they have different molecular conflgurations.
Therefore, the DHA molecules may be expscted to vary not only
in detailled molecular structure but also in their macromolecu-
lar gtructure. On the other hahdgvit is possible that all the
nuclelc acids from the same speciss may bhave the sams molecular
length, but this hes naver been damonstrated.'

5 discusalon of polydispersity will shed light on the
interpretation of figure 17. Sadron (55) was the first to
derive an expression fbr the extinotion angle.durves in poly-
disperse systems. Using artificially prepared polydisperse
systsms with components of known lengthg he demonstrated the
applicabllity of his equatlons (54). Utilizing the complete
solution of the Peterlin and Stuart treatment, Scheraga (55)
applied Sadron's equations to Gaussianﬂdistributions of lengths.
lis results are shown in figure 18. The curve for hmeerepre-
sents & monodisperse system. 1he curves for lowsr values of h
indicate the effects of polydisperslity. 1t own be seen ihal the
latier cufves showba fairly abrupt changs in slope. Thls change
1s similar to that exhibited by the curves obtained for the SDN
soclutions. These curves are interpreied as showing that, at low
velocity gradients, the longer mqlecules are orlented; hence,
the extinction angle falls. At higher G values, the shorter
molecules orient,and the curve no longer follows the initial
gourse determined by the larger molecules.

It should be emphasized that a glven extination curve can

be produced by man& different distributions of molecular lensths,
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EXTINCTION ANGLE vs.GRADIENT FOR
GAUSSIAN DISTRIBUTION OF PARTICLE

LENGTHS (55)

FIG. 18



both discrets and continuous. Consegquently, no unique Inter-
pretation in terms of molescular lengths can bs given to the
curves obtalned in this study. For this reason, only an appar-
ent distribution of lengths can be described.

Another poasible explanation for the departure of the
sxtinction angle curves from ideality is that the SDN molecules
do not behave as rigid rods in sblution. Schwander and Cerf
studiéd the birelringence behavior ol SLN in solutions of vary-
ing viscosity and came to the conclusion that the D4 molscule
is not compressible but acts as a rigid rod (S6). Their study
did not gonsider the quéstion of flexibilitg of thls long mole-
cule at high velocity pradients, however. _Schwander and Slgnsr
(57) made a astudy of the effect of saltvoonoentraﬁion on the
extinction angle curves. %They found that the curves did not
change with saltl concentration, and inferred from this that the
molecule i3 falrly rigid,z lhe high concentration dependence of
thej( vs. G curves of DNA iIn water solution cbagures the guea-
tion of shape changes in the presence of‘small amounts of salt.
Nonetheless, the invariance with salt concentratlon supporta
the conocept of rigidity in the presence of sall.

The difference in the apparent length distributions of
preparations 1~3‘and of" 4 and B Implies that there is an un-
gonbtrollsd variable in the preparation. Some refloctlion sug-
gosts that the %aring blendor used in dlspersing tlssue may be
important in this connectlon. In the preparation desoribed here,

care was taken to keep the blendor spae%s'as slow as possiblse.



This resulted in slower éispersion of tlssue and a lowsr final
yield, but gave a reproducible preparation of thymus SDN. Since
virtually all preparative methods employ the ¥Waring blendor or
some similer instrument, it was declided to investigate the ef-
fects on the final product of mixing in the Waring. An experi-
ment was carrivd—out in which a 0.008% solution of thymus SDi
was mixed in the blendor at high blade speeds of approximately
40 K.P.S. Aliquotéﬁremoﬁed from the blendor at verious inter-
vals shdwed a rise in the :K versus © curve, indicating the
presence of smaller particles. After 30 minutes, almost all
>birefringence had diaappearéd,

Variastionsg in blendor action upon differént tlssues may
sccount ror the different results obtained for gpleen and tes-
tis, Also, degradation due to blending may account for the
varlations in results among different investigators.

Compariscns of the results found here with those of prev-
ioué investirators are essentially a compariacn of differant
preparative methods. Until the recent calculations of Scheragd,
Edsall, and.Gadd were available, Investigators determined one
rotational diffusion coefficient and therefore one length by
taking the limiting slope of the ?f versua G curve as 0 approached
zero. This gave only & measure of the maximum length. Early
‘studies by Signer, Caspersson, ahd‘ﬁammersten (58) ylelded s &
of 180, which corresponded to a length of 4506 §= The Hammer-
sten method of preparation which they used 1s now pensrally

believed to plve degradation: Schwender and Cerf in 1949 (59)
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carrlised out measurements on a calf thymus preparation which
gave € = 36.6, corresponding to a length of 8000 ,Pcs), Ihe
pregsent investigator réplotted their data and fpund that thelr
preparation closely approached a monodisperae system ovsr a
small range of G. In 1851, using essentlally the same prespar-
ation, Schwandsr and Signer (57) obtained a curve for a poly-~
disperse system with a maximum length lsess than 8000 ga Hore
recently, Steiner (38) vharacterlzsd a prsparation of 3DN made
by the method of Gulland et al. Although his resulta shoved
polydispersity, he claimed that the ZK veraus G curve closely
matched the theoretical ocurve for a length of 4000 Eﬂ

It should be noted here that no previously published
atudiss h%ve cgbtalnsd maximusn laﬁgths as large as those found
in this study. In additioﬁ, no earlier studies have attempted
to compare the apparent distribution of lengths of SDN made

by the same method of preparastion in different laboratories or

e

attempted to churacterize SDN prepared from dlfferent tlssues

of the same specics.
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