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ABSTRACI' 

Selective predpitaticm with polyethylene glycol is an efficient 

•thod for c:mcentrating and }Urifying bacteriophage a and other 

}ilages. 

The�· ea WA mlecule has a molecular weight of 33 millim. 

When prepared by phenol extraction of crude phage suspensions, it 

c:mtains many single-strand breaks. When prepared by pheml extract

im of purified phage, it contains appl'Old.mately one t'811domly-located 

single-strand brealc per molecule. The n.nber of single-strand breaks 

can be further reduced by changing the condi tims of the phenol 

extracticm. 

The c:mplementary s i�le strands of u INA an be separated by 

MAl< chrma.top-aphy folloried by self-annealing and hydraxylapatite 

chl"'l\atography, but this proc:e<llre results in xtenSive breakage of 

the strands. An alternative procedure has been develq>ed using CsCl 

gr�ent amtrlfug� in the presence of polyguanylic acid (polyG) 

to give an efficient separatim of the intact strands in 100 �g. 

quanti ties • 

Both the L strand and the H stnmd of a IJt\ fom COAiplexes with 

polyG, although to different extents. The PolyG biniiJW sites in the 

L strand appear to be canfintd to a small segment having a similar 

buoymt density to the H stnnd. 

Seq\Mnces of cmseaative pyrimidine rmcleotidet of all lqths 

up to 13 have been detected in diphcylaaine·fondc add digests of 

a INA. There 11 a slight general t:endetcy towuds clustering of the 

pyrimidine J'I.ICleotides, sequences of lengths 1·4 being present at 

p. (ii) 



belcw rmdom frequencies, md longer sequences being present at 

above randaa frequencies. These some general features are famd in 

diphe.lsdne digests of the separated H and L strands. The distri

bution of pyrimidine mcleotide sequence lengths in 11 INA does not 
appear to follrM a rhythmic code of the type fO\.Dld in mA phages. 

Preliminary analyses have been made of the lmgest pyrimidine 

wcleotide sequences in e1 INA , and of the distrlbutim of various 

sequences between the two strands. 

The dialysis of pyrimidine deoxyoligcmucleotides was iltV'esti

gated, and fOllld to be strmgly influeneed by cytosine ccmtent. This 

may reflect an urrusual cmfcmruaticm of cytosine-rich oligcnucleotides 

p.(iii) 

at low ionic strength. Gel filtration was fcnmd to provide a satisfact

ory method for the preliminary fracticnation of diphenylanine digests 

en the basis at chain length. 
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A. 1he Strocture of Phage INA Molecules. 

In 1959, Sinsheimer demmstrated that the entite �A CCIIplallent 
1 

of bac:teriqlbap •X-174 is c::cntained in a si .. le mlecule • A similar 
I demmstration soon followed for bacteriophage T2 • The identity 

betwNn the phage IliA molecule and the 'Ptage chl'Dfti)SOftO has now bee 
universally accepted, and has provided the stbulus for detailed 

iJWeStlgatic:m of mA stTUCture. 
'Ibe moleOJlar weights of may phage .and viral J}lA molecules have 

been accurately measUT'ed, largely as a result of developments in the 

tedmiques of elertron micro�copy and ICile sedlmentatim. Apart from 

an unusual group of small .,mages, including •X-174, in which the I.NA 

molecule is a si�Ie-sttanded circle of mole01lar weight appl'OXimately 

Z x 106, all phages have been found to contain linear double-stranded 

INA molecules ranging in WQlecular weipt f1"011 10 x 106 to 200 x ro6• 
A useful smmal')' of current lcngwledge is available in a nwlew by 

t 
Thcnas aad Mac:Hattie • 

The con.timed seardl for explanations fOT certain phap g netic 
pben:JR��na in the physical atnacture of phage mA hat had several 

.. I 
notable SUC<:elleS • The ell'CUlarlty of the genetic IUip of phage n ' 
led to experiments lddch --.trated that the lliiNI' INA .,leOlles of 

• 1 this phage awwist of a ndxtuft of ci1'CU1arly pet111.1t8d sequenca • • 

p.l 

• 
A abdlar observati• ha been l!l8de fOT the IHA mol.ecules of ph&Je P22 • 

Other species, lncludtn& pbag• T3, TS, 1'1, l and SPSZ, CCDtaln a 
7t1011 

liJJ�le DCill .. peraated IJfA sequence • ' ' • 



A hypoth•il int.Med to cxpl�in the edstence of two types of 
su 

hetetozygcte in pop.alations of phage T2 • led to an ingenious 
demonstratien that each mlecule of TZ mA is terminally redundant. 

canyi� the same sequence of appl"'Ximately 1-3t of the molecular 
u length at eadl end • 

Tenninal redundmcy has allo been demcJnStrated in the l'NA uole-
1 9 

cules of other phage species of both pem.tted 111'\d unique types ' • 

A rather different form of terminal redlm.danc:y is fcund in the 
short single-•tranded ends of tbe mn-pemuted INA molecules of phage 

lit 
A • These terminal sequences. mly 20 nucleotide! long , are ccaple· 

11 
mentuy in base sequence • 1hey cm be annealed togethel' under 

apptq)riate calditions, causing the DOlea.tle to form a circle. Remo· 
16 

val of the single-stranded ends destroys the infectivity of the INA • 

Q\e of the most exdting disc:oveTies in this field has been the 

denxlnstnation that some phage mA molecules have a highly organised 
structure at a level which can be described u molecular anatomy, 

p.2 

where the units of structure are blocks cmtaining tens of thcusands of 

l'alcleotid.et. 'J'he lOSt thortallhly studied c:ase, the tNA molec::ule of 

phaae 1, has been shown to cmtain at least six segments of different 
17 

base �ltica, rmging in G + C cmtent fnD 37 to 51 mole t • 

Bach sepaent appears to be reuauably haaogeneous in G • C c:mtent, md 

the bculdarl.es b.-en sepwmts are thaught to be rather slw'p: not 

mre than a .,_ t of the 11101eaJlar length. 

'lhe intemal heteroaenel ty of 1he 1 llt\ .,t.cu�• bas embled 1he 

half fJ'ICIIIltnts foaed by shearing to be separated into two c:lasses , 
. , .  ,. 

cozres� to the left and rlght halves of the l pnet1c up ' • 



The mA 110l.cul.es of the temperate phages +lk>, 434 and PZZ can also 
be differentiated into H¥enlftgiens with diltiDCtive G + C compasi-

11 
tlans • 1be rNA mlea.tles fma the virulent phages of the T -series 

do not exhibit a mrked segmental dlstributlm of nucleotides lilen 
1t 20 11  

sheand to large fragments ' • • However, shearlng these 

'baBogeneous' ItlA molecules to a JBUch smaller fragment size (molecular 

weight appTOJC. SOO,OD) reveals a heterogeneity in base �itim 
u 

cmpanble vi th that of l tm • 

Sc:De phage mA l'llOlec:ules exhibit a p� biu in bue c:aaposl· 

tian between the two camplementary polyrJJcleotide strands, allowing 

separation of the strands by dlromatograpby or by centrifuging in 
21 2At density gradients • • A more universal biu between the two stTandl 

of phage mA molecules is reflected in their preferential interac:tlm 2S 21 21 
with synthetic polyribcmucleotides • • • 'these differences � 
to be conelated in scme way with selection of the 'meuage' strand 

28 2t 10 
for tbe transcription of genetic lnfonation into messe'Wft RNA • ' • 

B. � peterminaticn in INA. 

1he pt'Obltm of nucleotide HqUenC��t detel'ldnation in INA moleatles 

ha proved leS5 t1'aetable tbaa the probl o£ INA moleGular stNCtut'e. 

Many nttearehers .-ppear to have been cl!sc:ourapd by tbe 18Jp tiae of 
11 

wen the nelJest available � �cleotlde seque.nces • 

Nenrthel_. , it uy be CCftfU.tly predicted tilat t'.bo rut � will 

... substllltlal PI'OIIets U thb field. 

'lhe det.endnatlm fll. both IliA and RNA JUCt.otide sequences ea be 
repzded • a probl• •sentlally tiaUar to the detal'ld.ratioa of ptotein 
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primary st1'Uc:tul'e. 1be basic task in each ease involves eJll)'lldc or 

c:hanical degradatian of the polymer to a mixture of J80ilCJilerS and short 

olipen, followed by separatic:m and identificatifJil of these caqpaaents 

by cbrautography and electrophoresis. Aftler c.aaplete elueidatia'l of 

the short frapents , more Umited degndatian procedures nust be used 

to obtain successiwly lai'J81" groups of oligomen. Evcmtually, suffi· 

cient overlap between krDm sequences sJu.W.d be obtained to define un

IIDhiauously the sequence of the intact polymer. 
12 

This approach, as briefly rutlined J'eC8Dtly by Holley , has 
u ... 

resulted in the c:aapleto sequence elucidation of several transfer If.lA ' 

1$11 
and Ss ribosoaal mA molecules ' • Unfortunately, the ccmplexi ty of 

the basic sequeDd.ng task increases vezy rapidly with increasing dudn 

length. The lack of ecupanble pTOgreSS in IWA sequencing can be 

directly attributed to the lack of availability of short (length 60-120 
nucleotide&) haDogetwcus species of mA molecules. although the highly 

11 
nJpeti tious mcleotide sequences in the satellite bmd of J.b.lse � 

may provide a solution to tb1s problem. 

A p'I'Oblen peculiar to mA sequence detemb•tion is the lad: of 

elli)WS vith a k1Dm stquence sped.ficity. 'Dds situation has not 
.. 

chaDged markedly since the 1961 NV1ew by lklrtal , although a recent 

report sugests that the Streptococcal INese A aay luwe a useful spec:i
.. 

fid.ty fo-r .-rately lq tracts of adenbw or th)'ld.De JUcleotlcles , 
vhile the IJlae a fl'tD Aep�Pgttu o.pyaa. has been used to prepare 

... 
thymile·rich f'raaJients of lenlth 30-50 hem the 00 of phage f1 • 1he 

kriMl 114ases with potential applicatim to sequenciqJ have been 1'8Viewe4 
ttl 

by LaskGws1d • 
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Portunately, chemical methods of proren spedfid.ty are available 

fm cleavite IJQ. '!he 1101t ext8DSlve1y used have been the reac:ticn of 
... ... 

INA with dipbeuylaaine ad fcmaic acid ' which llberates sequences 

of conaecutive pyrlmidiM rucleotides, ad the reacti<m of mA with 
.... ... 

bydrad.ne followed by alkaline hydrolysis ' , which liberates sequ· 

ences of c:c:mec:utive p.�rint JllCleotides • Other leu widely us.t meth

ods are anilable. 1hym1nt mdeotides ea be selectively destsoyed 

by the reactim of IHA with an CilliiOrdacal solutlcm of osmi\lll tet-
.. , 

JOXide , a1 though saae desttUCticn of cytOSine cannot be avoided.. A 

•thod for the selective destnaeticn of cytosim J'llcleotides lnd the 

release of sequences of consecutive thymidirD mcleotides has been 
.. , reported , and used to demonstrate sequences of general fo1'&1la 

... Trl'n+ 1 of len.g1h up to n • 11 in the fNA of ��1rl4 """ • Sequ-
enc::et of cmsecutive adenine Jl.ld.eotides can be prepand by allcallne 

.. , 
hydrolysis after alddising the other bases with penaangan.ate at pH 9 • 

so Cl.lan.lne cm be aelectively smot,o.Cid.dised • but no Mthocl for its 

selec:tlve NRIOVal hu been reported. 
Sl 

HaU and Sl111beilaer have used the diphervlaine nactiOtl to 

dellansttate sequences ol. up to 11 amsec:utive pyrbd.di.ne wcleotides 

in the mA of Plage tX-174. 1his INA, vhidl hal a c:haiA legth of 
s ,500 macleotides, was fculd tu ccntain cn1y four sequen:es of 9 ccmsecu• 

tive pyri.llidl• JUCleotldes, two sequm:es of lwagtb 10, mcl one HqU· 
11 

ena of lAngt:h u. Petenen llid Alleltel hma '*-ltly nportecl a slid-

1ar .alysb of the mA of phage fl, vhlch wu fGuDd to Qllltain four 

pyrlmitiM JUCl.eotlde MqUIII:ell of leJWth 9 J .. of length 10, t.wo of 



lqth 11, 01111 of length 13, and me of length 19· 20. Sedat and 

Sinshemer51 auained the hydrasinolysis l'MCtion products of tX-174 

INA, and W1'e able to dealstrate sequences of consecutive purine 

mcleot:ldes of lengtils up to 13-14. However, scme dc:d>t was cast on 

the sped.fici ty of the hydradnolysil and diphenyl&ne Te&ctims by 

the l.ck of agreawnt between the total 11.11\beTs of p.rrlne and pyrl-
Sit 

midine nucleotide sequences in tX-174 00. A crltic:al study has 
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sugested that hydruinolysis may not be suitable far the quantitative 

determinat:lan of �ne r&JCleotide sequences, while the low rec:overles 
SI 

of 1cmg pyrimidine JUCleotide sequenc:es by Petersen et al • , to-
55 

gether with the results of redigestian experiments , suggest that the 

d1phenyl.U. reactim may result in lbd.ted nca-specific cleavage. 

Nevertheless, these methods shauld allCM the sequencing of at 

leut sull portions of the largest mA molecules • 

Various techniques for the selective end-labelling of polym.deo

tides have beco��e available in the lut ffM years, and have been used 

to detemine the teminal base s�es of several ribosonal mA and 
57 SI lit 59 

phage �A DlOleOJles ' ad two phage mA .,lecules ' • These meth-

ods, however, ean find only lJmited *IJPllcatian to high molec:ular weight 

�nher extension. of 1he basic sequenc:ing pl"'C8dure will be depen

dent an •thods for 1'epr0d1Cibly spUtting wry 1arJe polyDJc1.eotides 

into �m�ller trean-nts • Brief en&ymle deandatiCil of the RlA 110lec:ules 
•• 11 of phaau Qa C'd MS% ha been used to give two unequally·siled trean-nts ' 

, 

ad separatlca of these by S'llG'OSe padieRt secSJ.metatica has enabled the 
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allocatiell of nwral 1cna sequences of cansecutiw pD'ine rueleotidel 

a a 
to diffennt J'elions of the MS2 RKA molecule • Gel electrophoresis 

of partial �ts of ribosClllill RiA can aive a rqe of clearly separa-
•• tied large fnaMnts , and this .-thod has been extended by Sanger et 

al. to the f.bBae t.52 mA Ja>lewle. with the isolaticm 11\d <XJmplete 

sequend.na of a 57-wcleotide s...-nt whidl appears to code for part 
... 

of the phage coat protein • 

'1'hce would .._ no reason why this approach should not be ex

tended to the Im 110lecules of phaaes +X·174 and fl. Althcup limited 

digesticn with mases has scareely been explored. the folded secc:mdary 
•• 

stNctun of sing].e.stnmded INA siKW.d all<M at least partially 

selective cleavage by INases with a higher affinity for native than for 
denatured rNA. 1be +X-174 -mA molea.tle appears to c:ontain a block of 

IILtCleotides of unusual aeanfary structure, highly resistant to the 
•• 

actim of excD�cleases • PolyG-birl!irw sites are believed, to be 
17 resistant to the actim of pacreatic INaso • It wculd • that 

efforts to isolate short �aal mA �eg��ents, followed by application 

of the bum aethods ot partial md «aplete chemical dogradat:l011, are 

likely to be IDOit frui tfu1 in the near future. 
lJl a&lition to the bDiC sequenciD& •thods, M inteTUtiDa altbouJb 

as yet 1arJely 'lqn"OV'eft cl- of •thtJds may be mailable through the 

wse of tbe INA polylerase of •· .u. 1he classic: -...uatiGD by 
•• lomberg et al. of ._ fl'equeDCf of f!bJJclGO'tlc!e stqt..-DCeS 1n several 

J){A •lecul• has 1'l.theT surprisingly JWVel' bMrl taken to such loglcal 
.xtent1ans • the liiNIUnlleJlt of the plll'1ne � fnquand.es for 



lit ., sequencM of �tiv. pyrialdi.- mcleotidef. Wu ..t raiter • 

haw used the IliA polymerase to 'repair' the Mort siqJle-atr&Dded 
ends of phage A l.'NA, Md ·luMt partly deduced tfw D!d«tttide sequenat. 

'10 '11 Kbonna et al ' have deliolt�tratltd t:hat the mA polymerase, in 
omjunetiCD with the F. oot.i INA llga.ttl, can be used to synth�Nd.te 

p.a 

an w:crrate deoxyribcnleleotlde replica of port10111 of a Yeut alanyl· 

transfor RNA. 'Ihe daoonstration that short o11gowcloot1des AN needed 
for the initiaticn o£ IliA pol.yllllrase repllatian with the dTC.Jlar 

7a pbqe +X•l74 lW\ mol•cule u �late suggests a loaical ext:enaian 

of tldt Ntbod to eludd&to bu. s4tquenc.ea bordering e11 the longest 
seque� of etmstK:UtiW purine or pyrht.ld.lne wcleotiues. The :.t.blU ty 

of th INA pulymerase to inc.otpOrate rib<k"a.lcleoti� into a rdxed eo-
'' 

polymer uy also be of UN • 

An unprov611 technJ.quo of even areater lang•tem potential may be 

the direct vbuali•tian of st.ai.Nld base-sequences under the electrc:l\ 
, .. miCTOSOOpe • Severe base·spedfie stains have bees1 proposed for this 

11'1$ }'W'P03e ' , although !.onni&able praetic::al difficulties reatn. 

Al� lliiiY upec:ts of the genetic code ad OMtrol of pnetlc 
apnulOR have been WOibd out fl"CCI the geJWda and b1oc:heJd.stsy of 

JtiA a:Qr! p!'Otein I)'Jl1heds, then 'hl!la1n iRiportant questions that cm 

prd)tibly only be llaiWn4 by IHA �. 1'be present work wu 

Ulldel"'taba • a prellmlnary atttllp't to conrelat.e INA Jeqt.leftCit s'OM!les 
with the •leollar .. tuly of a phap lit\ •1ea4e • ln m atteapt to 
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cast sC�Det '* light 011 (a) tile initlatic:m and teminatiat. of ltlA sessaae 
u.sc:ripticn fl'Crll INA templates (b) the lUtyt:bmic Code in 1-elation to 

mA. 

It is now well established that in baeterlal systen111 enly one 

st.ratd of the 00 double helix is transcribed into mA at any one 
regim of the �cee. 'the mechan.ism of strand seleetion DIJSt depend 
en the 'f'e('Jl')gni tiCil by scne mlecule, pe!ftaps the DlA-depen:lent !tlA 

polynerase itself, of mi(!'Je stmctural features in the mA. Direct 

evidence fOT this 11nJothesis has ccme malnl.y fran the tn ft. 'h'O synthe
siJ of JflA using ]Urified mA polymeraM. It has beet demanstratod that 
mar1ced differertCM in the preference fo1' the 5 '-tenninal nuc:leotide of 

'11 
the � pt'OWct are detetmined by the scurce of the rfiA template , 

p'l'etiUMbly reflec:ting inltiation of mA synthesis at a restricted mri>er 
of sites in eadl 1J4A r.wJleasle. ltfA-mA hybridisation has been used to 

show that tile sequences tnnscribed frc:lll phage INA moloc:ules by purified 
� polymer•• l" vlaro lll'e identieal to those tnnseribed during the 

71 .,, , .. 
early phases of phage infectim • • , although this specificity is 

,, .. 
strongly depemeat m a clt.ssoeialble protein factor • • Purified ltiA 
polywnerase can hind to native JJlA tn ritf!o at only a llmited llllllber of 

.l .sites • In the c:aae of several viral l'NA •leo.tles, tlw l'Uiber of llfA 
po�-bin!lJw sites is in l'MSCmlbl �.m with the 1UIIber of 

11 •• 
pmes expected to be tnm.sarlW at early stage� of vinl infectian • • 

tndlntet eY'ltlenc:e that wdque stNctural features in mA may be 

•soclated with the SUtmcl selection � hu COie fral Wl"k CID the 
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hinting of polyr.!hcm.teleotlc.es to single-stranded JNA. Several bacterlo

pbr.ge 'flfA mlecules ruwe been shown to bin:l polyG and relatfd polymet'S 
*' Jt 10 exclusively to the 'message' strand of the molecule ' ' • In the 

case of r..hage A. messenger �A is transcribed from diffeTent regims of 

bodl eattplementary strands, but a el0!9e eorrels.tion is foun_d with polyG
binding sites. which are also located in both strands of >. JJ-lA. 

{)).the as�tim that the sped.fidty of polyG�I'NA caeplex forma

tion depenis on normal Wauon-Cric:k base-patting, it has been suggested 

that tho polyG .. blnding sites may in fact be • elust.ers • -of thort eyto-

21 11 
s-ire tucleotide sequences of cxmbined length 14-20 nucleotidos ' • 

Sirr.e sequences of conseclltive cytosine lU!.teotidot occur rather ruely 
•• 

in lN-' , 1 t mi�t be expeeted tt\at t.M distrlbutian of sudl sequences 
would shat a very pronounced bias in distribution between the transcrib
i� and non·tnmscribim! re�ons of a phage INA mol$CU1.e. A dinc:t 

attoqrt has been m.'\de in the pl"eeont WOJ"k to verify this hypo"thesis • 

Piers et al. npo1 ted in 196 5 that the distrlbut1Cil of Fb• 

JUCJ.eottde MqUeJ'Ia!ll of � chain lel1gtbJ in pancreatic RNue 

cli�e�ts of the pbap MSZ IliA moleclale showed small regular deviatlc:ms 
••  

f'I'OII natclcw ... , whim they c:bancteriNCl as a 'rbytbllic code' • All 

pori• mael.eotide seque.- of eve lenrth, i.e. leng'dll 2,4.6 etc • • 

W't8 pr••t at 1en tJum tbe ftequenc:y expected for a 1mct.ly arresed 

polyrl�de of slall.81' bal8 oll!llpNltl•. All parl.Nt aacl•tide 

sequences of odd 1enJ6 l..e. langb l,S,S .u., wre present at lbcMt 
r_,.. fftJquency. SS.Uar absematlGal haft been reported for the JlfA 
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... . .. moleodes ot phaps R11 and ta2 • It hat been eugesteG that the 

!b:ylhld.c code .., reflect sC��e general reatricti.Gn in the use of nucleo
•• ., 

tide sequenc:es far the enc:oding of biological informatl.an • • 

Almost no CDparable 1nformaticn has been available fTQil mA 

sequence stud:les. Sedat and Slmheiaer haft reported the distribution 

of the purine N.tC1eottde seque:ras nleuod by hydraz111Qlysis frora the 
SI INA of pbap +X·l74 and their results show no sipl of a rhythmic: oode. 

However, their procedure appears to ruult in sl.gnifiatnt losses of 
e7 Sit 

adalne • • Since � aaplMental')' st.nlctUro of dotablAJ.stranded 
� ersx.mw that flftry sequence of �eaJ.tive purim wcleotides will 

be matched by a caDplemert'tln'y Seqteonce of consecuti� pyrimidine JJJCleo· 

tides, Televant thlta can also be Qbtaimd fl"'m an ar.alysis of pyrlmidim 

BJCleotide sequences. The cal.y pubUshed ant.lysls of the pyrimidine 

wcl«rtide s� in a si�le INA stl'attd. that ot' gn11 and Si�heimer 
1 1  for the IliA o£ pht!pt +X-174 , s¥B no signs of a rhythmic eerie. 

Hc:lwewr ,  these pyrimidine naeleotide sequences are not eollpt.,nt.aTy 
to t'M pnine meleotide sequences in the .essengeT �A of phap +X-174, 

sin:e tranaeription takes place nclusively frm the �leNntaty 
•• 

+X·174 INA stnlnd, formed enly after phap inf'eetim • 

In the ptesent work the distribution of pyrlmidbte l'llcl.eotide 
sequ.ences vu dotllmdned bl both sepmated strar&ds of a�-- m\ 

•lecule, in a dire et ttempt to dc�Mlustnlte a mA rhy thnd.e co6lt. 

1M 1J(A .,leoal. of tmae •• • ...,.,... bacterlophap of Bclctttla. 
�� WIS chosea to be IUiUble for thlse •...U•. • llfA wu 1mowft 



toll� lt� snd dmlhla·!!tntrlded11 with n M1eeulv �1..�t fJ� �'l-38 

"( 106, :md to omuin on1y the 4 mmnl bn�as � J!kleniM, g\t�ne, 
.... 91 �1"tosi� and tl'l)'?rlne ' • .. The two C'-0Rpl.ement8ty !Jtrtmds of tJ!te 

a mA mleot!e had btMn t"'pm"tM tn oo •.,anble in �.sCl density 
•• tl p.rooients and hy MAYC d\!"(JMto�hy • • .m t'ltf'O and /.ra ,,£v() 

�tudies hnd both :Jlnm t."l�'t only t.h� H stranrt :l� trml.'!lcrl.'*l into 
ts ... D!$Stm,geT � ' • It hnd hoen reported that only the n strmd 

21 o.'lnttrlns pol�·bin:H� 51tos • 



Phap and Bacterial Straim 
116 

A clear mutmt of bacteriopuage a, acl , and its host Baoi.U.UIJ 
t:l,.M.u., were obtained fran Dr. B.P. Geiduschek. Bacterial stocks 

were kept m nutrient agar slopes at 2-5°, and were sub·cultUTed at 

intervals of not less than 4 weeks. Occasicnally fresh slopes were 

prepared from stab aJl tures maintained in the laboratory of 

Dr. R.J.T. Clam. Phage T7 and EaaMrl<itf.a oof.l. strain W31W were 

obtained fl"CJll Dr. M.G. Smith. Phage fl, purified by the ;Dethod of 
tS 

Marvin and Hoffmm-Berling , was a gift from Dr. G.B. Petersen. 

BulJc Growth of P1uyte Al}!l;a 

Phage a was gTOWn in layet"S of soft agar by the confluent lysis 
t6 

method • The follcri.ng gi'CWth media were used: 

Nutrlent Broth Soft Agar Hard AJar 
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10 g. Difco Nutrient Broth 

S g. NaC1 
1 1. Nutrient Broth 
7 g. Davis Agar 

1 1. Nutrient Broth 
12 g. Davis Agar 

1 1. distilled water 

These media wel'8 sterilised by autoclaving md stored at room 

�rature. Phap buffer ca1tained o.s M NaCl, 0.01 M phosphate buffer 
pH 1 .o, 0.01 M J.WSO.. . Por the large scale grwth of phage, zso-soo ml. 

layers of hard agar wena pQ.1ftd into heat-sterilised stainless steel 

trays (8 in. x 12 in.) fitted with lids, and allowed to set. 1hese 
t1'II)'S were dried briefly at !0° with the lids off. A aixture c:mtain

ing SO ml. soft agar maintained at 45°, 5 ml. of am cwemigbt aalture 

or thick leg phase aalture of B. elb.P'ttul, and 0.1 Ill. of a phage stock 



containi111 aba.at 106 p.f.u./ml. was poured mto each hard agar layer. 

The trays were then incubated upside down at 30° overnight. 

p.l4 

To harvest the phage, 30 ml. of phage buffer was poured CNer each 

agar layer. After allotdng the trays to stand at TO<Jil temperature for 

1 h. , the soft agar layers were lifted off with the aid of a metal 
paint scraper. Phage particles wore released frcm the canbined soft 

agar layers and phage buffer by homogenising (5 mimtes at the lowest 

speed settilll in a Sorvall Onni-mixer) followed by low speed centrifug

ing (S Jlirutes at 7 ,OOJ r .p.m. in the Q5A rotor of a SotVall RC·2B 

centrifuge). The pellets of soft agar granules were rinsed by a seamd 

cycle of hcloogenising with phage buffer (20 ml./tray) and centrifuging. 

The COOibined supematants were made l.St (w/V) in polyethylene 

glycol (L. Light and eo. Ltd., Colnbrook, England, mlea.1lar weight 

20,CXX>) fTtJm a 30\ (w/v) stoclc solutim in o.s M NaCl, and centrifuged. 

This and subsequent centrifugil'lgs were for S mirutes at 15,000 r.p.m. 

in the SS-34 rotor of a Sorvall RC-ZB centrifuge. The supematants 

wen made 2.5\ (w/v) in polyethylene glycol, and after S miDrtes the 

precipitate of phage was collected by centrifuging and the supematants 

discarded. Bach pellet of phage was resuspended in 1-2 ml. of phage 

buffer. The c:onc:etrated phage suspension wu clarified by a final 

cantrifuaina and stored at 2·5°. 

Rcutine JU&• yields ranged frcm 2 to 4 ma. of mA per tray. 

When required for elec:traa alenscopy, pbaae was freed of poly· 

ethylene glycol hy two c:ycl.es of high-speed centrifugirw ( 1 h. at 

30,000 r.p.a. in the 30 rotor of a SpiD:O Model L ultraeentrifup) 

followed by retuspensicln in phage buffer. 
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Phage AsS!)?. 
91 • phage assays were carried out by the agar layer method , using 

bacteria fJ'CIJl mid-log phase cultures. Howtwer, it was noticed that 

the tit re of plaque-forming units (p .f.u.) was consistently loo-fold 

less than the titn of phage particles deduced £'tom the yield of phage 
mA after phenol extraction. 

Grafth of Radioactive Pha&es. 

Phage a was labelled with 32P or 33p by adding o. s-2.5 me. of 

carrier-free 32P-orth0phospha te (Radiochemical Centre, Amersham, 

England), or 3lp-orthophosphate (New England Nuclear Coll>•, Boston, 
Mass.) to each soft agar layer. Greatly increased incorpontims of 

label were obtained by reducing the volume of the hard agar layer to 

so ml. 

�-labelled phage T7 was gtOWn cm E. coU strain W3110 in nutrient 

broth containing 2 llc/ml. �-tb:ylllidine (methyl-T, Radiochemical Qmtre, 

.Amersham, England) and cmcentrated by two cycles of differential c:entrl-
Ut 

fuging • 

Pheml Extraction of Phage Jl4A. 

Redistilled, water-saturated phenol was stored in the dark, 8Dd 
was buffered to a pH of 8-t bnediately prior to use by shaking w1 th an 

equal votw. of 0.1 M Na2B .. o7• Concentrated phage suspensiODS were 

dialysed cwemight at z ... � against 0.1 M tris/HCl buffer pH 8.0 contain

in& O.S M NaCl md 0.001 M sodium diethyld.ithiocamamate (SDOC), and 

the phage INA released by shaking gently for 15 alrutes with an equal 
vol\1118 of chilled, buffeTed phnol. 1be two }ilases were separated by 

brief centrifuging at 3,cm I· • aad the pbaol layer r..ored by pasteur 
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pipette mtd discarded. The fK'f\� layer ecntainit1!! the rNA 1om.• then 

extracted with another equal volune of chilled huff@red phenol, and 

finally dialysed in the cold agaimt s�era1 dtanges nf 0.01 M trls/ 

HCl buffer pH 8.0 containing 0.1 M NaCl and 0.001 M BMA. The Azwf 
�30 ratio of such preparations wu 1. 85-1.95 , and the Az.ro/ Az_ 30 r tio 

was 2.25-2.45. 'Ih" IHA cmtent was meuured by taking the absorbance 
at 260 ma.t in a 1 cm. cell to be 20.0 for a 5olution containing 1 mg. 

INA/ml. 

Electrm Micros2?PY of Phages and Fbage INA. 

nus was carried out by Mr. Alan Craig, Plant 0\emistry Division, 

D.S.I .R. Phage suspensiOilS were diluted into distilled water, nega

tively stained with 2' potassit.lll phosphotungstate pH 7 .0, sprayed onto 

carbon films m copper supporting grids, and exmzrl.ned with a Phi lips 
EM ZOO electrc:m microscope. 

Phage Il-iA, at 2 ug/ml. in 1.0 M mrmonium aeetate containing 0.5\ 

formalin and o.ou cytochrome C, was allowed to spread onto 0.3 M 
81i111Jl1ium acetate cmtaining O.S, formalin. After 10 tdml.tes the protein 

fila was caupnssed to 0.9 dynes/em2• Samples were taken onto carbon 

films an copper supporting grids, and shadowed ld th platil'IJDl during a 

0 360 rotaticn. 

Boua"!!Y Se!'i!!lltatiCil of Im. 

BouDdary sedimmtatians of 00 were performed in a Spinco Model B 
analytical ultncentrlfbge fitted with ultnlViolet optics, in cells with 

• 30 -· light path. 

Native INA was sedt-rlted in buffers of pH 7-8 c:cntalning 0.15-1.0 
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M NaCl . Denatured 00 was secii.Joonte<l in 0. 1 M Na.CH , 0.9 M NaCl . To 
elimimte any possibility of breakage by shear • concent:ruted I.NA was 

pipetted into pre- assemhled cells after removal of the upper winiaw. 
The appropriate neutral or alkaline solvents , to a total voll.lllla of 

1 . 8  ml . ,  were introduced by syrl11Je after re- assunbly of each cell ,  
and the coo. tents gently mixed b y  rolling the cell for several mimtes . 

'Ihe standard ccnditions used for assuying phage l'NA intac'tn.t$s were : 

temperature • 18- 22° ; mA cmcentration , 20 pg/ml ; rotor speed , 

�11 ,020 r •l> .m. Ultraviolet photographs of the cell were taken at B 

misute intervals , using Kodak Coamerdal or Kodak Professional filrn. 

Exposure times were chosen to give a silver grain density proportional 

to optical dens ity in the cell . After developing , fixing and drying. 
the pi ctJtres were !canned in the bcur!.dary region with a Joyce·Loebl 

mi<:rodensi tareter or with a Bec:lanan Analytrol chromatogram SCBIUler. 

'The 8Jl!OUI1t of breakage of the mA was estimated as the percentage of 
ultraviolet•absOTbing material trailing behind the syn���etrical boundary 

(see fi�1res 6 and 9) . 
In a ffJW early experiments witl1 highly fragmented JNA, heat .. 

denatured INA in 0, 15 M NaCl . O .OlS M sodium d.tTate (SSC) was intro

du� into the ultracentrl.fuge cell by gnwity flow thrcugh a No. 22 

syringe Medle . 'Ihe mean sedimentatic coefficient was calculated fram 
0 •aurement of tM densitaneter tracings and correeted to S 20 w by the 

97 ' 
usual methods • "nle raan MOlecular weight 00 of the mA was decbced 

0 
from the relationships S 20 " • s20 , (l + 1 .  7 [Ill C) ,  [a'l] • 0.0049 . 

o ' ' te M 0 •55 , end S ZO ,w • 0.022. M 0 •48 found by Eignet" et al • for dena· 

tured Im in ssc. 
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ZGne Sedimentatim Through · Sucrose Gradienu • 

Zone sedimentatims of INA were performed in the SW·l9 rotol' of a 

Spinco Model L preparative ultracentrifuge , using the procedures first 
99 l O O  

developed by Burgi and Hershey , and extended by Thanas et al 

4 . 8  ml . linear gradients of St·20t sucrose were prepared using a 2-

chamber mixing device , and were stored at 2-5° for at least 1 h .  prior 

to use . Neutral gradients cc::ntained 1·2 M NaCl and were buffered at 

pH 7- 8 with dilute tris/HCl or phosphate buffers . Alkaline gradients 

contained 0. 1 M Na<JI, 0.9 M Nacl and were ch.ec:ked before use to ensure 

that the pH was greater than 11 . Sanples of INA (usually less than 

1 "g.  per tube) were layered mto the gradients in 0.01 M tris/HCl 

buffer pH 8.0, loaded into a pre·cooled rotor, and centrifuged for 

3-6 h .  at approximately 5-10°. At the end of eadl run the rotor was 

braked to a halt , and the gradients sampled by puncturing the bottan 

of the tube and collecting 3- 7 drop fractions , us� negative pressure 

on the top of the gradient to cmtrol the flow. 

Calculation of the distances moved by sedimenting zones assumed 

a constant drop size in all fractions . When 3-drop fractions were 

collected , the centre of a sedimenting zooe coold be located with a 

pred.sim of about :t 2 drops . 

ltblemlar weights wre ealculated fran the relative distances 
99 100 1 0 1  

sedimented • • , according to the relationships . 

D1 Mt 0. 35 
• (neutral sucrose) 

� Mr 
and Dt 0.40 

• Ml (alkaline sucrose) 

Dt -Ma 
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Alkali Denaturation of INA. 

Phage mA at cancentratioos of up to 200 "g/ml . in 0.01 M tris/ 

HCl buffer pH 8 . 0  containing 0 . 1  M NaCl was denatured by adding a one

third volune of 0 . 4  M Narn. After gentle mixing at roan temperature 

for 2- 5 mimtes , the denatured mA was chilled to 0° in an ice-water 

bath and re-neutralised by adding a half volume of chilled potassium 

phosphate buffer cm.taining 0 . 3  M KH2POe. and 0 . 1  M K2HPO .. .  

To fonn polyG-INA canplexes , 0 . 25 }.lg . of polyguanylic add (Miles 

Laboratories Inc. , Elkart , Indima , minimtml molea.tlar weight > lOO ,(X)()) 

was added per l'&· of 00 prior to alkali denaturation. 

Handling of Single-stranded INA. 

lli.gh molewlar weight single-stranded INA is very shear-sensitive 

in the alkaline fonn (pH > 10. 5) or at IQ\' ionic strengths (I < 0. 1) • 
1 02 

The general precautions outlined by Davison and Freifelder were used 

throughrut the present study .  Wherever practicable , native INA was 

stored and handled at high cmcentrations (more than 100 "g/ml .)  and 
denatured mA was stored at pH 8 .0 and at ionic strengths greater than 

0. 2 .  Vortexing or syringing of solutions cmtaining INA was avoided. 

Small vol\llleS were transferred using wide-bore pipettes equipped with 

a screw-suctim. device for controlling low rates of flow (Clay .Adams ,  

N .Y . , u.s .A.) . Whenever practicable , single-stranded INA was cmcentra

ted fran dilute solutims by dialysis against solid sucrose , since 

lyophilisatic:m or adsorption to hyciroxylapati te resulted in breakage 

of most of the strands . 
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Shearlna of mA. 

In several experiments , the alkaline form of a IHA was sheared 

by rapidly squirting the mA solutim 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 
S.  2 x 106 were measured in two separate experimlmts by zooe sedimenta

tion thrmgh alkaline sucrose gradients) . 

Annealing of mA. 

Denatured a mA at 5-100 pg./ml .  was dialysed at 2- 5° against 

twenty volunes of 3ot (v/v) fol'IUI1dde containing 0.15 M NaCl , 0.015 M 

sodiun dtrate . After 12-40 h. , fotmllldde was removed by dialysing 

against o . s  M NaCl , 0 .01 M }Vlosphate buffer pH 7 .0. 

MAl( Otrm&tOJ!!P!lY. 
MAK (methylated albumin adsot'bed m Kieselgmr) was prepared by 

l O S  the method of Mandell and Hershey , except that methylation was 

allowed to proceed for 2 weeks instead of 3 days • Early experiments 
9 1  

followed in f!llery detail the procedure described by Cordes • In later 

experiments , refrigerated colUB'115 (2-5°) and gradient eluticns were 
l Ott 

employed • 'lbe pl'Ocectire was as follows : A freshly-prepared eol\IBD 

of M\K (3 cm .  x 1 an .  diameter) was rinsed (at 1 ml ./min.) with 100 ml .  

of 0.1 M SP buffer (0.05 M phosphate buffer pH 6 .8 amtaim-. 0.1 M 

N.cl) followed by 20 ml . of 0.6 M SP. .AppradJIIately 400 lll• of alkali

denatured, reneutrallsed o mA was made O.S N in NaCl and p.auped Cllto 

the col\IJII\. 1be eohlm was then rinsed with 20 ml .  0.6 M SP,  follcwed 

by a 200 Ill. linear gradient of 0.6-1.0 M SP ,  and S ml. fracticm were 



collected. l'NA eontent was assayed by measurlng the ultraviolet ab

sorption at 260 111\1 , and appropriate fractions wre assayed for their 

content of L and H strands by CsCl gradient centrifuging . Practions 

enriched for either strand were cmcentrated by adsotbing to bydraxy

lapati te ,  or by rotary film evaporation at 31J0 followed by dialysis 

against 0.1 M SP, md stored at 2-5° . 

Hydroxylapatite Chromatoi!ap!tl• 
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Crystalline hydra�tYlapatite Ca5 (PO..)OO vu prepared from brushite 
1 05 

by the method of Tiselius et al . , and stored at 2·S0 in 0.01 M PB 

(phosphate buffer pH 7 .0) • Care was taken to avoid breald.rw the large ,  

fragile crystals by pipetting or repeated resuspension. Of several 

independently prepared batches of cxystals , no two had exactly the same 

pTOperties for the dlrmatography of mA . However , in fiNery case phos-
1 0 6  

phate gradient elution as described by Bemardi readily separated 

single-strmtded fTan native INA. The most useful batdl of hydroxy
lapati te gave approximately 1St recovety of high molecular weight 

single-stranded INA , and 95-loot recovery of native <1 mA, fraD colums 

eluted at roan temperature. Up to 500 pg . of INA in o. 5 M NaCl. , 0.01 M 
PB cauld be loaded onto a short cohnn (3 Clll. x 1 an. diameter) of 

hydroxylapatite , an.d eluted with a SO ml .  linear gradient starting with 

0.15 M PB containing O.:S M NICl. , md finishing with 0.3 M PB. SiqJle

stratded INA wu eluted at 0.2-0. ZS M PB. Calplete elution of native 

INA wu acCD���plished by rlnsina with a further 20 ml .  of 0. 3 M PB. 

With • earU.-r batc:h of hydroxylapatite , good recoveries of hirh 

110leoalar wigbt single·stranded lW. could not be cbtained by P'tosphate 



gradient elutim. 'Ibis probl• was overcaae by the use of j ac:lceted 
1 0 7  

columns eluted at 1ff • mA solutions were pre·heated to 70° and 

applled to S cm .  x 1 cm .  diameter col\BI.S of hydroxylapatite in 0.12 
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M PB containing 0.3 M NaCl. tmder these c:onditims , single-stranded 

rNA passed straight through the collllllS , while native INA was ad
sotbed. 'lhe irreversible adsorption of single-stranded INA seemed to 

be dependent m molecular weight, since 90-9St recoveries were cbtained 
of phage fl INA (molecular weight 1.6 x 10� or of a mA which had 

been sheared to a molecular weight of approximately 500,000 by a single 

passage through a Prench pressure cell.  

Density Gradient Centrifugi!JI. 

The theory and practice of equilibrium density gradient centri-
1 0 1  1 09 1 1 0  

fuging has been adequately reviewed • • • 

In the present work, analytical cen.trifugings were perfonned in 

a Spinco ltKfel E analytical ul traamtrifuge fitted with ultraviolet 

optics , using U m. light-path cells and Kel-P centrepieces . When 
possible, a 4•placa .An-P rotor was used. 

csa and Cs2SO.. mixtures were made up to approximately the desired 

initial density frcm c:ancentrated stock soluticns . Each sample, of 

total voltae o. s ml. , contained o.s- z . o  pg. of oo per density species . 

1be initial density was detendned by ...url.Dg the refractive index 
at 25°, usin& the relatiCIIShips 

�
zso 

• 10. 8601. n250 • 1S. 4974 

and p250 • 13.6986 . n250 - 17.3233 

(CtCl) 

eta ldxtures CCJRtaiDed 0.01 M tris/HCl buffer, pH a.o. Por 

accurate buoyant density •asureaats, the initial density vas adjusted 



to 1 .  710 t .001 g/ml . (25°) , and 0. S llg. of INA from Pe�oraa. 
1 01 

asruglnosa (pO • 1 . 727 g/ml . )  or 7'etl'ahJI'fMM pyriftmtrl.s strain 
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1 1 1  W (p 0 • 1 . 685 g/ml . )  was included as a density reference .  Hxactly 

o. 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 densitartetry . atoyant densities were calculated fran 
1 01 

the buoyant density (pO) of the reference mA using the relatimship 

P • p0 + 4 . 53 .  ,/ (V2 - Vo 2) X 10- lO 
2 6 where t4 • 22 .02 x 10 at 44 ,770 r.p.m . , and V and V0 are the measured 

distances of the unknown and reference l'NA bands from the axis of 

rotatim. 

For measuring the L and H strand content of samples of denatured 

o mA, less care was taken with the initial density and sample volt.�ne , 

and centrifuge nms were often ended after 16- 1 8  h .  Native o INA 
90 (p0 • 1 .  705 g/ml . ) was included as a density reference. 'Ihe relative 

cootent of the two strands was estimated from the relative heights of 

the H and L peaks in each densitcmeter traclng . 

Por meTCUTy-binding experiments in es2ro,. , the method of Nand! 
1 12 et al . was followed • INA samples were dialysed exhaustively against 

0 . 1  M Na2SO.. , 0. OOS M borate buffer pH 9 ,  to !'IIIO'Ie BUt A and NaCl , and 

we1"8 heat-denatured by beat!� to 100° for S mimtes followed by rapid 

chilling in an ice-water bath. CstSOit ld.xtures contained 0 .oos M 

borate buffer pH 9 .  2 .  Mercuric ien was added fraa a solutim eontai� 

ing 0.001 M HgC12 to give an rf (1110les Hg/noles INA phosphate) of o. s. 
Centrifuging was at 44,770 r.p.m. for 16-20 h .  
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Preparative CSCl gradient amtrifugings were carried out in the 

40 rotor of a Spinco Model L preparative ultracentrifuge, with the 

refrlgeratim set to maintain a temperature of roughly S0 during laog 

runs .  For separating polyG complexes of the H and L strands of u mA , 

mixtures with an initial density (at 25°) of approximately 1 .705 g/ml. 

were prepared by adding 0. 875 ml .  of a solutim of o INA, denatured 

and re-neutralised in the presence of polyG, to 3. 125 ml . of a satura

ted solution of CsCl (p 250 • 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-um.A canplexes , vas chosen to 

allow for the effects of temperature m the density of CsCl solutions 
l U  

and the degree of hydratim of Cs-INA • 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 ,<m r.p.m. In later experiments , the 

mixtures were made with an initial pre-formed step in CsC1 cmcentraticm. 
l l lt 

as described by Bl'lmk and Leick , and the centrifuging time reduced 

to 12 h .  At the end of each nm ,  the rotor was braked to 5 ,000 r.p .m. 

and then allowed to coast to a halt. Tubes were remcwed with care to 

avoid disturbing the density gradient , and stol'ed at 5° for up to 3 h .  

before sampling. 

Diphe&lamine Digests,. 

mA solutions at concentratiCilS of up to 4 mg/ml. were dialysed 

against clistilled water and degraded with � (w/v) diphe.lamine in 66t 
--0 lt2 

(v/V) formic ad.cl fo-r 18-25 h. at .xr • Dipherrlamine was r8111DYed by 



ether extraetion. Pcmde add was removed by eontil'lDJS liquid

liquid ether extractiCil ,,r by several c.ye1es of rotuy film evapora· 

ticn to dryness at '!IJ0 • <".arri.eT dipheJVlamine digests were de
tminated after the prelhdnary etlutr ctractitlll by passing through 
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colums of DawexSO x8 (H+) and rin.tint; with distilled water until the 

absorbamce at 260 "" of the eluate was less than o.os. 'Ibis procec!ure 
was not used to de-p.trlnate n.dtoaetive diphenylamine digests , since 

2-3t of ttw radioactivity CG&ld <mly be recovered fraa t!le DowexSO 

nsin by eluting with S M aq • ..:mia. In a single experiment wt

lined iD Appendix It • the insohlble pred:pltate of gw�tim was 

� fmD a CCIJibined digMt of ndioaetlve and nm·radioactive 

bactericphage mA by filtering thrt��gb a 1 an .  colUAn of IF.AB•eellul.ose 

in 2 M triethylatmium bicarbonate buffer pH 7 . S .  

CatTier Dipsts . 

Calf thylus rHA was a gift &c. Dr. G.B. Peteuen, and had been 
l U  

prepared by the method of lay, SiJI:wlms IRd IQMc:e , after prelbdnary 
a n  

lsolatim of the nucleddstme • Depurinated d1pbenylfll1ine cliguU 

of calf 1hyDals tfiA wre cmomtrated by rotary film enporatian at '!If' 
to approxilla1:ely 150 ,.Moles of �/al. • end 1toncl at ·20°

. 

In early expert..nts , prellminaty fnctionaUan of canier dta•ts 
was obtai.Md by dia.1)'1til'\l aaat•t cU.stillecl vater vith cantimaous 

stini.na for 60-65 h .  • •bJ VUkirw thin-wall M.atysis tublfta arac1e 
20/32 • Bacterial aMWth WIS ptwellted by acWiJW a fat d1'0pS of c:hloro
fOIIl to tbe diffusate. 1his tbod tta1 _..tually found to be UD• 

1 1 7 
satlsfaetory (AppeacU.x II .) • 
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In later experiments . pnliminary frac:timatit'll of carrier digests 

was achieved by gel filtratian (Appendix III .) • Portions of digest 

� to 50-200 rag .  INA W1'e adjusted to pH 8. S wl tb aq .  aJ�MJnia, 
ccmcentrated by 1'0tary fibn evaporation at 30° , and applied in o. 2-0. 5 

RLl .  layetS to 150 cm .  x 1 cm. diaaeter cohlms of SepbadeK GSO gel 

(Phalllada, Uppsala, Sweden) equilibratai with 0. 1 M triethyl....ahn 

bic:arbonate buffeT pH 8.3.  Best results were obtained by applying each 
saq»le to the SUTface of the gel a a dense layer, containing st (w/v) 

sucmse .  beneath a layer of elution buffer. After elutlcm into 5- 10 
ml. fractions . sequences of � a.ppro.dlaately gTeater dum 6 were 
pooled with lot of the sequences of length appJ"'X:i.mately 3·5 and St 

of the sequences of length appl'OXimately 1-2 .  Occ:asicmally, 32p. 
labelled tetrawcleotides were lnc:luded in the carrier digest applied 

to the gel colllll'l , and all fraetims eluted prior to the peak of ndlo

activt ty were pooled .  Practicnated carrier sequences were dialysed 

briefly against distilled water (1· 2 h .) and ecnc:enttated to dryness by 

rotary film evaporatian at 30°. 

Im•BxchalJ! �. of Oligmuc:leoti�. 
u •  1he proc:ed&.tres used wre those of Petersen ad Reeves • �r 

separatims en the basis of chain 181111h , cU.phenyllmine digests wen 
chmaatoaraphed cm JEAB-cellulose (Cellex D, Calbloch•. Los Anget. , 

Callf. , u.s.A .. , small lcm .mange c:apadty o.tJ Mq./a.) uatng ltaear 

NaCl gradient elutim in 0. 1 M acetate buffer pH 5.4  c:GiltaiJd.na 7 M 

una. Urea. althouatt not -ential for the .. s.paraticm , was found 
Ut tD give h1aher naMD"ies of 1oftg sequence� • For separattcm en 



t.h� hnsi!J of bl't.�� C'.c:I!JPositi.oo 1 <lHeonudP-otid$5 w�rn chral<'tt.otrraphed 
en th<' g lUM  �i� •JSh�g l h�1Al' ��J:t.Cl ��'fttdltmt elutloo 1n li , l  M . omic: 
Ad.d buffer (pH 3.5-4 . 3) also eontaininz 7 M t.�a .. 

In later experiments , eh ;tin length �erutntionsa oroployed a 

'micropnnular' &m of Ifl.� ... cellulose (Wtwtman Jm-32 , H. Rerre 
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Angel , London ,  England, small ien exchonge capedty 1 .0 maq./,g .) . 'Ibe 
l"mmin was carefully pre-cycled w:l th acid and alkali and fKttdlibrated 

in batches with starting buffer after l'enlOVAl. of fines . C'4lu11ls 

( 4()..60 cm .  x 1 cm .  diameter) were packed by pumped buffer flow at 
12.0 36 ml./h .  as suuested by Thanpsan , and rinsed 1dth starting buffer 

for several hcurs prior to use. Diphenylaine digests of radioactive 

mA were supplamented with carrier (O. Z-0.4 ml. of m.fracticmated 

carrier diphenylamine digest for separations of chain lengths up to 6 ,  

fractionated long s equences  fTOm 1-4 ml .  of carrier diphenylamine 

digest for separatims of chain lengths up to 13) and c:cncentrated to 

dryness by rotary film evaporatim at 30°. Each sample was taken up 
in 10 ml. ,  of starting buffer, a 0.1 m.l. .  aliquot set aside for radio

activity assay, md the rtmainler � cmto the coltmm and rinsed 

with HVel'al 5 111 . portims of startina buffer. Col.ulans were eluted 

at 15·25 ml/h . with the followtng linear gradient.s : fint gradient , 

600 ml. 11 0..0. 12 M NaCl. ; lecend gradient ,  1200 ml. , O. U-0. 18 M HaCl. 

The gradient was normally stopped after the heptam�eleotide peak , aid 
lcmger SequllllQI eluted with o.s N NaCl.. la\Jer SequtrllCel were 

altematiwly eluted by cmtbad.ng the ••O'Jftd linear gnd!ent. 



Urea Solutims . 

8-9 M soha'tims of urea in distilled water were deeolorised by 

passi� through lo-15 cm .  x 5 oa. dieeter c:harc:oal col.llms contain· 
ing 5 parts of Celite 545 (Koch· Light Labontories Ltd. • ColnbJ'OOk, 
!ngland) per 1 part of activated charcoal (Dareo G60, Darco Corp . ,  
N.  Y.  • U .s .A.) • Preshly prepand solutims had an absotbanca of 

O.Ols-o.oos in the waveleng1h rmge 260-300 ma.t .  Urea soluticns were 
standardised by specific gravity measunments , taking the spedfie 

gmvity of '1 M urea to be 1 .113 g/ml. at zcf. 

Desal t;inB of Oligc:mrleotides . 
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(a) Dialysis .  Brief dialysis (Z-3 h .) against distilled water, 

or c:wemight dialysis against 0. 1 M triethylanmonium bicatbooate buffer 

pH 8. 3, was used as a convenient method of dosalting small vol\.11D18S 

(up to SO Ill.) of nucleotide! Mum quantitative recoveries were not 

regarded as essential . .Dialysis against distilled water can result in 
1 1 7 selective loss of cytosire-rich sequences • 'nail is not a suitable 

procedure fOT teminally·dephosphorylated oligorwcleotides , which pass 

very rapidly into the diffusate. 

(b) Owrcoal. L&r�er voluaes of oligonuc:leotides wen desal ted 

m S aa. x 1 ea. di ter eolums of the charcoal/ceUte lldxture descri-
1 2 1 bed above for the preparatlan of urea solutions • Bach colwm. was 

lf8IMd w1 th H\'81'&1 coh.Rt vol-. of 1 M lD follaled by several 

cohlm votw.s of ethlnol/water/-.da 50: 49 : 1  (v/V) , md tbtm rinled 

with distilled water prlar to use. Oltaeauel.eotlde � CGDtaiDlJW 

7 M Ul'M were diluted with 8ft equal volUDe of o.s  M HC1 and paaMCI 
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throush the c:olunns at Z•S Ill/min. Afatr rinsb� with a f• cott. 

vohmM of water, the oligcnJCleotides were eluted with 50-100 ml .  of 

ethanol/water/ Cilia and cmcentrated to dryness by rotuy film 

waporat1011 at 3d'. 1bis p'I'OCedure gave rec:DY1tr1es of 90-lCDt for 

ollgcmucleotides of lengt.hs 2-6 , and 1s also suitable for terminally 

dephosphorylated ollgonucl.eotides , but not for monmucl.eotide 

dipholpbates .  
121 (c) IEAB-�. The method of Rushi&ky and Sober vas 

prefened for tlle quantitative desalting of 1JlGftCD.lcleotides . Sraples 

wre diluted with water to le.sa than o.os M NaCl ,  adjusted to pH a. s  
by dropdse add:ltiCWl of cmc:entrated aq • ....Ua and adsorbed onto 

5 01. x 1 an .  diometor ech.nns of JliAE·Sephadex .A25 (Gf') (Alarmacia , 

Uppsala, Sweden) .  After rinsing with several cohRl volumes of 0.01 M 

trl.ethylammium bicarbonate buffer pH a. s ,  the 11Jcleotides were 

eluted with iD-30 ml . o.s M triethylanladt�� bicubcmate pH 8. 5 and 

the solvent 1'f.I!D'Wtd by rotary film evaporatiCJD at '!If. 
1his ne tbod  can also be used for qumtitative desalting of olitto

rucleotides , however it was suspected during the course of this smdy 
that exposure to cmcentrated trl. thyladr. can result in partial 

dephosphorylaticm of oliacnudeotldes . For this nasan other .ethods 

were used when practicable. 

T.rl!!l!rl...W. Bi� �fers . 

2 N tri.ethylalclniull blantM:Jnate vas prepared by bti»bliJW 00z 

(generated by the dellqtaesera of dry lee) thmap a ddlled .aturatecl 

solutlm of ncllstilled triethyl..tae in wter, with the ftlatlve ntes 



of �t of m2 IDd triethylamim adjusted to maintain a pH of 

approximately 8 .S. Om.centratecl solutions were stored at 2·5°. 

n.�ytated ntmu . 
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fbnan prostatie �terase was purified by salt frac:ticn-
124 121 

ation and im-excbange chrala10grapby as described by JJurtan and 
41 Petersen • �terue activity was assayed by incubating a 0.2 ml. 

aliquot of 400-fold diluted ensyme at 31" with 2 ml. of o.ros M di

sodim p-nitrophenylphospbate (NPP) tDI 1 1111. of 0.2 M acetate buffer 

pH S .6 . The reaction was a topped by adding 0.2 ra1. .  of 2 M aq. amonia, 

ad the unit of activity defined as the IIIOURt of enzyme C&l.SlJW m 
increase of 1 in the absorbanc:e at 400 a,a in 1 mim..tte. Diesterue 

activity was assayed by replad.ng o.oos M NPP with o.oos M dlsodium 

p-nitropheJrflthymidln!t-5' -phosphate. 'nle preparation of pbospho

IU'IOeSterale used for these experiments had a ratio of 110110e1terue/ 

diosterase activities of 15 ,500. 

Althaap a purified �terase with a ccmparable ratio 

of DIOilOeSterase/diesterase activities is available COIJ.ID81'Cially 

(J'. ell alkaline phosphatase. E.c.s.t.l.l . Worthingtm Biocbaaical 

Corp . , Preehold, N.J. , u.s.A. , dannatograplieally-purifi.ed grade) ,  

the Jrum. prostate enJI)flle was p'l'eferred for two reuens :-

(1) It shows m procluct lddbitim by ilm'Jmie Jflospb.ate . 

(2) V., little bufferi.IJI capldty is l'eCfllred t.o aintaln the pH of 

opt1Jaa activity (5 .6) &lrbl& dephosphorylatlcm . lkmat then is uo 

� for desaltbg prior to PJIP8t' dlromatogratmY. 
Ether·extrac:ted 41phenyladm diguts wen made o.ex» M ia BurA 
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and adjusted tQ pH 5 .6 with a fet drops of dilute Naat. 15 uniu of 

phospbCIOOilOelterase vent added per .,.Mole of total digest phosphorus , 
and the reactim mixtul'e incubated at 3T'. Allquots (0.05 ml. )  wre 

taken at intervals for assay of iJ'I)t'lan.ic JDoapbate release. When 
this appeared to reach a plateat, further enzyme (S units/�le 

Jilosphorus) was added and the incubation can timed far s�enal hours . 

'lbe ftac:tiCil was halted by shaking the digest with an equal volune of 

dllorofotm. After t"eennWal of the aqueous layer, the chloroform layer 

(and denatured protein interface) was rinsed twice with water. The 

c:cmbin!td aquec:us layen were cmamtrated by rotary film evaporaticm 

at 30° to o.s  ml . ,  and any further precipitate centrifuged down and 

discarded. Pinally, the digest was evaporated to dryness under a 

mrrent of warm air in the tip of a cmical glass centrifuge tube ,  md 

taken up in 0 . 1  ml .  for spotting mtn chromatography paper. 

P5!!r <hroaato&r�l of Oli@1l!cleotidel . 

Two-dimensional paper c:hratatogTapby was curled a.tt on add· 

washa:t sheets of lhatman No. 1 chrautogrllphy paper (47 m. x 51 aa.) 
.. . as described by Petenen • trltftViolet abso!'bin& spots were located 

by taJd.rw cantac:t photograph� 1n ultnriolet liabt121 •  32p·llbelled 
spotS were loCated by 111tondiop'llpby, using llford Indultrlal B grade 

x-ray fila. Spots 1nl tially cmtainina 2 ,000 eaunts/Jiin. (CennkvY) 

pn &rtectable hladcnl:rw after 2 ,...k fiiCpOIUl"eS • For quanti tatlve 

...,Uftments of 3Z, 8Ctivity the oUJC81Cleotide spots wre cut out, 
rinled with et1wr (S Ill.) , alloue4 to dry, lad theft eluted with wawr 
(10 Ill.) ad aurated by Cerenbw ..Ust.an. 1he ndi.cd.Yity of the 
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wet pape1' residue (3-l.Ot of the total) was included in the total for 
each spot ,  with no c:onec:tim for counting efficleney. Por •uut"e'

ments of 3S,r2P ratio, the wateT eluate of each spot wu evaporated 

to dryness at 95° and taken up 1n 1 Ill . of water md 9 ml .  of toluene/ 

trit«.X-100 sdntillator fluid . 

J!!ospbate Estt.tians . 

Jlo1' .. ays of nm·radioactive phosphate, duplicate estbaatims 
1 2 1  

were ude by the method of Olen, Toribara and WameT , slightly 

modified by the additicn of 0.02 M BDrA to rea,ent A (1 part by volt.��e 

of 6 N H2SO.. , 1 part of Z .St (w/v) ...mm molybdate, 2 parts by 

vol\118 distilled water) just prior to use . This modificaticm gives 

a loweT and more cmsistent reagent blank (G.B. Petersen, pe1'SOI'lal 
CCIIIJlmicatlan) • 

For assays of total phosphorus ,  samples were first uhed with the 
1 21 .. 2 

asbiJW fluid of Hanel et al . ' 

PoT assays of ttao ntleue of 32p-labelled phosphate during }ilospho-
l2t 

mmoesterae digestion of oligorucleotides , the mthod of Dreisbac:b 

was slightly modified u follows . 'Bach 0.05 al .  alJ.quot was tabn 1Dto 

o. s 111. chilled St TeA ln a c:adeal. glass c:entri.fuae tube. After brief 

-.trlfuaiRI at :s,ooo I•  to ..-ewe dMa1urec! pl'Otein, the mapemaunt 
wa pcund into a pet� capped g1au camtJ.na vla1 c:mtaint.na Z .  R 
....t• molybdate (2.5 Ill.) , 1.5 M HaSO.. (2.5 al.) and lsobutlaol/ 
.lane SS:65 (S Ill.) . The vial Oillltetl wre shaken vipN.asly by haDd 

for 20 tecaads , met the ...-. 1__. layer 1WWJVe4 by Pataar ptpeu.. 

Cenntov caats ln the bobutJIIOl/r.ylene layer wen tabrl as a •asun 



of tree 31, phosphate . 1\fo COtlectiCilS wn mdet 
(a) 'the efflcier.q of extractim of J%P-labelled pbospllcmolybdate 

blto the bobutanol/xylene layer waa taken to be 91t . 

(b) Co'!'rectiGns went made far counting efficiency by the Oaannels 
uo ratio Mthod us� the following settings: channel A, 15-1000, 

act gain; channel B,  50-250, Zt gain. Cenmkcw eeunting is 110nt 

efficient in lsobutanol/xylene than in water, but is strongly quenched 

by the yellow phospbomolybdate ca�plu. 

&lec.ess with this method nquires imlediate counting of each 
a_,.,le, since en standi• a bt. mlour develops in the aqueou. layer. 

�oactivi ty P..stimatims . 

(1) Por siq>l.e quantitative measurements of 32P radioactivity, 0.1-0.2 

ral. samples went dried onto disposable altainiURl planchettes and counted 

with appt'Oximately 40t effidem.y in a Beekman I.Gw•Beta proportional 

counter. 'Ibis J�ethod has the great advantage of not requiri� tt.· 
ea\l\llling cle.u.ng of glass vials . 

(2) For dauble-label experiments involvi-. the isotopes � and 3Zv,  

S89le1 were dried cnto filter paper aquares (ltbatman. No .  1) in 11ass 

CQJDting vials md CIDURtad in S  Ill. portiau of a toluene scintillator 

solution cattaining (per litnt) 10 I• of PPO and o . zs g.  of M.Mthyl-
Ul PCI'CP • Spillorer flat udl countillJ chamel into the other was n-

detemiDid for wery 1a1 batch of ld.ntlUator fluid, but DO (1)1Tectiau 
were ._.. for caunting efficiecy in irdlvidual. vtall . 
(3) For qumtitatlw MUUI'afttl of JZp radloeetivity in exptl"i�Mmts 

wbere CCIIIpleW reaNerf of th.e aamplel vu desired, tM Ce1'enkov -.thGd 
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_.�ua ua 
W8S USU'..l t • Volumes of up to 20 ml . were <Xllllted in glul vials , 

with ccuntirtg effid.end.es of approxiMately lot to lot in diffeTent 
Packard liquid sd.ntiUattcn spectJ!OIIleten , usi� a nr:tety of windaf 

settings . 'Th1.1 method 11 not susceptible to cheaieal quenching, no1' 
ua 

is it affected by the usual nnge of pH c:hanges ad 1al t ccncentntic:ms , · 

but it gives dumlcterlstically different counting effid.eneies 1n such 
Uft 

solventl as 7 M urea, ethanol , and ilobutanol/xylene 35 :65 • a:.tour 
quenching, when suspected, was conected for by the dlamels ratio 

uo lll!tthod • 

Sad-quantitatiw ct�timates of n, activity were IGDetilnes ll8de 

by dty Ctmmtccw ccuating of papel' spots 01t f1U1 chl"CCIIatogr .. . 

( 4) A1 though Cerenkov counting wu eventually realised m be the method 

of choice for measu1'eiii!J'lts of 32r radioactivi� in 1 M urea buffet'S 1 11 • 

two otbe1' methods were used in early experiments . 

(i) 1 llll. s-.1• W1'e SUip4tD!ed as a thixotropic gel with 15 1111. 
us l it 

of a sdntillator mixture • ccnta.inina (per litre) 150 g. naptha· 

lene ,  10 I •  PPO, 0.3 g .  POPtP, 1 1 .  dioxane and 40 g. Cab-o-Stl ('l'rade
aark of <b!freyL. Cabot Inc.) . No c:orrect.im was ude for camting 

efficiency . 

(11) 1 al. 1811ples wre shaken with 9 111. of the toluelw/trltcll 
, . ., X•lOO 2 : 1  sd.ntillator soluticll described by PattJn'lell and OrMM , 

caatalmna (pe1' litn) 1.1  I• p-terpbeJvl and 0.1 I• d1Mthy1-JU<P. 
An ...-.. .aalll• is fcned vtd.ct. OD •t:ln4i.rw Jivet a clear sollttica 
1n which 3Z, r.Uoactlvlty can be CDmtlld with effldeacies of Sl-61t . 
The COLJntf.ng efficiency wa fliUftd Ut be ltxut 1t 1 ... for Slllpl .. 



p.lS 

cootainin& 1 M urea bu.ffen than for samples containing water, with 

no effect of pH or iwic strength over the range used fo1· ioo.-exchanp 

c:hre���&tography . Olemical quenchi� is much less of a prablem in this 
1 17 

scintillator mixture than in CCilventimal scintlllator mixtuTeU 
U l  such as Bray 's fluid • Colour quenchln& was c:orrect.ed for usina 

1he Pacbrd mtoRBtic external JtandardisatiCI'l system, but corrections 

more thm lt were rarely necessary . 

Cctmti!lJ of 33ptl2p Ratios . 

33p is a S•sdtter with e. PJUJan ener&Y of o. zs Mev. • and has 

a balf·llfe of ZS days • Jtor saoe experiments , samples weTe ccutted en 

paper, but £ar careful meuut'SI8tlts s���Jplos were COLmted in the toluene/ 

trl ton X-100 sclntillator described �.... Optimal gain settings and 
spillcwers were re-determined for each experiment , and the comts 1n 

e.uh channel we1"e COl"l'eCted us� an Oliwtti Programna 101 dask-top 

�ter. 
Vial$ in which sipificant qliCilddng was detoc:tod by using the 

Padcard autOiUltic GXtamal stmdardilatim system were not indudod 
in 'IV$Ul.ts • 

All cwnting c!ata we� c:orrect.ed for isotcpe dec:ay. 

Ultrario� � *!!!!�'il· 

'lhese wre .. tly carried out iD a Becbam flblel llJ � 
tclletel', 1n quart� cells with a 1 c.. ligbt•path , with an ettimated 

rwpro.luability of t lt . Spectra were saaned uslqc a tWua SP800 

that a 1 111/111 . tolutian of uttw IfiA has a 260 -.. � of 20.0. 
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Oligonucleotide concentration measurements assumed an � at 267 ll\l.l 
.. 2 

and Jii 1-2 of 9900/Mole of pyrimidine • Other absorptim data were 

measured relative to this basic value by diluting standard solutions 

of the deoxyribcmucleoside- 5 ' ·phosphates dCp and dTp (Calbioc:hem. , 

Los Angeles , Calli . , u.s.A.) into various solvents . 'nle TeSUlts are 

tabulated below. 

Solvent Nucleotide 

O.OS M HCl dCp 
tit 1�2 dTp 
0. 1 M fonrdc add dCp 
7 M urea pH 4 .3 dTp 
0. 1 M acetate dCp 
7 M urea pH  S .4  dTp 

!i!!cleotide $equence Pr�des .  

• e271 x 10 /Mole 

11.6 
9 .6 

1 1 . 1  
9 . 4 

11.0 
9 .4 

2.08 
0.71 

1 . 86  
0.77 

1 . 23 
0. 78 

Isosbeltic 
wavelength 

267 JlllA 

269 .s J1l}l 

268. 5 --

Pcm:entage Sequence Prequency (P.S.P . )  is defined as the number of 

sequences of a given length , base-composition, or sequmce group per 

100 nucleotide residues of l)JA. Results fTCD co11.1111 chranatography 

were calculated by taking the total radioactivity reeovexed fraa the 

column. including the high-salt fraction, to be lOOt . The actual 

rec::cweri.es of appUed radioactivity ,  •asured in several experiments , 

rmgod fl'CII 96 .8t to 99 .n .  Rmdaa P.S.P. values were calculate4 assum

ing the pyrbt.ld1ne conte\t of double-stran.ded INA to be SOt ,  81 of the 

isolated H md L strands to be 54' and 46t respectively. I sa indebted 

to Mr. Lloyd Thaus ft�r discussing this problem with ae and writina an 
lppl"Clpriate caapute'l' pTO&JWI. 



Batimaticn of BTI"'O'S : 
Por results based en single experiments . such u the dialysis 

experiments in Appendix II . ,  estimates are given of the cunulative 

errors of meastmnent ; based m the 90t reliable error for radio

activity measurements , and a t 1t error for absotbance measurements . 

p . 37 

For results based oo several experl.lnents . :t S .E .  repTeSent.s the 

standard error for the ••· 
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RBSULTS 

The Growth and l\lrlfie&tim of Bacterlopl!ye :Ale,� 

The arowth methods used at the outset of this \IIOI'k were derived 
tl 

fi'Oil these used by Cotdes • Since infective centres ol phage a were 

fGJnd to die rapidly in the available liquid media, the phage was 

grown in layen of nutrient aaar gel. AftJtr -release frcm the gel by 

hCDOgen.isatim vi th phage buffer, the phage particles were c:coamtrated 

8Dd freed frcal agar gramal.es and intact bacteria by diffenmtial 
1 $1 

cen.trifuginJ • 

'lhe emcentratica of large anaunts of phage • by this •tbod , 

using the available high speed centrifuges , was famd to be very time

c:am.mdng and to yield preparatic::ns c.cmtaminated with bacterial debris 

inc1udi.ng bacterial INA and a troublescme endonuclease . CB the sugps t

im of Dr.. Mic:bael Clark, another method of phage c:mcentraticm was 

adopted, based en selective p1Wdpltatiz with high IIOleatlar weigbt 

polyethylene glycol (PBG) . 'Ih1t method had been used for the purifi· 
llttl ! .. l lltt 

cr.aticm of plalt viNSeS • • , Dd bad been delonstrated to be 
l 'l 

applicable to bacutrlophages , though not widely used for this p1rpose 
at 'the U. of this at.udy. 

Phage • was readily precipitated by PEG at high •alt CC�RC:attraticm . 

M shaill'l ln Tlble 1. , the crltlc:al on:entratie with 6e hatch of 

pol,_r usecl wu 1 .9t (w/V) • Phage • vu routinely pnd.pi tated fl'OII1 
dilute auapensl.a with 2.St PBG ..t cauld be aa:entrated � low speed 
e��ttri� or by filtering SU�p«Q�ifms thrGuah a thin layer of cellte • 

._ ahU. with buffer ea�� less thm l. at PBG the pnclpitates 



Table 1 .  Precipitatlcm of Phage AlJ?ha !7l 

Low Cc!ftc::!nt!!tiau of Polyethyl.ene glrpo�. 

1 1  A series of tl.hs cmtaining }ilaee a (10 p.f.u./ml.) , o.s M 
NaCl ,  0.01 M phosphate buffer pH 7.0 and vari.OJS emcentratklll of 

PBG ._... assayed visually for precipitatial. 

PBG Concentraticn 
(g/100 .t.)  

6 

4.5  

:s .o 

2 . 5  

2.1  

z .o 
1.9 
1 .7 

1 . 5 

1.0 

Extent of 
Prec:lpitatim 

• •  
• + 
+ + 
•. + 

+ .  
+ . 
+ -
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of phage were rapidly dispersed. The appropriate cmcentraticns for 

formatitl! and dispersiat of phage precipitates on a preparative scale 

weTe demonstrated by elution of predpitated phage from a c:elite col\111\ 

as sham in figuTe 1. 

1be small peak eluted between Z .  St and l.ot PBG wu shown by 

electl'Cn microscopy to cmtain nearly pure phage a .  1he reCXMtty of 

phage cs by this method wu shown to be nearly quantitative as judged 

both by ultnlriolet absorption measurements (Table 2) and infectivity 

assays (Table 3) • 

Many batd\es of phage a were prepared by this method. Coocentra· 

ted suspensions had a ve:ry CCillistent c:olrur: electric blue with a 

distinct tinge of bram . 'lhis was not altel'ed m further purification 

by banding in a CsCl gradient . The �6('/Azro ratio for such prepara

tions was 1 . 53  t 0.02 (mean t S .H .  for 12 batches) . 11\e spec:tnn of 

a purified phage suspensiCil is shown in figul"e 2.  

When portions of such a suspemim were rinsed by high-speed 

centrifuging , to remove t'I'&CeS of PEG, and exlllined by electrm micro

scopy, almost no traces of bacterial debris were detected (figure 3) , 

ad the phage appeared 1101'phologlcally intact with the sane fTaalon 

of eq:»ty heads found in phage prepared by differential centrifuging. 



F igure 1 .  PEG Gradien t  E lu t i on of Phage Alpha from a Ce l i t e Co 1Wlll1 .  

5 m l . of a s o f t - agar extrac t con t a i n i ng phage ::x \va s  made 4� 

(w/v ) i n  PEC and f i l te red through a 1 cm. x 1 an .  d i amete r co ltnnn 

of ce l i t e .  Phage \vas e luted w i th a l i ne a r ly des cend ing concen tra -

t i on grad i ent of PEG i n  0 .  5 M NaC l , 0 . 0 1 J\1 phosphate buffer pl l 7 . 0 .  

5 m l . and 2 m l . frac t i ons we re c o l l e c ted and ass ayed fo r ph age 

par t i c l es by u l t rav i o l e t  ahs orp t i on measurement s at 260 m u . 

=1. 
E 7 . 5 
0 
\(J 
C"\J 

5 · 0 lJ..J 
u 
z 
<( 2 · 5  
m 
a:: 
0 cJ) 
m 
<( 

20 
E LU E N T 

40 60 
VO LUM E m l  



r•1e 2 .  Recw!!Y of Ultraviolet ,Ab!gtpt!m 
after �ltatiClll of Phage AlJlh! by PEG. 

A �t�Spenslcn of phage • pNp81'8d by diffenntial cmtrlfugins 

was mate 0.5 M in NaCl and l.R (w/v) in PBG and antrlfuged 

(S min. at 15,000 r.p .m.) . 'Dle supematant was ldjutted to 2 . St 

PEG IDd re-centrifuged. Ultraviolet abaorblrw material was ass� 

in all fncticas after resuspmslan. 1Jy lle8SU!'ellents at 260 n111 and 
2fl) ... . 

Pnctlcm 

l. st PEG ppt. 

2.St PBG ppt . 

Pinal supt. 

A.z4d�PJJ 
1.25 
1.53 
1. 33 

Units Aa60 
340 

3 ,560 
210 

Table 3. � of p.f.u. af� 

�itatiCil of pba&! AlP!! by PEG. 

t of Total �60 
8.3 

86.5 
5 . 2  

All fnctians ft'OM two lni� experiments c:arrled out 

... ntlally a :ln the 1epnd for tale 2 .  1ffJr'e asayed for p.f.u. • 

described in a.thods .  Relults are exprested as 1l8al p.f.u. s standad 

enor of the •Ill; 1UIIber of esdates in paNilthdel . 

Crucle )Np 
l.A PBG ppt. 
Z.M PIG ppt. 
Plbll supt. 

t Total p.f.u. 

� �  
lOO t 6 (S) 

u.z * 3.2 (S) 
91 t 0 (S) 

s .o * 1.6 (6) 

� �  
100 t 14 (5) 
., .o * 1.5 (5) 
1f» * 21 (4) 

J.4 * o.a (S) 



f- igure 2 .  The Ultraviolet Abs orpt ion Spectrum of Pur ified Phage Alpha . 

Phage a prepared by PEG precipi tation was dialysed agains t  

10- 3 M EDTA for 6 hours , and the spectrum of an appropriate d i lu-

tion scanned by doub le-beam spectrophotometer . 

I · 2 

0 · 8  

0 · 4 

2 3 5 2 5 5 2 75 2 9 5  
W A V E L E N G T H (mJJ) 

I · 2 

0 · 8  

0 ·4 

UJ 
u 
z 
� 
m 
Q: 
0 
(/) 
m 
� 



PliJ!!! 3. Elctctron �M of Phap AlP'!! 

P.t:!P!!!d i'l PE-G J?c!pl tatlCil. 

Phage a ptepnl'ed by PBG precipitation was rblM<l twice with 

phage buffer by high-speed centrifuging. After d.lluticm into 

distilled water , a portiaft vas emdned by elec:trm raleroscopr . 

�fapificatlon 35 .cm x 



Phage a contains a single molecula1' species of double-stranded 

mA ,  easily nleased from prrified phage by sbaldng with buffered 
., 9 0  

phenol • • Olemical studies have shown that it contai!W an.ly the 
lt 

four nomal hues , with a mean c;.c conteft't of 42 .7\ • Cordes ,  using 
a •thod which cm result in slight lesses of tbymine ,  fOlmd a •an 

t l  
G+C content of 44\ • Measuntwtu of the melting t:Mperature of 

• INA in SSC, and of the buoy;wt density of a INA in CsCl solutions , 
t l  indicated a.<: values of 42  t 1t and 44 t lt respectively • Thus 

there is a noma1 ag1-.at bet:Mien the physical properties of a 

00 md the chemically-detemlned base c:cmposi tion. 

Of thes properties . only the buoyant density was re-investigated 

during the pnMSent study . A value of 1. 70S t .001 g/ml. wu obtained , 
19 tl  

in agteement with the results of COrdes and otbel'S • • 

The sedimentation coefficient of the a INA molecule wu asuntd 
by Cordes using bounda1y sedimentation 1n an an.alytic:al ultraantri-

tl  fuae • She obtained an so 20 ,w value of 35 fraa meuunaents of s20 ,w 

at a series of tNA cmamtrations in ssc. so for a polymer can be 

nlated to the raolec:ular wlJht N by relati.cmhi� of the form s• • 

I.M.• . Usilw the values of K and • deduced for native mA froaa a 
l ftt 

tyStematic SU1WY of the 11 terattmt by Eip.er and Doty , so 20 ,w • 35 
eouespands to a 1101eculu welabt of 29 .7 x 106• U.irw the pJ'Cbably 

1" Ere r.lilble values for I lad • deduced by Studier , a ��eleaJlar 

wlgbt of 32.4 x tcP is obtainl4. 

'lh1J la 1el&hly ill 81UIIIInt with the •lecular voiabt of 34·40 X 106 



dedlced by .Aurisic:ddo et al. from b«mdary sedimentation and auto
� tt l lt S  l ltl 

radiogrcopa:;;y • • • 

9 1  Cordes also me88UJ'ed s20 w for ea 00 undel" the CG'lditions used 
2 • 

by Rubinstein et al . , and deduced a mleOJlar weight of :SS x 106 • 
In c:mtrast, s20 w measured for intaet single strands of ea 11� by 

l lt7 ' 
Dlvisan led him to deduce a molecular weight of 30 x 106 , although 

this estimate JJJSt have been subj ect to erron in measuring the COI'l· 

centratian of lntaet strands . 
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lltl l ltlt 
Zone sedlmentati<m • has cmsi:lenble ;advantages over bcundaty 

aedimentaticm fOT the charac:teri.saticn of his-'t molecular weight INA. 

'Dle fOl'!ler method is l.Ms susceptible to artifacts ceused by con.vective 
1 a.e 1 a.t no 

disturbances , 00 ccnamtl"atim and rotor speed ' ' • The method 
99 

d8veloped by 1lt.n'gi and Hershey , in midi INA mlemles are sedimented 

thrc:ugh prefonnad JUCrOse gradients , waa used in the present study . In 
5-zot sucrose gradients at 5·10°C the distance D travelled by a sedi

�ting species is very nearly proportional to its sedimentatim co--
10 1  

efficient at infinite dilutim • The 1"&tio of the d.istmc.es two 

HdimentiDS spedes have tnnrelled can be determined more reprodud.bly 
thm dle distance one has tt'IIVelled, 10 two species labellad with 
dllftm.mt isotopes are UIUally sedimented in 1he ,.. tube .  

In ., experl.Jienu ,  aixtures of �labelled T7 mA eel 32P-labelled 
a IHA wens sedlmented tC)ptber (figure 4) aftd the 1a0lecular weisht and 

..a.nta'tiCil coefficient of • l'NA c:alculated fl"Cft the ntio of the 

clistanc:es D trllVellod by the two spedes using the relationship 

Da/D1 • Sa/81 • <Mt/M.tte � die value of tM exponerlt • was taken to 



F igure 4 .  Measurement of the Molecular Weight of Native Alpha INA 

by Z one Sedimentation . 

A mixture of 3 2
P- labe l led a DNA (0 . 5  �g . )  and 3H - label led T7 

DNA (0 . 3  �g . )  was layered onto a neutral sucros e grad ient conta ining 

1 M NaCl , 0 . 02 M tris /HCl buffer pH 8 . 0 ,  and sedimented for 6 h .  

at 35 , 000 r . p .m .  The radioact ivi ty in each 3- drop f racti on was 

assay(·d by counting on paper in toluene s c inti l l ator f luid . 

o-o- 3 H ,  e e 32 P,. 

U) 
� 10°/o 
::> 
0 
U 5 °/o 
Q. 

N ('t) 
5 0  100 I SO 

D R O P N U M B E R  

cJ) 
20°/o� 

::> 
0 1 0°/o U 
:I: ('t) 



tt 1 �-
be O.lS as found by Burgi end Henhey ed c:ellfbmed by Studier • 

The values obtained for Dt/Dt in two indepeftdfmt experiments were 

1 .098 t .020 and 1 .097 t .020. Taking so m v for T7 IHA to be 

p.42 

· �- . 
32 t o. 8 , so 20 w for u INA was calculated to be 35 .1  t o. 9 in close , 9 1  
agreaaent with the result of Cotdes • Taking 1he moleOllat' weight of 

'17 mA to be 25 x 106, by collation of the resu1 ts of Studier based cm 

zcme sedimentation of the native , alkaline , and neutt'al denatured 
· �� 1 5 1  

forms of T7 INA , the results of Abelsan and others based on zone 

sedimentrticm. eleetrm rd.crosc:gpy, md autoradiography , and the results 
1 52 

of Richat'dscm based OD em- labelling , the molecular wight of Cl 

INA was calculated to be 32 .9 x 106
• 

There should be little difficulty in preparing INA of this size 
100  l U  

�letely unbrobm. Thomu et al . ' have reported that the INA 

molecules of phages T2 ,  T3 , T7,  � , Pl and P22 c:a1 be isolated in highly 

stnmd-intact fom a jud.Jed by zme s�tation thraugb alkaline 

sucrose gradients . Similar TeSUlts for the tNA molec.ules of phages 
. ..  _ 

T2 ,  T7 and Adg wwe obtained by Studier and by Taniuwa and 
15- us Anraku • Davis• , Preifelder md Hclloway , using the critericm 

of boundaty intactness in an analytical ul traamtrifuge, fcamd IUb

stmtial ...-.unts of strmd breakag• in the mA molecules frCR several 
1 01 

bac:terlepbaps . However , in a later paper DaviscJI1 and Preifelder 

nlp01"ted better than 90\ straad intactness in 1he mA •lecules of pbaae 

l ,  md 6S-10t stnnd intactn�tss in the mA •lecules of phaae TZ. 
l it 117 Other workers • have reported flndi.Dg essentially no sttwld breakage 

in the INA 1101ealles of phages n IDCI SPPl. 
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A number of other phage mA molecules do appear to contain single

strand breaks or nid:s • These include the IMA molecules of phages 
1 51 1 St 110 1 '7 1 � 7  1 1 1 t l  

SPSO ' , PBSl , D3 , and ea ' • Cordes does not c:on·ett 

on the degree of stTand intactness in her preparatims of phage ea 
"' 

INA . but Davlscn reporud less than sot intact strands . In the 

cases of phage TS and the closely related phage PB the mA molerules 

have been shown to C'4'ltain single-strand bntab at a IUIDer of fixed 
1 51 112 111 

locatims ' ' • These breab are under genetic: al'ltrol, and 

may S81'Ve •CIIe i.mpoT'tlnt function during the phage growth cycle. 

lUring early experiments with phage ea in the present investigation 

it was found that although the INA molec:ules wre intact in the da.Jble· 

strmded form, they ex11tained many single-strand breaks as ass� by 

either zone er bounday sedimentation. In the u.perl.ments shown in 

figure 5,  no intact strands wre detected , and the mean molecular 

weight of the fragments wu only 3.6  x 106 • This J& bad been prepared 

by phel¥»1 extnJction of cmade phage cmcent:rated. frcm bacterial lysates 

by difforential centrifugiJw, and the breakage was probably clJe to 

c:mtalldnation with m endta.aelease. 1be evidence for this is that: 

(1) INA $bowing a high degree of st'J'ftDCl intactness was obt.ained 11 the 

phage was dialysed qainst IIDrA (0.001 M) prior to phenol extt'Ktis. 
EDrA is a inhibitor of the mcy nucle•• tllat require metal iou 

as co-f.cton . 
(2) HiJhly intact !HA wu obtalMd by pbeml extractlco of phage ea 

that had been purified by seleetive pt"ed.pi tat1Gn w1 tb polyethylene 

glycol. rus method ru.stirwly gave prepanticxls of ft lJfA <artaiD:lna 
45-SSt intact atrandl . 



Figure 5 .  Zone Sedimentat i on and Boundary Sedimenta t i on 

of Nicked Alpha DNA . 

(a)  A solut i on of a INA in 0 . 01 x SSC was heat- denatu red 

( 5  minutes at 100° , fo l l owed by rap id coo l ing)  �1d adj us ted to 

1 x SSC and 20 �g/ml . A 1 . 8  ml . por tion was tr� ferred by 

grav i ty flow through a No . 2 2  syringe needle into a 30 nun . 

u l t racentrifuge ce ll , and sedimented at a rotor speed of 3 7 , 020 

r . p . m .  Ul traviolet photographs were taken a t  8 m inute intervals 

and s canned wi th a Joyce- Loeb 1 record i ng microdens i tomete r .  

(a) 

0 
• 
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! : igure 5 .  Zone Sed imentat i on and Bounda n· Sed i men t a t i on 

o f  N i cked A lpha 11\A . 

- 7  
( b )  0 . 5  t.. g .  por t i ons of a p repara t i on o f  _., _ ! ' - l abe l l ed ,\ 

m-Lo\ pn , CXX) J . p . m . / 1-1 g )  \\'e re l ayered onto g rad i en ts of neu t ra l  

suc rose ( con t a i n i ng 2 �I NaC l , 0 . 05 t r i s /I !C l  hu f fer p l l  7 . 4 ) �mJ 

a l kal i ne suc rose ( cont a i n i ng 0 . 1 �� NaOI I ,  0 . 9 M :\aCI ) ,  �md 

s cd iment ed for 4 h .  a t  35 , CX)()  r . p . m .  4 - J rop fract i ons \\·e re dr i ed 

onto a l wn i ni wn p l ache t tes and assayed for rad i oact i vi ty us i ng a 

Beckman Low - Bct n proport i ona l  counte r .  
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Routine assays fot' l'NA intactnDss by bwndary nediaentation nft 

sluMn in f'i�re 6 .  Native a 00 anve vary sharp ha..G'"cadaries "1.th no 

detectable hreaknge, but m sedhoontatioo in albline solutlm sub· 

stantial amounts of trail.ini etaterial were obsel'V'ed &le to breakage 

of siJWle strands. 'the anount of trailing material cruld be assayed 
with a rept'Oducibili ty of within t St , and was mt increased by stand

ing the IJ'.lA in alkal.!Jw solutim for several hours prlor to sedincmta

ticn. 

p .44 

1bese strand breaks were mt found to occur at any fixod distance 

fran the ems of the a mA molecule , since no shal"ply-defined frap���nt 

sizes were fClJnd by zone sedimentatim. Thus a mA does not resemble 

the nicked tNA of phap TS , ldrl.ch gives fcur d!•tinct sedimenting 

zones of strand fragments . Since the two c.omplementaty stral'1id.s (L and 

H) of the a rNA 1110locule can be separated by centrl.fuging to equillbriUIIl 

in density gndients of caesillll chloride , it was possible to measure 

the disttibuticn of str111d breaks betwen the two strands . If breaks 

were uinly in one strand , the peak of intact strands isolated by ICilfJ 

sedhlentation of denattJred cs INA through neutral suctoSe gndien.ts 

should be enriched for the less-nldced strand. A double-label ratio 

experlment was carried out, in Wich llp ... labelled intact strands iso

lated by preparative suerose gftldlent sedime.ntatim (figure 7(a)) wen 

cmtrifupd. in a eusi• chloride deatity gndlent with 37-llbelled 
unfnctianat.ed strands . Prefcmntial nictiJW of aae strand should 

have been reflecWd in a hi� thin average 1'P13Zr ratio .. As shown 
in fl&UJ"' 7(b) , no sudl prefenmc:e was deteeted. 'lhe actual dlstrl· 



Figure 6 .  Rout i ne Ass ays for rnA Intactness by Boundary Sed imentat ion.  

a INA at  25 IJg/m l . was assayed for i ntactness i n  (a)  1 M NaC 1 , 

0 . 001 M tris/HC 1 buffer pH 8 . 0  (b) 0 . 1  M NaOO , 0 . 9  �1 NaCl , as 

described i n  ��thods . Sedimentat ion was at 3 7 ,020 r . p .m .  Photos 

were scanned wi th a Joyce- Loeb 1  recording microdens i tcrneter . 

(a) 

(b) 
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F igure 7 .  The Di s tribut ion of Strand Breakage Between the 

H and L Strands of Phage Alpha DNA . 

(a) 
32

P- labe l led intact st rands of a INA were prepared by 

sane sedimentation of alkal i - denatured DNA ( 3 . 5 �g . )  through a 
neutral sucrose gradient ( contai ning 2 �1 NaCl , 0 . 05 r-1 trls/1-!Cl 

buffer pH 7 . 4) for 3 h .  at 3 8 ,CXX) r . p . m .  Fractions 6 - 7  were 

taken as the peak of i ntact strands . 
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Figure 7 .  The Dis tribu tion of S trand Breakage Between the 

H and L Strands of Phage Alpha �A. 

(b) Dialysed 
32

P- labelled intact s trands from (a) were 

combi ned wi th un- fractionated 
33

P- label led a DNA (3 . 2 � g . ) 

and the coo�lementary s trands separated by CsCl gradient centri 

fug ing of  the polyG complexes as described in Methods . The 

33
P;

32
P rat io for each 5 - drop fraction was measured by counting 

on paper in to luene s cint i l lator fluid . -()-()- 33
P , tt tt 32

r ,  

� 33
r;

3 2
P percentage ratio . 
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butiaDs of radioactivity were! :Slp, so • .tt L stnlnd , 49 .6\ H stnnd ; 

32P; 47 . st L stt·and, sz. s� H strand. Th.ese are c�atible with a 

sUaht (55: 45) pnrlenmo. for nicldng of the L strand. but are within 

nnge of the likely experimental error f1'Cift a SO: 9l distribution. It 

was concluded that the location of single-strand breftb in such 
prepn.ratioruJ of o INA is essentially rmdom. 

The origin of such rst&.n brealcage is oMan"e . '1\m possibilities 

wre ccnsidered: that either a 00 !llJSt be padcaged in a nic:bd 

p.4S 

(or alkali.-l.abile) state inside the phage particles , '" that the b!'eab 

-..t be caused during phenol reloaae of the IJ.IA by endonuclease action. 

Pher..ol extraction must result in the eventual denaturation ar 1'eiiiOVal 

of any endonuclea:ses , since it was found that purified. a l'NA could be 

stored at 2- 5° for several days without further stnnd bl'8abge. 
A direct atteq)t was made to •teet endonuclease a�vt ty in a 

phage prepara�ms by lnoj)ating small aromts of largely stnnd-intact 

32p-labelled INA from phage � bzbs (a gift from Mr. Bani.e J. Carter) 

with concentrated phage a prepa1'4KJ by �elective pred.pitation vith PEG 
followed by centrllugi� in a c:aesU. chloride �lty gndient . 11le 

result, shown m figure a_  vat that most of the l mA ....u.ct strand

int.aet even after pt'Olmged lncubat!Gft vi th el ther intact phage a or 
OSSI)tie&lly-lys-' phage o .  '!h1s showed that such • phage preperatiGRS 

wre not amtadnat.ed with • exb IMOUI ealamad.ease active under the 

CIOfttllticu of this a.perl.ment, but did not ellat.Mte the possibility 

that an en&muclease might tom an l� �t of tt. phaa
\)&l"ttele, strr:e such a �t ldfJI\t not be nlnted by the Uldted 
cllmaptl• leiUlt.ina fma a•ade 17*ls . 



fipn 8.  %one Sedimenta�CXl of Phage t..bda tNA After Incubati� 

With Intact and Osmotic:a11y-1� Alpha phaae. 

Pbqe a prepared by aelective pred.pitatim with PEG was further 

purified by preparative CsC1 gradient centrifuging (12 h .  at 36 ,<m 

r.p .m. , initial density of mixture 1 . 47 g/111.) . A portim was lysed 

by rapid ZO..fold diluticn into H2o , and both lysed and intact phage 

were dialysed overnight at 2-5° against o.s M NaCl . 0.01 M phosphate 

buffer pH 1 .o . After dilution to a concentratlm equivalent to 1011 

p.f.u./ml . , 0.2 ml .  portims of both lysed and intact phago were in
cubated for 12 h .  at 3-f' with 0.6 Wtt>les of MgS04 and O.S  �g. of 

32p- 1abe11ed INA prepared by phem1 extraction of phage A btbs . 
After phem1 extraction and dialysis against 0.1 M NaCl , 0.001 H 
EDTA , 0 .01 M trls/HCl hlffer pH a.o, o.os ml .  portioos of each 

bx:ubation mixture were sedimental throogb alkaline sucrose gradients 

for 4 h .  at 38 ,cxn r .p .m. lO•drop fracticms were assayed for 

radioactivity by Cerenkov CX1Ufl1:ing. 

(a) Incubation mixture c::antaining intact a }:ilage. 

(b) Incubatim mixture eontaining lywed a phage . 
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Figure 8 .  Zone Sedimentation o f  Phage Lambda ]1>;A 

After Incuba tion wi th Intact and Osmotical ly- lysed 

Alpha Phage . 
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CklfJ neces.srny ronleqttonce of the nndnnuel�ue hypotbe!� b t.'tnt 
it �hculd M poss1.ble to ehrm� �i! e�nt of. stl't'lnd br91k.W. by 
chnnglf\! the CO'l\fU. tian! duri� -phfi!Ml release of the mA. Two support .. 
1ng mselVStims Wl'a ll18tie: 
(1) It W!S found ftl?eatEKfly that by dial.ysi115 the phage BUSpenSims 

agtdnst 0.01 M Tris/fl':l buffar t2f s .. o ennttdning O.S M NaCl and 0.001 

M SDOC ,  and dlilling to 2· 5° prior to pheml cxtraction , the fractim 
of intaet •trands in the mA d>tidned frm portions of the ,,.. • 

phage p�ntim ea.tld be increased :!'Tan 4S· SS� to 70-7St . f!!JrA was 
not an o:ffective sub8t.itute fcrr snoc ,  and the high ss�.t Cf:l'leentntim 
was essential . 1-bwwer J no further itr.Tease in �o strand-int.�s 
c1. c: !NA ws achieved hy increMing �.e SDOC �tr.ation to 0.01 M, 
by including the �1 c:hels.� agentJ5 tl•hydTaleyquimllne md 
dibenmylmethane st 1t cmCJenttation in the ]'Jhen.ol layer, by anyi.J!I 
aut the first phenol extTacticm with SO: SO pheno1/0tcl.3 ,  or by heat
shocking the dialysed phage (1 mi111te at trd') imediately prlor to 
phenol e:rtrac:tion. �mentation ttJtlllysi,; of a prep;matim of cs mA 

cmttdning 75t inuet strands is shown in figure 9 ( ta) ,. 'the ettimate 
of intact stl'arlds vu rot altered when the tNA wu sedbllented in the 

neutt'a1 denatured form after standi� veTy brlefly (1-% mtmtes) in 
alkali (Plgure 9 (b) • ) • 

(2) A correlation wat fCU'Id MW�a the taaperature of the tint 

pheftol extuetion md the stmnd·intaetness of the tWUltaDt rHA. 1he 

results of two i� �ts ,..,.. �lnld in ft� 10. 

Al thouah each ex.perl.JNnt t3bn sepantely wes lncolldustve ,  theft 
appeared to be m CMrr&1l t:nll4 towmls •re st'I'Bi bnakqe at h1Jber 



0 
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Figure 9 .  Boondary Sedimentation of Denatured a INA 

Showing 75% Strand Intactness .  

(a) Denatured a r:NA in 0 . 1 M NaOO , 0 . 9  M NaCl . Rotor speeu 

37 ,020 r . p .m .  Ultraviolet photographs taken a t  8 minute intervals 

and s canned with a Joyce- Loeb l recording microdens i tometer . 

(b) Denatured a r:NA i n  0 . 12 M phosphate buffer pH 7 . 4 . 

Rotor speed 2 5 ,9 80  r . p .m .  Ultrav iolet photographs taken at 4 

minute i ntervals . 

t 
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J, 

(a) (b) 
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F igure 10 . Strand- intactness and the Temperature of 

Phenol Extracti on .  

Phage a was prepared by t\vo cyc les o f  select ive PEG precipi -

tation fol lowed by dialys is agains t 0 . 5 M NaCl , 0 . 001 M SDDC , 

0 . 01 M tris/HCl buffer pH 8 . 0 .  Smal l  portions of concentrated phage 

were al lowed to equi l ibrate at the tempe ratures shown , then gently 

shaken w i th portions of warmed or cooled borate-buffered phenol 

and al lowed to stand at the appropriate temperatures for 10 minutes . 

After separation of the layers by centr i fugi ng , each aqueous layer 

was re- extracted once w i th buffered phenol at room temperature , 

dialysed agains t 0 . 1  M NaCl , 0 . 00 1  M EDTA , 0 . 01 M tris/HCl buffer 

pH 8 . 0  at 2 - 5° ,  and ass ayed for s trand- intactness by boondary sed i -

mentation i n  0 . 1  M NaOH , 0 . 9  M NaCl . 
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temperatures . In a control experiment to test the possibility that 

breakage w·as caused by eX!.)O!ure to phenol ,  a preparation of purified 
11 INA containing 67· 711 intact str811ds (blo estimates gave the same 

range) was twice re-extracted with phenol at "50° . After dialysis , 
the INA was found to contain the ssme fraction of intact strands 

(69-72\) . 

p . 47 



Separation of the Ca!!>lfll!!!t!!y Strlmds of Alpha DfA 

to t t  Conies • separa1ed the c:aapleaent:ary purine-rich (L) and pyri-

p.48 

midine-rich (H) stnmdl of the • 00 moleaale by MAK chl'QI&togrllilY at 

pfl 6 .8, ust.na a W>dificatian of the steprise elutim method of Sueoka 
1 6 1  

md OleqJ • Heat-denatured ea INA was applied to the col\Baa at a 
salt concentratic:m. (0. 85 M SP) suftid.ent to CXJIIt)letely elute the L 

strmds . Aft#r rinsi� with the •- buffer, pure H stnmds were 

eluted with .&mate yields (sot) by 1 .0 M SP. 1be ClCJq)lementuy 

nature of the L and H strand preparatims was proven by measunment of 

their b,.. .. CDIIpQiit.ials (table 4.)  and by their ability to re-associate 

in mixtures , but not separately , to give native u INA as judged by 

both buoyamt density and hypeTchradcity •asurements . The extent of 

cmtatdnatim of each strand fraction with CCIIq)�taTY strands was 
tl 

•timated to be D>t greater than lOt • 

Au'rislcddo et al. also fraeticmated heat-denatured ea INA by MAK 

chraaltognpby at pH 7.9 ,  but found their method suitable only for 
92 

preparaticm of the L stnmds • 

lUring tbe iJdtlal stages of this project, cansldenble diffi

culties were experieneed w1 th the •thod of Cordes ,  owlna to Ill appatwnt 

lac:1c of NpJOductbllity in the salt CCJDC:altratiens nquirecl to eluU 

dt.e L and H strands . Similar probl- with MU: chn.atoarapby luMt been 
. ... lOtt 

eneeuatentd by other 8ft1UP1 • • la 1Dtaresd.Da .ocliftcatt.m of the 
l Oit 

•thod was �U�PSted by the results of � , who folmd that hlah 

1"8CCJVeeies and NpJOductble fnctlcu.tiaas of deftatund PMawoeocal 

mA a.u1d he addw.d by salt l'flldlent elutim of MAl cohlms at 5-6°. 



Table 4 .  Base-CCJI!?2!1 ti.CJ\1 of the S!J>!rated H md t St1'ands 
of Alp� INA• 

Base-canpositian data roQllculated frau Cordes as mean ! standard 

ettor. Number of observatiOllS : L strand, U ;  H strand 4.  

t G ' c t A t T 
------------.�--------.------·----.---- --- --.----------.---
L strand 23.3 • l.Z 21.3 • 0.3 JO.O • 0. 1 25 .4 � 1 . 2  44.6 • 1.5  

H strand + + 
lt .9 - 1 .0 24.2 - o. s + + 

24 .0 - 1.4  32 . 1  - 1.9  
+ 44 . 1  • l . S  



IUring the pnsent study, this observatlca was eaofil'lltld for 1:be 
c:hranatoiJ'IIPhy of � ea IHA. a. of MVeral s1m11ar lepar&tiClOS 

is shown in figure 11 . It was found that early fractions frs such 

eo� wen anatly enriched (90-loot) far L stnmdl , as usayed by 

CsCl gradient cattrlfugins (figure lZ.) . Later fraetions were en

riched (60· tw)t) for H strands . but wen always s1gnlf1eantly cont.! .. 

nated with L strands • Total recoverle1 of denatut-.d IHA rqecl fJaD 

9()..1oot . HoiMver, a�ts to sc:ale up such col.unms for the fractian• 

atim of milligrsR quantities of deat:ured a INA resulted in poor 

J'eCI:Weries (3()..50t) and mediocre separations ,  pe1'baps due to uneven 

flc:w th'rougb the c:olurlns . 
It has been claimed that the problea of tl'aillng of peab during 

MAl c:braaatograpby of denatured INA can be c:wercome by intenupted 
liS 

gradient elution , but this result vas mt cmfl1'1!118d in the present 

p.49 

work. An lntenupted gradient experiment is shown in figure 13 . Al· 

tbQagh the first pealt centaiMd 90t L stnnds , 1be second peak, eluted 

by nuaing the salt gra4ient , was cmly slightly enriched (60t) far 
H strlnds . 

Bllricbed stnnd prepantions wen freed of c:cmpl...may stnn.ds 

by Mlf·� foU-.4 by cbralatDJnphy on col\au of hydrmc:y

lapattte. Ill orc1er to aYOid the hydrolytic strmd breakage that an 

ftlldt fr. p1'01clqe4 �aU.cma at 60-'ld', aruwaliftl wu canied 

out at o-sO ln 30t (Y/Y) f'oJudde using the talt cmceatratlcm 
... 

IUIPS1*I by BGnner et al. Hydmxylalpatite clu'alatop'llphy, a 
l tl lt7 particula1'1y useful •t:hod far the fnctionatiG'l of polyJucleotides • 

.,.. UNd. to INCMt dod)t..-stnllde4 t:ftA aft. self·.....U.SW· A 



Figure 1 1 .  Gradient E lution �� Chromatograph� 
Denatured Alpha INA. 

Alka l i - denatured a DNA (530 � g . ) was fractionated by salt  gradient 

e lution from a 3 cm .  x 1 cm. diameter �� column at 2 - 5° , as described 

in Methods . 7 -ml . fractions were assayed for lliA by ultraviolet  ab -

sorption measurements at 260 m� ; and fractions 9 ,  1 1 , 13 and 1 5  were 

as s ayed for H and L strand content by CsCl gradient centri fug j ng .  

(a)  Elution profi le of tota l denatured INA . (-) , 260 m� absorbance ; 

(- - - ) ,  NaC l concentration . (b ) Deduced e lution profi les for the 

complementary strands . (00) , L s trands ; CH) , H strands ; ( - - - ) ,  

NaCl concentratj on .  
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Figure 1 2 . CsCl Gradient Centr i fuging of 

Fractions fran t.tAK Co1LUI1Il Otranatography . 

0 . 1 -0 . 2  ml . al iquots from frac t ions 9 ,  1 1 , 13 and 1 5  from 

figure 1 1 .  were centrifuged for 16- 18  h .  at 4 4 , 7 70 r . p . m .  in 

CsCl dens i ty gradients , and ultraviolet photographs scanned with 

a Joyce- Loeb l recording microdens i tometer. Strand content was 

es timated from the relative he ight of the peaks (shoulders ) of 
0 

H and L .  Dens ity marker is native a DNA (p = 1 . 705 g/ml . )  
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(1 1) 
4 0°/o H 
6 00/o L 

B U OYA N T 

1 ·70 5 

DE N S I T Y 

Q 3) 7 3 o/o H 
2 7o/o L 

• 

a 
• 

0 



Figure 13 . MAK Olromatography of Denatured Alpha Il'JA 

by Interrupted Gradient Elution. 

32P- labe l led , alka l i -denatured a DNA (1 . 5  mg . )  in 0 . 6  M NaCl , 

0 . 12 �1 phosphate buffer pH 7 .  4 ,  was pwnped 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 wi th an 800 ml . 

linear salt gradi ent ( - - - - ) formed from two flas ks containing 

0 .  6 �1 SP and 1 .  0 M SP . Ultravio let absorption was moni tored 

cont inuous ly us ing an I SCO eluent scanne r .  When the 260 m� 

absorbance of the e luent had reached approximately 0 . 1 ,  the salt  

gradient was interrupted , and elution continued out at  a constant 

salt concentration unt i l  the absorbance of the eluent had returned 

to less than 0 . 03 . 

Sal t  Gradient elution was then resumed . Radioactivity was est i -

mated i n  20-ml . fractions by Cerenkov counting . Pool ing of frac tions 

for strand ass ay :  L s trand , 14 - 17 ;  H s trand ,  2 3- 30 .  
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PitmN 14 . �!!Patlte Cb.TOMt9jrap& of a 

Self-�le-� L Stt:md Fract'an of AIP!a 00. 

A 90 .,.g. sample of 32P-labelled a mA L strands , prepared by 

MAK cbranatography, was self-annealed at 9 ug ./ml . in 30t {v/v) 

fol'll.aide for l6 h . .  dialysed against 0. 12 M phosphate buffer pH 7 .o 

containing O.l M NaCl , and loaded cmto a 6 a�. x 1 an. dianeter 

column of hydroxylapatite. After rinsing with 10 ml. of the same 

buffer, the eol1.1m1 was eluted (f101-rate 2 ml./mimte) with a 30 ml . 
gradient of increasing phosphate buffer c:oncentratim ( - - - - ) 

follCMed by 20 ml. of finishing buffer. 2 . 5  ml . and S ml. fractims 

wre assayed for radioactivity by Cerenkov counting . ns • double

stranded I."NA ,  SS • single-stranded rNA .  Total reccvery of applied 
radioactivity was 92\ . 



Figure 1 4 .  Hydroxylapatite Chromatography of a 

Self-annealed L Strand Fract ion of Alpha DNA .  



Figure 15 . Zone Sedimentation of H and L Strands of 

Alpha DNA Prepared by Column Chromatography. 

H and L strands of Cl INA were p repared by MAK chramatography 

followed by self- annealing and hydroxylapatite chramatography as 

described in �thods . 2 - 3 \Jg . portions of (a) , L strands ; and 

(b) , H s trands ; were layered onto alkal ine 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 pos ition expected for a sediment ing zone of 

intact s trands in each gradient . 
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typical separaticn is shown in ftgu:re 14. Alpha L strmds prepared in 

this way cattained no H strands detecUble by CsCl ghdient eentri· 

fuging in m lft&lytical ultrac:amifu; • A seecrtd cycle of self· 

mnealing followed by hyd'roxylapati te ch!OI'IUltography gave less than 

2\ double-stranded INA, showing that 'the cmamtration of eompla.mtary 

stnmds had been reduced to less tJum lt . 

This general stntegy for the separaticm of the a mA caaple

mentary strands was used in several preliminary experilaents ,  but 
remained unsatisfactory in two respects :  

(1) Preparation of H strands �letely free frail L stnnds 

required tw sucxessive cycles of self-anealing and bydroxylapatite 

chronatognphy and gave cmy low recoveries (S·lot) . 

(2) Both L strarld and H strand preparaticms consisted mainly of 

half· and quarter-length fragments (figure 15) . Stnmd breakage HfiD8d 

to be a consequence of colum dm:lllatogTaphy of the high molecular 

weiaht separated stnmds . In view of the possiblllty, later c:alf11med, 
of intra .. ·stTand hetel'Ogelleity in base-�iticn, such preparations 

CXJUl.d not be assumed fully to represent the sequences found in the 

intact C::CJI!)lementary strands of a INA. 
lll!mity gndient catt1.fu,gt.Dg p'I'OVided an ebvlcus altemative 

•t1'abt�Y" 'n1e difference in luaymt -.ity 'betwen the H and L 
•• •• 

stnats in neutral CsCl, o.ooa a/Ill. ' , ttoe. not allw m efficient 
separaticll by a slDJ1 eycte of pnparative u1 traeelltrlfL1aing. However, 

sia:e the ujor dllfenmce in bue coraposltiCil between the two strmds 

u .. in the distribution of .-w. 8lld thyld.m (tlble 4.) , a anatly 
enb.an.cM luaymt auity difference lhod14 be obta:lne4 by c:aaplexlna 
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the nnads with meTCllric tau� and c:entrifugina in neutral Cla&\ . 
1 12 1lds procedure, denloped by Dsvidscm et al. , depems en the 

selective COIIIplexi• of •rcurlc icn by tbyndne moi ties at ]it t .  

It was in fact found that under optimal C'Onditims the huoyant density 

dlfferenaa betwetn the H eel L strmds of a INA Ollll.d be incntued to 

at least 0.025 1/ml. (figuT"e 16) . However. the mercury-binding method 
vas fcund to lhDw an inc:Glwnient susceptibility to interference by 

traa1s of EDI'A 8ftd other anions capable of forming men:uric �lexel 

and ccnsequently wu not further explored. 

ltn increasingly widely-used method for fractimating denatm'ed 

lW. depends on the ability to form specific �lexea with a variety 

of synthetic polyribmucleotides . These e�lexH are stable in con

centrated CsCl solutims , and can induce buoyant density differences 

between the cmplementary strands in a wide ranae of mA molecules 
21 16 1 7 2 8  21 10 2& 

• • • • • • Sheldr.l.clt and Szybalski have 1eportod that 'the 

natural buoyant density differences betwen the CClq)l.elentary INA 

stnm.ds fCUld in several Badllus phages . including phage • •  aD\ be 

emmc:ed by caaplexing the strands with polyrlbogu.ayllc acid (polyG) 

or the related m-polymer polyiG. PolyG-biaiing has been allbined 
1 17 

with CsCl J1'1dlent centr!.fusing in fixed mgle rotor1 for the 

separaticm of COJJpleRentuy strands fma the IMA moleeules of phages 
17 lt l it 

A , T7 and SPPl • A aildlar Mthoct uauw a diffmmt polyribo-

Nid.eotide has been used to aepante the caap'--ntary st:rllnltl fna 
u e  

1he INA 110lealles of phap T2 • 

In the present study, ••ent!ally the •- •thod was used to 

separate the H md L 1tnradl of 1M IHA of phap • .  1be increue4 



Figure 16 . Cs 2 S04 Densi ty Gradient Centrifuging 

of �lerruric Canplexes of Denatured A lpha INA. 

2 �g . port ions of a DNA were centri fuged to equ i l ibrium in 
+ +  

Cs2 S04 dens i ty gradients containing mercuric ions (Hg ) at rf = 0 . 3 .  

(a)  Native a DNA , ini t i a l  dens ity of Cs2S04 (at 25°) = 1 . 54 g/m l .  

(b )  Heat-denatured a DNA ,  mean mo leru lar weight 3 . 5 x 10
6 , in i t ial  

dens i ty = 1 . 59 g/ml . (c)  Heat-denatured a DNA , 10- 20% strand-

intact , initial dens i ty = 1 . 59 g/ml . Ultraviolet photographs were 

scanned wi th a Joyce- Loeb l recording microdens i tomet er . 
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F igure 1 7 . Effect of PolyG on the Buoyant Dens i ty 

of Denatured Alpha n�. 

1 - 4  � g .  portions of denatured a DNA were c entr i fuged to equi l i -

brium i n  CsCl dens i ty g radi ents . The dens i ty marker i s  native 
r. 

a DNA (p - = 1 . 705 g/ml . ) . Ultraviolet photographs were scanned w i th  

a Joyce- Loeb l  recording m icrodens itometer . ( a )  N o  PolyG , (h) PolyG/ 

ll'JA = 1/4 . 

1 · 7 0 5  

(a) 

• 
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density tepantim of strands resulting fml polyG binding is shown 

in figure 17 . When lcw 00 cmcentraticm (less than SO llSt • IMA/ml.)  

wore UMd cluri.Jw for.ftatim of 1he INA-polyG ca11plexeta , the H lftd L 
strands were c:lemly separated, with less than St c:ross-c:mtalrd.nation. 

'n1e use of higher 1NA eoneentratims (up to ISO ug/ml . )  ftiiUlted in 

the fomatim of a variable fraction of �lexes cmtabdng both H 

and L strtllds , reducing the efficiency of the separaticm. 

p.S2 

'1he separaUcn cbtained in pTeptll"ative centrifugirp is illustra

ted in figure ll(a) . Radioactive strand preparatians weft assayed for 

a���pleNntaty stt'a'lds by nt·eentrlfuging in the presence of lidded ncn

ndioac:tive a INA md polyG 11  a procedure found to be 1101'0 sensitive 

thm analytical ultraeentrifuging met less laborious than self-anneal

ing followed by hydTc:aylapati te chranatognphy. � such assay is 
sham in figuTe lS(b) . 'the acx:u1'&ey of this JMrthod was established by 

an experiment (figure 18(c) . ) 1n ..mid\ a ZU CG'IIp<Nnt of L strands 

was added to a preparation plWi.OOJly c:ant:aining 9St H strands . Re

centrifuging gave estimates of 2S. !t  me! 23. 1t (two experiments) for 
the L strmd cmtent of the mixture. 

When full pTeC&lticm wen t.abll to Jld.JWdse shear dlaap ���� 
handling of tJte separated stl'aDds , 30-!m stJ'IDd-intactDesa was uln

tained eve after two cycles of CsCl gradient cetrltug� (figure 19) . 



Figure 18. Separation and Assay of Po1yG Cootplexes 

of the H and L s trands of Alpha INA 

by Preparative CsC1 Gradient Centrifuging. 

(a) 50 ll& · of a INA was canp1exed , by alkali-denaturation and 

re-neutralisation , with 12 . 5  pg . of Po1yG. H and L strand po1yG 

canp1exes were separated by centrifuging for 12 h .  at 3 8 ,(X)() r . p .m .  

in a CsCl density gradient wi th  a pre-fonned concentration step . 

5-drop fractions were assayed for 
32

P radioactivity by Cerenkov 

counting. 
(b) 32

P- labelled INA pooled fran the shaded L strand fractions 

of (a) was freed of CsCl by dialys is against 0 . 01 M tris/HCl pH 8 . 0 ,  

o .cxn M EUI'A; and concentrated by dialysis agains t solid sucrose . 

A 20 pg . portion was combined with non-radioactive a rnA and polyG 

(polyG/INA = 1/4) , alkali- denatured and reneutralised , and centri

fuged as in (a) • 

The H strand content was estimated from the 32p radioactivity in 

fractions S-9 as 3 . 8% .  

(c) The assay method described in (b) was tested by adding a 

2U (by radioactivity) canponent of 32P- labelled L strands to a 

preparation of 32P- labelled H strands whose purity had previrusly 

been estimated as 9S' . (0-0) , distribution of 32P radioactivity; 

c•-•> • estimated di.strlrution of 32P- labelled L strand. Result 

described in text . 



Figure 18.  Separat ion and Assay of PolyG Complexes of 

the H and L Strands of Alpha rnA 

by Preparative CsCl  Gradient Centri fuging. 
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Figure 19 . Zone Sedimentation of H and L Strands of Alpha rnA 

Prepared by CsC l  Gradient Centri fuging. 

33
P- labe lled H strands and 

32
P- labe l led L strands of a DNA 

were prepared by two success ive cyc les of CsCl gradient centrifuging , 

as described i n  the legend of figure 2 5 .  

A mixture of the two species was dialysed agains t  0 . 01 M tris/ 

HCl buffer pH 8 . 0 containing 0 . 001 M EDTA. A 1 . 0 lJg . port ion of 

this mixture was layered onto an alkal ine sucrose gradient and 

sedimented for 3 . 5  h .  at 38 ,000 r . p . m . ;  5 -drop fractions were assayed 

f 33
p d 

32
p d .  . . b . . 1 or an ra 1oact1V1ty y count1ng on paper 1n a to uene 
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The �le<:Ular . Ana� of Alpha IJI.A. 

t l  111e Tei\Jlts of Cordes suggested a rathe1' haaogenec111 di.ltrl· 

butim of base CXIIIpOSi ticn within the cs mA 110lec:ule. No hetero

geneity in buoyant density was found afteT sheariqr the native mA 

to quarter•leDgth fragments , and denat.uratitm gav-e only the two 

bands , H and L • characteristic of the intact denatured IfiA. J\Jrther 
sh.ring to eighths did not affect the buoyant den.sity of the native 

l'NA, which m denaturatim gave a single bro.d band centred round a 

density intermediate between the heavy md light strand dens! ties • 

16 '1'he results of Sheldric:Jc et al. also suggested that the 

differences between the two strands of a INA might be fairly uni
fomly distributed almg the length of the molecule. They cc:mcluded 

frcm a study of the Bacillus phages SPSO, SP82 , +ll-4 and ea that in 

p. S3 

all these species only the H strands cmtained polyG·bindina sites • 

Slight inenases in the buoyant &msitia of the L strands at high 

polyG/l:)IA ratios were attributed to ncn-speeiflc c:anplerlng. However, 

the strmds of a INA wen found to be less separated at high polyG 

c:anc:entrations than the strands of the other Bacillus phages studied. 

Cbservatians lt8de during the present work suuested a .,.... complex 

moleculu eatclrty for a l'HA. As shown in fil'tJ'8 20. , the buoyat 

densi� of the L strand vu fmmd to be aipif!CMtly inaeued in tbe 

� of  polyG. At suitably high pol� ratioe , both L and  H 

stnllda wn carried Cllllpletely aatside the \SUal deDsi ty nap. 

�. when tbe polyG-IJfA CCJ��tlexes wn fONed at blab lNA 
coneenttad.t'lll (100-150 taalml•> • a disd.Dr:t third bat was saaett.s 
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Figure 20 . Analytical CsCl Gradient Centrifuging of 

Denatured Alpha DNA - PolyG Complexes . 

1 - 4  � g .  porti ons of denatured a DNA (55%  strand intact)  were 

centri fuged to equi librium in CsCl gradients . The densi ty marker 
0 

is native a DNA (p = 1 . 705 g/ml . ) . Ultraviolet photographs were 

scanned wi th a Joyce- Loeb l recording mi crodens itometer . (a) No 

polyG . (b) PolyG/DNA = 1/4 , complexes formed at 20 � g .  UNA/m1 . 

(c) Po1yG/DNA = 1/4 , complexes formed at 1 20 �g . DNA/m1 . (d) 

Po1yG/DNA = 8/ 1 .  
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Figure 2 1 .  CsCl  Gradient Centri fuging of the ''Third Band" 

of Denatured Alpha DNA in  the Presence of PolyG. 

(a) 32P- label led a DNA was complexed with polyG (polyG/DNA 

1/4) at a DNA concentration of 120 �g/ml . ,  and a portion centr i -

fuged i n  a CsC l  gradient (40 h .  a t  36 ,000 r . p .m . ) to separate the 

two strands . 5 -drop fractions were assayed for radioactivi ty by 

Cerenkov counting .  (b )  Central fract ions from (a) were freed of 

CsCl by dialys is , re- complexed wi th polyG and non- radioactive a 

DNA at a DNA concentration of 30 �g/ml . ,  and centrifuged in a CsCl 
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suggesting the Jm5Sibilit.y nf CO!t'plexM: ecmta� both stnnds hold 

togcrt..\c� by P"lyG. 
!n r.upport of this interprettition , when thl.s mlddle b:md wtl_t; 

isolated fron l!l pnrparath� O;Cl r,rndient md nt·emitrlfu�ed nfter 
di.ssod.atim and re-f'ontl!.tion of th� 'fNA-poly(; compleT-e!' at a lower 

IN.A concentration , two bmtdt were fhtai� (fi£ttre 21) . 

Those bind!� �1"irttma � carried out under eont--1 ti� in 

which tl-.e H :m.d L stTmds cnmot re-fl.'!'�iate to fom tbe double
s� molecule . It ws ht'tW'eVer n�st�a1'y to �trate thett the 
interaction of: t.be t s� with polyG did not re<!.Uire the presence 

of H strantls . In the �rl.ment sh<*n in figt1nl 22 it was frurd that 
purlfiM L atrand; , pl'f!'pRJ.'f.'d in this eae by MAJC ehl"Crnnltop,nrphy, 
�tly retained their f".'lyG-himing capad.ty. 

A lat'.e'r experiment suy,gosted tha.t the polyG bindin� •it�t!l night 

nnt b� ttnifot'!ftl.y distributed through the L strtmd. :Slp_l.abelled L 

stnlnds � heed of �lnnentmy str.,.ds by self-Al'l!'lealillf! followed by 

hy�xyl��patite chl"'ONltogr&flty, were re-centrifuged in a c:aoshn 
dtlori&t density �ent with polyG and ncn-radioac:tive intact tt and 

L stnmd marmrs .  It was frund that the 32P .. lJibelled L strands had 

p .S4 

lost ability to bind polyG (fi� 23(A) . )  ,. simultawau5ly giving riM 
to a !lft81l shoulder of heavy mA. 'Dds beaYy sluJ.l1der wu also &.tected 
by re-amtrifuging in 1he abunce of polyG (figun 23(c) .) • S2p .. J.abe11ed 

H strand preparatims , also fTeed of CDnpler!!entary stradl by .. tf
� followed .,. Jrydroxylapa+...ite d\l"'OIatogl�, W1W found �o 

give riM Qll re-eentrlfuaing to a ahGulcler of ll$lht !NA (figure 2J(b) • ) • 



Figure 2 2 .  CsCl Gradient Centri fuging of the Isolated L Strands 

of Alpha DNA in the presence of PolyG . 

L s trands of a OOA , prepared by MAK cohunn chranatography , were 

centrifuged to equi l ibrium in CsCl gradients . (a) in the absence 

of polyG . (b) after canplexing with polyG (polyG/DNA = 1/4) . 

Ultraviolet photographs were scanned with an Analytrol dens i taneter . 
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These unexpected results were taken to suggest that the purine

rich L strand might ealtain a small segment , pemaps S·lO,<XX> nucleo

tide residues , of pyrimidine-rid\ INA. If this heavy segment were 

respcnsible for polyG binding by the L strand , then fragt�Etatim of 

the L strands an storage at - 20° and during hydroxylapatite d\nDa· 

tograpby might be expected to give rise to pieces of L strand cxm

taining no polyG-binding sites . 

This interpretatim was supported by an experiment in which 32P

labelled whole a .00 was sheared to quarter-length fragments by 

repeated passages tht'Qlgh a syringe needle ,  then denatured with 

p . SS 

intact nm- radioactive u mA and polyG and centrifuged in a CsCl 

gradient. It was fOtmd that most of the sheared L strmd formed a 

sharp band at the density expected for intact L strands in the absence 

of polyG (figure Z4) . Most of the sheared H strand retained the heavy 

density , sharing that polyG-biDr!ing sites are fairly evenly distributed 

in 1'.hH strand. 

The most convincing danmstratiat of a heavy segment in the L 
strand involved a dcd> le- label experiment in which purified llp_ 
labelled H strands went mixed with purified 32P- labelled L strands . 

11rl.s lllixtun vas sham by allcaUne sucrcse gradient c:entrlfuaing 

(figute 19) to cmtain predadnantly intact strands. In a CsCl 

density gndlent the polyG caaplexes of the two strands gave sharp 

clearly-separated peaks (figure 2 (a) . ) ,  although an iru:ipient shmd.der 

vas fcamd m the heavy side of the L stnnd peak. A mixture of the 

same stnad preparatims sheared to quarter-lqth fl'ltpB8Ilts ,  centri

fuaed in a parallel CsCl gnadlent , thowed a clear shauldeT of Ught 



Plf:!re Zl., f.sO J!!dient centrifu&!pa of �ifled l2p .. ].abe�l� 

H and I •. Stratd !3!R�J.rB;tians of Al2ta mA. 

32P-labelled H strands and L stnnds of • mA wre p-repared 

by CsCl gradient centritugi� of the polyG Qlq)lexet , followed 
by self·amealing in 30t (v/v) fonu�Dide amd bydroxylapati te 

c::hranatogl"aphy, and stored at -Z<f . 0.2 "' portims weTe ccm,ined 

tdtb lOO .,g . portions of I'ICil·Tadioactive e� rNA (10t strand intact) , 
and alkali -denatured in the presenco or absence of polyG priOT to 

n-centrlfuging . 

S·dtop fractions were MSayed for radioactivity by Cerenkov 
count!� , then d!lut� with 0.4 ml .  portims of water and assayed 

for nm-raiioac:tive mA by ultraviolet absOTption measu.rements at 

260 .. .  

(a) 32,- labelled L strands , polyG/rnA • 1/4. 

(b) 32P-labelled H strands , no polyG. 

(c) l2p .. l.Abelled L strands , no polyG . 



Figure 2 3 . CsC l  Gradient Centrifuging of Purified 
32

P- label led H and L Strand Preparations of Alpha DNA .  
( o-o )  , 260 ffi\.l absorhance ; ( .. ) , 

3 2
P radioactivity . 
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Figure 24 . CsCl Gradient Centrifuging of Sheared and Unsheared 

Denatured Alpha rnA in  the Presence of PolyG. 

32
P- labelled a DNA (200 �g/ml . )  in 0. 1 M NaOH was sheared to 

approximately quarter- length fragments by ten passages through a 

No . 22 syringe needle . 4 �g . of this preparation was combined 

with 100 �g of non- radioactive a DNA (75%  s trand- i ntact) , denatured 

and re-neutralised in the presence of polyG (polyG/DNA = 1/4) , and 

centrifuged in a CsCl gradient (45  h .  at 36 ,000 r . p .m. ) ;  5- drop 

fractions were assayed for radioactivi ty and ultraviolet absorption 

as des cribed for the previous figure . 
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Figure 25 . CsCl Gradient Centrifuging of Sheared and tmsheared 

Isolated H and L Strands of Alpha INA in the Presew;e of PolyG. 

Intact H strands were prepared fran 32P·labelled a mA 

by CsCl gradient centrifuging of the polyG canplexes . After 

ccncentrating the preparation by dialysis against solid 

sucrose ,  c:ontaninating L strands were removed by a secood cycle 

of CsCl gradient centrifuging . 

Intact L strands were prepared fran 32P- labelled a INA 

by a similar procedure . 

A mixture of these two strand preparatims was canbined 

with SO ll&·  of non-radioactive a INA (SOt strand- intact) and 

denatured and re-neutralised in the presence of 15 l!g.  of 

polyG. This mixture was centrifuged for 12 h .  at 36 ,(XX) r.p.m. 

in a CsCl gradient with a prefonued cmcentration step .  7-drop 

fractions were made up to O. S ml .  with water and assayed for 

(a) 32P and 33p radioactivity , by counting in toluene/triton X-100 

sdntillator fluid , and (b) Ultraviolet absorption at 260 111\1 . 

(c) An identical experiment after the labelled strand mixture 

had been sheared to approxim.ately quarter- length fragments 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 DNA in the Presence of PolyG .  
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INA fOTDJed fl"'C! the H sttand m(! a cl�ar s;houlder of heavy !NA fol'aCI 
fror.t the L stl'md (figure 25 £�;.J ) .  

'Jhl) fotmation of a shoolder of beawy rNA fran purified intact L 

strands after shearing was also confirmed by analytical CsCl gradient 
amtrlfuging in the absence of polyG. 



Th.e logical first step in my atttapt to c:orrelate s� 

studies with the 1110locular structure of a 00 mole01le is to measure 

the ftoequeney with whic:h various separable groups of sequences occur 

in the intact INA. 

In the present study , sequences of cmsecutive pyrimidine nucleo

tides were released frcm • IJtlA by prolonged inaabatim at '!IJ0 w1 th 
lt2 

66t (v/v) formic add containing 2t (w/v) diphenylamine • Dipllertrl-
tt2 

.W. md fondc acid wen nmoved by ether extractie11 • and the 

ccnplex mixtures of oligcmuc:leotides and inoTJaniC Jisosphate wnt 

p.S1 

1 1 8 
resolved by ion-exchange ch:romatography en col\RRS of lEAE·cellulose • 

A typical separation of the ollganucleotide chain length g1'0UpS 
(isopllths) found in a diphenylamine digest of 32p·labelled c:a INA 
is shown in figuft Z6 .  lbccellent separaticns of inorganic phosphate 

and isoplitbs of chain length 1·6 were routine. Rec:hrautognphy of 

each lsopll th group to separate the olig<llUCleotide base ec:lq)Oii tlcn 

groups (tsc..rs) is illustrated by typical examples in figures 27 . 28 

an.d 29 .  

'Dle distributiOil of isopllths wu •asund in several independent 

diphenyl.W. digests of 32p-labelled c:a �. 'lhe results an presented 

1n table s .  1be variation between replicate digests vas greater than 

the libly er1ors ln 32r caunU. ad \'Otw. as�ts , but t1w 

saurce of tb1a varlatica wa not esUbllshed &.trl.Dg the present wol'k . 

1he dbtributitwl of ilotaert in each isoplith anup was .uured in 

at leat 1i'lfO dlpsts . 1he results are ••• rrbled in tlble 6 .  



f igure 2 6 . Separat ion o f  I sopl i t� 
T on - exchange Lnromatography . 

Pyr imi d i ne nuc leot ide s equences of i ncrea s i ng cha i n  lengtJ1 from a d epu rinatcd d i pheny l ami ne 

d i ges t of c a l f  thymus DNA were reso hed by i on - exchange chromatog raphy on l lE - 32 res i n , as 
des c r i bed in methods . Fl m,·- rate l S  m l /h . , 10 -m l . frac t ions . ( - - - - - ) , NaCl concentrat i on ; 

--- ) , 2<19 m;. absorbance . 
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Figure 2 7 .  Separation of Isomers of 

Otain Length 1 - 2  by Ion- exchange Otranatography. 

Isopliths of lengths (a) 1 ,  and (b) 2 ,  were desalted by 

brief dialys is agains t dis ti l led water , and resolved into isomers 

by ion- exchange chranatography on 10 an .  x 1 an. diameter collD11Il.S 

of DEAE- ce l lu los e (Cel lex - D) . ( - - - - ) ,  NaCl concentration ; 

(----) ,  254 m� absorbance ( ISCO scanner trac ing) ; 5-ml . fractions . 
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Figure 2 8 .  Separation of Isomers of 

Olain Length 3 - 4  by Ion-exchange Chrcmatogr�. 

32
P- l abel led isopliths of lengths (a) 3 , and (b) 4 ,  from a d ipheny l -

amine diges t o f  phage a DNA , were desal  ted by overnight dialysis  against 

0 . 1  M triethylarrnnonilDTI b icarbonate buffer Jif 8 . 5 ,  and resolved into 

isomers by j on- exchange chromatography on 8 an. x 1 an. diameter colLDlUlS 

f DEAE 1 1  1 7 1 f 
. 

d f 
32

r ad .  
. . 

o - ce u ose ; -m . ract1ons were assaye or r 1oact1V1ty 

by Cerenkov counting . ( - - - ) , NaCl concentration ; (-) ,  
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radioactivity . 
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Figure 29 . Separation of Isaners of <llain Length 5 - 6  

by Ion-exchange Chranatography. 

Isopliths of lengths (a) 5 ,  and (b )  6 , were desal ted on short 

co lumns of DEAE- sephadex as described in Methods , and brie fly 

dialysed against disti lled water . Each sample was resolved into 

isomers by ion- exchange chromatography on an 18  cm. x 1 cm .  

diameter colunm o f  DEAE - cel lulose ( Cellex - D) . ( - - - - ) , 

NaC l concentration ;  (----) ,  2 70 m� absorbance ; 7 -ml . fractions . 
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Tele S. �t!&! � Pr!quc!!c!es of IDorpnic AaP!!te and Isopliths 

of Oud.n �tb 1-6 in.Dif!!m!'lm.ne Digests of AJ;ph! INA. 

B� diplumyladae digests of 12P- labe1led a INA wre resolved m the basis 

of daaill l.en&th by im-exchege du�to,p'11pby. 32P c:.artent 1fU estimated by ccunting in 

toluene/tri-tca X·lOO sd.ntillator fluid (digests A-D) or by CenaJtw cwnting (digest B) .  

Total reaweries of awlied radioactivity were within the range of 97- 100\ . 

IsopUth Graup Pen:entap Sequeace Pnqutmcy 
-

,u.,.t A B c D E + 
man - S.E. 

I� Phosphate 27. 2 27 . 2  27.S 26. 5  21. 5  
+ 27. 2 - 0.4 

Cbaln I.arth 1 11 . 2  10.9 1 1 . 4  11.-4 11.2 + 11.2  - 0.2 

2 5 . 77 5 . 57 5 . 87 5 .95 5.77 
+ 

5 . 79  - 0. 14 

3 2 . 79  2 .  74 2 . 88 2 . 91 2 . 95 + 
2 .85 - 0.09 

4 1.39 1 . 27 1 . 35 1 .. 47 1. 30 
• 1 • .36 - 0.08 

s 0. 675 C.700 0.802 0. 783 
• - o. 740 - 0.062 

6 0. 490 0. 432 0.474 0. 498 
+ - 0. 474 - 0.0%9 

1 O .lS2 0. 298 0.290 0.334 
+ - 0.319 - 0.029 

Randaa-
25 .0 

12 . 5  

6 . 15 

l.ll 

1 . 56  

0.781 

0.391 

0.195 



Tab le 6 . Percentage Distributicm. of the IsaDerS of 
Oudn Lengtfl. Groups 1-6 in Diphenylamine Digests of Alpha INA. 

Desalted isopllth grmps were resolved cm the basis of base coapositim by ion-exchange chrema-

tDgrapby (digests A-D} or paper c:braaatography {digest F) . 32p content was estimated by comting in 

toluene/tritoll X-100 scintillator fluid (digests A-D) or by Cerenlcov aunting (digest F) . 

Isc.er Glwp Percentage Distributicn 

digest A B c D F mean t S.E. 

Cp2 - 39.2 38 .9 - - 39 .1 t o.z 
1P2 - 60.8 61. 1  - - 60.9 t 0.2 

CtPs 16 .6 14 .3 14 . 8  - 14 . 1* 14 .9 t 1 .1 

crp, 52.7 SS .9 54.3 - 54.9* 54.0 t 0.9 

TzPs 30. 8 31. 8  30.9 - 30.9* 31.1  t o. s 

csP .. 4.2 - - 4 .5  4 .6* 4.4 t 0. 2 

�'IPt. 31.8  - - 37. 8  37.0* 37 .9 t 0.9 

CTzP�t 42 .6 - - 42 .6 43.o- 42.7  t 0.2  

T3P�t 14.3  - - 15 .0 15 .9* 15 .1 t 0.8 

C..Ps z .o - - - (2 .0) 

CsTps 20.3 - - 22 .2 21 .3 t 1 .3 

C2T2Ps 42. 7  - - 40.0 41.4  t 1 .9 

CfsPs 28.5 - - 24. 8 26 .6 t 2.5  

T,.ps 6 .5 - - 6 .1 6 .3  t 0.3  

Isaaer Group Percentage Distributicm 

digest A B + C D mean t S .E. 

CsP& - (0.9) o.a 0.8  t 0.1 

C..'lP& 11.0 lO. S 8. 7 10.1  � 1.0 

CsT2Ps 30.8 30.4 30.0 30.4 t 0 .4 

C2TsP6 36 ..9  38.4 38.1 37.1 t 0.8  

cr .. P6 18.0 17. 8 19 .6 18.5  t 1 .0 

TsP& 2 .5 2 .0 2.6 2 .4 t 0.3 

CsP1 - - (0.2) (0.2) 
Cs� - 4.2 3.8 4.0 t 0.3 

C..T2P1 - 21 .9 21 .2 21.6 t o. s 
C3T3p7 - 35 .5  35 .3 35 .4 :t 0.1 
C2T�tP1 - 26 .2 27. 1 26 .7 t 0.6 

CTsP7 - 11 .6 11. 8  11 .7 t 0. 1 

T&P7 - (0. 7) 0 .6 0.6 t 0. 1 

* measured by paper chranatogTaphy of digest F 
after treatment with prostatic phospho-
monoesterase . 



- - -

Tlble 7. PeTalll� � PJ:!qt.mdt:s of the Pf!bddine Nucleotide SequenC!s 
of Lgtl! 1-6 in Dipl!mrl...me Diets of Alpha INA, as £aiPar!d With a Jtmc!la Distrlbutica. 

n.. results laave beea callated .f'rc. tables 5 8lld 6 ,  •suaing the standard errors to he cumlative. 

'ftle ratio of the seaumc:e � q,T ad TpC was deduced m. paper chralatography of digest F. 

lsaler 6J!uP 

q,2 
TfJJ 

CaPs 
� cpT 

1pc 
TzpJ 

c,.,.. 
�Tp.. 
tTJPt. 

T,p,. 

C..Ps 
c,'!Ps 
CtT2Ps 
Cl"JPs 
Tt.Ps 

J!!raln!!J! Stgue;nce � 
•• :t S .E.  

4.38 !: .10 

6 .82 t .14 

0. 16 t .09 

3.13 :t .13 �:� 
1.1D t .07 

0.13 :t .01 

1 .08 t .06 

1.%2 t: .ot 
0.43 :t .04 

(0.027) 
0.290 t .030 

0.563 ± .065 

0.362 t .054 
0.086 :t .(X)9 

radmt 
5.38 

7. 13 

1 .16 

3 � 1 . 53 
• 1 . 53 

2 .03 

0.25 

0.99 

1.31 

0. 58 

0.053 

0.283 
0.562 

0.497 
0.165 

Isaaer G!WJ? Percentage Sequa!ce PrequeDcy 
.. t s.E. radml 

CsP& (0.006 :t .001) 0.011 

C.. '�Pi 0.075 t .Oll 0.076 

c1TJP& 0.225 :t .020 0.%02 

C2TsP6 o. 280 :t .028 0.268 

cr-.P6 0.137 :t .018 0. 177 

TsP& 0.018 !: .004 0.047 

�P7 (O.CXX») 0.0025 

CsTp, 0.019 :t .003 0.020 

C.T2P1 0.102 :t .008 0.065 

c3T3p7 0.168 :t .013 0.115 

C2Ta.P1 0.127 :t .009 0.114 

CTsP7 0.056 :t .004 0.061 

Ti))? (0.003 t .001) 0.013 

Frequmcies in braclcets are based m l.Gw 
counts or W'leertain separatims . 



'nle mean fnquencies for all 27 pyrimidine mcleotide sequanan 
of 1ensth 1·6 fcM1d in dlpbeJVt.dne digests of a mA are collated in 

table 7 ,  together with the froquenc:ies expected for a lNA with a 43t 

G4oC cm tent but with a rmdamly arnaged sequence of JUcleotides. 

,.ss 

�lete resolutic:m ef isopllths of chain length greater than six 

was found .re diffia.tlt than had been •tieipated. Petersen and 
l U  

Reeves reported good separations of isopli ths of chain length up 
to eighteen fraa dipherf'lalne digests of Calf � INA, and a 

similar result was obtained early in the pl"eH1lt work . However, these 
separations made use of a SiJWle batch of IEAB·c:ellulose with a 

particularly high resolving pcMtr .  Several other batches of the SliDe 

product wre later famd to be msuitable. 

It hu been possible to (Z)q)letely resolve the nine oligan.ucleo

tides of 1ensth greater tham I fran di�l.tne digests of �aae fl 
mA using ltlatmrm. IE·32 , a more unifcmn grade of IEAB-cellulose 

(W .P. Tate , personal c:anr�mS c:atiOR) • HCMMtT , aaplete ....-olutiCI'l of 

the moTe CD�plex mixture of loog oligonueleotides found 1n diphenyl· 
aaine digests of phage a 00 was mt fCIUftd to be as readily achieved. 

The best separation of 1Gil,l a 1sopll ths obtained in the present 

stucty is shown in fi&unt 30. carrt.er lsopllths of lengths up to 16 

wn cle&l"ly ntolved. Peab of red!oactivity were detected for 

t..ngthl • to 13. 1he isoplith � of lenith 8-13 wen desalted by 

dialysing lpbwt d1st111ed water, ad resolved into �roup� of u.en 
by further mhlm chl'OI&tOJl"'IPhY as shown ln flaures .Sl-36. 

1he .Utrlbutiaa� of ndioactivity shown in flauret 30, 35 and 36 

su t that 1be • 00. •leG&l• cmtaiDI aaly a fw sequenc:.a of 



PiJ!!!! 30. S!?P!rat!on of the �est .�.21!..11 ths � .. a 

D:tphen.rlarr.J. ne Digest cf 'Ph�e M@a �A. 

kt. ether-extracted diphenyladne digest of 2 . 8  mg .  of :SZp .. labelled 
Cl !NA was camimxt with a dialysed ' de .. puTUu\ted diph nylamine digest 

rept"esenting 200 sng .  of calf thynus I'NA. snd t"eSOlved into isopll ths 
by ion·mechqe cltTa!tatogt"a;hy on nP..AB-eellulose (Cellex-n) . 6 . 5-111. 

frsctions were sssayed for carrier t.sopUths by ultraviol.et absorption 

measurements ftt 271 � ,  and for 32r radioactivity by c:ounting portia\1 

in a toluene/C.ab-O..Sil scintillator tnixtllre. 
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figure 30 . Separat i on of the Longes t Isopl i ths From a Diphenylamine Diges t  of Phage Alpha D:--IA .  

(a ) The separat ion o f  ca rrier i sopl i ths o f  lengths 1 - 1 6 .  (-) , 2 7 1  mlJ . absorbance ; 

( - - - - ) ,  NaCl concen t ra t i on .  
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F igure 30. Separat ion of the Longest l sopli ths 

From a Diphenylamine Diges t of Phage Alpha DNA .  

(b) The dis tribution o f  
32

P- radioactivity ( �) , and u ltra

vi olet abs orbance ( � ) ,  in the l onges t isopli th peaks . 
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Figure 3 1 .  Separation of I saners of <llai.n Length Eight Fran a 

Diphenylamine Digest of Phage Alpha INA. 

The isopli th peak 8 frCI11 figure 30. was desal ted on a short 

collDJIJl of DEAE - sephadex , and resolved i nto isomers by ion-exchange 

chromatography on a 12 cm .  x 1 cm .  diameter column of DEAE-ce l lulos e .  

5 . 5  ml . fractions were ass ayed for carrier isaners by ultraviolet 

absorption measurements at 2 71 m� , and radioactivity was es timated 

in pooled peak and inter-peak regions by counting 1 ml . portions 

in a toluene/Cab-0-Si l  scint i l lator m ixture . (a) Distribution of 

32P radioactivity (lOO-minute counts above background) . (b) 
Dis tribution of carrier isCI11ers . ( ___, , 271 m� absorbance ; ( - - - ) , 

NaCl concentration . 
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Figure 32 . Separation of I some rs of 

Olain Length Ni ne .  

'l11e i sopl i th peak 9 from figure 30 .  was desalted by dialys ing 

for 1 2 h .  agains t dist i l led water , and resolved into isomers by 

ion-exchange chromatography as described in figure 3 1 .  (a)  Distri 

bution of 3 2P radioact ivi ty ( lOO-mi nute counts above background) . 

(b ) Distribution of carrier i somers . (---- ) ,  271  m� absorbance ; 

( - - - ) ,  NaCl concentration;  3 . 1 ml . fractions . 
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Figure 3 3 .  Separation of Isomers of 

Chai n  Length Ten . 

The isoplith peak 10 from figure 30 .  was desalted by dialys i ng 

for 1 2  h .  against disti l led water,  and resolved into isomers as 

described in figures 3 1 - 32 . (a) Dis tribution of 32P radioactivi ty 

( 100-mi rute counts above background) . (b) Distribution of carrier 

isomers . (-) , 2 71 m� absorbance ; ( - - - ) , NaCl concentration ;  

3 . 1 -ml . fractions . 
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figure 34 . Separation of I somers of 

Chai n Length Eleven . 

The i sop l i th peak 1 1  from figure 30 . was desal ted hy a 1 2  h .  

dialys is aga ins t d i s t i l led water , and resolved into isomers by 

ion- exchange chromatography a� des cr ibed i n  f i gures 3 1 - 33 .  

(a)  Di s tribu t i on of 32r rad i oact iv ity ( lOO-minute counts above 

background) . (b) Distribution of carri er : (----) , 2 7 1  m� 

absorbance ; ( - - - - ) ,  NaCl concent rati on ;  3 . 7 -ml . frac t i ons . 
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F igure 35 .  Separat i on of I somers o f  

01a i n  Length Twe lve . 

The i sop l i th peak 1 2  from f i gure 30 . was desa l ted hy a 1 2  h .  

d i a l ys i s  aga i ns t  d i s t i l l ed wa te r , and resolved i n to i somers by 

i on - exchange ch romatography on a 1 3  cm .  x 1 cm .  d i ameter column 

of DEAE - cc l l u l ose . 2 . (1 m l . frac t i ons h·c rc ass ayed for car r i e r  

i s ome rs by u l t rav i o l e t  abs orpt i on measu remen t s  at 2 7 1  m w , and 

for rad i oa c t i v i ty by coun t i ng I m l . port i on s  i n  a toluene/ 

Cab -0- S i l s c i nt i l l a tor m i x tu re . (-----) , 2 7 1  mw absorbance ; 

( .. ) , 3 2 1 '  rad i oac t i \' i  ty , SO- m i rrut e  coun t s  above background ; 
( - - - - ) ,  �aC l concen t rat i on g rad i ent ( 200 m l . 0 . 05 - 0 . 30 M) . 
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figure 36 . Separation of I somers of 

Chain  Length Thirteen .  

The i sop l i th peak 1 3  from fi gure 30 . was combi ned wi th carrier 

isopl i ths of s imi lar l ength from another column , and desalted on 

a short co lumn of  DEAE- Sephadex . The sample was resolved i nto 

isomers as described in the previous figure . (-----) , 2 7 1  m� 

absorbance ; ( �) , 32
P rad ioactiv i ty , 50-minute counts above 

background ; ( - - - -) , :\aCl concentrat ion grad ient (200 m l . 
0 . 05 -0 . 30 �0 , 3 . 6  ml . frac tions . 
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ecnsecutiw pyrbd.dine mcleotides of 1Miath greater than 11. It w• 

tentatively concluded that each a 00 110lec:ule contains six pyriml· 

dine mcleotide sequences of length 12, dls trlbuted between thr• 
isomer groups in a ratio of 3/2/1 , and four pyrimidine m.u:leotide 

sequences of leng1:h 13, distributed between three isaaeT groups in 

a ratio of 1/2/1 . Many more iscner groups were detected in the 

carrier, but did not cantain significant ndloactivi ty. 

An interesting feature of figures :Sl and 34 was the elutiGO of 

ntlatinly large aounu of radioactivity at the positicms expected 

for the thymine ollgonucleotides dT tPu and dT uPu • Sudl lona 

sequences of consecutive thymine mcleotides would not be expected in 

a ramda!lly arrmged rNA molecule having the she and base ca�pQSitim 

of «  INA, and no trace of these sequences cculd be detected in the 

carrier diJeSt. 'nle 'dTuPu ' peak was re-chraraatogTaphed with fresh 

carrier t.sopllths of length 11 , and eluted at the same position a 

before (figure 37) • However ,  identificaticm by Mthods other than 

ian•axc:hange dlralultogrllphy w not practicable because of the low 

level of radioactivity in this expen..nt . 
The distributicm of long pyrbd.diDI mc:leotide •equenc:es in u 

p.S9 

m\ dedueed fr. these pnalisdna!y expert..mt:s is pl'eHilted in table a. 

An altAtmative •tbod of r.olvi.DJ the �tt of d1,-.1Md• 
dlpsU 11 two-dJ-ianal. paper ch1'autoaraphy after treatalent with 

'I ItS �-r- ' • 1he nsults of ... pn111Rinuy e�u , 

lftc:luded ln table 6 ,  show that this Mthod gives t..a.r cllstrlhutlons 

bl aau••nt with those obtdnld by lea•exc:hanae dn011atogr..,. n. 



Figure 37 . Rechromatography of tl1e Thymi ne - rich I somers 

of Lengtll E l even From a Diphenyl am i ne Diges t of 

Phage Alpha DNA. 

Fractions 59 -70 from figure 3 4 .  were comb i ned w i tll carr ier 

isop l i ths of chain leng tll 11  from a column s imi lar to f igure 30 . , 

and des al ted by di alys ing agai ns t di s t i l led water for 1 2 h .  The 

isomers were separated by ion-exchange chromatography as described 

for figures 3 1 - 34 . ( ----) ,  2 7 1  m� abs orbance ; (�) , 32
p radio-

act i v i ty ( lOO-m i nute coun ts above background) ; (- - - ) , NaC l  

concentration grad i ent l 300 ml . 0 . 1 - 0 .  3 S  111) ; 6 -ml . fractions . 
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Pyrlaidbw Nucleotide Seque� in Alpha IJIA. 

Data coJ.J.ect.d fnJa fis;t.�NS 31-38. Iscatr assl.-nts are on the basis of elutim positlca 
IDII Az.l� ratie me...--ts far dt.e Calf 1hpus carrier (J.M. lfelrves ,  peTSGIIll et mi catlCIIl) • 

Is..- Gra1p P.S.P. lsaler GnJuJ! P.S .P. Isc.er � P.S. F. 

found r..._ famd r.mdcD fouDd nmcial 

CsTJPt 0.002 0.006 c,TsPu 0.001 0.001 

CsT,p, O.o17 O.OlS C.T .. Pt l 0.006 0.004 

C..T� 0.0%2 0.025 CsTsPu 0.010 0.006 

CaTsPt 0.017 0.026 c .. TdJu O.C06 0.006 

CaT..,_ O.OOJ 0.017 CsT1Pu o.oos o.oos CsT1P1 s* 0.0030 0.0016 

C T7Pf 0.004 0.007 CaTtPu 0.003 0.002 C..TePu• 0.0017 0.0013 

TtPt O.Q)S 0.001 c TtPu 0.001 0.001 c1T,p1 3• O.CKXl9 o.axn 

C,T2P11 0.001 o.ooz CeTsPu 0.001 0.(00 C,TGPl .. • 0.<001 o.ax>s 

C:.T1P10 o.oos o.oos c7T .. p12 0.002 0 .001 C.T1P1 .. • 0.0017 O.CJ:'Il7 

CsT-.pu 0.013 0.010 C.TsPu 0 .003 0.002 CsT•P1 .. • 0.00)8 0.0006 

�TsPJt 0.010 0.014 CsTIPu 0.007 0.003 c .. r,Pl tt* (0.0003) O.C004 

c,,-.,t• 0.008 o.on C..T7Pu o.oos 0.003 

CtT,pu o.cm 0.006 CsTaP12 0.002 0.002 

C TIJilO 0.001 0.002 �TtPu 0.001 0.001 

TtPto * o.ou o.cm C TtoPU o.ocu o.cro • Iscaer ldentlflcatlGD 

T1 1Pu* 0.006 o.ooo caly tettative. 



sepaT&ticn resul.tiDg fram two·dimensional paper ch1'0118.tography of a 

diphenylamine digest of ea mA is shown 1n figure 38. 



Figure 3 8 . Separat ion of Dephosphorylated O l igonu c l eotides 

From a Diphenylam i ne Digest of Phage Alpha DNA 

by 2 - Dirnens i onal Paper Chram.:ttography . 

A l OO  � 1 .  portion of a dephosphory lated dipheny lamine diges t 

of 3 2P- l abe l led a DNA wa� subj ected to 2 -dimens i onal paper chrama 

tography , and 32P- labc l led ol igonucl eot ides were detected by 

autorad iography . (a) Au toradiograph ( 72 h .  exposure) . (b ) Iden t i ty 

of spots . T and C were located by taking contact photographs in 

u l t raviolet l ight . 

F I RST D I M E N SION 

(b) 

c c  ) 

* This spot was not iden t i fied in the present s tudy . I t  
does not coi ncide w i th any u l t rav iolet - absorbi ng spot on 
the chromatogram , and wou ld therefore appear to be non 
nuc leot ide in orig i n .  

(/) rn . () 
0 z 
0 
0 . 
� rn 
z 
� . 
0 z 

1 
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'1'he logical next step in the Ctl1lpAt'1.son of moleo11ar stlUCtlll"e 

and nucleot1de sequence strueture in the a INA molecule vu to 

detem1ne the distributim of pyriJdd1ne JU:leotide sequences between 

the two cmplementary strands . 

In an early experiment . the distributian of lsopliths of chain

lengths 1-1 vu measured in . diphalylamine digest of llp_l.abelled 
L strads prepand by MAI cbralatognlpby, self-annealing, and hydl'OXf .. 
!apatite dmna� . 

In a later experiment , the distribution of isopll ths of chain

lengths 1-7 was measured in diphenylamine digests of two independent 

preparations of 32p·lllbelled H strands , prepat'ed in this case by 

preparative C.Cl gradient centrifuging in 1he presence of PolyG, 

followed by self-l&lealing and bydroxylapatite dmnatograpby . 

The results ftwa both these exper:bwnts are presented in table 

9 ,  together with ealOJlated nndan distributims for each strand. 

For these calculatlCIRI , the pyrimidine amtent of the a mA L  strmd 

was UkeD to be 46 •let , as IISU1'ed by Ccm1el' 1 (table 4) • 11\e 
pyrimidine cmtct of the ea INA H strmd was tabo to be S.t (and 

hence CCIIIplaentuy to the L strand) rather than 56t as ...ured on 
tl 

t1110 preparatlcna by Corcles , siJ:lca the MM c:lu-..tography procedure 
�ed for twr preparations might be expected to result in 'ff stnnds ' 

depleted la the postulated li&ht sepmt. 

1be dlstributiCil of 1-.rs of chain lengths 1-S was -.ured 



Table 9 .  The DUtrlbuticn of Imllths of Cltain Len(th 
!:.!._in the $!parated Straadl of Al}ila mA. 

DaU expressed as percentage sequena, frequencies .  H straftd: 

two independent dipsts. L strand: one digest. Randaa distrl

butims calculated frail H • S4t Py, L • 46t Py. 

Isopllth Group 

Inorganic Phosphate 

Oud.n Length 1 

z 

3 

4 

s 

6 

1 

H Stl'lftd 

fOtmd 

23. 1 ,  26 .9 

10. 3 ,  10.1  

5 .37, 5 . 34 

Z . 71,  2 . 75 

1 .45 , 1 .37 

0 .881 , 0.864 

O. S67, 0.516 

0 .466 , 0.382 

L Strand 

randaR found randcm 

21 .2  33.2  29 . 2  

11 .4  11 .4 13.4 

6 .17 5 .95 6 .17 

3 . 33 2 . 60  2 . 84  

1 . 80  1 . 15 1 . 31 

0.972 0 . 515 0.601 

0. 525 0.282 0.276 

0.283 0.157 0.127 
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in both independent H strand digests . 'nte ebserved percentage sequence 

fl'equend.es are presented in table 10, together with the fl'equend.es 

expected for a nmddllly·distrlbuted polymscleotide containing 54t 
pyrimidines with C/C + T ratio of 0.43 (table 4) . 

Also presented in table 10 are the percentage sequence frequen

d.es for isaners of chain lengths 1 .. 2 found in diphenylad.ne digests 

of tM> bdependent L strand preparatima . These ..,. abtained by 

CsCl gradient centrifuging in the presence of polyG, followed by self

anealizw and hycircmylapatite cb.rautogrllfby . Unfortunately, several 

fracticm of each L strmd preparatim were lost during the latter 

step, and the nucleotide sequence results pl'Obably cannot be regarded 

as representative of the entire L strand. They are caupared with the 

frequencies expected for a randaaly-distributed polymcleotide c:ootain

ing 46' pyrimidines with a C/C + T ratio o£ 0.46 (table 4) . 

The distribution of each g1'0Up of sequences within the a mA 

mlec.ule can be expressed as the ratio of the sequence frequernd.es 

in the H and L strmds (H/L ratio) • H/L ratios for inorganic phosphate 

and pyrimidine lllCleotide sequences of lengths 1 and 2 can be calculated 

directly fl"CCZl the 1"8SU1ta in tabte. 9 and 10. 1bey are presented in 

table 11, together with the values that wculd be expected in a quite 

rll!daaly-arnaged .,lecule, aiwn the onrall bias in base COiipGSiticm 

between U\8 two strands . Also 1nc.haded are H/L ratios calculated 

indirec:tly by CGIIbint.JJg the results for ttw H stnnd in table 10 with 

the results for the vhole mA molecule ln table 7.  

'The iJJ!irect lpproech c:a· be � to tM tsc.ers of leng1hs 

3-S ,  but is open to n1!her large cnalative errors : not aa1y beause 



Tllbt. 10,. 1he �trlbutlCil of lscmers of Olain !g,th 1-5 in 

Dip!!!&llllline Di&!!ts of the S!Ear&tecl Strands of Alplyl INA. 

Data upressed as peramtage sequence f'l'fJqUeftdes (two 

independent digests) • Rlndolll distributicm calculated from 
H • s•t Py, C/C + T • O •• 3.  L • 46\ Py, C/C + T • 0.  46 

lsOIIIU � H Strand L Sttwld 

fcmd randan found 

c 3 .33 ,  3 •• 3 4.91 5 .09 , 5.37 

T 6 .97 , 6 .67 6 . 51 7.61 , 7 .93 

Ca (0.98 , 0. 84) 1 . 1. (0.102 ' 0.97) 

(CT) 2 .62 ,  2 .72 3.03 2 .99,  3 .31 
Ta 1 .77 , 1 .78 2 .00 1 . .9 . 1.46 

c, 0.103 , 0.102 0.265 

CzT 1 .03 ,  1 .03 1 .05 

era 1.23 , 1 . 21 1 .39 

Ts o.� . o.:w6 0.617 

c.. (0.048, 0.047) 0.061 

C1T 0.292 , 0.263 0 .326 
C2T2 0. 590, 0.551 0.648 

cr, 0.371 , 0.366 0. 573 
T,. 0 . 109 ,  0. 11. 0. 190 

c,.r 0.1U , 0 .130 0.094 

1'lll<ka 

6 . 17 

7 . Z4 

1 . 31 

3.07 

1 .79 

CsTa 0.263 , 0.251 

C1Ts o.n2,  o.zt4 

0. 251 

0.333 
ftgures :ln bnclcet:s 
nsu1t f1'all low counts 

a .. 0.150, 0.1� 0.220 or ua.artaln separattcms . 

Ts 0.032 ' 0.044 o.oss 



Table 11 . Ratio of the Distrlbutian of Solle Seg\!mces �f 
Prr,im;idine Nucleotides Between the Two Strands of Alpha mA. 

fVL ratios were cala.llated directly fn111 the H and L strand 

results in table 10, or indirectly fl'CJll the H strmd results in 

table 10 and the whole tNA results in table 7 • assuming aa�lative 

errors m greater than the observed range. Randcm values are 

calculated fn:n H • 54t Py, C/C + T • 0.43 ;  L • 46t Py, C/C + T 

• 0.46. 

I CDer Group 

Inorganic Phosphate 

c 

T 

0.75 � .06 

0.65 t .03 
0. 88 t .04 

(0.91 :t .00) 

o. as * .06 
1.20 t .02 

o. ss t . 14 0.73 

0.63 t .03 o.ao 
1 .00 t .C» 0.90 

(l . lZ t .35) 0. 87 

0.75 t .08 0.99 

0.97 * .<» l.U 
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of the um ted D.l.flber o£ •eq,uence f1'eqUellCY taeasU'AIIelltS .  but �. 
of the rather 1u'p variati'll cbMt'Ved between repllc:ate digests , 

particularly with respect to the distributim of tsopllth � 

(table S) . 

In order to avoid 1Ms prcblaa, a double-label ratio approach 

was derised , uaiJW another radtoiso� of phosphorus, 3lr. Sepa1'ated 
H and L strands were prepared f1UI both 3'P-1abetled a rHA ald 3Z,. 
labelled a INA by C.Cl snclieut Cllltri.fuging in the presence of polyG. 

Each labelled strand preparatioo was assayed for CGDtmnating 

camplADentuy strandl by re-centrifuging, then COIIbbled with �le• 

fl8'ltJIIy stnmds labelled w1 th the other radioisotope . Di}ilenylaminl 

digests of these mixtu:res were treamcl vi tb prcstatic phosphoaalo-
-. s  

esterase and resolved by 2-dillensiaaal. paper dttaaatography • 1be 

H/L ratio for each separated 1J'QJP of iltDel'l wu measured directly 

by c�aring the 3lrt32p ratio with tbe 3lrt3Zp ratio of the whole 

c.ontainatiCJR in each preparatiCIIl. 
Same prellm1nary ntSU1 ts obtained by this •thod are presented 

in tlble 12 . 



Table 12 .  �atio of tbe Dlstributim of Saae �en of 

Ptr;imldlne Nuc:leo.tide$ !!!:W!!! the "'W Stnnds of 

.yph! �. 11 MeuuTed by a Double Label Method. 

'Ibe strmd antent of each mixture was estbated by recentri

fuging in at least two CsCl gradients. Mixture A: 33p ,  lat L,  

82t H; SZp, 91t L, 3\ H. Mixture B:  llp, Sat L, 12\ H; 32P , 
4t L, t6t H. Eac:h digest was resolved Cll1 two separate paper chroma
togr- ,  md spots were located by ult1'11Violet photognpby. 3lp/l2p 

ratios were •asured by counttna the water eluate of each spot in 
a tolulne/tritcll X·lOO sdnti11ator so1uticm as described 1n Methods . 

!saner GTOUp H/L D1s tributicm Ratio 

digest A digest B mea t S.E. random 
Inorganic: Htosphate* - , 0.90 (0.90) 

Ct 
cpr 
TpC 
Ta 

C2T 

CTa 
Ts 
a, 

0.94 , 1.30 1 . 11 ,  1 .02 1 .m t . 1s 
o. 79 ,  0.62 0 . 77 . 0. 81 0.75 t .<» 
0.96 , 0.98 1 . 14 , 1 . 10 1.05 t .09 

1 . 15 ,  1 . 16 1 . 14 , 1 . 17 1 . 16 t: .01 

1 .10,  1 . 11 1 . 18 ,  1 .14 1 . 13 t .04 
1 .•U , 1 . 24 1. 45 ,  1 .39 1 .37 t .09 
1 . 54 , 1 . 53 1 . 53,  1.48 1 . 52 t .03 

1 .63 , 1 .6 1.97 , Z .08 1.84 t: .22 

• after treatment vi th ptWtatic: phospbamanoesterase. 

0.90 

0. 87 
0.99 
0.99 

1 . 12 

1 .08 
1 . 22 
1.38 

1 . 52 



DISQJSSI<Jl 

A. 1be toblecula'f Structunt of AlPha INA. 

p ••• 

'Dle molecular weight estimated for phage a INA in the pnsent 

study, 32 .9 x w6, is deperdent m 1:he estiaated mole.cula'f weight of 

phagtl T1 INA, u well as the reliability of the zcne sedimentaticm 

method. While JXJOe of the available methods for measuring the mle

cular weight of large 00 mlea.lles - sedimentation, electnft mic:r&
lc:qJy, mtoradiographic •star-counting' , and end-labelling - an u 
yet be regarded as having an absolute accuracy Jll1Ch better than t it , 
they do give results that are c:onsutent with each o1her when applied 

• 
to mA molecules from the 'stmdard collec:tim' of B. ooU phaps • 

By this c:rl terion f in the absence of sum unusual structural features 

as circularity 0'1' sirwle-stnlldedness ,  zone sedimentation is a method 

of proven reliability . Elec:tnm mic:roscopy of native « tNA, carried 
cut by Mr. A. Craig using two diffennt spnadiJ1l p� (those 

lit 1 70 
of lllltll and BeeT ) , has mt rwea1ed _, wmsua1 structure, 

so the above 110leculat' weight is likely to be correet. 

'the result Clbtained in this project for the so10 ,w of a oo, 

ss.t t o.t , 1s in clole aa•...-t with the hiUlt obtaiMd by C'Amle:t 
tl 

usitW bculda1y .. umentatica • 

It la dear that phage o mA, a isolated by pMnol tream.rt, 

CGfttaiDI r-'-ly loca'bMl •bile-stral lmtab .  The origin of thl.s 
breabae is Clbseure. Stadlar bnaP�e has bMn DGte4 by othen in the 

••• 111 lit rNA •lAta.JJ.es of Jhal• PBSl and SPSO ' , and in the latter 

case it Us also .,.. sbc:lm. that at lust ... hl'Ub oa!UI' m both 
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ua 
COipt.entary stnnds • It is mt estlbl.ished whether this breakage 

il �J"II)le with the lower l«Wel of breakage detected by Davison 
1 02 IOd Prei.felder in several coli phage rms . 

It se-. to have been asll.la8d by tJane pnvious workers that 

'nicked' phage mA molecllles , other than those pl"'duced by radiation 
1 11 

ct.age in mA Libelled at high specific: activities , J!llSt be 

actually packaged in a niclced (or alkall·labile) state inside tmage 
us 160 

particles ' • '!here is howwer mother possibility: that stnnd 

breaks might be caused ,  <tiring mA release from the phage, by m 

cmdomJclease pnsent either as an integral part of the phage particle 

or at a c:mtaBinant of ewm highly·purifled phage. The altematives 

are presettted in figure 39 . 

It is clear from the results obtained early in this study w1 th 

mA extracted from aude phage ea pnparaticm (figure S) , that 1trmd 
braakage can occur during phenol treatlllnt. Such bl'eakage was not 

itd.latd by phenol trea11Mftt of purified tm. The observation that 

.,.t of the breakage CGlld be prevented by dialysi11( the phap against 

EDrA suggests an malogy with the ''unlaum .tal-.cttvat.ed degradation 

process" Mntioned by nav1son md Preifelder, which was appanntly 
1 02 

elialnated by the use of B111'A·ccntalni• buffers • It is t8111Pting 

to speeulate that 'tatal·.:tivated derradaticm'' mi&bt ftp'l'eHftt the 

action of a ��etal-activated tadcn.lcleue . Clearly saae such explanaticm 

l&llt be liiYOkad to explain the dlffenmt en.u of stnrnd bntaka.p 
mticed in phap SPSO 1MA by Rnn.lkolf md "nlcns (.tlo fcuftd 40-sot 

asa a st 
intact strands) and Tl'lutner et al .  (� four1d no intact stradl) • 

Jbfever, since neither ef these g1'QoipS appears to haw purified their 



Figure 39 . A l ternative Explanat i ons for the Origin of Single

s trand Breaks i n  Pur i fied Alpha DNA . 

(a )  DNA packaged in  ni cked form i ns i de the a phage par t i c le . 

(b ) a DNA packaged i n  s trand- i ntact form i ns ide the phage 

part i cle , but attacked during pheno l re leas e  by an endonuc lease 

pres ent as  an i ntegra l component of a phage . 

(a) 
P H E N O L 

) 

N U C L E A S E I 
(b) 

P H E N O L  P H E N O L  
) ) 

I 



phage e:Kh�ti,rely prior to pheml t.reatrftent, emtand.nation of thalr 

prepan.tiOM with �mteo.tS endmud.enses cannot be Nled out. 

1he experiment rutllned in figunt a.  of this study shows that 
p.ui.fied • phage is oot et.lltamlrated with an ertra'leOUS metal· 

activated endclnuclease active Ul1der the conditions employed. NeitN!r 

was tJit'f mcl4tue detected in osmotically-lysed a JN.ge. floweveT, 
this does not elindnate tM possibility (figure 30 (b)) 1hat such 
a nuclease might form m integl'al compcnent of �  ph�Jte particle, 

sin<:e sudl a �t might not be released by � lbd.ted dis· 

tuptian resulting f!'CD osmotic lysis , or might not be active at 

high salt cmeentratims • or cmce released might be fairly 'ttlpldly 

i118ctiva.ted. 

An interesting paralle 1 is prmr1.dod by the lf4A polymerase of 

'Reori'NJ , which is f.'ound inside the Raovirus partiele in lntiute 
1 72 

assoc:iatlm with the rlbcnuelecprotein c:ore • 1h1s pol)'Mnse 

is enzymieally active lfhen isolated as pan of • mre, but 8'iJS)H1'S 
to be lmmodiately inact1vated by treatmlmt with ntapnts such M 

phenol that dissod.aw RQ f.na the core .  It is lcnawn 1hat at leat 

171 
scao tm ... cantalning baeterl.ophaps haw a nucleoprotein core , md 

the OCCUJ'I'8DCI of ' lntemal  proteins • inside the M..s of· )iulge n has 
1q been ��" '1 71 • l1IUD phage • is heated to · flf' in SSC 

buffer, lt ls 1aDm that the pbage mA is slowly nleued in ...oci· 
•• tl 

atian with a �in CGI!IIpGil8ftt of the phap • • 

It ls telpt1Jw to speculat. that a •con• ..._ac:teau may be\. 
responslbt.. for the 2J·!Ot 1mtabp fotacl ln emt the IIOat � 
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pnparations of • INA. In the absence of a direct delllonstraticm of 

endonuclease activity, however, no c:oncluslm can be reached ,  although 

the observed effects of taaperature ID! ionic environment are suggest· 
lve. A useful furtheT series of experiments Night be to c:oqmre the 

effect of quite different methods of INA release , sudl as lysing in 

alkali , beat-treatment under various icmic condi ticms . and pnmaae 

digutim , on the intactness of the IliA obtained. 

Since sane ea rNA preparations wn 7St strand intact, it can be 

stated unequivocally that at least half of the population of a INA 

110leC1les are pacJcaged inside phage particles in fully strand-intact 

form. 
Strand-intact INA is an essential prerequisite for the separatim 

of intact CDt1'1ementary strands . Barly experiments in this project, 

at.....,ting � chnJmatog1."8pby of highly-fragmented ea mA by the 
tl 

•thod of Cordes • were unsuc:cessful ,  pl"Cbably becalse MAl dmlna-
tog1."8pby recognises diffenmces of siae as wll as differences of 

101  lSI 
base-CXDpOSitlon • • It is not clear why later MI\K chromatog1."8pby 

expert.nts (figures ll•ll) , which used highly strlnd-intact A INA, 

did DOt JiW good separations . Possibly the variation betwen different 

batch• of Keiselguhr lltd •thylated albantn may be �t far 

success w1 th this rather -.1r1ca1 proc:edu:re. 

It :ls bterwtlng that Aurbiccbio et al .  , who also frac:tionated 

denatured • Im by MAI c:hnDatograpby, nported that their isolated 

'L strmd' preparaticms had a •• s...u.nt&ticm coeffld.ent of oaly 
tl Us u COIIp8red with 251 for heat-denatund unfractianate4 a INA • 
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Even the latter val't.e is IIIJCh too low for intact strands of ea mA in 

SSC. It .... likely that their preparatims of a tNA may have 

ecntained !II8JlY single-strand breab . If so , their 'L strand' prepara

tions em hardly be regarded as representative of the entire L strand 

of a INA . 
91  

11le same criticism cannot be made of the results of Cordes , 
who deonstrated sedimentatim coefficients (in SSC) of S0-58 s 

for berth H md L stnnd preparations • 

'the difficulties with J.WC dn'omatography in the present study 

weft ea�pletely overcoae by usb-c the different tecbnique of prepara

tive CsCl gradient centrifuging of polyG-mA �lexes . This method 

allows an efficient separatim of the H and L strands without 

extensive fragmentation,  a shown in figures 18,  19 and 25 . 'The 
upper limit of about 100 pg. of 1J.IA per gndient malaas the prepara

tiCil of Jldlligran quantities of separated strands laborious but by no 

means impossible . 

The observed distribution of polyG-binding sites in the a rNA 
molealle is of cmsidenble interest. Firstly ,  the observatioo that 

intact L strmds bin4 polyG is at variance with the conclusion of 
ll 

Sheldric:k and Szybalski • Seemdly, since polyG-binding sites are 

released fraa JDOSt of the L strmd by shearing to quarter-length 

fns-rts , it is elearly necenu:y to study intact rather than 

frapllrnted DCA pnparaticms if ..alngful cmelusicns are to be made 

abcut the structure and f\mctim ol a mA. 'lhe cmc1us1m that c:mly 
,.  , .. 

the H stnncl of a INA. is tiW'llcribed into phage 1n81Senp1' JtiA ' 
, 

which •• � fraa hybridisatian experilents using 'L  strmads ' 
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92 
prepared by the 1111bod of Aurlsicddo et al. .  • will certainly need 

to be re-exatnect. It would seem quite prabable that at least the 

heavy segment of th L stnmd 111/tf also be trtmeribed, partiallarly 

in view of the eorrelatiCil between polyG-binding sites aDd transc:rib-

17 10 lt 
irw regions found in the 00 molecules of phages A .  T1 and T3 ' ' • 

It is clear that phage • •  a taaperate phage, does show signs 

of a HJ1118Dtal dUtributicm of nucleotides in its mA molecule. It 

differs fna the t:enperate phages A ,  +80, 434 and P22 , however, in 

that this .. gmental distribution cannot be demonstrated in the native 
t l  

!)fA • Prmt CsCl density gradient expel'illenU (figures 23 {b) and (c) )  

it would seem that the heavy segment in the L strand may have a base

caaposition similar to that of DIOSt of the H strand. a INA can 

then fore be tegarded as differing fTOn an ' ideal' model , with a 

unifomly purine-rich L strand and a uniformly pyrimidine-ridl H 
strand, by an inversion of 1o-20t of the 110lecular length . 

'Jhe cliJtribuUm. of G + C pairs in the (native) mA molecules 

isolated fram a large variety of bacteria is uniJaodal and approxi • 

mately gaussian, as shown by buoymt density and thenul denaturation 
1 0 9  1 11 

studies • • The mA molecules fraa the vintl.ent phages of the 

T series llkadse do not haw a ..n.d Sepllfttal di.Jtrib.ltica of G + C 

pairs , although sme hetero,e����tity between larp frapents can be 
l t  11  

detected • It hat been �Ugp�ted that intr".olecular heteropneity 

1181 be a unique d\ancterl.stic of 1he IJfA of epiiQIU! that cat.eaoJY 

of the bacteria-afflictinl paraitel , noJUlly taken to im:hade the 

t_,.rate pbaget , aplble of a c:lcae usodatian with the host 

bact4Wlal cb1'UIIO.Ic:.. ID agra•mt with thb suaestian is the 
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observatiCil that tbe INA isolated from H'ftftl bacterial sex factors 
1 77 1 71 cm also be separated into reg!cm of distinct base alq)OSiticn ' 

However, it wcW.d appear that phage cz is an sx:ception m this rule: 
it is not clear that the degree of structural heterogeneity in • 

tNA is greatly different to that which can be demmstrated in the 
1 1 1  

separated stnnds of phage T2 (T4) INA by polyUG binding • 

Purther logical developments in the study of the molec:ulat' 

sttueture of a mA would be tests for eycllc pcnrutatial ard tend· 

nal redl.lldsncy ,  and at�ts to locate the heavy segment with respect 

to the two ends of the L sttand. A useful tedmique ndght prove to 

be Umited digestiCil with the phospbatase·«XCnUClease (exmwclease 

Ill) of E. ooti.. 

B. &!9Hences of Cmsecutive !YriJuidine Nucleotides in AlPl! mA. 

1)Jring the p�ent study, sequences of consecutive pyrlmidiJw 
DlCleotides of all lengths up to 13 were TeSolVIId ft'(JI dipbenrlsnine 

digests of '-'  JNA. tilile the existace of longer sequences (length 

14·19) was not CCB�pletely disproved, cy sudl sequences DA.8t be very 

fet1 in Jl.lltHtr. 

1he dlstrlbutim of il•liths of length 1-7 was raeuund in 

several cliph.enylanine dip�tl of lilhole a mA (table 5) • Daspi te the 

variation betMNm l"epllcate digests , thete was a clearly nan-raodaa 

distributiGn of chaill l.4mgths .  'lbe uin features can be ....rued 
a fonaw. . 

(1) Inorglllic phosphate , nleased by the dipbenylDi• reaction 

• 

,. 
f'I'OI the phosphodiater bridps between cxmecutive pun. 1UCleotides , 
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was found at slightly more than the randcm fr-.uency. This is 

iJ¥1icative of a general t.enderlcy for the p.arine and pyrimidine tweleo

tides in u l'NA to be b1.U1ched togethe-r in blocks of consecutive purlnes 
1 79 

and pyrimidinu , a tendency which a mA shares with calf INA but 

not with belTing or salmon INAs or the mAl fraD ;:.ma.PI41tl4 tJD'U.. 
1 71 h.u� a.l'Ug'(,ntHJa. or Atoa1:t,.,.. t••'U"' . 

(2) lsopliths of lengths 1-4 were found to OCOJr less frequently 

than wauld be expected from a randcn distrlbutim. The deficiency of 

mcma&l.lCleotides was ccnsistently greater then the deficiency of 

diJJJcleotides , and the most marked deficiency was usually found ln 

the tetnn.tcleotides • 

(3) Isopli ths of lengths 6 and 7 weTe found to OCOlr more 

frequently that expected, the excess of 7s being greater than the 

excess of 6s • An tWtm g1'8ater excess of isopll ths of lengths 8 and 

9 was observed in several digests , a1 thoogh these results (not 

tabulated here) were based an vety poor separatims and showed large 

varlaticms in fnquency between replicate digests . 

The excess of lmg isopU ths and deficiency of short isopli ths 

dit'ectly c:aafims the tendency, 11a1tlooed earlier , for bmlc:hlng of 

the pyrimid!Jw rucleotides in a INA. 

'Jhe ratio of observed to calculated frequency far the isopllth 

gTGJpS of length 1· 7 in ea I& is presented graphically in figure 

40(a) . 'lbe distributim. is quite different fraa that famd in 
l to 

B. aot.l 00 by Cemy et al. (figure 40(c) ) , fJOR that fCIJftd in 
11 1  

phage f1 mA by Tate w Petersen (figure 40(b) )  , or frail that fcJund 
11 

in pbaae +X-174 mA by Hall and Sillshelmer (figure 40(e)) • None of 



Figure 40 .  'lhe Dis tribution of Pyrim id ine and Pur ine 

Isopl i ths in Some Microb i al Polynuc l eotides . 

(a) Pyrimid ine isop l i ths in  nat ive a DNA . Bars represent the 
l 8 1  

s tandard error . (b) Pyrimidine isopl i ths i n  phage f l  fNA . (c )  
l 8 0  

Pyr imidine isopl i ths i n  INA o f  E. coli K l 2 .  (d) Pyrimid ine iso-

p l i ths in  the separated strands of a D.�A . ( ()-()) , L strand , one 

measurement , ( ... ) , 1 1  s trand , two measuremen ts . Bars represent 
5 1  

the observed range . 
5 3  

(e)  Pyr imid i ne isopl i ths C o-o ) , and purine 

i sopl i ths ( .. ) , in  phage <PX- 1 74 INA . ( f) Puri ne i sopl i ths in  

8 3  8 4 8 5  
the fNAs o f  phages �1S2 , Rl 7 ,  Hl Z and � 2 .  Bars represent the range 

between species . 
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these JMAs appea1'1 to have a distrlbutlm of isopllths very Wlar 

to that of _, of the others . Nor is there my ilxlic:atlcn of the 

rbythmie code found in the ];W'i.ne bopliths of viral 1ffA by Pien , U lit IS 11 
et al. , Sillha et al. , and Mattbews (figure 40(f)) ' ' • • 

As discussed cm page 11 , tbe pyrimidine isopllths in 1be 
transcribing stnrld of a IWA molecule are directly c:ea.,arable with 

the pur1ne 1sop11ths in viral RNA. In the pres nt study th distri.· 

butim of lsopliths of lengths 1·7 was measured ftrt both separated 

strands of phage Cl INA. Substantial differences were famd between 
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the H stJ'IIId and the L stnnd (tab le q) • flowenr ,  14hen the dbtri
butim famd within each stnnd is c:anpared with the distribution 

expected on a rmda:l basis , given the overall bias in base caapositim, 

the two strands show a !WW"kable similarity (figure 40(d)) . 

It lUSt be cmc:luded that the distributim of isoplith lengths 

in the a INA 1110lecule shows no sip of a rllythmic cede. 1h1s a 
mt nec::enarily to suggest that the evolutionary forces pl'el\a8d to 

• • •• 
result 1n the lhytbaaic code ' cSo not operate Cll 1'llA molecules . 

However, it waul.d appear that other evoluticnary forces an at vorJc 

on the boplith dlstrlbutlon 1n a mA, apparently on both 1he 

transcribing stnmd and the non-traucrlbing strand of the molecule, 
whldl 'l'eiUlt in lllCh gre&Wr deriaticms fr. !'llldaaless than those 

absened in viral Jm (fiJure 40(f)) . It ls intenstins to DOte 

that the distribution of pyrimidiDI lsopUthl ln the ex���pl..atary 

•tnn4 of phap •X·l14 mA, • dedlaced fi'QI the dlstrlbutlcn of 
11 

pur1ne lsopliths in the viral atnnd (fJ.aure 40(e)) , lhowJ that 1n 
th1a case also there appear to be marJred nan-rmdaa features shand 
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by both strands of the lJtSA. 01e obvious feature is that in both 

strands !stl'liths of lengths 2 and S are gTeatly favcnred over 

isopU ths of lengths 1 and 4 respectively . 'lbe tmderstanding of 

such pbeJnrl8na will probably requint a det:ail�d understanding of the 

ways in which the rNA in various OTganisms functions as the genetic 

Nterial . 

'the distributim of separable isomer gmzps in dipbenyt.nine 

digests of a mA (tables 6·8) shows several non-randaft features . 

'Ibis in itself is not surprising , c:msidering the infcmu,tim

eanying role of ltlA, md merely confinas the results of prwious 
ttl .. . 1 82 1 11 12 l ilt uo 

workers ' ' • ' ' • • However, several features are 

worthy of c:ormwmt .  

(1) Sequences of ccnseeutive cytosine nucleotides (c:ytopliths) 

went found at 1IIUCb less than the rmdom frequency . As pointed out 

by earlier workers , a deficiency in cytopli ths of length greater 

than 3 appttlll"S to be a general featun of JU1tY 00 molecules , inclu

ding those fl'Om calf thyJrus .  betTing testis , Ntlno� lJJ•tXl..t1c"ttm.ul 
82 l ilt 1 85 1 11 1 80 

and �wl"tahta ooz.t ' ' • • • Howwer ,  a mA also appeaD 

to be deficient in c:ytoplitbs of lengths 1 ,  2 and 3 (table 7) .  A 

wry maTked defid.eacy of cytopliths of lengths S ad 6 bu been 
11 82 uo 

reported for saae INAI ' ' • 1he a INA .,lemle .appears to 

cmtain 6·8 cytoplitba of lcmgth S,  ad Uf contain a single c.yto· 
pllth of length 6 .  

(2) Sequences of ecmemtive thymine IIUCleetides (thymopUt:hs) 

WTO also fculd at aJCh less than the rana f�. This is rather 

• \lltUJU&l feature, since RudMT et al. , usitW sulphuric acid 



hydtolysis , Juwe nport.ed. that an __.. of thymclpli ths appears to 
Ul 

be a aJJilUI feature of HYeral bacterial mAl • 1he results of 

Cemy et al. anfil'lll that there is a c:onsidel'able excess of longer 

thymoplltbs in E. ooU. mA, the excess over randatl increasing with 
1 10 

chain length • 'nle thymopliths of lengths up to 7 in calf � 
Jt l  l iJt have been fmnd at frequencies rather close to the rmdal ' • 

If the late-eluting peab of radioaetivity in figures 32 , l4 
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and 37 really represent �Utbs of lengths 9 and 11 , then these 

sequences oc:crr at dramatically high frequencies in the a INA 
molealle . However, these sequences were not detected in other experi

ments , including experiments which used h<M�Dlogous carrier digests of 

u tNA. Sbr:e the identity of the ' lcmg thymine sequences ' was not 

established by methods other than ian•excbange chromat.ogr&.Jily, the 

possibility of sCJIDI!! spurious explanation cmnot be Nled out. 

{:S) There appears to be a nm·random distribution of cytosine 

and thyrd.Jw between the isoplith gl'OUpS of u 00. As shown in 

table 13 , there is relatively less cytosine located in the short 

isopU ths ,  and telatively more cytosine located in the lcng isopli ths ,  

ttum W01ld be expected fr<R the cweral.l base ea1p01i tial of o INA 
tl 

(42.6t G + C) • In this respect also, a rm. diffeTS fl"Clll pnwious-
1 11 

ly studied INA 110lec:ul.es . Rudner et al. have reported that several 

bacterial tJtiAI have a moN than l"lllCbl .umt of cytosine located 

in the short isopli thl ,  and a '-•• thllll nmdal .ount ln the lmg 

isopllths , md this report 1s ccnfimed for E. oof.l. tNA by the 
1 7t 1 10 

results of others ' • 

AI lhown in table 13 , the cwerall qtosine content for the 



Table 13 . C'ytaslne Conwnt of the Isopllths of Lep,cth 1-6 

in Diph!Rl1aaine Dipts of Alpaa mA and E. eott rm. 

Results are talten from ttb1es 6 and 10, and fna 
1 10 Cemy et al .  

Isopli th Group C/C + T (Moles t) 

whole mctlecule H strand K. «Jz.t 

1 39 .1 33.0 56 .0 

2 41 .9 42.0 54 .4 

3 43.9 43. 5  43 . 1  

4 4S. 3  46.1  43. 6 

s 45 .9 46 .4 40.2  

6 46 .4 36 .6 

Total 42.6 41 .1 so.:s 



isopli thl of length 1·6 in a mA is wry close to the G • c c:mtent 

of o mA, a result which can be taken u further evidence that the 

diphenyl..tne reaction does mt result in selective destnaction of 

ei theT cytosine or thymine. 

{4) a mA cmtains may separable groups of isaRers of lengths 

9 and 10 (figures 32·33) . 11\ere are also at least 6 separable 

gnups of isanen of length 11 (figut'e 34) , but the uneven dlstri· 

buticn of 1'8dioact1vi ty between these gTCUpS ,  nc.ntly confirmed 
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1n mother �t (G.B. Petenen, personal caNRUnicatic:a) , 

sugests a rather J"Mtricted range of sequences. OOy three separa

ble gnups of isomel'S of length 12 , and three (possibly four) of 

length 13, were detected (fiaures 35·36) . The quite nm-randal 
distrlbutim of these sequences suggests very stTmgly that some 

of that occur only once in each a INA molea.ale, and this cmclusion 

is supported by the quantities of 'flldioactivity found in each peak 
(table 8) . 

1h1s probably represents the fint isolaticm of 'unique' 

sequences frara vi thin a JJV\ •lea.Wt larger than the mA of phage 

+X-174. 

'!be d1stri.but1Cil of separable 1scmor IJ"'UP' between the t1t0 

stnracls of the • 00 •lec:ule has so far received caly a preltldnary 

eualnation. However, an the buis of the TaUlts in tables 1<>-lZ 

the folJ.cwl� Clbsen'atiml cm be .... 

(1) 'lhe H atnnd ...-.1es the Whole o mA molecule in being 
c!efld•t in qtapltthl of lq1h 1-3 and thymoplithl of lqth 2-5 ,  

and in having cytotbe «:'GK'8ttratll4 in the lCiftPt' isopliths (able 13) . 



(2) CytosU. Jllrli1ICI'IIen md CpT sequences appear to be concentrated 

nm-rmcbnly in the L stnmd, while thymine IIGI'lCIIe1'S and dimen 

md 'lpc SequeJ'lt*J 8pp88l" to be randanly distributed between the two 

stran.ds . 

Many interesting experlmlmts remain to be eani.ed out with 

p.76 

u INA. 1he distribuUm of cytcpllths between the two atralds , cne 

of the direct abjeetiYel of this project ,  ha not yet been 8CC1ll'ately 

measured. No attempt hu yet been made to locate the separable 

'unique' sequences of consecutive pyrhd.dines with respect to the 

two strmds of the JNA or the 'heavy-segment' region of the liaht 

stnmd. No very startling n.on-rmdalllesa in the distrlbutim of 

pyrimidine sequences between the two strands has yet been detected, 

but even prelimbary analyses have DOt yet been extended to isomer 

gTQJpS of length greater than 5 ,  or isopllths of length greater than 

7. 

1\medin, October :s'  1969 . 
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� I .  'lbe Use of Poll!!!!Ylene alycol for the COI1C8ltration 

and Purf;ficaticm of BacteriOllh!B!s fi and p. 

The discovery that PnG pTed.pitaticm provided an efficient 

method for cc:ncentrating md JNrifying large quantities of bacterio

phage a suggested that it might also be useful for pnpari.ng the other 

bacterlophages being studied in this laboratory , fl and T7. This 
proved to be the case . 

Suitable ecmamtratims far the preeipitatim and re .. suspensim 

of phage T7 weTe dem<Ntrated by celite column chrauatography as 
shown in figun 1 .  An electTm micrograph of phage T1 purified by 
this method is sham in figure 2 .  SUch preparations cmtained very 

little extraneous material. figure 3 shows by way of cmtrast an 

electron micrograph of phage T7 pn�pared by salt preclpi tation 

foll<MJd by differential amtri.fuging. This preparaticn c:cntained 

large 80Uilts of bacterial debris . 

Phage fi was precipit ted at rather lower PEG cmamtrations 

than }iulgea T7 and ea .  as shown in tsb le 1 .  

The recovery of phage fl  after PEG prec:1pit.a1:im was qu.mtitative 

(table Z) , cd fl pnified by this method showed the nomal morphology 

when ex81ined by electrm llicroscopy (figure 4.) .  

CCnalderab le difficulty was experienced in foUCidng the reawery 

of phap fl by infectivity assays , and it mlllf be that f1 is inactivated 

by PBG. Nevertheless , this selective precipi tatian. •thod is ..., used 

for routine batch preparatims of fl in this ltboratcny (W. P.  Tate, 



Appendix I .  

F igure 1 .  PEG Gradient Elut ion of Phage T7 from a Cel i te ColUIJU1 . 

Phage T7 prepared by differential  centri fug ing was made 0 .  5 �1 
in NaCl and 6� (w/v) i n  PEG and fi ltered througl: a 1 an .  x 1 an .  

d i ameter column o f  cel i  tc . Phage was eluted with a l i nearly 

des cending concentrat ion grad i ent of PEG containing 0. 5 �1 \aCl , 

0 .01 �1 phosphate buffer pi ! 7 . 0 ; 5 ml . and 2 ml . fract ions were 

col lected and assayed for phage parti c les by ultrav i o let absorpt ion 

measurements at 260 m" . 
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� I •. P1Jl!!! 2 • Blec:tl'Oft MlctOS9'Pf of 

Pis! T7 Prepa!!d by rue �pitatim. 

Phage T7 elutecl ln fnctians 9·U fraD the celite column 

described in figuJ'e 1. was rinsed twice with phosphate buffer 

by high speed centrlfugizw IDd extlllined by elod:J'Oil adcrascopy. 

Mqnific:ation ao.<m x .  



AppM.lix. I .  Pli!J!! 3 .  Electrcm. Mlc:roscopy of 

P!!!a! T7 Pr!pa1!d by Dlffenntial Centrlfusb!J. 

Phqe T7 was eonamtrated fna a bacterial lysate by .....W. 

sulphat.t pndpitat1Cift follawed by differential amtrifugi•· 'Dle 

c:mamtrated phage suspension was clarified by a final lat speed 

C81ltrifug1JII (10 miJUtes at 10,000 r .p.a. in the SS-34 rotor of 
a Sorval1 RC·ZB cmtrlfuge) md a portim of the supematant 
exained by electron lliCJOKOpy . 

Magnificatim 64,400 x .  



Ape!ndix I .  Table 1 .  Precipitatlm of �e fl 

by Law O.U:.traticms of Polr,et!Jllene Glycol . 

12 
A aeries of 'l:li»es c:mtaining phage f1 (10 /ml.) , o. 5 M 

NaCl , 0.08 N borate buffer pH 8.0 and var1411 conc:entratioos of 

PBG were assayed visually for pred.pitatlan. 

PEG Catcentratlcn 
(w/v) 

3 .0 

2 . 5  

2 .0 

1 . 75 

1 . 50  

l.Z-S 

1.0 

o. s 

Extent of Precipitation 

+ + 
+ + 
+ +  
+ + 
+ +  
+ • 



5Ptlxlix I .  T�le z.  �!Y of Phage f1 
Af,tlltf.. P;recieitatien � Polf!!&lene GlY£01. 

u 
A suspen1ion of JUte f1 (10 /ml.) , prepared by differential 

ceDtrifugina, vas JUde o . s  M in NaCl md o. st (w/v) in PEG md 

centrifuged (5 min. at lS .<XX> r.p.a. ) .  The supematant was made 
1. 75t in PBG .-Id re-c:entri.fugod. All fraeticms wre rinsed twice 

in borate buffer by high speed eezrtrUugi111 and auayed far phage 

by measuriJov the ul tl"'lV'iolet absOJ1ltions at %60 Dl\1 and ZIO J�aA • 

Pncd.CI'l Azf!iAzPJJ 
Ini till! phage 1.10 suspension 

o. s. wt· 1 . 11 

1.15t ppt .  1 .10 

Final supt. 1.10 

Ulits Az6o 

460 
S.8 
469 

0.9 

t Total Az60 
100 
o.a 
102 

o.z  



Afsl!!!!!! I .  Pi&!!! 4. . Bleetron MiC!'O!C!'Pl of � .. f! 
Pr!p!!!d !'1: Selective Pndp!tatiora with l'£9• 

A portica of a rlnled 1.15t PEG ppt. fnctlan of phage fi 
(table 2 .) v diluted lnto diltllled vater md exadDed by 

electron llic:NJCUpy. 

Maplftcaticm ss .cm x .  

·. · 

. ' ' 
- � . . . ,. .· .. :;> 



The degradaticn of mA vi th diphenyllllline in fot'Ddc acid results 

in a �lex mxtunt of inorganic phosphate. free purine bases , and 

pyri.rqJ.dine oligodeoxy:rJ.lcleotides of varying c:b.ain length and base 

composition with the general fUDUla PynPn+r Methods for the re

solutim of such mixtures by paper chromatography ,  paper electtophore-
1 2 . ..  

sis and ion-exchange chranatograpby have been developed ' ' • • In 

all these methods • the total aaount of material that can be ealvenient

ly resolved is limited to a few tens of &&g. atoms of oligc.mJCleotide 

phosphorus • 

Sinca the lmg , rarely-occ:urring pyrimidine lllCleotide sequences 

form mly a ve1')' small fraction of a dlphenylanine digest , their 

study is facilitated by prior l'SIOV81 of most of the shorter sequences . 

Prolc:mged dialysis agaimt distilled water was at fint used for this 

purpose, cn the asiUq)ticm that the losses of the longest oligcDJc:leo

tides into the diffusate would be Mgligible , but it ranained necessary 

to exad.ne in detail the effect of chain length and base c:aupositicn Cll1 

the dialysis of pyrimidine ollgodeaxyta:Jcleotides • 

In a prellminuy experiJalt , a 4...t. portim of a diphenyladne 

digest of calf thyuus INA (rep'l'eHilting 100 Ill • of � was dialysed 

against 800 ml . of distilled water fO"t 60 h .  at 4°. An aUquot (SO al. )  

of the diffusate was evllpO'I'&ted to d.Jyness at '51)0, md the oligonucleo• 

tides separated on the basis of dlain length hy iCft-exdlqe chrama-
.. togr., • The eluticm pattem , illustrated in Pigure 1 ,  sbcwed that 

app1"8d.ab1e --.mts of soquences of c:b.ain ltmgth up to at least 7 ha4 

passed into the diffusate. 
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F igure 1 .  Ol igodeoxynuc leotides in the Di ffusate . 

The products i n  the di ffusate obtained after prolonged d ia lys i s  

o f  a depurinated d igest of calf thymus DNA were separated on the 

bas is of chai n length by ion - exchange chromatography on DEAE-

cel lulos e ;  2 ml . fract ions \\'ere collected . - - - - , �aCl concentra-

t ion .  
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In order to reduat the errors involved in measuring the diffusioo 

rates of variCUI oligonucleotides , anoth4rr llpJ)l"'8Ch VIS adopted. A 

diphenylmne digest of nm-radioaetive bacteriophage o INA, contain

ing 425 t 6 &al• atODS of phosphorus (25 ml.} , was dialysed qainlt 

ZO 1 .  of distilled wateT at I'OCift telllperature for 63 h .  PbospbOJUS 

analyses showed a loss into the diffusate of 74 t 3t of the mc:leotide 

8lld olilfiJUcleotide �. 
'the c:mtents of the dialysis bag were cx•dnld with m undialysed 

digest of 3Zr-labelled a rm., containing 62 t 1 ttK•  atans of tW. 

phosphoNs, and crv..,orated to dryness . After nmova1 of the i1110luble 

guaninl residue! , the oligodeoxyweleotides of the <Xmilintd digest were 

separated on the basis of chsin length by im·exchange chromatography 
(Pigut'e 2) • 

Pealcs 2·6 were identified by rechnlllatograriJy as pyrimidine oligo· 

m.tcleotides of length 1-s .  The absommc:e (211 mp) and 32p radioacti

vity of each peak was assayed. Asstaing the base caapasitian of each 
peak of ollgadeoxyn.Jcleotides to be 43t c:ytosiM ' sn t'bymine (fnn the 

I 
cytosine to thymim ratio of phag a mA) , tb absolbmce at 271 -.. 

gave a meaunt of the ccn.tribtrtlc:m to eadt ptak frem both the dial'ysod 
libel tmdialysed digest • while the JZp ndioactivi ty gave the c:mtrlbution 

&. the undialysed digest alc:ne .  Pn. these , tbe 101 ... of unllbelled 

IIJCtleotide Mtllrial clnina dlalylis W8l"e calculated. '!be percentqe loss , 
plotted as a t\meticn of chain length , is giv. in Plguft s. 

It cm M seen 'that ... 1'41M'N'al of the llaKDICleotides was CG�plete • 
.lW 

1he loss durJ.Da dialysil declined wi6 chain � in 1he nnp 1·6 .  

but NU1ned substantial f01' oJJ.aoaucleotldes a 10111 u U. 
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Figure 2 . Separation of I sopl iths in a Mixed Diphenylamine Diges t 

of Bacteriophage DNA . 

The f i rs t  two peaks were e luted with 0 . 1 M acetate buffer (pH 5 . 4) 

containing 7 M urea .  Sequences of greater chain length were e luted 

''ith a l i near gradient of increas i ng NaCl  concentrat ion (·-···) m 

the s ame buffe r .  Column leng th 4 4  cm . , 5 ml . fractions . 
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Figure 3 .  Chain Length and the Loss of Ol igodeoxynuc leot idcs 

D.Jring Di alys i s . 

� ,  mean pe rcentage loss during a 6 3  h .  dialys i s  for a l l  

sequences o f  a g i  vcn chain  l eng th ; <>-0 ,  mean percentage loss 

duri ng the 63 h .  d ia lys i s  for those sequences of each length 

remai n i ng after a 45 h .  re -di alys i s . The bars represent the es t i -

mated rel i ab le errors . 
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To dctendne whetheT base tXq)C)Si ticn had any effect on the rate 

of dialysis of pyrlmidiDe oU�des , Jlealcs 1-5 of Figun 2 

were desalted and separated into their �ts of differing base 
.. 

�ltlm by ion·exdtanp chrcmatograpby • Peak tubes wen pooled 
md assayed for llp ndloactivity end ultraviolet ebsorptim. C&lcu· 

latiODS of percentqe losses durlng dialysis of the non-radioactive 

digest wen made as before. except that no asSU�Aptions were needed 
anceming the base c:cnpcsiticm of each peak. 

A very marked effect of base C0iJ1101ltian, which becanle increasingly 

pnhUlced u the chain length b.::nased in the nanp 2-S , vu found. 

In tWery case , tb.e loss dUring dialysis increased with increui�t� cyto

sine COI'ltent . 1hls was shown graphically when the peTc:entage loss fOT 
ead\ gt"OUp was plotted relative to the pcm:enta.ge loss of the thym.iD& 

ollgomer of the sae chain length (Pigure 4) . 

This base �iticn effeet was f(U1d to atTORBlY modify the effect 

of increasing dlain lenith , as shown by plottinr the pen:entap loss 

duriJV dialysis 9.Jalnst chain length for different CCiq'C)sitional series 

(Figure S) . 

It was clear that the losses sham in Pigun 3 for sequences of 

c:baln 1eDgth 3·5 III.ISt represent weighted mea va1.ue:t for ld.xtures of 
Q1lllpCil8ntS of dlfferi.nt base callpOSitica whldl hacl dialysed at quite 

dififtat rates. It vu of lntet'elt to 1maw wt.ther tJds also held 
ttue for tM l.cJnaU MqUelllC» J1'0UP5 .  Unfort:unately the poor sepantiuft 

obtained • the basis of chal.n len;Jth for these aequenees interfered 

with their further NSelution en the basil of �ltim. 
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F igure 4 .  Cytos i ne Content anJ the Loss of  

Ol igodeoxynucleot i des Dur i ng Dialys is . 

(a)  d inucleot ides ; (b) trinucleoti des ; (c) tetranuc leot ides ; 

(d) pentanuclcot ides . The bars represent the es timated rel iable  

errors . The percentage losses for sequences of di ffering base  

content are expressed rel ative to  the th)�idine ol igomer 

a: 
"' 
� 0 C> 

� > L � 
0 � 
"' > 
� � .J 
"' a: 
en en 
0 
.J 

1 .50 

(a) 

(c) 

0 2 3 4 
NO. OF C YTOS I N E R E S I DU ES 



Appendix I I .  

F igure 5 .  Base Compos i t ion and the Effect of Chain Length 

on the Dialys i s  of Ol igodeoxynucleot ides . 
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1ft alternative approach vas desianecl in which 1o-m1. portlc:u of 

the sequence grrups of chain length s-8 were each t"e*dialysed f01" 45 h.  

against 2 1 .  of distilled water. The samples were acidified by the 

additim of 0.1 vol . of o. s M HCl and their 32p radioactivity and 

ultraviolet lhsOTption measured. The results are presented in Table I .  

Tllble 1 .  Reducticm of �dfic Activity on Re-dialysis . 

Counts/min. per a.mole Ccutts/min. per m.110le 
Olain Length pyrimidine before re- pyrimidine after re-

dialysis . dialysu . 

s 35 . 2  t 0.9 31 .3 t 0.6 

6 33 .0 t 0.8 29 .0 t 0.7 

1 32 . 4  t 0.8 28.4 t 0. 7 

8 32 . 2  t o . s  28.4  t 0.9 

It vu fcunct that re·dialysis resulted in a reductiCIO of the 32P 

radioactivity relative to the ultraviolet absorption. nu.. TeSUlt was 

intetpfttod as showing that each of these sequence g1'QlpS contained 

fractioas (pni>ably those oligodeoxym.acleotides most rich in cytosine) 
that were dialysecl out JftOl'8 npidly than the �nder. 'lhese 'lftiUJ.d 

have been depleted in the orl.gi.M1. nan-ndioactiv• digest , but not in 

the radioactiw digest. 1be depletian of the c:ytosina·ric:h ndioactive 

fracticns du1i.Jia re-dialysu would have rasulted in the Clbse1ved rM.tct· 

im of lped.fle aetlvity. Ccllversely, it is reacJily shown that the 
sequmc:e8 iD each of these 1aath JNUPS that � after n-dialy• 

sls npreMDted a fractim that was dialysed aut less r��pidly than tM 

..... (P1auft 3) .  



Appencllx II . p. S 

At a late stage in 1h1s work it vas realised that variaticn be· 
tween repUcate diphtnvladne digests imposes an element of unc:ertain

ty on dialysis results obtained by m lsotope dilutlCil method. To cm.

flm the main amclusims of the p'I'Wious experiments , a single expert· 

Mnt wa ccrried out by a more direct method. Purified tetnD.K:leo

tldes (10 Ill . • 0.61 \IIOlel pyrl.JnidirJe/ml.) fra1 a diphenylanina digest 

of calf 1bynus Ita were dialysed against 700 llll . distilled water at 

4° for 65 h • •  .,M) 1he bag ecntets and diffusate fractiont1 separately 

CIDilC'altrated to dl')'nlls at 3tf ald resolved into the o:nptllents of 

different base �� tion by tan-exchange chromatography .  1he percent

lip loss for eadl group wu assayed directly by ultraviolet absorption. 

A dramtie effeet of cytosine content cm the rate of dialysis was con

fimed (figure 6) . 'D1e mean la.a of tetranucleotides into the diffusate 

wu 2U : nudt less than 1n the pnwious series of exporlments , 'Which 

wtrre hcMfti'er not canied out wader C'.Ont'uable CXIldi ticns of tf!lllperature 

rmd ollgoraacleotide cc:moentratian. 

It la pe-rhaps DOt surprl.aiDJ that appreciable losses occ:uned cluring 

the prolmlpd dialysis of quite lcmg oUgcDJcleotides . n.. largest 

oliJQIUCleotldes ...tned in thia wot"k have a .,lec:ula.r weight of less 
than 1 ;OJO, md tbe •jor r .. 011 for the alowneu with vldda they 

penetrate dialysis ..t>nnes is probably the high negative charge they 
carry in MUtra1 solllt1Cil rather than slu.• 1ht � effect of 

bate CC���pMid.an cculd also be lntetpnt.ed in tna of charge. Slnca 
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figure 6 .  Dialys is of Purified Tetranucleotides 

Agai ns t  Dist i l led Water .  

TI1e % loss i nto the diffusate for each i somer group was 

ass ayed by u ltraviolet absorpt ion measurements at 2 70 m� , and 

is expressed rel at ive to the � loss of T4p 5  ( 10 . 4% ) . 
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the pH during dialysis against dhtilled water was prcbably less than 

7 .o • an appreciable fractiiXl of the cytosine residues may have been 
post tively imised, thus reducing the overall negative charge cm cyto

sine-eantaining sequences . This intetpretatim does mt however readily 

explain lily the cytosine effect should haw been veTy lUC:h greater for the 

tetra- and pentanuc:leotides the for the dimlcleotides (Pigure 4) • 

For this reason , 1 t is pnferred to interpnt these results in 

tetml of �itim-depend.nt base interacticns . These ca.ald involve 

stadd.ng b� adj acent bases , which recent studies with polyribo-
6 

mc:leotides have shown to have a pro:fctmd influence en the cmformation 

of polyaacleotides in solutlcn , or altematively hydTOgen·bmdina beflteen 
ntWl-adj acent bases , which is believed to be the main force stabilising 

the amfOl'liUlticn of transfer mA. Hydrogen-bmding wauld seem a priori 

a mre l.iDly explanatim, bec:aase althcaagb base-sta.eking interactims 

(in polyribonucl.eotides) are fcund in polycytldylic add but not poly-
' . 

uridylic ld.d at low ionic strength • , these interacticms are non-

cooperative , so that the dlfferenc:e in cmformatim between a staclced 

and an unstac:ked cH.rueleotide is unlikely to be wry DUch less than the 

diffennce in c:mfcDation �n a stacked ad an unstacked penta

llleleotide . In cmtrast to base-stadd.JW ,  JtydTO&eJl-bonding between 

bases tends to be a strongly cooperatiw pl'OC!eu , u shown by •1 t1na 

'Dwn an st.1mg lndlcaticm that the base interaetiOIJI respansible 

fOI' the qtosiDe effect m dlalysu are cooperatiw in nature ; not anly 

fml the .,....WOI'Cellellt by tna.a� c::ha1n length shown in figure 4, 

but fna the uplllld curvatuft lhGwrl la figures 4 and 6 . l\lrthe1'mD1'e, 
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the effect is strongly dependent on. teaperature ( COJI!Ipant figure 4 

with fiprn 6) , a result not expected for bue·at.addng interactions . 

A single experiment showed a d1 autic effect of iooic strength. 
Purified pe:ntanucl.ecrtides (10 ml. , O.lS �d�Ule pyr!Dddine/ml .) frca a 

dipheJl'lai:ne digest of calf thyn.as 00 were dialysed agaimt 0. 1 M 

trlethyl.NaRanW. bieatbcnate buffeT pH 8. 3 at 4° for 84 h .  , and the 

loss of each Ha.T group •aaund directly, a in the pnviaul uperl

���mt .  1he _. loss of pentamtcleotides into the diffUsate wu 7St . 
As showa 1n flaure 1, the cytosine effect was appanmtly �letely 

elbdnat.ecl. 

1b1s prorided a useful mems of desalting oligonucleotide mixtures 

withaut selective loss of the c:ytotine-rlch sequences . However • pro

lmged dialysis remains clearly unsuitable fOT the preliminary fncticn

atlcm of diJMn1lllld.ne diptts withcut N>stential losses of wen the 

lcngest pyrimid!De mac:leot1* present, ad dialysis against distilled 

water r.atns UDIUitable foT ay putpOH other than the Tapld desaltlng 

of hCIIIOgenl(lUI sequence pr.parations . 
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F igure 7 .  Di alys i s  of Pur i f i ed Pentanuc leot ides 

Aga i ns t  0 . 1 � �  Tr i ethylanunon i LDn  b i ca roonate . 

Los s es of eacl1 i some r g roup i nto the d i ffus a te a rc expressed 

rc lat i ,·e to the oJ loss of T .,p . . ( 6 5 . 4� ) . 
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1he dUeovely (appemix 11 .) that dialyst. was an unsatisfactory 

•thod far the preliminary fTactialatim of diphenylanine digests made 

it desinble to develop an alternative. 
1 

It had been reported by Holm and Sc:haller that bonclogous series 

of deoxyoligcnucleotides , of dofinld base c:o.,si tion and degree of 

phospborylation, CD.lld be separated an the basis of chain lAmgth by 

dmlssatography cm c:ol\IIIIS of Sepbadex gel. Although they found a 

atted effect of base c,..,sitlon by eawparing the two baaologous 

series d(pT)n md d(pA)n , the two pyrimidine series d(pT)n and 

d(pC)n sbaied closely similar elutim patterns . These results were 

d>tained using IBliOOI1ium bicubalate buffers of moderate ccncentraticn 

(0.01 M - 1.0 M) and pH 8 .6 ,  ad are therefore canpatible with the 

observaticm (appe!¥11x II .) of no base c:D¥OJiticm effect when pt'tbd· 

dine pentamK:leotides were dialysed against a similar buffer. Ollgo

nucleotldes were recoveTed quantitatively fnD the gel . 

nzriq; the pTeSent study the absence of a strcng base a31J¥0'i tion 

ffect in ael filtratim was C'JOllfl!ll8d usU. a wide range of buffers. 

'1be ehltlm profiles in figure 1.  show that in o .1 M �te buffer 
pH 1.0 the eytxaine·rieh pelltm.ICleotide ttc.. Tp1 is cmly sUP,tly mon 

retanW by lepbeclex GZ5 that the 110re thyllidino·rldl 1saDen utiq& 
up the bulk of 'IM pentarucleod.de peat. 'Die use of the less cross-

11nlaed gel G15 at 1Dw ionic strength (fig. lb) or biah pH (fig. le) 

did not fti\Jl.t 1n any more •'l'kecl effect of eytosl.De content. A 

.-i�t fracticnatiOD was obtabed by ael filtraticm en the 
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F igure 1 .  Ge l  F i l t ra t i on  of Mi xed Pentanuc l eot i des . 

3 2
P - l abe l led C1'I):l6 i s OOlC rs fran a d ipheny l ami ne d i ges t of 

phage o. fl\JA were canh i ned w i th a mi xture o f  non - rad i oact ive pent a-

nuc lcot i des from a d ipheny l am i ne d iges t of phage fl �A and 

dcs a l ted hy d i a lys i s . 0 .  5 m l . po rt i ons o f  the m i x ture were l aye red 

carefu l ly on to 100 on .  x 1 cm .  d i ame te r  co l t.onns o f  Sephadcx ge I and 

e luted a t  flO"v.' rates of 1 5 - 2 5 m l/h . 3 - 5  m l . frac t i ons were as sayed 

f 1 . 1 b . ( ..., 7 1  ) d 3 z I)  ad . . . ( B km or u t rav 1 0  e t  a sorp t 1 on _ mu an r 1 oact 1 V l  ty cc an 

Lo•"• - & t a  cow1 ter) . 

Ge l  g rade and e l ut i on buffe rs : - (a)  G25 , 0 . 1 �I phosphate 

bu ffer pl l 7 . 0 .  (b ) G75 , O . CXH  �I phosphate buffer pl l 7 . 0 .  ( c )  

G75 , 0 . 01  N borate hu ffcr � �  10 . 0 .  
ArrOI\'S sh01,· v o i d  volume l D�A) for each co lumn - ,  2 7 1  m �J  

� ..,  
absorbance ; e e , ·' - p .  
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�re 2 .  A Base Compos i t i on Effect on C� l F i l t ra t i on a t  pH 2 . 6 .  

Pu r i f i ed 
3 2

P - l ab c l led C 3 Tp :. and mixed non - rad i oact ive tetra-

rrucleot i dcs fran a d i pheny l am i ne d iges t o f  phage f l  I.NA were des a l ted 

by d i alys i s . A 0 . 5  m l . port i on �o;as l aye red carefu l J y on to a lOO on .  

x 1 an . d i amet e r  colwm1 o f  Scphadex G l S  and e l uted w i th 0 . 1 i'-1 form i c  

ac i d  pi ! 2 .  b a t  a f l oh' rate o f  1 8  m l /h . 4 m l . frac t i ons were 

ass ayed for non - r ad i o ac t i ve o l igonuc l eo t i des by u l trav i ol et absorp t i on 
- 7  

measu rements a t  2 7 1  m!J , 260 m1, and 2 80 mL· . .)_p rad i oac t i v i t y was 

es t i mated hy coun t i ng sma l l  port i ons ,,· i t h  a Beckman Low - Beta 

Proport i on a l  counte r .  

ArrO\,- s hoh·s vo i d  vo lume ( llex t ran b lu e ) . 
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tightly crou·linked gel G1S in 0.1 M fol'lld.c acid pH 2 .6 , (Pigure 2) 

but in this cue dT,.p5 (identified with the small trailt.,. peak by 

its A,_w:/Azt,o ratio) was mre retarded, and dC11P5 less retarded , 

than the u1n peak of tetnmcl.eotides .  '1h1s can p'I'Obably be attri· 

buted to the weak ian-exdumai� propertl• of aephadex gel that 

result from residual positively daarged substituents in the poly· 

saccharide matrix . 
Sephadex gels prcMKI to have excellent characteristics for pre

li:minary fractim.atim of the olliCJilUCleotides in diphenylamlrw digests 

m the basis of chain leDgth . The most suitable buffers ADd gel grades ,  

with typical results obtai!Wd in chrautogTaphy of deplri111ted dlphenyl

m .. digests , are shown in figure 3 .  Purine bases , when present, were 
eluted in a broad peak c:a��pletely sepat"&ted fraa the oligmucleotides . 

Wllmie phosphate wu s lightly nGt'e retarded than the peak of mono

mcleotides , but not �letely separated. Routine frac'tionatian of 
d.ipbelvlamine digests in this project eq')loyed sephadex GSO gel equili

brated with 0.1 M triethylaiiiOirlua bica1bmate buffer pH 8 .3 .  Similar 

fraeticmatlms Wet"e obtail'led usina Sephadex G7S gel equilibrated with 

0 .01 N trieUtyl-.ium bicubcmate buffen . A joint experiment with 
Mr. W .P . Tate ahcwed that such c:anditicm gave qwmtitative recoveries 
(97 .6t aDd t8.4t in two experiments) of l2p.1JbeUed ollgaDw:1eot1des 

of chain length anater t1um stx. 
1be ptrtial resohltlea. of a CCJ�t'lu llixture of c:ha1n lqtbl 

suaested by 1M eluticm profile ln ftaure 3 was confiDMtd by the 

•c:ellent l'eSOlutlan of sillple Jd.xtllres of chain leng1bs such • that 

lham in fii'JN 4 .  No ..W.C:. w• obtahled flUI IUCh elutlm pnfllel 



Appeniix I l l . 

Figure 3 .  Prel iminary Fractionation of Diphenylamine Digests 

by Ge l  Fi l t ration . 

0 . 05 ml . portions of a depurinated dipheny lamine diges t of  

calf thymus DNA (SO mg . mA/ml . )  were chranatographed on 1 50 cm .  

x 1 cm .  diameter columns of Sephadex . 

Gel grades and elution detai l s  - column (a) G25 , 0 . 1 M 
ammonium b i carbonate buffer pH 8 . 3 ,  flow rate 20 ml/h . , 2 ml . 

fractions . Co lumn (b) GSO , 0 . 1 �f triethylammonium b icarbonate 

buffer pH 8 . 3 ,  flow rate 1 5  ml/h . , 3 ml . fractions . 

Arrows show vo id vo lume (Dext ran b lue) for each column . 
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Appendix I I I . 

F igure 4 .  Ge l  Fi l trati on o f  a Simple �xture of Oligonucleoti des 

on Sephadex GSO . 

Mononucleotides and nonanuc leot ides isolated by i on -exchange 

chromatography from a dipheny lamine d iges t of ca l f  th}TIUS DNA 

were separated by gel f i l trat i on on a 1 50  cm .  x 1 cm .  di ameter 

colW1U1 of Sephadex GSO equ i l ib rated with 0 . 1 M tri ethy l amnoniliDl 

b icarbonate buffer pH 8 . 3 .  Flow rate 1 7  ml/h . , 3 . 2  ml . fractions . 

Arrow s hows void volume (Dextran Blue) . 
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� III . p.l 

of my base CCIIIpOiitim dependent frac:tlCil&ticn. 

Another series of experiments in which balaDCltd llixtures of cyto
sine mane- , di- , tri- and tetra- J'RJeleotides went c:h'I'CIUtognphed an 

150 cm .  x 1 aa .  diameter c:ohals of 8ephadex G25 gel ahowed that no 

UJIJSU&lly c:oapact con.fomaticms for dC1p, md dCt.Ps could be daaonstra

ted (at 2s0C) in 0.1 M lllllOfthD bicubanate buffer pH 8 .  S ,  0,1 N 

phosphate buffer pt 7 .. 0, 0.1 M acetate buffer pH s .s ,  or 0,1 M foaate 

buffer Jfl 4 .0. 
1 Hdm md Schaller c::cmchk1ed that the gel eluticm behaViour of 

m oligcnx:leotide was detemined by the degree of cress-Unld��g of 

the gel , the pH and ionic strength of the elution buffer , ad the base 

caDpOJititm and moleo.alar charge of the ollgcn.acleotide . Duri� the 

present wvrk 1 t was found that the caticms pntSent in the elution 

buffer CGUld also be of impo1'tance, as shown by COIIIpariscn of the elu

ticm profiles in fiaures 3 and 5 .  In the presence of the bulky triethyl

....,lum eatiCD, the retenticm of olig011scleotides m either GSO or G25 

gel was subatantially nduc:ec!. 

RBJIBJBNQ!S 
1 ,  1b .  Holm IDCl H. Sdlaller, BlHWm. �11•• A#td� 138, 466 (D61) . -
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+ 
Figure 5 .  Effect of the Triethylammonium (Tea ) Cation on the 

Gel Filtration of Ol igonucleotides . 

Further experiments on the type shown in figure 3 .  (a) 

Sephadex G50 equi l ibrated with 0 . 1  M tris/HCl pH 8 . 3 ,  0 . 1 M Tea 
+ 

Cl- . Flow rate 15  ml/h . ,  3 ml . fractions . (b) Sephadex GSO equi l i 

brated with 0 . 1 M tris/HC l pH 8 . 3 ,  0 . 1 M NH4+ HCO) . F low rate 

15 ml/h . ,  3 m l . fractions . (c) Sephadex G25 equil ibrated with 

+ -
0 . 1  M Tea HC03 pH 8 . 3 .  Flow rate 20 ml/h . ,  2 ml . fractions . 

Arrows show void volume (Dextran b lue) for each column . 
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