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ABSTRACT
Selective precipitation with polyethylene glycol is an efficient
method for concentrating and purifying bacteriophage a and other

phages.

The phage a DNA molecule has & molecular weight of 33 million.
When prepared by phenol extraction of crude phage suspensions, it
cantains many single-strand breaks. When prepared by phenol extract-
ion of purified phage, it contains aepproximately one randomly-located
single-strand break per molecule. The mssber of single-strand breaks
can be further reduced by changing the conditians of the phenol
extraction.

The complenentary single strands of a INA can be sepsrated by
MAK chraratography followed by self-ammealing and hydraxylapatite
chromatography, but this procedure results in extensive breakage of
the strands. An alternative procedure has been developed using CsCl
gradient centrifuging in the presence of polyguanylic acid (polyG)
to give an efficient separation of the intact strands in 100 ug.
quantities.

Both the L strand and the H strand of a INA form cowplexes with
polyG, although to different extents. The PolyG binding sites in the
L strand appear to be confined to a small segment having a similar
buoyant density to the H strand.

Sequences of cmsecutive pyrimidine mucleotides of all lengths
up to 13 have been detected in diphemnylarine-formic acid digests of
a INA, There is a slight general tendency towards clustering of the
pyrinidine micleotides, sequances of lengths 1-4 being present at
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below random frequencies, and longer sequences being present at
asbove randam frequencies. These same general features are foumd in
diphenylanine digests of the separated H and L strands. The distri-
bution of pyrimidine micleotide sequenee lengths in a INA does not
appear to follow a rhythmic code of the type found in RNA phages.

Preliminary analyses have been made of the longest pyrimidine
mnucleotide sequences in a INA, and of the distribution of variocus
sequences between the two strands.

The dialysis of pyrimidine deoxyoligonucleotides was investi-
gated, and found to be strangly influenced by cytosine content. This
may reflect an unusual conformation of cytosine-rich oligonucleotides
at low ionic strength. Gel filtration was found to provide a satisfact-
ory method for the preliminary fractionation of diphenylamine digests
on the basis of chain length.
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INTRODUCTION

A. The Structure of Phage INA Molecules.

In 1959, Sinsheimer damonstrated that the entire 'NA camplement
of bacteriophage ¢X-174 is contained in a single molemlex. A similar
demanstration soon followed for bacteriophage ’1‘22. The identity
between the phage INA molecule and the phage chrorosome has now been
universally accepted, and has provided the stimulus for detailed
imvestigatians of INA structure.

The molecular weights of many phage and viral INA molecules hsve
been accurately measured, largely as a result of developmemnts in the
techniques of electron microscopy and tone sedimentation. Apart from
an wusual group of small phages, including ¢X-174, in which the INA
molecule i3 a single-stranded circle of moleaular weight approximately
2 x 106 » all phages have been found to contain linear double-stranded
INA molecules ranging in molecular weight fraz 10 x 10° v 200 x 105.

A useful summary of current knowledge is available in a review by
Thomas and thiattie’.

The contimed search for explanations for certain phage genetic
pheromena in the physicsl structure of phage DNA has had several
notsble successes. The circularity of the genetic map of phage ‘1‘2"'s
led to experirents which denanstrated that the linesr INA molecules of
this phage consist of a mixture of circularly persuted uqucmu"7.

A similar cbservation has been made for the INA moleailes of phage Pzz'.
Other species, including phages TS, TS, T7, A and SP82, contain a

791011
single non-permuted INA sequence * ° '’
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A hypothesis intended to cxnlnsin the existence of two types of
heterozygote in populations of phage TZ"u led %0 an ingeniocus
demonstration that each moleocile of T2 INA is terminslly redundant,
eartying the same sequence of sppruximately 1-3% of the molecular
length at each mdl’.

Terminel redmdancy has also been demonstrated in the INA mole-
cules of other phage species of both permuted and unique types. ”.

A rather different fomm of terminal retmdancy is found in the
short single-stranded ends of the non-penmuted INA molecules of phage
A. These terminal sequences, anly 20 mucleotides long“, are cample-
nentary in base saqum“. They can be snnealed together under
appropriate conditions, causing the solecule to form a circle. Remo-
val of the single-stranded ends destroys the infectivity of the INA“.

One of the most exciting discoveries in this field has been the
demonstration that some phage INA molecules have a highly organised
structure at a level which can be described as molecular enatomy,
vhere the units of structure are blocks containing tens of thousands of
micleotides. The most thoroughly studied case, the INA molecule of
phage A, has been shown to contain at least six segments of different
base composition, ranging in G + C content fraz 37 to 57 mole t".
Each segrent appesrs to be reasanably hamogensas in G ¢ C content, and
the bamdaries betwoen segments are thought to be rather sharp: not
more than a few § of the molecular length.

The internal heterogeneity of the A INA molecule has ensbled the
half fragrouts formed by shearing to be separwted into two classes,

) 10 16
corresponding to the left snd right halves of the A gemtic map °* .



The DNA molecules of the temperate phages ¢80, 434 and P22 can also
be differentiated into several regions with distinctive G + C composi-
tims“. The INA molecules from the virulent phages of the T-series
do not exhibit a marked segmental distribution of mucleotides vhen
sheared to larpe fragmnts“'”’“. However, shearing these
‘harogenexus® DNA moleciles to a much smaller fragment size (molecular
weight spprox. S00,000) reveals a heterogensity in base composition
asparsdle with that of A [NAu.

Some phage INA molecules exhibit a pranemced bias in base composi-
tion between the two complementary polymucleotide strands, allowing
separation of the strands by chromaeograply or by centrifuging in
density gradiontsn’”. A more universal bias between the two strands
of phage INA molecules is reflected in their preferential interaction
with synthetic polyribamcleotides”’“ '”. These differences sppear
to be correlated in some way with selection of the 'message' strand

28 29 %0
for the tramscription of gemetic information into messerger VA * °*

B. Sequence Determination in INA,

The problem of nucleotide sequence determination in INA molecules
has proved less trectable than the problems of INA molecular structure.
Manty researchers appear to have been discoursged by the lerge size of
even the smallest available homrgewrens desoxyribawiclsotide mn.
Nevertheless, it msy be canfidently predicted that the next decade will
seo substantial progress in this fleld.

‘The determination of both INA and RNA mucleotide sequencas can be

reguxded a3 a problem essentially similar to the determimmtion of protein



primary structure, The basic task in each case imvolves enzymic or
chemical degradation of the polymsr to a mixture of monomers and short
oligamers, followed by separation and identification of these camponents
by chromatography and electruphoresis. After complete elucidation of
the short fragmemts, more limited degradation procedures must be used
to obtain successively larger groups of oligomers. Eventually, suffi-
clent overlap between known sequences should be obtained to define um-
azbiguously the sequance of the intact polymer.

This approach, as briefly cutlined recantly by !bllcyu, has
resulted in the camplete sequence elucidation of several transfer INA”’“
and Ss ribosoual RNA molacules”'". Unfortunately, the complexdty of
the basic sewuencing task {mrreases very rapidly with increasing chain
length. The lack of camparable progress in INA sequencing can be
directly attriduted to the lack of availsbility of short (length 60-120
nucleotides) homogenecus species of INA molecules, although the highly
repetitious nucleotide sequances in the satellite band of Mouse lNA”
may provide a solution to this problem.

A problem peculiar to INA sequence determimmtion is the lack of
enzymes with a known sequence specificity. This situation has not
changed markndly since the 1965 review by Rurton , although a recent
report suggests that the Streptococcal INase A may have a useful speci-
ficity for mderately lmg tracts of adenine or thymime micleotides ,
vhile the INase K2 from Aspergillus orysae has been used to prepare
thymire-rich fragaents of length 30-50 from the INA of phage €1 . The
known [Nases with potamtial aspplication to sequencing have been reviewved
by Laskowski® .
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Fortumately, chemical methods of proven specificity are availsdle
for cleaving INA. The most extensively used have been the reaction of
INA with diphenylsnine and formic add“'“
of canseaitive pyrimidine micleotides, and the reaction of INA with
hydrazine follawed by alkaline hydrolysis ., which liberates sequ-
ences of consecstive purine micleotides. Other less widely used meth-
ods are available. Thymine micleotides can be selectively destroyed
by the resction of INA with an amoniacal solution of osmium tet-
raxide' , althaigh some destruction of cytosine camot be avoided. A
method for the selective destructian of cytosins micleotides and the

]
which liberates sequencas

release of sequasnces of amseautive thymidine nucleotides has been
Ww. and used %0 demmstrate sequencas of general formula
ToPne1 of length up to n = 11 in the INA of Fscherichic aau“. Sequ-
ences of consecutive adenine mucleotides can be prepared by alkaline
hydrolysis efter axidising the other bases with peraanganate at pH 9“.
Quenire can be selectively photo-axidised  , but no method for its
selective resoval has been ruported.

Hall and Sinsheiner = have used the dipherylmine resction to
daamnstrate sequencas of up to 11 amnsecutive pyrimddine micleotides
in the INA of phage ¢X-174., This INA, vhich has a chain length of
5,500 nucleotides, was found to contain only four sequuxces of 9 cansscu-
tive pyrimidine micleotides, two sequences of length 10, and one sequ-
ence of length 11. Petersen and Reeves'  have recantly reported a sisi-
lar analysis of the INA of phage fl, which was found to contain four
pyrimidine micleotide seqmwrces of length 9, one of length 10, two of



length 11, ane of length 13, and ane of length 19-20, Sedat and
Sinsheimer = exmuined the hydrazinolysis resction products of ¢X-174
INA, and were able to demmstrate sequences of consecutive purine
mcleotides of lengths up to 13-14. However, some doubt was cast on
the specificity of the hydrazinolysis and diphenylamine reactions by
the lack of agreansmt between the total nmsabers of purine and pyri-
midine nucleotide sequences in ¢X-174 INA. A critical study = has
suggested that hydrazinolysis msy not be suitshble for the quantitative
determination of purine micleotide sequences, while the low recoveries
of lang pyrimidine micleotide sequencss by Petersen et alu., to-
gether with the results of redigestion expoﬁmtsss, suggest that the
diphenylamine reaction may result in limited nan-specific cleavage.

Nevertheless, these methods should allow the sequencing of at
least small portions of the largest DNA molecules.

Various techniques for the selective end-labelling of polymicleo-
tides have become availsble in the last fow years, and have been used
to deterrdne the teminal base sequences of seversl ribosomal RNA and
phage RNA aolecules”'" and two phage INA mlemlesu'”. These moth-
ods, hovever, can find only limited spplication to high moleculsr weight
DNA.

Rarther extension of the basic sequencing procedure will be depen-
dent on methods for reprodxcidly splitting very large polymiclsotides

into smaller fragrents. Brief enztymic degradaticn of the RNA molecules

of phages QA and MS2 has been used to give tvo \nequally-sized fragments * .,

snd separation of these by sucruse gradient sedimentation has ensbled the
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allocatian of several long sequencas of cansecutive jurine rucleotides
to different reglons of the MS2 RNA moleculs' . Gel elsctruphorusis
of partisl digests of ribosamal RNA can give a range of clearly separs-
ted large fngum.s", and this method has been extended by Sanger et
al. to the phage MS2 RNA molecule, with the isolation and complete
sequoncing of a 57-rmucleotide segment which sppears to code for part
of the phage coat pmtein“.

There would seem no reason why this spproach should not be ex-
tended to the INA molecules of phages ¢X-174 and f1, Although limited
digestion with INases has scarcely been e@gplored, the folded secandary
structure of single-stranded INA" should allow at least partially
selective cleavage by INases with a higher affinity for native than for
denatired INA., The ¢X-174 INA molecule asppears to contain a block of
micleotides of umusual seandary structure, highly resistant to the
actien of mclusa“. PolyG-binding sites are believed to be
resistant to the actim of pancrestic mm". It would seem that
efforts to isolate short unusual INA segmemts, followed by spplication
of the krwm methods of partial and cosplete chemical degradation, are
Ukely to be most fruitful in the near future.

In addition to the basic saquencing methods, an interesting although
as yet largely tsproven clsss of methods may be svailsble through the
use of the INA polymeruse of E, aoli. The classic dsmonstration by
Eomberg ot al.’® of the freqency of dimucleotide sequnces in several
INA moleciles has rather suaprisingly never been taken to such logical
axtansians as the mayurerem® of the purine meighbarr frequancies for
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sarjuences of cansvautive pyrimidine mucleotides. #wu and Kaiser °

have used the INA polymerase to 'repair' the short siigle-sirmded
ends of phage A INA, snd have partly deduced the nuclectide sequence.
khorana et al"’" have deaonstrated that the INA polymerase, in
conjunction with the E. ooli INA ligase, can be usal to synthesise
an accurute deoxyribamucleotids replica of portims of & Yeast alanyl-
transfer RNA, The damonstration that short oligomicleotides are needed
for the initiation of INA polymerase replication with the circular
phage ¢X-174 INA molecule us wq)uun suggests a logical extension
of this method to elucldate buse sequances bordering an the langest
sequences of cansecutive purine or pyrialdine micleotides. The ability
of the INA polymerase to incorporate ribaaucleotidss into a :ixed co-
polywer may also be of use".

An unproven techndque of even greater lang-tara potential may be
the direct visualisation of stained base-sequences under the electron
micrmo@o”. Several tuse-specific stains have been proposed for this

78 76
purpssse * , although formidable practical difficulties remain.

C, The aims of the present work,

Although many aspects of the genetic code and control of genstic
expression have been vorked cut from the genstics and biochemistry of
MNA and protsin synthesis, there remairn important questions that can
prodsbly only be sswered by INA seaqumcisrg. The prusent work was
undertaken as a preliminsry attempt to correlats INA sequence studies
with the molecilar anatowy of a phage INA moleaile, in an attampt to
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cast some new light on (a) the initistion and termination of RNA message
transcription from INA templates (b) the hyttmic Code in relation to
INA,

Selective Transcription of INA,

Yt is nov well established that in bacterial systeams only one
strand of the INA doble helix is transcribed into RNA at amy one
region of the chrowosome, The mochanism of strand selection mist depend
on the reenanition by same moleaile, perhaps the INA-dependent RNA
polynerase jtself, of inique structural features in the INA. Direct
evidence for this hypothesis has eane meinly fram the £» vitro synthe-
sis of RNA using purified RNA polymerase. It has been demonstrated that
marked differences in the preference for the $'-terminal micleotide of
the RNA prodict ave determined by the source of the INA tanplate".
presunably reflecting initiation of RNA symnthesis at a restricted muber
of sites in each INA molecule. RVA-INA hybridisation has been used to
show that the sequences transcribed from phage INA molecules by purified
RNA polyrerase {n vitro are identical to those transcribed during the
early phases of phage infection  * ", althaugh this specificity is
strongly dependent on a diasocisble protein factor“'”. Purified RNA
polymerase cmn bind to native INA Zn vitro at only a limited mmber of
sim". In the case of several viral INA molecules, the nmber of RNA
polymsrase-binding sites is in reasonsble egresrent with the nmber of
genss @pecied to be trmscribed at early stages of viral infection’ ' .

Indivect evidence that unique structimal features in INA msy be

associated with the strand selection sschanism has come from work on the
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binding of polyribomicieotides te single-stranded INA. Seversl bacterio-
phage VA rmleciles hnve been shown to hinx! polyG and related polymers
exclusively to the ‘message' strand of the mlecule“’”’”. In the
case of rhage )\, messenger RNA is transcribed fror different regions of
both camplementary strands, but a close correlation is found with polyG-
binding sites, which are also located in bath strands of A INA,

On the assuption that the specificity of polyG-TNA cumplex forma-
tion Jeperds on normal Watson-Crick base-pairing, it has been suggested
that the polyG-tinding sites may in fact be ‘clusters' of short cyto-
sine micleotide sequences of comdbined length 14-20 mcleotidos“’.l .
Sirce sequences of consecutive cytosine mucleotides ocour rather rarely
in !I\LA“, it might be oxpected that the distribution of such sequences
would show a vory pronounced blas in distribution between the transcrib-
ing and non-transcribine recions of a phage INA molecule., A direct

attept has been made in the nresont work to verify this hypothesis.

The Rhythmic Code.

Fiers et al. reported in 1965 that the distribution of purine
mcleotide sequences of various chain lengths in pancreatic RNase
digests of the phage MS2 RNA molecule shawed small regular deviations
from randomess, which they characterised as a ‘rhythmic code'™ . All
purine mcleotide sequences of even length, i.e. lengths 2,4,6 etc.,
were presant at less than the frequmncy expected for a randamly arranged
polyribamicleotide of similar base composition. All purine mcleotide
sapuancas of odd length {.0. lengths 1,3,5 etc., were present at sdove
randon frepmnxy. Similar cbservations have been rerortsd for the RIA
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t LYY 1]
molecules of phages R17 and 42 . It has been suggested that the

thytimic code msy reflect same gensral restriction in the use of nucleo-
tide saquances for the encolng of blological information *" .

Almost no camparsble information has been gvailsble from DNA
sequence studies, Sedat and Simgheimer have renorted the distribution
of the purine niiclactide sequences released by hydrazinolysis from the
DNA of phage 0)(-174“ and their results show no sign of a rhythmic code.
However, their procedure sppears to result in significant losses of

m”'“. Since the complewemtary structure of double-stranded
INA ersures that every sequanca of consecutive purine ruclectides will
be matched by 2 complementary sequence of consecutive pyrimidine nucleo-
tides, relevant data can also be obtrined from an aralysis of pyrimidine
rucleotide sequences. The anly published anelysis of the pyrimidine
nicleotide soquences in a single INA strand, that of “iall and Sinsheimer
for the INA of phage ¢X-174 ', shovs mo signs of a thytimic code.
Hasever, these pyrimidine mucleotide sequences are not complemontary
to the purine micleotide sequences in the wmessenper RNA of phage ¢X-174,
since transcription takes plsce exclusively from the cosplementary
¢X-174 INA strand, formed only sfter phage !nfoction".

In the present work the distribution of pyrimidine micleotide
seuanars was doterzined in both separated strands of a phage INA

molecule, in 2 direct attenpt to domonstrate 8 INA rhythmic code.

Phage Alpha,
The INA molecule of phage a, a tswperate hacteriophage of Baofllus
tiderius, was chosen to be suitable for these studies. o INA was known
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to he linsar md dovhla-strmdsd, with n molecilar weizht of 3)-33

* 106, md to contain only the 4 notmal bazes: adenime, quandne,
(1) ’ﬂ ,’l

otogine and thy™ine . The two complemontary strands of the
a INA molecule had heen ropnread tn ho saparable in CsCl density
90 92
»

aradients mmd hy MAX chromasosraphy . Imovitro and {n vivn
studies had hoth sham that only ths H strand is traacribed into
RS ANTeT vw\"-”. It hadl hoen raported that only the i strand
contains nolyG-binding sim“ .
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Phage and Bacterial Strains

186
3 ° and its host Baoillue
tiberius, were cbtained from Dr. E.P. Geiduschek. PRacterial stocks

A clear mutant of bacteriophage a, a

were kept on nutrient agar slopes at 2-S°, and were sub-cultured at
intervals of not less than 4 weeks. Occasionally fresh slopes were
prepared from stab cultures maintained in the laboratory of

Dr. R.J.T. Clarke. Phage T7 and Facherichia ocoli strain W3110 were
obtained from Dr. M.G. Smith. Phage f1, purified by the isethod of
Marvin and Hofﬁnm-Berling”, was a gift from Dr. G.R. Petersen.
Bulk Growth of Phage Alpha

Phage a was grown in lasyers of soft agar by the confluent lysis
2%
method . The following growth media were used:

Nutrient Broth Soft Agar Hard Agar
10 g. Difco Nutrient Broth 1 1. Nutrient Broth 1 1. Nutrient Broth
S g. NaCl 7 g. Davis Agar 12 g. Davis Agar

11, distilled water

These media were sterilised by asutoclaving and stored at room
temerature. Phage buffer cantained 0.5 M NaCl, 0.01 M phosphate buffer
pH 7.0, 0.01 M MgSO, . Por the large scale growth of phage, 250-500 ml.
layers of hard agar were poured into heat-sterilised stainless steel
trays (8 in. x 12 in.) fitted with 1ids, and allowed to set. These
trays were dried briefly at 30° with the 1ids off. A mixture contain-
ing 50 ml. soft agar maintained at 45°, S ml. of an overnight culture
or thick log phase culture of B. tiberius, and 0.1 ml. of a phage stock
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containing about 1()6 p.f.u./ml. was poured onto each hard agar layer.
The trays were then incubated upside down at 30° overmnight.

To harvest the phage, 30 ml. of phage buffer was poured over each
agar layer. After allowing the trays to stand at room temperature for
1 h,, the soft agar layers were lifted off with the aid of a metal
paint scraper. Phage particles were released from the combined soft
agar layers and phage buffer by homogenising (5 mimutes at the lowest
speed setting in a Sorvall OQmi-mixer) followed by low speed centrifug-
ing (5 mimutes at 7,000 r.p.m. in the GSA rotor of a Sorvall RC-2B
centrifuge). The pellets of soft agar granules were rinsed by a second
cycle of horogenising with phage buffer (20 ml./tray) and centrifuging.

The combined supernatants were made 1.5% (w/v) in polyethylene
glycol (L. Light and Co. Ltd., Colnbrook, England, molecular weight
20,000) from a 30 (w/v) stock solution in 0.5 M NaCl, and centrifuged.
This and subsequent centrifugings were for S mimites at 15,000 r.p.m.
in the SS-34 rotor of a Sorvall RC-2B centrifuge. The supernatants
were made 2.5% (w/v) in polyethylene glycol, and after 5 mirnutes the
precipitate of phage was collected by centrifuging and the supernatants
discarded. Each pellet of phage was resuspendwd in 1-2 ml. of phage
buffer. The concentrated phage suspension was clarified by a final
centrifuging and stored at 2-5°,

Routine phage yields ranged from 2 to 4 mg. of INA per tray.

When required for electrun microscopy, phage was freed of poly-
othylene glycol by two cycles of high-speed centrifuging ( 1 h. at
30,000 r.p.m. in the 30 rotor of a Spinco Model L ultracentrifuge)
followed by resuspension in phage buffer.
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Phage Assays.

a phage assays were carried out by the agar layer method”, using
bacteria from mid-log phase cultures. However, it was noticed that
the titre of plaque-forming units (p.f.u.) was consistently 100-fold
less than the titre of phage particles deduced from the yield of phage
INA after phsnol extraction.

Growth of Radioactive Phages.
Phage « was lshelled with 32? or 33? by adding 0.5-2.5 mC. of

carrier-free >P-orthophosphate (Rsdiochemical Centre, Amersham,
England), or S-P-orthophosphate (New England Nuclear Corp., Boston,
Mass.) to each soft agar layer. Greatly increased incorporations of
label were cbtained by reducing the volume of the hard agar layer to
SO ml.

3H-1abelled phage T7 was grown on E. ooli strain W3110 in nutrient
broth containing 2 yc/ml, “H-thymidine (methyl-T, Radiochemical Centre,
Amersham, England) and concentrated by two cycles of differential cemtri-
fugingl”.
Phenol Extraction of Phage INA.

Redistilled, water-saturated phenol was svored in the dark, and
was buffered to a pH of 8-9 immediately prior to use by shaking with an

equal volume of O.1 M NayB,0;. Concentrated phage suspensions were
dialysed overnight at 2-5° against 0.1 M tris/HC1 buffer pH 8.0 contain-
ing 0.5 M NaCl and 0,001 M sodium diethyldithiocarbamate (SDDC), and
the phage INA released by shaking gently for 15 mirnutes with an equal
volume of chilled, buffered phenol. The two phases were separated by
brief centrifuging at 3,000 g., and the phenol lsyer removed by pasteur
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pipette and discarded. The aquecus lsyer containing the INA was then
extracted with snother equal volume of chilled huffered phenol, and
finally dialysed in the cold against several changes of 0.01 M tris/
HC1 buffer pH 8.0 containing 0.1 M NaCl and 0.001 M EDTA. The AZGO/
Areo ratio of such preparations was 1.85-1.95, and the AZBO/A'ZKO ratio
was 2,25-2.45. The INA content was measured by taking the absorbance
at 260 my in a 1 cm. cell to be 20.0 for a solution containing 1 mg.
INA/m1.

Llectron Microscopy of Phages and Phage INA,
This was carried out by Mr. Alan Craig, Plant Chemistry Division,

D.S.I.R. Phage suspensions were diluted into distilled water, nega-
tively stained with 2% potassium phosphotungstate pH 7.0, sprayed onto
carbon films on copper supporting grids, and examined with a Philips
EM 200 electron microscope.

Phage INA, at 2 ug/ml. in 1.0 M amnonium acetate containing 0.5%
formalin and 0.01% cytochrome C, was allowed to spread onto 0.3 M
ammonium acetate containing 0.5% formalin., After 10 mimites the protein
film was compressed to 0.9 dyncs/mz. Samples were taken onto carbon
films on copper supporting grids, and shedowed with platinmm during a
360° rotation.

Boundary Sedimentation of INA.

Boundary sedimentations of INA were performed in a Spinco Model E
analytical ultracentrifuge fitted with ultraviolet optics, in cells with
a 30 ma. light path,

Native INA was sedimented in buffers of pH 7-8 containing 0.15-1.0
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M NaCl. Denatured BNA was secimented in 0.1 M NaCH, 0.9 M NaCl. To
elimimate any possibility of breakage by shear, concentruted INA was
pipetted into pre-assembled cells af'ter removal of the upper window.
The appropriate neutral or alkaline solvents, to a total volume of
1.2 ml., were intreduced by syringe after re-assembly of each cell,
ai the contents gently mixed by rolling the cell for several mimtes.
The standard conditions used for assiying phage INA intactness were:
temperature, 18-—220; INA concentration, 20 ug/ml; rotor speed,
37,020 r.p.m. ltraviolet photugrarhs of the cell were taken at €
ndmite intervals, using Kodak Commercial or Kodak Professional film.
Exposure times were chosen to give a silver grain density preportional
to optical density in the cell. After developing, fixing and drying,
the pictures were scamed in the bocurdary region with a Joyce-Loebl
mlcrodensitometer or with a Beckmen Analytrol chromatogram scanner.
The smount of breakage of the INA was estimated as the percentage of
ultraviolet-absorbing material trailing behind the syrmetrical bamdary
(see figures 6 and 9).

In a few early experiments with highly fragmented INA, heat-
denatured INA in 0,15 M NaCl, 0.015 M sodium citrate (SSC) was intro-
duced into the ultracentrifuge cell by gravity flow through a No. 22
syTinge needle. The mean sedimentation coefficient was calculated from
messSUT=Ent o;the densitameter tracings and corxected to Sozo’w by the
usual methods . The mean molecular weight (M) of the INA was deduced
£rom the relationships S 5 , = Sy, (1 + 1.7 [a] O, [l = 0.0049.
M0-55 ana Sozo.w = 0.022. M 948 ¢ond by Eigner et al . for dema-
tured INA in 8SC.



Zane Sedimentation Through Sucrose Gradients.

Zone sedimentations of INA were performed in the SW-39 rotor of a
Spinco Model L preparative ultracentrifuge, using the procedmes first
developed by Burgi and Hershey”, and extended by Thamas et alloo.

4.8 ml. linear gradients of 5%-20% sucrose were prepared using a 2-
chanber mixing device, and were stored at 2-5°% for at least 1 h. prior
to use. Neutral gradients contained 1-2 M NaCl and were buffered at
pH 7-8 with dilute tris/HC1 or phosphate buffers. Alkaline gradients
contained 0.1 M NaCH, 0.9 M NaCl and were checked before use to ensure
that the pH was greater than 11. Samples of INA (usually less than

1 ug. per tube) were layered onto the gradients in 0.01 M tris/HC1
buffer pH 8.0, loaded into a pre-cooled rotor, and eentrifuged for

3-6 h. at approximately 5-10%. At the end of each run the rotor was
braked to a halt, and the gradients sampled by puncturing the bottom
of the tube and collecting 3-7 drop fractions, using negative pressure
on the top of the gradient to control the flow.

Calculation of the distances moved by sedimenting zanes assumed
a constant drop size in all fractions. When 3-drop fractions were
collected, the centre of a sedimenting zone could be located with a
precision of about ¢ 2 drops.

Molecular weights were calculated fram the relative distances

99 100 101
sedimented ®* °* , according to the relationships.
0.35
I_)‘_ = f_‘_ (neutral sucrose)
Dy My
0.40
i Eﬂ = M (alkaline sucrose)
Dy My
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Alkali Denaturation of INA.

Phage INA at concentrations of up to 200 yg/ml. in 0.01 M tris/
HC1 buffer pH 8.0 containing 0.1 M NaCl was denatured by adding a one-
third volume of 0.4 M NaOH., After gentle mixing at roam temperature
for 2-5 minutes, the denatured DNA was chilled to 0° in an ice-water
bath and re-neutralised by adding a half volume of chilled potassium
phosphate buffer containing 0.3 M KH,PO, and 0.1 M K,HPO, .

To form polyG-INA complexes, 0.25 ug. of polyguanylic acid (Miles
Laboratories Inc., Elkart, Indiana, minimm molecular weight > 100,000)
was added per ug. of DNA prior to alkali densturation.

Handling of Single-stranded INA.

High molecular weight single-stranded DNA is very shear-sensitive
in the alkaline form (pH > 10.5) or at low ionic strengths (I < 0.1).
The general precautions outlined by Davison and Freifelde'rlez were used
throughout the present study. Wherever practicable, native INA was
stored and handled at high concentrations (more than 100 ug/ml.) and
denatured INA was stored at pH 8.0 and at ionic strengths greater than
0.2. Vortexing or syringing of solutions containing INA was avoided.
Small volumes were transferred using wide-bore pipettes equipped with
a screw-suction device for controlling low rates of flow (Clay Adaws,
N.Y., U.S.A.). Whenever practicable, single-stranded INA was cancentra-
ted from dilute solutions by dialysis against solid sucrose, since
lyophilisation or adsorption to hydroxylapatite resulted in breakage

of most of the strands.
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Shearing of INA.

In several experiments, the alkaline form of a INA was sheared
by rapidly squirting the INA solution 5-10 times through a No. 22
syringe needle. This reduced the mean size of the strands to that of
quarter-length fragments (mean molecular weights of 4.6 x 106 and
5.2 x 10% were measured in two separate experiments by zone sedimenta-
tion through alkaline sucrose gradients).

Annealing of INA.

Denatured o INA at 5-100 ug./ml. was dialysed at 2-5° against
twenty volumes of 30% (v/v) formamide containing 0.15 M NaCl, 0.015 M
sodium citrate. After 12-40 h., forwamide was removed by dialysing
against 0.5 M NaCl, 0.01 M phosphate buffer pH 7.0.

MAK Chromatography .
MAK (methylated albumin adsorbed on Kieselguhr) was prepared by

the method of Mandell and Hershcyws, except that methylation was
allowed to proceed for 2 weeks instead of 3 days. Early experiments
followed in every detail the procedure described by Cox-das”. In later
experiments, refrigerated colimms (2-5°) and gradient elutions were
suplayodl”. The procedure was as follows: A freshly-prepared column
of MAK (3 ar. x 1 on., dismeter) was rinsed (at 1 ml,/min.) with 100 ml.
of 0.1 M SP buffer (0.05S M phasphate hiffer pH 6.8 containing 0.1 M
NaCl) followed by 20 ml. of 0.6 M SP. Appraximately 400 ug. of alkali-
denatured, rensutralised a DNA was made 0.5 M in NaCl and pumped onto
the column. The column was then rinsed with 20 ml. 0.6 M SP, followed
by a 200 ml. linear gradient of 0.6-1.0 M SP, and S ml. fractions were



p.21

collected. INA content was assayed by measuring the ultraviolet sb-
sorption at 260 mu, and appropriate fractions were assayed for their
content of L and H strands by CsCl gradient centrifuging. Fractions
enriched for either strand were concentrated by adsorbing to hydraxy-
lapatite, or by rotary film evaporation at 30° followed by dialysis
against 0.1 M SP, and stored at 2-5°,

Hydroxylapatite Chromatography.
Crystalline hydroxylapatite Cag(PO,)OH was prepared from brushite
108
by the method of Tiselius et al. , and stored at 2-5° in 0.01 M PB

(phosphate buffer pH 7.0). Care was taken to avoid breaking the large,
fragile crystals by pipetting or repeated resuspension. Of several
independently prepared batches of crystals, no two had exactly the same
properties for the chramatography of INA. However, in every case phos-
phate gradient elution as described by B«n‘mu*dim6 readily separated
single-stranded from native INA. The most useful batch of hydroxy-
lapatite gave approximately 75% recovery of high molecular weight
single-stranded INA, and 95-100% recovery of native a INA, from colums
eluted at roan temperature. Up to 500 ug. of INA in 0.5 M NaCl1, 0.01 M
PB cauld be loaded onto a short colsm (3 ca. x 1 on. diameter) of
hydroxylapatite, and eluted with a 50 ml. linear gradient starting with
0.15 M PB containing 0.3 M NaCl, and finishing with 0.3 M PB. Single-
stranded INA was eluted at 0.2-0.25 M PB, Complete elution of native
INA was accoeplished by rinsing with a further 20 ml. of 0.3 M PB,

With an earlier batch of hydraxylspatite, good recoveries of high
rolecular weight single-stranded INA could not be cbtained by phosphate
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gradient elution. This problem was overcame by the use of jacketed
colums eluted at 70° . INA solutions were pre-heated to 70° and
applied to S cm. x 1 on, diameter colums of hydroxylapatite in 0.12

M PB containing 0.3 M NaCl. Under these conditions, single-stranded
INA passed straight through the colums, while native INA was ad-
sorbed. The irreversible adsorption of single-stranded INA seemed to
be dependent on molecaular weight, since 90-95% recoveries were obtained
of phage f1 INA (molecular weight 1.6 x 10%) or of a INA which had
been sheared to a molecular weight of approximately 500,000 by a single
passage through a French pressure cell.

Density Gradient Centrifuging.

The theory and practice of equilibrium density gradient centri-
fuging has been adequately revimdl“’w”uo.

In the present work, analytical centrifugings were performed in
a Spinco Model E analytical ultracentrifuge fitted with ultraviolet
optics, using 12 mn, light-path cells and Kel-F centrepieces. When
possible, a 4-place An-F rotor was used.

CsCl and Cs3S0, mixtures were made up to approximately the desired
initial density from cancentrated stock solutions. Each sample, of
total volume 0.8 ml., contained 0.5-2.0 ug. of INA per density species.
The initial density was determined by measuring the refractive index
at 25°, using the relatianships

025« 10.8601. 025’ - 13.4074  (cscR)

md %% = 13.6985. 025’ - 17.3235  (Cs,p80,)
CsCl mixtures cantained 0.01 M tris/HC1 buffer, pH 8.0, For

scamrate buoyant density measurements, the initial density was adjusted
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to 1,710 ¢+ .001 g/ml. (25%), and 0.5 ug. of INA from Peeudomonas
aeruginosa (p9 = 1,727 g/ml.)l" or Tetrahymena pyriformis strain

W (o0 = 1.685 g/ml.)lll was included as a density reference. Exactly
0.8 ml. was syringed into each cell. Centrifuging was at 22-25° and
44,770 r.p.m, for 20-24 h., and the bands were located by ultraviolet
photography and densitametry. Buoyant densities were calculated from
the buoymnt density (p9) of the reference INA using the relatimshipm.

2 2 2 =
pmpd ¢ 4,55, 0 (V -Vo)x10 10

where - = 22.02 x 10° at 44,770 r.p.m., and V and V, are the measured
distances of the unknown and reference INA bands from the axis of
rotation.

For measuring the L and H strand content of samples of denatured
a INA, less care was taken with the initial density and sample volume,
and centrifuge runs were often ended after 16-18 h. Native a INA
(0% = 1.705 g/ml.so) was included as a density reference. The relative
content of the two strands was estimated from the relative heights of
the H and L peaks in each densitometer tracing.

Por mercury-binding experiments in Cs,S0,, the method of Nandi
et al. was follc:umdl 12. INA samples were dialysed exhaustively against
0.1 M NaySO,, 0.00S M borate buffer pH 9, to remove EDTA and NaCl, and
were heat-denatured by heating to 100° for S minutes followed by rapid
chilling in an ice-water bath. Cs3SO, mixtures contained 0.005 M
borate buffer pH 9.2. Mercuric ion was added fram a solution contain-
ing 0.001 M HgCl; to give an Te (moles Hg/moles INA phosphate) of 0.3.
Centrifuging was at 44,770 r.p.m., for 16-20 h.
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Preparative CsCl gradient centrifugings were carried out in the
40 rotor of a Spinco Model L preparative ultracentrifuge, with the
refrigeration set to maintsin a temperature of roughly 5° during long
runs. For separating polyG complexes of the H and L strands of a INA,
mixtures with an initial density (at 25°) of sppraximately 1.705 g/ml.
were prepared by adding 0.875 ml. of a solution of o INA, denatured
and re-neutralised in the presence of polyG, to 3.125 ml. of a satura-
ted solution of CsCl (pzs° = 1,900 g/ml.) containing 0.01 M tris/HCl
buffer pH 8.0. This initial density, substantially lower than the
density at 25° of either of the polyG-aINA camplexes, was chosen to
allow for the effects of teamperature on the density of CsCl solutions
and the degree of hydration of Cs-INAu’. The mixtures were poured
carefully into polyallaner tubes and overlaid with paraffin oil to
give a total weight of 14.8 g. per tube. In early experiments, centri-
fuging was for 35-45 h. at 36,000 r.p.m. In later experiments, the
mixtures were made with an initial pre-formed step in CsCl concentration
is Sascribed by Brml mid Lelek , md e conti Skl Vinsredicad
to 12 h, At the end of each run, the rotor was braked to 5,000 r.p.m.
and then allowed to coast to a halt. Tubes were removed with care to
avoid disturbing the density gradient, and stored at 5° for up to 3 h.
before sampling.

Diphenylamine Digests.

INA solutions at concentrations of up to 4 mg/ml. were dialysed
against distilled water and degraded with 28 (w/v) diphenylamine in 66%
w2
(v/v) formic acid for 18-25 h. at 30° . Diphernylanine was removed by



other extraction, Pormic acid was removed by contirucus liquid-
liquid ether extraction or by several cycles of rotary film evspora-
tion to dryness at 30°, Carrler diphenylamine digests were de-
purinated after the preliminary ether extractions by passing through
colums of DowexSO x8 (H') and rinsing with distilled water until the
shsorbance at 260 mu of the eluate was less than 0.05. This procedure
was not used to de-purinate radioactive diphemylamine digests, since
2-3% of the radiocactivity could only be recovered from the DowexSO
resin by eluting with S M aq. asmsomia. In a single experiment cut-
lined i{n Appendix II. the insoluble precipitate of guanine was
removed from a combined digest of radicactive and non-radicactive
bacteriophage DNA by filtering through a 1 cm. column of DEAE-cesllulose
in 2 M triethylsmonium bicarbanate buffer pH 7.8,

Carrier Digests.

Calf thymss INA was a gift from Dr. G.B. Petersen, and had been
prepared by the method of Kay, Sirmans and m"’, after preliminary
isolation of the mclod\isml“. Depurinated diphenylamine digests
of calf thymus INA were cancentrated by rotary film evaporation at 30°
to sppruximately 150 yMoles of phosphorus/ml., snd stored at -20°,

In esrly experiments, preliminary fractionation of carrier digests
was obtained by dialysing against distilled water with contimicus
stirring for 60-65 h., using Visking thin-wall dialysis tubing grade
20/32. Bactsrial growth wss prevented by adding a few drops of chloro-

form to the diffusate. This method was eventually found to be umn-

satisfactory (Appendix I!.)",.
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In laster experiments, preliminary fractionation of carrier digests
was achieved by gel filtration (Appendix III.). Portions of digest
arrespanding to $0-200 mg. TNA were adjusted to pH 8.5 with aq. sswmonia,
cancentrsted by rotary film evaporation at 30°, and applied in 0.2-0.5
rl, layers to 150 cr. x 1 on. diseeter colums of Sephadex GSO gel
(Pharmacia, Uppsala, Swedan) equilibrated with 0.1 M triethylsmmonium
bicartbonate buffer pH 8.3. Best results were cbtained by applying each
sample to the surface of the gel as a dense layer, containing 5% (w/v)
suctose, beneath a layer of elution buffer, After elution into 5-10
ml. fractions, sequenoes of length eppraximately greater than 6 were
pooled with 20§ of the sequences of length appruoximately 3-5 and S8
of the sequences of length approximately 1-2. Occasicnally, ~2p-
lsbelled tetramuclectides were included in the carrier digest applied
to the gel colum, and all fractions eluted prior to the peak of radio-
activity were pooled. Fractionated carrier sequences were dialysed
briefly against distilled water (1-2 h.) and concentrated to dryness by

rotary film evaporation at 30°,

Ion-Exchange Chramatography of Oligonucleotides.
’memdhmmodmthmeof?ommmdmu.. For
separations on the basis of chain length, diphenylanime digests were
chramatographed on [EAE-cellulose (Cellex D, Calbiochem. Los Angeles,
Calif., U.S.A., small ion exchange capacity 0.93 meq./g.) using linear
NaCl gradient elution in 0.1 M acetate buffer pH 5.4 containing 7 M

urea. Urea, although not essential for these separations, was found

119
to give higher recoveries of long sequencms . For separatians on
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the horais of hrse composition, oligonucleotidas were chromatographed
en the amme mesin using lpesr ¥aCl rradient elutim in 0,1 M formic
acid buffer (pH 3.5-4.3) also contalning 7 M ures,

In later oxperiments, chaln length separations eroloyed a
'microrramilar' form of TEAE-cellulose (Whatnan TR-X2, H, Reeve
Angel, London, Fngland, small ion exchange capacity 1,0 meq./g.). The
Tesin was carefully nre-cycled with acid and alkali snd equilibrated
in batches with starting buffer after removal of fines. Coluwmns
(40-60 cm. x 1 om. diameter) were packed by pumped huffer flow at
36 ml/h. as suggested by manpsmuo, and rinsed with starting buffer
for several hours prior to use. Diphenylamine digests of radiocactive
INA were supplemented with casrier (0.2-0.4 ml, of unfracticnated
carrier diphenylsmine digest for separations of chain lengths up to 6,
fractionated long sequances from 1-4 ml. of carrier diphenylamine
digest for separations of chain lengths up to 13) and concentrated to
dryness by rotary film evaporation at 30°. Each sample was taken up
in 10 ml. of starting buffer, a 0.1 ml. aliquot set aside for radio-
activity assay, and the remaindsr pumped onto the colimm and rinsed
with several 5 ml, portions of starting buffer. Columns were eluted
at 15-25 ml/h. with the following linear gradients: first gradient,
600 ml1., 0-0,12 M NaCl; second gradiemt, 1200 ml., 0.12-0.18 M NaCl.
The gradient was normally stopped after the heptamicleotide peak, and
longer sequences eluted with 0.5 M NeCl. Langer sequsnces were
altermatively eluted by contimuing the second linear gradient.
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Urea Solutians.

8-9 M solutions of urea in distilled water were decolorised by
passing through 10-18 com. x S on, diemeter charcosl columns contain-
ing S parts of Celite 545 (Xoch-Light Laboratories Ltd., Colnbrook,
England) per 1 part of activated charcpal (Darco G50, Darco Corp.,
N.Y., U.S.A.). Preshly prepared solutions had an sbsorbance of
0.015-0.00S in the wavelength range 260-300 mu. Urea solutions were
standardised by specific gravity measurements, taking the specific
gravity of 7 M urea to be 1.113 g/ml. at 20°,

Desalting of Oligonucleotides.
(a) Dialysis. Brief dialysis (2-3 h.) against distilled water,
or overnight dialysis against 0.1 M triethylamanium bicarbanate buffer

pi 8.3, was used as a cawenient method of desalting small volumes

(up to SO ml.) of nuclectides when quantitative recwveries were not
regarded as essential. Dialysis against distilled water can result in
selective loss of cytosine-rich sequmcsl". This is not a suitsble
procedure for terminally-dephasphorylated oligomucleotides, which pass
very rapidly into the diffusate.

(b) Charcoal. Larger volumes of oligaraicleotides were desalted
on S an. x 1 on, dismeter columns of the charcoal/celite mixture descri-
bed above for the preparation of urea solutimsul. Bach column was
washed with several colusn volumes of 1 M HC1 followed by several
column volumes of ethaol/water/smmnia $0:49:1 (v/v), and then rinsed
with distilled water prior to use. Oligomicleotide aixtures containing

7 M urea were diluted with an equal volume of 0.5 M liC1 and passed
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through the columns at 2-5 ml/min. After rinsing with a few colusn
volmms of water, the oligammicleotides were eluted with 50-100 ml. of
ethanol/vater/sanonia and cancentrated to dryness by rotary film
evaporation at 3¢°, This procsdure gave recoveries of 90-100% for
oligamicleotides of lengths 2-6, and is also suitable for terminally
dephogphorylated oliganucleotides, but not for monamicleotide
diphasphates .

(c) DEAE-Sephadex. The method of Rushizky end Sober — was
preferred for the quantitative desalting of manamicleotides., Samples
wore diluted with water to less than 0.05 M NaCl, adjusted to pH 8.5
by dropwise addition of cancentrated aq. sasmania and adsorbed onto
S an, x 1 am. dismeter colirms of DEAE-Sephadex A25 (OH”) (Pharmacia,
Uppsala, Sveden). After rinsing with several coliem volimes of 0.01 M
triethylammanium bicarbonate buffer pH 8.5, the micleotides were
eluted with 20-30 m1l. 0.5 M triethylamanium bicarbanate pH 8.5 and
the solvent removed by rotary film evaporstion at 30°.

This method can also be used for quantitative desalting of oligo-
nucleotides, however it was suspected Amring the course of this study
that expasuze to concentrated triethylasine can result in pertial
dsphasphorylation of oligomicleotides. For this reasan other methods
were used when practicsble.

Triethylammonium Bicarbonate Buffers.
2 M triethylamonfum bicarbanasts was prepared by bubdling 00y

(sensrutad by the deliquesence of dry ice) through a chilled saturated
soluticn of redistilled triethylamine in water, with the relative rates
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of input of (03 and triethylamine adjusted to maintaein a pH of
sppraximately 8.5. Concentrated solutions were stored at 2-5°,

Deghosphorylated Digests.

tisman proststic phosphomanoesterase was purified by salt fraction-
atimm. and ion-exchange dxmmgrqﬂxyus as descridbed by Burton and
Petmen”. Monoesterase activity was asssyed by inabating a 0.2 ml.
aliquot of 400-fold diluted enzyme at 37° with 2 ml. of 0,005 M di-
sodium p-nitrophenylphosphate (NPP) and 1 ml. of 0.2 M scetate buffer
pH 5.6. The reaction was stopped by adding 0.2 ml. of 2 M aq. smmonia,
and the unit of activity defined as the amamt of enztyme causing an
increase of 1 in the absorbance at 400 muy in 1 mimite. Diestoerase
activity was assayed by replacing 0.005 M NPP with 0.005 M disodium
p-ni trophenylthymidine-5'-phosphate. The preparation of phospho-
rmnoesterase used for these experiments had a ratio of monoesterase/
diesterase activities of 1%,500.

Although a purified phosphommomsterase with a caparsble ratio
of monoesterase/diesterase activities is available camercially
(E. aoolt alkaline phosphatese, E.C.3.1.3.1, Worthington Biochemical
Corp., Preehold, N.J., U.S.A., chrumatographically-purified grade),
the nman prostate enzyme was preferred for two reasans:-
(1) It shows no product irhibition by inorganic phosphate.
(2) Very little buffering capacity is required to maintain the pH of
optimm activity (5.6) during dsphosphorylations., Hence there is no
requiremcnt for desalting prior to paper crumatagrephy.

Ether-extracted diphenylamine digests were made 0.006 M in RDTA
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and adjusted to pH S.6 with a few drops of dilute NaOH, 15 units of
phosphaamoesterase were added per yMole of total digest phosphorus,
and the reaction mixture incibated at 37°, Aliquots (0.05 ml.) were
taken at intervals for asssy of inorganic phasphate release. When
this gppeared to reach a platesu, further enzyme (5 units/uMole
phosphorus) was added and the incvation cantimied for seversl hours.
The reaction was halted by shaking the digest with an equal volume of
chloroform, After rewoval of the aquecus layer, the chloroform layer
(and denatured protein interface) was rinsed twice with water. The
combined aqueais layers were cmcentrsted by rotary film evaporation
at 30° to 0.5 ml., and any further precipitate centrifuged down and
discarded, Finally, the digest was evaporated to dryness under a
current of warm air in the tip of a conical glass centrifuge tube, and
taken up in 0.1 ml. for spotting onto chramatography paper.

Paper Chromatography of Oligomicleotides.
Two-dimensional paper chramatography was carried cut on acid-

washed sheets of Whatman No. 1 chramatography paper (47 aa. x S7 cm.)
as described by Pburun". Ultraviolet sbsorbing spots were located
by taking contsct photographs in ultraviolet light . S2p-lsbelled
spots were located by autorsdiogrsphy, using Ilford Industrial B grade
X-ray film., Spots initially containing 2,000 counts/min., (Cerenkov)
gave detectsble blackening after 2 week exposures, For quantitative
uuumntsofu?suvitythooumdmddospoummm.
rinsed with ether (S ml.), allowed to dry, and then eluted with water
(20 ml1,) end counted by Corenkov emission. The radicactivity of the
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wet paper residue (3-10% of the total) was included in the total for
each spot, with no correction for comting efficiency. FRor msasure-
ments of 3"’P/"’zl’ ratio, the water eluate of each spot was evaporated
to dryness at 95° and taken up in 1 ml. of water and 9 ml. of tolusne/
tritonX-100 scintillator fluid.

Phosphate Estimatians.

For assays of non-radiocactive phosphate, duplicate estimations
were made by the method of Chen, Toribara and wamcru7, slightly
nodified by the addition of 0.02 M ENTA to reagent A (1 part by volume
of 6 N HaSO,, 1 part of 2.5¢% (w/v) smmoniim molybdate, 2 parts by
volume distilled water) just prior to use. This modification gives

a lowsr and more consistent reagent blank (G.B. Petersen, personal
camamication).

For assays of total phosphorus, sarples were first ashed with the
ashing fluld of Hanes et al. >

For assays of the releass of ->P-labelled phosphate during phospho-
monoesterase digestion of oligomicleotides, the method of Dreisbach‘”
was slightly modified as follows. Esch 0.05 ml. aliquot was taken into
0.5 ml. chilled 5% TCA in a canical glass centrifuge tube. After brief
centrifuging at 3,000 g. to ramove denatured protein, the supernatant
was poured into a polythene-capped glass castting vial containing 2.5%
smanium molybdats (2.5 ml.), 1.5 M HyS0, (2.5 ml.) and {scdutenol/
Xylene 35:65 (S ml.). The vial contents were shaken vigorausly by hand
for 20 seamds, and the aqasas lower layer Twmoved by Pasteur pipette.
Cerenkov conts in the iscbhutanol/xylens layer were taken as a measure
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of free 32p phosphate. Two corrections were made:

()) The efficiency of extraction of “2P-labelled phosphomolybdate
into the ischutanol/xylene lzyer was taken to be 97%.

() Corrections were made for coamting efficiency by the Chamels
ratio mﬂnod"° using the following settings: channel A, 15-1000,
208 gain; chammel B, 50-2850, 2% gain. Cerenkov coamting is more
efficient in iscbutanol/xylene than in water, but is strongly quenched
by the yellow phosphamolybdate complex.

Success with this method requires immediate counting of each
sarple, since on standing a blue colour develops in the aquecus layer.

Radioactivity Estimations.

(1) For simple quantitative measurements of 32p radioactivity, 0.1-0.2
ml, samples were dried onto disposable aluminium planchettes and counted
with spproximately 40% efficiency in a Bedlman Low-Beta proportional
camter. This method has the great advantege of not requiring time-
cosuming cleming of glass vials,

(2) FPor double-lsbel experiments imvolving the isotopes “H and ~2p,
s=ples were dried onto filter paper squares (Whatman No. 1) in glass
camting vials and counted in § ml. portions of a toluene scintillator
solution cntaining (per litre) 10 g. of PPO and 0,25 g. of dimethyl-
mm. Spillover from each counting charmol into the other was re-
determined for every nsw batch of scintillator fluid, but no correctiomns
were nade for counting efficiency in individual vials,

(3) For quentitative masurements of 2P radiosctivity in expsrissnts

where camplete recovery of the samples was desired, the Cervenkov method
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132 138
was used * | Volumes of up to 20 ml. were counted in glass vials,

with canting efficiencies of approximately 10t to 208 in diffevent
Packard liquid scintillation spectrometers, using a variety of window
sottings. This method is not susceptible to chemical quenching, nor

1s it affected by the usual rage of pH chaages and salt concentrations -
but it gives characteristically different counting efficiencies in such
solvents as 7 M urea, ethanol, and iscbutancl/xylene ss:ssm. Colour
quenching, vhen s\spectad, was corrected for by the chamels ratio

o thodl 3e.

Sexi-quantitative estimates of S2P activity wers sometimes made
by dry Csrenkov camting of paper spots ait fram chromatograms.

(4) Although Cerenkov counting was eventually realised to be the method
of choice for measurements of S2P radicactivity in 7 M urea buffers
two other methods were used in early experiments.

(1) 1 ml, samples were suspeided as a thixotropic gel with 1S ml,
of a scintillator mus_lss containing (per litre) 150 g. naptha-
lene, 10 g. PPO, 0.3 g. POPQP, 1 1., dioxane and 40 g. Cab-0-Sil (Trade-
mark of GodfreylL. Csbot Inc.). No axrToction was made for camting
efficiency.

(11) 1 =1, ssmples were shaken with 9 ml, of the toluens/triton

187
X-100 2:1 scintillator solution described by Pattersan and Grew ,

cmtaining (per 1itre) 1.5 g. p-terphenyl and 0.1 g. dimsthyl-POPCP.
An speas emulsion is formed vhich on standing gives a clear solution
in which 32p radicectivity can be camved with efficiencies of 58-618.
The comting efficiency was found to be sbout 1% less for samples
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containing 7 M urea buffers than for samples containing water, with
no effect of pfl or ionic strength over the runge used for ion-exchange
chromatography . Chemical quenching is much less of a problem in this
scintillator mixtumu, than in conventional scintillator mixtures
such as 3ray's fluid“.. Colour quenchiyy was corrected for using
the Packird automatic external standardisation system, but corrections

more than 18 were rarely necessary.

Counting of 3p/>%p patios.
53}’ is a g-emitter with a maximm energy of 0.25 Mev., and has
a half-1ife of 25 days. For some experiments, samples were counted on

psper, but for careful measuraments samples were counted in the toluene/
triton X-1G0 scintillator described above. Optimal gain settings and
spillovers wers re-detenrined for each experiment, and the coumts in
each channel were corrected using an Olivetti Programmz 101 desk-top
computer.

Vials in which significant quenching was detected by using the
Packard autamatic extemal stenlardisation system wore not included
in results.

All comting data wore odrrected for isotope decay.

Ultraviolet Absorption Measurements.

These were mostly carried ocut in a Beckman Model DU spectropho-
tometer, in quartz cells with a 1 or. light-path, with an estimated
repradusebility of ¢ 18, Spectra were scanned using a Unicaa SP800
recording spectrophotometer, INA concentration measurements assumed
that a 1 mg/ml. solution of native INA has a 260 my ebsorbance of 20.0.
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Oligonucleotide concentration measurements assumed an ¢, at 267 my
and pH 1-2 of 9900/Mole of pyrimidineu. Other shsorption data were
measured relative to this basic value by diluting standard solutions
of the deaxyribonucleoside-5'-phosphates dCp and dTp (Calbioches.,
Los Angeles, Calif., U.S.A.) into varicus solvents. The results are
tabulated below.

Solvent Nucleotide €29, x 10 Mole 2802260 ::3}’::;:,‘,
g.{oi_g HC1 g 1;:2 g:g‘l’ 267 my
GLeE ® W 45 s
e

Nucleotide Sequence Freguencies.
Percentage Sequence Prequency (P.S.F.) is defined as the mmber of

sequences of a given length, base-composition, or sequence group per
100 nucleotide residues of INA. Results fram column chromatography
were calculated by taking the total radiocactivity recovered from the
eolumn, including the high-salt fraction, to be 1008. The actual
Tecoveries of spplied radioactivity, measured in several experiments,
ranged from 96.8% to 99.7%. Randam P.S.F. values were calculated assum-
ing the pyrimidine content of double-stranded INA to be SO%, and of the
isolated H and L strands to be 54V and 46% respectively. I am indebted
to Mr. Lloyd Thomas for discussing this problem with me and writing an

appropriats camputer progrma.
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Estimation of Brrors:

For results based on single experiments, such as the dialysis
experiments in Appendix II.,, estimates are given of the cumilative
errors of measurement, based on the 90% reliable error for radio-
activity measurements, and a ¢t 1% error for absorbance messurements.

Por results based on several experiments, & S.E. represents the

standard error for the mean.
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RESULTS

B

The Growth and Purification of Bacteriophage Alpha

The growth methods used at the cutset of this work were derived
from those used by Cordes”. Since infective centres of phage a were
famd to die rapidly in the svailable liquid media, the phage was
grown in layers of nutrient agar gel. After release from the gel by
haeogenisation with phage buffer, the phage particles were concemtrated
and freed fram agar gramiles and intact bacteria by differential
cem:x'if‘t.lgiuuzl ”.

The cancentration of large amounts of phage « by this method,
using the svailable high speed centrifuges, was famd to be very time-
cansuning and to yield preparations contaminated with bacterial debris
inclinding bacterial INA and a troublescme endorexclease. On the suggest-
ion of Dr. Michael Clark, snother method of phage concentration was
adopted, based on selsctive precipitation with high molecular weight
polyethylene glycol (PEG). This method had been used for the purifi-
cation of plant viruses  *  +'"*, and had been deacmstrated to be
applicable to bacteriophages , though not widely used for this purpose
at the time of this study.

Phage a was readily precipitated by PEG at high salt cancantrations.

As shom in Table 1,, the critical concentration with the batch of
polymer used was 1.98 (w/v). Phage a was routinely precipitated from
dilute suspensions with 2.5¢ PEG and could be cancentrated by low speed
cantrifuging or by filtering suspermions through a thin layer of celite.
¥When shaken with buffer containing less than 1.8% PEG the precipitates



Table 1. Precipitation of Phage Alpha by
Low Concentrations of Polyethylene glycol.

11
A series of tubes containing phage a (10 p.f.u./ml.), 0.5 M
NaCl, 0.01 M phasphate buffer pH 7.0 and various concentrations of
PEG were asssyed visually for precipitation.

PEG Concentration Extent of
(g/100 =ml.) Precipitation

6 e
4.5 * 4
3.0 'S
2.8 *+
2.1 e
2.0 +
1.9 .-
1.7 -

1.8 -

1.0 -
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of phage were rapidly dispersed. The sppropriate concentrations for
formation and dispersion of phage precipitates on a preparative scale
were demonstrated by elution of precipitated phage from a celite column
as shawn in figure 1.

The small peak eluted between 2.5% and 1.0% PEG was shown by
electran microscopy to cantain nearly pure phage a. The recovery of
phage a by this method was shown to be nearly quantitative as judged
both by ultraviolet absorption measurements (Table 2) and infectivity
assays (Table 3).

Many batches of phage a were prepared by this method. Concentra-
ted suspensions had a very consistent colour: electric blue with a
distinct tinge of brown. This was not altered an further purification
by banding in s CsCl gradient. The Azs,/Azso ratio for sueh prepara-
tions was 1.53 ¢ 0.02 (mean ¢ S,E. for 12 batches). The spectnm of
a purified phage suspersion is shown in figure 2.

When portions of such 2 suspension were rinsed by high-speed
centrifuging, to remove traces of PEG, and examined by electron micro-
scopy, almost no traces of bacterial debris were detected (figure 3),
and the phage appeared morphologically intact with the same fraction
of empty heads found in phage prepared by differential centrifuging.



Figure 1. PEG Gradient Elution of Phage Alpha from a Celite Column.

5 ml. of a soft-agar extract containing phage » was made 4%
(w/v) in PEG and filtercd through a 1 an. x 1 an. diameter column
of celite. DPhage was cluted with a linearly descending concentra-
tion gradient of PEG in 0.5 M NaCl, 0.01 M phosphate buffer pH 7.0.
5ml. and 2 ml. fractions werc collected and assayed for phage

particles by ultraviolet absorption measurements at 260 mu.
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Teble 2. Recovery of Ultraviolet Absorption
after Precipitation of Phage Alpha by PEG.

A suspension of phage e prepared by differential centrifuging
was made 0.5 M in NaCl and 1.S8% (w/v) in PEG and centrifuged
(S mdn, at 15,000 r.p.m.). The supernatant was adjusted to 2.5%
PEG and re-centrifuged. Ultraviolet absorbing material was asssyed
in all fractions after resuspersion, by measurements at 260 mu and
280 my.

Fraction A260/A280 Units A260 $ of Total Azeo
1.5% PEG ppt. 1.28 340 8.3
2.5% PEG ppt. 1.53 3,560 86.5
Final supt. 1.33 210 5.2

Table 3. Recovery of p.f.u., after
Precipitation of Phage Alpha by PEG.

All fractions from two indepondent experiments carried out
essentially as in the legend for tsble 2. were assayed for p.f.u. as
described in msthods. Results are expressed as mean p.f.u. : standayd
ervor Oof the mesn; mmber of estimates in parentheses.

Fraction § Total p.f.u.

) B Experiaam 1 Bryperimemt 2
Crude phage 100 £ 6 (3) 100 £ 14 (S)
1.5% PEG ppt. 11.2 2 3.2 (5) 7.0 2 1.5 (S)
2.5% PEG ppt. 9129 (5 109 & 27 (4)

Flmal supt. 3.0 2 1.6 (6) 3.4 2 0.8 (5)




Figure 2. The Ultraviolet Absorption Spectrum of Purified Phage Alpha.

Phage o prepared by PEG precipitation was dialysed against

10_3 M EDTA for 6 hours, and the spectrum of an appropriate dilu-

tion scanned by double-beam spectrophotometer.
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Pigure 3. Elsctrun Microscopy of Phage Alpha
Prepared by PEG Precipitatiom.

Phage o prepared by PEG precipitation was rivsed twice with
phage buffer by high-speed centrifuging, After dilution into
distilled wader, a portion was exadned by electrom ricroscopy.

Magnification 35,000 x




The Preparation of Strand Intact Alpha INA

Phage a contains a single moleailar species of double-strunded
INA, easily released from purified phage by shaking with buffered
pbmol”’”. Chemiczl studies have shown that it contains anly the
four nommal bases, with a mean GeC content of 42.7\”. Cordes, using
a method which can result in slight losses of thymine, found a mean
G+*C cantent of 44&". Msasurensnts of the melting tsmperature of
a INA in SSC, and of the buoymt density of a INA in CsCl solutions,
indicated G*C values of 42 ¢ 1% and 44 ¢ 1% mspectively“. Thus
there is a normal agreapent between the physical properties of a
INA and the chemically-determined base camposition.

Of these properties, only the buoyant density was re-investigated
during the present study. A value of 1.70S ¢t .00l g/ml. was obtained,
in agreewent with the results of Cordes and others ' .

The sedimentation coefficient of the a INA molecule was measured
by Cordes using boundary sedimentation in an enalytical ultracentri-
fugo". She obtained an S°zo.w
at a series of INA cancantrations in SSC. S° for a polymer csn be
related to the molecular weight M by relationships of the form 5% =
KM%, Using the values of X and 2 deduced for native INA fram a
systenstic survey of the literaturs by Eigner and Doty S92, = 35
corTespands to a moleculsr weight of 29.7 x 106. Using the probasbly
more relisble values for K md s deduced by Studder , a molecular

weight of 32.4 x 10° 1s cbtained.

value of 35 fmmmnuofszo“'
?

This is roughly in sgremsant with the molecular weight of 34-40 x 10

6
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deduced by Aurisicchio et al. fraw bamdary sedimentation and auto-
89 148 146
1

radiography ° .

Cox'da;n also measured S,, o for a INA under the conditicns used
by Rubinstein ot al.z, and dedrred a moleailar weight of 38 x 106.

In contrast, Szo w measured for intact single strands of a INA by
Devison' . led him to dsduce a molecular weight of 30 x 10°, although
this estimate must have been subject to errors in measuring the con-
centration of intact strands.

Zane sodimxtationl“'l“ has considerable alvantages over baumndary
sedimentation for the characterisation of high molecular weight INA.
The former method is less susceptible to artifacts ceused by convective
disturbances, INA concentration and rotor speedu”“"wo. The method
developed by Burgl and Hershe;sg, in which INA molecules are sedimented
through preformed sucrose gradients, was used in the present study. In
$-20% suctose gradiarts at $-10°C the distance D travelled by a sedi-
menting species is very nearly proporticnal to its sedimentation co-
efficient at infinite dilution . The ratio of the distances two
sedimenting species have travelled can be determined more reproducibly
than the distance one has travelled, so two species labelled with
different isotopes are usually sedimemted in the same tubde.

In wy experizsnts, mixtures of “H-labelled T7 INA and S2P-labelled
a INA were sedimmnted togother (figure 4) and the moleaular weight and
sedimmrtation coefficient of a INA calculated from the ratio of the
distances D travelled by the two specles using the relationship

Dy/D) = S3/S; = (Mg/My)” whore the valus of the expamnt = was taken to



Figure 4. Measurement of the Molecular Weight of Native Alpha DNA

by Zone Sedimentation.

A mixture of 3¢

P-labelled o DNA (0.5 ung.) and 3H—labelled T7
DNA (0.3 ug.) was layered onto a neutral sucrose gradient contailning
1 M NaCl, 0.02 M tris/HCl buffer pH 8.0, and sedimented for 6 h.

at 35,000 r.p.m. The radioactivity in each 3-drop fraction was

assayced by counting on paper in toluene scintillator fluid.
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9 1%
be 0.35 as fomnd by Aurgi end Hershey = and confimmed by Studier .

The values cbtained for Dy/D; in two independent experiments were

1.098 ¢ ,020 and 1,097 ¢ ,020. Taking S°zo,w for T7 INA to be

32 ¢ 0.81“, S"zo’w for a INA was calculated to be 35.1 ¢ 0.9 in close
agregnent with the result of Cordu“. Taking the molecular weight of
T7 DINA to be 25 x 10°, by collation of the results of Studier based on
zane sedimentation of the mative, alkaline, and neutral denatured

forms of T7 mAw., the results of Abelson and othersl'“ based on zons
sedimentation, electran microscopy, and autoradiogrsphy, and the results
of R:lc:hm'clsmlsz based on end-1labelling, the molecular weight of

INA was calculated to be 32.9 x 106.

There should be little difficulty in preparing INA of this size
capletely unbroken. Thomas et al.mo’l” have reported that the INA
molecules of phages T2, T3, T7, A, P1 and P22 can be isolated in highly
strand-intact form as judged by zane sedimentation through alkaline
sucrose gradients. Similar results for the INA molecules of phages
T2, T7 and Adg wers cbtained by Studier — and by Tomizawa and
Annkul”. Davison, Freifelder and Hollwayus, using the criterion
of boundary intactness in an snalytical ultracentrifuge, foumnd sub-
stantial axnmnts of strand breakage in the INA molecules fram several
bacteriophages. However, in a later paper DNavison and mu;'eldorl“
reported better than 90% strand intactness in the INA molecules of phage
A, and 65-70% strand intactness in the DNA molecules of phage T2.

Other workers ~ *' " have reportsd finding essentially no strand breakage

in the INA moleaules of phages T1 and SPP1.
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A msber of other phage INA moleciles do appear to contain single-
strand breaks or nicks. These include the INA molecules of phages

158 189 160 187 147 161 91
SPsC * ,PBS1 ,D3 ,andea ' . Cordas does not cumaent
on the degree of strand intactness in her preparations of phage s

147

INA, but Davison  reported less than 50t intact strands. In the
cases of phage TS and the closely related phage PB the INA molecules
have been shown to cmtain single-strand breaks at a mmber of fixed

151 162 163
locatians ° U

may serve sameé isportant fimction during the phage growth cycle,
During early experiments with phage a in the present investigation
it was found that although the INA molecules were intact in the double-
stranded form, they contained mamy single-strand breaks as assayed by
either zone or boundary sedimentation. In the experiments shown in
figure §, no intact strands were detocted, and the mean molecular
weight of the fragments was only 3.6 x 107, This INA had been prepared
by phenol extraction of crude phage cancentrated from bacterial lysates
by difforential centrifuging, and the breakage was probably due to
contanination with an endomiclease. The evidence for this is that:
(1) INA showing a high degree of strand intactness was cbtained 1f the
phage was dialysed against EDTA (0.001 M) prior to phenol extraction.
EDTA is an inhibitor of the rany rucleases that require metal ions

. These breaks are under genetic control, and

as co-factors.

(2) Highly intact INA was obtainsd by phemol extraction of phage a
that had been purified by selective precipitation with polyethylene
glycol. This method routinely gave preparations of « INA cantaiming
45-5S% intact strands.



Figure 5. Zone Sedimentation and Boundary Sedimentation

of Nicked Alpha DNA.

(a) A solution of o« DNA in 0.01 x SSC was heat-denatured
(5 minutes at 1000, followed by rapid cooling) and adjusted to
1 x SSC and 20 ug/ml. A 1.8 ml. portion was transferred by

gravity flow through a No. 22 syringe needle into a 30 nm.

ultracentrifuge cell, and sedimented at a rotor speed of 37,020

r.p.m. Ultraviolet photographs were taken at 8 minute intervals

and scanned with a Joyce-Loebl recording microdensitometer.
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Figure 5. Zone Sedimentation and Boundary Sedimentation

91_'§ickod Alpha INA.

=0

(b) 0.5 Lg. portions of a preparation of 2-P-labellad o
DNA (40,000 d.p.m./ug) were lavered onto gradients of neutral
sucrose (containing 2 M NaCl, 0.05 tris/HCI buftfer pli 7.4) and
alkaline sucrosc (containing 0.1 M NaOH, 0.9 M NaCl), and
sedimented for 4 h. at 35,000 r.p.m. 4-drop fractions were driced
onto aluminium plachettes and assayed for radioactivity using a

Beckman Low-Beta proportional counter.
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Routine asgsys for TRA intactnoss by bamdary sedimentation axe
shown In figure 6. Native a TNA zwve very sharp baumndaries with no
cdetectsble breainge, but on sedimemtation in alkaline solution sub-
stantial anoumts of trailing matorial were cbserved due to breaksge
of single strands. The aount of trailing material could be assayed
with a reproducibility of within ¢ 5%, and was not increassd by stand-
ing the INA in alkalire solution for several hours prior to sedimenta-
tion.

These strand breaks were not found to occur at smy fixed distance
fron the enls of the a INA molecule, since no sharply-defined fragment
sizes were famd by zone sedimentation. Thus a INA does not resassble
the nicked TNA of phage TS, which gives feur distinct sedimenting
zanes of strand fragments. Since the two complementary stranxis (L and
H) of the a INA molecule can be separated by centrifuging to equilibrium
in density gradients of caesium chloride, it was possible to measure
the distribution of strand breaks between the two strands. If breaks
were mainly in one strand, the peak of intact strands isolated by zane
sedimgntation of denatured o« INA through neutral sucrose gradiemts
should be ermriched for the less-nicked strand. A double-label ratio
experinent was carried out, in which S2P-labelled intsct strands iso-
lated by prepsrative sucrose gradient sedimentation (figure 7(a)) were
centrifuged in s cassium chloride density gradient with >-P-lsbelled
unfractionated strands. Preferential nicking of ans strmnd shauld
have been reflected in a higher than average SSPISZP ratio. As shown
in figure 7(b), no such preference was detected. The actual distri-



Figure 6. Routine Assays for DNA Intactness by Boundary Sedimentation.

« DNA at 25 pg/ml. was assayed for intactness in (a) 1 M NaCl,
0.001 M tris/HC1 buffer pH 8.0 (b) 0.1 M NaOH, 0.9 M NaCl, as
described in Methods. Sedimentation was at 37,020 r.p.m. Photos

were scanned with a Joyce-Loebl recording microdensitometer.
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Figure 7. The Distribution of Strand Breakage Between the

H and L Strands of Phage Alpha DNA.

(a) 52

sone sedimentation of alkali-denatured DNA (3.5 ng.) through a

P-1labelled intact strands of o DNA were prepared by

neutral sucrose gradient (containing 2 M NaCl, 0.05 M tris/HC1
buffer pH 7.4) for 3 h. at 38,000 r.p.m. Fractions 6-7 were

taken as the peak of intact strands.
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Figure 7. The Distribution of Strand Breakage Between the

H and L Strands of Phage Alpha DNA.

(b) Dialysed 32P-labelled intact strands from (a) were

33p_1abelled o DNA (3.2 ug.)

combined with un-fractionated
and the complementary strands separated by CsCl gradient centri-
fuging of the polyG complexes as described in Methods. The

3)‘7’P/32P ratio for each 5-drop fraction was measured by counting

on paper in toluene scintillator fluid. =-O-O~ 33!‘,.‘."‘ SEp)
-v—v- 33P/32P percentage ratio.
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butians of radicectivity were: “°F, §0.4t L strand, 49.6% H strand;
32p. 47.5% L strand, 52.53 H strad. These sre campatible with a
slight (55:45) preference for nicking of the L strand, but are within
range of the likely experimental error from a 50:5) distribution. It
was concluded that the location of single-strand breaks in such
pﬁpmticm of a TNA is essentially random.

The origin of such random breakage is obsarre. Two possibilities
were cansidered: that either a INA must be packaged in a nided
(or alkali-1labile) state insida the phage particles ,. ot that the breaks
mst be cmised dmring phenol release of the INA hy endomiclease action.
Fhenol extraction mst result in the eventual densturation or removal
of any endonucleases, since it was found that purified a INA could be
stored at 2-5° for several days without further strsnd breaksge.

A direct attempt was made to detect endommiclease activity ina
phage preparatims by ipadating small smamts of largely strand-intact
32p_1ahel1ed INA from phage A bybs (a gift from Mr. Barrie J. Carter)
with concentrated phage a prepared by selective precipitation with PEG
followed by centrifuging in a cassium chloride density gradient. The
result, shovn in figure 8, was that most of the A INA remained strand-
intact even after prolonged incubation with either intact phage « or
oseotically-lysed phage a. This showed that such a phage prepsrations
were not contaminated with an extranecus emiamrlease active under the
omnditions of this experiment, tart did not eliminete the possibility
that an endomiclease might form en integrel camponent of the phage
particle, since such a ampanent might not be released by the limited
disruption resulting from ammotic lysis.



Figure 8. Zone Sedimentation of Phage Lambdas INA After Incubation
With Intact and Osmotically-lysed Alpha phage.

Phage a prepared by selective precipitation with PEG was further
purified by preparative CsCl gradient centrifuging (12 h. at 36,000
r.p.m., initial density of mixture 1.47 g/ml.). A portion was lysed
by rapid 20-fold dilution into HZO, and both lysed and intact phage
were dialysed overnight at 2-5° agaimst 0.5 M NaCl, 0.01 M phosphate
buffer pH 7.0, After dilution to a concentration equivalent to 1011
p.f.u./ml., 0.2 ml. portians of both lysed and intact phago were in-
cubated for 12 h. at 37° with 0.6 uMoles of MgSO, and 0.5 ug. of
32p_1abelled TNA prepared by phemol extraction of phage A bsbs.

After phernol extraction and dialysis against 0.1 M NaCl, 0.001 M
EDTA, 0.01 M tris/HC1 buffer pii 8.0, 0.05 ml. portions of each
incubation mixture were sedimented through alkaline sucrose gradients
for 4 h. at 38,000 r.p.m. 10-drop fractions were assayed for
radiocactivity by Cerenkov counting.

(a) Inabation mixture containing intact a phage.

(b) Inadation mixture oontaining lysed a phage.



Figure 8. Zone Sedimentation of Phage Lambda DNA

After Incubation with Intact and Osmotically-lysed

Alpha Phage.
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Tne necassary conseqiones of the endemiclense hypothesis 1s that
it shauld He possible %0 chmre the extont of strand broakage by
changing the conlitions durin~ vhenol release of the INA, Two support-
ing cbservations were made:

(1) It was famd repeatodly that by dialysing the phape suspersions
against 0,01 M Tris/HQ buféar pH 8.0 conteining 0.3 M NaCl and 0,001
M SDDC, and chilling to 2-5° prior to phemol extraction, the fraction
of intact strands in the INA obtained from portions of the same a
phage preparation could be increased from 45-55% to 70-758., ETTA was
not an effective sihstitute for SIMC, and the hich salt concentration
was essential. However, no further inrrease in the strand-intactness
of o« TNA was achieved by increasing the INC concentration to N,01 M,
by ircliding the powerful chelating agents 2-hydragruinoline and
dibenzoylmethmne at 1% concentration in the phenol layer, by carvying
out the first phenol extraction with 50:50 phenol/(GCls, or by heat-
shocking the dislysed phage (1 mimute st 100°) immediately prior to
phanol extraction. Sedimentation snalysis of a preparation of a DNA
cmtaining 75% imtact strands is shown in figure 9(a). The estimate
of intact strands was not altered when the INA was sedimented in the
moutral denatured form after standing very briefly (1-2 mimrtes) in
alkali (Pigure 9(b).).

(2) A correlation was foumd beGeeen the tmperature of the first
pherol extruction and the strand-intactness of the resultant INA. The
results of two inispendst exveriments are corbined in fioure 10.
Although esch experismnt taken separetely was inconclusive, there
sppezred to be an overzll trend tarards more strand breakage at higher



Figure 9. Boundary Sedimentation of Denatured a DNA

Showing 75% Strand Intactness.

(a) Denatured o DNA in 0.1 M NaOH, 0.9 M NaCl. Rotor specu
37,020 r.p.m. Ultraviolet photographs taken at 8 minute intervals
and scanned with a Joyce-Loebl recording microdensitometer.

(b) Denatured o DNA in 0.12 M phosphate buffer pH 7.4.

Rotor speed 25,980 r.p.m. Ultraviolet photographs taken at 4

minute intervals.
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Figure 10. Strand-intactness and the Temperature of

Phenol Extraction.

Phage o was prepared by two cycles of selective PEG precipi-
tation followed by dialysis against 0.5 M NaCl, 0.001 M SDDC,
0.01 M tris/HC1 buffer pH 8.0. Small portions of concentrated phage
were allowed to equilibrate at the temperatures shown, then gently
shaken with portions of wammed or cooled borate-buffered phenol
and allowed to stand at the appropriate temperatures for 10 minutes.
After separation of the layers by centrifuging, each aqueous layer
was re-extracted once with buffered phenol at room tempcrature,
dialysed against 0.1 M NaCl, 0.001 M EDTA, 0.01 M tris/HC1 buffer
pH 8.0 at 2—50, and assayed for strand-intactness by boundary sedi-

mentation in 0.1 M NaOH, 0.9 M NaCl.
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temperatures. In a control experiment to test the possibility that
breakage was caused by exnosure to phenol, a preparation of purified
a INA containing 67-71% intact strands (two estimates gave the same
range) was twice re-extracted with phenol at 30°. After dialysis,
the INA was faund to contain the same fraction of intact strands

(69-72%).



p.48

Separation of the Complementary Strands of Alpha INA

20 9
Cordes ° separsted the caomplementary purine-rich (L) and pyri-

midine-rich (H) strands of the s INA molecule by MAK chromatogrephy at
pH 6.8, using a modificatian of the stepwise elution method of Sueoka
and me"’. Heat-denstured o INA was applied to the colisms at a
salt concantration (0.85 M SP) sufficient to completely elute the L
strands, After rinsing with the sams buffer, pure H strands were
eluted with woderate yields (S08) by 1.0 M SP. The complementary

nature of the L and H strand preparations was proven by messurement of
their base-compasitions (table 4.) and by their ability to re-associate
in mixtures, but not separately, to give native a INA as judged by
both buoyant density and hyperchromicity measurements, The extant of
contanination of each strand fraction with conplementary strands was
estimated to be not greater than 1.00’l 5

Aurisicchio et al. also fractianated heat-denatured o INA by MAK
chramtography at pH 7.9, but famd their method suitsble only for
preparation of the L strmds’z.

During the initial stages of this project, considersble diffi-
cilties were experianced with the method of Cordes, owing to an apparent
1ack of reproducibility in the salt cmcantrations required to elute
the L and H strands. Similar probleas with MAK chrumstograply have been

108
encamtered by other mx“' . An interesting modification of the

1
method was suggested by the results of Roger =, who famd that high
recoveries and repraiucible fractimations of denatured Phamocoaral

INA could be achieved by salt gradient elution of MAK columns at $-6°,



Table 4. Base-compositions of the Separated H and L Strands
of Alpha INA,

Bas¢-campasition data reculculated from Cordes as mean ? standard

envor. Number of observations: L strand, 8; H strand 4,

$G $C $A $T § GoC

Lstrand 23.3°%1.2 21.3%0.3 30.0%0.7 25.4%1.2 a.6?1s

Hstrand 19.9°1.0 24.2%0.5 24.0% 1.4 321219 44.1°%1.5
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During the present study, this cbservation was confitmed for the
chromatography of denstured a INA. One of several similar separations
is shown in figure 11. It was foumd that early fractions from such
colizmns were greatly erriched (50-1008) for L strands, as assxzyed by
CsCl gradient centrifuging (figure 12.). Later fractions were en-
riched (60-80%) for H strands, but were always significantly contexd-
nated with L strands. Total recoveries of denatured INA ranged from
90-1008. However, atterpts to scale up such columns for the fraction-
ation of milligram quantities of denatimed a INA resulted in poor
recoveries (30-50%) and mediocre separations, perhaps due to uneven
flow through the colummns.

It has been claimsd that the problem of trailing of pesks during
MAK chromatography of denatured INA can be overcumue by imtersupted
gradient olutionl", but this result was not confirmed in the present
work. An imterrupted gradient experiment is shown in figure 13. Al-
though the first peak contained 90% L strands, the secand peak, eluted
by resuming the salt gradient, was only slightly enriched (60%) for
H strands.

BEnriched strand preparations were freed of camplensntary strands
by self-armealing followed by chrumatography on colizms of hydruxy-
lapatite. In ordsr to avoid the hydrolytic strand breskage that can
result from prolanged incubations at 60~70°, amealing was carried
out at 0-5° in 308 (v/v) foremide using the salt amcentratians
suggustad by Bamer et al.‘“ Hydroxylspatite chromatogrsphy, a
particularly useful method for the fractionation of polymicleotides
was used to Twaove dowble-stranded INA eftsr self-amealing, A

100.107



Figure 11. Gradient Elution MAK Chromatography of

Denatured Alpha INA.

Alkali-denatured o DNA (530 ng.) was fractionated by salt gradient
elution from a 3 an. x 1 an. diameter MAK column at 2-50, as described
in Methods. 7-ml. fractions were assayed for DNA by ultraviolet ab-
sorption measurements at 260 my; and fractions 9, 11, 13 and 15 were
assayed {or H and L strand content by CsCl gradient centrifuging.

(a) Elution profile of total denatured INA. (——), 260 mu absorbance;
(=== —), NaCl concentration. (b) Deduced elution profiles for the

complementary strands. (©@Q), L strands; (@@), H strands; (= =—),

NaCl concentration.
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Figure 12. CsCl Gradient Centrifuging of

Fractions from MAK Column Chromatography .

0.1-0.2 ml. aliquots from fractions 9, 11, 13 and 15 from
figure 11. were centrifuged for 16-18 h. at 44,770 r.p.m. in
CsCl density gradients, and ultraviolet photographs scanned with
a Joyce-Loebl recording microdensitometer. Strand content was
estimated from the relative height of the peaks (shoulders) of

0
H and L. Density marker is native a DNA (p = 1.705 g/ml.)
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Figure 13. MAK Chromatography of Denatured Alpha DNA

by Interrupted Gradient Elution.

32P—labelled, alkali-denatured o DNA (1.5 mg.) in 0.6 M NaCl,

0.12 M phosphate buffer pH 7.4, was pumped onto a 3 an. x 2 an.
diameter MAK column maintained at 2-5°. After rinsing with 0.6 M
SP buffer pH 6.8, elution (at 3 ml/minute) commenced with an 800 ml.
linear salt gradient (= == =) formed from two flasks containing
0.6 M SP and 1.0 M SP. Ultraviolet absorption was monitored
continuously using an ISCO eluent scanner. When the 260 mu
absorbance of the eluent had reached approximately 0.1, the salt
gradient was interrupted, and elution continued out at a constant
salt concentration until the absorbance of the eluent had returned
to less than 0.03.

Salt Gradient elution was then resumed. Radioactivity was esti-
mated in 20-ml. fractions by Cerenkov counting. Pooling of fractions

for strand assay: L strand, 14-17; H strand, 23-30.
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Pigure 14, Hydroxylapatite Chromatography of a
Self-annealed L Strand Fraction of Alpha INA,

A 90 wg. sample of 32p_1shelled o INA L strands, prepared by
MAX chramwmtography, was self-amealed at 9 ug./ml. in 308 (v/v)
formamide for 36 h., dialysed against 0.12 M phosphate buffer pi 7.0
containing 0.3 M NaCl, and loaded onto a 6 cm. x 1 cm. diameter
colurn of hydroxylapatite, After rinsing with 10 ml, of the same
buffer, the colum was eluted (flow-rate 2 ml./minute) with a 30 ml,
gradient of increasing phosphate buffer concentration ( ————)
followed by 20 ml. of finishing buffer. 2.5 ml. and S ml. fractions
were assayed for radiocactivity by Cerenkov coumting. IS = double-
stranded NA, SS = single-stranded INA. Total recovery of applied
radiocactivity was 92%,
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Figure 14. Hydroxylapatite Chromatography of a

Self-annealed L Strand Fraction of Alpha DNA.
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Figure 15. Zone Sedimentation of H and L Strands of

Alpha INA Prepared by Column Chromatography.

H and L strands of o DNA were prepared by MAK chromatography
followed by self-annealing and hydroxylapatite chromatography as
described in Methods. 2-3 ug. portions of (a), L strands; and
(b), H strands; were layered onto alkaline sucrose gradients
and sedimented for 4 h. at 35,000 r.p.m. 10-drop fractions were
assayed for radioactivity by Cerenkov counting.

Arrow shows the position expected for a sedimenting zone of

intact strands in each gradient.
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typical separation is shown in figure 14. Alpha L strands prepared in
this way cantained no H strands detectadle by CsCl gradient centri-
fuging in an analyticel ultracentrifuge. A second cycle of self-
amsaling followed by hydraxylapatite chromatogrzphy gave less than

2% double-stranded INA, showing that the concentration of complenentary
strands had been reduced to less than 1%.

This general strategy for the separation of the a INA cample-
mentary strands was used in several preliminary experiments, but
remained unsatisfactory in two respects:

(1) Preparation of M strands caompletely free from L strunds
required two successive cycles of self-annealing and hydroxylapatite
chronatography and gave only low recoveries (5-108%).

(2) Both L strand and H strand preparations consisted mainly of
half- and quarter-length fragments (figure 15). Strand breakage seemed
to be a consequence of column chromatography of the high molecular
weight separated strands. In view of the possibility, later confirmed,
of intra-strand hetsrogeneity in base-amposition, such preparations
could not be asasmd fully to represent the saquences found in the
intact complememrary strands of a INA.

Density gradient amcrifuging provided an obviocus alternative
strutegy. The difference in buoyant density between the H and L
strands in neutral CsCl, 0.008 g/ll.”’”. does not allow sn efficient
separation by a single cycle of preparstive ultrscemtrifuging. However,
since the major difference in base cmposition between the two strands
lies in the distribution of adenine and thymine (table 4.), a greatly
ebmad bugyant density difference should be obtained by complaxing
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the strands with meramric ions and centrifuging in neutral CsgS0O,.
This procedure, developed by Davidson et al.lu, depenxis on the
selective camplexing of merauric ians by thymine moities at pH 9.
It was in fact famd that under optimal conditions the bucyant density
differencs hetween the H and L strands of a INA could be increased to
at least 0.025 g/ml. (figure 16). However, the meramry-binding method
was fomnd to show an incanveniemt susceptibility to interference by
traces of EDTA and other anions capasble of forming mercuric complexes
and consequently was not further explored.

An increasingly widely-used method for fractionating denatured
INA depends on the ability to form specific complexes with a variety
of synthetic polyribanuclectides. These caomplexes are stable in can-
centrated CsCl solutions, and can induce buoyant density differences
between the complementary strands in a wide range of INA molecules
s '“’"’“’“’". Sheldrick and Szybalski“ have reported that the
natural buoyant density differences detween the camplementary INA
strands famd in several Bacillus phages, including phage a, can be
enhanced by camplexing the strands with polyriboguanylic acid (polyG)
or the related co-polymer polylG. PolyG-binding has been combined
with CsCl gradient centrifuging in fixed angle rowrsw’ for the
separation of complementary strands fram the INA molecules of phages
xv, 1'7" and SPPII“. A similar method using a different polyribo-
mcleotide has been used to sepsrate the camplemsntary strands from
the INA molecules of phage sz.

In the present study, essentially the same method was used to

separate the H and L strands of the INA of phage a. The increased



Figure 16. Cs,SO, Density Gradient Centrifuging

of Mercuric Complexes of Denatured Alpha DNA.

2 pg. portions of a DNA were centrifuged to equilibrium in
Cs,S0, density gradients containing mercuric ions (Hg++) at Pf = 0.3.
(a) Native a DNA, initial density of Cs,S0, (at 25°) = 1.54 g/ml.
(b) Heat-denatured o DNA, mean molecular weight 3.5 x 106, initial
density = 1.59 g/ml. (c) Heat-denatured o INA, 10-20% strand-
intact, initial density = 1.59 g/ml. Ultraviolet photographs were

scanned with a Joyce-Loebl recording microdensitometer.
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Figure 17. Effect of PolyG on the Buoyant Density

of Denatured Alpha INA.

1-4 .g. portions of denatured a INA were centrifuged to equili-

brium in CsCl density gradients. The density marker is native
(&

a IINA (pJ = 1.705 g/ml.). Ultraviolet photographs were scanned with

a Joyce-Loebl recording microdensitaometer. (a) No PolyG, (b) PolyG/

DNA = 1/4.
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dansity separation of strands resulting fram polyG binding is shom
in figure 17. When low INA concentrations (less than SO ug. INA/ml.)
wore used during formation of the INA-polyG carplexes, the !{ and L
strands were cleanly separated, with less than 5% cross-camtemination.
The use of higher INA concentrations (up to 150 ug/ml.) resulted in
the formation of a varisble fraction of camplexes containing both H
and L strands, reducing the efficiency of the seperation.

The sepsration cbtained in preparative centrifugings is illustra-
ted in figmre 18(a). Radicactive strand preparations were asszayed for
complememtary strands by re-centrifuging in the presence of added non-
radicactive a INA and polyG, a procasdure faund to be more sensitive
than snalytical ultrasentrifuging and less laboriocus than self-ameal-
ing followed by hydraxylapatite chromatography. One such assay is
shown in figure 18(b). The accuracy of this method was estsblished by
an experiment (figure 18(c).) in which a 21% component of L strands
was added to a preparation previously containing 95% H strands., Re-
centrifuging gave estimates of 25.3% and 23.7% (two experiments) for
the L strand cantent of the mixture.

When full precautions were taken to minimise shear damage during
handling of the separsted strands, 30-50% strand-intactness was main-
tained even after two cycles of CsCl gradismt centrifuging (figure 19).



Figure 18. Separation and Assay of PolyG Complexes

of the H and L strands of Alpha INA

by Preparative CsCl Gradient Centrifuging.

(a) 50 ug. of a DNA was camplexed, by alkali-denaturation and
re-neutralisation, with 12.5 ug. of PolyG. H and L strand polyG
canplexes were separated by centrifuging for 12 h. at 38,000 r.p.m.
in a CsCl density gradient with a pre-formed concentration step.

32p radioactivity by Cerenkov

S-drop fractions were assayed for
counting.

(®)
of (a) was freed of CsCl by dialysis against 0.01 M tris/HC1 pH 8.0,

32P-labelled INA pooled fram the shaded L strand fractions

0.001 M EDTA; and concentrated by dialysis against solid sucrose.
A 20 ug. portion was combined with non-radioactive o« DNA and polyG
(polyG/DNA = 1/4), alkali-denatured and reneutralised, and centri-
fuged as in (a).

32

The H strand content was estimated from the ““P radioactivity in

fractions 5-9 as 3.8%.
(c) The assay method described in (b) was tested by adding a

325 1abelled L strands to a

21% (by radioactivity) camponent of
preparation of SZP-labelled H strands whose purity had previously
been estimated as 95%. (0-0), distribution of 2P radioactivity;
(A-B), estimated distribution of >2p-labelled L strand. Result

described in text.



Figure 18. Separation and Assay of PolyG Complexes of

the H and L Strands of Alpha DNA

by Preparative CsCl Gradient Centrifuging.

‘o
X O-6 H L (q)
<
z O-4-
(7]
=
e 0'2—
(o)
U 1
SO 100
30% - ﬁ (b)
.20%
(a]
X
- 10% -
w
o
2 10
15%o— (C)
v
-
Z 10% -
p |
(o)
Y 5%}
.

1
S 0 IS
FRACTION NUMBER



Figure 19. Zone Sedimentation of H and L Strands of Alpha INA

Prepared by CsCl Gradient Centrifuging.

33P—labelled H strands and 32P-labelled L strands of a DNA

were prepared by two successive cycles of CsCl gradient centrifuging,
as described in the legend of figure 25.

A mixturc of the two species was dialysed against 0.01 M tris/
HC1 buffer pH 8.0 containing 0.001 M EDTA. A 1.0 ug. portion of
this mixture was layered onto an alkaline sucrose gradient and
sedimented for 3.5 h. at 38,000 r.p.m.; 5-drop fractions were assayed

33

for “°P and 32P radioactivity by counting on paper in a toluene

scintillator fluid. O—O SSP, 0 >%p.
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The Molecular Anatewy of Alpha TNA

The results of Oorchs" suggested a rather homogeneaus distri-
bution of base carposition within the a INA molecule. No hetero-
geneity in buoyant density was faund after shearing the native INA
to quarter-length fragments, and denaturation gave only the two
bands, H and L, characteristic of the intact denatured INA. Rurther
shearing to eighths did not affect the buoyunt density of the native
INA, which on denaturation gave a single broad band centred round a
density intermediate between the heavy and light strand densities.

The results of Sheldrick et 81.“ also suggested that the
differences between the two strands of o INA might be fairly uni-
formly distributed along the length of the molecule. They cancluded
from a study of the Bacillus phages SPSO, SP82, ¢u-4 and a that in
all these species only the !l strands contained polyG-binding sites.
Slight increases in the buoyant densities of the L strands at high
polyG/TNA ratios were attributed to non-specific complexing. However,
the strands of a INA were found to be less separated at high polyG
concentrations than the strands of the other Bacillus phages studied.

Cbservations made during the present work suggested a more complex
nolecular anatamy for a INA, As shown in figure 20,, the buoyant
density of the L strand was found to be significantly increased in the
praeao of polyG. At suitebly high polyG/INA ratios, both L and H
strands were carried cmpletely cutside the usual demsity range.
Rothsreore, when the polyG-INA complexes were formed at high INA
concentratians (100-150 ug/ml.), a distinct third band was sametimes
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Figure 20. Analytical CsCl Gradient Centrifuging of

Denatured Alpha INA - PolyG Complexes .

1-4 ug. portions of denatured o DNA (55% strand intact) were
centrifuged to equilibrium in CsCl gradients. The density marker
is native o DNA (p0 = 1.705 g/ml.). Ultraviolet photographs were
scanned with a Joyce-Leebl recording microdensitometer. (a) No
polyG. (b) PolyG/DNA = 1/4, complexes formed at 20 ug. UNA/ml.
(c) PolyG/DNA = 1/4, complexes formed at 120 ug. DNA/ml. (d)

PolyG/DNA = 8/1.
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Figure 21.

CsCl Gradient Centrifuging of the 'Third Band"

of Denatured Alpha DNA in the Presence of PolyG.

(a) 32

P-labelled a DNA was complexed with polyG (polyG/DNA

= 1/4) at a DNA concentration of 120 ug/ml., and a portion centri-

fuged in a CsCl gradient (40 h. at 36,000 r.p.m.) to separate the

two strands.

Cerenkov counting.

S-drop fractions were assayed for radioactivity by

(b) Central fractions from (a) were freed of

CsCl by dialysis, re-complexed with polyG and non-radioactive «

DNA at a DNA concentration of 30 ug/ml., and centrifuged in a CsCl
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ovservad at a density intermadinte hetwren the ¥ and 1, strande,
sugresting the possihility of complexes containing both stranls hold
togathor by polyG.

Tn support of this interpretation, when this middle band was
irolated from a preparative CsCl sradient snd re-centrifuged after
dissocietion and re-forvetion of the TNA-rolyC compleres et a lower
INA ccncentration, twe bands were chtadned (figure 21).

These binding erperiremts were carried out imder concditions in
which the 1 and L strmds camot re-associate to form the cdouble-
stranvled moleaule. It wes however necesgary to demonstrate thet the
interaction of the I. strends with polyG did not recuire the presence
of H stranyls, Tn the experiment shown in figure 22 it was found that
mrified I, strands, prepared in this case by MAX chromatography,
mretly retained their polyG-binding capacity.

A later experirent sugrosted that the polvG bindine sises nicht
nnt he 1niformly ddstribiused through the L strand. -2p-labelled L
strands, freed of complemontayy strands by self-mnealing followed by
hydroxylapasite chrometogravhy, were re-centrifuged in a caesiim
chloride density gradient with polyG and non-radiosctive intact I{ and
L strand markers. It wes famd that the S2P-lsbelled L strands had
lost ahility to hind nolvfi (figure 23(a).), similtaneausly giving rise
to a small shoulder of heavy TNA. This heavy shouldsr was also dstected
by re-cmtrifuging in the absance of polyG (figure 23(c).). -2P-labelled
H strand preparations, also freed of cplemwmtary strands by self-
smealing followed by hydroxylapatise chrasmtography, were found to
give rise on re-centrifuging to a shoulder of 1ight INA (figure 23(b).).



Figure 22. CsCl Gradient Centrifuging of the Isolated L Strands

of Alpha DNA in the presence of PolyG.

L strands of o DNA, prepared by MAK column chramatography, were
centrifuged to equilibrium in CsCl gradients. (a) in the absence
of polyG. (b) after complexing with polyG (polyG/INA = 1/4).

Ultraviolet photographs were scanned with an Analytrol densitometer.
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These unexpected results were taken to suggest that the purine-
rich L strand might contain a small segment, perhaps $-10,000 nucleo-
tide residues, of pyrimidine-rich INA., If this heavy segment were
respansible for polyG binding by the L strand, then fragmentation of
the L strands on storage at -20° and during hydroxylapatite chrama-
tography might be expected to give rise to pieces of L strand con-
taining no polyG-binding sites.

This interpretation was supportad by an experiment in which 3zl’--
labelled whole a NA was sheared to quarter-length fragments by
repeated passages through a syringe needle, then denatured with
intact non-radioactive a INA and polyG and centrifuged in a CsCl
gradient. It was found that most of the sheared L strand formed a
sharp band at the density expectad for intact L strands in the absence
of polyG (figure 24). Most of the sheared H strand retained the heavy
density, showing that polyG-binding sites are fairly evenly distributed
in this strand.

The most amvincing demanstration of a heavy segment in the L
strand involved a deuble-lsbel experiment in which purified “-P-
labelled H strands were mixed with purified 2P-1labelled L strands.
This mixture was shown by alkalire sucrose gradient centrifuging
(figure 19) to contain predaminantly intact strands. In a CsCl
density gradient the polyG camplexes of the two strands gave sharp
clearly-separated peaks (figure 2 (a).), although an incipient shoulder
was found an the heavy side of the L strand peak. A mixture of the
same strand preparations sheared to quarter-length fragments, centri-
fuged in a parallel CsCl gradient, showed a clear shoulder of light



Figure 23. CsCl gradient centrifuging of Purified 32p-labelled
H and I 8trand Prensrations of Alpha INA.

3"21’-mbelled H strands and L strands of a INA were prepared

by CsCl gradient centrifuging of the polyG complexes, followed

by self-smnealing in 308 (v/v) formsmide md hydroxylspstite
chromatography, and stored at -20°, 0.2 ug portions vere cambined
with 100 ug. portions of non-radicactive a INA (70t strand intact),
end alkali-denatured in the presence or shsence of polyG prior to
re-centrifuging.

S-drop fractions were assayed for radioactivity by Cerenkov
counting, then diluted with 0.4 ml. portions of water and assayed
for nan-radicactive INA by ultraviolet absorption messurements at
260 my .

(a) >%p-1abelled L strands, polyG/TNA = 1/4.

®) "’ZP-lwelled H strands, no polyG.

() SZP-labclled L strands, no polyG.
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CsCl Gradient Centrifuging of Purified

P-labelled H and L Strand Preparations of Alpha INA.
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Figure 24. CsCl Gradient Centrifuging of Sheared and Unsheared

Denatured Alpha INA in the Presence of PolyG.

32p_1abelled o INA (200 ug/ml.) in 0.1 M NaOH was sheared to

approximately quarter-length fragments by ten passages through a
No. 22 syringe needle. 4 ug. of this preparation was combined
with 100 ug of non-radioactive a DNA (75% strand-intact), denatured
and re-neutralised in the presence of polyG (polyG/INA = 1/4), and
centrifuged in a CsCl gradient (45 h. at 36,000 r.p.m.); 5-drop
fractions were assayed for radioactivity and ultraviolet absorption
as described for the previous figure.

O~O 260 my absorbance, @@ 3ZP radioactivity.
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Figure 25. CsCl Gradient Centrifuging of Sheared and Unsheared

Isolated H and L Strands of Alpha INA in the Presence of PolyG.

32p_1abelled a INA

Intact H strands were prepared from
by CsCl gradient centrifuging of the polyG camplexes. After
concentrating the preparation by dialysis against solid
sucrose, contaminating L strands were removed by a second cycle
of CsCl gradient centrifuging.

32p_1abelled a INA

Intact L strands were prepared from
by a similar procedure,

A mixture of these two strand preparations was cambined
with 50 ug. of non-radioactive a INA (50% strand-intact) and
denatured and re-neutralised in the presence of 15 pug. of
polyG. This mixture was centrifuged for 12 h, at 36,000 r.p.m.
in a CsCl gradient with a preformed concentration step. 7-drop
fractions were made up to 0.5 ml. with water and assayed for
() 32
scintillator fluid, and (b) Ultraviolet absorption at 260 mu.

P and 33? radioactivity, by counting in toluene/triton X-100

(c) An identical experiment after the labelled strand mixture
had been sheared to approximately quarter-length fragmemts by ten
passages through a No. 22 syringe needle.



Figure 25. CsCl Gradient Centrifuging of

Sheared and Unsheared Isolated H and L Strands

of Alpha INA in the Presence of PolyG.

(@@®), % of total 3ZP counts above background; (O-Q),

% of total 33? counts above background; (&), 260 mu

absorbance in gradient (a); 7-drop fractions.

@

(V)

o

&*
|

10%

RADIOACTIVITY %,

o-1S

O:10

ABSORBANCE
M

260m

2

)

ES %o

>

=

(9

«

o

<

@ 10 20 30

FRACTION NUMBER



p.56

M4 formed fron: the H strand and 3 clear shoulder of heavy INA formed
from the L strand (figure 25(c)).

The formation of a shoulder of heavy INA fram purified intact L
strands after shearing was also confirmed by analytical CsCl pgradieat
contrifuging in the ashsence of polyG.
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Pyrimidine Nucleotide Sequences in Alpha INA

The logical first step in any attespt to correlate sequence
studies with the molecular structure of a INA molecule is to measure
the frequency with which variocus separable groups of sequences ocaur
in the intact INA.

In the present study, sequencas of amsecutive pyrimidine mucleo-
tides were released from a INA by prolanged inabation at 30° with
668 (v/v) formic acid containing 24 (w/v) diphenylemine . Diphenyl-
aaine and formic acid were removed by ether extractimu. and the
camplex mixtures of oligonucleotides and inorganic phosphate were
resolved by ion-exchange chromatography on colums of DEAE~oollulose“..

A typical separation of the oligamicleotide chain length graups
(isopliths) found in a diphemylamine digest of S2P-lsbelled a INA
is shown in figure 26. Excellent separations of inorganic phosphate
and isopliths of chain length 1-6 were routins. Rechromatography of
each isoplith group to separate the oliganucleotide base camposition
groups (isamers) is illustrsted by typical exammples in figures 27, 28
and 29,

The distribution of isopliths was measured in several independemt
diphenylamine digests of S2P-1sbelled a INA. The results are presented
in table S. The variation between replicate digests was greater than
the likely errors in 2P camting and volime measurements, but the
source of this varistion was not estsblished during the present work.

The distribution of isomer® in each isoplith gramp was measured in
at least two digests. The resmults are assembled in tsble 6.



Figure 26. Separation of Isopliths

by

lon-exchange Chromatography .

Pyrimidine nucleotide sequences of increasing chain length {rom a depurinated diphenvlamine

digest of calf thymus DNA were resolved by ion-exchange chromatography on DE-32 resin, as

described in methods.
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Figure 27. Separation of Isomers of

Chain Length 1-2 by Ion-exchange Chramatography.

Isopliths of lengths (a) 1, and (b) 2, were desalted by
brief dialysis against distilled water, and resolved into isomers
by ion-exchange chromatography on 10 an. x 1 an. diameter columns
of DEAE-cellulose (Cellex-D). (=== ~—~=), NaCl concentration;

(em——), 254 mu absorbance (ISCO scanner tracing); 5-ml. fractions.
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Figure 28. Separation of Isomers of

Chain Length 3-4 by Ion-exchange Chromatography.

32P-labelled isopliths of lengths (a) 3, and (b) 4, from a diphenyl-

aminc digest of phage o« DNA, were desalted by overnight dialysis against
0.1 M triethylammoniun bicarbonate buffer pH 8.5, and resolved into
isomers by ion-exchange chromatography on 8 an. x 1 an. diameter columns

of DEAE-cellulose; 7-ml. fractions were assayed for 32P radioactivity
32

by Cerenkov counting. (—— —), NaCl concentration; ( ), P
radioactivity.
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Figure 29. Separation of Isomers of Chain Length 5-6

by Ion-exchange Chromatography.

Isopliths of lengths (a) 5, and (b) 6, were desalted on short
columns of DEAE-sephadex as described in Methods, and briefly
dialysed against distilled water. Each sample was resolved into
isomers by ion-exchange chramatography on an 18 an. x 1 anm.
diameter column of DEAE-cellulose (Cellex-D). (= = =e=),

NaCl concentration; (=), 270 mu absorbance; 7-ml. fractions.
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Table 5. Percentage Sequence Frequencies of Inorganic Phosphate and Isopliths
of Chain length 1-6 in Diphenylamine Digests of Alpha INA.

Echer-axtrached diphenylamine digests of ~2P-labelled a INA were resolved on the basis
of chain longth by ioa-exchange chromatography. 2
toluene/triton X-100 scintillator fluid (digests A-D) or by Ceremlov counting (digest E).
Total recoverizs of spplied radioactivity were within the range of 97-1G08%.

P coatent was estimated by counting in

1soplith Group Percentage Seuence Frequency
dgest A B C D E mesn ® S.E. Randas
Inorgrnic Phosphate 27.2  27.2 27,5 26,5 27.5 27.2 2 0.4 25.0
Chain Length 1 1.2 109 11.4 11.4 11.2 11.2 ¢ 0.2 12.5
2 $.77 5.57 S5.87 5.95 S5.77 5.79 2 0.14 6.25
3 2.79 2.74 2.88 2.91 2.5 2.85 % 0.08 3.13
4 1.3  1.27 1.35 1.47 1.30 1.36 * 0.08 1.56
5 - 0.675 ©.700 0.802 0.783 0.740 ¥ 0.062 0.781
6 3 0.490 0.432 0.474 0.498 0.474 - 0.029 0.391
7 - 0.352 ©.298 0.290 0.334 0.319 2 0.029 0.195




Table 6. Percentage Distribution of the Isamers of
Chain Length Groups 1-6 in Diphenylamine Digests of Alpha INA.

Desalted isoplith groups were resolved on the basis of base composition by ion-exchange chrama-
tography (digests A-D) or paper chromatography (digest F). 32? content was estimated by camting in
toluene/triton X-100 scintillator fluid (digests A-D) or by Cerenkov camting (digest F).

Isamer Group Percentage Distribution Isomer Group Percentage Distribution
digest A B c D F mean ¢ S.E. digest A B+ C D mean ¢ S.E,
Cp, - 3.2 389 - - 39.1 ¢ 0.2 Cspe - (0.9) 0.8 0.8 + 0.1
Tp, - 60.8 61.1 - - 60.9 £ 0.2 CyTpg 11.0 10.5 8.7 10.1 £ 1.0
CsT2ps 30.8 30.4 30.0 30.4:0.4
Caps 16.6 14.3 14.8 - 14.1* 14.9:1.1 CaT3pg 36 .9 38.4 38.1 37.8 £ 0.8
CTps 52.7 53.9 54.3 - 54.9% 54.0¢0.9 CTypg 18.0 17.8 19.6 18.5 ¢ 1.0
T2Ps 30.8 31.8 30.9 - 30.9* 31.1 £ 0.5 Tspg 2.5 2.0 2.6 2.4 £ 0.3
Csps 4.2 - - 4.5 4.6* 4.4 £ 0.2 Cepy - - (0.2) (0.2)
C2Tps 38.8 - - 37.8 37.00 37.9 0.9 CsTpy - 4.2 3.8 4.0 £ 0.3
CT2Ds 42.6 - - 42.6 43.0 42,7 0.2 CyT2p7 - 21.9 21.2 21.6 £ 0.5
T3Ps 14.3 - - 15.0 15.9* 15.1 ¢ 0.8 C3Tap7 - 35.5 35.3 35.4 : 0.1
CaTypr - 26.2 27.1 26.7 £ 0.6
Caps 20 - - - (2.0) CTsp9 - 11.6 11.8 11.7 £ 0.1
CsTps 20.3 - - 22.2 21.3¢£ 1.3 Tep7 - (0.7 0.6 0.6 £ 0.1
CaT2ps 42,7 - - 40.0 41.4 £+ 1.9
CTsps 28.5 - - 24.8 26.6 £ 2.5 * measured by paper chromatography of digest F
TyPs 65 - - 6. 6.3 £ 0.3 &fter Srestacaik i ) "prostatic) phesplio-



Table 7. Percentage Sequence Frequencies of the Pyrimidine Nucleotide Sequences
of length 1-6 in Diphenylamine Digests of Alpha INA, as Compared With a Ramndom Distribution.

These results have been collated from tables S and 6, assuming the standard errors to be ammilative.
The ratio of the sequence isamers CpT and TpC was deduced from paper chromatography of digest F.

Isomer Group Percentage Sequence Frequency Isamsr Group Percentage Sequence Frequency
mesn t S.E. randam memn t S.E, rauion
Cp2 4.38 ¢ .10 5.38 Cspe (0.006 ¢ .001) 0.011
Tps 6.82 £ .14 7.13 G Tpg 0.075 ¢ .013 0.076
CsTaps 0.225 t .020 0.202
Caps 0.8 t .09 1.16 CTspe 0.280 t .028 0.268
Clps %'Cr 3.3 ¢ a3 1°77 3.06 1-33 CT\Pe 0.137 ¢ .018 0.177
Typs 1.0 ¢ .07 2.08 Tspe 0.018 ¢ .004 0.047
CspPs 0.13 ¢+ .01 0.25 CepP7 (0.0009) 0.0025
CoTps 1.08 £ .06 0.99 CsTpy 0.019 ¢ .003 0.020
CTaps 1.22 £ .04 1.31 G Tap7 0.102 ¢ .008 0.065
TaPs 0.43 + .04 0.58 CsTspy 0.168 + .013 0.115
CaTep? 0.127 = .009 0.114
CaPs (0.027) 0.0S3 CTspy 0.056 ¢ .004 0.061
C3Tps 0.290 ¢+ .030 0.283 TeP7 (0.003 & .001) 0.013
CoTPs 0.563 + ,065 0.562
CT3ps 0.362 ¢ 054 0.497 FPrequsncies in brackets are based on low
Tups 0.086 ¢ .009 0.165 camts or uncertain separatiams.
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The mean frequancies for all 27 pyrimidine micleotide sequences
of langth 1-6 found in diphenylsmine digests of a INA are collated in
table 7, together with the frajuencies expectsd for a INA with a 43%
GeC content but with a randomly arranged sequence of micleotides.

Complete resolution of isopliths of chain length greater thean six
was found more difficult than had been anticipated, Putersen and
Raeves“. reported good separations of isopliths of chain length up
to eighteen fram diphenylamine digests of Calf thymus INA, and a
similar result was obtained early in the present work., However, these
separations made use of a single batch of DEAE-cellulcse with a
particularly high resolving pover. Several other batches of the same
product were later famd to be unsuitable.

It has been possible to completely resolve the nine oligomicleo-
tides of length greater than 8 from diphsnylamine digests of phage fl
INA using Whatmen DE-32, a more uniform grade of DEAE-cellulose
(W.P, Tate, personal cammamication). liowever, complete resolution of
the more omplex mixture of lang oligomicleoctides found in diphenyl-
axine digests of phage a INA was not found to be as readily achieved.

The best separation of lang a isopliths obtained in the present
study is shown in figure 30. Carrier isopliths of lengths up to 16
were clesrly resolved. Peaks of radiocsctivity were detected for
lengths up to 13. The isoplith groups of length 8-13 were desalted by
dialysing agaimst distilled water, and resolved into groups of {samsrs
by further column chrumatogrsphy as shown in figures 31-36,

The distributions of radicsctivity shown in figures 30, 35 and 36
suggest that the a INA moleailes contains mly a few sequancess of



Pipure 30, Separation of the Longest Isopliths From a
Diphenylarmine Digest of Phaze Alpha INA,

An ether-extracted diphemylamine digest of 2.8 mg. of >P-lsbelled
a TNA was combined with a dialysed, de-purinated diphenylamine digest
representing 200 mg. of calf thymss INA, and resolved into isopliths
by iom-exchange chromatography on NRAE-cellulose (Cellex-D). 6.5-ml.
fractions were sssayed for carrier isopliths by ultraviolet ahsorption
measursnents at 271 my, and for 32}’ radioactivity by counting portions
in a tolusne/Cab-0-Si1 scintillator mixture.
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Figure 30. Separation of the Longest Isopliths From a Diphenylamine Digest of Phage Alpha DNA.

(a) The separation of carricr isopliths of lengths 1-16. (——), 271 mu. absorbance;

(=== ==, NaCl concentration.
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Figure 30. Separation of the Longest Isopliths

From a Diphenylamine Digest of Phage Alpha DNA.

(b) The distribution of 32P—radioactivity (@—@®), and ultra-

violet absorbance (Q=Q), in the longest isoplith peaks.
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Figure 31. Separation of Isomers of Chain Length Eight From a

Diphenylamine Digest of Phage Alpha INA.

The isoplith peak 8 from figure 30. was desalted on a short
colum of DEAE-sephadex, and resolved into isomers by ion-exchange
chromatography on a 12 an. x 1 an. diameter column of DEAE-cellulose.
5.5 ml. fractions were assayed for carrier isomers by ultraviolet
absorption measurements at 271 mu, and radioactivity was estimated
in pooled peak and inter-peak regions by counting 1 ml. portions
in a toluene/Cab-0-Sil scintillétor mixture. (a) Distribution of
32P radioactivity (100-minute counts above background). (b)
Distribution of carrier isomers. (==, 271 mu absorbance; (= = =),

NaCl concentration.
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Figure 32.

Separation of Isomers of

Chain Length Nine.

The isoplith peak 9 from figure 30. was desalted by dialysing

for 12 h. against distilled water, and resolved into isomers by

ion-exchange chromatography as described in figure 31.

(a) Distri-

bution of 32P radioactivity (100-mimute counts above background).

(b) Distribution of carrier isomers. (=), 271 mu absorbance;

(= ==—), NaCl concentration;
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Figure 33. Separation of Isomers of

Chain Length Ten.

The isoplith peak 10 from figure 30. was desalted by dialysing
for 12 h. against distilled water, and resolved into isomers as
described in figures 31-32. (a) Distribution of 3213 radioactivity
(100-mimute counts above background). (b) Distribution of carrier
isomers. (=), 271 mu absorbance; (= — —), NaCl concentration;

3.1-ml. fractions.
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Figurce 34. Separation of Isomers of

Chain Length Eleven.

The isoplith peak 11 from figure 30. was desalted by a 12 h.
dialysis against distilled water, and resolved into isomers by
ion-exchange chromatography as described in figures 31-33.

(a) Distribution of 32}’ radioactivity (100-mimute counts above
background). (b) Distribution of carrier: (=), 271 myu

absorbance; (= = ~— =), NaCl concentration; 3.7-ml. fractions.

=
™ - =
97 ) (G) B
x —_—
0 5:0F
'—
% -
O 2-5r
O
e | <
| 1 1 -/
CeT, .
-1 516
g0-3 -40-32
— O
R (b) #7 Z
m0'2 - CgTg [|C4T7 0-28
Lz, Cala =
< O-| 4101l g
2 Caolg =
8 1 1 I
2 20 40 60O

FRACTION NUMBER



H
@
o

ABSORBANCE 27Im

Figure 35. Separation of Isomers of

Chain Length Twelve.

The isoplith peak 12 from figure 30. was desalted by a 12 h.
dialysis against distilled water, and resolved into isomers by
1ion-exchange chramatography on a 13 an. x 1 an. diameter column
of DEAE-cellulose. 2.6 ml. fractions were assayed for carrier
isamcrs by ultraviolet absorption measurements at 271 mu, and
for radioactivity by counting 1 ml. portions in a toluene/

), 271 m. absorbance;

Cab-0-Sil1 scintillator mixture. (

bl
€ 2 IR 2=p radioactivity, 50-minute counts above background;

(= ==——1), NaCl concentration gradient (200 ml. 0.05-0.30 M).
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Figure 36. Scparation of Isomers of

Chain Length Thirteen.

The isoplith peak 13 from figure 30. was combined with carrier
isopliths of similar length from another column, and desalted on
a short column of DEAE-Sephadex. The sample was resolved into
isomers as described in the previous figure. (—), 271 mu
absorbance; (@@), 321’ radioactivity, 50-minute counts above
background; (= == ~=), NaCl concentration gradient (200 ml.

0.05-0.30 M); 3.6 ml. fractions.
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cansecutive pyrimidine mucleotides of length greater than 11. It was
tentatively concluded that each a INA molecule contains six pyrimi-
dine micleotide sequences of length 12, distributed between three
isomer groups in a ratio of 3/2/1, and four pyrimidine micleotide
sequences of length 13, distributed between three isamer groups in

a ratio of 1/2/1. Many more isamer groups were detected in the
carrier, but did not contain significant radiocsctivity.

An interesting featire of figures 32 and 34 was the elution of
relatively large smounts of radiocactivity at the positions expected
for the thymire oligomcleotides dTegp;p and dT);p;2. Such long
sequences of consecutive thymime nucleotides would not be epected in
a randanly arranged INA molecule having the size and base camposition
of a INA, and no trace of these sequencas could be detected in the
carrier digest. The 'dT);p;2' peak was re-chramatographed with fresh
carrier isopliths of length 11, and eluted at the same position as
before (figure 37). Havever, identification by methods other than
ion-exchange chromatography was not practicable becmuse of the low
level of radiosctivity in this experimmmet.

The distriburion of long pyrimidine mucleotide sequences in e
INA deduced from these preliminary experiments is proentsd in tadle 8.

An altemnative method of resolving the campanents of diphenylamine
digests is two-dimensionsl paper chrumatography after treatment with

82 48
pxspharsoasterase ’° . The results of some preliminary experimmmts,

included in table 6, show that this method gives isomsr distributions
in sgremwmt with those cbtaimed by ion-exchange chramatography. The



Figure 37. Rechromatography of the Thymine-rich Isomers

of Length Eleven From a Diphenylamine Digest of

Phage Alpha DNA.

Fractions 59-70 from figure 34. were combined with carrier
isopliths of chain length 11 from a column similar to figure 30.,
and desalted by dialysing against distilled water for 12 h. The
isomers were separated by ion-exchange chromatography as described
for figures 31-34,(==), 271 mu absorbance; (@@), 3ZP radio-
activity (100-minute counts above background); (== =), NaCl

concentration gradient (300 ml. 0.1-0.35 M); 6-ml. fractions.
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Table 8. Percentage Sequence Frequencies of the Longest
Pyrimidine Nucleotide Sequences in Alpha INA.

Dats collacted from figures 31-38, Isomer assignments are on the basis of elution positiom
ad Azw/l\260 ratic mmmmesnts for the Calf Thymus carrier (J.M. Reeves, persamal commmicatiam).

Isomer Group P.S.F. Iscmer Group P.S.F. Iscmer Group P.S.F.

fomd rendom fomd  randam found radam

CeTaPe 0.002 0.006 CsTsm11 0.001 0.001

CsTsPs 0.017 0.015 CeTaP12 0.006 0.004

CyTaPse 0.022 0.02§ CsTsp11 0.010 0.006

CsTspe 0.017 0.026 CyTerP11 0.006 0.006

CaTePs 0.009 0.017 CsTyr11 0.005 0.005 CsTyp13* 0.0030 0.0016

C Typy 0.004 0.007 CTeP11 0.003 0.002 CeTgp1s® 0.0017 0.0013

Tepe 0.00S 0.001 C TeP11 0.001 0.001 CsTep:s* 0.0003 0.0007

Cy'rzpl‘ 0.001 0.002 CaTsP12 0.001 0.000 C7T5p1 g. 0.0008 0.000S

CeTsP10 0.00s 0.00S CoTeP12 0.002 0.001 CeToP18" 0.0017 0.0007

CsTuP10 0.013 0.010 CeTsP12 0.003 0.002 CsTap1s® 0.0008 0.0006

CyTsPre 0.010 0.014 CsTer12 0.007 0.003 CyToP1a® (0.0003) 0.0004

CsTeP10 0.008 0.011 CoT7P12 0.00S 0.003

CaTyP1e 0.003 0.006 CsTeP12 0.002 0.002

C TeP10 0.001 0.002 CaTer12 0.001 0.001

TePr0* 0.011 0.000 C TioP12 0.001 0.000 * Jsamer identification

TiiP12* 0.006 0.000 anly tentative.




separation resulting from two-dimensional pasper chromatography of a
diphenylamine digest of a INA is shown in figure 38.



Figure 38. Separation of Dephosphorylated Oligonucleotides

From a Diphenylamine Digest of Phage Alpha DNA

by 2-Dimensional Paper Chromaitography.

A 100 ul. portion of a dephosphorylated diphenylamine digest

3?2

of ““P-labelled o DNA was subjected to 2-dimensional paper chroma-

tography, and 32P-labclled oligonucleotides were detected by
autoradiography. (a) Autoradiograph (72 h. exposure). (b) Identity
of spots. T and C were located by taking contact photographs in

ultraviolet light.

FIRST DIMENSION ¢——

-~

«—— NOISN3INWIA AaNOD3S

* This spot was not identified in the present study. It

does not coincide with any ultraviolet-absorbing spot on
the chromatogram, and would therefore appear to be non-
nucleotide in origin.
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Pyrimidine Nucleoctide Sequences in the
Separated Complementary Strands of Alpha INA.

The logical next step in the camparison of moleqilar structure
and micleotide sequence structire in the a INA molecule was to
doterwine the distribution of pyrirddire mucleotide sajusnces between
the two complemsntary strands.,

In an early experiment, the distribution of isopliths of chain-
lengths 1-7 was measured in a diphenylsmine digest of ”'P-hbollod
L strands prepared by MAK chramtography, self-amealing, and hydroxy-
lapatite chrometography.

In a later experiment, the distribution of isopliths of chain-
lengths 1-7 was measured in diphenylmmine digests of two irdependent
preparations of >2p-1sbelled H strands, prepared in this case by
preparative CsCl gradient centrifuging in the presence of PolygG,
followed by self-mnnealing and hydruxylapatite chramatography.

The results from both these axperizemts are presented in table
9, together with calculated randon distributions for each strand.

For these calculations, the pyrimidine content of the a INA L strand
was taken to be 46 molet, as measured by Cm'c'las'l (table 4). The
pyrimidine content of the a INA H strand wvas taken to be S54% (and
hence complementary to the L strand) rather than 56 as msasured on
wmmmwm’l.smwmmwm
used for her preparatimns might be expected to result in ' strands'’
depleted in the postulated light segment.

The distribution of isomers of chain lengths 1-§ was msasured



Table 9. The Distribution of Isopliths of Chain Length
1-7 in the Separated Strands of Alpha INA,

Data expressed as percentage sequence frequencies. H strand:
two independent digests. L strand: one digest. Random distri-
butions calculated fram H = 548 Py, L = 46% Py,

Isoplith Group H Strand L Strand
found randon found random
Inorganic Phosphate 23.1, 26.9 21.2 33.2 29,2
Chain Length 1 10,3, 10.1 11.4 11.4 13.4
2 $.37, S.34 6.17 $.95 6.17
3 2.77, 2.75 3.33 2.60 2.84
4 1.45, 1.37 1.0 1.18 1.31
S 0.881, 0.864 0,972 0.518 0.601
6 0.567, 0.516 0,825 0.282 0.276
7 0.466, 0.382 0,283 0.157 0.127




p.62

in both Aindependent H strand digests. The ocbserved percentage sequence
frequencies are presented in table 10, together with the frequencies
expectad for a randamly-distributed polymucleotide containing S4%
pyriridines with C/C + T ratio of 0.43 (tsble 4),

Also presented in tsble 10 are the percentage sequence frequen-
cles for isamers of chain lengths 1-2 found in diphenylamine digests
of two indspendent L strand preparations. These were cbtained by
CsCl gradient centrifuging in the presence of polyG, followed by self-
amsaling and hydraxylapatite chrumatography. Unfortumatsely, several
fractions of each L strand preparstion were lost during the latter
step, and the micleotide sequenc» results probably cammot be regarded
as representative of the entire L strand. They are ampared with the
frequencies expected for a randamly-distrituted polymucleotide contain-
ing 46% pyrimidines with a C/C + T ratio of 0.46 (table 4).

The distribution of each group of sequences within the a INA
molecule can be expressed as the ratio of the sejuence frequenciss
in the H and L strands (H/L ratio). H/L ratios for inorganic phosphate
and pyrimidine rucleotide sequences of lengths 1 and 2 can be calailated
directly from the results in tables 9 and 10, They are presented in
table 11, together with the valuas shat would be axpected in a quite
randamly-srrenged moleaile, given the overall bias in base composition
between the two strands. Also included are H/L ratios calculated
indirectly by combining the results for the H strand in table 10 with
the results for the vhole INA molecule in table 7,

The indirect spprosch can be extanded to the isamers of lengths
3-8, but is open to rather large cmmlative errors: not anly becmise



Table 10,

The Distribution of Isamers of Chain Length 1-5 in

Diphenylamine Digests of the Separated Strands of Alpha INA.

Data expressed as percsntage sequence frequencies (two
Random distributions calculated from

indspendent digests).

H= S48 Py, C/C + T = 0.43.

L =468 Py, C/C + T = 0.46

Isamer Group H Strand L Strand

found random famd random
(o 3.33, 3.43 4.91 5.09, 5.37 6.17
T 6.97, 6.67 6.51 7.61, 7.93 7.24
Cz (0198' 0.84) 1.1‘ (0.102' 0097) 1.31
(CN 2.62, 2.72 3.03 2.99, 3.31 3.07
Ty 1.77, 1.78 2,00 1.49, 1.46 1.79
Cs 0.103, 0.102 0.268
CeT 1.03, 1.03 1.08
CT, 1.23, 1.21 1.39
Ty 0.404, 0.396 0.617
Cy (0.048, 0.047) 0.061
CaT 0.292, 0.263 0.326
CaTa 0.%90, 0.551 0.648
CTy 0.371, 0.366 0.573
Ty 0.109, 0.114 0.190
G T 0.118, 0.130 0.094
CyTy 0.322, 0.294 0.333 result from low counts
CTy 0.150, 0.146 0.220 or wncartain separatians.
Tg 0.032, 0.044 0.058




Table 11. Ratio of the Distribution of Some Sequences of
Pyrimidine Nucleotides Between the Two Strands of Alpha INA,

H/L ratios were calculsted directly from the H and L strand
results in table 10, or indirectly from the H strand results in
table 10 and the whole INA results in table 7, assuming amulative
errors no greater than the cbserved range. Random values are
calculated from H = S48 Py, C/C ¢+ T = 0.43; L = 46% Py, C/C+ T
= 0.46.

Isaner Group
direct method indirect method random
Inorganic Phosphate 0.75 ¢ .06 0.85 ¢ .14 0.73
(o 0.65 = .03 0.63 ¢+ .03 0.80
T 0.88 ¢ .04 1.00 ¢+ .0® 0.90
Ca (0.91 & .09) (1.12 ¢ .35) 0.87
(cn 0.85 ¢ .06 0.78 ¢ .08 0.99

T’ 1.20 b 4 002 0.97 ’ -m 1012
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of the limited musber of sequsnce freguancy measurements, but because
of the rather large variation observed between replicate digests,
particularly with respect to the distribution of isoplith frequendes
(table §).

In order to svoid this problem, a double-label ratio spproach
was devised, using another radioisotope of phosphorus, 33?. Separatad
H and L strands were prepared fram both S>P-1sbelled a INA and >2p-
lsbelled a INA by C3Cl gradient cemtrifuging in the prusence of pelyG.
Each labelled strand preparation was assayed for contaminating
complamentary strands by re-centrifuging, then combined with comple-
nmentary strands labelled with the other radioisotope. Diphenylsmine
digests of these mixtures were treated with prostatic phasphasmo-
esterase and resolved by 2-dimensional paper d\mmgrq)hy“. The
H/L ratio for each separated group of isomers was meamired directly
by comaring the SSP/>2P ratio with the “P/>2P ratio of the whole
digest, after appropriate corrections for the degree of strand
containation in each preparstion.

Some preliminary results obtained by this method are presented
in table 12,



Tsble 12. Ratio of the Distribution of Saoue Sequences of
Pyrimidine Nucleotides Between the Two Strands of
Alpha INA, as Measured by a Double Label Method.

The strand content of each mixture was estimated by recantri-
fuging in at least two CsCl gradients. Mixture A: “°P, 18% L,
828 H; %p, 974 L, 3% H. Mixture B: P, 88§ L, 12 H; %P,
4% L, 96% H, Each digest was resolved on two separite paper chroma-
tograms, and spots were located Ly ultraviolet photography. SSP/SZP
ratios were measured by counting the water eluate of each spot in

a tolusne/triton X-100 scintillator solution as described in Methods.

Isamer Group H/L Distribution Ratio

digest A digest B msan ¢ S.E, rundom

Inorganic Phosphate® - - 5 0.90 (0.90) 0.90
C 0.94, 1.30 1.11, 1.02 1.09 £ .18 0.87
CpT 0.79, 0.62 0.77, 0.81 0.7 = .9 0.99
TpC 0.96, 0,98 1,14, 1.10 1,05 £ 09 0.99
Tg 1.15, 1.16 1.14, 1.17 1.16 £ .01 1.12
CzT 1.10. 1.11 1.18. 1.1‘ 1.13 4 .o‘ 1008
CTy 1.42, 1.24 1.45, 1.39 1.37 ¢ .09 1.22
T’ 1.5‘, 1053 1.53, 1048 1.52 2 .03 1.38
a’ 1063’ 1068 1.97, 2.08 lo“ 2z .22 1.52

® gfter treatment with prastatic phosphanonoesterase.
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DISQUSSION
A. The Molecular Structure of Alpha INA.

The moleailar weight estimated for phage a INA in the present
study, 32.9 x 10‘S , is dependent on the estimated molecular weight of
phage T7 INA, as well as the relisbility of the zone sedimentation
method, While none of the availsble methods for measuring the mole-
cular weight of large INA moleailes - sedimemtation, electrun micro-
scopy, autoradiogrsphic 'star-coamting', and end-labelling - can as
yet be regarded as having an absolute acamracy much better than 2 5%,
they do give results that are consistent with each other when applied
to INA molecules from the ‘standard collection' of B, ooif phagos..
By this criterion, in the absence of such umisual structural features
as circularity or single-strandedness, zane sedimentation is a method
of proven relisbility. Electran microscopy of native a INA, carried
aut by Mr. A. Craig using two different spreading procedures (those
of Imn“’ and uorno). has not rovealed any umsual structure,
so the sbove molecular weight is likely to be correct.

ﬂnmultobtdmdinﬂ\hmjectforﬁns°m.wofum,
35.1 £ 0.9, is in close agreenant with the result obtained by Cordes
using baumndsxy udimtaum" .

It 13 clesr that phage a INA, as isolated by phenol treatamnt,
cantairs randamly located single-strand breaks. The origin of this
breskage is obsare. Similsr breakage has been noted by others in the
INA molecules of phages PES1 . and SPSO *'"", and in the latter

case it has also been shown that at lesst same breaks occur in both
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Ccomp 1lemenreaYy strnds“.. It is not estsblished whether this breakage
is compareble with the lower level of breskage detectsd by Dmvison
sd Preifelder in several coli phage sz.

It seans to have been assuned by some previous workers that
'nicked’ phage INA molecules, other than those produced by radiation
damage in INA labelled at high specific act:i\rities”l , must be
actually packaged in a nicked (or alkali-labile) state inside phage
puﬂchsl”"“. There is however mother possibility: that strand
breals might be caused, during INA release from the phage, by en
axdamiclease present either as an integral part of the phage particle
or as a contsminant of even highly-purified phage. The alternatives
are presernted in figure 39,

It is clear fran the rasults obtained early in this study with
INA extractal fram crude phage a preparations (figure S), that strand
breakage can ocaur during phenol treateent., Such breakage was not
induced by phenol treatment of purified TINA. The observation that
most of the breakage could be preventad by dialysing the phage against
EDTA suggests an analogy with the "unknown metal-sctivated degradation
process” mentioned by Davison and Preifelder, which was apparently
eliminated by the use of EUTA-containing buffm‘ “. It is tempting
to speculats that “metal-activated degrsdation” might represent the
action of a metal-activated endamiclesse. Clearly same such explsnation
sust be involed to explain the different extants of strand breakage
noticed in phage SPSO INA by Reznikoff and Thames (vho found 40-S08
imact strands)' . md Tramner et al. (vho fomd no intact strands) = .

However, since neither of these gramps appears to have purified their



Figure 39. Altemative Explanations for the Origin of Single-

strand Breaks in Purified Alpha DNA.

(a) DNA packaged in nicked form inside the o phage particle.
(b) o DNA packaged in strand-intact form inside the phage
particle, but attacked during phenol release by an endonuclease

present as an integral component of « phage.
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phage exhmustively prior %o pherol treatment, contsmination of their
preparatione with extranecus sndomiclenses camot be ruled out.

The experiment cutlined in figure 8. of this study shows that
purified o phage is ot containated with an extraneaus metal-
activated endamiclesse active under the conditions employed. Neither
was any muclease detected in osmotically-lysed a phage. However,
this does not eliminate the possibility (figure 39 (b)) that such
a nclease might form an integral caspanent of the phage particle,
since such a amponent might not be relessed by the lirdted dis-
ruption resulting fram osmotic lyzis, or might not be active at
high salt concentrations, or once released might be fairly repidly
insctivated.

An intoresting parallel is provided by the RNA polymerase of
Reovirus, which is found inside the Reovirus particle in intimate
association with the ribamiclecprotein cnz'eml . This polywerase
is enzymically active vhen isclated as part of the core, but sppears
to be immodiately inactivated by treatment with resgemts such as
phewl that dissociate RNA frum the core. It is known that at least
soms INA-containing becterdophages have a nucleoprotein core  , and
the ccanTent® of ‘internal proteins' inside the head of phage T2 has
long boen recognised’ ** ", When phage a is heated to 60° in SSC
buffer, it is knon that the phage INA is slowly ralassal in associ-

" "
ation with a protein cmpansnt of the phage *

It is tewpting to speculate that a 'core’ endonucloase may be
respansible for the 25-30% breskage foumd in even the most intsct
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preparations of a INA. In the sbsence of a direct daxmstration of
endonuclease activity, however, no conclusion can be reached, although
the cbserved effects of temperaturs and ionic enviramment are suggest-
ive. A useful further series of experiments might be to cwpare the
effect of quise different methods of INA release, such as lysing in
alkali, heat-treatment under various ionic conditians, and prunase
digestion, on the intactness of the INA cbtained.

Since same a [NA preparations were 75% strand intact, it can be
stated umequivocally that at least half of the population of a INA
molecules are packaged inside phage particles in fully strand-intact
form,

Strand-intact INA is an essential prerequisite for the separation
of intact cowplementary strands. Early experimemts in this project,
attespting MAK chromatogrephy of highly-fragnented a INA by the
method of Corchs“, were unsucasssful, probably becase MAK chrama-
tography recognises differemces of size as well as differences of
buo-c:mositim‘"’l“. It is not clesr why later MAX chromatography
experinents (figures 11-13), which used highly strand-intact a INA,
did not give good separations. Possibly the variation between different
batches of Keiselguhr and methylated albunin msy be important for
success with this rather empirical proadme,

It is interesting that Aurisicchio et al., who also fracuicnated
denstirred @ INA by MAK chramatography, reportad that their isolated
'L strand' proparations had a mean sedimentation coefficient of omly
13¢ as compared with 2Ss for heat-denatured unfractionsted a INA”.
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Even the latter value is much too low for intact strands of a INA in
SSC. It seems likely that their preparations of a INA may have
contained many single-strand breaks. If so, their 'L strand' prepara-
tions can hardly be regarded as representative of the entire L strand
of a INA,

The same criticism camot be made of the results of Cordes",
who demonstrated sedimentation coefficients (in SSC) of S0-58 s
for both H and L strand preparations,

The difficulties with MAK chrumatography in the present study
were completely overcame by using the different technique of prepara-
tive CsCl gradient centrifuging of polyG-INA complexes. This method
allows an efficient separation of the H and L strands without
extensive fragmentation, as shown in figures 18, 19 and 25. The
upper limit of sbout 100 ug. of INA per gradient makes the prepara-
tion of milligram quantities of separated strands laboriocus but by no
means impossible.

The cbserved distribution of polyG-binding sites in the a INA
molscule is of considerable interest. Firstly, the observation that
intact L strands bind polyG is at variance with the conclusion of
Sheldrick and Szybalski“. Secandly, sincs polyG-binding sites are
released from most of the L strand by shearing to quarter-length
fragmemts, it is clearly necessary to study intact rather than

fragzmmtad INA prepsrations if wamingful canclusions are to be made

sbout the structure snd function of a INA. The conclusion that only

93 9%
the H strand of a INA is transcribed into phage messenger RNA '

vhich was reached fram hybridisation experiments using 'L strands'
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prepared by the method of Aurisicchio et n.". will certainly need
to be re-exmmined. It would seem quite prcbable that at least the
heavy segmemt of the L strand may alsc be transcribed, particularly
in view of the correlation between polyG-binding sites and transcrib-
ing regions found in the INA moleciles of phages A, T? and '!’3”’"’”.

It is clear that phage e, a temperate phage, does show signs
of a segmentsl distribution of nucleoctides in its INA molecule. It
differs froo the tamperste phages ), ¢80, 434 and P22, however, in
that this segmental distribution caanot be demonstrated in the native
INA". Pram CsCl density gradient experimets (figures 23 (b) and (c))
it would seem that the heavy segment in the L strand may have a base-
cagposition similar to that of most of the H strand. a INA can
therefore be reganied as differing from an 'ideal' model, with a
uniformly purine-rich L strand and a uniformly pyrimidine-rich H
strand, by an inversion of 10-20% of the moleailar length.

The distribution of G ¢+ C pairs in the (native) INA molecules
isolated from a large variety of bacteria is unimodal and approxi-
mately gsussian, as shown by buoyaat density and thermal denaturation
studies‘”’”‘. The INA molecules fram the virulent phages of the
T series likevise do not have a maried segmental distribution of G+ C
peirs, slthough some heterogensity between large fragments can be
dtucud". It has been mgxnud“ that intramolecular heteroguneity
nay be a unique characteristic of the INA of episomes: that category
of the bacteria-afflicting parasites, normally taken to imclude the
temporate phages, capsble of a close association with the host
bacterial chranosams. In agreamsnt with this suggestion is the
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cbservation that the INA isclated from several bacterisl sex factors
can also be separated into regions of distinct base oaqaosition‘"'"..
However, it would sppear that phage c is an exception to this rule:

it is not clear that the degree of structural heterogeneity in o

INA is greatly different to that which can be demanstrated in the
separated strands of phage T2 (T4) INA by polyUG binﬂirm“..

Further logical developments in the study of the molecular
structure of a TNA would he tests for cyclic perrutation anl termi-
nal redundancy, and attempts to locate the heavy segnent with respect
to the two ends of the L strand. A useful technique ndght prove to
be limited digestin with the phosphatase-examclease (exanuclease

II1) of Z. ooli.

B. Sequences of Consecutive Pyrimidine Nucleotides in Alpha INA.

DNuring the present study, sequencss of cmseautive pyrimidine
nucleotides of all lengths up to 13 were resolved from diphemylamine
digests of a INA. While the exdstance of longer sequences (length
14-19) was not completely disproved, any such sequences must be very
few in mmber, ~

The distribution of isopliths of length 1-7 was measured in
several diphenylamine digests of whole a INA (table S). Despite the
variation between replicate digests, there was a clesrly non-random
distributian of chain lengths. The main features can be surmarised
as follows.

(1) Inorganic phosphate, released by the diphenylmaine reaction
from the phosphodiester bridges between consecutive purine mdwﬁdu“,
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was fomd at slightly more than the randam frequency. This is
indicative of a general tandency for the purine and pyrimidine mucleo-
tides in o INA to be bunched together in blocks of consecutive purines
and yyrimidims”g, a tandency which a INA shares with calf INA but
not with herring or salmon INAs or the INAs from Escherichia ooll,
Pseudomonas asruginoea, or Aloaligenes famlic”’.

(2) 1Isopliths of lengths 1-4 were found to occur less frequently
than would be expected from a randam distribution. The deficiency of
monomicleotides was consistently greater than the deficiency of
dinucleotides, and the most marked deficiency was ususlly faund in
the tetraucleotides.

(3) Isopliths of lengths 6 and 7 were found to occur rore
frequently than expected, the excess of 7s being greater than the
excess of 6s. An even greater excess of isopliths of lengths 8 and
9 was ohserved in several digests, althaugh these results (not
tabulated here) were based on very poor separations and showed large
variations in frequency between replicate digests.

The excess of long isopliths and deficiency of short isopliths
directly confirms the tsndency, mentioned earlier, for bunching of
the pyrimidine micleotides in a INA,

The ratio of observed to calculated frequerxy for the isoplith
groups of length 1-7 in a INA is presented graphically in figure
40(a). The distribution is quite different from that famd in
%. colt INA by Corny et al. (figure 40(c)) ", from that fomd in
phage £1 INA by Tate and Petersen (figure 40(b)) — , or from that fomd
in phage ¢X-174 INA by Hall and Sinsheimer (figure 40(0))“. None of
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these INAs appears to have a distribution of isopliths very similar
to that of ey of the others. Nor is there sy indication of the
thythmic code found in the purine isopliths of viral RNA by Fiers
et al., Sizha et al., and Matthews (£lgure 40()* ***+**+%,

As disassed on page 11, the pyrimidine isopliths in the
transcribing strand of a DNA molecule are directly cwmparsble with
the purine isopliths in viral RNA. In the present study the distri-
bution of isopliths of lengths 1-7 was measured for both separsted
strands of phage o INA, Substantial differemnces were faod between
the H strand and the L strand (table 9). However, when the distri-
bution famd within each strand is compared with the distribution
expected on a random basis, given the overall bias in base amposition,
the two strands show a remarkable similarity (figure 40(d)).

It mst be cancluded that the distribution of isoplith lengths
in the a INA molecule shows no signs of a rhytimic code. This is
not necassarily to suggest that the evolutionary forces presumed to
result in the rhythmic eo:h”'” do not operats an INA moleauiles,
However, it would appear that other evolutionary forces are at work
on the isoplith distridution in a INA, spparently on both the
transcribing strand and the non-transcribing strand of the moleculs,
which result in much grester deviations from randomass than those
cbserved in viral RNA (figure 40(f)). It is interesting to note
that the distritution of pyrimidine isopliths in the complemmmtary
strand of phage ¢X-174 INA, as deduced from the distribution of
purine isopliths in the viral strand (figure 40(s))' , shows that in
this csse also there sppear to be marked non-random features shared
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by both strands of the IMA., One cbvious feature is that in both
strands isopliths of lengths 2 and S are greatly favoured over
isopliths of lengths 1 and 4 respectively. The understanding of
such pheramena will probably require a detailed understanding of the
ways in which the INA in various organisms functions as the genetic
material,

The distribution of separable isomer groups in diphenylamine
digests of a INA (tables 6-8) shows several non-randan features.
This in itself is not surprising, cansidering the informatiomn-
carrying role of INA, and merely confirms the results of previous

2 43 102 183 82 104 180
workers ' °* * ¢+ °* ¢ | However, seversal features are

worthy of crment.

(1) Sequences of consecutive cytosine micleotides (cytopliths)
were famnd at much less than the random frequency. As pointed cut
by earlier workers, a deficiency in cytopliths of length greater
than 3 appears to be a general feature of many INA molecules, inclu-
ding those from calf thymus, herring testis, Mlarococous lysodsiktious
and Escherichia oolt.z'l...’l.s’l"'“o. However, a INA also appesrs
to be deficient in cytopliths of lengths 1, 2 snd 3 (tsble 7). A
very matrked deficiency of cytopliths of lengths 5 and 6 has been
raported for same INAS“’“’"o. The a INA molecule appears to
contain 6-8 cytopliths of length S, and msy contein a single cyto-
plith of length 6.

(2) Sequences of cansecutive thymine micleotides (thymopliths)
were also found at much less than the randma frequsency. This is rather

an umsusl feature, sincs Rudner et al., using sulphuric acid
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hydrolysis, have reported that an exosss of thymopliths appears to
be a camnn feature of several bacterial INA:I”. The results of
Cemny et al. canfimm that there is a considerable excess of longer
thyzopliths in 2. colf INA, the excess over random increasing with

100
chain length . The thymopliths of lengths up to 7 in calf DNA

have been found at frequencies rather close to the rm(m"’"l..

If the late-eluting peaks of radiocactivity in figures 32, 34
and 37 really represent thymopliths of lengths 9 and 11, then these
sequences ocarr at dramatically high frequencies in the a INA
molecule. However, these sequences were not detected in other experi-
ments, inclnding experiments which used homologous carrier digests of
a TNA, Since the identity of the 'long thymine sequences' was not
established by methods other than ion-exchange chromatography, the
poessibility of same spuricus explanation camot be ruled cut.

(3) There appears to be a non-random distribution of cytosine
and tyriye between the isoplith groups of a INA. As shown in
tasble 13, there is relatively less cytosine located in the short
isopliths, and relatively more cytosine located in the long isopliths,
than wauld be expected from the overall base composition of « INA
(42.6% G + C‘)”. In this respect also, a INA differs from previocus-
ly studied INA molecules. Rudner et al.l" have reported that several
bacterial INAs have a more than randam smount of cytosine located
in the short isopliths, and a less than randaom amoumt in the lang
isopliths, and this report is confirmed for E. oolf INA by the

179 180

results of others .
As shown in table 13, the overall cytosins content for the



Table 13, Cytosine Content of the Isopliths of Length 1-6
in Diphenylamine Digests of Alpha INA and E. Coli INA.

Results are taken from tasbles 6 and 10, and from

Cermy et a.l."°
Isoplith Group C/C + T (Moles §)
whole molecule H strand X. oold
1 3.1 33.0 56.0
2 41.9 42.0 S4.4
3 43.9 43.5 43.1
4 45.3 46.1 43.6
S 45.9 46 .4 40,2
6 46.4 - 36.6

Total 42.6 41.1 50.3
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isopliths of length 1-6 in a INA is very close to the G ¢+ C content
of a INA, a result which can be taken as further evidsnce that the
diphsnylamine reaction does not result in selective destruction of
either cytosine or thymine.

(4) a INA contains many separsble groups of isamers of lengths
9 and 10 (figures 32-33). There are also at least 6 separable
groups of isomers of length 11 (figure 34), but the uneven distri-
bution of radioactivity between these groups, recently canfirmed
in sother experimmnt (G.E. Petersen, personal commmication),
suggests a rather restricted range of sequencas., Only three separs-
ble grams of isamers of length 12, and three (possibly four) of
length 13, were detected (figures 35-36). The quite non-random
distribution of these sequences suggests very strongly that some
of them ocaur only once in each a INA molecule, and this conclusion
is supported by the quantities of radicactivity found in each peak
(table 8).

This prabably represents the first isolation of 'umique’
sequences from within a INA molecule larger than the INA of phage
¢X-174,

The distribution of separasble isomer groups between the two
strunds of the a INA molecule has so far received only a prelimirary
exanination. However, on the basis of the results in tables 10-12
the following cbservatians can be made.

(1) The H strand resembles the whole a INA molecule in being
deficient in cytopliths of length 1-3 and thymopliths of length 2-5,
and in having cytosine cancentrated in the longer isopliths (table 13).
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(2) Cytosine monamsrs and CpT sequences appear to be concentrated
non-radanly in the L strand, while thymine mnaomers and dimers
and TpC seqences appear to be randamly distributed between the two
strands.

Many interesting experiments remain to be carried out with
a INA. The distribution of cytopliths detween the two strands, ane
of the direct dbjectives of this project, has not yet been eccurately
measured. No attempt has yet been made to locate the separable
‘'unique' sequancms of conseautive pyrimidines with respect to the
two strands of the INA or the ‘heavy-segment' region of the light
strand, No very startling non-randomess in the distribution of
pyrimidine sequences between the two strands has yet been detected,
but even preliminary analyses have not yet been extended to isomer
groups of length greater than S, or isopliths of length greater than
7.

Dimedin, October 3, 1969.
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Appendix I. The Use of Polyethylene glycol for the Concentration
and Purification of Bacteriophages fl1 and T7.

The discovery that PEG precipitation provided an efficient
method for concentrating and purifying large quantities of bacterio-
phage a suggested that it might also be useful for preparing the other
bacteriophages being studied in this labhoratory, fl and T7. This
proved to be the case.

Suitable concentratians for the precipitation and re-suspension
of phage T7 were demanstrated by celite colirmn chrouatogranhy as
shown in figure 1. An electron mdcrograph of phage T7 purified by
this method is shown in figure 2. Such preparaticns contained very
little extranecus msterial. Figure 3 shows by way of contrast an
electron micrograph of phage T7 prepared by salt precipitation
followved by differential centrifuging. This preparation contained
large saamts of bacterial debris.

Phage f1 was precipitated at rather lower PEG concentrations
than phages T7 and a, &8s shown in tsble 1.

The recovery of phage f1 after PEG precipitation was quantitative
(tadble 2), and f1 purified by this method showed the normal morphology
when exanined by electron microscopy (figure 4.).

Cansiderable difficulty was experienced in follawing the recovery
of phage f1 by infectivity assays, and it may be that f1 is inactivated
by PEG. Nevertheless, this selective precipitation method is now used
for routine batch prepsratians of fl in this laboratory (W.P. Tate,
personal coommication).
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Figure 1. PLEG Gradient Elution of Phage T7 from a Celite Column.

Phage T7 prepared by differential centrifuging was made 0.5 M
in NaCl and 6% (w/v) in PEC and filtered through a 1 an. x 1 am.
diameter column of celite. Phage was cluted with a linearly
descending concentration gradient of PEG containing 0.5 M Na(Cl,
0.01 M phosphate buffer pll 7.0; 5 ml. and 2 ml. fractions were
collected and assayed for phage particles by ultraviolet absorption

measurcments at 200 mu .
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Appendix I. Pigure 2. Electrun Microscopy of
Phage T7 Prepared by PEG Precipitation.

Phage T7 eluted in fractions 9-12 fran the celite colimn
described in figure 1, was rinsed twiee with phosphate buffer
by high speed centrifuging and examined by electron microscopy.

Magnification 80,000 x.




Appendix I. Figure 3. Electrun Microscopy of
Phage T7 Prepared by Differential Centrifuging.

Phage T7 was cancentrated from a bacterial lysate by mmantim
sulphate precipitation followed by differential centrifuging. The
concentrated phage suspamsion was clarified by a final low speed
cantrifuging (10 mimites at 10,000 r.p.m. in the SS-34 rotor of
a Sorvall RC-2B centrifuge) and a portion of the supernstant
exaired by electron micrascopy.

Magnification 64,400 x.




Appendix I. Table 1. Precipitation of Phage f1
by Low Concantratians of Polyethylene Glycol.

12
A series of tubes containing phage f1 (10 /ml.), 0.5 M
NaCi, 0.08 M borate buffer pH 8.0 and various concentrations of
PEG were assayed visually for precipitation.

PEG Concentration Extent of Precipitation

w/v)

3.0 * e

2.5 * e

2.0 * e

1.75 * e

1.50 * e

1.28 * -

1.0 -

0.5 =




Appendix I. Table 2. Recovery of Phage fl
After Precipitation by Polyethylene Glycol,

A suspersion of phage fl (10l '/nl.) » prepared by differential
centrifuging, was made 0.5 M in NaCl and 0.5% (w/v) in PEG and
centrifuged (S min. at 15,000 r.p.m.). The supernatant was made
1.758% in PEG and re-centrifuged. All fractions were rinsed twice
in borate buffer by high speed centrifuging and assayed for phage
by megsuring the ultraviolet sbsomtions at 260 my and 280 my,

Praction Aeo/Me0 Units A,., § Total Ay,
Initial phage

suspersion 1.10 460 100
0.5% ppt. 1.1 3.8 0.8
1.75% ppt. 1.10 469 102

Final supt. 1.10 0.9 0.2




Appendix I. Figure 4. Electran Microscopy of Phage f1
Prepared by Selective Precipitation with PEC,

A portion of a rimsed 1.75% PEG ppt. fraction of phage £l
(table 2.) was diluted into distilled water and examined by
electron micoscopy.

Magnificatiom 35,000 x.




Appendix II, Dialysis of Pyrimidine Oligodeoxymicleotides.

The degradation of INA with diphenylamuine in formic acid results
in a camplex mixture of inorganic phosphate, free purine bases, and
prricidine oligodeaxymicleotides of varying chain length and base
composition with the general formila Py Pre1- Methods for the re-
solution of such mixtures by paper chromatography, paper electrophore-
sis and ion-exchenge chromatography have been dsvoloped‘ ’2"’“. In
all these methods, the total amoumt of material that can be canvenient-
ly resolved is limited to a few tens of ug. atoms of oligamcleotide
phosphorus .

Since the long, rarely-occurring pyrimidine micleotide sequences
form only a very small fraction of a diphenylamine digest, their
study is facilitated by prior removsl of most of the shorter sequences.
Prolanged dialysis against distilled water was at first used for this
purpase, on the assuzption that the losses of the longest oligonucleo-
tides into the diffusate would be negligible, but it remained necessary
to examine in detail the effect of chain length and base campasition on
the dialysis of pyrimidine oligadwaxyrucieotides.

In a preliminsry experiment, a 4-ml. portion of a diphenylamine
digest of calf thymus INA (reprusenting 10D mg. of DNA) was dialysed
against 800 ml. of distilled water for 60 h. at 4°, An aliquot (SO =ml.)
of the diffusate was evaporsted to dryness at 30°, and the oligomicleo-
tides separsted on the basis of chain length by ion-exchange chroma-
toxru;ity... The elution pattern, illustrated in Pigure 1, shored that
apprecisble smamts of sequencrs of chain length up to at least 7 had
passed into the diffusate.



Appendix II.
Figure 1. Oligodeoxynucleotides in the Diffusate.

The products in the diffusate obtained after prolonged dialysis
of a depurinated digest of calf thymus DNA were separated on the
basis of chain length bv ion-exchange chromatography on DEAL-
cellulosey 2 ml. fractions werc collected. e==e, NaCl concentra-

tion.
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In order to rediioe the ervors imvolved in measuring the diffusion
Tates of various oligonmucleotides, another epproach wes adopted. A
diphenylanine digest of non-radiocsctive bacteriophage a INA, contain-
ing 425 ¢t 6 ug. atous of phasphorus (25 ml.), was dialysed against
20 1. of distilled water at roan tewperature for 63 h. Phosphorus
analyses showed a loss into the diffusate of 74 t 3% of the mcleotide
and oligamicleotide phasphorss.

The cantents of the dialysis bag were cambined with an undialysed
digest of S2p-1lsbelled a INA, cmtaining 62 & 1 ug. atoms of DNA
phosphorus, and evaporated to dryness. After reeoval of the insoluble
guanine residues, the oligodeoxymicleotides of the cambined digest were
separated on the hasis of chain length by ion-exchange chromatography
(Pigure 2).

Poaks 2-6 were identified by rechramatography as pyrimidine oligo-
nuclectides of length 1-5. The sbsorbance (271 my) mnd S2P radioscti-
vity of each peak was asssyed. Assuming the base compasition of each
peak of oligulsoxyraicleotides to he 43% cytosine, 57% thymine (from the
Crtosine to thymine ratio of phage a INA)s. the absorbance at 271 my
gave a measuve of the contribution to each psak from both the dialysed
and undialysed digest, while the 2P radioactivity gave the contribution
fraa the undialysed digest alane. Prom these, the losses of umlsbelled
micleotide material during dialysis were calculated. The percentage loss,
plotted as a function of chain length, is given in Figure 3.

It can be seen that t_pmalofﬂnmdsoudum complete.
The loss during dialysis &ocnnod wvith chain length in the range 1-6,
but remszined substantial for oligomicleotides as long as 11.



Figure 2.

Appendix I1I.

Separation of Isopliths in a Mixed Diphenylamine Digest

of Bacteriophage DNA.

The first two pcaks were eluted with 0.1 M acetate buffer (pH 5.4)

containing 7 M urea.

Sequences of greater chain length werc eluted

with a linear gradient of increasing NaCl concentration (e==eee) in

the same buffer.
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Appendix II.

Figure 3. Chain Length and the Loss of Oligodeoxynucleotides

During Dialysis.

@@ , mecan percentage loss during a 63 h. dialysis for all
sequences of a given chain length; O=Q, mean percentage loss
during the 63 h. dialysis for those sequences of each length
remaining after a 45 h. re-dialysis. The bars represent thc esti-

mated reliable errors.
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To deterndne whether base campesition had any effect on the rate
of dialysis of pyrimidine cligonucleotides, Pesks 1-5 of Figure 2
were desalted snd separated into their axpanents of differing base
campaition by ion-exchenge chromatoyrsphy . Peak tubes were pooled
and assayed for 32? radioactivity end ultraviolet ebsorption. Calcu-
lations of percentage losses during dialysis of the non-radicactive
digest were made as before, except that no assusptions were needed
conceming the base compasition of esch pesk.

A very marked effect of basse composition, which became increesingly
praxcmced as the chain length increased in the range 2-5, was found.

In every case, the loss during dislysis increased with increasing cyto-
sine content. This was shown graphically when the percentage loss for
each group was plotted relativs to the percantage loss of the thymine
oligomer of the sam chain length (Figure 4),

This base carpositicn effect was foumd to strongly modify the effect
of increasing chain length, as shown by plotting the percentage loss
during dialysis against chain length for different compositional series
(Figure S).

It was clear that the lasses shown in Pigure 3 for sequences of
chain length 3-5 must represent weighted mem values for mixtures of

ampansts of differing base eamposition which had dialysed at quite
different rates. It was of interest to krow whether this also held

true for the langer sepumnce groups. Unfortunately the poor separation
cbtained on the basis of chein length for these sequences intsrfered
with their further resolution on the basis of cowposition.



Appendix I1I.
Figure 4. Cytosine Content and the Loss of

Oligodeoxynucleotides During Dialysis.

(a) dinucleotides; (b) trimucleotides; (c) tetranucleotides;
(d) pentanuclcotides. The bars represent the estimated rcliable
errors. The percentage losses tor sequences of differing base
content are expressed relative to the thymidine oligomer
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Appendix I1.
Figure 5. Base Composition and the Effect of Chain Length

on the Dialysis of Oligodeoxynucleotides.
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An alternative approsch was designed in which 10-ml. portions of
the sequance grams of chain length 5-8 were each re-dialysed for 4S h.
against 2 1. of distilled water. The samples were acidified by the
addition of 0.1 vol. of 0.5 MHCl and their 2P radioactivity and
ultraviolet shsorption measured. The results are presented in Table I,

Table 1. Reduction of Specific Activity on Re-dialysis.

Camts/min. per m.mole Coumnts/min. per m.mole

Chain Length pyrimidine before re- pyrinidine after re-
dialysis. dialysis.
5 35.2 £ 0.9 31.3 £ 0.6
6 33.0 ¢+ 0.8 29.0 ¢ 0.7
7 32.4 + 0.8 28.4 £ 0.7
8 32.2 £ 0.8 28.4 £ 0,9

It wvas fournd that re-dialysis resulted in a reduction of the
radioactivity relative to the ultraviolet absorption. This result was
inmtsrpreted as showing that each of these sequence groups contained
fracticns (probably those oligodenxymicleotides most rich in cytosine)
that were dialysed out more rapidly than the remainder. These would
have been depleted in the original non-radicactive digest, but not in
the radiocective digest. The depletion of the cytosins-rich radiocactive
fractions during re-dialysis would have resulted in the ahserved reduct-
ion of specific activity. Canversely, it is readily shown that the
sequences in each of these length groups that remsined after re-dialy-
sis represented a frection that was dialysed out less rapidly than the

mesn (Pigure 3).
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At a late stage in this work it was realised that variation be-
oveen replicate diphenylsmine digests impases an element of uncertain-
ty on dialysis results cbtained by an isotope dilution method. To con-
fim the main canclusions of the previous experiments, a single experi-
ment was carried aut by a more direct method. Purified setramucleo-
tides (10 ml., 0.61 umoles pyrimidine/ml.) from a diphenylamine digest
of calf thyrus INA were dialysed against 700 ml. distilled water at
4° for 65 h., and the bag contents and diffusate fractions separately
concantrated to dryness at 30° and resolved into the campanents of
different base composition by ion-exchange chromatography. The percent-
age loss for each group was asssyed directly by ultraviolet absorption.
A dramatic effect of cytosine content on the rate of dialysis was comn-
firmmed (figure 6). The mean loss of tetramuxleotides into the diffusate
was 21%: mich less than in the previous series of experiments, which
were however not carried out under comparasble conditions of temperature
and oligomicleotide concentration.

It is perhaps not surprising that spprecisble losses ocamred during
the prolanged dialysis of quite long oligomicleotides. The largest
oligamcleotides exsmined in this work have a molecular weight of less
than 7,000, end the major resson for the slowness with which they
penstrate dieslysis mezbranes is probsbly the high negative charge they
carry in nsutral solution rather than size.* The pranamaad effect of
base campasition could also be interpreted in terms of charge. Since
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Figure 6. Dialysis of Purified Tetranucleotides

Against Distilled Water.

The % loss into the diffusate for each isomer group was
assayed by ultraviolet absorption measurements at 270 my, and

is expressed relative to the % loss of T,pg (10.4%).
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the pH during dialysis against distilled water was probebly less than

7.0, an appreciable fraction of the cytosine residues may have been
positively ionised, thus reducing the overell negative charge an cyto-
sine-containing sequences. This interpretation does not however readily
explain why the cytosine effect should have been very much greater for the
tetra- and pentanuclectides than for the dimicleotides (Figure 4).

For this reason, it is preferred to inserpret these results in
terms of composition-dependent base interactions. These could involve
stacking betwveen adjacent bases, which recent studies with polyribo-
mcleotidu‘ have shown to have a profound influence on the canformation
of polymicleotides in solution, or alternatively hydrogen-bonding between
non-adjscent bases, which is believed to be the main force stabilising
the conformation of transfer RNA., Hydrogen-banding would seer a priori
a more likely explanation, because although base-stacking interactions
(in polyribomicleotides) are found in polycytidylic acid but not poly-
uridylic acid at low ionic smrxgﬁt7'.. these interactions are non-
cooperative, so that the difference in canformation between a stacked
and an unstacded dimicleotide is unlikely to be very much less than the
difference in canformstion between a stacked and an unstacked penta-
micleotide. In contrast to base-stacking, hydrogen-dbonding between
bases tends to be a strongly cooperative process, as shown by melting
curves.

There are strang indications that the base interactions respansible
for the cytosine effect on dialysis are cooperative in nature; not only
fras the re-inforcement by increasing chain length shom in figure 4,
but from the uyprard arvature shown in figures 4 and 6. Rachereore,
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the effect is strangly dspendent on tempersture (compare figure 4
with figure 6), a result not expectad for base-stacking intersctions.

A single experiment showed a dramatic effect of ionic strength.
Purified pentamicleotides (10 ml,, 0.35 ymole pyrimidine/ml.) from a
diphenylamine digest of calf thymus INA were dialysed against 0.1 M
triethyLemomlum bicarbonate buffer pH 8.3 at 4° for 84 h., and the
loss of each isomer group measured directly, as in the previous experi-
ment. The mesn loss of pentamicleotides into the diffusate was 75%.

As shown in figure 7, the cytosine effect was apparently cospletely
eliminated,

This provided a useful means of desalting oligomiclectide mixtures
withart selective loss of the cytosine-rich seuencas, lowever, pro-
longed dialysis remains clearly unsuitable for the preliwinary fraction-
ation of diphenylsuine digests without substantial losses of even the
longest pyrimidine micleotides present, and dialysis against distilled
water remains unsuitable for amy purpose other than the rapid desalting

of hamwgemwas sequernce prepsrations,
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Figure 7. Dialysis of Purified Pentanucleotides

Against 0.1 M Triethylammonium bicarbonate.

Losses of each isomer group into the diffusate are expressed

rclative to the % loss of T.p. (65.4%).
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Appendix ITI. Gel Filtration of Pyrimidine Deoxyoligomucleotides

The discovery (appendix II,) that dialysis was an umsatisfactory
method for the preliminary fractianation of diphenylemine digests made
it desirable to develop an altemnative.

It had been reported by Hohn and Sdm.llorl that homologous series
of dsaxyvligamicleotides, of definsd base composition and degree of
phasphozylation, could be separated on the basis of chain length by
cirmmatography an colums of Sephadex gel. Although they found a
rmarhod effect of base carpasition by camparing the two homologous
series d(pT), and d(pA),, the tvo pyrimidine series d(pT), and
d(pC)n showed closely similar elution patterns. These results were
cbtained using emonfum bicarbanate buffers of moderate cancentration
(001 M- 1.0M) and pH 8.6, and are therefore campatible with the
cbservation (appendix II.) of no base camposition effect when pyrimt-
dine pentamcleotides were dialysed against a similar buffer. Oligo-
rucleotides were recovered quantitatively from the gel.

Durirng the present study the ebsence of a strong base camposition
effect in gel filtration was confirmed using a wide range of buffers.
The elution profiles in figure 1. show that in 0.1 M phosphate buffer
pH 7.0 the cytosine-rich pentamiclectide dCyTpe is only slightly more
retarded by sephadax G25 than the more thymidine-rich {samers makirg
up the bulk of the pentamiclsotide peak. The use of the less cross-
liriked gel G75 at low ionic strength (fig. 1b) or high pH (fig. 1c)
did not result in any more marked effect of cytosine content. A
ortosimdspwriant fractionation was obtained by gel filtration on the
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Figure 1. Gel Filtration of Mixed Pentanucleotides.

32P—labellcd C,Tpg isomers fram a diphenylamine digest of
phige o INA were cambined with a mixture of non-radioactive penta-
nuclcotides from a diphenylamine digest of phage {1 INA and
desalted by dialysis. 0.5 ml. portions of the mixture were layered
carcfully onto 100 an. x 1 cm. diameter columns of Sephadex gel and
eluted at flow rates of 15-25 ml/h. 3-5 ml. fractions were assayed
for ultraviolet absorption (271 mu) and 32!’ radioactivity (Beckman
Low-Beta counter).

Gel grade and clution buffers:- (a) G25, 0.1 M phosphate
buffer pH 7.0. (b) G75, 0.001 M phosphate buffer pH 7.0. (c)
(75, 0.01 M borate buffer pil 10.0.

Arrows show void volume (DNA) for cach colunn === 271 m,
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Figure 2. A Base Composition Effect on Gel Filtration at pH 2.6.

Purified 32p_Jabelled C.Tp: and mixed non-radioactive tetra-
nucleotides from a diphenylamine digest of phage f1 DNA were desalted
by dialysis. A 0.5 ml. portion was layered carefully onto a 100 am.
x 1 an. diameter colum of Sephadex (15 and ecluted with 0.1 M formic
acid pH 2.6 at a flow rate of 18 ml/h. 4 ml. fractions were
assayed for non-radioactive oligonucleotides by ultraviolet absorption
measurements at 271 my., 260 m. and 280 m.. 32[’ radioactivity was
estimated by counting small portions with a Beckman Low-Beta
Proportional counter.

Arrow shows void volume (Dextran blue).
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tightly cross-linked gel G1S in 0.1 M formic acid pH 2.6, (Figure 2)
but in this case dT,ps (identified with the small trailing peak by
its Azao/ltz60 ratio) was »ore retarded, and dCyTps less retarded,
than the rain peak of tstrwmclsotides. This can probably be attri-
buted to the weak ion-exchanging properties of sephadex gel that
result from residual positively charged substituents in the poly-
saccharide matrix.

Sephadex gels proved to have excellent characteristics for pre-
liminary fractionation of the oligomicleotides in diphenylamine digests
on the basis of chain length. The most suitable buffers and gel grades,
with typical results cbtained in chromatography of depurinated diphenyl-
anine digests, are shown in figure 3. Purine bases, when present, were
eluted in a broad peak cowpletely separated from the oligonucleotides.
Inorganic phosphate was slightly more retarded than the peak of mono-
mucleotides, but not completely separated. Routine fractionation of
diphenylarine digests in this project esployed sephadex G5O gel equili-
brated with 0.1 M triethylmwmmiim bicarbonate buffer pH 8.3, Similar
fractionations were ocbtained using Sephadex G7S gel equilibrated with
0.01 M triethylamaonium bicarbanate buffers. A joint experiment with
Mr. W.,P, Tate shoved that such conditions gave quantitative reawveries
(97.6% and 98.4% in tro @xperinents) of S2P-lsbelled oligamclsctides
of chain length greater than six.

The partial resolution of a complex mixture of chain lengths
suggested by the elution profile in figure 3 was confirmed by the
excellent resolution of simple mixtures of chain lengths such as that
shown in figure 4. No evidence was cbtained from such elution profiles
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Figure 3. Preliminary Fractionation of Diphenylamine Digests

by Gel Filtration.

0.05 ml. portions of a depurinated diphenylamine digest of
calf thymus DNA (50 mg. DNA/ml.) Qere chromatographed on 150 anm.
x 1 an. diameter columns of Sephadex.

Gel grades and elution details - colum (a) G25, 0.1 M
ammonium bicarbonate buffer pH 8.3, flow rate 20 ml/h., 2 ml.
fractions. Column (b) G50, 0.1 M triethylammonium bicarbonate
buffer pH 8.3, flow rate 15 ml/h., 3 ml. tfractions.

Arrows show void volume (Dextran blue) for cach column.
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Figure 4. Gel Filtration of a Simple Mixture of Oligonucleotides

on Sephadex G50.

Mononucleotides and nonanucleotides isolated by ion-exchange
chromatography from a diphenylamine digest of calf thymus DNA
werc separated by gel filtration on a 150 an. x 1 amn. diameter
column of Sephadex G50 equilibrated with 0.1 M triethylammonium
bicarbonate buffer pH 8.3. Flow rate 17 ml/h., 3.2 ml. fractions.

Arrow shows void volume (Dextran Blue).
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of any base campasition dependsnt fractionation.

Another series of experiments in which balanced mixtures of cyto-
sine mono- , di- , tri- and tetra- muclectidas were chromatograsphed on
150 on. x 1 cm, dismeter colums of Sephadex G2S gel shoved that no
wsually compact eonformations for dCyp, and dCyps could be damonstra-
ted (at 25°C) in 0.1 M emmanium bicarbonate buffer pH 8.3, 0.1 M
phosphate buffer pH 7.0, 0.1 M acetats buffer pH 5.5, or 0.1 M formate
buffer pH 4.0.

Hohn and Sdumllo'rl canclixded that the gel elution behaviour of
an oligamicleotide was determined by the degree of cross-linking of
the gel, the pH and ionic strength of the elution buffer, and the base
copasition and molecular cherge of the oligomucleotide. During the
present work it was found that the cations present in the elution
buffer could also be of lmportan, as shown by eomparisan of the elu-
tion profiles in figures 3 and 5. In the presence of the bulky triethyl-
smanium cation, the retention of oligumiclsotides on either G50 or G25
gel was substantially reduced,

REFERENCES
1. Th. Hohn and H. Schaller, Blookim, Blophys. Acta, 138, 466 (1967).
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Figure 5. Effect of the Triethylammonium (Tea+) Cation on the

Gel Filtration of Oligonucleotides.

Further experiments on the type shown in figure 3. (a)
Sephadex G5O equilibrated with 0.1 M tris/HCl pH 8.3, 0.1 M Tea'
Cl . Flow rate 15 ml/h., 3 ml. fractions. (b) Sephadex G5O equili-
brated with 0.1 M tris/HC1 pH 8.3, 0.1 M NH,” HCO; . Flow rate
1S ml/h., 3 ml. fractions. (c) Sephadex G25 equilibrated with
0.1 M Tea HCO; pH 8.3. Flow rate 20 ml/h., 2 ml. fractions.

Arrows show void volume (Dextran blue) for each column.
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