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PARTIAL SEQUENCE_ANALYSIS OF TOBACCO.MDSAIC VIRUS RNA
Abstract

Lily Wong Sun -

32P—labeled TMV-RNA with specific activity of lOSVCPM/uB has

been obtained. Its complete T K -RNase digeét has been fractionated

1
By a two-dimensional high voltage ionophoresis technique (Sanger et

al., 1965). From the resultant T.-RNase fingerprint, the total

1
chainlength of TMV-RNA has been determined to be 6,284 + 2.4%. When
cérefplly treated with sodium dodecyl sulfate, 1.19, 3.14, and 4.58%4
of thé coat protein subunits have been removed from the 3' end of
TMV. ‘Tl—RNase fingerprints are obtained for the exposed end of
TMV-RNA. By comparison of the recovery of thé oligonuclgotides from
Tl-RNase digests at these three different extents of strippings, the
Q-mer (Lloyd & Mandeles, 1970) terminates 158 to 163 nucleotides from

the 3' end of TMV-RNA. The T,-RNase digestion products that occur

1
prior to the Q-mer are: 11-12 G, 3-4 CG, 5 AG, 2-3 UG, 2 CAG,

1 ACG, 1 AAG, 1 UCG, 2 CUG, 1 AUG, 1 UUG, 2'(A'2,C)G, 2 (u,C,)6,

1 CAAAG, 1 (AZ’CZ’U)G’ 1 (A’CZ’UZ)G’ 2 (A2?C,?2)G, 1 (A3,UZ)G,

1 (C9U3)G’ 1 (AZ’C3U3)G9 1 (A3’C4,U2)G» 1(A4,C3,U5)G, 1 (A29C29U5)G’
and 1 CCCA (Steinschneider & Fraenkel—Conrat, 1966) .

._lFor ail products from T, -RNase digests of the exposed 3' end

1
of TMV-RNA, base compositidn and their molar yields have been
obtained. Their nucleotidevsequencés have been studied by A

pancreatic-RNase digestion.

i1
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I. INTRODUCTION

. Tobacco mosaic virus (TMV)'is compdééd of.a riﬁonueleic acid
(TMV-RNA)'ahdvan outer coat of protein.: TMV-RNA isva sigglé'étfanded
ribonucleic acid ofv6;340'ﬁucleotides.'vlfvwinds‘ig a 1o6se helix
with.prbteiﬁ molecules pack¢d betweén.turn§. Each.;urn has a dia-
metér‘df_lsfo nm and a pitch of 2.3 nm.:_Thére arev49 ﬁrdtein_mole—
cules in gvéry three turns. Eéph ?irué pafticie cdpéists of 2,130
identicalﬁpfotein ﬁolegules ééch of which.éonsists'of 158 amino acids
of known'SQquence.‘ The helical arrangement of the ribonuciéic acid
and all the coat protein molecules forﬁs‘a rqd shapedJVirus of 300
nm in length and 18.0 nm in diameter (Ffaenkel—Cﬁnrat; Molecﬁlar
Bésis ofiVirology). |

Crystalline TMV was first‘isolafédAby Staniey'ih,1935
(Stanlef, 1935).. Its ribdnuéléopfofein néturevwaé demonstrétéd in

the following years. However, it was not until 1956.fhét'Giérer &

- Schramm (I956),‘and indépendently‘Ffaenkél—cbhrat (1956), demon-

étratéd.that TMV-RNA_alone, 1n'thévcomplété'absence;bf protein, was

.necessary and sufficient to produce infection. These experiments

definiteiy éhowed that the viral TMV—RNA carries the genétic speci-
ficity to code both for its own repiication_and.for theramind §cid
sequencé‘iﬁ itg specific cdéc protein. Since then, much more
attentionvwas paid to the structufal analysis of the fibbnucleic acid.

The structural analysis:of TMV—ﬁNA would pfdvide.information
aé how this riBonucleic acid acté as‘a genetic méterials, i.e. hov
this RSA is copied during replication and how tﬁe infbrmation is

transferred into‘protein. A knowledge of the nﬁcieotide sequence



of'TMV;kNA would allow one to determine the structure of those sites
on the RNA respbnsible-for the control of replication and'protein.
synthesis. An A residue was firét reppfted at both the 3' and thé
S'Fend'pf,the IﬂV—RNA.by Sugiyama’& Fraenkel—Coﬁrat_(1963). The 3;
termina1 nﬁcleotidé sequenég'—GCCCA was later detéfmined'by‘étein_
SChneider'&'Fraenkel—Coﬁrat.(1966)luéing chemical stepwise dégra—~
dationvméthbd. The samevéequeﬁée wéé iﬁdependenfly'reported by
Méndelés (1967) who used endlgfoupbiabeling'techﬁiqué aé well as a
series of chromatographic sepafatiéns; To determine¢thé complete
nucleotide‘sequénce of a ribonucleic acid of the size of TMV-RNA )
requires, hgﬁeyer, an incredible amouhtzéf wofk, But, thé;e a;g
two uniqué prdperties_of TMvahich'might facilitétérpérﬁial
squende.analysis. | | |
The'polar‘packiﬁglartangement'oﬁ the RNA éﬁd the protein
mdlecules is one of the unique'prbpefties of TMV. .From theif'reéon;
étitﬁtion expefiments, Stussi gg_gl.'(1969) have'éﬁown thaﬁ the
proteiﬁ moleculeélbuild ontovthe RNA in a‘pélér mannér,.i;e.,
starting from oée eﬁd of.thekaA; and Ohnovgs;él. (i§7l) were able
to concludé that this'polaf reconstitution begins at ﬁhe 5'bend_of
the RNA.: fhis evidenge is consistent with the poiar_stripping
bexperiﬁents performed by May & Knight (1965). They fdund that fhe
‘coat protein molecuies can be'femoved»by sodium dodecyl gulfaté'
(SDS) Seqﬁentially‘from the 3' end ofwthe.viral rod;  The é#foséd
3' end éf the RNA then_becpmés écceésible‘to ribonﬁcleéses digestion,
‘whereas in the intact §irus, the kNA is protecﬁéd from any action:

of ribonucleases by its coat protéin.v This shodld enable one to

@ -
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determine the sequencelof the.ekposed:parthof the RNA, for one is no
longer dealing'with a RNA of more than six thousand:nucleotides.
The other unique property of TMV was found independently by
Mundry (1969) and Mandeles (1968) in their sequence studies ' Mundry
reported a unique long segment lacking G residues in TMV—RNA " Upon

1
digestszof’whole”TMV—RNA, Mandeles noticed the presence of three’long

chainlength separation of Complete T —ribonuclease (Tl—RNase)
oligonucleotides. Chromatographic evidence‘indicated‘that_each occurs
only once along the uhole RNAIChain; 'The“chainlength of these three
unique fragments were determined by Lloyd (Ph.D. thesis, 1969).
The.longest fragment, called the Q%mer, has a chainlength of 70
nucleotides (Lloyd & Mandeles, 1970). By-employing the SDS polar
stripping.property Mandeles (1968) has heeniablevto locate the Q-mer
within the first 200 nucleotides of the 3' end.' The mork'reported
here uses the Q—mer as a marker to- a1d the sequence analys1s of the
3' terminus of TMV—RNA; bi the location of this Q—mer has also
been studied. |

Progress in the determinationhOf nucleotide seduences‘in

ribonucleic acid has been limited by the techniques available for

the fractionation of oligonucleotides produced by enzyme hydrolysis.

. The methods most used in recent years are the two-dimensional pro—

cedure which employs ionophoresis ‘and chromatography on paper.
(Rushizky & Sober, 1962; Armstrong et al., 1964), and ion—exchange
column chromatography on DEAE—cellulose or DEAE:sephadex (Rushizky
Et_gl};'l964)f..The paper chromatographic technidue is'used for

speed and ease of operation, whereas ion—exchange chromatography



is used for efficient.separation. The advantages of both techniques
may bebcombined by the use of ion-exchange paper. Sanger and his
coworkers (Sanger et al., 1965) described this method, which uses

high-voltage ionophoresis in both dimensions,; for the fractionation

~ of ribonuclease digests of 32P—labeled RNA. Since then the sequences

of a number of transfer RNA's of 77-78 nucleotides have been deter-
mined (Holley et al 1965; Rathandary et al. 1967' Dube et al.,
1968). The sequence for the 5S component of 120 nucleotides of
ribosOmaluRNA from E. coli has also been repdrted (Brownlee4§£;§£.,
1968). Nore recently, with the additional tools'of homochromato—
graphy on thin 1ayers of DEAE-cellulose (Brownlee & Sanger, 1969)
and polyacrylamide gel electrophoresis (Peacock & Dingman 1967

Adams gt_al;, 1969), a tremendous number of nucleotide sequences
vhave'been reported Nucleotide sequences present w1th1n 16S ribo-
somal RNA from E. COll were determlned by Fellner et al. (1970) and
Ehresmann et al. (1970), The first 175 nucleotide seqUence from

‘the 5' termlnus of QB RNA synthesized in Xitrg.has been reported

by Billeter et al. (1969). Adams gt_al (1969) and Nichols (1970)
have reported sequences present in the coat protein c1stron-and_its
'termination region of R17 bacteriophage RNA respectively v fhe
sequence of the three ribosomal b1nd1ng 31tes in the same phage

RNA has been reported by Steitz (1969) Moreover, the sequences on
_both ends of bacteriophage MS2 RNA have been reported by Fiers et al.
(1969) ‘The work reported here has been devoted to find further -

sequence 1nformation for the RNA of TMV, the best known plant v1rus.

u



in this work, thé two-dimensional high—vpltage ionophoresis
fractionation technique has been used as the methbd‘for fractionating
Tl—RNasé digest of 32P—labeled TMV-RNA. High—voltége ionophoresis
on celluioée aceﬁate_étrips at pH 3.5 hés been used in the first
dimension. One advantage of usiﬁg cellulose acetate strips instead
of paper is that it results in éonsiderably lgss'sfréaking of large
oligonucleotides. However, this limits one to véry small.amounts
of material. Thus 32P—labeled TMV-RNA has been uséa in all the work.
Oligonucléotides are detecte&.and estimated by radioadtogfaphy and
sciﬁtiliation counting fechhidue. In the secbnd'dimensioﬁ high-
voltage ion0phoresis haé been carried out on DEAE-céllulose papers
at pH 1.9. Fractionation on DEAE-paper is due_Bqth to ioﬁ—exchénge:_
and eleétropﬁbretic_effeéts}' The iono§horesis esseptially'bppﬁsés.Ln
the ion-exchange effect és the more acidic compoﬁentg move fasier
by ionopﬁoresis But slower by.ion—exchangé. The radioautograph ofv
the reéultant two—dimensional fractionation is knoWn as the_finger—
print; :With the applicatioﬁ of the SDS polar stripéiﬁg éfoperty of
the virﬁs, as little as 1-5% of the FOat proteinvm§lecules have been
removed from the 3' end. Fingerprintsvwefe obtéined'for Tl*RNase
digests of the eprsedv3' terminus.  The séquence study performed

in this work includes the,determinaﬁion of base composition,

nucleotide sequences and relative molar ratio of the oligonucleotides

present in all the fingerprints.



II. MATERIALS AND METHODS

A. Materials
Cellﬁlose acetate'electrophorésis strips were obtained from
Millipore Corp.,vBedford, Mass. 01730.
DEAE-cellulosé papers were Whatman Chromedia DEBl which were
made in Ehgland by W. &.é. Balston Ltd., thfoggh Reeve Ahgels
in>Clif;§n, New Jersey. | -
TlfRNagg was from'Toyko; Japan.
Whatﬁan'l and 3 MM chtomatography papers wefe pﬁréhésed from
Van.watérs & Rogers, Inc. |
Dyeé dsed as markers to folloﬁ the course of an ionophoresis
contaihed'eqqal volumes of 1% Xylene Cyanol F.VF.(biue); 2%
.Orange.G (yélldw) and 1% Acid FuchSiﬁ (pink) ; ail'wéré from
Geofge T. Gufr Lfd., andon;. 
Tobacco plants wére kinaly providedaﬁy the plant pathblogy-green

hquse:of the UhiﬁerSityg only Turkiéh'variety‘was used in this

- work.

The gfinder used ﬁo hdmggeniie infeéted_Tobacco leaves is a
omni—mi#er homogeniéer from Ivan Sorvall Inc.,rNorwalk,.Conn;
vif éoﬁsists.of a 5asic omni;mixer énd a stéinlesé steel 1eak—
prdof_grinding chamber.

Millipore filters with 0.45; grid membrane were obtained from
Nalge Co., Rochester, N.Y. | |

Céntrifnge tubes with écrgw on caps for mbdei’L30 rotbr:and

L40 rotor were obtained from the Nalge Co., N.Y.

L
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Agarosegel A-150m 100-200 mesh was obtaiﬁed_from Bio-Rad Lab.,
Richmond,'Calif.‘ | |
X—ray_films (ﬁo screen) and their developer ahd‘fixer wére
obtained from Picker's X~Ray of S.F., Calif. |
High-voltage electrophoresis equipment and coolant were ftomv

Savant Instrument Inc., Hicksville, N.Y.

B. .Pfeparationldf 32P—labeled‘TMV

The detailed précedﬁre for preparation of 32_P-labeled TMV is
described in the following."It'can be conside?ed“as a ﬁqdified
Mandeles an& quéningb(l968) method. _Thé Turkishzvéfiety of the
Tobacco plant about one month old wikh ;én to twelvé leaves was
used:iﬁ all‘pfeparapibns. ‘6ﬁé_piaht wés_ﬁséd for eachvpreﬁarétioh.
The leavés were infectea with a solutioﬁ containiﬁg‘O.l mg/ml of
unlébeled ™V, 7% carborundum as abrasive and‘lz.KZHPoaﬂ(pH 8.2).'
YérWood’&.FdltOn (1967) have disgﬁséed in detail a Qariety of
mgéhanicé_for infeétiéh; The brush'mggpod was found to be the most
convenient. The inbcﬁlum Qitﬁ.abrasive and:ph6spha£e'héfe aéplied
to the upper leaf surface by brushing with a wet paint brush.

Carborunddm'makes microwounds on the leaf surface. Although wounds

are necessary for infection, they heai_qhickly. So it is advisable

to apply"inoéuldm and abrasive simultaneously. Phosphate makes the

infection more effective and has given the most increase in infection.

Leaves were detached after onme day of inoculation. A total of -

20 mCi of inorganic 32P>was immediately‘added to the petioles.

Since each leaf was placed in one petri dish, thévamount of-32P'

should be distributed'evenly among all the. leaves. 3-5 drops of



32P;fbf.eééh-leéfbwés.easily takénvué in lS—ZQvﬁihﬁgés;: Then an
eqﬁal ;ﬁoﬁnﬁ of HZO was addedﬁ Affé; é}l the‘HZOFQaé taken.up‘the'
'hof' léaVes were carefully wrapped in a plastic_bég énd’ailoWéd‘to
Stand:ét £o§m témpefature for a week;' Allvthelle;vQé we¥e wé11
‘pfééefvéd in this iﬁéubétion.period.sinceithe.mois:ﬁfg was wgll képt
witﬁih:thé”blésﬁic bag. .Six'd$ys wéfé.eﬁough‘fbr the'biésYnthésis
of compléﬁé virus‘fods éndbihCOrporation of 3ZP (ééﬁmoner 22 §lt,

1962). At the end of the incubafion'thélleaves contaiﬁing'32Pf

labeléd'TMV'were'left in atffeézer dvernight in the same plastic bag>

and with adequate shielding. - All prdcedufés’invoiVingvradioéctiVe_'
32P wérévdqne in a closed éhémbér made.of‘half iﬁch lucite whicﬁ

shielded more than 90% of the radiation. Gloves were worn at all

timés to avdid direct contact of any radioactive materials. A»9—l2 _

inch tWeezer»wés used tb_carfy'the_'hot'1materials.

The frozen 'hot' leaves vere quite brittle aﬁd'they‘could>be o

easily crushed into’fiﬁe‘pieééé by means of hammering. ' The broken
pieces were poured into the pre-chilled stainless steel Sbrvall
grinding chamber and ground for as long as'the'leaves were still

brittle (2-3 minutes). By inﬁg so the leaves were broken into even

finer particles. - Then 200 ml of cold 0.04 M EDTA buffer containing

5% NaHC_O3 at pH 8 was added into the grinding chamber.. The‘mixture'

~was ground at the homogenizer's full ‘speed for fifteen minutes or

uhtil'it_wés homogenedhs.' During the course of the grinding ‘the o

chamber was lowered into a:methoxyethanolvdry ice bath kept at Oo‘tq

0 ' . :
-5 C to prevent any temperature increase of the mixture.

¥
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“The thick, but aqueous, hOmogenate was centrifuged at 9,000 rpm

‘and 0° C for 30 minutes in the GSA rotor of Sorvall centfifuge.‘ The

sedimented residue was discarded int6 radioactive waste can. The
supernataht Qas séved,vcentrifﬁged again at 9,000 rpm and 0° ¢ for
30 minutes to remove any reﬁﬁining greénuresidue._ The sﬁpernatant:
from thersecdﬁd centrifhge was poured into model L30 centrifuge tubes.
They wereacarefully balanced, capped, and centrifugea ét 28,000 rpm
énd 0% ¢ for 90 minutes. The dark brown supefnatant‘solution was
discarded into liquid radioactive ﬁéste ;an;' The éellets containing
Zp_labeled TMV were covered with a tétal of 50 ml of 0.002 M EDTA-
0.02 M éaéodflate Buffer_(EDTA—cac buffer) pH 7.2 and éilowéd to
stand in £hé cold room overhight.‘ The centrifuge tubes were then .
swiried to:dispérsé.the virus evenly. The éqnténtSIOf-ghe'tubes
weré.combined. After repeating the low speed and high speed centri-
fugations the virus péllet’wés suSpendédnin'lo ml'of coldbEDTA—cac.
buffer pH 7.2 and again allowed to stand in the cold overnight. At
this point the virus pellets were usually faifly tfansiﬁcent. The

virus suspenéioh was then filtered throdgh a miliipore filter with

.0.45y grid membrane. The fiitfate was céntrifuged;at 28,000 rpm

and 0° C for 90 minu;es‘to bring the virus down to a pellét.‘.The
millipbre.filtration'and higﬁ speedvéentrifugatioh were repeated,
if necessary, until ;here was no di%dernible-éoldr in the vitué
pelieﬁ. |

This peilet was then suépendedvin 1-2 ml of EDTA;éac buffer
pH-7.2f Thebmixture_was finally purified by-passihg thf&ugh an

agarose-gel A150 M column. The use of the millipore fiiter:wés to



remoue any‘dimer and higher degree aggregated uirus.particles. The
agarcse—gel column separates viruses_according tq.their sizes. Thus
any short or aggregated virus rods were separated from the main
portion of the 300 nm rods. The column was preeequilibrated in
‘EDTA—cac"buffervaA7.2. Eiution was done with the same buffer at a
flow rate of 4 ml‘pervhour; ‘A typical elution profile‘isishewn‘in
Fig. l,tlonlykthose,materials‘in the main‘peak centered around.
fraction,70,were taken, combined ,passed throughvmilliperelfilter,
then centrifuged at 28, 000 rpm again at. 0 C for 90 minutes. - The
resultant pellet was suspended in the des1red buffer for subsequent»
experiments. The yield of the 32P—labeled TMV was estimated from -
vits ahsorptien_at 265 nm. 1"mg of TMV is equivalent tev3.06 A265nm
units. ‘lts activity was cOuntedzin.a scintillation counter. The

yields‘obtained'from the ahdve prqcedures'are_summarized.in Table I.

' c Extraction of 32P—TMV—RNA
The viral RNA was separated from its coat protein by the phenol

extractionumethod in the presence pf bentonite,tc prevent degradation

by extranecus nucleaSes»(Singer & FraenkelQConrat, 1961). 5-10 mg/ml

of 32P—TMV in 0.01 M Tris buffer pH 7.4 was'stirred for 10 minutes

l with an equal volume of distilled phenol which was saturated w1th
_0.01 M Tris buffer pH 7. 4 0.2 mg/ml of bentcnite was used during
‘the course'of stirring ' Centrifugation at 2, 000 rpm for 10 minutes
in Sorvall ss-34 rotor separated the mixture 1nto two phases w1th
bentonite,as a layer at the interface between these phases.' The

upper aqueous phase was carefully transferred into a container
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P-TMV Elution Profile - -

Resin: Agarose-gel Al150 M 100-200 mesh.

Solvent: 0.002 M EDTA-0.02 M Cac buffer, pH 7.2.
Bed volume: 300 ml (2 X 100 cm column).

Sample load: 2 ml (10-20 mg of 2p_tmvy

Flow rate: 4 ml/hr. v o
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Yields of

Table I
32

P-TMV_.

12

Preparation 1.

Amount of 32 14
used in mCi. )

g of infected leaves ' 65

32 _my

mg of 19.75

Activity of
32, oy 6

29x10
counts/min (CPM) '

% incorﬁoration~_ '0.250

Specific activity 1.47x10°
CPM/mg of 32P—TMV_

55.

'10.90

55. 6x10°
0.324

5.10x10°

20 20

55 30

10.48  5.52

59.5x10° 29.10x10®

0.295  0.132

' 5.68x10° 5.27x10°




which already contained about i_mg of bentonite. 'éare‘ﬁpSt be

taken not ?d remove.anywof the interface material With.thelaqueoﬁs
phase.  An eqﬁalIVOlﬁmg of‘pheholﬂwaé added. = Stirring, centri-
fﬁgaﬁidﬁ_éﬁdbseparation'of éﬁaées were cérried out és béf;re.: The
aqueous phaée_wéé céntrifuged at i0,000 rpm inithe ss-34 rotor for
30 minuﬁes'to'remové any remaining bénﬁoﬁite; The supernatant was
then extrécﬁed.tw1Ce‘with 2X vdlﬁﬁe of ethef'tdvremovevany’édn—
taminated phenol. Afﬁer removal of.etﬁer by Sdcﬁion the aqueous
solutibn'coﬁtaining 3ZP-jTMV—RNA was dialyzed against_QSZ etgAnol_foi
2'hoﬁfs; Thisvwas done ins;ead of préciﬁitéting.the RNA with |
ethangi; Tﬁe volume of the dialysis tgbing can thenvbe:decreased :
by'makinglan extra knot. - It was fdllowed by dialysis against 0.001
M Tris buffer pH 7.4 ;Q,remOVe ethanol and excess salt. This method
is modified ffom that.descgibed by Maﬁ&eleé &»Bruenigg (1968). The
yield of RNA was eg;imated frﬁm its absorption at 260 nm. Its :

activity was counted in_é scintillation counter. .32P—TMV—RNA with

5

specific activity as high as 1.0 X 10 CPM/ug'has'been obtained.

The yieldsvobtained from various preparations afé summarized in
Table iI;
D; Hydroiysis.of 32P—TMV¥RNA with.EnZyﬁéé

In order t§ obtain reproducible results, thé kNA must be g
completéiy hydrolyzed ét ali specific.sité$. Cyclic ﬁucieotidgs:
must also be eliminated since they will leéd to a,dupliéétiqq of
each spoﬁ iq a fingerprint. Too vigorous conditipné shoﬁld'not be
used siﬁcé Sﬁlittiﬁg of bonds other than ﬁhevspecificfsites will

occuf.v Therefore it is advisable to digest with relatively high

13



Table II

Yields of 32

P-TMV-RNA _

14

' Preparations

mg of 32P—TMV

A 6omu °f
32, _rMv-RNA

Activity of
32P—TMV-RNA.
counte/min_(CPM)

Specific activity
' CPM/A260nm

CPM/ug*

% yield

.19.75

24.40

6

122.90x10° .

"0.94x106
©0.24%10° -

1 86.8

' 9.44x10

2.16

3.25 :

2.90x10°

1 0.73x10°.

93.5

.

1,75

1.58

6.38x106

4.03x10°
©1.01x10°

72.5

0.91

1.07

_3.9x106

 3.e5x10%

0.'91x105

93.5

* 1 mg of RNA = 25 A

26bnﬁ units.



concentrations of enzyme for'e short tine.- Te.avoid‘any contaminants
of ribonucleases, gloves were requlred and all glasswaie used was
washed in hot detergent and/or chromic acid thoroughly rinsed
dried, then covered w1th aluminium f01l and baked for 12 hours at
180—200 C.
(1) Tl—RNds.e':"
Enzyme to substrate fatio used was 2.enzymeiunits
.(Egami & Takahashi, 1961) for every A260. unit of RﬁA;
For relativelyvlatge amount of RNA,_i.e.-in_the order of
’.mgs, incubation was done in 1 ml sOlutieniat 400 C fo£ 4
_indurs - With 200 g or less, 1ncubat10nbuas carrled out
.in 10- 20 pl in a sealed drawn—out meltlng point tube at :
; 37 ,C for 4 hours:']The digest in the capillary can be
‘direetly applied to the celluiose acetate:serip for
j‘ ftaetionationf‘ | |
(ii) Pancreatic‘ribonuclesSe (PANQRNase):
',Hydrelysis by PAN-RNase, in allieaSes,AWas'eer;ied
out in drann—but ﬁelting poinﬁ tunes due td the smali'
amount of materiéls. For exact condieions used pleese

refer to section G (iii).

Partial Stripping and Hydrolysis of
the Exposed Nucleic Ac1d

The absorbance at 400 nm of a suspension containing 4~ 8 mg/ml
32

v of ““P-TMV and 20 40 ug/ml of bentonite in EDTA-cac buffer pH 7.2

was measured. To this was added 25 ul/ml of 20% SDS so that_the

- final concentration in SDS was 0.5%. This Suspension'was-quickly

15
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well mixed:in the 1 cm pathviength celldand its_absorbance at;406 nm
'was'read-immediately. The coat protein was'being remoyed‘by SDS in
a’stepwise fashion.from the 3' end of the viral rodb(May & Knight,
.1965). ‘The extent of this polar strippinngas followed by.observing
the . scattering at 400 nm. 'The stripping was quenched withvazlarge
amount of cold buffer when the de31red amount of prote1n had been
removed. For example, to obtain a 5/ stripping, the reaction mixture
was diluted at least tenfold with cold EDTA—cac buffer when the
absorbance at 400 nm had decreased 5%. This diluted suspen51on.was
.then centrifuged in_the L30_rotor at 28;000‘rpm-and'0 c for 3'hoursf
The supernatant was'discarded. Thedpellet nas‘resuspended in 10 @l
of EDTA-cac'buffer'containing 20vug/ml of bentonite. lolensure'
complete removal of SDS and ‘the stripped protein the suspension was
recentrifuged at 28 ,000 rpm and 0 C for 3 hotrs. 3 Then the pellet
was covered with 1 ml of 0.001 M tris buffer pH 7,4 containing 20
ﬁg/ﬁlbof bentonite'and allowed to stand oyernight4in thevcold;v

:The partially stripped virus1(PSV) was freeddof bentoniteiby.
centrifugation at 10, 000 rpm for 30 minutes 1n the L30 rotor.v The |
v exposed ‘3" end of the RNA was hydrolysed with 2-3- enzyme units of
TI—RNase at 40 -C.for 4 hours. At the end of the digestion 100 g
of bentonlte was’ added and the mixture was centrifuged in the L40 )
‘rotor at 37,000 rpm and 0° ¢ for 3 hours. The partial virus (PV)
formed a- pellet at the bottom of the centrifuge tube. ‘The super—
natant,-containing the nucleotides from Tl—RNase digestionv was
recentrifuged'at 37,000 rpm and 0 C for_3.hours to ensure completed.

‘removal of the.PV. This:supernatant was freeze-dried. The products
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were separated‘by the'two-diﬁénsional high—voltage ionbphoresis as.

described in the following section. The PV pellet~obtained from the

two centrifugations was resuspended in a minimum amount of EDTA-cac
buffer. Its 32P activity together with that of PSV and the Tl—RNase

digestion:products gave'the precise extent of stripping.

.f. vaé-Dimeﬁsional'High4Voltége'Ionoﬁhoreéis
o Ffactibnation frocedﬁfe |
This fractionatidn'prbcedufe Waé originaily described by
Sangef, BroWﬁige &'Bafrell (1965),v It Was:used tﬁroqghout this work

for separating all T -RNase digestion products of 32P-labeled TMV-

1
RNA. Therefore the deﬁail éxperimentél'pfocedures used are_worth
describing inbthevfolibWing;
(i);Apparatus used for ionophoresis :
- Iéndphoresié tank aﬁd rack suitabléffor_ceilulose
3acetaﬁe étripé aﬂdvDEAEvfapefs are descfibed in.Fig..Z.
The tank and rack are made of hélf.inch-iUCite,vail joints
éfé glued.. fﬁeranode and cathode ;oﬁpa?tﬁents are each
filled wifh 6~7Iiiters of.buffer_aé shown in (é). .The,
whole tank is theﬁ filled with Varsol‘té.thé level (f).‘
Varsol; an électfbphoresis‘coolanﬁ is used to kee? the
paper from dryingvout while'placed iﬂ fhe tank. Cold
_ Qatef is péésed tﬂrough the stainless stéel cooling c&il'
»f(g) during gachvruﬁ. kElgctrodes (h) are of platinum
l;Qatéd Qirés. They arejédnhected to‘é pqﬁerisupply..
cébable of.préducing up tq 3,060 volté.with a current

range'of 0-300 mamp .
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Fig. 2. Ionophoresis tank and rack

_'(a) Front of tank; (b) Side of tank, =
- {¢) Front of rack; (d) Side of rack.
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Buffer systems and markers:

pH 3.5 buffer consists of 0.5% pyridine and 57
acetic ecid (v/v). This was used withkﬁhatman No. 1
papefs for base cOmposition studies end nith DEAE—paper’
for secondaty enzyme digestions° '

pH 3.5 buffer in 7 M urea was prepared by titrating
a solution of 5% acetic acid in freshly prepared 7 M urea
with redistilled pyridine. This buffer was used with
Cellulose acetate strips in the first'dimensionalviono—
phoresis.. pH of this buffer changes.upon standing.

Glacial acetic ecid should be added whenever necessafy

'to Hring the pH back down to 3.5. The increase of pH is

'due'to the»decomﬁosition of urea into ammonia. Therefore

it is advisable to check tne‘pH of this buffer and make
necessary adjuStments‘befofe eech run.
pH 1.9 buffer consists of 7% formic acid. Iono4

phoresis on DEAE-paper in this- solution was used in the

‘_Second dimension.

(1i1)

The dye mixture which is used as ionophoresis markers

-con51sts of equal volumes of 1% xylene cyanol F F (blue),

24 Orange G (yellow) and 17 Acid fuch51n (red)

Ionophoresis materials:
Cellulose acetate,stfinsTwere used in the first

dimension. This material is very brittle when dry but

- easy to handle when wet. Fractionation in the second

dimension was carried out on sheets of DEAE-paper. This
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. matérialion the other hand is easy to hahdle when dry,

but very fragile when wet. Care must’ be taken-when"
handling fragile materials.

‘The foilowing;two séctions shouldbbe.réferred to

- Fig. 3.

(iv)

spotﬁing_énd the first dimensional ionophoresis:

WA'cellulosé‘acetaté strip of 2"x24" was cut out from

a roll of 2"x10': It was first vet with the pH 3.5/7 M

.‘dfeé buffer. To avoid inC1usioﬁ‘of-aifAbubees_Wetting

"was done by floating the strip on the buffer in a petri

dish. 'Exdesgfbuffér should be blotted. ~The wet strip -

was placed on a rack and lowered into the tank containihg

‘the same buffer. Pfe¥i6n0phbresiS'wa$ carried out at

2,500 volts for 30'mihutes.” At the end of’thié equiii¥~

bration,.the raék was taken out of the tank, and the ﬁoiﬁt

of appliéétibn,:WhiCh was 3.5" from the.Céthode end of

'the s£r1p, was blotted. The sample Was'iﬁmediatéiy:

applied as a spot and allowed to soak in while the sfrip
was still on. the rack. Two spots of the colored markér

were’applied one on. each side'of the sample.. Several

 'precautiohs one must note before spotting:

(a) Avoid.gvéinAding'the qellulpsé acetate'stfip§

this wiil rééﬁlt.in.bad streakingvin thévfiréfrdiméﬁ_
sioﬁ. Best fésuits.were obtained Qi;h lesé thah_iOO-ug
of the RNA digest. | | a

(b) Thé size of the spot should be_kept very éﬁall'in
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XBL 7110-1574

out of ionophoresis papers

Cellulose acetate strip (2"x24"), .

DEAE-paper (18'"x36");

Point of application of sample (origin), 0 samples of
dye mixture, ® red dye at the end of run, & blue dye

at the end of run, ————39p ionophoresis directions.
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order to achieVe good resolntion.vahus all‘spottingS‘
'were‘carried out inﬁdrawn‘ont melting{point tnbes.'
'Each-sample.was'spotted at short interwals.

(c) Carevmust be taken toiawoid'having'the‘strip dry
‘out while theFSample is beingvapplied. :5-l0 ulvOf
sample was fonnd_most convenient as‘it rapidly soaked
into'the stripg | |

After the sample was completelyvsoaked'in, the rack was

'immediately lowered into the same tank. Ionophoresisa

was run at 2, 500 volts until the red marker had traveled

15" from the origin. This could be done in about 3 hours;’

A The majority of the oligonucleotides was found to migrate

F ()

slower than the red marker and faster than the blue.,.

=Transferring and the second dimensional‘ionophoresis:

]Fractionation in the second dimension was carried

out on sheets of DEAE-paper{A'The_material on the

' cellulose acetate strip was transferred onto the DEAE—'

paper by the following blotting procedure. A sheet of

DEAE-paper 18"x36" was laid on a glass plate.u The

cellulose acetate strip on which the oligonucleotides'

" had been fractionated was allowed to drip off the excess

© . Varsol. Before the buffer dried the strip was laid on

the DEAE-paper about 3" from the cathode end A pad of

three strips of Whatman 3 MM paper 2"x18" that had been

soaked in water was then placed on top of the strip and

a glass plate placed on top to press the-strips together
II N .

i

\
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. evenly. Water from the pad passed thfoﬁgh the celluldse,

acetate strip carrying the oligohucleotides with it and

_bhtd the DEAE;paper. Eeihg acidic they Wére held on the

'DEAE-pape:vby'ion—exchange,and remained in the pésition

a& which they were first washed on. To ensure complete

-tfansfer,‘more water was added to the pa& while it is

still in pésition, The water was allowed tofsoak'through

until a 4" to 5" ﬁide‘étrip of the DEAE-paper had been
wet. If this was done céréfdlly'mofé'than'éoz of thév‘
ﬁateriai was traﬁsferred.'

Sincevutea'wbﬁid cause'stréaking in the sedoﬂd
dimension, it should be,rembved’by QaShing the wet area

of_the DEAE—papef twice in 95% ethanol, each tiﬁe with

fresh ethanol, then with 100% ethanol. The DEAE-paper

was allowed to dry while mountéd'on a rack.

Second dimenéional'ionophresis'was.pefformed at

' ninety degree to the direction of that on cellulose

acetate strip. _The DEAE-paper was wet with 77 formic

acidipH 1.9 while still mounted on the_réck. Wetting

"was started on both sides of thevliné, where the oligo-

:hucleotides.werektransferred, with the rack laid on the

"aide:- Ihevfroﬁﬁs of the solution were allowed to meet

‘along this line. Then_the rest of the paper was wet.

It was advisable not to overwet the'papef. Wetting
épuld be done eQenly with a spray or -a wash bottle. The

wet DEAE-paper on the rack was lowered into the iono-

23



phoresis tank that contained 7% fbrmic'acid with the

' vdligonucleotides near the cathode._‘Ioncphoresis was .

(vi)

carried out at 1,250‘§01té for 16 hours or until the blue

marker had traveled 14" from the origin. The DEAE-paper
was fiﬁéllyvdried in air while still on the rack. -
ﬁadioautography:'. | |

.ThiSttwoédimehsidnal high—voltage_iondphéfesis frac-

“tionation is ‘referred to as the fingerprinting procedure.

The resultant radioautographs are‘calied the finger-

' prints. ‘To prgparé radioathgraphs, the DEAE-paper was

) marked with radiaéetive'ink (14C) and cut to convenient

sizes for exposure. The DEAE-paper containing the

ftactionated,Qligbnucleotides was put_in a light proof

‘X-ray exposure holder with one‘or two.sheets of no-screen

X-ray film. The desired time for exposure to obtain a

satisfactofy finggrprintvwas summarized in Table III.

Films were developed aftef sufficienﬁ time was:given_for

exposure.

_ @

G. Structure of the Oligonucleotides
Elution:

The positions of the oiigbﬁucleotidés_on the DEAE-

- -paper were-determined from the radioautograph-by métching

the 14C ink’marks on the film with that on the paper.

The spots were cut out to avpoint as shown in Fig. 4 (a).

- The oligonucleotides were eluted with 2 M tiiethylamine

bicarbonate (TEA-HCO3_)'at pH 8. This was prepared by

24
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Table II1

Radioautogram Exposuré Time .

Amount of activity (cPM) R Exposure time
. 60,000 or less 2-3 weeks
300,000 o 1-2 days
o se0,000 . 16-30 hours
1,000,000 S 8-16 hours

2;000,000 and more - ‘ ~ 3-5 hours or less




(@)

| /2" o /Sp'ot containing 'nucleotideg

©-

XBL 7110-1572

Fig. 4. Elution set—up-

(a) Cut out o
(b) Cross section of the set-up:

(1)
2y
(3)
W)
- (5)
(6)

glass trough .

2 M TEA-HCO,” pH 8,

microscope Slides 1" 3",

DEAE-paper cut out as shown in (a),
drawn out melting point tube,
supports for the trough and tube.
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2 .
of redistilled triethylamine (TEA) until all TEA had

into a mixture of 70 ml of water and 30 ml

3 Elution was carried

dissolved into water as TEA-HCO

out és shown in Fig. 4 (b). It was very rapid by this

good vacuum was used, TEA-HCO

(11)

-ﬁethod and was cdmplete within half_hoﬁr. For each spot

not more than 100 il was usually collected in the .drawn

_out’melting point tube.

The eluted matefialskwere‘éhenbtféﬁsfeffed onto
s;éll petfi dishes and dfiéd.in a partial vacuum. If a
34 would bubble badly. The
residues were redissolved in 10 ﬁ1 df water and taken th_
drYness'threevtiﬁes to'ensufe éomplefe removal of the

TEA-HCO,~. The tresidual oligonucleotides were finally

‘taken up in the deéired buffer for structural analysis

described in the following sectionms..
Béée composition}
To determine the base composition'of an'oligo-'

nucleotide 10 ul of 0.2 N KOH was used to dissolve each

-residué; ‘The KOH solution containing the oligonucleotides

was drawn into a drawn out melting point tube by capillary_

aétibn.‘_The end was,sealed off. 'Hydrolysis was carriéd

. out at 370 C for 16 hours. After incubation the digest

was applied difeétly to Whatman No. 1 paper (18"x23")_

for~separation. Each digest was abplied'és a spot 3.5

iﬁches from one end of paper with 1.5 inch spacing. A

total of 10 to 12 digests could'be run at one time. Two
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dyé spéts were also applied along.fgo sides. Then the
paper was wet with pH 3.5 buffer (no uiea). Care must

be taken not to smear the spots dufing the wetting. Iono-
phofesié_wés run in the same buffef.at 2,000 volts for 2
hdﬁré.or until thé ?ed marker had reached ﬁhe anode end
“of the paper. ' The papef waS»alldﬁed to dry in air while

on the ?ack. The four mononuéleotides were-well'separaﬁed-
by this syéteﬁ (Fig. 5) with c and.A reéidués:travéled o
éldwer than the blue spot and G and Ufrésidqes traveléd
faster than the que but slower thag-thevred’spot.'
'_Thélpositiaﬁ of the fohr‘mononucleoﬁides can be

determined frém:iﬁs fédioautbg;agh as shown in Fig; 7.
They can also be‘détéctéd byﬂﬁVflight{ _Ihvthis éése,
o élong with éach.kOH digest;vs_fq 10 ﬁi of a mixthfe con~-
taining 1 ﬁg/ml'Eaéh>of the_unlabéiedfqononuéleofideé'was

' aléo spogted.-_Tﬁe idea wgé to use these unlébeled mono-
" nucleotides aé'ééfriers;which-can be detected by a ﬁV

iight sddrge.'.ﬁbwevér, pyridine a1SObabsor§es in the UV
:egion sé that it ﬁﬁst bé remOved by washing with ethyl-
écetate.k'The spots were:then cﬁt out and the_activity  .
of each monoﬁucieotide was directly esfimatea on the
_SCintillation counter. For produéts from_T

l-RNase digests,i
a G residue only oéchrs.once at the 3' end of each oligof
nucleotide. Thus the ratio of each other.béses to the

one G residue gives the base composition as well as the

nucleotide chainlength. In the case of PAN-RNase digests,
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XBL 7111-1703

Diagram showing the position of uononucleotides from KOH
digestion. Ionophotesis was done at pH 3.5 on Wiatman
No. 1 peper (2,000 voits, Z hours). R and B represent
the red and blue markers respectivelv. - ' '



(111)

1f nroducts of T,

i

a C_or U residue 6ccurs'only‘once'in”each'oligonucleo—

'tide, thus conparisons'were made with respect to them.

Sequence analysis.
To determine the hase sequence of the oligonucleo-
tides of an enzyme digest it is best to treat with a

-1

tides were further degraded with PAN- RNase. : 1—RNase.

second enzyme, For T —RNase digests; the oligonucleo—

cleaves the phosphodiester bond following a G residue,’

whereas PAN—RNase is specific for pyrimidine nucleotides.

1

RNase, one wouldAOBtain a group of'oligonucleotides'cons

-RNase digests were treated with PAN-

sisting AhG,_AhCUand A U, where n may_have-values of

O,dl, 2; 3,14’or higher.v These oligonucleotides could

| be_separated'byfionophoresis‘at pH 3.5 on DEAE—paper.

Secondary enzyme digestion was carried out'in»0.00lvv

M EDTA- 0.01 M Tris (EDTA-Tris) buffer pH 7.4 containing
0 2 mg/ml PAN- RNase.' The_oligonucleotide:reSidues of

TlékNase digest eluted as described in section G(1i) were

each dissolved.in 1O—lSJu1'of this buffer'and taken up

in a drawn—out melting p01nt tube. . The mixtures were
:incubated at 37° ¢ for 4 hours with ends sealed. - At the

end of the inCubation, the:sealed_ends were broken, each

mixture-waSZSQuirted out and mixed well with 2-3 ul of

0.5 N HC1, takeh up again in the same capillary tube,

~ ends resealed and'incuhated'for_an hour at 37° C.. The .

treatment-withlb.l‘N HCl was to break'down any cyclic

-phosphates.
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The digests were then applied directly from the'
| capillary tubes onto the DEAE-paper (l8"x36"). They
.were applied as 0 S 1nch lines one inch from each other.
3.5 1nch spacing from one end of the paper should also be
'rallowedf ‘Tonophoresis was run at pH_3,5 (no urea) and
1;000—1,500 volts until.the biue markervhad moved 9
.inehée from the.orfgin. The DEAE—peper wes wet with
buffer before lowering into the ionophoresis tank that
coﬁtained the»seme'buffer. Wetting was as described in
tseotion f(v); vAt'the end of'thevionophoresis, the‘paper
was allowed to dry whfle'etill_ou the rack.

‘A smell samble (30—40 ug) of 32P'—TMV—RNA in'EDTA;
; Trls buffer pH 7 4 w1th an activ1ty of 2 x 106 CPM was

.dlgested w1th 2 enzyme units of T -RNase and 2 ug of PAN-

1
'RNase at 37 c for 4 hours. After 0.1 N HCL treatment
the products'Were fractionated on DEAE—paper by iono-

phoresié at pH 3. 5 as described in:the previous pera¥

" graph. Fig 6 shows the resultant radioautograph and its

-diegram. The fractlonated products were. further

identlfled from their base comp081tlon. They were eluted

3

in G(ii). The'resulting mononucleotides were fractionated

"w1th TEA-HCO, as in G (i) and hydrolysed with alkali as

by ionophoresis on paper at pH 3.5,'loceted by:radioauto—
grephy_(Fig, 7), and measured byvsoiﬁtillation'counting.f
- The counting results were tabulated in’Tablevin Since

each oligonucleotide must terminate at the 3' end by a
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Fig. 6.

1 ul
2 u
Cl
'y
b G
6 AC
B
7 AU
8 AG
9 AxC
10 A2U
5
" AzCUG
13-17 n2CuG

{(b)

!

{

inn

(a) Radioautograph showing the position of products from

PAN-RNase digests of oligonucleotides from T
digests on ionophoresis at pH 3.5. B shows t

of the blue marker.
(b) Its diagram.

-RNase
%e position
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i

Radioautograph showing the position of mononucleotides from
KOH hydrolysis of PAN-RNase digests. B is the position of
the blue marker. Numbers correspond to those in Fig. 6.
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Table IV

Nucleotide Base Composition '

Spot Number : Base Composition - ~ Structure
(Fig. 6) A ¢ U c Deduced .

1 * o - L x - ‘.' u!

2 - X - U

3 - _' | —," » .x- - - . , c!
4 o '-‘v‘ x - - ¢

5 | | - - - x : G
6 - 0.98 1.00 - - - AC
7 Cne1 - Loo - AU
'8 096 - - 1.00 AG

s 192 1.00 - - :; ‘ ~AC
0 1.98 - 1.00 - AU
11 2005 - - 100 N AG
12 291 100 - - ALC
13 o315 - Lo - Ay
% o35 - - 1.00 - ALG
15 | 379 100 - - -‘, A c
6 3 - 1.00 - -;K;A’ | B AU

7o 427 - - 1.00 - AG.




34

G, C or ﬁ residﬁe, the base compositions were determined
Qith respect to one of these residues.: The correct
_structures withvVariqus numbers of A rgsidﬁes are giveﬁ
in the last column, - This was used as é'stapdard for.
determining the structures of oligonuqledtides fracfio-

.nated by this system.

g
s_
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III. RESULTS

32

A Tl-RNase Fingerprint of Whole ~"P-TMV-RNA

 From each preparation of 32P—TMV; 5 x 106HCPM of material

was taken. 'its RNA'was-extfacted by phenol. Tﬁe'resultaﬁt whole
32P—TMV--RNA Qés éompietely hydrolysed'with'2,én;ymegﬁnifs/A260nm of
Tl—RNase‘af AOO‘C for 4 houfs. -300,000-500,000 CPM of the products
was fréétiohétea by the two-dimensional high-voltage iénophoresis

as descfibed iﬁ‘section II F. A total of six ffaétionatiohs have
been.carriéd out with RNA eXﬁracted fromffiﬁe différent'virus pre-
parations.v.The‘results Weré cbmpletely reproducible, Fig. 8 showst
one of.the two¥dimensipna1.fiﬁgerpriﬁ;s of the digéstioﬂ products.
Althdugh'fe391utioﬁ wésvgooa no éttéméts:were made to ideﬁtify ﬁhe
materialsvpresent in each spot. Carefﬁl base sequence anaiysis has

been done by'Sanger.and his.coileagués on T. -RNase digested 32P-—

1

labeled 165 and 23S ribosomal RNA ~(rRNA) (Sanger et al., 1965).
l—RN’as‘-e digested 32P—TMV—RNA |
looks very similar to both 16S and 23S rRNA, but only more complicated

The general fingerpfiht pattern of T

in the larger ffagment region. TMV-RNA is almost four times as long
as 16S and twice as long'aé 23S rRNA. It isfexpeéted to have more

lérger fragments'ih.cbmplete_Tl

:fRNase digests; ‘Ihe_fdllpﬁing‘is to
diséuss_some of the éhara@téristics of'sugh a fingérpriﬁt. |

| Siﬁée onlyiuxacil amoné thé fout bases éarries'no'pOSitive :
charges:in pH-1.9 or.j.S,‘its riboﬁhosphate will have the'highest

negative charges in those pH's. Thus when fractionated by iono-

phoresis, any fragments contdaining U residues will move faster by



Fig. 8.

ellulese acetate

pH 3.5, 7M urea

Zoded-2VEQ

Radioautograph of a complete T —RNase digest of 32P—TMV-RNA
on ionophoresis on cellulose aCetate strip at pH 3.5 (2,500
volts, 3 hours) as the first dimension and on DEAE-paper at
pH 1.9 (1,250 volts, 16 hours) as ti:e second dimension.

B is the position of the blue marker on the second dimension.
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ionophoresis but sloﬁer by ion-exchange than those with no U gesidueé.
The more U.fesidues a fragmeht contains the”biégér'ﬁhe'&ifferenée
will be. - As 5 matter of fagﬁ the movement of eacﬁ»fragment is
essenfiaily goﬁerned by the nﬁmber.of U résiduesgit contéiﬁs.' This-
is évident in thé fingerprint shown in Fig.>8,' The th-diﬁensioné1
iopophorésis précedure fractionates ;ompieté Tl-RNaSé Qigesté of 
32P—TMV-RNA into gréups. Allvfragments in the same grdup contain
the same‘number of U residues;"Tﬁe grOup”conﬁaining no U residues
travels slowest oq.cellulose acetate stfip because electrophoretic
effect is the only fprcé:that ﬁoves thernﬁéleotides. Onbtﬁe other
ﬁand'itutfavels fastest on the DEAE;paéei_where ion-exchange opbosgs
tbe-iOnophoreSis effecf. 'Thefefore at thé’end.df'the fractiQnatiqﬁ
this group occufs in‘thé'16Wer tight hand poftidﬁ of the»fihgef—.
pfint; :It_is fepfesented by mononuéléotide.crin.Fig;'8:  By the‘
same reésoning, the_group'cpntéining one U residue is thevnext upper f
left gfoupbas designated by 8inuc1eotide'UG.' Aﬁdbﬁéxt, the UUG'
group with two U residﬁeé.» Still next, the UUUG gfoﬁp Qitﬁ threé
U-residues, and etc. |

In eachvgfoup the upper‘boﬁndafy contaihs oligdnucleotides
with in;reasing-numbérs.of A residues and the iower'béundary
contains oligonuéleotidesvwith;iﬁcxéasing-numbefs of C ;esidués.
Thosé in.bgtwéen argvoligonﬁcleotides confaining Qarioué nuﬁbérs of
A's and C‘sf Nuclépﬁidéé G, AG;'CG, UCg‘and th¢5niné trinudieotides
are.sﬁbﬁﬁ_}n Fig.‘S to démdﬁstrafe these ;réﬂds.’ (TheseﬂséQuences
will bé confirmed in”thé next éecﬁion.) Lines can?bead;aﬁn

comneeting all oligonucleotides with increasing numbers of A's or
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C's. By’extending'ﬁheée lines, one deld_Be'ébig:to,eéfimate the |
base cémpoéition of certain‘ldngér oligonucleotides. Whét is more
useful ié that.one can draw liﬂes éonnedting alljdi*, tri-, or
tetranuéleotides and etc. Tﬁis enables one to estim#téfthe Chaih-
length’ofran oligpﬁgcleoﬁide'present in a spot fr6m its_poéition in:
thé'fingerpriht. This was élso used to locate a-éertéin hexanuéleé—
ti&e wﬁich was used as a reference for tﬂe chainleng£h~détermination
of 32P—TMV—RNA;

" B. The Chainlengtﬁ Determination of 32PfTMV¥RNA
The position of oligonucleotides on the»DEAEfpapef, on which
3 _ . _ - ,

t'vhev Tl

.RNqée'diggsts of whoie P—TMV-RNA_Were‘fractiqnated, was
defg;mined;aﬁ described in sectioﬁ IT G(i). Each sﬁot was cu; out.
‘ahd its radioactivity in counté‘pef minuté (CPMi).ﬁés'cpunted in a
sgiptillatiqﬁ counter. The total chainlength (L) of tﬁe whole 32P—.

TMV—RNA molecule could be calculated from

% CPM.
i - 1

L= —i W
 Act(P)
provided the radioactivity of éne_éhq#pbate'(Act(?))twés known. To
déter@ine'the'radioactivit§ éﬁ a single:bhosphgﬁe,:hexghucleotide
86.(Fig.58) was chosen as follows."In.the gfoup'qf oligonuc;eotides
represented b§ UG,>liﬁgS wefe draﬁnzéonneéting éllvﬁfinucleotideé,
ﬁgtranﬁcieotides, etc. . By doing so éll hexanﬁcleotides in'this
group‘wéréleCAFed. Spot.S6 appeared to be uniqﬁély £eéoived and
was chosen as a r&fefehcc. As é rough‘theofetical_approxihatioh, a

particular hexanucleotide can be obtained only once from a random
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polymer of 4,000 residues long. Thus it was justified to assume

that spot S, contains only one hexanucleotide and it only occurs

6
32 . N
once along the whole " "P~TMV-RNA chain, then

CPM_ .
- S¢ v
the apparent Act(P) = 3 . _ 2)

This calculation has been performed on all six fingerprints
of Tl—RNase digested whole 32P-*TMV-;RNA. The activity of one phosphate

was determined sepafately for each case. The chainlengths obtainedv
were of the order of three thousand.nucleotides, which is.about half
of the commonly accepted value (Fraenkel—Conrat, Molecular Basié of

Virology, 1968). This suggested spot S, contained two sequence

6

isomers of six nucleotides which were not separable by this.frécé
tionation procedure. Thus an octanucleotide 88 (Fig. 8) was chosen

and the activity of one phosphéte_was calculated as for S6. In each

case the value obtain from S, was half of that from S Here

8 6°

theoretical estimation for the chance of a particular octanucleo-
tide to occur in a random polymer was one in evefy 48 (or 65,000)
nucleotides. Therefore the actual activity of each phosphate would

be equal to the CPM of S divided by 2 x 6,

6

CPM
- s - .
Act(P) =" TR e . S : SR N E)

The total chainlength of 3'2P—TMV—RNA was determined based on this

number as a reference.

32

Table V lists the éhainlength obtained for ‘P—TMV-RNA‘in  _

column 4. Columns 2 and 3 are the values for the'activity of omne

phosphate obtained from S6 and S8 respectively;  All chainlength
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Chainlength of Whole

Table V
3

p-TMV-RNA

40

32p—TMV

preparation

~ CPM, '
S8 1

‘2 CPM,

- Act(P)

5a

Average

40.7
89.0
25.7
, 19.d
396

' 73.0

39.4

18.4

39.0

69.5

6,180
16,110 -
16,540

6,250

6,265

6,057
6,120

6,129

6,284 + 2.4%
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values séreed with each other within % 2.4%.‘“This'Suggested7that
the two—d1mens1onal flngerprintlng proceoure was completely repro-
ducible. Thc small dlscrepancy was probably due to (1) ‘the somewhat -
incomplete transferring of 1arge oligonucleotides from the cellulose .'.
- acetate strip onto the DEAE—paper, (2) 1nclusion of some short
virus rods elther broken or incompletely synthesized in the virus
preparatiOn. The missing of some large‘oligonucleotides due to
incompletc.transferringewas‘responsible;for obtainlng.chainlengthb
shorter than the true veluer If-the contaminatlng'short virus rods -
contained'the hexanucleotlde used as a reference, then.the result
wouldlalsolbe.on the short side. On the other hand;‘inclusion of -
'short rods not contélnlng the reference hexsnucleotioe'would glve
rise to a number larger thsn the true value.. However, the average
chainlength‘of'32 -TMV-RNA determined by this method agreed withln
1% of those values establlshed by other: blochemical or physical
chemlcal\methods (Klug & Caspar, 1960; Caspar, 1963).

" Since the actlvity of one phosphate is' a fixed number it
can be put into the summatlon sign ln equetion (l)‘and resrranged

'mathematically as

L CPM, - - CPM,

" * |
L—Z&xm 7 i “Act(P) =.§_1i . e A(lo).
ol o |
li = ———— can be considered as the effective chainlength contri~ -

' ‘Act (P) I ol : R R

butedvby all fragmentsoin spot 1. Summing'l-.over all soots will

glve the toLal chalnlength of 32P TMV-RNA The results obtalned in |

thls way are summarized in thc 1ast column in Table V Unfortunately,
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two of the fingerprints were not perfectlyvresolved_for some‘larger:
fragments, therefore only'four numbers are'listed; {Tne eomparatively
shortervchainiengtn obtained in this na§ was.dne to roundfOEr errors
when'comnutingvli. | | |
:'Aithough_this was a more elaborate.nayﬁofbgettiné the total
cnainlengtnsvan obvious,reason‘fot undertaking,soen”a-task;nas to

make sure whether the actiVity of one phosphate was<rea11y'chosen

correctly. -The chalnlength of the oligonucleotldes in spot 1 was esti- ;

mated from 1ts»p051tion in the fingerprlnt. D1v1ding l by this
ehainlength would éive the molar ratio ot these ollgonucleotides with
respect‘to one 32P-TMV—RNA éhain;‘ If the value for Act(P) was
chosen correctly any molar ratlo should be an integer greater or
equal to‘unity, This was indeed the case with'Act(P)vobtained'from
equationd(S)Q With Act(P) values calculated.fromAequation (2) molar
.ratio'of'half.integers wasidbtainedvforbmany oligonucleotides andvmolar'
ratio.of_l/Z waslobtained for-some‘large oligonucleotrdes,. It was then
concluded'froﬁ these eQideneea that equation (3) nas_correet. There—
fore a cnainlength of 6;284:is reported.hereufor-the whole 32p-TMy-
RNA with ¢ 2.4%,uncertainty; | |
C. sDS Polar Stripping of Protein Subunits from S2P-TMV

(1) Strlpplng Condltlon. S |

The behav1or of the SDS strlpplng of proteln subunits from
TMV was first studled by Hart (1958) He discovered that treatment
of TMV- rods w1th SDS at 85 C. tended to remove proteln subunits d.

from onlyvone end ofthe rod;. ThlS end was later determined by May

& Knight (1965). They used the two spec1f1c exorlbonucleases to

e e
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hydrolyse the end of the RNA uncovered during the SDS stripping at

37° ¢. The infectivities of the ehzyme treated PSV were studied.

'It_&as-found that treatment with spleen phosphodiesterase did not

alter thefihfectivityvof_the PSv. However, loss of”infectiVity,
when the PSV was treated with snake venom phosphodlesterase bwas‘
found parallel with those of TMV-RNA when treated 51m11arly Snake
venom phosphodlesterase has been shown to attack polynucleotldes “
from’the 3f end (Singer.gt_gg,, 1958), whereas spleen-phosphodie—»

sterase works from the opposite end  (Razzell & Khorana, 1961).

.Therefore;hit was conolﬁded’by May'& Kﬁight that the end of the RNA

exposed by SDS is the 3'.end and the proteln subunlts were removed
sequentlally from thlS end of the v1ral rods. ThlS kind of pro—
gressive removal of proteln subunlts from the 3! end of ™V w111
be referred to as the SDS polar Strlpplng throughout thls work;"

| .A large number of'w6rk has been reported based on this'SbS
polar stripping property of TMV. The looal lesion'gene wasriocated
at a position approxihately one quarter of the lengthbof the RﬁA
starting from the‘S'.end (Kado & Knight,'iQoé). ‘The coat.protein
gene of TMV was located similarly in‘the:first half‘of‘the RNA |
starting from the 5' end (Kado & Knlght 1968) Mandeles (1968) has

reported the locatlons of three unlque sequences, found in the

'complete Tl—RNase_digest; in TMV—RNA. Ohno gt_gi; (1971) were able

to'isolate fragmehts-ofrTMV—RNA_Containing‘exolusiVely the 5' end

and carried out their reconstitotion experiments,IWhich eventually

led to the conclusion of polar‘reeonstitution behavior of TMV.

43



Kado & Knight carried out their‘polar stripping teaction with
1% SDS in 2% solution of TMV at 37° C for 1 1/2 - 3 hours. They
used thié rélatively vigorous condition to achieve-an‘eitent of
stripping'aé high as 50-80%. HdweVer ﬁhe prolonged reaction resulted
. in>a_widevdistribution.of the ektent pf étriPPiné, so ;ﬁat théy_héd
té fractionate the PSV by sucrose density gradieht‘céntfifugétion.
In this régard;'Symington'& Commoner (l967)hayé deécribed-stripping
experiments carried out with 0.02% SDS in 100-200 vg/ml (0.0140.02%)
solutibn'bf:TMV at 62°-68° €. Much lowef congentratiéd in both TMV
‘and detergent was used. But a higher temperature.wés employed in
order to achiévé'large exteﬁt of striéping in é'relétiveiyAshortitimé
(5-15 minutes). Their results showed én improved distribution pf
PSV. 'The'fdregoing results indicated'ﬁhe rate ofvSDS é;fipping.of

ﬁrdtein Subhnits_from TMV was greatly enhanced by_high'témperétqre

44

and reduced by low SDS conceniration. The work reported here was devoted

to obtain stripping as little as 1-5%7 The stripping condition used
waé ChoSén carefuily so’fhaf the desifed sméil éxﬁent ofbstripping
;ah be obfained within a feasonably short time. |

A éeries of strippiﬁg egperiments were carried out at room
teﬁperatuﬁe with SDS qoncenﬁrations.varied‘over'a range éf 0-1.5%
méanwhile keeping other condifions constant. fhé exteﬁf of étripping
was foilowed by observing the scattering at 400 ﬁm:as déscribed in
seCtién Ii,E. ‘As a result, 0.5Y% of SDS was foundito produce‘up to
Sz.strippihg within 25_minUtes (Fig. 9). Reaétion procééded too
slowly in less than.O.SZ of SDS; this was likéif ﬁb.produce afwide r

distribu:idn of PSV. With an SDS COncehtration-highefbthan 0.5%



0
1.5% SDS

Absorbance 400nm
O
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Fig. 9. SDS stripping of TMV as followed by the scattering at 400 nm.’

SY
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the iﬁitial‘stripping rate Was‘tooirapid to cantfol'aqcﬁrately. All
these éxpériﬁénts'were done with 4-8 mg/mlvof upiabele& TMV iﬁ EDTA~
cac buffer pH 7.2 containing 20-40 ug/mi of bentonffe; The‘uSe of
bentonite is to pfévent degradétiéﬁ bf the_exposed RNA by extraneous
ribonucleésés.v'Singer'& fréenkelf¢onrét (1961):have fepofted»thac
‘a.weigﬁt ratio of bentonite:tq ethmé of 1.5 or more COmpletely
inhibité‘ﬁhé éction of PAN—RNase;énd other plant.nucleases. Thus
an upper estimate of 10-20 Qg/ml'ofzsuch RNases as_impufity.in the
_buffer.calls for 20-40 ug/mi of bentonite.l Furthermore,'Varying >
concentration of ‘TMV wiﬁhiﬁ 4—8 mg/mlvddeélnot éffect the rate of
éﬁrippiﬁgé - The ébsofbancg Sf.this soiutipn'ét 400 nmfis betweén
0.5-1.0 which is the most reliable region to work with. Therefore
' £h§ sﬁripping conditions used in this work-aré;-
_ - 3?P?TMV,>4—8:mé/ml;

| bﬁffer,' EDTA-cac pH 7.2;

| bentoﬁité; 20;40:Pg/ﬁl§
tempéfétﬁfe, rdpm'tempgranjns‘and

- sps, 0.5%.
(ii) Tﬁé extent of stripping:

ﬁéihg tﬁe éénditioﬁs'descfibe& pfeﬁioqsly,‘attempts-were-
made tovstrip.off 1, 3, ;hé 5% of the éoat protein subuniﬁs‘of 32p.
TﬁV. ,Table VI summarizesifhe results obtained from these three
independent stripping expeiiments. In each expériment thg 32P—’
vlabeled PSV was obtained agd purified as described in 11 E.. Tﬁé
resultant ?zf—PSV free of beﬁtoﬂité was oBtained in 1-2 ml of |

0.001 M Tris buffer at pH 7.4. Three 10 ul aliquots were taken



Table VI
SDS Polar Stripping of Protein Subunits of'32P—TMV
1 2 3

Total CPM of 20 x 10 45 x 10 20 x 10
325 vy

i » | . | |
A% 00 0.580 - 0.975 0.605
A% 00nm 0.575 , 0.945 . £0.575
Time (min) o 1-2 ; 10-12 20-25
of Stripping '
Volume (ml) . 1.3 2.0 1.2
of 3p-psv | |
CPM/10 w1 98,450 171,828 129,000
of 32p-pgy- ‘ - '
"CPM/10 ul | 1,145 5,288 5,800
of T,-RNase | ©1,169¢ : '5,390¢ 5,920¢
digest ' ' S
% Stripping 1.i9 C 3,14 4.58

o AT is the absorbaﬂce measuredvat 400 nm at the time of
400nm : : :

addiqg Spbs, AZOOnm is the absorbance measured at 400 nm_at the time

the stripping was quenched; and c stands for correction due to

radiation decay.



and their'radioactivities counted in a'scintillatiOn counter. The
average actlvity was listed 1n Table VI for each extent of stripplng

The exposed 3' end of the RNA was hydrolysed by Tl—RNase stored at

l,OOO'enzyme units/ml. Two enzyme units of T —RNase were added to

1
the 32P PSV solution and the mixture was’ 1ncubated at 40 C for 2

hours, thenvanother enzyme unit of T -RNase was added to the mixture

1

and incubation continued'for another 2 hours at_.40o C. Hydrolysis
was stopped'hy adding 100 ug of bentonitelstored at 55 mg/mll This
mixture was centrifﬁgaitwice at 37,000 rpm in.the AO rotor of model
L centrifuge for 3 hours. The resultant supernatant contained the
'Tl—RNase digests of the 3' terminus of.32P4TMV—RNA. Three lObul
allquots‘of this supernatant were taken‘and counted.v The average
radioaCtiyity for eachvextent of strippinngas listed inbiable VI. -

The ratio of the S2p activity of the T, -RNase digest of the 3'

1
terminus of the'RNA to_that of the untreated 32P-PSV givesfa'direct
estimatelof the extent of”stripping. HoWeyer, the follouing two

corrections must be made for calculating the exact extent of

stripping. .32P_decays with a half life of only'14.3 days as efkt,

where k = 122 and t is time. Knowing the time'it takes'to'obtain

: the Tl—RNase digests from the PSV correctlons can be carried out

most straight forwardly. (This correction due to radiation decay .
is done in"this work'wheneVer necessary f. Secondly, the change of

volume going from PSV to the final T —RNase d1gest should also be

1

considered. However, as only a total of 5-6 ul of Tl—RNase and

bentonite was added to 1-2 ml of the PSV solutlon, it was usually

neglig1ble'compared to the radiation decay of 32 . (One day takes
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away 5% of the activity!) The corrected vélués‘fdr:thé activity
of the T,

stfippings-were calculated based on them.

-RNase digests are also listed in“Tablé'VI. ”Thé.péfceht

This:ié a far more convenient and accurate method of deﬁér*
minihg.the exact éxtent of sfripping tﬂan the conventional method
which depends solely on how accurately the amounﬁ'of the‘strippéd :
protein is meaéﬁred. Since 1 mg/ml of TMV ptdtein has an absorbance
of 6n1y:1}27 at.282 nm (Fraenkel—Conraﬁ, 1957),'the concenfration
at which the absorbance reading is reliable shédld'be"af 1éa§t”

0.25 mg/mi; ‘However in this work, SDS'polar.sﬁrippihg was not only -

carried out with a few milligrams of 32

P-TMV, the strippéd'proﬁein
was aléo-obtained iﬁ a large amount of buffer; v(Thé stripping was’
Stﬁppéd by diluting with'mofé than 10x of cold buffer,)-‘Thus‘an"‘
estimate of the amount of‘érbteiﬁ of as little as 1-5% of a few
milligrams in a volume of 20—30'ml{ i.e. less tﬁén ld ug/ml,'éan
hardly be.accurateveven by use of_fhe.very sensitive Lowry}s méthoﬂ ‘
(Lowryvgg_él,,HIQSl). Besides, qné is élso‘tequired to'méaSure'all
volumes_involved precisely; Qn the contrary, as long as'thé voluﬁe
ofvthé feéction mi#ture was kep;‘unchangeds qné'énly nééds té measure

the 32? activity of 10 ul each from the

32

P-PSV and its T -RNase

1
digest; Their fatio, regéfdless of the fotalkvolumé, gives'the
.precise éxtént of stripping.."
(11i) The distribgtion of stripping: -

It is important to ieepvin ﬁind thaﬁ the‘pgrcent stfipping
1istedvin,Tabie VI is the éverage dégree éf stripping.  SDS stripé

protein subunits sequentially from the 3' end of TMV, but it does



not rembye the same»subunits in all virél rods‘éf the'same‘time...
It.#ould be ideal if the SDS strippihg.coﬁid be'étopped‘at the same
positioh in all viral rods, but on fhé contrary, some kind 6f dis-
tributién has been obtained. The preciéion of the sequence analysis
présentéd.in later sections of this report.depends largely on this
distributioﬁ in chainléngths of the shortened.rods obtainéd for any
e#ténf of stfippiﬁg. ;Thgrefbre it Qas atfeﬁptéd tb_ihQéstigété the
' disfribufidh,ofvthe's;rippiné products obtained in this work.

A tumber of phfsical theﬁiéal methods have been uéed to study
the rod'iengtﬁ'df TMV.(Boedtief & Simmons, 1957). Perhaps the most
direcﬁzaﬁd widely used;method of ﬁeéSuring the rod lengthﬁis'tﬁe
electrén micrdscopy} itrhas beeﬁ used fo.determined thé 1ength'6f
the whoie virus’rod (William & Steefe, 1951; Hail; 1957).'.More ‘

ihﬁerésfingly Symington & Commoner (1967) have investigated the rod

length of SDS treated TMV by'using_this technique. They have noticed’

a small distribution even in the“uﬁtreéted whole TMV and thisldiS£ri—
bution widéns as the rods become shorter. 'prevéﬁ, the accuracy of
diffetentiating the distributions of i% stribped'TMV frém that.of
whéle ™V 5y ﬁhese physigal Chemicalvmethodélis very 1imitea.-
Insfeaa-qfltrying to find the distriﬂution by usiﬁg ény.bf-these
methods, a éimple,sﬁripﬁing model'is'propqééd énd;thé distribgfién
is calcﬁléted theoreticéliya Tﬁis-calculatibn'may give a rea;onabie
?eStiméﬁe of'the‘actual distiibutipn. |

'Iﬁ the stepwise remo§31 of pfotéin gubunifs.bf SDS, aséume
each protein subunit is striﬁped‘off with fhe saﬁevrate constant k.

v

Then a series of steps can be written, each step removes one protein
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VN—n+1, VN—n + P (5)
—-———-———9 .
v, — X 2P

VN designates the whole virus with N protein subunits. VN_n is the

partial virus with n ﬁrotein-subunits removed. N is the total number-

of proteih subunits in thé:intact'§ifﬁsbéﬁd has a valng_bf'2,130.

P is tﬁe brotein subunit. Since the mblar.SDS cOncentr#tion_ié so
much higher than that of Tﬁv, one assumes that éver& stripped protein
subunit is completely surrounded by SDS and is unable to go baék_
onto the virus. Therefore the back reactions are assﬁmed to be
.’negligib;e.v‘For the éame reason, théée equations'do noﬁ in;lude SDS,
(The dependence of the stripping rate on SDS concentration comes in
the raté constant k oqiy.) With this_Siﬁ%le first order décay‘model;

the distribution of the concentration of any virus with n protein .
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subdni;s removed can'readily be_calculated as 6utlinéd in the following.v

B Réte equations are writteﬁ one for each_step in'(S):_' 
v, o o s |
YN . . D . nooo
—= =k (Vﬁ) s : ‘ o : LS
dt . - :



dv
N-1 : '
=k (Vg + k(s
T T Tk Oy TR Oy L ®
dV o
2 S .

where parentheses represent concentrations. The concentration of

VN at time t can be obtained by solving the first equation in (6):

_ o0 ~kt
Whefe'vﬁ_is the concentration of V. at t ='0, i.e,.the initial un-

stripped virus concentration. By substituting‘(VN) into the second

equation in (6), the concentration of VN-

) = vy ke e FL

1 can be solved similérly as:

y_y

This calculatidn‘is carried succéSSiﬁely to step n+1 in (6). Then

the ekpression.for the concentration of VN;n is obtained:
.V; ke e~kt : ' ‘
(VN-n) m n! _ : - ' : 0

Dividiﬁg (VN_n)’by v ° gives the fraction of virus with n protein

subunits removed (atftime:t) and equation (7) becomes

_(VN-n)' kntn e_kt '
£ = = . ' : : (8)
n go ! : : . :
N : ' ‘ o

Equation (8) was used to calculate the distribution ofvfn for
the three stripping experiments carried out in this work. For each

-extent of stripping, an effective time T = kt was chosen so that
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oo v m =T
Ifn I L& —n »
n_o =2 2 = extent of stripping
2,130 . . 2,130 '

For’each value of T so chosen,'fn values for all'n (0-2,130) were
calculated from
Tn =T

£ o=l e S | ey
n . n. : : :

" and thevresuits'were piotted vs. n as shown in Fig. 10. The half

band width of each-curve gives some ideas about'hoy broad the'stripping.

distfibution is. As.one can see_the width beeomes laiger as the

extent of stripping incredses, nhioh is'alsobin‘sgreement'withithe

electron mlcroscopic measurements Besed on thexhalf‘band'uidth

this simple model predicts a spread of at least 12, 19, .and 23 pro— |

tein subunits for ;he 1.19, 3;14, and.4.58% stripping respectiyely.

Since'theie are three nucieotides.for eech'protein subunit in-fMV,‘

this model actually prediCts:the.widths of 36,‘57, and .69 nucleotides‘

for each cese. - o
5To'improve the distribution in the lengths of the stripping

producfs; it is best to sﬁaru with homogeneous'BgP—TMV preperation.

It has been shown by Symington et al. (1962) thah'short virus rods-

oare natural products of TMV biosynthesis. Thus fo remove those

- short rods each 32P--TMV preparation was purified by passing through

an agarose gel AL50M column (11 B) which sorted the viral rods

"according to their sizes. Only the homogeneous 32 —TMV present in

the center portlon of the main peak was taken for subsequent

stripping experimentsi_ Not only should homogeneous 3?B~TMV pre-

paration be used forlstripping, theistripping conditions employed
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No. of protein subunits removed (n)

.Tne*T -
— T is 25.3,
n.

Fig;_lOn"Distribution of £ as calculated from £ =

66.9, and 97.5 for 1.19, 3.14, and 4.58% stripping respectively.

Double arrow indicates half hand width.
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should also be such as to maximize the‘homogeﬂgi;y of the products.
Neutfal pH was used since eithér acid or basé waspshown to remove
protein s#bunits of TMV at random positions (Fraénkel—Conrat, 1957;
Schfamm'gg_gl,, 1955). Heat itself was shown to degrade TMV into
its components (éohen & Stanley, 1942) tﬁus high temperature was
avoidea; All solutions were allowed to reach equilibriuﬁ at room
température. Other chemical agents as urea (Sténley & Lauffer, 1939)
and phenol etc. (Bawden & Pirie, 1940) should be undoubtedly excludéd
becaﬂse.éf their ability to split TMV. The fofegoing conditions
requi;ed that stripping be strictly due to the SDS sequential ré-
moval of protein subunits from one end the viral rdd. 0.002 M EDTA
at néﬁtfal pH should»always be present in the'étripping mixturé to
prevent end to end aggregaqion of TMV (Steere, 1963). The presence
of aggrégated pérticles was believed to be thé‘main cause of delaying
" the initiate sfripping by SDS in some viral rodé; Finally, the
concentration of SDS and virus was adjusted so that the stripping
'rate.w;s>relatively fast yet completely controllable.
D. T,-RNase Fingerpfints of Exposed 3'
Terminus of 32P-—TMV-RNA |
The exposed 3' end of TMV-RNA obtained above was completely

hydrolyséd by T,-RNase and the digestion prdducts were fractionated

1

by the_twd—dimensional ionophoresis procedure as described in II E

1
. obtained for the 1.19, 3.14 and 4.58%7 exposed 37 terminus of 32P—

and F. Figs. 11, 12 and 13 are the three T,-RNase fingerprints

TMV-RNA respectively. These will later be réferred to as the

partially stripped fingerprints. Fig. 14 is‘a-h&p which shows the



Fig. 11.

Cellulose acetate
H 3.5 (7M urea)

Isded-qdviaq

P
N

Radioautograph of complg e T -PNase digests of the 1.19%
exposed 3' terminus of P—TﬁV—RNA. B is the position
of the blue marker on the second dimension.
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Fig.

12.

Isded-gyHad

b

Radioautograph of complgEe T -RNase digests of the 3.14%
exposed 3' terminus of ~"P-TMV-RNA. B is the position
of the blue marker on the second dimension.
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Fig.

13,

Cellulose acetate

Iaded-gvad

bl

Radioautograph of complg&e T.-RNase digests of the 4.58%
exposed 3' terminus of -TMV-RNA. B is the position of
the blue marker on the second dimension.

58



808 809 origin
806 805 Cellulose Acetate 3
= % £, s T a5
612- @ 802
De e
704

61 Hd
Jadod 3y3Q

®
O®
®
®

XBL 7110-1571

Fig. 14. The map showing the system of numbering of the spots in
Figs. 11-13. B is the position of the blue marker on

the second dimension.
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system of numberiﬁg of the spofs. For each extent-ofvstripping
two independent fractionations were carried out for.itsle—RNase
digest. One was used to determine the amount of ﬁaterial present
in‘eaéh_spot. The other ?as used for subsequent sécondafy enzyme
hydroiysis; '_‘ - |
(i) Structure of the oligoﬁucleotides

?ﬁe poéitions of the oligonuclédtides frbm Ti-RNa;e digésts>v
fréctibnated on the DEAE—papér were détermined from their radioauto—

graph; iEéch spot was cut out and eldfed with TEAfHCO3 The oligo;
nucleotides obtained were ftéated with PAN-RNase. The digesfion
préducts weré fraétionated by ionoﬁhoresis on DEAE—paber at pH 3.5.
‘The experiméntal details were described in Maperials and Methods

' (11 G); The fractionation'reSults are éhown iﬁ:Figs. 15—18. In 
egch ffacﬁionagion a sample ofle—Rﬁase digésted 32P—TMV--RNA,
hydrolysed by PAN-RNase,vwas run éloqé.side as a control. The
seQuéncés of the separated oligonucleotides were thus deﬁermiﬁéd
éccordihg tb'the sfandgrd run describédrin ?ig.'ﬁ. 'Tﬁeég éequences
are also shown on the left of each‘radibaut;graph in_figs. 15—18.

| - The'fesults,bbtained by PAN—RNase digéstion ﬁere-very clear.
Thevdigeétion products-were, in all cases, unambiguously separated
énd'gavé considerable infor@étion_about the st?uc;ﬁre~of the oligo-
-nﬁcleqtideé from Tl—RNase digesté.» The amdunt ofbéach pfoduct from
PAN-RNaée digests was estimated in the sdintillatioqvcounter. Since
fﬁe séquehceé of these products were known, the yiéld of a given

- mononucleotide can be expreéssed relative to one mole of G. Thus

the base compositions of all the oligdnucieotides from Ti—RNasé
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101 201 202 203 305 306 307

Products from PAN-RNase digests of oligonucleotides from
T.-RNase digests. The numbers correspond to those in
Fig. 14.
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401 403 405 407 409 302 304 308 .
402 404 406 408 301 303 305 309 -
Fig. 16. Products from PAN-RNase digests of oligonucleotides from
T_.-RNase digests. The numbers correspond to those in

F%g. 14,



Fig. 17.
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501 503 601 603 605 607 609 611
502 504 602 604 606 608 610 612

Products from PAN-RNase digests of oligonucleotides from
T%—RNase digests. The numbers correspond to those in
Fig. l4.
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801 803 805 807 809 702 704
802 804 806 808 701 703 705

Products from PAN-RNase digests of oligonucleotides from
T,-RNase digests. The numbers correspond to those in
Fig. 14. N stands for C, U, and G.
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digests were determined and the results are sumharized in Table VIi.
An empirical formula as well as the chainlength for each oligonucleo-
tide are also giveﬁ in the table. The molar ratibs of mononucleo-
tides 1n most cases agreed with + 10%, which indicated this is a
good technique to determine the base composition. To prove the
accuracy of these results, KOH hydrolysis was also carried out wifh
some of the oligonucleotides. They were indicated with '*' in
Table.VII. The base compositions obtained f;om alkaline hydrolyqis
were the same as those obtained from PAN-RNase digests. Moreover,
these were the compositions which would be reaSonably predicted érom

their positions in the T.-RNase fingerprint.

1
From the information of the oligonucleotide chaihlength and
the relative amount of the PAN-RNase digestion products, the

structures of the oligonucleotides from T,-RNase digests can be

1
dedﬁcéd, Each should terminate with a G at the 3' end. They are:
shown in the last column of Table VII. G(101) is the only mono-
nucleoﬁide from Tl—Rﬁase digestion; this someﬁhat indicétes good
specificity of the nuclease. All di~ and tfiﬁﬁcleotides are well
sepafated by the two-dimensional fractionation technique used in

this work and their sequences are determined‘from PAN-RNase digestioq.
Spot 302 contains equal mclar amounts of C énd Abehich gives the
sequence CAG. Spot 303 contains G and AC as Qell as some C and AG,
The relative amount of these nucleotides suggeéts the sequences of
ACG and CAG. This indicates a slight overlapping of the two spots.

Spot 304 contains almost exclusively AAG, unattacked by PAN-RNase.

The small amount of AG can be explained as resulted from the secondary



Table VII
‘Oligonucleotides from Tl;RNase Digests of 3'

Terminds of >2P-TMV-RNA

Spot " Base Composition Empirical Chain—A PAN-RNase Structure
number ' . formula length digestion deduced
(Fig. 14) .C A G q ‘ : n products :

101 - - 1 = ¢ 16 G

200 112 - 1 - G 2 - C,G cG

202 - 1 1 - A 2 AG AG

200 - - 1 L01 w6 2 U uG

301 211 - 1 - c,G 3 C6 cce

302 130 1 1 - ACG 3 C,AG CAG

303 '0.89 0.89 1 - ACG 3 AC,G ACG

36 0 - 2 1 - Azc 3. M6 Me

305 0.98 - 1 0.91  UCE 3 U,C6  uce

3o§v' 119 - 1 112 uce . 3 1 U,C,6 cuG

307 - 1 1 Los A 3 AU UAG

308 - 1.18 1 118  AUG 3 AU,G AUG
309 - - - 1 2.35 U,G 3. ue  uue

401 2.22 0.83 1 - ACG 4 ' C,G,AC,AG CCAG +

| | : |  (AC,0)G
w2 232 1.3 1 - A6 4 C,GAC  (AC,00G

403 1.27 227 1 - A,CG & G,AC,AG,A,C ACAG +

| S AACG
404 - 3 1 - Ag L AAAG AAAG
405 2.35 - 1 1.07 | uC,6 4 u,c,G (U,c,0)6,

406 - 1.17 1.00 1 1.00 . ACUG 4  C,G,AU  (AU,0)6G
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Table VII (cont.)

Spot Base Composition Empirical Chain-' PAN-RNase Structure
number - : formula length digestion deduced
(Fig. 14) C A G U ' n products

407 - 2.36 1 1.37  AUG 4 G,Au,AG, AUAG +

: AU AAUG
_ - 2

408 111 - 1 2.26 CU,G 4 U,C,G (U,U,0)G

409 - 1.22 1 2,18 AUG 4, U,G,AU (AU,U)G
S 501*  1.35 3 1 - A,C6 5 C,A,6 CAAAG

502 2.00 0.87 1 0.87  AC,UG 5 C,GAU  (AU,C,OG

503 0.94 1.89 1 1.21 A,CUG 5 u,C,G,AC, (A C,U)G, (AU,

' ' AU, A C,AUC (Ac AV)
, 275

504% . 1.30 - 1 2.76  U,CG 5 U,C,G (U,U,U,c)c

601*  3.26 2.00 1 - A2c3c_ 6 'C,AZG. CCCAAG

602%  2.21 3.20 1 - A,C,G 6  'AC,AG ACACAG

603% 3.26 1.02 1 1.08 AC,UG 6 u,C,G,AC  (AC,C,C,

U)G

604%  1.80 1.80 1 0.96  A,C,UG 6 U,G,AC (AC,AC,U)G

605% 1.12 3.39 1 1.27 A,CUG 6 AC,AU,AG  (AC,AU)AG

606  1.20 3.86 1 1.14 A CUG 7 C,G,AU,  (AU,C)AG

' A,G, ﬁ U (4,U,0)C

607%  1.96 1.45 1 2.19 AC,U,6 6 ‘U,C,G,AC, (C,C,U,0)AC

: , AU,AG ~ (AC,C,U,U)G

(AU,C,C,U)G

608% 1.15 1.94 1 2.18 AZCUZG 6 -~ 'U,C,G,AU, (C,U,U)AAG
AG,A,U,A,G (AU,C,U)AG

(AU,AU,C)G

(AAU,C,U)G
609% - 313 1 2.06  AJUG 6 U,AU,AG, - (AU,U)AAG
g ‘ A,U,AG (AAU,U)AG

610 - 2.16 1 2.32 A,U,G 5 U,G,AU, (AU,U)AG

AG,A,U (AAU,U)G -

(AU,AU) G



Table VII (cont.)
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Spot' Base Composition Empirical Chain- PAN-RNase Stfucture
number formula length digestion deduced
(Fig. 14) ¢ A G U n ‘products

611 1.07 - 1 3.24 CU,6 5 U,C,G (U,U,v,C)G

612 0.79 2.07 1 5.10 4,CU6 9  U,C,G,AU, (AU,AU,U,U,

' 2 AU U,C)G
‘ (AAU’UsUsU:
U,C)G
701 5.19 1.82 1 1.12 A,C.UG 9 U,C,G,A,C (aAC,C,C,C,
25 2
_ , o c,U)6

702 4.91 5.03 1 1.20 ALCUG 12 C,AC,AU,AG. (AC,AC,AC,

: : ‘ AU,C,C)AG

703 1.86 2.27 1°2.08 ACUG 7 U,C,G,AC, (AU,AU,C,C)G

AU (AU,AC,C,U)G

704 1.14 2.18 1 3.47 AZCU3G= 7 U,C,G,AC, (AAC,U,U,U)G

: : £ 2 AU,A,C,AU (AAU,U,U,C)G
. (AC,AU,U,U)G
(AU,AU,U,C)G
705°  1.76 1.54 1 5.26 A,C,UC 10 u,C,G,AC, '
B AU,AG,A,U

801*  4.19 3.32 1 2.03 A3C4U2G 10 u,c,G,AC,

S ' : : AU,AG

802 5.32 2.99 1 3.82 A.C.UG 13 u,C,G,AC,

3°5°4 ,
» AU,A.U
‘ 3

803 4,22 3.73 1 3.77 -A4C4U4G 13.  U,C,G,AC,

: © - AU,A,C,ALC

804  5.97 S5.10 1 5.25 ACUG 17  U,C,G,AC,AU,
| _ 565 T 0

| B e |

805 2.85 3.92 1 5.02 A,CU6 13 U,C,G,AC,AU,
AG,A,C,AU,A,G

‘806  1.97 1.56 1 4.70 A.C.U.G . 10 U,C,G,AC,AU,AG,

2725
- A,C,A,U
807 1.09 1.70 1 7.26 A,CUG 11 U,C,G,AC,AU,AG, -
_ AU

2
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Table VII (cont.)
. Spot Base -Composition, Empirical Chain- PAN-RNase Structure
number formula length digestion deduced
(Fig. 14) C G U on " products
808 1.78 1 6.22 ACUG 11 U,C,G,AC,AU,
‘AZU,AZG‘
809 5.62 1 6.95 AQCUG 22 U,C,G,AC,AU,
: A.C,AU,AC
. 27272
Q 15.3 1 18.4 A,.U..C..C 67 U,C,G,AC,AU,
33718715 ACIAULALC
by _ . :
D. Lloyd 15 1 19 A, U C .G 70 U,C,G,AC,AU,A. C,
357197157 ° AUALC 2

*The base composition was also obtained from KOH'hydrolysis.



split éffer A by PAﬁ4RNase (Lloyd, Ph.D. thésis,'l969).' Bath spots
305 énd 306 contaih'equal amount of U, C;'and é. _Aithough #he exact
sequence of:each can be obtained by.deﬁermining‘the 5' terminal
residue, the sequences wéré assigned by comﬁarisén_ﬁith those obfaihed
by other workers (Fellner et al., 1970) .  The other four trinucleo-
tidés are éomplétely resqlved and their sequehcés are obtained with-
out any difficulties. Of the nine spéfs of tétfanucleoﬁides 6btained

from the'3' terminus of 32

P—TMV—RNA, only spot 404 can bé assigned
- as a single tetranucleotide AAAG. Sbot 401 contains almost equal
amount of CCAG and'(Ac;C)G;.SpotFAOZIcdntaiﬁs mostly (AC,C)G. This
indicatesvthere is‘some overiapping betweeﬁvCCAG; ACCG and CACG.,
Spot 403 ﬁroduc}es AAC, G, AC, AG vhereas spot '_407 produces AAU, G,
v AU, AG;{Whén'treated with PAN—RNase.' The‘seqﬁenées deducéd:sﬁggeét
the followihg péirs of sédﬁeﬁéé isoméfs‘are nbt:séparaﬁléﬁ AACG and
ACAG, AAUG aﬁd AUAG.- For the other tétrahucieotide spots all the
" probable sequences are éhqﬁh;'each Spétfméy'cgntaip oﬁe:or'all.bf_

the isomers. There are six épots chtaining peﬁtanucieotidés; Only -
CAAAG(501) occurs as a singieAqut. Tﬁe bgséico@pésitions-of the
other pehtaQUCleotide spots are determined, but tﬁe sequenéés.have_
not béén Studiedvin detail:. The probable sequences are shown and it.
vseemé_likelyvthat eacﬁ of théspots is.a mixﬁure of isomers. There
are two\heXanﬁcleofide spots, conpaining no U.fesidug, eéch has a
unique sequence. 'SpOtIGOi yieidé énly C and AAé'Qhen Lfeated‘with
-PAN—RNase. The molar ratio of C to AAG is 3, theréféie the“sequencel
.vmuét Eg CCCAAG. Spot 602_also_coﬁtains only.one.heXgnﬁcleotide.with_

‘the sequence ACACAG, since AC and AG are the only products from
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,PAN—RNésé digests and ﬁheit ratio is 2:1.. Becausé.qf the increase
of the number of éréducts.ffomvPAN—RNase digests, it becomes more
diffiéﬁit to deducé the sequence of an oligonucléotide when its chain-
.length becomes.largér. Only the pfobable strﬁctﬁres are given for
spbts.603—704. For oligonuéléotides of ten bases or longer only the
base COmpoéition has been determined. |
(ii) Molar yields of the oligonucléotides:

- ﬁith the sécond twd—dimensidnél.fractionation,'the positiéns
of the oligqnucleotides were determihed from the rédioautograph{
Each spot was cuﬁ out, put in a vial‘¢ontaiﬁing 10 ml of sciﬁtillation
fldid,‘éndAits 32P a@tivityi(CPMi)'was counted.in‘the scintillafion
counter. To determine the molarity of the oligohUCleotideé present
in a spot one needs to knéw tﬁeir'chaihlengths and the activity of
one phosphate. The chainlength of the oligonuéléotides in an§~spot
has beeh determinéd frbm’their base compositions. Due to the spread
of the stripping distribut;on one 1is nét'suré whether a particular
ftégmeht"of the RNA is totélly exposed by SDS or not. Therefore
one can no longer find the activity of é éingle phosphate by choosing
a reference spot as done in III B. However, the sum over the
"activities of all spots is the total number of nucleotides exposed
times the activity ofvoné Phosphaté.vﬂThe fotal number of'nucléo;
tides'e#posed regardiess of the strippihg distribqtion is éqﬁél fd
Ithe‘éveragé extent of striﬁping muitiplied by the total number of
nuCleotidés in tﬁe RNA molégule;' The totai éhainléngth'was reported
in this work f§r ?2P—TMV—RﬁA té‘bg 6,284.¥”é.4z. Thérefore the

adtiﬁiﬁy of one phosphate (Act(P)) was calculated as
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Act(P) = § CPMi

Average extent of stripping x 6,284

Then the molarity of the oligonucleotides:present in any spdt i can
be obﬁained from
CPM

~ | 5
o Act(P) +'n

.Thé resultant molar yields of these oligonucléotides from T -RNase

1
digests are listed in Table VIII for each extent of stfipping.’ The
chainléngth n is also listed. The vélues obtéined from éhe'whole 32P-
TMV—RNA.(lOO%.étrippihg) are listéd in the last column. For spots
which coﬁtain a single Qligonu¢ieotidé, it is the tptal nﬁmber of

that oiigonucleotidé, e.g.; AUG(SOS)'can bé fouﬁdeZ times éftér aG
reSi&ﬁe.in a TMV-RNA molecule. therwiéé, it is the total”ﬁqmber

of all oligonucleoﬁides haﬁing-the saﬁe_bésé_dombositioh,'e;g.,'.

tetranucleotides with the base'compositioh A CG(&OS) occur 1l times

2
after a G”reSidue'id a TMV?RNA méleculé. Because of the diffiCﬁlties:
in matchiﬁg the longer oligonuéleotides in the partially-stribped
finger?rints withrﬁhat iﬁ-fhé-lOOZ fingerprint.' Some mdlafities
are not listed for 100% stfippiﬁg;

The amount of éligoﬂpcleotides in_any.spdt incfeaseé as more
‘RNA ‘is béiné éxPoséd.b.If tﬁe émdunﬁ'of é'givéﬁ oligoﬁucleotide is
plofted ggainst the peréent stripping; ideaily,'avsigmoid'cufve
shduid’be obtained.‘ The molar amount.shduld rgach é plateau at
unity;j Forran 6ligonucleo£ide which‘only appears'onée, there should
6niy be one plateau..,The point at'WhicH 1/2 of thié oiigonucleotide_ha;f-
been observed is its location iﬁ_fﬁe'RNA. For aﬁ.oligondcleotide |

" which appears more than once, but widely separated in the RNA chain,



Table VIII -

Molar Yields of Oligonucleotides present

in Spots of T

1

-RNase Fingerprints

703

0.23 ‘ 0.52

Spot Chain~ % Stripping .
number length —— 5 7
(Fig. 14) iy 1.19% 3.14% 4.58% ~ 100%
101 1 3.04 9.62 o 12.69 314
201 2 1.01 3.28 4.37. 63
202 2 1.32 4.1 4.85 141
203 2 0.72 2.94 3.49 113
*% 301 3 0.10 0.56 0.80 15
302 3 - 0.45 1.50 2.28 30
303 3 0.22 1.20 . 1.58 25
304 3 0.35 1.28 1.65 47
- 305 3 0.32 0.45 0.64 13
306 3 0.46 1.34 ' 1.84 19
* 307 3 - 0.26 0.16 17
308 3 0.22 1.18 1.73 52
.. 309 3 0.38 1.01 . 0.95 39
*% 401 4 - 0.27 0.58 9
k% 402 4 0.20 0.43 0.56
403 4 0.43 0.79 1.00 11
* 404 4 - 0.19 0.35 7
405 4 0.54 . 0.83 1.11 13
k% 406 4 - 0.32 0.77 9
* 407 4 0.063 " 0.19 0.19 12
*% 408 4 0.067 0.45 © 0.69 23
** 409 - 4 0.10 0.54 0.76 11
501 5 0.27 0.34 0.56 6
* 502 5 - 0.20 0.39 2
*% 503 5 0.11 0.63 0.93 19
* 504 5 - 0.23 , 0.12 18
* 601 6 0.14 0.35 ~0.45 4
* 602 6 0.23 0.35 . 0.47 3
*% 603 6 0.13 0.42 0.59
604 . 6 0.31 0.32 0.51
*% 605 - 6 S 0.23 0.51
** 606 - 7 0.080 0.37 © 0.51
607 6 - 0.20 1.36 2,08
608 6 0.49 0.90 1.70
609 6 1 0.21 - 0.50 ©0.78
* 610 5 0.049 0.35 0.18 9
611 5 0.37 0.61 - 0.66 21
* 612 9 - 0.18 0.40
- % 701 9 - 0.16 ‘ 0.31
* 702 12 0.13 0.28 0.30
*k 7 -
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Table VIII (cont.)

Spot Chain- . % Stripping
number length
(FPig. 14) n . 1.19% . 3.14% - 4.58% 100%
. 704 7 " 0.24 1.58 2.39
**% 705 10 0.15 0.58 0.47
801 ‘10 0.36 0.42 0.62
* 802 13 0.24 0.24 0.50
* 803 13 0.071 0.23 0.45
* 804 .~ 17 L= 0.23 0.098
805 S 13 0.23 0.71 0.62
806 10 0.31 0.50 1.00
* 807 11 - 0.13 0.13
* 808 ' 11 - 0.20 0.13
* 809 22 - 0.21 0.22
Q 70 0.26 0.32 0.50 1

7

* and ** please refer to next section.
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this-tyﬁé'bf sigmoid increasing should occuf wﬁefevér_tﬁis qligo—
nucleotide is being exposed;' The numbef of plateaus is eqﬁivélent
to the_ﬁumber éf times it.eiists in the exposed porfion of fﬁe RNA.
The point at which (n-1/2) moles of the.oligonucleqtide have beeﬁ
observed gorreéponds to the location of thelnth.ogcurrénce dﬁring
the course of stripping. ,Itvis desired to estimate the locations
of all oligonﬁcleo;idés this way and arfange thém in the'order'of
priority. However, due to the distribution in sﬁripping énd the
possibility of the same oiigonucleotideé which occur vefy close to‘
each.other, no sigmoid curves are observed. Only infa'féw cases,
e.g., Spots 309 and 405, skeﬁ sigmoid curves are dbtaiﬁed.' The
majérity.show the behaViéf_of continuous iﬁcreasihg in amount.

Tﬁe approximate location df an oligonﬁcleotide cén thus nét be
estimated from tﬁe point at which 1/2vmole of it ﬁas.béén observed.
The following sectioﬁ describes a method which used the relafivé
molar yields to locate the Q-mer. It.is hobed to use this method
to locate‘§11 oligonucleoti&és.'
E.>'L6catioﬁ of the Q-mer

The uniquenesé of the Q—mer'wasbfirét reported by Mandeles
(1968).-'Its chainlengtﬁ and PAN--RNase digestion pfoducts were
studied by Lloyd~and_Mande1es (1976). Iﬁ_this work; §ﬁbs;antia1__'
amount of the Q-mer was found in'all'three diffé:eﬁt‘extents of
stripﬁiﬁgs, ipdicating itsvlocafiop is extfemély:cloSe_to the 3'
end of the 32P-TMV-—RNA. BEEause of its large size (70 bases,
Lloyd, Ph.D. thesis) 'and lack of G reéidues, it is of interest.ﬁo
determine its exacg.location. The_following deScribcé'é method

for this purpose:
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(a)'find eil possible oligonucleotides that occur:prior to the

Q-mer.
(b) detefmine the number of times each such oligbnucleotide occurs

priorlfo”the Q-mer.
Any oligonucleotide that is found closer towards the 3' end than
the QFmer is said to occur prior to the_Q~ﬁer. Others are said to
occur behind the §-mer.

When pfotein euBuniﬁs ef TMVvare.stripped sequentially from the
3' end by SDS, those oligonucleotidee thet_occur prior to the Q-mer
are exposed ahead of the Q-mer. When treated with'Tl-RNase their
molar'yields'must be higher than that of the O-mer. On the other
hand,  those oligonucleotides that occur beﬁind the Q—mef are not
exposed unless tHe Q-mer has alfeady been expoéed. Their molar
yields must be lower than tﬁaﬁvefithe ﬂ—mef. This fact is co@pli— .
cated'5§‘the oligonucleotides that oeeur mnltiple times in the RNA.'

. By pletting the molar yields in Table VIII}ve. the percent |

stripping,:a series‘of curﬁes, shoﬁing.ﬁow'the amount of the oligo-
nucleotides in each spot increases ﬁith the.extent of stripping,
are obtained. Fig. 19 shbws’some:of these eervee. iakiﬁg the
curvejqf the Q-mer as a reference, the curves ean be grouped into
three categories. The first is a group of curQes below the
reference cﬁfve.(e.g. spot 407). ,Beeause of the-iower molar yields,
these curves correspond to fhe oligdnucleotides that oceur only
once behind the Q-mer. (If there is a possibility that some of
tﬁese”mlgﬂt occuf twice or morc behind the Q—mef, Chey have to be

far behind so that very little of each is exposed.) They are
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Fig. 19. Diagram showing the relation between molar yields of
the oligonucleotides from T,-RNase digests and the -
percent stripping. Numbers are those in Table VIII.
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_ represehted by"*' in Table VIII. The second grbup, iepresented

by ikt in Table VIII, consists of curves that intersect the
reference curve (e}g. spot 409). All oligbnuclebtides'in this
categdry are either not expodsed at all or less than iSZ exposéd at
1419sztfippingf As compared to ;he'26;2% expésdre of the Q-mer,
the poséibility_of any of'thEéé oligbﬁucleotideé dccurring prior
tovthé Q-mer is ruled oﬁt. vThe increase'in,thé”molar'amOunt which
overtakes that of the Q-met, consequently causing the curves to
intersect, is due to the éxposure of more than one sﬁch Qligonﬁcleo—
tide behind the Q—mer; vThevmultiple éxposﬁre of ﬁhe oligonucleo-
tide béhind the Q-mer may well be its unresolvéd sequence isomers.
Furfhermore, tﬁe molar yields of these spots éf'A;SSZ.stripping are
in élliqases less thén 95%. At this exteﬁt éf stripping gxﬁosure
of two séqdence isomefs Behind tﬁe Q-mer should”ﬁe able\tévacédunt
for its molar yield. SpOtSF303,J308,v607; 609,_764, and'805 are
exceptions in.thié category £or two reasons:_“(l) theif:mqlafities
at 1.192 stripping are close to £hat of the Q—her,_(Z) the molar

~ amount becomes so. large af grea;ér extent of.stripping, aﬁd wﬁﬁld
require.exposuré of a largé.number of these oliéonucléotides behind
the Q-mer. Therefore, they_pfobablyvshodld be classified in the
ﬁéxt_groﬁp. The third grouﬁ éonsists éf curyés which occur above -
the feferencé curQe (efg. spot 304). To ﬁavé mélarity greater than
“that ofvthe Q-mer throughout the whole Spectrﬁm of stfippiqg, at
least oné oligonucleotidé from each of these sﬁoté"sﬁduld océur
vpriorito the Q-mer. The rapid increaée in the‘molarity of an oligo-

nucleotide with the extent of stripping suggests that this oligo-



nucleotide may_occur more than once or.its sequence i$omer is
present aé well. . |

To determine the number of times an oligonucieotide may ocquf
prior to the $mer, the molar fatids of'tﬁese oligoﬁdcleotides to
the $mer at each éxtent of'stripping are calculafed and listed in
Téﬁie IX. A molar ratio of less than 2 at'any ektent of stfipping
_ proBablyfindicates that only one oligonuclébtide from that spotl
océurs'once priér to tﬁe'ﬁ&mér. These spots are listed és '1' in
column 6 of Table IX. Those having all thﬁeebmolar ratios about
one (305, 501, 66@, and 86i) are the oiigonucleotiaes wﬁich are
located closer to ﬁhélﬂ-mér, because their éxpoSufe'brings immediate.
uhcovering of the Q~mer. On tﬁe ofﬁer hand, oligonucleotides-very'
near tﬁe 3! end.afe exﬁosed at a small extént of stripping; As
Stripping.proéresses Very'iittlézmore are gprsed, while the amount
of the Q—mer exposeaﬁiﬁcreéses; Consequently, this brings aboﬁt an
ihcreasing molér ratio.foiiowed by a'drop (364, 309, 611, and 805).
The oligondcleoﬁides whose molar rétiés increase éna reach a value
about twb (609 and 806) are the intermediaté ones. The.higﬁ molar
.ratios at large extent ofvstrippingvof soﬁe oligonucleotides (303,
308, 607, and 704) are due to the upcOvefing éf these oligonucleo-
ti&es, or their sequence isomeré, behind.thé Q-mer. In order for a
given 6ligonuc1§otide to be_présent a»sééond time, its molar ratio
to thg Q-mer must be greatér than Z.O»at-every extent of stripping.
FiQe épo;s are chosen éﬁd‘iiéged as '2' in coiumn 6 of Table IX.
Becausé their molar'ratios remain unchaﬁged a£ ébput_two for every

extent of Striﬁping, spots. 403 and 405, each containing two oligo-
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Table IX

Molar Ratio of the.Oligonucleotide to {i~mer

Spot’ Chain- No. of
number length 1.197% 3.14% 4.587% occurrence
(Table n '

XII1I)

101 1 11:6 30.25 - 25.55 11-12

201 2 3.i86 10.30 - 8.79 3-4
- 202 2 5.03 13.02 9.76 5

203 2 2,75 9.25 7.01 2-3

302 3 S 1:72 4.72 4.60 2

303 3 0.86 - 3.77 3.18 1 .

304 3 1.35 4,02 3.31 1

305 3 1.23° 1.41 1.30 1

306 3 1.74 4,22 3.70 2

308 3. 0.82 3.70 3.48 1
. 309 3 1.43 3.15 1.90 1

403 4 1.65 2.50 2.01 2

405 . 4 2,06 2.60 T 2.24 2

501 5 1.02 1.06 1.12 1

604 6 1.18 1.01 1.03 1

607 6 0.77 4.26 4.19 1

608 6 1.87. 2.82 3.43 2

609 6 0.82 1.56 1.57 1

611 5 1.42 1.92 1.33 1

704 7 0.93 4.96 4,81 - 1

801 10 i.37 1.31 1.26 1

805 13 0.86 2.22 1.25 1

806 10 1.18 1.57 2.01 1

Total :
154-159

nucleotides

80



81

nucleotides (identical or séquence isoméfs),'should be lbcated
quite‘close to the Q-mer. The large molar ratios at 3.147% and
4.58% stripping fof spots 302 and 306 indicate that at least one
from each spot is located ﬁear the end_and ?he qfhers somewhere
between the intermediate and the 3' terminal posiﬁidn. -The con-
tinuous increase in molaf ratio of épot 608 éuggests the foilowing
possibilities of twonlocatioﬁs: (1) both of them in the inter—
mediate position, or (é) ohe close to the Q—mer'while the other.
close‘to the 3' end. Fiﬁally,.to determine thé number of times
the mononucleotide G(101) and dinucleotides CG(201), AG(202),
UG(203) occur prior to thé Q-mer, the 1owest_molér ratiq among the
three is.chosen.‘ It is imposéible, however, to locate their posi#ion
more closely.

From the chainlengths énd the nﬁmber of fimes all of these
oligpnucleotides éccur prior to the Q-mer, = the location of
the Q-mer can be obtainéd. it shbﬁld,ﬁe mentiqnéd‘here that a
particular tetranucleotide should also be included. :Since the 3"
terminal nucleotide sequenCe'—GCCCA has béen detefmined in&epen—
dently by.Steinschneider & Fraenkel—Conrét (1966) and Mandelés
(1967). Upon T |

1

obtained. Dde té the lack of terminal phosphate and residues U

-RNase hydrolysis, tetranucleotide CCCA should be

and G, it has not been loéated in:the fingerprints obtained in
this work. However,'it ﬁUSt be included”in Aepe?mining the
location of the Q-mer. Therefore the 3' terminél fesidue‘G of the
Q-mer 1s 158-163 nﬁéleotidcs‘froﬁ-the 3' end of tﬁé_TMV—RNA? and

all of those Tl—RNase_digeépion products prior to the Q-mer are:
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. 11-12 G, 3-4 CG, 5 AG, 2-3 UG, 2 CAG, 1 ACG, 1 AAG, 1 UCG, 2 CUG,

1 AUG, 1 UUG, 2 (AZ,C)G, 2 (U,C,)G, 1 CAAAG, 1 (A,,C,,U)G, 1 (A,

C,5U0)G, 2 (A),0,,0)C, 1 (A;,U)G, 1 (C,U)G, 1 (4,,C,U,)G,

1(a U,)G, 1 (A,,C5,U)G, 1 (A

»C,>U)G, and 1 CCCA.

35C4 2
xThe'location’df fhe‘Q—mer determined above is by all means the
uppér limit. For a given éligohucieotide which'oécurs n times prior -
to the_Q—ﬁer; it is complétely detecfable because its molar yields

at any extentiéf stripping'éhoﬁld be at least n times that of the
Q-mer. 'EQén if this'oligénutleotide is present in a spot, which

is a mixture of chainlength and sequence isomers, it cén be detected.
Becaﬁse, in this case, the total moia; yieldé.of all oligonucleo-
tides in this spot would be much 1arger'than thaf of the Q-mer. It
canvthen be concluded that no_othefvdligonﬁcléotide, besides the
above listed, occurs pfior:tb thebﬂ-ﬁér. The uncertainty in the
ldcétiqn of the Q—mer.may.bé due to-oiigonucleofidés that produce
unresolved spots. A spotvbf longer oligonucleotides is likely'té
contain a large ngmbervof_Unrééolvable sequence isomers, all of
which.may actually occur behind the Q-mer. However, the total
molar yields of these geqdence isomers may be larger than that of
the.ﬂ;mer. If this was found true at any extent of s;riﬁping'
carried out in this wbrk, at least one of these iSqmérs“is ﬁlaced

. prior to the Q-mer. The érror introduqed thié way:could only
locate thé Q-mer further away from fhe 3' end 6f.RNA. Thérefore,_
it.can be céncluded that'tﬁe.3"terminal.residué G.Qf the Q—mér

is no more than 158 to 163 nucleotides from the 3' end of the

TMV-RNA.



Tﬁisbresult is consistent with that obtained from the“apprqxi—‘
maté.iocatiOn-of_these oiigonucleétides. Their molar yields afe
plbtt;& vs. the petceﬁt striﬁping as shown in Fig. 19.. Each curve
is exﬁrapolated to the percéntage of stripping‘ét which 1/2 mole of
the oligdnucléotidg is exposed. The cdgrésponding percént strippings
(P(l/ij), thch woﬁla éstiﬁate the appfoximate positions of these
oligonuéleotides, arébsummariZed in Table X. The valﬁe for the O-mer
is élso iistea and called M(Q)_for COnveﬁience; In'genefal, ény‘ |
oiigonucléotideé;with P(1/2) values smaller than M(9) oc¢uf prior
to the Q—mer. ‘Those with ?(1/2) comparable to M(%) are the oligo-
nucleotidés octurring.CIOSe’to the Q—mef. On the otﬁér_hand, those
Witﬁ P(l/ﬁ) mﬁéhvsmélleff£ﬁah M(Q):are the:oiigonudiedtides close
;d‘the 3" end of the RNA. ihué the data iﬁ Ta§léNXsindicates all
the listed dligonucleotideé'occut priof td the Q—mér. For Spbt;.
302,'306; 403, 405, and'édS,-the ﬁeféeht stripﬁings at which i.5
moles of the oligdnucleotides éfe'eXposéd arexalso giveﬁ in Table
X. These percent strippinés éstimate‘the.apprbxiﬁate”pbsitions a£
ﬁhich'each of thése oligonucléotides is exposed for the second time;
Since they are smaller théﬁ M(Q), the second océurfence is then also
prior‘to fhe Q-mer. Furtﬁermore; the relati?é\positions of these
'oligopudleotidesvwith résbect‘to the Q—mer agree with those obtained
previously. Those cléSer_to thé -mer are oligonucle§tides from
spots 305, 403, 405, 501; 604, 608, aﬁd 801. Those .closer to the
3' end are from spots 302;'304; 306,‘309,‘403, 405, 608, 611 and
805. Thoée in between"afé frOm'spotsl60§{ 806;.302,'andf506. Oligo-

nucleo;ides from spots 305,‘308, 607, and 704 are:predicted to be
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Table X

‘The Approximate Location of the Oligonucleotides

from T

l-RNase Digestion
Spot Position at which ~Position at which
number 1/2 mole is exposed 1 1/2 mole is exposed
: (in % stripping) (in % stripping)

101 0.19

201 0.60

202 0.43

203 0.79

302 1.28 3.17

303 1.73

304 . 1.50

305 3.53

306 1.29 3.59

308 1.77

309 1.59

403 1.56 4.77

405 0.88 4.04

501 4,22

604 - 4.48

607 1.69

608 1.26 4,21

609 3.15

611 2.24

704 1.56

801 3.70

805 2.31

806 3.14

4.61

Q
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‘t

close to the 3' end.

and 405.

The only discrepancy is found in spots 403
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IV. DISCUSSION

‘Determination of nucleotide sequence in a nucleic acid v
involves methods for its‘chemical or enzymatic degradatién,
reliableAtgchniques fof the separation and structural analysis of
the ffagments produced; and for the determination of the order in
which these fragments occur'ip'tﬁe nucleic‘acid.. Various methods
have beeﬁ'ﬁell summariéed byiRathandary & Stuartv(l966). A
distinct type of sequential analyéis is cheﬁicai or enzymatic
stepwise degradation. - The stepwise degradationlﬁroduces'an
ideﬁtifiéble béSe, nucleoside or.nucleotide from one end of the
molecule. Steinschneider & fraénkel Conrat (1966) have determined
the sequence of five bases at the.3'.endvof TMV¥RNA by using a
chemical Stepwise degradation méthod; which inﬁolves the oxidatidﬁ
of the terminal nucléotide by periddaté. The main limitation in
this method is that each dégradation step is not completely
quantitative. Thus appliéatibn of this stepwise method is best
only for.sma;l oiig9nucleotides._ To'degrade a nucleic acid into
specificvfragments reqﬁires highly specifié enzymes. The best -

characterized ribonucleases are T.-RNase, which is specific for

1
cleavage of a phosphodiester bond after G, and'PAN-RNase, whichA
cleaveé ?hosphédiééter bonds after-nuéle&tidés U ér C. ﬁéth
nucleases produce oligonucleotides bearing 3' phpsphates. A two-
diménsional high voltage idndphorésis technique deécribed by

Sanger et al. (1965) has facilitated the separation.and identi-

- or PAN-RNase

ficatidn-of these fragments obtained from either Tl

‘digests. Hence the main difficulty in determining the nucleotide
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-sequence.lies in the ordering of these fragméﬁts. One comménly'
uéed method for afranging these fragmeﬁts is the overlap method.
Tﬁis method determines fhe nucleotide éequenée by éomparihg the
over;apping regions of nucléotide fragmehts obtained from»at léast
two different enzymatic degtadatiPns”of the RNA. 1In ordér fo be
abie»to dedu;e a unique sequencé for thé entire RNA, enough over-
1aps béfween these‘ffagments afe required. Therefore ovériap
metﬁods ére usually carfied out with fragments from partial
degradétion by ribonucleases. The partiél degradation Yieldsimany

‘ similafg»but not identiéal; fragments. The limitation of the

overlap method is then in the difficulties of isolating large
fragmen:s,vaccurately estimating their amounts, and determining
their complete nucleotide sequences. In regard fo the limitations
of the above two mentioned methéds, Mandeles & Tinoc6; Jr. (1963) _

have proposed a.méthod which involves the formatién‘of derivati&es
specifié for either the 3' or 5' end of a nucleic acid.v By éon-
tf&lled partial enzymatic ﬁjdrolysis, each molecule is broken info
only two ffagme#té. The halves carrying.the end label are isolated

_and separatea écéording'to chainlength., By studying the nucleo-
tide sequence of the unlabeled end 6f_each half fragment and
cpuﬁting the\distance of it from thg label perﬁité one to obfain
a complete éequence of a nucleic acid. This method'doeé ﬁdt

vfequiré any-overlap information nor any stepwise degradation pro-
ceduré.- Yet applicapiqn fb the determinationvof nu§leQ£ide
sequence in molecules of the sizé of TMV—RNA is limited by the

need 'to separate very long fragments. Even forxjdét'l.to 5% of the



3' termindal end of TMV~RNA, one must distinguish between oligo-
nucleotides of the o;der of a few hundred bases(. | |
.Almethod is intfoduced in this work for_the.determinétion
‘of.nucleotide sedueﬁces in the 3' end of TMV~RNA. It is made
feasible by the characteristic SDS polar stripping of TMV. SDS
progreséively'éprses the 3"end of TMV-RNA. The RNA exposed ;o
‘ -RNase and_it; products are

1

analysed by the two-dimensional ionophoresis fractionation techni-

' differént extents is hydrolysed by T

que. The ordering of the oligonucieotides is facilitatéd by qbéer—
ving'ﬁhe ektent of SDS stripping on théif appearanée; For an ideal.
SDS stripping distribution; the appearahce of a given oligonucleo- .
tide is all or none, which givés its exact ldcétion in the RNA. Due
to the wide spread of the sfripping distributioﬁ, however, the
ordeting of the oligohucleotides cannot be simply.obtained from their
appearance. But the ordering can be obtainea f;om a-serieé of
studies on their relatiVe‘locationé; The first stép_is to choose a
particulax oiigondcleotide as-a reference. Any Oiigonucleotide
‘that occurs closer to the 3' end of the RNA than the reference is
uncovered by SDS first. Hence its recove;& in molar amount mﬁst

be greétervthan that of the reference at any extent of stripping.
With’this'ériﬁerion, the relative location of theioligonucieotides
with régpegt to thé reference_can be obtéined from a blot of their
molar yields vs. the percent stripbing. In this Qork the Q-mer is
‘choseﬁ as a reference because of its uniquenesé; it only occurs

once along the whole RNA chain and it is the largest fragment

obtained from complete T1~RNase digestion df TMV-RNA (Mandeles, .

88



89

1968).. All oligonucleotides are lécated'in reiation‘tb the {-mer.
From a plot of the‘molar yields vs. the percent‘sﬁripping, a given
Ibliéonuéieofidé is placed either prior (clpser to the 3' end of the
RNA) 6r Behind (farther away from the 3' end of the RNA) the‘Q-mef
by compariﬁg ité rate of appearance to tﬁat of the Q~mer. As a
result; ali oligonucleotides are separatea into two-groups.by the

. Q-mer. By éountihg the totalinumbér of oiigOnuclebtides that occur:
pfiof to fhélﬁ—mer, the location of the Q-mer is obtained. It has

been shown in this Qork that 45 to 48 T

l;RNase digestion products

océur prior to the Q-mer. 2This places thé‘3'iterﬁinal G of the
Q-mer 158 to'l63‘bases ffdm'thé 3' end of the TﬁV—ﬁNA.

| The next step is.to'choosé a seéond<reference‘§ligonucleotide
and carry out the‘study'of_the félafive.lbcafion of the oligéngcleo—
tides as describéd for the49—me;;"By finding'éll those oligonucleo—
tides ﬁhét occur pfior to &his réference; the 1ocationybf this
refefénce-oligdnucleo;ide ¢an then be'ébtained.“lf thié‘type.of.
relétivé location study can be.carfiéd out fo¥ all the‘ilfRNase
digestioh prodﬁcts that océur priqr to the Q4mer, the ordering of

these oligonucleotides becomes possible.

The multiple occurrence of the oligonucleotides from T

1
RNaSe,digestion is the main limitation of this method. Since the

frequency of occurrence'is.greate: fof smaller oligonucleotides,

N

- the difficulty arises especially whedfa small oligohucleotide-is

[ : )
chosen as a reference. The immediate approach to this problem
is to -control the SDS étripping‘éo that it exposes very small

amount of the RNA at a time. In this work, three different extents
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of stripping have been obtained. They extend o?ér avraﬁge of more
than three hundred bases. The differehce between two different
extents of stripping éorresponds to oﬁer a hqndred bases. Tq order
the oligonucleotides more preéisely smaller interval of the extent

of stripﬁing is rééﬁired. .An ideal case is to uncover 20 to 30
bases (1éss than 0.57% sfripﬁing)_atleach extent.of.strippiﬁg. This
correspondé to én increase of oply a small.number of oligonucleotidés
when hydrolysed witthl-RNase. Itlhas been shown in this'work that
the rate of SDS stripping decreases as the SDS concentration decreases.
On ;he other hand,Ithe rate is enhanced by heat (Symington &
Commone£, 1967). Although the kinetics'of'thé SDS stripping df TMV
isbnot known, it séems reasonable that the stripping can be pontrolled
by employing SDS concentrétibp lower than O.SZ;and'temperature near
0o C,'in”a rate which can be stopbed at shprf intervals. This
enables one to deal with only a small segment of the terminal RNA
within which the oligonuciéoﬁide, chosen as a'réferenée, occurs only
once. Once the ldcation df‘the first occurrence is known for a
giﬁen oligonucleotide, the difficulty of locating its second-éccur—

_ renée is.theh greatly'diminiéhed. vFurthermore; hydrolysis of the
.exéoséd.RNA.by a second ribonucleasevwiil aid the ordering of small

- oligonucleotide. PAN-RNase digestion may help.grgatly in ordering

mononucleotide G and the three dinucleotides from T —RNase'digestion.

1
The structural anéiysis of the oligonucleotides present in
the spots of the partially stripped fingerprints (Fig. 11 to 13) has

yielded information on their base compositions and PAN-RNase .

digestion products. The tfesults on the base composition fit wvery



‘well with their positions in the fingerprints.v As has been'
‘suggested by Sanger et al. (1965) lines can be drawn connecting
oligonucleotides from Tl-RNase digestion with.increasing number.ofb
residue A:or C. From the base composition of the oligonucleotides
obtained-in this work, lines:can be drawn in that’manner. In”fact,
all oligonucleotides containing two U residues or less can be - |
fitted in one of these lines. Examples of the lines that connect
oligonucleotides with increasiné number.of residue A are those
pa'ss'ing (mg. 14): spots 101(G), '202(;\_&;), 304(52'35.,. a»’ndi 404(A3‘c) :
spots. 305, 306‘(CUG.),‘}406‘('ACUG)',.‘503(A2CUG), 605(A, cUc), and

606(4, CUG); spots 309(U,6); 409(AU,G), 610(a, c), and 609(A,U,6).
Examples of ‘the 1ines that connect oligonucleotides with increasing
"number of residue- C are those passing (Fig. 14) _spots ZOZ(AG),
l302 '303(CAG), and 401- 402(C AG); spots 307 308(AUG) 406(CAUG),
502(c, AUG), and 603(C AUG), spots 407(A,UG), 503(CA, ve), 604(C,A uc)“,'
and 701(C5A2UG) There is no crossing of 1ines within each
category. Furthermore, these results are in good agreement with

those reported for the correSponding T -RNase fragments obtained from

1
5S rRNA (Brownlee & Sanger, 1967), 16S rRNA (Fellner et al., 1970),

: R17 RNA (Adams et al., 1969; Steitz, 1969) The - results obtained from
PANfRNase digestion have(shown that.the fractionation_procedure, which
used‘high?voltage ionophoresis inhboth dimensions; is not capabie ot
compietely‘separating seduence isomersi. oniy)dinucleotides and.
trinucieotides are completei&'separated; “Sequence isomers of oligo—

nucleotides of 4 bases-or‘longer usually occur in one large spot.

91



Some separation is found in spots 401 and 402, bdth contain oligo-
nucleotides of base composition AC,G. Spots 504 and 611 also

appear to be sequence isomers since both contain oligonucleotides

with base composition U_CG. The'same is found true for spots 705

3
and 806, where base cbmpoéitioﬁ AéCZUSG is fgund for bbth spotsI
Since thé nuﬁber of'sequgnce isomers increases so fapidly as the
oligonucleotide becomes 1argef, even though two spots are found
fof the same base coﬁpoéition, eaéh of these spots may also be a
mikture”ofISequence isomers. To further study the base sequence
of oligonucleotides.preéent in a spot, experimgnté should beb
carried but‘to‘determiné the 5' terminal residue. This residue
can be identified byvtreatment with»alkaline bhosphomonoesterése
followed by snake vgnomjphésphodiestefase. The former feméves the
términai 3' phosphate. _Thé latter breaké the 3'-phosphoeéter bénd
so that the 5' terminal residue is present as a nﬁéleoside; Since.'
32? is used as a lébel it can then Be.separated ana idenfified asv
the missing résidue provi&ed the base cbmpositioﬁ is known. A
:knowiedge pf the 5' terminal residue can eliminaté a large number
.of seduencé isoﬁers that ﬁight be present in a spot. For suffici-
ently-simpie oligonucléotides; a ﬁniqﬁe sequénce-may»welllbé
'deduéed; In most_cases,_infofmations from partial éegfadation by
snake venom phosphodieéterase or spleen phosphbdiesterase are
brequifed to deduce a uhiqdevsequence,' The details of e#perimental
b;oéedure will not be inci&ded heré éipée ghey.have been discussed
by Sanger et al. (1965), gdd'Brownlee &-Sangerv(l967)..
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" The last point that needs mentioning is the total chain-
lengkh of TMV;RNA reported in this work. The chainlength of
6,284 i'2‘4% has been determined for the whole TMV-RNA. This
result supports tﬁe Aaté obtained by other chemical method

(Caspar, 1963) .
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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