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PARTIAL SEQUENCE ANALYSIS OF TOBACCO MOSAIC VIRUS RNA 

Abstract 

Lily Wong Sun 

32 5 P-labeled TMV-RNA with specific activity of 10 CPM/~g has 

been obtained. Its complete T
1

-RNase digest has been fractionated 

by a two-dimensional high voltage ionophoresis technique (Sanger et 

al., 1965). From the resultant T1-RNase fingerprint, the total 

chainlength of TMV-RNA has been determined to be 6,284 ± 2.4%. When 

carefully treated with sodium dodecyl sulfate, 1.19, 3.14, and 4.58% 

of the coat protein subunits have been removed from the 3' end of 

TMV. 'T1-RNase fingerprints are obtained for the exposed end of 

TMV-RNA. By comparison of the recovery of the oligonucleotides from 

T1-RNase digests at these three different extents of strippings, the 

n-mer (Lloyd & Mandeles, 1970) terminates 158 to 163 nucleotides from 

the 3' end of TMV-RNA. The T1-RNase digestion products that occur 

prior to the n-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 (A2 ,C)G, 2 (U,C
2

)G, 

1 CAAAG, 1 {A2 ,c2 ,U)G, 1 (A,C 2,u2)G, 2 (A
2
,c,u

2
)G, 1 (A

3
,u

2
)G, 

1 (C,U
3

)G, 1 (A2,c,u
3

)G, l (A
3
,c4 ,u2)G, 1 (A

4
,c

3
,u

5
)G, 1 (A

2
,c

2
,u

5
)G, 

and 1 CCCA (Steinschneider & Fraenkel-Conrat, 1966) • 

. For all products from T1-RNase digests of the exposed 3' end 

of TMV-RNA, base composition and their molar yields have been 

obtained. Their nucleotide sequences have been studied by 

pancreatic-RNase digestion. 
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I. !NTRODUCTION 

Tobacco mosaic virus (TMV) is composed of a ribonucleic acid 

(TMV-RNA) and an outer coat of protein. TMV-RNA is a single stranded 

ribonucleic acid of 6,340 nucleotides. It winds, i~ a loose helix 

with protein molecules packed between turns. Each turn has a dia-

meter of 18.0 nm and a pitch of 2.3 nm. There are 49 protein mole-

cules in every three turns. Each virus particle consists of 2,130 

identical protein mole~ules each of which consists of 158 amino acids 

of known sequence. The helical arrangement of the ribonucleic acid 

and all the coat prote:ln molecules forms a rod shaped virus of 300 

nm in length and 18.0 nm in diameter (Fraenkel-Conrat, Molecular 

Basis of Virology). 

Crystalline TMV was first isolated by Stanley in .1935 

(Stanley, 1935). Its ribonucleoprotein nature was demonstrated in 

the following years. However, it was not until 1956 that Gierer & 

Schramm (1956), and independently Fraenkel-Conrat (1956), demon-

strated that TMV-RNA alone, in the complete absence of protein, was 

necessary and sufficient to produce infection. These experiments 

definitely showed that the viral TMV-RNA carries the genetic spec!-

ficity to code both for its own replication and for the amino acid 

sequence in its specific coat protein. Since then, much more 

attention was paid to the structural analysis of the ribonucleic acid. 

The structural analysis of TMV-RNA would provide information 

as how this ribonucleic acid acts as a genetic materials, i.e. how 

this RNA is copied during replication and how the information is 

transferred into protein. A knowledge of the nucleotide sequence 

1 
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of TMV-RNA would allow one to determine the structure of those sites 

on the RNA responsible for the control of replication aridprotein 
' .. i 

synthesis. An A residue was first reported at both the 3' and the 
~· ! 

S' end of the TMV-RNA by Sugiyama & Fraenkel-Conrat (1963). The 3' 
,_,. 

terminal nucleotide sequenc~ ~GCCCA was later determined by Stein-

schneider & Fraenkel-Conrat (1966) using chemical stepwise degra-

dation method. The same sequence was independently reported by 

Mandeles (196 7) who used end group labeling technique as well as a 

series of chromatographic separations. To determine. the complete 

nucleotide sequence of a ribonucleic acid of the size of TMV-RNA 

requires, however, an incredible amount.of work. But, there are 

two unique properties of TMV which might facilitate partial 

sequence analysis. 

The polar packing arrangement of the RNA and the protein 

molecules is one of the unique properties of TMV. From their recon-

stitution experiments, Stussi et al. (1969) have shown that the 

protein molecules build onto the RNA in a polar manner, i.e., 

starting from one end of the RNA; and Ohno ~ al. (1971) were able 

to conclude that this polar reconstitution begins at the S' end of 

the RNA. This evidence is consistent with the polar stripping 

experiments performed by May & Knight (1965). They found that the 

coat protein molecules can be removed by sodium dodecyl sulfate 

(SDS) sequentially from the 3' end of the viral rod. The exposed 

3' end of the RNA then becomes accessible to ribonucleases digestion, 

whereas in the intact virus, the RNA is protected from any action 

of ribonucleases by its coat protein. This should enable one to 
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determine the sequence of the exposed part of the RNA, for orie 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 

chainlength separation of complete T1;_ribonuclease (T1-RNase) 

digests. of whole TMV-RNA, Mahdeles noticed the presence of three long 

oligonucleotides. Chromatographic evidence indicated that each occurs 

only once along the whole RNA chain. 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 been 'able to locate the Q-mer 

w'ithin the first 200 micleoddes of the 3' end. The work reported 

here uses the Q-mer as a marker to aid the sequence analysis of the 

3' terminus of TMV-RNA; the location of this Q-mer has also 

been studied. 

Progress in the determination of nucleotide sequences 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 aL, 1964). The paper chromatographic technique is used for 

speed and easP of operation, whereas ion-exchange chromatography 

3 



is used for effictent separation. The advantages of both techniques 

may be combined 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; Raj Bhandary et al. , 196 7; Dube .et al. , 

1968). The Sequence for the 5S component of 120 nucieotides of 

ribosomalRNA from !!_. coli has also been reported (Brownlee et al., 

1968). More recently, with the additional tools of homochromato-

graphy on thin layers of DEAE-cellulose (Brownlee & Sanger, 1969) 

and· polyacrylamide gel electrophoresis (Peacock & Dingman, 1967; 

Adams et al., 1969), a tremendous number of nucleotide sequences 

have been reported. Nucleotide sequences present within 16S ribo-

smnal RNA from !~ coli were determined by Fellner et al. (1970) and 

Ehresmanri et al. (1970). The first 175 nucleotide sequence from 

the 5' terminus of Q8 RNA synthesized in vitro has been reported 

by Billeter~ al. (1969). Adams et al. (1969) and Nichols (1970) 

have reported sequences present in the coat protein cistron and its 

termination region of Rl7 bacteriophage RNA respectively. The 

sequence of the three ribosomal binding sites 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 information for the RNA of TMV, the best known plant virus. 

4 
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In this work, the two-dimensional high-voltage ionophoresis 

fractionation technique has been used as the method for fractionating 

T
1

-RNase digest of 
32

P-labeled TMV-RNA. High-voltage ionophoresis 

on cellulose acetate strips at pH 3.5 has been used in the first 

dimension. One advantage of using cellulose acetate strips instead 

of paper is that it results in considerably less streaking of large 

oligonucleotides. However, this limits one to very small amounts 

of material. 
32 .. · . . 

Thus · P-labeled TMV~RNA has been used in all the work. 

Oligonucleotides are detected and estimated by radioautography and 

scintillation counting technique. In the second dimension high-

voltage ionophoresis has been carried out on DEAE-cellulose papers 

at pH 1. 9. Fractionation on DEAE-paper is due both to ion-exchange 

and electrophoretic effects. The ionophoresis essentially opposes 

the ion-exchange effect as the more acidic components move faster 

by ionophoresis but slower by ion-exchange. The radioautograph of 

the resultant two-dimensional fractionation is known as the finger-

print. With the application of the SDS polar stripping property of 

the virus, as little as 1-5% of the coat protein molecules have been 

removed from the 3' end. Fingerprints were obtained for T1-RNase 

digests of the exposed 3' terminus. ,The sequence study performed 

in this work includes the .determination of base composition, 

nucleotide sequences and relative molar ratio of the oligonucleotides 

present .in all the fingerprints. 

5 
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II. MATERIALS AND METHODS 

A. Materials 

Cellulose acetate electrophoresis strips were obtained from 

Millipore Corp. , Bedford, Mas_s. 01730. 
' 

DEAE-cellulose papers were Whatman Chromedia DE81 which were 

made in England by W. & R. Balston Ltd. , through Reeve Angels 

in Clifton, New Jersey. 

T
1

-RNase was from Toyko, Japan. 

Whatman 1 and 3 MM chromatography papers were purchased from 

Van Waters & Rogers, Inc. 

Dyes used as markers to follow the course of an ionophoresis 

contained equal volumes of 1% Xylene Cyanol F. F (blue), 2% 

Orange G (yellow) and 1% Acid Fuchsin (pink); all were from 

George T. Gurr Ltd. , London. 

Tobacco plants were kindly provided by the plant pathology green 

house of the University; only Turkish variety was used in this 

work. 

The grinder used to homogenize infected Tobacco leaves is a 

omni-mixer homogenizer from Ivan Sorvall Inc., ~orwalk, Conn. 

It consists of ? basic omni-mixer and a stainless steel leak-

proof grinding chamber. .- I 

Millipore filters with 0.45]1 grid membrane were obtained from 
.... 

Nalge Co., Rochester, N.Y. 

Centrifuge tubes with screw on caps for model L30 rotor and 

L40 rotor were obtained from the Nalge Co., N.Y. 
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Agarosegel A-150m 100-200 mesh was obtained from Bio-Rad Lab., 

Richmond, Calif. 

X-ray films (no screen) and their developer and fixer were 

obtained from Picker's ~-Ray of S. F. , Calif. 

High-voltage electrophoresis equipment and coolant were from 

Savant Instrument Inc., Hicksville, N.Y. 

B. 
. 32 

Preparation.of P-labeled TMV 

32 The detailed procedure for preparation of P-labeled TMV is 

described in the following. It can be considered as a modified 

Mandeles and Bruening (1968) method. The Turkish, variety of the 

Tobacco plarit about one month old with ten to twelve leaves was 

used in all preparations. One plant was used for each preparation. 

The leaves were infected with a solution containing 0.1 mg/ml of 

unlabeled TMV, 7% carborundum as abrasive and 1% K
2
HP0

4 
(pH 8.2). 

Yarwood & Fulton (1967) have discussed in detail a variety of 

mechanics for infection. The brush method was found to be the most 
' ' 

convenient. The inoculum with abrasive and phosphate were applied 

to the upper leaf surface by brushing with a wet paint brush. 

Carborundum makes microwounds on the leaf surface. Although wounds 

are necessary for infection, they heal quickly. So it is advisable 

to apply inoculum and abrasive simultaneously. Phosphate makes the 

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

Leaves were detached a.fte:i one day of inoculation. A total of 

20 C. f . . 32p . . d" 1 dd d h . 1 m 1 o 1norgan1c was unme 1ate y a e to t e petio es. 
,· . 32 . 

Since each leaf was placed in one petri dish, the amount of P 

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

7 



32p for each leaf was. easily taken up in 15-20 minutes. Then an 

equal amount of H20 was added. After a~l the H20 was taken up the 

'hot' leaves were carefully wrapped in a plastic bag and allowed to 

stand at room temperature for a week. All the leaves were well 

preserved in this incubation period since the moisture was well kept 

within the plastic bag. Six days were enough for the biosynthesis 

of complete virus rods and incorporation of 32P (Connnoner ~ al., 

1962). At the end of the incubation the leaves containing 32P-

labeled TMV were left in a freezer overnight in·the same plastic bag 

and with adequate shielding. ·All procedures involving radioactive 

32P were done in a closed chamber made of half inch lucite which 

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

times to avoid d'irect contact of any radioactive materials. A 9-12 

inch tweezer was used to carty the 'hot' materials. 

The frozen 'hot' leaves were quite brittle and they could be 

easily crt.ished into fine pieces by means of hannnering. The broken 

pieces were poured into the pre-chilled stainless steel Sorvall 

grinding chamber and ground for as long as the leaves were still 

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

finer particles. Then 200 m1 of cold 0.04 M EDTA buffer containing 

5% NaHC0
3 

at pH 8 was added into the grinding chamber. The mixture 

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

until it was homogeneous. During the course of the grinding the 

chamber was lowered into a methoxyethanol dry ice bath kept at 0°to 

-5° C to prevent any temperature increase of the mixture. 

8 
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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 centrifuge. The 

sedimented residue was discarded into radioactive waste can. The 

0 supernatant was saved, centrifuged again at 9,000 rpm and 0 C for 

30 minutes to remove any remaining green residue. The supernatant 

from the second centrifuge was poured into model L30 .. centrifuge tubes. 
I 

They were carefully balanced, capped, and centrifuged at 28,000 rpm 

0 . 
and 0 C for 90 minutes. The dark brown supernatant solution was 

discarded into liquid radioactive waste can. The pellets containing 

32P-labeled TMV were covered 'With a total of SO ml of 0.002 M EDTA-

0. 02 M cacodylate buffer (EDTA-cac buffer) pH 7. 2 and allowed to 

stand in the cold room overnight. The centrifuge tubes were then 

sw.irled to disperse. the virus evenly. The contents of the tubes 

were combined. After repeating the low speed and high speed centri-

fugations the virus pellet was suspended.in 10 ml of cold EDTA-cac 

buffer pH 7. 2 and again allowed to stand in the cold overnight. At 

this point the virus pellets were usually fairly translucent. The 

virus suspension was then filtered through a millipore filter with 

0.4S]..l grid membrane. The :filtrate was centrifuged at 28,000 rpm 

and 0° C for 90 minutes to bring the virus down to a pellet. The 

millipore filtration and high speed centrifugation were repeated, 

if necessary, until there was no discernible color in the virus 

pellet. 

This pellet was then suspended in 1-2 ml of EDTA-cac buffer 

pH 7.2. The mixture was finally purified by passing through an 

agarose~gel AlSO M column. The use of the millipore filter was to 

9 



remove any dimer and higher degree aggregated virus particles. The 

agarose-gel column separates viruses according to their sizes. Thus 

any short or aggregated virus rods were separated from the main 

portion of the 300 nm rods. The column was pre--equilibrated in 

EDI'A-cac buffer pH 7.2. Elution was done with the same buffer at a 

flow rate of 4 ml per hour. A typical elution profile is shown in 

Fig. 1. On:ly those materials in the main peak centered around-

fraction 70 were taken, combined, passed through millipore filter, 

then centrifuged at 28,000 rpm again at.0° C for 90 minutes. The 

resultant p~7llet was suspended in the desired buffer for subsequent 

experiments. The yield of the 32P-labeled TMV was estimated from 

its absorption at 265 nm. 1 mg of TMV is equivalent to 3.06 A265nm 

units. Its activity was counted in. a scintillation counter. The 

yields obtained from the above procedures are summarized in Table I. 

c. . . •' 32 
Extraction of P-TMV~RNA 

The viral RNA was separated from its coat protein by the phenol 

extraction.method in the presence of bentonite. to prevent degradation 

l,>y extraneous nucleases (Singer & Fraenkel-Conrat, 1961). 5-10 mg/ml 

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

with an equal volume of distilled phenol which was saturated with 

0.01 M Tris buffer pH 7.4. 0.2 mg/ml of bentonite w.as used during 

the course of stirring. Centrifugation at 2,000 rpm for 10 minutes 

in Sorvall ss-34 rotor separated the mixture into two phases with 

bentonite as a layer at the interface between these phases. The 

upper aqueous phase was carefully transferred into a container 

10 
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Fig. 1. 32P-TMV Elution Profile 

Resin: Agarose-gei AlSO M 100-200 mesh • 
. Solvent: 0.002 M EDTA-0.02 M Cac buffer, pH 7.2. 
Bed volume: 300 ml (2 X 100 em column). 
Sample load: 2 m1 (10-20 mg of 32P-TMV) 
Flow rate: 4 ml/hr. 
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Preparation 

32 Amount of P 

used in mCi. 

g of infected leaves 

32 mg of P-TMV 

Activity of 
32P-TMV 

counts/min (CPM) 

% incorporation 

Specific activity 
. 32 .. 

CPM/mg of P-TMV 

Table I 

Yields of 32P-TMV 

1 2 

14 20 

65 55 

19.15 10.90 

29xl06 55.6xl0 

0.250 0.324 

. 6 
. 1. 47xl0 5.10xl0 

3 

20 

55 

10.48 

6 59-.SxlO 6 

0.295 

6 5.68xl0 6 

4 

20 

30 

5.52 

29.10x10 6 

. 0.132 

5.27xl06 

12 

,_, 

-. 

Jl 

~ 

i 
' 
' 
' 



which already contained about 1 mg of bentonite. Care must be 

taken not to remove any of the interface material with the aqueous 

phase. An equal volume of phenol was added. Stirring, centri-

fugation and separation of phases were carried out as before. The 

aqueous phase was centrifuged at 10,000 rpm in the ss-3~ rotor for 

30 minutes to remove a~y remaining bentonite. The supernatant was 

then extracted twice with 2X volulile of ether to remove any con-

taminated phenol. After removal of ether by suction the aqueous 

32 solution containing P-TMV--RNA was dialyzed against 95% ethanol for 

2 hours. This was done instead of precipitating the RNA with 

ethanol. The volume of the dialysis tubing can then be decreased 

by making an extra knot. It was followed by dialysis against 0.001 

M Tris buffer pH 7.4 to remove ethanol and excess salt. This '!llethod 

is modified from that described by Mandeles & Bruening (1968) • The 

yield of RNAwas estimated from its absorption at 260 n'!ll. Its 

activity was counted in a scintillation counter. 32 P-TMV-RNA with 

5 specific activity as high as 1.0 X 10 CPM/~g has been obtained. 

The yields obtained from various preparations are summarized in 

Table II. 

D. 
. 32 

Hydrolysis of P-TMV-RNA with Enzymes 

In order to obtain reproducible results, the RNA must be 

completely hydrolyzed at all specific sites. Cyclic nucleotides 

must also be eliminated since they will lead to a duplication of 

each spot in a fingerprint. Too vigorous conditions should not be 

used since splitting of bonds other than the specific sites will 

occur. Therefore it is advisable to digest with relatively high 

13 



Preparations 

A260mu of 

32P-TMV-RNA 

Activity of 
32P-TMV-RNA 

counts/min (CPM) 

Specific activity 

CPM/A260nm 
CPM/JJg*. 

% yield 

Table II 

Yields of 32P-TMV-RNA 

1 

19.75 

24.40 

6 22.90xl0 

. . 6 
0.94xl0 

0.24xl05 · 

86.8 

2 

2.16 

3.25 

6 9.44xl0 

2.90xl0 6 

. 5 
0.73xl0 

93.5 

* 1 mg of RNA = 25 A260nm uriits. 

3 

1.75 

1.58 

6 6.38xl0 

4.03xl0 6 

5 l.OlxlO 

72.5 

4 

0.91 

1.07 

. 6 
3.9xl0 

3.65xl0 6 

0.9lxl0 5 

93.5 

14 

.., \ 
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concentrations of enzyme for a short time. To avoid any contaminants 

of ribonucleases, gloves were required and all glassware used was 

washed in hot detergent and/or chromic acid, thoroughly rinsed, 

dried, then covered with aluiirlnium foil and baked for 12 hours at 

180-200° c. 

Enzyme to substrate ratio used was 2 enzyme units 

(Egami & Takahashi, 1961) for every A260nm unit of RNA. 

For relatively large amount of RNA, i.e. in the order of 

mgs, incubation was done in 1 ml solution at 40° C for 4 

hours. With ZOO 11g or less, incubation was carried out 

in 10-20 111 in a sealed drawn-out melting point tube at 

0 37 C for 4 hours.· The digest in the capillary can be 

directly applied to the cellulose acetate strip for 

fractionation. 

(ii) Pancreatic ribonuclease (PAl~_;RNase): 

Hydrolysis by PAN-RNase, in all cases, was carried 

out in drawn-out melting point tubes due to the small 

ainount of materials. For exact conditions used please 

refer to section G (iii) • 

~. Partial Stripping and Hydrolysis of 

the Exposed Nucleic Acid 

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

of 
32

P-TMV and 20-40 11g/mi of bentonite in EDTA-cac buffer pH 7.2 

was measured. To this was added 25 11l/ml of 20% SDS so that the 

final concentration in SDS was 0.5%. This suspension was quickly 
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well mixed in the 1 em path length cell and its absorbance at 400 nm 

was read illliilediately. The coat protein was being removed by SDS in 

a stepwise fashion from the 3' end of the viral rod (May & Knight, 

1965). The extent of this polar stripping was followed by observing 

the scattering at 400 nm.. the stripping was quenched with a large 

amount of coldbuffer when the desired amount of protein 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 decteased 5%. _This diluted suspension was 
. ·. . . . 0 

then centrifuged in the L30 rotor at 28,000 rpm and 0 C for 3 hours. 

The supernatant was discarded. The pellet was resuspended in 10 m1 

of EDTA-cac buffer containing 20 ]..lg/ml of bentonite. To ensure 

complete removal of SDS and the stripped protein, the suspension was 

0 recentrifuged at 28,000 rpm and 0 C for 3 hours. Then the pellet 

was covered with 1 m1 of 0.001 M iris buffer pH 7.4 .containing 20 

]..lg/ml of bentonite and allowed· to stand overnight in the cold. 

The partially stripped virus (PSV) was freed-of bentonite by 

centrifugation at 10,000 rpm for 30 minutes in the L30 rotor. The 

exposed 3' end of the RNA was hydrolysed with 2-3 enzyme units of 

T1-RNase at 40° C for 4 hours. At the end of· the digestion 100 J.lg 

of bentonite was added and the mixture was centrifuged in the L40 

·o rotor at 37 ,000 rpm and 0 C for 3 hours. The partial virus (PV) 

formed a pellet at the bottom of the centrifuge tube. The super-

natant, containing the rtucleotides from T1-P..Nase digestion, was 

recentrifuged at 37,000 rpm and 0° C for 3 hours to ensure complete 

removal of the PV. This supernatant was freeze-dried. The products 
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wer~ separated by the two-dimensional high-voltage ionophoresis as 

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

two centrifugations was resuspended in a minimum amount of EDTA-cac 

buffer. 32 Its P activity together with that of PSV and the T
1

-RNase 

digestion products gave the precise extent of stripping. 

F. Two-Dimensional High...;Volta.ge Ionophoresis 

Fractionation Procedure 

This fractionation procedure ~as originally described by 

Sanger, Brownlee & ,Barrell (1965). It was used throughout this work 

' 32 
for separating all T1-RNase digestion products of , P-labeled TMV-

RNA. Therefore the detail experimental procedures used are worth 

describing in the following. 

(i) Apparatus used'for ionophoresis: 

Ionophoresis tank and rack suitable for ceilulose 

acetate strips and DEAE-,papers are described in Fig. 2. 

The tank and rack are made of half inch lucite, all joints 

are glued. The anode and cathode compartments are each 

filled with 6-7 liters of buffer as shown in (e). The 

whole tank is then filled with Varsol to the level (f). 

Varsol, an electrophoresis coolant is used to keep the 

paper from dryin~ out while placed in the tank. Cold 

water is passed through the stainless steel cooling coil 

(g) during each :tun. Electrodes (h) ere of platinum 

coated wires. They are connected to a power supply 

capable of producing up to 3,000 volts with a current 

rangeof 0-300 mamp. 

17 
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(c) (d) 

XI3L 7110-1573 

Fig. 2. Ionophoresis_ tank and rack 

(a) Front of tank, 
(c) Front of rack; 

(b) Side of tank, 
(d) Side of rack. 
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(ii) Buffer systems and markers: 

pH 3.5 buffer consists of 0.5% pyridine and 5% 

acetic acid ('v/v). This was used with Whatman No. 1 

papers for base composition studies and with DEAE-paper 

for secondary 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 dimensional iono-

phoresis. pH of this buffer changes upon standing. 

Glacial acetic acid should be added whenever necessary 

to bring the pH back down to 3.5~ The increase of pH is 

due to the decomPosition of urea into ammonia. Therefore 

it is advisable to check the pH of this buffer and make 

necessary adjustments before each run. 

pH 1.9 buffer consists of 7% formic acid. Iono-

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

second dimension. 

The dye mixture which is used as ionophoresis markers 

consists of equai volumes of 1% xylene cyanol F.F (blue), 

' 2% Orange G (yellow) and 1% Acid fuchsin (red). 

(iii) Ionophoresis materials: .• 
,. 
~ ~ .;~- ~! 

. .. 
Cellulose acetate strips were 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 

19 



material on the other hand is easy to handle when dry, 

but very fragile ~hen wet. Care must be taken when 

handling fragile materials. 

The following'two sections should be referred to 

Fig. 3. 

(iv) Spotting and the first di~ension:al ionophoresis: 

A cellulose acetate strip of 21'x24" was cut out from 

a roll of 2'1xl0' • It was first wet with the pH 3. 5/7 M 

urea buffer. To avoid inclusion of air bubbles wetting 

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

dish. Excess buffer should be blotted. The wet strip 

was placed on a rack and lowered into the tank containing 

the same buffer. Pre-icmophoresis was carried out at 

2,500 volts for 30 minutes. At the end of this equili-

bration, the rack was taken out of the tank, and the point 

of application, which was 3. 5" from the cathode end of 

the strip, was biotted. The sample was immediately 

applied as a spot and allowed to soak in while the strip 

was still on the rack. Two spots of the colored marker 

were applied one on each side of the sample. Several 

precautions onemust note before spotting: 

(a) Avoid overloading the cellulose acetate strip; 

this will result in bad streaking in the first dimen-

sian. Best results were obtained with less than 100 ~g 

of the RNA digest. 

(b) The size of the spot should be kept very small in 
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XBL 7110-1574 

Fig. 3. Lay out of ionophoresis papers 

(a) 
(b) 
• 

Cellulose acetate strip 
DEAE-paper (18"x36"); 

(2"x24''), 

Point of application of sample (origin), o samples of 
dye mixture, • red dye at the end of run, ! blue dye 
at the end of run, __ ......,.., ionophoresis directions. 
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order to achieve good resolution. Thus all spottings 

were carried out in drawn out melting point tubes. 

Each sample was spotted at short intervals. 

(c) Care must be taken to avoid having the strip dry 

out while the sample is being applied. 5-10 ~1 of 

sample was fouhd most convenient as it rapidly soaked 

into the strip• 

After the sample was completely soaked in, the rack was 

immediately lowered .into the saine tank. Ionophoresis 

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

iS" from the origin. This could be 'done in about 3 hours. 

The majority of the oligonucleotides was found to migrate 

slower than the red mark~r and faster than the blue. 

(v) Transferring and the second dimensional ionophoresis: 

Fractionation in the second dimension was carried 

out on sheets of DEAE-paper. 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. 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"xl8" 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 

22 



' .~ .. .; 

evenly. Water froin the pad passed through the cellulose 

acetate strip carrying the oligonucleotides with it and 

onto the DEAE-paper. Being acidic they were held on the 

DEAE-paper by ion-exchange and remained in the position 

at which they were first washed on. To ensure complete 
. . . 

transfer, more water was added to the pad while it is 

still in pcsition. The water was allowed to soak through 

until a 4" to 5" wide strip of the DEAE-paper had been 

wet. If this was done carefully more than 90% of the 

material was transferred. 

Since urea would cause streaking in the second 
. . 

dimension, it should be removed by washing the wet area 

of the DEAE-paper twice in 95% ethanol, each time with 

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

was allowed to dry while mounted on a rack. 

Second dimensional ionophresis was performed at 

ninety degree to the direc'tion of that on cellulose 

acetate strip. The DEAE-paper was wet with 7% formic 

acid pH 1. 9 while still mounted on the rack. Wetting 

was started on both si4es of the line, where the oligo-

nucleotides were transferred, with the rack laid on the 

side. The fronts 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 paper. Wetting 

could be done evenly with a spniy or a wash bottle. The 

wet DEAE-paper ori the rack was lowered into the iono-
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phoresis tank that contained 7% formic acid with the 

oligonucleotides near the cathode. Ionophoresis was 

carried out at 1,250 volts for 16 hours or until the blue 

marker ·had traveled 14" from the origin. The DEAE-paper 

was finally dried in air while still on the rack. 

(vi) Radioautography: 

This·two_;dimensional high-voltage ionophoresis frac-

· tionation is referred.to as the fingerprinting procedure. 

The resultant radioautographs are called the finger-

prirt ts. To prepare radioaut<?graphs, the DEAE-paper was 

(14 ) . marked with radioactive ink C and cut to convenient 

sizes for exposure. The DEAE-paper containing the 

fractionated oligonucleotides was put iri a light proof 

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

x-ray film. The aesired time for exposure to obtain a 

satisfactory fingerprint was sununarized in Table III. 

Films were developed after sufficient time was given for 

exposure. 

G. Structure of the Oligonucleotides 

(i) Elution: 

The positions of the oligoriucleoticles on theDEAE-

paper were determined from the radioautograph by matching 

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

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

The oligonucleotides were eluted with 2 M triethylamine 

bicarbonate (TEA-Hco
3
-) at pH 8. This was prepared by 
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Table III 

Radioautogram Exposure Time 

Amount of activity (CPM) Exposure time 

60,000 or less 2-3 weeks 

300,000 1:...2 days 

500,000 16-30 hours 

1,000,000 8-16 hours 

2,000,000 and more 3-5 hours or less 



Spot containing nucleotides 

(a) 

(b) 

Fig. 4. Elution set-up 

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

(1) glass trough,. 
(2) 2 H TEA-HCO - pH 8, 
(3) microscope glides l"x3", 

XBL 7110-1572 

(4) DEAE-paper cut out as shown in (a), 
(5) drawn out melting point tube, 
(6) supports for the trough and tube. 
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passing co
2 

into a mixture of 70 m1 of water and 30 m1 

of redistilled triethylamine (TEA) until all TEA had 

dissolved into water as TEA-Hco
3
-. Elution was carried 

out as shown in F'ig. 4 (b). It was very rapid by this 

method and was complete within half hour. For each spot 

not more than 100 ~1 was usually collected in the.drawn 

out melting point tube. 

The eluted materials were then transferred onto 
. . 

small petri dishes and dried in a partial vacuum. If a 

good vacuum was used, TEA-Hco
3

- would bubble badly. The 

residues were redissolved in 10 ~1 of water and taken to 

dryness three times to ensure complete removal of the 

TEA-HCo
3
-. The residual oligonucleotides were finally 

taken up in the desired buffer for structural analysis 

described in the following sections. 

(ii) Base composition: 

To determine the base composition of an oligo-

nucleot.ide 10 ~ of 0.2 N KOH was used to dissolve each 

residue. The KOH solution containing the oligonucleotides 

was drawn into a drawn out melting point tube by capillary 

action. The end was sealed off. Hydrolysis was carried 

out at 37° C for 16 hours. After incubation the digest 

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

for separation. Each digest was applied as a spot 3.5 

inches 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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dye spots were also applied along two sides. Then the 

paper·was wet with pH 3.5 buffer (no urea). Care must 

be taken not to smear the spots during the wetting. Iono-

phoresis was run in the same buffer at 2,000 volts for 2 

hours or until the ted marker had reached the anode end 
. . 

of the paper. The paper was allowed to dry in air while 

on the rack. The four mononucleotides were well separated 

by this system (Fig. 5) with C and A residues traveled 

slower than the blue spot and G and Uresidues traveled 

faster than the blue but slower than the red spot. 

The position of the four mononucleotides can be 

determined from its radioautograph as shown in Fig. 7. 

They can also be detected by UV light. In this case, 

along with each KOH digest, 5 to 10 Jll of a mixture con-

taining 1 mg/ml each of the unlabeled mononucleotides was 

also spo~ted. The idea was to use these unlabeled mono-

· nucleotides as carriers which can be detected by a UV 

light source. However, pyridine also absorbes in the UV 

region so that it must be removed by washing with ethyl-

acetate. The spots were then cut out and the activity 

of each mononucleotide was directly estimated on the 

scintillation counter. For products from T
1

-RNase digests, 

a G residue only occurs once at the 3' end of each oligo-

nucleotide. Thus the ratio of each other bases 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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0 G 
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0 A 

0 c 

Origin 

XBL 7111-1703 

Fi8. 5. Diagram showing the rosition of ucmonucl;:!otides from KOH 
dig~stioa. Ionophotcsis was done at pH ·3~5 on ~ihetman 
No. 1 re~cr (2,000 volts, : hcurs). Rand B represent 
til~ red a11d blue markers respectively. 
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a C or U residue occurs only once in each oligonucleo-

tide, thus comparisons were made with respect to them. 

(iH) Sequence analysis: 

To determine the base sequence of the oligonucleo-

tides of an enzyme digest it is best to treat with a 

second enzyme. F6r T1-RNase digests, the oligonucleo

tides were further degraded with PAN-RNase. T1-RNase 

cleaves the phosphodiester bond following a G residue, 

whereas PAN-RNase is specific for pyrimidine nucleotides. 

If products of T1-RNase digests were treated with PAN

RNase, one would obtain a group of oligonucleotides con.;.. 

sisting A G, A C and AU, where n may have values of 
n n n. 

0, 1, 2, 3, 4 or higher. These oligonuCleotides could 

be separated by ionophoresis at pH 3. 5 on DEAE-paper. 

Secondary enzyme digestion was carried out in 0.001 

M EDTA- 0.01 M T:ds (EDTA-Tris) buffer pH 7. 4 containing 

0.2 mg/ml PAN-RNase. The oligonucleotide residues of 

T1-RNase digest eluted as described in section G(i) were 

each dissolved in 10-15 ~1 of this buffer and taken up 

in a drawn-out melting point tube •. The mixtures were 

incubated at 37° C for 4 hours with ends sealed. At the 

end of the incubation, the sealed ends were broken, each 

mixture was squirted out and mixed well with 2-3 ~1 of 

0.5 NHCl, takeh up again in the same capillary tube, 

ends resealed and incubated for an hour at 37° C. The 

treatment· with 0.1 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 (18"x36"). They 

were applied as 0.5 inch lines one.inch from each other. 

3.5 inch spacing from one end of the paper should also be 

allowed. Ionophoresis was run at pH 3.5 (no urea) and 

1,000-1,500 volts until the blue marker had moved 9 

inches from the origin. The DEAE-paper was wet with 

buffer before lowering into the ionophoresis tank that 

contained the same buffer. Wetting was as described in 

section F(v). At the end of the ionophoresis, the paper 

was allowed to dty while still on the rack. 

A small sample (30-40 J.lg) of 32P~TMV-RNA in EDTA-

. . 6 
Tris buf~er pH 7.4 with an activity of 2 x 10 CPM was 

digested with 2 ~nzyme units of T
1

-RNase and 2 J.lg of PAN

. 0 ' 
RNase at 37 C for 4 hours. After 0.1 N HCl treatment 

the products were fractionated on DEAE-paper by iono-

phoresis at pH 3.5 as described in the.previous para-' 

graph. Fig. 6 shows the resultant radioautograph and its 

diagram. The fractionated products were further 

identified from their base composition. They were eluted 
. ' 

. with TEA-HC0
3 

as in G (i) and hydrolysed with alkali as 

in G(ii). The resulting mononucleotides were fractionated 

by ionophares is on paper at pH 3. 5; located by radioau to-

graphy (Fig. 7), and measured by scintillation counting. 

The counting results were tabulated in Table IV. Since 

each oligonucleotide must terminate at the 3' end by a 
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2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13-17 

(a) 

-

-
-

Ul 

u 

Cl 

c 

G 

AC 
B 

AU 

AG 

A2C 

A2U 
A2G 

A3C,U,G 
A4C,U,G 

(b) 

{ 

Fig. 6. ( a) Radioautograph showing the position of products from 
PAN-IDias e digests of oligonucleotides from T -RNase 
digests on ionophoresis at pH 3.5. B shows t~e position 
of the blue marker . 

(b) Its diagram. 
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u G B 

Fig. 7. Radioautograph showing the position of mononucleotides from 
KOH hydrolysis of P&~-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 c u G Deduced 

1 .x u: 
2 X u 

3 X C! 

4 X c 

5 X G 

6 0.98 1.00 AC 

7 1.01 1.00 AU 

8 0.96 1.00 AG 

9 1.92 1.00 A2C 

10 1.98 1.00 A2U 

11 2.05 1.00 A
2

G 

12 2.91 1.00 A
3

C 

13 3.15 1.00 A
3
U 

14 3.25 1.00 A
3

G 

15 3.79 1.00 A
4

C 

16 3. 71 1.00 A
4

U 

17 4.27 1.00 A
4

G 



G, C or U residue, the base compositions were determined 

with respect to one of these residues. The correct 

structures with various numbers of A residues are given 

in the last column. This was used as a standard for 

determining the structures of oligonucleotides fractio

nated by this system. 
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lii. RESULTS 

A. T
1

-RNase Fingerprint of Whole 32P-TMV-RNA 

From each preparatiort of 32P-TMV, 5 x 106 CPM of material 

was taken. Its RNA was extracted by phenol. The resultant whole 

32P-TMV-RNA was completely hydrolysed with 2 enzyme units/A260nm of 

T
1

-RNase at 40° C for 4 hou:ts. 300,000-500,000 CPM of the products 

was fractionated by the two..;..dimensional high-voltage ionophoresis 

as described in section II F. A total of six fl:actionations have 

been carried out with RNA extracted from five different virus pre-

parations. The results were completely reproducible. Fig. 8 shows 

one of the two-dimensional fingerprints of the digestion products. 

Although ·resolution was good no attempts were made to identify the 

materials present in each spot. Careful base sequence analysis has 

been done by Sanger and his colleagues on T1-RNase digested 32P

labeled 16S and 23S ribosomal RNA (rRNA) (Sanger et al., 1965). 

The general fingerprint pattern of T1-RNase digested 32P-TMV-RNA 

looks very similar to both 16S and 23S rRNA, but only more complicated 

in the larger fragment region. TMV-RNA is almost four times as long 

as 16S and twice as long as 23S rRNA. It is expected to have more 

larger fragments in complete T
1

-RNase digests. The following is to 

discuss some of the characteristics of such a fingerprint. 

Since only uracil among the four bases carries no positive 

charges in pH ·1. 9 or 3. 5, its ribophosphate will have the highest 

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

phoresis, any fragments containing U residues will move faster by 
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Fig. 8. 

UUUG 

UUG 

B UG 

Cellulose acetate 
pH 3.5. 7M urea 

s /' 
8 

s ~ 
6 

AUGf 

UAG 

CUG 
UCG 

AAG 

G 

CG 

ACG 
CAG 

CCG 

32 
Radioautograph of a complete T

1
-RNase digest of P-TMV-RNA 

on ionophoresis on cellulose acetat e strip at pH 3.5 (2,500 
volts, 3 hours) as the first dimension aud on DEAE-paper at 
pH 1.9 (1 ~2 50 vol.ts, 16 hour s) 2.s ti:.e second dimension. 
B is the position of the b lue mark<-:r on the second dimension. 

36 



.• 

.··· 
0 '~; 

-~ 

U' ,j ?'\ u ~~ u t) 0 D (..';...-, _,. 

ionophoresis but slower by ion-exchange than those with no U residues. 

The more U residues .a fragmeht contains the bigger the difference 

will be. · As a matter of fact the movement of each fragment is 
. . 

essentially governed by the number of U residues it contains. This 

is evident in the fingerprint shown in Fig. 8. The two-dimensional 

ionophoresis procedure fractionates complete T1-RNase digests of 

32P-TMV-RNA into groups. All fragments in the same group contain 

the same number of U residues. The group containing rio U residues 

travels slowest on celluiose acetate strip because electrophoretic 

effect is the only force that moves the nucleotides. On the other 

hand it travels fastest bn the DEAE-paper where ion-exchange opposes 

the ionophoresis effect. Therefore at the end of the fractionation 

this group occurs in the ·lower right hand portion of the finger-

print. It is represented by mononucleotide G in Fig. 8. By the 

same reasoning, the group containing one U residue is the next upper 

left group as designated by dinucleotide UG. And next, the UUG 

group with two U residues. Still next, the UUUG gioup with three 

U residues, and etc. 

In each group the upper boundary contains oligonucleotides 

with increasing -numbers of A residues and the lower boundary 

contains oligonucleotides with increasing numbers of C residues. 

Those in between are oligonucleotides containing various numbers of 

A's and C's. Nucleotides G, AG, CG, UG, and the nine trinucleotides 

are shown in Fig. 8 to demonstrate these trends. (Thesesequences 

will be confirmed in the next section.) Lines can be, drawn 

connecting all oligonucleotides with increasing numbers of A's or 
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c 's. By extending these lines, one would be able to. estimate the 

base composition of certain longer oligonucleotides. What is more 

useful is that one can draw lines connecting all di...;., tri~, or 

tetranucleotides and etc. This enables one to estimate the chain-

length of an oligonucleotide present in a spot from its position in 

the fingerprint. This was also used to locate a certain hexanucleo-

tide which was used as a reference for the chainlength determination 

of 32P-TMV-RNA. 

32· . . .. 
The Chainlength Determination of P-TMV-RNA 

The position of oligonucleotides on the DEAE-paper, on which 

the r1~RNaae digests of whole 32P-TMV-RNA were fractionated, was 

determined as described in section II G(i). Each spot was cut out 

and its radioactivity in counts per minute (CPM.) .was counted in a '• 1 

scintillation counter. 32 The total. chainlength {L) of the whole P-

TMV-RNA molecule could be calculated from 

CPM. 
. 1 L = ____ ._ __ ~~ 

Act(P) 
(1) 

provided the radioactivity of one. phosphate (Act(P)).was known. To 

determine the radioactivity of a single phosphate, hexanucleotide 

s
6 

(Fig •. 8) was chosen as follows. In the group of oLigonucleotides 

represented by UG, lines were drawn .. connecting all trinucleotides, 

tetranucleotides, etc •. By doing so all hexanucleotides in this 

group were located. Spot s
6 

appeared to be uniquely resolved and 

was choseit <lS .::1 rt'ferencc. As a rough theoretieal approximation, 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
6 

contains only one hexanucleotide and it only occurs 

32 . ' once along the whole P-TMV-RNA chain, then 

the apparent Act(P) = 
6 

(2) 

This calculation has been performed on all six fingerprints 

of T1-RNase digested whole 32P-TMV-RNA. The activity of one phosphate 

was determined separately for each case. The chainlengths obtained 

were of the order of three thousand nucleotides, which is about half 

of the commonly accepted value (Fraenkel-Conrat, Molecular Basis of 

Virology, 1968). This suggested spot s
6 

contained two sequence 

isomers of six nucleotides which were not separable by this frac-

tionation procedure. Thus an octanucleotide s
8 

(Fig. 8) was chosen 

and the activity of one phosphate was calculated as for s
6

• In each 

case the value obtain from s8 was half of that from s
6

. Here 

theoretical estimation for the chance of a particular octanucleo-

8 tide to occur in a random polymer was one in every 4 (or 65,000) 

nucleotides. Therefore the actual activity of each phosphate would 

be equal to the CPM of s
6 

divided by 2 x 6, 

CPMS 
6 Act(P) = ··-

2
-x-6=---- (3) 

32 
The total chainlength of ·P-TMV-RNA was determined based on this 

number as a reference. 

Table V lists the chainlength obtained for 32P-TMV-RNA in 

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

phosphate obtained from s
6 

and s
8 

respectively. All chainlength 
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32 TMV p-

preparation 

1 

2 

3 

4 

Sa 

Sb 

Average 

Table V 

Chainlength of Whole 32P-TMV-RNA 

·: CPMi 
1 

2 X 6 8 Act(P) 

40.7 39.4 6,180 

89.0 6,110 

25.7 6,540 

19.0 18.4 6,250 

39.6 39.0 6,265 

73.0 69.5 6,360 . 

6,284 ± 2.4% 
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5,855 

6,057 

6,120 

6,129 
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0 0 

values agreed with each other within± 2.4%. ·This suggested that 

the two-dimensional fingerprinting procegure was completely repro-

ducible. The small discrepancy was probably due to (1) the somewhat 

incomplet~ transferring of large oligonucleotides from the cellulose 

acetate strip onto the DEAE-paper; (2) inclusion of some short 

virus rods eitherbroken or incompletely synthesized in the virus 

preparation. The missing of some large oligonucleotides due to 

incomplete trunsferringwas responsible for obtaining chalnlength 

shorter than the true value. If the contaminating short virus rods 

contained the heximucleotide used as a reference, then the result 

would also be on the short side. On the other hand, inclusion of 

short rods not containing the reference hexanucleotide would give 

rise to a number larger than the true value. However, the average 

chainlEmgth of 32P.:..TMV-RNA determined by this method agreed within 

1% of those values established by other biochemical or physical 

chemical methods (Klug & Caspar, 1960; Caspar, 1963). 

Since the activity of one phosphate is· a fixed number it 

can be put into the summation sign in equation (1) and rearranged 

mathematically as 

E CPM CPM. 
i i ]. 

L ;,, ",£ = ).; 1. (4) Act(P) 
i 

Ac.t(P) i 
]. 

CPMi 
1 = · · can be consideted .as the effective. chainlength contri-
.i .Act('P) 

buted by all fragments· in spot i. Summing li over. all spots w.ill 

' 32 
give the total chainlength of P-TMV-RNA. The results .. obtained in 

tllis way are summarized in the last column in Table V. Unfortunately, 
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two of the fingerprints were not perfectly resolved for some larger 

fragments, therefore only four numbers are listed. The comparatively 

shorter chainlength obtained in this way was due to round-off errors 

when computing 1 .. 
. 1. 

. .. . 

Although this was a IilOre elaborate way of getting the total 

chainlength, an obvious .reason fat undertaking such a task was to 

make sure whether the activity of one phosphate was really chosen 

correctly. The chainlength of the oligonucleotides in spot i was esti-

mated from its position in the fingerprint. Dividing 1. by this 
1. 

chainlength would give the molar ratio of these oligonucleotides with 

32 . . 
respect to one P-TMV-RNA chain.· If the value for Act(P) was 

chosen correctly any molar ratio should be an integer greater or 

equal to unity. This was indeed the case with Act(P) obtained from 

equation (3). With Act(P) values calculated from equation (2) molar 

ratio of half integers was obtained for many oligonucleotides and molar 

ratio of 1/2 was obtai~ed for some large oligonucleotides. It was then 

concluded from these evidence~ that equation (3) was. correct. There-

32 . 
fore a chainlength of 6,284 is reported here for the whole · P-TMV-

RNA with± 2.4% uncertainty. 

C. SDS Polar StrippiDg of Protein Subunits from 32P-TMV 

(i) Stripping Condition: 

The behavior of the SDS stripping of protein subunits from 

TMV was first studied by Hart (1958). He discovered that treatment 

0 
of TMV rods with SDS at 85 C tended to remove protein subunits 

from only one end of the rod~ This end was later determined by May 

& Knight (1965). They used the two specific exotibonucleases to 



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

37° c. The infectivities of the enzyme treated PSV were studied. 

It was found that treatment with spleen phosphodiesterase did not 

alter the infectivity of the PSV. However, loss of infectivity, 

when the PSV was treated with snake venom phosphodiesterase, was 

found parallel with those of 'I"MV-RNA when treated similarly. Snake 

venom phosphodiesterase has been shown to attack polynucleotides 

from the 3 1 end (Singer et al. , 1958), whereas spleen phosphodie

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

Therefore, ·it was concluded by May & Knight that the end of the RNA 

exposed by SDS is the 3 1
. ertd and the protein subunits were removed 

sequentially from this end of the viral rods. This kind of pro

gressive removal of proteirt suburtits from the 3 1 end of TMV will 

be referred to as the SDS polar stripping throughout this work. 

A large number of work has been reported based on this .sns 

polar stripping property of TMV. The local lesion gene was located 

at a position approximately one quarter of the length of the RNA 

starting from the 5 1 end (Kado & Knight, 1966). The coat protein 

gene of 1"MV was located similarly in the first half of the RNA 

starting fFom the 5 1 end (Kado & Knight, 1968). Mandeles (1968) has 

reported the locations of three unique sequences, found in the 

complete T1-RNase digest, in TMV-RNA. Ohno !:.!_ al. (1971) were able 

to isolate fragments of TIN-RNA containing exclusively the 5' end 

and carried out their reconstitution experiments, which eventually 

led to the conclusion of polar reconstitution behavior of TMV. 
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Kado & Knight carried out their polar stripping reaction with 

0 . 
1% SDS in 2% solution of TMV at 37 C for 1 1/2 - 3 hours. They 

used this relatively vigorous condition to achieve an extent of 

stripping as high as S0-80%. However the prolonged reaction resulted 

in a wide distribution of the extent of stripping, so that they had 

to fractionate the PSV by sucrose density gradient centrifugation. 

In this regard, Symington & Commoner (1967) have described stripping 

experiments carried out witli 0. 02% SDS in 100...:200 JJg/ml (0. 01-0. 02%) 

0 0 ' solution of THV at 62 -68 C. Much lower concentration in both TMV 

and detergent was used. But a higher temperature was employed in 

order to achieve large extent of stripping in a relatively short time 

(5-15 minutes). Their results showed an improved distribution of 

PSV. The foregoing results indicated the rate of SDS stripping of 

protein subunits from TMV was greatly enhanced by high temperature 

and reduced by low SDS concer{::ration. The work reported here \oTas devoted 

to obtain stripping as little as 1-5%. The stripping .condition used 

was chosen carefully so that the desired small extent of stripping 

can be obtained within a reasonably short time. 

A series of stripping experiments were carried out at room 

temperature with SDS concentrations varied over a range of 0~1.5% 

meanwhile keeping other conditions constant. The extent of stripping 

was followed by observing the scattering at 400 nm as described in 

section II E. As a result,. 0.5% of SDS was found to produce up to 

5% stripping within 25 minutes (Fig. 9). Reaction proceeded too 

slowly in less than 0.5% of SDS; this was likely to produce a wide 

distribution of PSV. With an SDS concentration higher than 0. 5% 
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Fig. 9. SDS stripping of TMV as followed by the scattering at 400 nm. 
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the initial stripping rate was too rapid to control accurately. All 

these experiments were done with 4-8 mg/ml of unlabeled TMV in EDTA-

cac buffer pH 7.2 containing 20-40 ~g/ml of bentonite. The use of 

bentonite is to prevent degradation of the exposed RNA by extraneous 

ribonucleases. Singer & Fdtenkel-Conrat (1961) have reported that 

a weight ratio of bentonite to enzyme of 1.5 or more completely 

inhibits the action of PAN-R.Nase and other plant nucleases. Thus 

an upper estimate of 10-20 ug/ml of such RNases as impurity in the 

buffer calls for 20-40 ~g/ml of bentonite. Furthermore, varying 

concentration of TMV withir1 4-8 mg/ml does not affect the rate of 

stripping. The absorbance of this solution at 400 nm is between 

0.5-1.0 which is the most reliable region to work with. Therefore 

the stripping conditions used in this work are: 

32P-TMV, 4-8 mg/ml; 

buffer, EDTA-cac pH 7.2; 

bentonite, 20-40 ]..lg/ml; 

temperature, room temperatum and 

SDS, 0.5%. 

(ii) The extent of stripping: 

Using the conditions described previously, attempts were 
. . 32 

made to strip off 1, 3, and 5% of the coat protein subunits of P-

TMV. Table VI summarizes.the results obtained from these three 

independent stripping experiments. 
. 32 

In each experiment the P-

labeled PSV was obtained and purified as described in II E. The 

resultant 32r-PSV free of bentonite was obtained in 1-2 ml of 

0.001 M Tris buffer at pH 7.4. Three 10 1-11 aliquots were taken 
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Table VI 

SDS Polar Stripping of Protein Subunits of 32P-TMV 

Total CPM of 

32P-TMV 

i 
A400nm 

Af . 
400nm 

Time (min) 

of Stripping 

Volume (ml) 

of 32P-PSV 

CPM/10 J.ll 

of 32P-PSV 

CPM/10 J.l1 

of T1-RNase 

digest· 

% Stripping 

1 

0.580 

0.575 

1-2 

1.3 

98,450 

1,145 

1,169c 

2 

0.975 

0.945 

10-12 

2.0 

171,828 

5,288 

5 ,390c 

3.14 

3 

20 X 106 

0.605 

0.575 

20-25 

1.2 

129,000 

5,800 

5,920c 

4.58 

AZoonm is the absorbance measured at 400 nm at the time of 

adding SDS, A~OOnm is the absorbance measured at 400 nm at the time 

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

radiation decay. 
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and their radioactivities counted in a scintillation counter. The 

average activity was listed in Table VI for each extent of stripping. 

The exposed 3' end of the RNA was hydrolysed by T
1

-RNase stored at 

1,000 enzyme units/mi. Two enzyme units of T
1

-RNase were added to 

32 . d h . d 40° f 2 the P-PSV solution an t e mixture was incubate at C or 

hours, then another enzyme unit of T
1
-RNase was added to the mixture 

and incubation continued for another 2 hours at 40° C. Hydrolysis 

was stopped by adding 100 ~g of bentonite stored at 55 mg/ml. This 

mixture was centrifugedtwice at 37,000 rpm in the 40 rotor of model 

L centrifuge for 3 hours. The resultant supernatant contained the 

. 1 32 · ' . 
T

1
-RNase digests of the 3 terminus of P-TMV-RNA. Three 10 \.11 

aliquots of this supernatant were taken and counted. The average 

radioactivity for each extent of stripping was listed in Table VI. 

32 . . . 
The ratio of the P activity of the T

1
-RNase digest of the 3' 

. . 32 
terminus of the RNA to that bf the untreated P-PSV gives a direct 

estimate of the extent ofstripping. However, the following two 

corrections must be made for calculating the exact extent of 

32 -kt stripping. . P decays with ahalf life of only 14.3 days as e · 

ln2 
where k = 14 • 3 and t is time. Knowing the time it takes to obtain 

the T1-RNase digests from the PSV, corrections .can be carried out 

most straight forwardly. (This correction due to radiation decay 

is done in this work·whenever necessary.) Secondly, the change of 

volume going from PSV to the final T
1
-RNase digest should also be 

considered. However, as only a total of 5-6 ).11 of T
1

-RNase and 

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

32 negligible compared to the radiation decay of P. (One day takes 
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away 5% of the activity!) The corrected values for the activity 

of the T
1

-RNase digests are also listed in Table VI. The percent 

strippings were calculated based on them. 

This is a far more convenient and accurate method of deter~ 

mining the exact extent of stripping than the conventional method 

which depends solely on how accurately the amount of the stripped 

protein is measured. Since 1 mg/ml of TMV protein has an absorbance 

of only 1. 27 at 282 nm (Fraenkel-Conrat, 1957), the concentration 

at which the absorbance reading is reliable should be' at least 

0.25 mg/ml. However in this work, SDS polar stripping was not only 

. . . 32 . 
carried out with a few milligrams of P-TMV, the stripped protein 

was also obtained in a large amount of buffer. (The stripping was 

stopped by diluting with more than lOx of cold buffer.) Thus an 

estimate of the amount of protein of as little as 1-5% of a few 

milligrams in a volume of 20-30 ml, i.e. less than 10 ~g/ml, can 

hardly be accurate even by use of the very sensitive Lowry's method 

(Lowry et al., 1951). Besides, one is also required to measure all 

volumes involved precisely. On the contrary, as long as. the volume 

of the reaction mixture was kept unchanged, one only needs to measure 

the 32p . f 10 1 h f h 32P-PSV d activ1ty o v eac rom t e an its T
1

-RNase 

digest. Their ratio, regardless of the total volume, gives the 

precise extent of stripping. 

(iii) The distribution of stripping: 

It is important to keep in mind that the percent stripping 

listed in Table VI is the average degree of stripping. SDS strips 

protein subunits sequentially from the 3' end of TMV, but it does 
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not remove. the same subunits in all viral rods at the same time. 

It would be ideal if the SDS stripping.could be stopped at the same 

position in all viral rods, but on the contrary, some kind of dis-

tribution has been obtained. The precision of the sequence analysis 

presented in later sections of this report depends largely on this 

distribution in chainlengths of the shortened rods obtained for any 

extent 6f stripping. :Therefore it was attempted to investigate the 

distribution.of the stripping products obtained in this work. 

A number of physical chemical methods have been used to study 

the rod length.of TMV (Boedtker & Simmons, 1957). Perhaps the most 

direct and widely used method of measuring the rod length is the 

electron microscopy. It has been used to determined the length of 
I 

the whole virus rod (William & Steere, 1951; Hall, 1957). More 

interestingly Symington & Connnoner (1967) have investigated the rod 

length of SDS treated TMV by using this technique. They have noticed· 

a small distribution even in the untreated whole TMV and this distri-

bution widens as the rods become shorter. However, the accuracy of 

differentiating the distributions of 1% stripped TMV from that of 

whole TMV by these physical chemical methods is very limited. 

Instead of trying to find the distribution by using any of these 

methods, a simple stripping model is proposed artd the dis.tribution 

is calculated theoretically. This calculation may give a reasonable 

estimate of the actual distribution. 

In the stepwise removal of protein subunits by SDS, assume 

each protein subunit is stripped off with the same rate constant k. 

' Then a series of steps can be written, each step remov~s one protein 
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subunit by k. 

k 
VN-1 + P, 

k 

k 
----~) 2P. 

u ..• J 

VN designates the whole virus with N protein subunits. 

(5) 

VN is the -n 

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

of protein subunits in the intact virus and has a value of 2,130. 

P is the protein subunit. Since the molar SDS concentration is so 

much higher than that of TMV, one assumes that every stripped protein 

subunit is completely surrounded by SDS and is unable to go back. 

onto the virus. Therefore the back reactions are assumed to be 

negligible. For the same reason, these equations do not include SDS. 

(The dependence of the stripping rate on Si>S concentration comes in 

the rate constant k only.) With this simple first order decay model, 

the distribution of the concentration of any virus with n protein 

subunits ~emoved can readily be calculated as outlined in the following. 

Rate equations are written one for each step in (5): 

dVN 
--·= 
dt 
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dVN-1 
dt 

dV
2 ---dt 

(6) 

where parentheses represent concentrations. The concentration of 

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

(v ) = Vo e-kt 
N N 

where V~ is the concentration of VN at t = 0, i.e. the initial un

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

equation in (6), the concentration of VN-l can be solved similarly as: 

(v ) Vo k -kt 
N-1 = · N t e . 

This calculation is carried successively to step n+l in (6)~ Then 

the expression for the concentration of VN is obtained: 
-n 

(7) 

Dividing (VN-n) by VN° gives the fraction of virus with n protein 

subunits removed (at time t) and equation (7) becomes 

f 
n v 0 

N 

kn n -kt 
t e = _..;;.........;;. __ 

n! 
(8) 

Equation (8) was used to calculate the distribution of f for 
n 

the three stripping experiments carried out in this work. For each 

extent of stripping, an effective time T = kt was chosen so that 

52 

., 



·U . ' u 

n -T 
n I: f n n n 

2,130 . = 
I: T e 
n n! 
----2-,-1-3-0---- = extent of stripping. 

For each value of T so chosen, f values for ail n (0-2,130) were 
n 

calculated from 

f.· = 
n 

n -T T e. 
n! 

·and the results were plotted vs . .n as shown in Fig. 10. The half 

band width of each curve gives some ideas about how broad the stripping 

distribution is. As one can see the width becomes larger as the 

extent of stripping increases, which is also in agreement with the 

electron tirlcroscopic measurements. Based on the half band width, 

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

tein subunits for the 1.19, 3.14, and 4. 58% stripping respectively. 

Since there are three nucieotides for each protein subunit in TMV, 

this model actually predicts the widths of 36, 57, and 69 nucleotides 

for each case. 

·To improve the di.stribution in the lengths of the stripping 

32 products, it is best to start with homogeneous P-TMV preparation. 

It has been shown by Symirtgton ~ al. (1962) that short virus rods 

are natural products of TMV biosynthesis. Thus to remove those 
32 . .· . 

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

an agaros.e gel AlSOM column (II B) which sorted the viral rods . 
di h i i . 0 1 h h 32P TMV . i accor ng to t e r s zes. n y t e omogeneous - present n 

the center portion of tlie main peak was taken for subsequent 

stripping experiments. 
• . . 32 

Not only .should homogeneous P-TMV pre-

paration be used for stripping, the stripping conditions employed 
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should also be such as to maximize the homogeneity of the products. 

Neutral pH was used since either acid or base was shown to remove 

protein subunits of TMV at random positions (Fraenkel-Conrat, 1957; 

Schramm et al., 1955). Heat itself was shown to degrade TMV into 

its components (Cohen & Stanley, 1942) thus high temperature was 

avoided. All solutions were allowed to reach equilibrium at room 

temperature. Other chemical agents as urea (Stanley & Lauffer, 1939) 

and phenol etc. (Bawden & Pirie, 1940) should be undoubtedly excluded 

because of their ability to split TMV. The foregoing conditions 

required that stripping be strictly due to the SDS sequential re-

moval of protein subunits from one end the vi.ral rod. 0.002 M EDTA 

at neut.ral pH should always be present in the stripping mixture to 

prevent end to end aggregat,ion of TMV (Steere? 1963). The presence 

of aggregated particles was believed to be the main cause of delaying 

the initiate stripping by SDS in some viral rods. Finally, the 

concentration of SDS and virus was adjusted so that the stripping 

rate was relatively fast yet completely controllable. 

D. r 1-RNase Fingerprints of Exposed 3' 

Terminus of 32P-TMV-RNA 

The exposed 3' end of TMV-RNA obtained above was completely 

hydrolysed by T
1

-RNase and the digestion products were fractionated 

by the two-dimensional ionophoresis procedure as described in II E 

and F. Figs. 11, 12 and 13 are the three r
1
-RNase fingerprints 

obtained for the 1.19, 3.14 and 4.58% exposed 3' terminus of 32P-

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

partially stripped fingerprints. Fig. 14 is a map which shows the 
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Fig. 11. 

I B 

Cel lulose acetate 
_PH 3.5 ~7M urea) 

I·:. 

Radioautograph of compl3~e T1- Pflase digests of the 1.19% 
exposed 3' terminus of P-TNV-~~A. B is t he position 
of the blue marker on the second dimension. 
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"'J?H 3. 5 .~JM urea~ -~ 
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Fig. 12. Radioautograph of compl32e T1-RNase digests of the 3.14% 
exposed 3' terminus of P-THV-RNA. B is the position 
of the blue marker on the second dimension. 
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Fig. 13. 

Cellulose acetate • pH 3.5 (7M urea) 

I B 

Radioautograph of comp132e TL-RNase digests of the 4.58% 
exposed 3' terminus of P-THV-RNA. B is the position of 
the blue marker on the second dimension. 
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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 numbering of the spots. For each extent of stripping 

two independent fractionations were carried out for its r
1

-RNase 

digest. One was used to determine the amount of material present 

in each spot. The other was used for subsequent secondary enzyme 

hydrolysis. 

(i) Structure of the oligonucleotides 

The positions of the oligonucleotides from r 1-RNase digests 

fractionated on the DEAE-paper were determined from their radioauto-

graph. Each spot was cut out and eluted with TEA-HC0
3
- The oligo-

nucleotides obtained were treated with PAN-RNase. The digestion 

products were fractionated by ionophoresis on DEAE.,.paper at pH 3.5. 

The experimental details were described in Materials and Methods 

(II G). The fractionation.results are shown in Figs. 15-18. In 

each fractionation a sample of T1-RNase digested 32P-TMV-RNA, 

hydrolysed by PAN-RNase, was run along side as a control. The 

sequences of the separated oligonucleotides were thus determined 

according to the standard run described in Fig. 6. rhes~ sequences 

are also shown on the left of each radioautograph in Figs. 15-18. 

The results obtained by _PAN-RNase digestion were very clear. 

The digestion products were, in all cases, unambiguously separated 

and gave considerable information about the structure of the oligo-

nucleotides from T1-RNase digests. The amount of each product from 

PAN-RNase digests was estimated in the scintillation counter. Since 

the sequences of these products were known, the yield of a given 

· mononucleotide can be expressed relative to one mole of G. Thus 

the base compositions of all the oligonucleotides from T
1
-RNase 
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AG 

101 201 202 203 305 306 307 

Fig. 15. Products from PAN-RNase digests of oligonucleotides from 
T1-ru~ase digests. The numbers correspond to those in 
F1g. 14. 
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Fig. 16. 

401 
402 

Products 
T

1
-RNase 

F1g. 14. 

407 409 
404 406 408 

302 
301 303 

304 
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308 
309 

f r om PAN-RNase digests of oligonucleotides from 
digests . The numbers correspond to those in 
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A
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AU 4 501 503 601 603 
502 504 602 

-.J 

605 
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. .I 

607 
608 

609 
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Fig. 17. Products from PAN-RNase digests of oligonucleotides from 
T

1
-RNase digests. The numbers correspond to those in 

F1g. 14. 
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A
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C •• AU 
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4
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rG 801 803 805 807 809 702 704 
802 804 806 808 701 703 705 

Fig. 18. Products from PAN-ru~ase digests of oligonucleotides from 
T

1
-RNase digests. The numbers correspond to those in 

F1g. 14. N stands for C, U, and G. 
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digests were determined and the results are summarized in Table VIl. 

An empirical formula as well as the chainlength for each oligonucleo-

tide are also given in the table. The molar ratios of mononucleo~ 

tides in 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 w~th 

some of the oligonucleotides. They were indicated with '*' in 

Table VII. The base compositions obtained from alkaline hydroly~is 

were the same as those obtained from PAN-RNase digests. Moreove;, 

these were the compositions which would be reasonably predicted ~rom 

their positions in the T1-RNase fingerprint. 

From the information of the oligonucleotide chainlength ~d 

the relative amount of the PAN-RNase digestion products, the 

structures of the oligonucleotides from T1-RNase digests can be 

deduced. Each should terminate with a Gat the 3' end. They are· 

shown in the last column of Table VII. G(lOl) is the only mono-

nucleotide from T1-RNase digestion; this somewhat indicates good 

specificity of the nuclease. All di- and trinucleotides are well 

separated by the two-dimensional fractionation technique used in 

this work and their sequences are determined from PAN-RNase digestion. 
I 

Spot 302 contains equal molar amounts of C and AG which gives the 

sequence CAG. Spot 303 contains G and AC as well as some C and AG. 

The relative amount of these nucleotides suggests 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 
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Table VII 

Oligonucleotides from T1-RNase_ Digests of 3' 

. 32 
Terminus of P-TMV-RNA 

Spot Base Composition Empirical Chain- PAN-RNase Structure 
number formula length digestion deduced 

(Fig. 14) c A G u n products 

101 1 G 1 G G 

201 1.12 1 .... CG 2 C,G CG 

202 1 1 AG 2 AG AG 

203 1 1.01 UG 2 U,G UG 

301 2.11 1 .... c2G 3 C,G CCG 

302 1.30 1 1 ACG 3 C,AG CAG 

303 0.89 0.89 1 ACG 3 AC,G ACG 

304 2 1 A2G 3 AAG AAG 

305 0.98 1 0.91 UCG 3 U,C,G UCG 

306 1.19 1 1.12 UCG 3 U,C,G CUG 

307 1 1 1..06 AUG 3 AG,U UAG 

308 1.18 1 Ll8 AUG 3 AU,G AUG 

309 1 2.35 u2G 3 U,G UUG 

401 2.22 0.83 1 ... AC
2
G 4 C,G,AC,AG CCAG+ 

(AC,C)G 

402 2.32 1.13 1 AC 2G 4 C,G,AC (AC,C)G 

403 1.27 2.27 1 A2CG 4 G,AC,AG,A2C ACAG + 
AACG 

404 3 1 A
3
G 4 AAAG AAAG 

405* 2.35 1. 1.07 UC2
G 4 U,C,G (U,C,C)GJ 

I 

406 1.17 1.00 1 i.oo ACUG 4 C,G,AU (AU,C)G 
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Tabie VII (cont.) 

Spot Base Composition Empirical Chain- PAN-RNase Structure 
number formula length digestion deduce.d 

(Fig. 14) c A G u n products 

407 2.36 1 1.37 A2UG 4 G,Au,AG, AUAG + 
A2U AAUG 

408 1.11 1 2.26 CU2G 4 U,C,G (U,U,C)G 

409 '- 1.22 1 2.18 AU
2
G 4 U,G,AU (AU,U)G 

501* 1.35 3 1 A3CG 5 C,A
3

G CAAAG 

502 2.00 0.87 1 0.87 AC
2

UG 5 C,G,AU (AU,C,C)G 

503 0.94 1.89 1 1.21 A2CUG 5 U,C,G,AC, (A
0

C,U)G,(A6u, 
AU,A C,A U C) ,(AC,AU) 2 2 . 

504* 1. 30 1 2.16 u
3

cG 5 U,C,G (U,U,U,C)G 

601* 3.26 2.00 1 A2c3G 6 C,A2G. CCCAAG 

602* 2.21 3.20 1 A3c 2G 6 .AC,AG ACACAG 

603* 3.26 1.02 1 1.08 AC
3

UG 6 U,C,G,AC (AC,C,C, 
U)G 

604* 1.80 1.80 1 0.96 A2c
2

UG 6 U,G,AC (AC,AC,U)G 

605* 1.12 3.39 1 1.27 A
3

CUG 6 AC,AU,AG (AC,AU)AG 

606 1.20 3.86 1 1.14 A4CUG 7 c ,G,AAU, (A2U,C)A
2
G 

A2G, 
4
u (A4U,C)G 

607* 1. 96 1.45 1 2.19 AC
2
U

2
G 6 U,C,G,AC, (C,C,U,U)AG 

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

608* 1.15 1.94 1 2.18 A2cu2G 6 U,C,G,AU, (C,U,U)AAG 
AG,A2u,A2G (AU,C,U)AG 

(AU,AU,C)G 
(AAU,C,U)G 

609* 3.13 1 2.06 A
3
u

2
G 6 U,AU,AG, (AU,U)AAG 

A
2
u,A

2
G (AAU,U)AG 

610 2.16 1 2.32 A
2
U

2
G 5 U,G,AU, (AU,U)AG 

AG,A2U (AAU,U)G 
(AU,AU)G 
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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 

611 1.07 1 3.24 cu
3
G 5 U,C,G (U,U,U,C)G 

612 0.79 2.07 1 5.10 A
2

cu
5

G 9 U,C,G,AU, (AU,AU,U,U, 
A2U U,C)G 

(AAU,U,U,U, 
U,C)G 

701 5.19 1.82 1 1. i2 A2C
5

UG 9 U,C,G,A2C (AAC,C,C,C, 
C,U)G 

702 4.91 5.03 1 1.2b A5c5uG. 12 C,AC,AU,AG (AC,AC,AC, 
AU,C,C)AG 

703 1.86 2.27 1. 2.d8 A2c2u2G 7 U,C,G,AC, (AU,AU,C,C)G 
AU (AU,AC,C,U)G 

704 1.14 2.18 1 3.47 A2cu
3

G 7 U,C,G,AC, (AAC,U,U,U)G 
AU,A2c,A2U (AAU,U,U,C)G 

(AC,AU,U,U)G 
(AU,AU,U,C)G 

705 1. 76 1.54 1 5.26 A2c2u
5

G 10 U,C,G,AC, 
AU,AG,A2U 

801* 4.19 3.32 1 2.03 A
3
c

4
u

2
G 10 U,C,G,AC, 

AU,AG 

802 5.32 2.99 1 3.82 A3c5u4G 13 U,C,G,AC, 
AU,A

3
U 

803 4.22 3.73 1 3. 77 A4c4u4G 13. U,C,G,AC, 
AU,A2c,A

3
C 

804 5.97 5.10 1 5.25 A
5

c6u5G 17 U,C,G,AC,AU, 
A2c,A

3
C 

805 2.85 3.92 1 5.b2 A
4
c

3
u

5
G 13 U,C,G,AC,AU, 

AG,A2c,A2U,A2G 

806 1. 97 1.56 1 4.70 A
2
c2u

5
G 10 U,C,G,AC,AU,AG, 

A2c,A2U 

807 1.09 1. 70 1 7.26 L\
2
cu

7
G 11 U ,C, G.,AC ,AU ,AG, 

L\2U 
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Tabie VII (cont.) 

Spot Base Composition Empirical Chain- PAN-RNase Structure 
number formula length digestion deduced 

(Fig. 14) c A G u n products 

808 1.78 2.22 1 6.22 A2c2u
6

G 11 U,C,G,AC,AU, 
A2U,A2G 

809 5.62 7.92 1 6.95 A8c
6

u
7
G 22 U,C,G,AC,AU, 

A2C ,A2U ,A
3
C 

15.3 33.2 1 18.4 A33ul8cl5G 67 U,C,G,AC,AU, 
A2C,A2U,A3C 

by 
D. Lloyd 15 35 1 19 A35ul9cl5G 70 U,C,G,AC,AU,A2C, 

A2U,A3C 

*The base composition was aiso obtained from KOH hydrolysis. 



split after A by PAN-RNase (Lloyd, Ph.D. thesis, 1969). Both spots 

305 and 306 contain equal amount of U, C, and G. Although the exact 

sequence of each can be obtained by determining the 5' terminal 

residue, the sequences were a.ssigned by comparison with those obtained 

by other workers (Fellner et al., 1970). The other four trinucleo-

tides are completely resolved and their sequences are obtained with-

out any difficulties. Of the nine spots of tetranucleotides obtained 

from the 3' terminus of 32P-TMV-RNA, only spot 404 can be assigned 

as a single tetranucleotide AAAG. Spot 401 contains almost equal 

amount of CCAG and (AC,C)G;,spot 402 contains mostly (AC,C)G. This 

indicates there is some overlapping between CCAG, ACCG and CACG. 

Spot 403 produces AAC, C, AC, AG whereas spot 407 produces AAU, G, 

AU, AG, when treated with PAN-RNase. The sequences deduced suggest 

the following pairs of sequence isomers are not separable: AACG and 

ACAG, AAUG and AUAG. For the other tetranucleotide spots all the 

' probable sequences are shown, each spot'may contain one or all of 

the isomers. There are six spots containing pentanucleotides. Only 

CAAAG(501) occurs as a single spot. The base compositions of the 

other pentanucleotide spots are determined, but the sequences have 

not been studied in detail• The probable sequences are shown and it 

seems likely that each of the spots is a mixture of isomers. There 

are two hexanucleotide spots, containing no U residue, each has a 

unique sequence. Spot 601 yields only C and AAG when treated with 

· PAN-RNase. The molar ratio of C to AAG is 3, therefore the .. sequence 

must be CCCAAG. Spot 602 also contains only one hexanucleotide with 

the sequence ACACAG, since AC and AG are the only products from 
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PAN-RNase digests and their ratio is 2:1. Because of the increase 

of t~e number of products from PAN-RNase digests, it becomes more 

difficult to deduce the sequence of an oligonucleotide when its chain-

ltngth becomes larger. Only the probable structures are given for 

spots 603-704. For oligonucleotides of ten bases or longer only the 

base composition has been determined. 

(ii) Molar yields of the oligonucleotides: 

With the second two-dimensional fractionation, the positions 

of the oligonucleotides were determined from the radioautograph. 

Each spot was cut out, put in a vial containing 10 ml of scintillation 

fluid, and its 
32

P activity (CPMi) was counted in the scintillation 

counter. To determine tl.e molarity of the oligonucleotides present 

in a spot one needs to know their chainlengths and the activity of 

one phosphate. The chainlength of the oligonucleotides in any spot 

has been determfned from their base compositions. Due to the spread 

of the stripping distribution one is not sure whether a particular 

fragmentof the RNA is totJlly exposed by SDS or not. Therefore 

one can no longer find the activity of a single 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 of one phosphate. The total number of nucleo-

tides exposed regardless of the stripping distribution is equal to 

the.average extent of stripping multiplied by the total number of 

nucleotides in the RNA tnol~cule• The total chainlength was reported 

in this work for 
32

P-TMV-RNA to. be 6,284 ± 2.4%. Therefore the 

acti~ity of one phosphate (Act(P)) was calculated as 
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Act(P) = l': CPM. 
l. l. 

Average extent of stripping x 6,284 

Then the molarity of the oligonucleotides present in any spot i cart 

be obtained from 

CPM. 
l. m. = --~~~-------

1. Act(P) • n 

The resultant molar yields of these oligonucleotides from T1-RNase 

digests are listed in Table VIII for each extent of stripping. · The 

chainlengt~ n is also listed. 
'• 32 

The values obtained from the whole P-

TMV-RNA (100% stripping) are listed in the last column. For spots 

which contain a single qligonucleotide, it is the total number of 

that oligonucleotide, e.g.j AUG(308) can be found 52 times after a G 

residue iri a TMV-RNA molecule. Otherwise, it is the total number 

of all oligonucleotides having the same base composition, e.g., 

tetranucleotides with the base.composition A2CG(403) occur 11 times 

after a G residue in a TMV-RNA molecule. Because of the difficulties 

in matching the longer oligonucleotides in the partially stripped 

fingerprints with that iri the 100% fingerprint. Some molarities 

are not lis~ed for 100% stripping. 

The amount of oligonucleotides in any spot increases as more 

RNA is being exposed. 1f the amount of a given oligonucleotide is 

plotted against the percent stripping, ideally, a sigmoid curve 

should be obtained. The molar amount should reach a plateau at 

unity •. For an oligonucleotide which only appears once, there should 

72 

only be one plateau. The point at which 1/2 of this oligonucleotide has 

been observed is its location in the RNA. For an oligonucleotide 

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

Molar Yields of Oligonucleotides present 
.. 

in Spots of T1-RNase Fingerprints . ,; 

Spot Chain- % Stripping 
number length 1.19% 3.14% 4.58% 100% (Fig. 14) n 

'101 1 3.04 9.62 12.69 314 
201 2 1.01 3.28 4.37 63 
202 2 1.32 4.14 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 
** 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 
** 406 4 .o. 32 o. 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 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 ' 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 

** 703 7 0.23 0.52 
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Tab1e VIII (cont.) 

I . ' 
Spot Chain- % Stripping 

.. 
number length 

(Fig. 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 0.23 0.098 

805 ~ '. ; 13 .o. 23 o. 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 
n 70 0.26 0.32 0.50 1 

* and ** please refer to next section. 
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this type of sigmoid increasing should occur wherever this oligo-

nucleotide is being exposed• The number of plateaus is equivalent 

to the number of times it exists in the exposed portion of the RNA. 

The point at which (n-1/2) moles of the oligonucleotide have been 

observed corresponds to the location of the nth occurrence during . . . . 

the course of stripping. It is desired to estimate the locations 

of all oligonucleotides this way and arrange them in the order of 

priority. However, due to the distribution in stripping and the 

possibility of the same oligonucleotides which occur very close to 

each other, no sigmoid curves are observed. Only in a few cases, 

e.g., spots 309 and 405, skew sigmoid curves are obtained. The 

majority show the behavior of continuous increasing in amount. 

The approximate location of an oligonucleotide can thus not be 

estimated from the point at which 1/2 mole of it has been observed. 

The following section describes a method which used the relative 

molar yields to locate the ~-mer. It is hoped to use this method 

to locate all oligonucleotides. 

E. Ltication of the ~-mer 

The uniqueness of the ~-mer was first reported by Mandeles 

(1968). Its chainlength and PAN-·RNase digestion products were 

studied by Lloyd and Mandeies (1970). In this work; substantial 

amount of the ~-mer was found in all three different extents of 

strippings, indicating its iocation is extremely close to the 3' 

end of the 
32

P-TMV-RNA. Because of its large siz_e (70 bases, 

Lloyd, Ph.D. thesis) and lack of G residues, it is of interest to 

determine its exact location. The following describes a method 

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

n-mer. 

(b) determine the number of times each such oligonucleotide occurs 

prior to the n-mer. 

Any oligonucleotide that is found closer towards the 3' end than 

the n-mer is said to occur prior to the ~-iner. Others are said to 

occur behind the S2-mer. 

When protein subunits of TMV are stripped sequentially from the 

3' end by SDS, those oligonucleotides that occur prior to the ~-mer 

are exposed ahead of the ~-mer. When treated with T
1

-RNase their 

molar yields must be higher than that of the ~~mer. On the other 

hand, those oligonucleotides that occur behind the ~-mer are not 

exposed unless the ~-mer has already been exposed. Their molar 

yields must be lower than that of the r2-mer. This fact is compli

cated by the oligonucleotides that occur multiple times in the RNA. 

By plotting the molar yields in Table VIII vs. the percent 

stripping, a series of curves, showing how the amount of the oligo

nucleotides in each spot increases with the extent of st~ipping, 

are obtained. Fig. 19 shows·some of these curves. Taking the 

curve of the ~-mer as a reference, the curves can be grouped into 

three categories. The first is a group of curves below the 

reference curve (e.g. spot 407). Because of the lower molar yields, 

these curves correspond td the oligonucleotides that occur only 

once behind the 12-mer. (If there is a possibility that some of 

these might occur twice or more behind the Sl.-mer, they have to be 

far behind so that very little of each is exposed.) They are 
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Fig. 19. niagram showing the relation between molar yields of 

the oligonucleotides from T].:..RNase digests and the , 
percent stripping. Numbe.rs ·are those in Table VIII. 
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represented by '*' in Table VIII. The second group, represented 

by '**' in Table VIII, consists of curves that intersect the 

reference curve (e.g. spot 409). All oligonucleotides in this 

category are either not expdsed at all or less than 15% exposed at 

1.19% stripping. As compared to the 26.2% exposure of the Q-mer, 

the possibility of any of these oligonucleotides occurring prior 

to the Q-mer is ruled out. '!'he increase in the molar amount which 

overtakes that of the Q-mef, consequently causing the curves to 

intersect, is due to the exposure of more than one such oligonucleo

tide behind the Q-mer. The multiple exposure of the oligonucleo

tide behind the Q-mer may well be its unresolved sequence isomers. 

Furthermore, the molar yields of these spots at 4.58% stripping are 

in all cases less than 95%. At this extent of stripping exposure 

of two sequence isomers behind the Q-mer should be able to account 

for its molar yield. Spots 303, 308, 607, 609, 704, and 805 are 

exceptions in this category for two reasons: (1) their molarities 

at 1.19% stripping are close to that of the Q-mer, (2) the molar 

amount becomes so large at greater extent of stripping, and would 

require exposure of a large number of these oligonucleotides behind 

the 0-mer .. Therefore, they probably should be classified in the 

next group. The third group consists of curves which occur above 

the reference curve (e.g. spot 304). To have molarity greater than 

that of the Q-mer throughout the whole spectrum of stripping, at 

least one oligonucleotide from each of these spots.should occur 

prior to the Q-mer. The rapid increase in the molarity of an oligo

nucleotide with the extent of stripping suggests that this oligo-
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nucleotide may occur more than once or its sequence isomer is 

present as well. 

To determine the number of times an oligonucleotide may occur 

prior to the ~mer, the molar ratios of these oligonucleotides to 

the ~mer at each extent of. stripping are calculated and listed in 

Table IX. A molar ratio of less than 2 at any extent of stripping 

probably indicates that only one oligonucleotide from that spot 

occurs once prior to the S1-mer. These spots are listed as '1' in 

column 6 of Table IX. Those having all three molar ratios about 

one (305, 501, 604, and 80i) are the oligonucleotides which are 

located closer to the ~mer, because their exposure brings immediate 

uncovering of the 0-mer. bn the other hand, oligonucleotides very· 

near the 3' end are exposed at a small extent of stripping. As 

stripping progresses very little more are exposed, while the amount 

of the 0-mer exposed increases. Consequently, this brings about an 

increasing molar ratio followed by a drop (304, 309, 611, and 805). 

The oligonticleotides whose molar ratios increase and reach a value 

about two (609 and 806) are the intermediate ones. The high molar 

ratios at large extent of stripping of some oligonucleotides (303, 

308, 607, and 704) are due to the uncovering of these oligonucleo-

tides, or their sequence isomers, behind the Q~mer. In order for a 

given oligonucleotide to be present a second time, its molar ratio 

to the Q-mer must be g:teat~r than 2.0 at every extent of stripping. 

Five spots are chosen and listed as ·' 2' in column 6 of Table IX. 

Because their molar ratios remain unchanged at about two for every 

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

Molar Ratio of the Oligonucleotide to ~-mer 
:t 

Spot Chain- No. of 
number length 1.19% 3.14% 4.58% occurrence 

(Table n 
XIII) 

101 1 1L6 30.25 25.55 11-12 
201 2 3~86 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 1..72 4.72 4.60 2 
303 3 0.86 3. 77 3.18 1 
304 3 L35 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 2.24 2 
501 5 1.02 1.06 1.12 1 
604 6 1.18 1.01 1.03 1 
607 6 o.n 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 l.26 1 
805 13 0.86 2.22 1.25 1 
806 10 i.l8 1.57 2.01 1 

Total 
nucleotides 154-159 
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nucleotides (identical or sequence isomers), should be located 

quite close to the Q-mer. The large molar ratios at 3.14% and 

4.58% stripping for spots 302 and 306 indicate that at least one 

from each spot is located near the end and the others somewhere 

between the intermediate and the 3' terminal position. The con-

tinuous inctease in molar ratio of spot 608 suggests the following 

possibilities of two locations: (1) both of them in the inter-

mediate position, or (2) one close to the Q-mer while the other 

close to the 3' end. Finally, to determine the number of times 

the mononucleotide G(lOl) and dinucleotides CG(201), AG(202), 

UG(203) occur prior to the Q-mer, the lowest molar ratio among the 

three is chosen. It is impossible, however, to locate their position 

more closely. 

From the chainlengths and the number of times all of these 

oligonucleotides occur prior to the Q-mer, the location of 

the Q-mer can be obtained. It should be mentiqned here that a 

particular tetrariucleotide should also be included. Since the 3' 

terminal nucleotide sequence -GCCCA has been determined indepen-

dently by Steinschneider & Fraenkel-Conrat (1966) and Mandeles 

(1967). Upon T
1

-RNase hydrolysis, tetranucleotide CCCA should be 

obtained. Due to the lack of terminal phosphate and residues U 

and G, it has not been located in the fingerprints obtained in 

this work. However, it must be included in determining the 

location of the Q'-mer. Therefore the 3' terminal residue G of the 

Sl-mer is 158-163 nucleoti.des from the 3' enu of the. TMV-RNA, and 

all of those T
1

-RNase digestion products prior to the n-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 (A2 ,C)G, 2 (U,C2)G, 1 CAAAG, 1 (A2 ,c2,U)G, 1 (A, 

c
2

,u
2

)G, 2 (A2 ,u2 ,C)G, 1 (A3 ,u2)G, 1 (C,U3)G, 1 (A
2

,c,U3)G, 

1 (A
3

,c4 ,u2)G, 1 (A4 ,c3 ,u5)G, 1 (A2 ,c2 ,U5)G, and 1 CCCA. 

The location of the n-mer determined above is by all means the 

upper limit. For a given oligonucleotide which occurs n times prior 

to the n-mer, it is completely detectable because its molar yields 

at any extent of stripping should be at least n times that of the 

S1-:-mer. Even if this oligonucleotide is present in a spot, which 

is a mixture of chainlength and sequence isomers, it can be detected. 

Because, in this case, the total molar yields of all oligonucleo

tides in this spot would be much larger than that of the n-mer. It 

can then be concluded that no other oligonucleotide, besides the 

above listed, occurs prior to the n-mer. The uncertainty in the 

location of the n-mer may be due to oligonucleotides that produce 

unresolved spots. A spot of longer oligonucleotides is likely to 

contain a large number of unr.esolvable sequence isomers, all of 

which may actually occur behind the n-mer. However, the total 

molar yields of these sequence isomers may be larger than that of 

the .n-mer. If this was found true at any extent of stripping 

carried out in this work, at least one of these isomers is placed 

prior to the S1-mer. The error introduced this way could only 

locate the n-mer further away from the 3' end of RNA. Therefore, 

it can be concluded that the 3' terminal residue G of the n-mer 

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

TMV-RNA. 
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This result is consistent with that obtained from the approxi-

mate location of these oligonucleotides. Their molar yields are 

plotted vs. the percent stripping as shown in Fig. 19. Each curve 

is extrapolated to the percentage of stripping at which 1/2 mOle of 

the oligonucleotide is eXposed. The corresponding percent strippings 

(P(l/2)), which would estimate the approximate positions of these 

oligonucleotides, are sulllll18.rized in Table X. The value for the Q-mer 

is also listed and called M(Q) for convenience. In general, any 

oligortucleoddes with P(l/2) values smaller than M(Q) occur prior 

to the Q...mer. Those with P(l/2) comparable to M(Q) are the oligo-

nucleotides occurring close to the Q...mer. On the other hand, those 

with P(l/2) much smaller. than M(Q) are the. oligonucleotides close 

to the 3' end of the RNA. Thus the data in Table X indicates all 

the listed oligonucleotides occur prior to the Q...mer. For spots 

302, 306, 403, 405, and 608, the percent strippings at which 1.5 

moles of the oligonucleotides are exposed are also given in Table 
' ' ' 

X. These percent strippings estimate the approximate positions at 

which each of these oligonucleotides is exposed for the second time. 

Since they are smaller than M(Q), the second occurrence is then also 

prior to the n-mer. Furthermore, the relative positions of these 

oligonucleotides with respect to the n-mer agree with those obtained 

previously. Those closer to the n-mer ate oligonucleotides from 

spots 305, 403, 405, 501, 604, 608, and 801. Those. closer to the 

3' end are from spots 302~ 304~ 306, 309, 403, 405, 608, 611 and 

805. Those in between are from spots· 609, 806, 302, and' 306. Oligo-

' 
nucleotides from spots 303, 308, 607, and 704 are predicted to be 
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Spot 
number 

101 
201 
202 
203 
302 
303 
304 
305 
306 
308 
309 
403 
405 
501 
604 
607 
608 
609 
611 
704 
801 
805 
806 

Q 

Table X 

The Approximate Location of the Oligonucleotides 

from T
1

-RNase Digestion 

Position at which 
1/2 mole is exposed 

(in % stripping) 

0.19 
0.60 
0.43. 
0.79 
1.28 
1. 73 
1.50 
3.53 
1.29 
1.77 
1.59 
1.56 
0.88 
4.22 
4.48 
1.69 
1.26 
3.15 
2.24 
1.56 
3.70 
2.31 
3.14 
4.61 

Position at which 
1 1/2 mole is exposed 

(in % stripping) 

3.17 

3.59 

4.77 
4.04 

4.21 

8l& 
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close to the 3' end. The only discrepancy is fo.und in spots 403 

and 405. 



IV. DISCUSSION 

Determination of nucleotide sequence in a nucleic acid 

involves methods for its chemical or enzymatic degradation, 

reliable techniques for the separation and structural analysis of 

the fragments produced, and for the determination of the order in 

which these fragments occur in the nucleic acid. Various methods 

have been well summarized by RajBhandary & Stuart (1966). A 

distinct type of sequential analysis is chemical or enzymatic 

stepwise degradation. The stepwise degradation produces an 

identifiable base, nucleoside or nucleotide from one end of the 

molecule. Steinschneider & Fraenkel Conrat (1966) have determined 

the sequence of five bases at the 3' end of TMV-RNA by using a 

chemical stepwise degradation method, which involves the oxidation 

of the terminal nucl€:otide by periodate. The main limitation in 

this method is that each degradation step is not completely 

quantitative. Thus application of this stepwise method is best 

only for small 'oligonucleotides. To degrade a nucleic acid into 

specific fragments requires highly specific enzymes. The best 

characterized ribonucleases are T1 ~RNase, which \~s specific for 

cleavage of a phosphodiester bond after G, and PAN-RNase, which 

cleaves phosphodiester bonds after nucleotides U or C. Both 

nucleases produce oligonucleotides bearing 3' phosphates. A two-

dimensional high voltage ionophoresis technique described by 

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

fication of these fragments obtained from either T
1

- or PAN-RNase 

digests. Hence the main difficulty in determining the nucleotide· 
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sequence lies in the ordering of these fragments. One conunonly 

used method for arranging these fragments is the overlap method. 

This method determines the nucleotide sequence by comparing the 

overlapping regions of nucleotide fragments obtained from at least 

two different enzymatic degradations of the RNA. In order to be 

able to deduce a unique sequence for the entire RNA, enough over-

laps between these fragments are required. Therefore overlap 

methods are usually carried out with fragments from partial 

degradation by ribonucleases. The partial degradation yields many 

similar, but not identical, fragments. The limitation of the 

overlap method is then in' the difficulties of isolating large 

fragments, accurately estimating their amounts, and determining 

their complete nucleotide sequences. In regard to the limitations 

of the above two mentioned methods, Mandeles & Tinoco, Jr. (1963) 

have proposed a method which involves the formation of derivatives 

specific for either the 3' or S' end of a nucleic acid. By con-

trolled partial enzymatic hydrolysis, each molecule is broken into 

only two fragments. The halves carrying the end label are isolated 

and separated according to chainlength. By studying the nucleo-

tide sequence of the unlabeled end of each half fragment and 

counting the distance of it from the label permits one to obtain 

a complete sequence of a nucleic acid. This method does not 

require any overlap information nor any stepwise degradation pro-

cedure. Yet application to the determination of nucleotide 

sequence. ih molecules of the size of TMV-RNA is limited by the 

need 'to separate very long fragments. Even for just 1 to 5% of the 



3' terminal end of TMV-RNA, one must distinguish between oligo

nucleotides of the order of a few hundred bases. 

Amethod is introduced in this work for the determination 

of nucleotide sequences in the 3' end of TMV-RNA. It is made 

feasible by the characteristic SDS polar stripping of TMV. SDS 

progressively exposes the 3t end of TMV-RNA. The RNA exposed to 

different extents is hydrolysed by r
1

-RNase and its products are 

analysed by the two-dimensional ionophoresis fractionation techni

que. The ordering of the oligonucleotides is facilitated by obser

ving the extent of SDS stripping on their appearance. For an ideal 

SDS stripping distribution; the appearance of a given oligonucleo

tide is all or none, which gives its exact location in the RNA. Due 

to the wide spread of the stripping distribution, however, the 

ordering of the oligonucleotides cannot be simply obtained from their 

appearance. But the ordering can be obtained from a series of 

studies on their relative locations. The first step is to choose a 

particular oligonucleotide as a reference. Any oligonucleotide 

that occurs closer to the 3' end of the RNAthan the reference is 

uncovered by SDS first. Hence its recovery in molar amount must 

be greater than that of the reference at any extent of stripping. 

With this criterion, the relative location of the oligonucleotides 

with respect to the reference can be obtained from a plot of their 

molar yields vs. the percent stripping. In this work the Q-mer is 

chosen as a reference because of its uniqueness; it only occurs 

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

obtained from complete T1-RNase digestion of TMV-RNA (Mandeles, 
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1968). All oligonucleotides are located in relation .to the r.l-mer. 

From a plot of the molar yields vs. the percent stripping, a given 

oligonucleotide is placed either prior (closer to the 3' end of the 

RNA) or behind (farther away from the 3' end of the RNA) the r.l-mer 

by comparing its rate of appearance to that of the r.l-mer. As a 

result, all oligonucleotides are separated into two groups by the 

r.l~mer. By counting the total number of oligonucleotides that occur' 

prior to the r.l-mer, the location of the r.l-mer is obtained. It has 

been shoWn in this work that 45 to 48 T1-R.Nase digestion products 

occur prior to then-mer. This places the 3' terminal G of the 

r.l-mer 158 to 163 bases from the 3' end of the TMV-RNA. 

The next step is to choose a second .reference oligonucleotide 

and carry out the study of the relative.location of the oligonucleo-

tides as described for the n-mer. By finding all those oligonucleo-

tides that occur prior to this reference, the location of this 

reference oligonucleotide can then be obtained. If this type of 

relative location study can be .carried out for all the T1-RNase 

digestion products that occur prior to the Q-mer, the orderingof 

these oligonucleotides becomes possible. 

The multiple occurrence of the oligonucleotides from T1-

RNase digestion is the main limitation of this method. Since the 
. . ' 

frequency of occurrence is greater for smaller oligonucleotides, 

the difficulty arises. especially when"'a small oligonucleotide is 
.. 

chosen as a reference. The immediate approach to this problem 

is to control the SDS stripping so 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 over a range of more 

than three hundred bases. The difference between two different 

extents of stripping corresponds to over a hundred bases. To order 

the oligonucleotides more precisely smaller interval of the extent 

of stripping is required. An ideal case is to uncover 20 to 30 

bases (less than 0.5% stripping) at each extent of stripping. This 

corresponds to an increase of only a small number of oligonucleotides 

when hydrolysed with T
1

-RNase. It has been shown in this work that 

the rate of SDS stripping decreases as the SDS concentration decreases. 

On the other hand, the rate is enhanced by heat (Symington & 

Commoner, 1967). Although the kinetics of the SDS stripping of TMV 

is not known, it seems reasonable that the stripping can be controlled 

by employing SDS concentration lower than 0.5% and temperature near 

0° C, in a rate which can be stopped at short intervals. This 

enables one to deal with ohly a small segment of the terminal RNA 

within which the oligonucleotide, chosen as a reference, occurs only 

once. ··Once the location of the first occurrence is known for a 

given oligonucleotide, the difficulty of locating its second occur

rence is then greatly diminished. Furthermore, hydrolysis of the 

exposed RNA by a second ribonuclease will aid the ordering of small 

oligonucleotide. PAN-RNase digestion may help greatly in ordering 

mononucleotide G and the three dinucleotides from T
1

-RNase digestion. 

The structural analysis 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 results on the base composition fit .very 
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well with their positions in the fingerprints. As has been 

suggested by Sanger~ al. (1965), lines can be drawn connecting 

oligonucleotides from T1-RNase digestion with increasing number of 

residue A or C. From the base composition of the oligonucleotides 

obtain.ed in this work, lines can be drawn in that manner. In fact, 

all oligonucleotides containing two U residues or less can be 

fitted in oneof these lines. Examples of the lines that connect 

oligonucleotides with increasing number of residue A are those 

passing (Fig. 14): spots lOl(G), 202(AG), 304(A2G), and 404(A
3
G); 

spots 305, 306(CUG), 406(ACUG), 503(A2CUG), 605(A3CUG), and 

606(A4CUG); spqts 309(U2G); 409(AU2G), 610(A2u2G),. and 609(A3u2G). 

Examples of the lines that connect oligonucleotides with increasing 

number of residue Care those passing (Fig. 14): spots 202(AG), 

302,.303(CAG), and 401, 402(C2AG); spots. 307, 308(AUG), 406(CAUG), 

502(C2AUG), and 603(C3AUG); spots 407(A2UG), 503(CA2UG), 604(c2A2UG), 

and 70l(c5~~G). There is no crossing of lines within each · 

category. Furthermore, these results are in good agreement with 
. . 

those reported for the corresponding T1-RNase fragments obtained from 

SS rRNA (Brownlee & Sanger, 1967), 16S rRNA (Fellner ~ al., 1970), 

Rl7 RNA (Adams !S_ al., 1969; Steitz, 1969). The results obtained from 

PAN-RNase digestion have, shown that the fractionation procedure, which 

used. high voltage ionophoresis in both dimensions, is not capable of 

.completely separating sequence isomers. Only. dinucleotides and 

trinucleotide& are completely separated. Sequence isomers of oligo

nucleotides of 4 bases or longer usually occur in one large spot. 
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Some separation is found in spots 401 and 402, both contain oligo-

nucleotides of base composition AC2G. Spots 504 and 611 also 

appear to be sequence isomers since both contain oligonucleotides 

with base composition u
3

cG. The same is found true for spots 705 

and 806, where base composition A
2
c2u5

G is found for both spots: 

Since the number of sequence isomers increases so rapidly as the 

oligonucleotide becomes larger, even though two spots are found 

for the same base composition, each of these spots may also be a 

mixture of sequence isomers. To further study the base sequence 

of oligonucleotides present in a spot, experiments should be 

carried out to determine the 5' terminal residue. This residue 

can be identified by treatment with alkaline phosphomonoesterase 

followed by snake venom phosphodiesterase. The former removes the 

terminal 3' phosphate. The latter breaks the 3' phosphoester bond 

so that the 5' terminal residue is present as a nucleoside. Since 

32 . ' P is used as a label it can then be separated and identified as 

the missing residue provided the base composition is known. A 

knowledge of the 5' terminal residue can eliminate a large number 

of sequence isomers that might be present in a spot. For suffici-

ently simple oligonucleotides, a unique sequence may well be 

deduced. In most cases, informations froni partial degradation by 

snake venom phosphodiesterase or spleen phosphodiesterase are 

required to deduce a unique sequence. The details of experimental 

procedure will not be inciuded here since they have been discussed 

by Sanger et al. (1965), arid Brownlee & Sanger (1967). 

) . 
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The last point that needs mentioning is the total chain-

length of TMV-RNA reported in this work. The chainlength of 

6,284 ± 2.4% has been determined for the whole TMV-RNA~ This 

result supports the data obtained by other chemical method 

(Caspar, 1963). 
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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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