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Partial Nuclebtide Sequ~nces for 

Thr;e Unique T-l RNase Fragments of TMV-RNA 

David A. Lloyd 

ABSTRACT 

Three fragments, having chainlengths of 26, 26, and 

70 nucleotides, have been isolated from T-l ribonuclease 

digests of TMV-RNA. These . fragments appear to be unique 

in the TMV-RNA molecule. When digested with pancreatic 

ribonuclease, the three fragments were found to yield the 

following products: 

12 Up; 3 ApUp, 4 (Ap)2UP, 1 Cp, 6 ApCp, 6 (Ap)2Cp, 2 (Ap)3 Cp, 

1 Gp; 

2 Up, 2 ApUp, 1 (Ap) 2 Up, 1 (Ap)3 UP , 4 Cp, 2 ApCp, 1 (Ap) 3Cp, 

1 Gp; 

5 Up, 2 ApUp, 1 (Ap )2UP, 1 (Ap r3 Up, 2 Cp, 2 ApCp, 1 (Ap)2 Cp , 

1 Gp. 

None of the three fragments can be a ·portion of the gene 

which codes for the TMV coat protein. Experiments performed 

by Mandeles l indicate that the 70-mer and one of the 26-mers 

are located extremely close to the 3' end of the viral RNA 

while the remaining 26-mer is close to the middle of the 

RNA chain. The similarity of the pancreatic ribonuclease 
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digestion products of the two 26-mers is discussed with 

respect to the hypothesis of gene ooubling. Attempts to 

gain further information about the sequences of these 

fragments are also discussed. In this connection, a 

possible C-specific nuclease first reported by Anderson 

and carter2 has been investigated. 

Two appendices are included. The first of these 

discusses a theory of ion-exchange chromatd'graphy and its 

utility in predicting the behavior of chromatographic 

columns'. The second appendix describes a method for 

determining the number of statistically significant 

component shapes contained in a set of spectra. The method 

is discussed as a means of obtaining information about 

the conformation ofpolynucleotides from their optical 

properties. 

1. Mandeles, S., J. BioI. Chem., 243, 3671 (1968). 

2. Anderson, J. H. and carter, C.E., Biochemistry, 

4, 1102 (1965). 
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I. INTRODUCTION 

In recent years the sequences of a number of transfer 

RNA's have been determined. l ,2,3 Sanger and Brownlee 4 

have also reported a sequence for the 5S component of 

ribosomal RNA from E. coli. However, thus far, no sequences 

have been reported for any RNA which acts as a template 

for protein synthesis. One of the deterrents to the 

sequencing of messenger RNA is that, before a sequence 

determination can be performed, a single messenger RNA 

must be isolated from a multitude of other messengers, 

many of which will have nearly identical chainlengths and 

base compositions. Thus, in the near future it will 

probably not be feasible to isolate pure messenger RNA's 

except in unusual cases where their physical and chemical 

properties are somewhat unique. For example, the extremely 

short messenger for gramicidin S has been isolated by 

Hall and Sedat. 5 ,6 Fortunately, one is not confined to 

the cellular messenger RNA. One can, instead, work with 

the viral RNA's. Although the shortest viral RNA's are 

several times larger than the average messenger RNA, their 

isolation is straightforward. 

The sequencing of even a single gene of a viral RNA 

is a task of tremendous proportions with the techniques 

that are now available. There are a number of reasons for 

undertaking such a task despite the difficulties involved. 

The compariso~ of the nucleotide sequence of an RNA message 
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with the amino acid sequence of the protein produced by 

this message is the most obvious and most direct way of 

confirming or correcting the currently accepted form of 

the genetic code. This form of the genetic code is highly 

degenerate. Unless the cell has some means of resolving 

this degeneracy a number of code Hords could be used 

interchangeably for a single amino acid. If this were 

the case one would expect to find mutations of a given 

species which were phenotypically identical. Thus, a 

particular· strain of a virus might possess individual 

members whose RNA sequences were quite different. Such 

a situation would become apparent as one attempted to 

determine the sequence of the RNA. The sequence of a 

viral RNA would also increase our understanding of the 

mechanism which allowed complex organisms to evolve from 

simple forms of life. For instance, one is interested 

in looking for homologous sequences in different genes 

which might arise as a result of gene doubling. Finally, 

a knowledge of the sequence of an RNA together with 

information obtained from genetic experiments would allow 

one to determine the structure of those sites on the 

RNA responsible for the control of replication and protein 

synthesis. Such information is necessary for an under

standing of genetic control mechanisms at a molecular level. 

Attempts to sequence viral fu~A have primarily been 

directed towards either TrN or one of the three clos~ly 

related Coli .viruses 1\1S2, f2, and R17. The five terminal 
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bases of TMV-RNA have been independently determined by 

7 8 Mandeles and Fraenkel-Conrat using different techniques. 

A terminal sequence of eleven bases has been determined 

for MS2. 9 The work to be described here is closely 

related to the sequencing work on TMV-RNA being performed 

by Mandeles. 

TMV is a rod-shaped virus 3000 A in length and 180 A 
in diameter. The virus has a relatively simple structure 

which contairts only a aingle strand of RNA and a coat 

consisting of some 2200 protein molecules. The coat protein 
, 

molecules appear to all be identical. The RNA is wound 

in a loose helix containing 45 nucleotides per turn with 

the molecules of the coat protein packed between the turns. 

The RNA appears to fit into a groove in the protein. 

Thus, in the intact virus it is protected from the action 

of nucleases and other chemical agents. 

In the course of his sequence studies on TMV-RNA 

Mandeles noticed the presence of a long chainlength component 

in T-l ribonuclease digests of the RNA. lO Chromatographic 

evidence indicated that this component might contain a 

unqiue fragment of TMV-RNA. The chainlength of this 

fragment was initially estimated to be about 20 nucleotides 

on the basis of its elution positi6n in column chromatography. 

Sh tl ft d M d 11 d h i 1 th o'f or y a erwar s, un ry measure a can eng 

about 40 nucleotides for \vhat appears to be the same frag

ment. The work described here sets the chainlength of 

this fragment at 70 nucleotides. - In addition two other, 
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similarly produced, unique fragments of TtW-RNA have been 

studied. 

The study of these fragments was begun with the idea 

of using them as model compounds for the study of the 

tertiary structure of nucleic acids. Although some 

evidence is presented which indicates that the longest 

of these fragments may be of interest in this connection, 

the majority of the work is concerned with sequence 

studies.. Interest in this phase of the work was greatly 

increased by the results of certain experiments performed 

12 by Mandeles. The description of these experiments is 

best postponed until Chapter VI. 

, 
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II. PREPARATION OF UNIQUE OLIGm1ERS FROM TMV-RNA 

1. Techniques 

Much of the work to be described relies heavily on 

chromatographic techniques. Therefore, in an attempt to 

simplify the presentation which is to follow, certain 

general procedures will be described beforehand. An 

excellent presentation of the theory of column chromato-

graphy, which was useful for understanding column 

behavior, is given by Vermeulen et al. 13 ,14 A simple 

extension or Vermeulen's theory to ipclude gradient 

elution is given in Appendix I., 

The ion-exchange material used was, in all cases, 

DEAE Sephadex A-25' (Pharmacia). This material requires 

little washing and gives an eluent free of UV-absorption 

in the 260 m~ region, which is not true of the styrene 

resins. More important, it seems to give rise to no 

adsorptive effects which complicate the prediction of 

the ion-exchange behavior. These adsorptive effects 

are present in the sytrene resins and to some extent in 
15 . 

DEAE cellulose. For large columns the coarse particle 

size (50- 140~) was employed. However, for small 

columns (with diameters less than 0.5 cm) the coarse 

resin was found to give poor resolution and the medium 

particle size (40 - 120~ was employed. The packing of 

the coarse resin in columns of small diameter was noticeably 
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poorer. One could visually det~ct spaces between the 

coarse resin particles. This was not true of the medium 

grade resin. Since the particle sizes listed for the 

dry forms of the two resins are quite similar, the reason 

for the difference in packing is not completely clear·. 

It-may be t~at the coarse resin particles swell to a 

greater extent in water; or the swollen particles of 

the coarse resin may be more irregular in shape than those 

of the medium grade resin. 

The DEAE Sephadex was prepar~d for use by packing the 

desired quantity in a column and passing 10 bed volumes 

of 2.0 M NaCl, 0.1 M HCl through the column. The resin 

was then removed from the column and equilibrated with 

either distilled water or 7 M urea by repeated decantation. 

This latterprocess was also used to remove fines. To 

pack the column, the resin slurry was added in small 

amounts with continuous stirring. All columns were packed 

at a salt concentration about 0.1 M greater than the initial 

gradient concentration, and at a flow rate 5 - 10 times 

greater than that used for elution. The packed column was 

then equilibrated with the initial salt concentration 

of the elution gradient before loading the sample. This 

procedure resulted in a tightly but evenly packed column, 

and reduced the bed shrinkage caused by increasing salt 

concentration. 

All columns were run at room temperature as a matter 
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of convenience. There was no indicatio~ of degradation 

of RNA during the chromatography. Precise flow ~ates 

and ~lution conditions will be given later; but in 

2 general, flow rates were in the range of 12 - 25 ml/hr cm . 

Salt concentration gradients were 0.008 - 0.010 Moles/unit 

eluent volume, where the unit of eluent volume is equal 

to the total column volume. 

A comment is in order concerning the treatment of 

glassware used in this work. Contamination by the ribo

nucleasescan occur from a number of sources16 and is difficult 

to remove. It has been observed 17that nucleases remain 

bound to glass surfaces and retain their biological activity 

even after treatment with detergent solutions. Thus, all 

glassware used in this work was washed in hot detergent 

and/or chromic acid, thoroughly rinsed, dryed, and, 

after being covered with aluminium foil, baked for 12 

hours at 180 - 200°C. 

Due to the danger of nuclease contamination of buffers 

by even small amounts of bacterial growth, all buffers 

capable of supporting the growth of bacteria were stored 

at4~C and prepared fresh weekly from concentrated stock 

solutions of the acidic or basic salt. Althoughanionic 

clays such as bentonite and Macaloid have been shown to 
. . 18 be extremely effective at inhibiting nuclease actlvlty 

they were not employed except as specifically mentioned 

in the early preparative stage of the work. It was found 

that the·se materials contributed spurious UV absorption 
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to the samples, which complicated the identification 

and quantitative assay of oligonucleotides by UV absorption 

spectro~copy. Unless otherwise stated, all chemicals 

were reagent grade from either Baker and Adamson or 

Mallinckrodt. 

2. Preparation and Digestion of TMV-RNA 

Tobacco filasaic Virus (TMV) was isolated from infected 

tobacco leaves by homogenization of the leaves followed 

by differential centrifugation of the leaf extract. The 

viral ribonucleic acid (RNA) was separated from the coat 

protein by the phenol method in the presence of Macaloid 

(an anionic clay) to prevent degradation by extraneous 

nucleases. The infected leaves were supplied by Dr. Stanley 

Mandeles of the Space Sciences Laboratory, University 

of California, Berkeley. Both the procedure and the 

materials used therein are described in detail by Mandeles 

and Bruening. 19 The yields obtained from the above procedure 

as well as from the steps yet to be described are summarized 

in Table I ~f Chapter 11.3. 

TMV-RNA, in 200 mg batches, prepared as described 

above, was hydrolyzed with ribonuclease T-l (Cal Biochem) 

in a Radiometer TTT-l Titrimeter at 40°C. The RNA, as the 

ethanol precipitate~ was dissolved in distilled water to 

give a solution containing 3 - 4 mg/ml RNA. This solution 

was centrifuged at 17,000 x g, 4°C, for 30 minutes to 

remove the Macaloid introduced in t.he RNA preparation. 
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The supernatant was collected and recentrifuged as above 

until the resulting supernatant was free of turbidity. 

Due to.the high viscosity of the RNA solution, as many 

as three centrifugations ~'Jere sometimes necessary to 

remove the last traces of Macaloid. Incomplete removal 

of the Macaloid leads to inactivation of ribonuclease 

and incomplete hydrolysis of the RNA. 

The RNA solution was brought to pH 7.8 by the addition 

of 0.5 M KOH and allowed to stand in the titrimeter at 

40°C for 30 minutes, before the addition of enzyme, to 

insure that no spontaneous hydrolysis was occurring. A 

* total of 15,000 units of ribonuclease dissolved in 0.8 ml 

distilled water was used. Two-thirds of the enzyme was 

added initially and the remainder was a~ded two hours later. 

The pH was maintained at7.8 by the addition of 0.5 M 

KOH until the reaction reached completion after 6 - 8 hours. 

'l'he consumption of KOH was routinely found, to be 92 - 97% 

of the value predicted from the UV absorption of the RNA. 

The hydrolysate was brought to 7 M in urea by the addition 

of solid urea and then was applied to the top of a chroma to-

graphic column packed withDEAE Sephadex preparatory to 

*. . 
The unit ~f T-l ribonuclease activity has been defined by 

Takahashi. 0 A 1.0 ml reaction mixture containing enzyme, 
0.75 mg yeast RNA, 50 IJ.M pH 7.5 Tris-Clbuffer, and 2 IJ.M 
EDTA is incubated for 15 min. at 37°C. The reaction is 
terminated by the addition of 0.~5 ml of 0.75% uranylacetat~, 
25% HCl04 . After centrifugation 0.2 ml of the supernatant 
is diluted to 5.0 mI. One unit of T-l ribonuclease will 
increase the 260 mlJ. absorption of the diluted supernatant 
by one absorbance unit. . 
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performing a chainlength fractionation of the fragments 

resulting from RNA digestion. 

3. Chromatographic Isolation ·:)f Unique Oligomers 

The DEAE-Sephadex column used for the chainlength 

separation was packed in a 100 ml burette, allowing 1 m.l 

of bed volume per 2 mg of digested RNA, and washed with 

300 ml of 7 M urea. Better resolution can be obtained 

at loading ratios of 0.5 - 1.0 mg RNA per mlbed volume; 

but the higher load allowed greater ease in handling the 

amount of RNA involved. 

The elution of the T-l fragments was accomplished with 

a linear concentration gradient from O~l M to 0.6 M sodium 
" 

chloride in 5 liters of7 M urea. Because of the low flow 

rate used, AO ml per hour, a period of 4 - 5 days was required 

for complete elution. However, a greater flow rate, i.e., 

100 ml/hr,gave a '50% decrease in the yield of the longest 

T-l fragment. The decrease in yield can be attributed 

to the fact that at large flow rates the eluent does not 

have time to equilibrate with the adjacent resin particles. 

This departure from equilibrium causes the sample to be 

eluted ina broad band with long ta,ils. Thus a smaller 

percen~,of the sample is collected in the peak fractions. 

This effect is most pronounced with long fragments which, 

due to their low diffusion coeffiCients, require a longer 
" , 

pe riod ·::>f -time to reach equilibrium. II! 
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The eluent fractions labeled psi and omega in the elution 

profile shown in Fig. 1 contained approximately 1.5 mg 

and 2.0 mg of oligonucleotide, respectively. They were 

collected separately for concentration and desalination. 

The collected fractions were first diluted five-fold with 

distilled water and then passed through a DEAE-Sephadex 

column, having a bed volume of 1.0 ml (0.35 x 10 cm), at 

a flow rate of 50 ml/hr. The long T-l oligomers remained 

bound on the column, which was then washed with 5 ml 7 M 

urea. The long oligomers were eluted in a volume of 1 - 2 

ml by passing 1.0 M NaCI, 7 M urea through the column. 

Upon the addition of four volumes of ethanol to the column 

eluent, at O°C, the oligonucleotides precipitated while 

the NaCI and urea remained in solution. (KCl will precipitate 

under these conditions.) 

After standing for at least 4 hours at O°C, the precip

itates were collected by centrifugation in a clinical 

centrifuge, washed with 95% ethanol, ~ried for 30 minutes 

under vacuum, and stored at -20°C. 

The above procedure for concentration and desalination 

was found to be far superior to successive dialyses and 

lyophilizations, in that it gave a high yield of material 

(95 - 97%) with no evidence of degradation and could be 

performed in a shorter period of time. In addition the 

oligomers were obtained in a ,more convenient form and the 

shapes of their UV absorption spectra indicated that they 
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contained no non-nucleotide UV absorbing material which 

could interfere with later chromatographic results. 

Immediately before use, the psi and omega fractions 

were further purified by rechromatography. A column 

0.4 cm x 21 cm was packed with DEAE Sephadex which had 

been washed as previously described. However, in this 

case the medium particle size'was employed, as it was 

observed .that the coarse resin gave poor resolution when 

used in columns of small diameter. A sample, containing 

1.5 - 2.0 mg of the psi-mer or omega-mer, was dissolved 

in 2 ml 7 M urea and applied to the top of the column. 

The elution. was done at a flow rate of 2 ml/hr with a 

linear concentration gradient of 0.25 M NaCl to ·1.0 M 

NaCl in 250 ml of 7 M urea. The results of these chromato

grams, which are shown in Figs. 2 and 3, demonstrate that 

each of the preparations involved contains either a single 

oligomer or a number of oligomers which are nearly identical 

in chainlength. It was possible to resolve the rechiomato

graphed psi-mer fraction into the two component labeled 

psi-l and psi-2 in Fig. 4. This was accomplished by 

chromatography on DEAE Sephadex at pH 2.8 in 7 M urea. 

Under these conditions the separation obtained is due to 

the difference in the uridine content of the two oligomers. 

In contrast to the psi-fraction, the omega-fraction 

shows a single component upon chromatography at pH 2.8 

in 7 M urea. The low pH chromatography also showed the' 
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J 

omega-mer preparation to be free of minor contaminants. 

The elution profile in Fig. 5 shows that outside of the 

region in which the omega-mer was eluted the absorption 

of the eluent at 260 m~was always less than 0.02 absorbance 

units. Since the low pH chromatography resulted in no 

further purification of the omega-mer, it was not routinely 

performed. The yields obtained at various stages in the 

preparation of the psi-mers and omega-mer are given in 

Table I. The time required to prepare the amounts of 

the three oligomers ~hown in this table, starting from 

the infected leaves, was about one month. 

For the purpose of clarity, it is desirable to attempt 

to summarize and to draw some conclusions from the inf'Jrmation 

gained in the course of the preparation described above. 

Three oligomer fractions (omega,psi-l, psi-2) have been 

isolated from a T-l RNase hydrolysate of TMV-RNA. One is 

interested in finding out whether it· is possible to estimate 

the chainlengths of these oligomer fractions from the 

positions at which they are eluted in the chainlength 

chromatography. Fig. 6 illustrates an attempt· to determine 

the chainlength of the omega-mer and psi-mers from chroma to-

graphic data. The chainlengths associated with the first 

three peaks of the elution profile in Fig. 1. have been 

determined to be one, two, and three by comparison of the 

UV absorption and ORD spectra of the oligomers present 
21 

in those peaks with the spectra obtained by Warshaw and 

Cantor. 22 Beyond chainlength three, one can, with confidence, 

'of 
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TABLE I 

YIELDS OBTAINED FOR VARIOUS PREPARATIVE PROCEDURES 

Amount of Starting Material Yield of Product 

2.4 Kg infected tobacco leaves- 2-4 gm TMV 

5 gm TMV- - - - - - - - - - - - - - 200 mg TMV-RNA 

2 * cm 200 mg TMV-RNA- - - - - - - - - - - 55 A260 omega-mer 

2 cm 45 A260 psi-mers 

(yield after rechromatography) 

2 em 50 A260 omega-mer 

2 cm 15 A260 psi-I-mer 

2 em 15 A260 psi~2-mer 
1 

* 2 
1.0 mg is approximately equivalent to 30 A~~O' 
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assign consecutive chain1engths to the succeeding peaks 

up to chainlength seven or eight. 23 At this point the loss 

of resolution prevents one from continuing this procedure. 

If one plots the logarithm of 'the charge on these short 

oligomers versus the salt concentration at which each 

oligomer is eluted~ one obtains a straight line. This line 

can be extrapolated to the salt concentrations at which 

the psi and omega fractions are eluted to obtain respective 

chainlength estimates of 17 and 23. 

The determination of the true chainlengths for the 

psi-mers and omega-mer will be discussed later. However~ 

if one places the true values (a chainlengthof 26 for 

both psi-mers and a chainlehgth of 70 for the omega-mer) 

on the graph in Fig. 6~ one sees that a drastic change 

in the slope of the plot must occur at about chainlength 

13 or 14. These chainlengths represent a molecular weight 

of about 5~000. It is suggestive that Sephadex G-25~ 

which presumedly contains the same amount of crosslinking~ 

has been found to exclude polypeptides and polysaccharides 

with molecular weights greater than 5~000. It may be 

that oligomers longer than fourteen nucleotides are incapable 

of reaching large numbers of ion-exchange sites which are 

inside the pores of the resin particles. Thus, the effective 

column capacity would be greatly reduced for these longer 

oligomers. If this explanation is correct, one would 

expect chainlength chromatography on Sephadex-A50 to show 

a linear relationship between the logarithm of the charge 
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and the elution volume up·to a chainlength of. approximately 

30 nucleotides. An alternative explanat.ion is that the 

nature of the binding of oligonucleotides .to the resin 

changes as the chainlength increases due to the increased 

flexibility of the longer mOlecules. It is difficult to 

imagine how this explanation could account for such a 

sharp break in the curve. 

The psi-mers and omega-mer all appear homogeneous in 

the two chromatographic systems utilized in their, isolation. 

At the time these fractions were first isolated, the 

significance of their chromatographic homogeneity· could 

not be assessed. However, the results of the experiments 

to be presented in Chapter IV.3 indicate that each of the 

three oligomer preparations is homogeneous and allow one 

to estimate the resolution of the chromatographic techniques 

whieh have been described in this chapter.· One can det~ct 

the presence of two oligomers in an elution profile when 

the two oligomers are separated by more than one bandwidth, 

where the bandwidth is defined to be the width of a peak 

at half its maximum value. The bandwidths for the psi and 

om'ega peaks in Fig. 1 are 60 ml to 80 mI. One can use 

the chainlength.plot shown. in Fig. 6 to relate this increment 

of eluent volume to arange of chainlengths. For chain

lengths on the order of 70 nucleotides one can detect the 

presence of two oligomers which differ in chainlength by 

10 nucleotides. While, for chainlengths on the order of 

, 
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25 nucleotides, one can resolve chainlength differences 

as small as 4 nucleotides. These results apply to the 

initial chair-length chromatography. One seems to achieve 

slightly better resolution under the conditions used for 

the rechromatography of the psi-mers and omega-mer. 

The resolution of the 1mV' pH chromatography appears 

to be roughly similar to that obtained a neutral pH provided 

that one equates the charge on an oligomer with the 

uridine content rather than the chainlength. However, 

the chromatographic separations performed at pH 2.8 resolve 

'oligomers almost entirely on the basis of ur~dine content. 

Thus, long oligom~rs differing only in their adenosine 

and cytidine contents, would probably not be resolved 

at this pH. This difficulty could be remedied by performing 

a third chromatography at pH 3.5. This was not found to 

be necessary for the isolation of the psi-mers and omega-mer. 
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III. PHYSICAL STUDIES ON THE OMEGA-MER. 

1. Chainlength Estimation from Sedimentation Equilibrium 

The preced~ng chapter ended with an attempt at ~stimation 

of th~ chainlengths of the psi-mers and omega-mer from 

chromatographic elution patterns. It was desirable to 

have at least a rough estimate of the chainlength obtained 

by a more reliable technique, especially for the omega-mer, 

which is the longest of the three fragments. The .standard 

method of chainlength determination for small oligonucl~o

tides is end-group analysis~ .This technique can be applied 

in three ways. (1) The amount of phosphate ion liberated 

by alkaline phosphatas~~ which removes only the terminal 

phosphate, can be compared to the total phosphate content 

of the oligomer. (2) The terminal phosphate can be removed; 

and, after complete digestion and chromatographic separation, 

the ratio of n'ucleotides to nucleoside can be determined. 

(3) When the oligomer contains a unique nucleotide (in this 

case the terminal guanidylic acid left after T-l ribo

nuclease hydrolysis) the amount of this nucleotide can be 

compared to the total amount of nucleotide contained in the 

oligomer. All three of the above variations require the 

comparison of two experimental results, each 6f which will 

contain an error of approximately ~ 2%. Thus, the chain

length obtained will be good to only ~ 4%. It seemed that 

a ~hainlength determinaiion having about ~he same degree of 

. ,..;; .' 

, 
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accuracy could be obtained from a sedimentation equilibrium 

experi~ent usingUV absorption optics. This method has the 

advantage of requiring only 0.004 mg of sample as compared 

with the minimal value of 0.5 mg required by the former 

methods. 

A sedimentation equilibrium run was carried out on the 

omega-mer at OoC in 0.1 M NaCl, 0.05 M P0 4 , 0.001 M EDTA, 

pH 7.5 buffer for 76 hours. The rotor speed and column 

height were of the order of 10,000 rpm and 5 mm respectively. 

The mean radius was 6.9 cm. Plots of the logarithm of 

the concentration versus the square of the radius constructed 

for times between 22 hours and 76 hours gave straight 

lines, see Figure 7, whose slopes were used to determine 

the apparent molecular weight as a function of time. 

TABLE II 

Time (in hours) Apparent Molecular Weight 

22 16,700 

31 18,900 

46 21,100 

53 21,700 

76 23,000 

The values in Table II were calculated on the basis of a 
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partial specific volume of 0.54 for RNA as n~asured by 
. 24 

Tennent. The solvent density was 1.010 gm/m1. 

In order to calculate a chainlength from the molecular 

weight it is necessary to assume an average molecular 

weight per nucleotide. At the time molecular weight 

measurement was made, the base composition of the omega-

mer was not known. T~us, the molecular weights of the 

three nucleotides Ap, Up, and Cp and their sodium counter 

ions were-averaged with equal weight. The nucleotide Gp 

was neglected since an oligomer obtained from a T-l 

ribonuclease digest should contain. a single terminal guano-

sine residue. A value of 354 was obtained for the per ' 

residue molecular weight. This value could be in error 

by as much as ! 3%. Taking the molecular w~ightof the 

omega-mer and its sodium counter ions as 23,000, one 

obtains a chainlength of 65 nucleotides. In ~iew of the 

uncertainty in the base composition and the fact that no 

correction was made for the charge on the oligomer, this 

value was assumed to be accurate to only! 10 nucleotides. 

Sedimentation equilibrium has been shown to give 

~olecular weights to better than 1% accuracy for sucrose 

and globular proteins such as ribonuclease. 25 However, 

this author can find no report of its use in determining 
I 

chainlengths for oligonucleotides. Thus, when the base 

composition and chainlength (70 nucleotides) were determined 

by the work described in Chapter IV, there was an opportunity 
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to check the accuracy of this method of chainlength 

determination. For this purpose two corrections were 

applied to the data~ 
. . 25 

According to Van Holde and Baldwin a plot of the 

logarithm of the difference betw~en the apparent molecular 

weight at equilibrium and the apparent molecular weight 

at some earlier time.should be linear with respect to time. 

Figure 8 shows such a plot for three trial values of the 

apparent molecular weight at equilibrium. The value of 

23,700 w~s chosen as the best value of the apparent 

molecular weight at ·equilib~ium. 

Because of the high charge possessed by oligonucleotides, 

the charge correction is significant even at the large 

salt concentrations used in this experiment. The charge 
26 

correction was calculated from the following expression: 

where n is the chainlength, p is the solvent density, v
2

' 

is the partial specific volume of the sodium salt of RNA, 

and z is the fractional effective charge. M, M
2

, and M app 
refer to the molecular weights of the monomer, the omega-mer 

angto the measured apparent molecular weight. 

by, 

L = 
; 

x.M.(I-~.p) 
l l l 

. , 

L is given 
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where x. is a mole fraction, M. is a molecular weight, 
1 ,1 , 

Vi is a partial specific volume, and the sub~cripts 

refer to the salt species contained in the ~upporting 
, 27 

electrolyte. Taking L=60, z=0.4,. and the average 

molecular weight of the monomer with its sodium counter 

ion as 359, the chainlength of the omega-mer was estimated 

to be 71 + 4 nucleotides. Although the charge correctiori 

term is only roughly estimated, it is a small correction 

and probably contributes an uncertainty of only + 2% to 

the final result. 

2. Temperature Dependence of the ORD'of the Omega-mer 

The temperature dependencies of ,various optical 

properties have been previously used for studying con

formation changes of nucleic acids in soluti~~. 28,29 

Theoretical stUdies of the ORD of RNA 30 ,31 indicate that 

this property is quite sensitive to changes in the geometry 

f 1 f th ' t M M 11 J k d T' 32 o po ~mers 0 1S ype. Ct U en, as unas, an lnoco 

have used the temperature dependence of the ORD to 

study changes in the conformation of TMV~RNA. They found 

that they were able td express their data as linear 

combinations of two basic curve shapes. By comparison of 

these two shapes with the ORD of model compounds they were 

able to identify the two component shapes with' the single 

and double strand forms of TMV-RNA. 

, 'i" 
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An investigation of the temperature dependence of 

the ORD of the. omega-mer was initiated to determine 

whether this oligonucleotide contains intramolecular double 

stranded regions. If such regions were found to be 

present, this molecule could be used as a model compound 

to study hydrogen bonding between two regions of a 

single strand of RNA. Although the preliminary results 

which were ·obtained were very encouraging, the attention 

given to the sequencing studies described in the succeeding 

chapters prevented further investigation of the optical 

properties of the omega-mer. The meager results presented 

here do not allow one to reach any definite conclusions 

about the conformation of the omega-mer. However, they 

indicate that further investigation would be profitable; 

and they serve as an illustration of how one might apply 

the method of data analysis presented in Appendix II 

to the problem of polymer conformation. 

Approximately 0.5 mg of omega-mer was dissolved in 1-2 

ml of distilled water. This solution was dialyzed against 

4 t of 10-3 M Na-EDTA, pH 7.5, for three 4-hour periods. 

The dialysate was diluted with 10-3 M Na-EDTA, pH 7.5, 

to give a 260 m~ absorbance of approximately 0.5. This 
( 

stotk solution was used for all of the ORD measurements. 

The ORD was measured with a Cary 60 spectropolarimeter 

equipped ~ith a Datex attachmertt for digital output on 

paper tape.' TheORD was read at 0.5 m~ intervals between 
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225 and 350 m~. The data thus obtained were smoothed 

with a 10 point quadratic smoothing program 33 which 

printed out ORD value~ at 1 m~ ·intervals. The 

concentration of the omega-mer solution used for this 

work ~as determined from the absorbance at 260 m~ on the 

basis of an assumed extinction coefficient of 10,400 

per mole o~ nucleoside at 25°C. The 6oncentration was 

used to obtain the molar rotation per nucleoside. A 

fresh aliquot of the stock solution was used for each 

temperature. The sample, in a stoppered 2 cm cuvette, 

was held within + 0.2°C of the desired temperature with 

a Haake circulating bath, type F. Since the density of 

the solvent varied by only 1% over the experimental 

temperature range, no correction for solvent expansion 

was made. 

The reader should acquaint himself with the method 

and notation. introduced in Appendix II before reading 

the discussion which follows. ORD spectra were measured 

at six temperatures. Four of thesespect~a are shown 

in Figure 9 .. The set of spectra were analyzed by the 

method described in App~ndix Ii. Since the portions of 

the spectra at long wavelengths did not show any change 

in shape with temperature, only the values of the ORD 

at 1 m~ intervals between 230 and 306 m~ were employed 

in the analysis. The results which were obtained are 

shown in Table III; These results indicate the presence 

. ~ 
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TABLE III 

Determination of the Number of Significant 
Basis Spectra for the Omega-mer 

ORD Spectra Taken at OoC., 7°C., 15°C., 25°C., 35°C., 

and 45°C. in 10- 3 M Na-EDTA, pH 7.5; 

e 
II 

1660 

11. 6 

0.757 

0.214 

0.0907 

0.0446 

degrees 
of 

freedom 

462 

385 

308 

231 

154 

77 

The probability that 
this value is 5%. 

The probability that 
this value is 1%. 

m = 77, n = 6 

2 2 2 * ** 
all /a

ll
+l F(5%) F(l%) a 

II 

3.62 

0.0329 

0.00359 

0.00151 

0.000879 

0.000579 

the ratio 

110 1.17 

9.17 1. 20 

2.38 1.25 

1. 72 1. 29 

1. 52 1. 40 

of 'variances 

the ratio of variances 

1.25 

1. 29 

1. 37 

1. 43 

1. 61 

will exceed 

will exceed 

.. 
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of at least t\'lO significant components, and possibly a 

third. The F-test indicates that, if the third component 

is significant, it is just barely above the level of the 

experimental error. Thus, this component will be ignored; 

and the set of data will be treated as a two component 

system. The possible significance of such a third 

component, as well as a possible means of treating a 

three component system, will be discussed later. 

The temperature dependence of the optical properties 

of RNA was originally attributed entirely to the presence 

of hydrogen bonded regions 34 ,35 which were thought to 

possess a conformation similar to the double strand DNA 

helix. More recently temperature studies on both homo

pOlymers36 ,37,3 8 and dinucleotide Phosphates39 ,40 have 

shown that single strand RNA possesses a definite secondary 

structure. This structure apparently owes its stability 

to interactions between neighboring ba~es in the RNA chain. 
l 
l 

This body of experimental data leads one to believe that 

the ORD of an RNA can be explained in terms of three 

classes of conformations. The first type of conformation 

is. the random coil in which no interactions exist between 

the bases of the RNA. The ORD spectrum of the random 

coil should be very similar to the sum of the ORD spectra 

of the constituent monomers. The next structure which must 

be considered is that of the single strand helix, or ~tacked 

form of the polymer. Finally, one must consider the ORD 
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signal caused by hydrogen bonded, or double ~tranded 

regions. Possible triple stranded regions will also be 

considered in this category.' The basic assumption under-

lying such a model is that th~ contributions, of these 

thre~ classes of conformations, to the ORD of an RNA are 

additive. Thus, the ORD spectrum of an RNA can be 

treated as a superposition of the ORD spectra of th~ee 

basic structures. 
32 

McMullen, Jaskunas, and Tinoco were 

able to interpret their ORD data from TMV-RNA in terms 

of such a model. The fact that, the above analysis of the 

ORD spectra of the omega-mer indicates the presence of 

only two major components suggests ~hat such a model can 

also be applied to the omega-mer ORD data. 

The most obvious indication that the ORO spectrum 

of the omega-mer changes its shape as a function of 

temperature is t.he fact that the long wavelength crossover 
, 

point shifts to the red as the temperature is increased. 

The same qualitative behavior was observed for TMV-RNA 

by McMullen, Jaskunas, and Tinoco. These atithors were 

able to identify the limiting shape obtained at high 

temperature with the spectrum of the single strand helical 

conformation. This was done by comparing the shapes of 

the experimental spectra at high temperatures with the 
41 

spectrum which Cantor has calculated for the single 

strand form of TMV-RNA. One would like to make such an 

identification for the omega-mer ORD spectrum taken at 
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45°C. At pres~nt.it is not possible to make this 

identification in a convincing manner. Although the 

.largest change in shape occurs in the vicinity of 20°C, 

as will be shown below, one cannot be sure that further 

changes in shape do not occur above 45°C without examining 

spectra taken at higher temperatures. Secondly, while 

Figure 10 shows that the 45°C omega~mer spectrum possesses 

a qualitative similarity to the high temperature TMV-RNA 

spectra, there are fairly large quantitative discrepancies 

between their shapes. Actually, one would not expect 

the shapes to be identical since the base comp6sition 

'of the omega-mer, as determined in Chapter IV, is quite 

different than that of TMV-RNA. One would actually like 

to compare the 45°C omega-mer spectrum against a weighted 

sum of the dinucleoside phosphate spectra, as was done 

by McMullen, Jaskunas, and Tinoco. Unfortunately, the 

ORD of a single strand structure with the base composition 

of the omega-mer has not been calculated. Since the 

presence of the bases G and C tends to increase the cross-

over wavelength, one would expect the crossover wavelength 

of such a calculated ORD spectrum to be shifted in the 

same direction, relative to the TMV-RNA spectrum, as is 

41 the crossover wavelength of the 45°C spectrum. 

The analysis of the' change in shape of the omega-~er ORD 

will be continued on the assumption that the 45°C spectrum 
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can be associated with the ORD of the single strand 

conformation. For the preserit this assumption must remain 

~omewhat speculative. The ORD which arises from the 

. random coil conformation {the ORD of the monomers) has 

been found to be negligible compared to the spectra of 
, 32 

the single and double strand conformations. If the 

45°C spectrum can be identified with the ORD of the 

single strand conformation, then the change in the ORD 

of the omega-mer at the drossover wavelength (272.6 m~) 

of the 45°C spectrum will be the melting curve for the 

double strand conformation. This melting curve is shown 

in Figure 11. A melting curve obtained in this manner 

may be considerably in error since the pOints in curve 

depend upOn the value of the ORD measured ata sin~le 

wavelength. It is possible to use the eigenvectors, IT It. a , 

and the eigenvalues, e , defined in Appendix II, to , a 

calculate the same melting curVe in a manner such that 

each point in the melting curve is an average, over all 

wavelengths contained in the spectrum, corresponding to 

that point. 

When the set of spectra were analyzed and found to 

contain two significant components, a pair of ortho-

normal basis vectors, Zl and Z2 were also determined. As 

was shown in Appendix II these basis vectors can be 

written as 
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where the quantities in the above expression are defined 

in Appendix II. This particular pair of basis vectors 

is purely a~ arbitrary choice. One can rotate these 

basis vectors, in the plane which they define, to obtain 
I I , 

a new set of basis vectors, ~l and ~2' such that ~l lies 
, I 

along the direction of ~45· ~45 is defined to be the 

component of ~45 which lies in the plane of ~l and ~2' 
where, in general, ~T is the vector representation of a 

. spectrum taken at TOC. The magnitudes of the components 

of the set of ~T along the two basis vectors, ~l and ~2' 

will be given by 

~T . ~l and ~T • ~2 

Under the r'Jtati'::m described above, these components will 

transform according to the relation, 

cos e sin e ~T . ~l ~T 
= 

-sin e cos e ~T • ~2 , 

where cos e and sin e can be calculated from the equation, 
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o = ~45 . ~; = (cos 8)e~/2 u2 ,45 - (sin 8) e~/2 ul ,45 

, 
The basis vector ~l now defines the shape of the spectrum 

taken at 45°C. Thus, the magnitudes of the set of ~T 
, 

which lie along ~2 will be the points in the melting 

curve of the double strand conformation. 

The melting curve obtained in the above manner is 

shown in Figure 12. One should note that, while the basis 

vectors have been chosen to be orthonormal, the vectors 

representing the single and double strand' conformations 

will not be orthonormal. Thus, while the shape of the 

melting curve in Figure 12 has physical significance 

its magnitude is arbitrary. For the same reason, the 
, 

magnitudes of the components of the set of ~T along ~l 

will not give the melting curve of the single strand 

conformation, but rather some unknown linear combination 

of the melting curves of both conformations. Also, the 

shape of the ORD spectrum of the double strand conformation 
, 

will not be defined by ~2. In order to determine the shape 

of the ORD spectrum of the double strand conformation, it 

is necessary to know the temperature dependence as well 

as the shap~ of the ORD of the singl~ strand conformation. 

The data, from the ORD spectra of the dinucleoside 

phosphates, necessary to calculate this information is 

available. 42 However, until one obtains a more complete 

... 
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melting of double strand regi,:)ns 
in the omega-mer. 
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set of ORD data for the omega-mer, it is hardly worthwhile 

to perform this calculation. One could also use the data 

in the melting curve in Figure 12 to calculate thermodynamic ~ 

quantities for the transition from the double to the single 

strand conformation. Howe~er, since so few points were 

obtained, none of which are at the midpoint of th~ curve, 

the values which one could obtain would not be meaningful. 

If further studies were to indicate that the third 

component, which was ignored in the above treatment, was 

in fact significant, one might attribute such a small component 

to the ORD of the random coil conformation. One could 

verify such an assignment in the following manner, and at 

the same time reduce the set of spectra to a two component 

system. If one were to hydrolyze a sample of omega-mer 

and measure the temperature dependence of the ORD of its 

constituent monomers, the spectra obtained could be 

subtracted from those of the int~ct polymer. If the 

assignment were correct, the data would behave as a two 

.component system in the eigenvalue analysis. 
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IV. PANCREATIC RNASE FINGERPRINTS OF THREE 

UNIQUE OLIGOMERS 

1. Hydrolysi~ Conditions 

45 

The tally of fragments produced by treating a poly-

nucleotide with a nuclease is commonly referred to as the 

fingerprint of the polynucleotide. One would like to use 

a nuclease which cleaves the RNA at specific positions to 

produce a well-defined set of possible fragments. This 

situation facilitates the identification of the hydrolysis 

fragments and allows the hydrolysis conditions to be 

reproduced- accurately.- Unfortunately, only two such ribo

nucleases have been well-documented. One of these is T-l 

ribonuclease which has been found to cleave the phosphodiester 

linkage fbllowing a guanine residue. 43 Since the oligo

nucleotides being studied are the products of T-l ribo

nuclease action, the only remaining nuclease suitable for 

fingerprint work is. pancreatic ribonuclease. 

The specificity of pancreatic RNase for the cleavage 

of phosphodiester bonds following pyrimidine residues has 
44 45 46 been demonstrated by a number of workers. ' , The result 

of the cleavage is an oligonucleotide ending in a terminal 

2' ,3' cyclic phosphate which is converted by a second slower 

reaction, also mediated by the enzyme, to a terminal 3' 

phosphate. 

The hydrolysis conditions initially chosen to give 

cleavage after all pyrimidine residues and conversion to the 
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47 3' phosphate were taken from a paper by Rushizky and Sober. 

A 'sample containing 0.5 - 1.5 mg of the oligomer to be 

hydrolyzed was dissolved in 0.2 ml distilled water. To 

this solution was added 0.005 ml 1.0 M phosphate buffer, 

pH 7.9 and a quantity of a 1% solution of pancreatic ribo

nuclease (Worthington) sufficient to give an enzyme:substrate 

ratio of 1 mg:10 mg. The hydrolysis was allowed to proceed 

at 37°C for 20 hours. 

The unsuitability of the above reaction conditions 

did not become apparent until a satisfactory separation 

technique was devised. The problem of the separ~tion of 

the digestion products will be discussed in Chapter rv.2. 

It was eventually found that the hydrolysis conditions 

being used resulted not only in cleavage after pyrimidines, 

but also after adenosine. This activity has been previously 
48 reported for pancreatic ribonuclease with large amounts 

of enzyme. 

Table IV summarizes the types of cleavage observed. No 

cleavage was observed after an adenosine residue which was 

followed by a pyrimidine arid the greatest amount of cle?vage 

was observed with (Ap)3CP which was principally degraded 

to ApAp and ApCp. It was not determined whether the terminal 

phosphate of the terminal adenosine was in the open or 

cycl~c form. 

As a result of the above observations, a milder set of 

hydrolysis conditions was introduced. The enzyme: substrate 
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TABLE IV 

CLEAVAGES RESULTING IN A TERMINAL Ap OBSERVED 

WITH PANCREATIC RIBONUCLEASE 

Hydrolysis Conditions: 

2.5 - 7.5 mg RNA/ml in 0.025 M P04~ pH 7.9 

1:10 Enzyme:Substrate ratio (by weight) 

20 hour incubation at 37°C 

47 

Initial Oligomer Products % Hydrolysis Observed 

ApCp 

ApUp 

ApApCp 

ApApUp 

ApApApCp 

None 

Ap~ ApCp 

Ap~ ApUp 

Ap, ApApCp 

ApAp, ApCp 

o 

10 - 15% 

8 - 10% 

32 - 40% 
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ratio was reduced to 1 mg:20 mg and the reaction time was 

reduced to 3.5 hours. Under these conditions only 1 - 2% 

hydrolysis of (Ap)3Cp was observed and less than 1% of 

the uridylic acid remained as the cyclic diester. The 

results discussed in later sections were all obtained with 

the revised hydrolysis conditions. 

2. Separation Techniques 

In order to perform the fingerprinting described in 

the preceding section, it is necessary to have a reliable 

and relatively easy method for separating the digestion 

products produced by the action of pancreatic ribonuclease 

on a T-l ribonuclease fragment. The two-dimensional, paper 

electrophoresis-chromatography map published by Rushisky 

and SObel
9 

at first appeared to be ideal for this task. 

A sheet of Whatman 3 MM paper (48 cm x 80 cm) was 

soaked with 0.1 M formic acid (pH 2.3"- 2.4) and allowed 

to equilibrate in an electrophor"esis tank, also containing 

0.1 M formic acid, for one hour. A circular area roughly 

3 cm in diameter was blotted with 3 MM paper, and the 

hydrolysate was spotted op this area in a volume of 0.01 

mI. A potential of 3000 volts was applied across the 

length (80 cm) of the paper for 2.5 hours. The paper was 

removed from the tank and dried. Descending chromatography 

was performed at ninety degrees to the direction of electro-

phoresis. The chromatogram was developed for 30 hours with 

a solvent consisting of 60% tert butanol: 40% 0.05 M NH400CH, 

• i. 
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pH 3.8. The positions of compounds-on the paper were located 

by illumina~ing the chromatogram with UV light. Fig. 13 

shows a trace of the map produced by this procedure. 

Although the map was capable of resolving the expected 

fragmen~s, ~~ere appeared to be small amounts of unidentified 

fragments contained in the digest which were not resolved 

from the. main spots. In particular, the spot which should 

have contained Cp was so badly contaminated that it was 

impossible to be sure that Cp was actually present. There 
, , 

was alsQ a small spot in the lower left corner of the map 

which could not ·be identified at all. As mentioned in the 

pieceding section, most of the above problems were eventually 

traced to the use of improper hydrolysis conditions., How-

ever, this v:as not pos sible until 'an improved separation 

procedure ~as discovered. 

It is possible that another set of chromatography and 

electrophoresis conditions could have been found which would 

have given complete resolution. However, there were two 

other difficulties presented by paper chromatography-

electrophoresis systecis in general. In order to determine 

quantitatively the amount of a fragment present on the map 

by its UV absorbance, it was first necessary to elute the 

material from the paper. This is a tedious processj and, 

as shown by Fig. 14, 5' guanidylic acid could be recovered 

from the paper in yields of only 90%. A more serious 

problem was the occurrence of impurities, some of which were 



direction of motion of a negatively 
charged species during electrophoresis 

Figure 13. A paper electrophoresis -chromatography 
map of the pancreatic ribonuclease 
digestion fragments of the omega-mer. 
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present in the paper originally and were difficult to 

remove, and others which were introduced during electro-

phoresis. These impurities gave UV absorption base lines 

which were erratic and therefore very difficult to correct. 

In order to circumvent the above difficulties a column 

chromatographic procedure using DEAE Sephadex was devised. 

A DEAE Sephadex column (0.4 x 29 cm) was loaded with 

10 - 50 m~ absorbance Units of hydrolystate. The column 

was then developed with 30 ml 0.001 M HCl at a flow rate 

of 15 ml/hr before .ini tiating a pH grad ient . Al though 

.no material is eluted from the column; this step is a 

necessary part of the elution procedure. If the gradient 

is begun immediately, Cp and ApCp may elute together. 

A linear pH gradient was run at a flow rate of 1.7 ml/hr 

from 0.001 M HCI to 0.026 M HCl, 0.01 M KCl in a volume 

of 250 mI .. At approximately the midpoint of the pH 

gradient a salt gradient was superimposed upon it 'by adjusting. 

the reservoir chamber of the gradient apparatus to a 

concentration of 0.1 M in KCl. For maximum resolution 

this gradient change should be introduced after Up has 

.been eluted from the column. 

The identities of oligomers eluted from the column 

were assigned from their elution positions and a knowledge 

of the' specificities of T-l and pancreatic ribonuclease. 

These, assignments were chec.ked by comparing the UV 

absorption spectra of the oligo~e,rs eluted from the column 
- ~.~~ .... 
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with those of known oligomers and, where necessary, by 

rechromatography with known oligomers. In all cases the 

results led to an unambiguous identification, The elution 

profiles shown in Figs. 15, 16, and 17 show the elution 

positions of the fragments obtained by pancreatic ribo

nuclease digestion of the psi-I-mer, psi-2-mer, . and omega

mer. 

The quantitative determination of oligomers which 

elute together, such as A3Cp and Gp, can be done either 

by analyzing theUV absorptioI), spectrum of the mixed 

oligomers or by rechromatography on DEAE-Sephadex at 

neutral pH with a salt gradient, as shown in Fig. 18. 

Between 97% and 98% of the absorbance units placed on 

the column were recovered in the eluent. The slight 

asymmetry observed in the elution profiles of the oligomers 

which eluted before the gradient change is apparently an 

artifact of the elution procedure rather than evidence 

of heterogeneity. When these peaks were rechromatographed 

at neutral pH they each gave an elution profile which 

contained a single symmetric peak. 

This separation technique is actually more versatile 

than is indicated by the above figures. Fig. 19 shows 

the elution pattern obtained from a 'pancreatic ribonuclease 

digest of mixed T-l ribonuclease oligomers of TMV-RNA. 

One sees that it is also possible to resolve oligomers of 

the form (Ap)nGP.' 
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3. Fingerprint Results 

Pancreatic ribonuclease digest~ of the psi-I, psi-2, 

and omega-mers were fractionated by the colu~n chromatography 

procedure of the preceding section: The portions of the 

eluent containing the digestion products were quantitatively 

collected, and their volumes were accurately measured. 

The UV-absorption spectrum of each fraction was measured 

and the number of 260 m~ absorbance units present in the 

fraction was computed. These values were converted to 

micro-molar values with the extinction coefficients shown 

in Table V. The three oligomers being investigated are 

the products of complete digestion with T-I ribonuclease 

which causes cleavage after guanine43 and should, therefore, 

each contain a single, terminal, guanine residue. Thus, 

the mole ratios of each oligomer isolated from the pancreatic 

ribonuclease digest, relative to guanadylic acid, should 

have integral values equal to the number of moles of each 

oligomer per mole of psi-I-mer, psi-2-mer, or omega-mer. 

Table VI shows the mole ratios obtained for two different 

digests of each of the three T-l ribonuclease fragments. 

As mentioned in the preceding section, (Ap)3Cp and Gp 

were eluted as a single peak from the initial column and 

were separated by rechromatography at neutral pH. The 

. results of this rechromatography were corrected to 100% 

yield (fl~om 95%) for comparison with the values obtained 

from the original column. The small amounts of uridine 



Oligonucleotide 

Gp 

Cp 

ApCp 

(Ap)2Cp 

., 

TABLE V 

Spectral Properties of Oligonucleotides at pH 7.5 

Reference 

* 
51 Warshaw 

* 
51 Warshaw 

* 
51 Warshaw 

* 
41 

Cantor 

Stanley 
50 

Extinction 
coefficient 
at 260 mll 

·11.5 

7.5 

21.0 

.... 
30.6 

A2BO/A260 

0.679+0:14 

0.66 

0.9 44±'.003 

1.00 

0.426+.004 

0.44 

O. 3 Bl:!:.. 007 

0.423 

0.39 

A250/A 260 

1.149±..017 

1;16 

0.B64+.003 

0.B3 

0.B09:!:..009 

o. Bo 

0.B23:!:..004 

0.B27 

0.B3 

( • 

en 
0 



Oligonucleotide 

(Ap)3CP 

Up 

ApUp 

(Ap).2UP 

(Ap)3Up 

* 

Reference 

* 

* 
51 Warshaw 

"* 
51 Warshaw 

"* 
41 Cantor 

Stanley 50 

* 

TABLE V (continued) 

Extinction 
coefficient 
at 260 rriJ.l 

41. 6 
(calculated) 

9.9 

24.0 

33.9 

43.1 
(calculated) 

Refers to values obtained in this work. 

A280/A260 

0.369:!:..013 

0.369:!:..009 

0.38 

0.264+.005 

0.27 

0.275+.004 

0.326 

0.28 

0.27 8:!:..004 

i" ., 

A250/A 260 

0.830:!:..009 

0.750:!:..003 

0.73 

0.770:!:..005 

0.77 

0.800+.006 

0.813 

0.81 

0.816+.004 
en 
~ 
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cyclic phosphate present are included in the uridine 3' 

phosphate tally. The values given for ApAp were estimated 

to ±20% from the area under the elution profile. The Cp 

eluted from the column was contaminated with small amounts 

of Ap. The amount of Cp pr"esent was calculated from UV 

absorption spectra using the 280/260 and 250/260 ratios given 

in Table V. Since the spectra of Cp and Ap are quite 

distinct, and since the amount of Ap present was small, 

this procedur~ gives very accurate values for Cp but 

rather poor values for Ap (about ±20%). Between 97% and 

98% of the UV-absorbing material present in the pancreatic 

ribonuclease digests is accounted for by the oligomers 

shown in Table VI. Thus, it is reasonable to assume that 

no digestion fragments have been overlooked. 

Table V also compares the values of the spectra ratios 

obtained for various oligomers with those reported by 

other workers. There is no evidence, either from the 

spectroscopic "data or from rechromatography of the various 

oligomer fractions, which indicates the presence of odd 

bases in the hydrolysates. 

The mole ratios given for the omega-mer show deviations . 
from integral values of only 1% - 2% which is probably 

close to the limiting precision of the techniques employed." 

For the pSi-mers, on the other hand, although the deviations 

between the two measurements are still on the order of 

1% - 2%, the deviations from integral values are in some 

cases as high as 8%. These large deviations are probably 

. "~ 
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TABLE VI 

Pancreatic Fingerprints of the Omega-mer and Psi-mers 

omega-mer J2si-l-mer J2si-2-mer 

* 
closest 

* 
closest 

* 
closest. 

digestion uM fragment integral uM fragment integral uM fragment integral 
fragment per uM G2 value 2er uM G2 value per uM 02 value 

Gp 1.00 1 1.00 1 1.00· 1 

Cp 1.05 1 3.86 4 2.08 2 

ApCp 6.08 6 1.94 2 2.02 2 

(Ap) 2Cp 6. OIl 6 not present 0 1.06· 1 

(Ap)3Cp 1. 96 2 0.92 1 not present 0 

Up 12.00 12 2.04 2 5.30 5 

ApUp 2.96. 3 1.90 2 2.00 2 

(Ap)2Up 3.96 4 0.98 1 1.05 1 

(Ap)3Up not present 0 0.93 1 1.04 1 

Ap 0.10 0 0.04 0 0.05 0 

ApAp Q..:.. 03 0 0.02 0 0.02 0 

A35U19C15G A12U6C7G A11U
9

C
5

G 0) 
(JJ 

* This rigure is the average of the values obtained from two experiments. 
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due to oligonucleotide impurities since it would appear 

that even after rechromatography·the ~si-mer preparations 

are not as pure as those of the omega-mer. Compare 

Fig. 4 with Fig. 5. It is possible that these impurities 

are cleavage prodficts of the psi-mers themselves, produced 

by hydrolysisatth~ acidic conditions at which the 

separation of the pS'i~mers is effected. Howev~r , despite 

the larger deviations observed for the pSi-mers, the data 

p~e$ented are entirely satisfactory for the fingerprint 

determination. The results of the hydrolyses y~eld the 

pancreatic ribonuclease fingerprints shown in Table VI. 

Thus the omega-mer has a chainlength ·of 70, which is 

in agreement with the sedimentation equilibrium measurement, 

and the psi-mers both have chainlength-s of 26. The 

information g,ained from these fingerprints allows one to 

. draw a number of conclusions about the biological 

function of certain regions of the viral RNA. These 

conclusions will be the subject of Chapter VI . 

. ' . 
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. V. ATTEMPTS TO OBTAIN C-SPECIFICCLEAVAGE 

1. Carbodiimide Blocking Groups 

Pancreatic ribonuclease digestion of the omega-mer 

and psi-mer produces such a. large number of fragments 

that ordering them by any sort of partial digestion 

technique would be a very difficult task. A possible 

method .of simplifying the problem would be to devise away 

of achieving cleavage only after· cytidine. This, would, 

in general, lead to half the number of fragments produced 

by treatment with pancreatic ribonuclease. Aseries of 

papers by Gilham and his co_workers52 ,53 describes a 

technique for achieving specific cleavage after -cytosine 

with pancreatic ribonuclease by the addition of a carbodiimide 

derivative to the uracil ring which then protects these 

sites from the enzyme. 

The specificity of the action of Gilham's reagent 

(1 cyclohexl-3-(2-morpholinoethyl)-carbodiimide metho-p

toluenesulfonate, Aldrich Chem. Co.) on the mononucleotides 

was verified by the following experiment. 

Four samples, each. containing 10 mg of one of the four 

nucleotides Ap, Gp, Cp, Up, were dissolved in four 2 ml 

portions of distilled water. To each of the four solutiorts 

was added 200 mg of Gilham's reagent and enough 0.1 M NaOH 

to bring the pH toS.2. The reaction was allowed to proceed 

for 20 hours at 25°C. Electrophoresis was performed on 
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0.05 ml aliquots of each of the s'amples using the techniques 
\ 

described in Section 2 of the preceding chapter. A field 

of 3000 volts was applied for 1.5 hours across 80 cm of 

paper·wet with 0.05 M NH400CH, pH 2.7. Untreated samples 

of the four nucl.eotides were run as markers on the same 

paper. 

The reaction mixtures containing Ap and Cp showed 

only tho'se spots cQrresponding to the reagent and to 

unreacted Ap' and Cp. By contrast, the other two solutiorLs 
( 

contained no detectable Up ornp. Instead, each of these 

solutions contained, in addition. to the unreacted reagent, 

_a compound which·moved towards the negative electrode in 

electrophoresis. This is the behavior which one would 

predict for the products formed ~y th~ addition of the 

posi tively cha:rged reagent to Up and Gp.· Each of .the two 

positively charged species was eluted in approximately 0.5 

ml of distilled water, -and an equal volume of concentrated 

NH40H was added to each sample. After standing for 2 hours 

at 25°C the two preparations were-subjected to electrophoresis 

under the conditions given above. After treatment with 

NH40H each sample showed. a single spot corresponding to 

Up and Gp. Both the addition and removal of the carbodi imide 
i 

appeared to be at least 99% complete. 

Although the results of the reaction'of Gilham'S 

reagent with the mononucleotides were very encouraging, 

attempts to achieve C-specific cleavage of oligonucleotides 

were not nearly so sa,tisfactory. In order to insure complete 
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reaction of the carbodiimide with an oligonucleotide one 

wants to dest~oy'any secondary or tertiary structure 

possessed by the oligomer. Accordingly, the reaction was 

carried out in 2 ml 7 M urea, 10-3 M EDTA containing 20 mg 

of oligomers of chainlength 7 - 10 obtained by T-l 

ribonuclease hydrolysis of TMV-RNA. Two hundred mg of 

Gilham's reagent was added and the pH was ad.justed to 9.2 

with 0.1 M NaOH. The reaction was performed at 2.5 0 C for 

20 hours. 

The reaction was terminated by adjusting the mixture 

to pH 7.2 with 0.1 M HCl. The urea and unreacted reagent 

were removed by successive dialysis for 4 hour periods 

against 4 liters 0.1 M NaCl, 4 liters distilled water, and 

4 liters 10-3 M P04 , pH 7.2. After the addition of 0.04 

ml 1.0 M P04 , pH 7.2 and 0.1 ml of a 1% solution of pancreatic 

ribonuclease the sample was incubated for 20 hours at 25°C. 

Before removing the carbodiimide from the uracil, it 

is first necessary to inactivate the ribonuclease. The 

enzyme was first denatured by allowing the sample to stand 

for 20 hours at 25°C after the addition of one volume 

(approximately 3 ml) dimethylformamide and O.lml 

t3-mercaptoethanol.· During the denaturation process it 

is important that oxygen be excluded. This WaS accomplished 

by flushing the container with nitrogen before sealing it. 

The sample was evacuated to dryness and dissolved in 2 ml 

of distilled.water which had been placed in an evacuated 

chamber to remove dissolved oxygen. The sample was adjusted 
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to pH 7.0 with 0.1 MNaO~, 0.1 ml of a 1% solution of 

pronase (Calbiochem, B grade) was added, and after it was 

flushed with nitrogen the container was again sealed. The 

pronase digestion of the ribonuclease was allowed to 

proceed for 24 hours at 25°C. The sample was finally 

lyophilyzed to dryness and taken up in 0.2 ml distilled 

water. 

A 0.05 ml aliquot of the above solution was mapped 

in the paper electrophoresis-chromatography system described 

in Chapter IV.2. In this preliminary work no attempt was 

made to-identify all of the fragments present in the map. 

The hydrolysates were principally examined for the presence 

of Up. If- one succeeded in blocking the action of pancreatic 

ribonuclease adjacent touridine residues; the only 

remaining sites susceptible to cleavage by this enzyme 

would occur on the 3' linked side of a cytidine residue. 

Thus, all of the- digestion fragments resulting from 

pancreatic ribonuclease treatment would be of the form 

,(An' Um)Cp, except for terminal fragments of the form 

(An,Um)Gp. It would be impossible to obtain Up as a 

digestion fragment. Therefore, the presence of Up in a-

hydrolysate would indicate that cleavage was occurring 

adjacent to uridine residues. The results obtained 

with the carbodiimide blocking group were not reproducible. -

Fig. 20 illustrates a trial hydrolysis which contained 
, -

a large amo~nt of uridylic acid while the result of the 

trial hydrolysi~ shown in Fig. 21 indicates that the blocking 

. -. 
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direction of motion of a negatively 
charged species during e lectrophoresis 

Figure 20. The result of pancreatic ribonuclease 
hydrolysis with the Gilham blocking 
reagent. 

(Note the presence of Up in the digest. ) 
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direction of motion of a negatively 
charged species during electrophoresis 

Figure 21. The result of pancreatic ribonuclease 
hydrolysis with the Gilham blocking 
reagent. 

(Note the presence of positively 
charged fragments in the digest. ) 
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group was not completely removed as evidenced by the 

presence of the positively c!1arged components to the right 

of the origin . 

In a more recent paper Gilham
54 

also reports the 

presence of Up in his digests~ but only in trace amounts. 

He reports no difficulty in removing the blocking group. 

If the cleavage after Up is due·to·incomplete reaction of 

the blocking group~ ·one might solve the problem by running 

the reaction at a higher temperature. Mandeles 10 has 

reported success in removing the ribonuclease with bentonite 

which would considerably simplify the procedure given 

here. However~ he also has experienced difficulty in the 

removal of the reagent with NH4 0H. Even the rather poor 

results presented here seem to indicate that Gilham's 

technique is a satisfactory method of preparing oligomers 

cont~ining uridine with a terminal Cpo However~ it became 

apparent that considerable time and effort would be 

required to develop a satisfactory analytical technique. 

For this reason~ work on the carbodiimide reagent was 

abandoned in favor of the alternative to be described 

in Chapter V.2 . 

2. An Acid-Soluble Nuclease from E. Coli 

• At present only two of the ribonuc1eases have been 

clearly demonstrated to possess a marked specificity for 

cleavage of the phosphodiester bond adjacent to specific 
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c:;c:; 

bases. HOi'J'ever~ in 1965 Anderson .and carter"""" reported 

the isolation of an acid-soluble nuclease preparation, , 

from ribos'omes of E. Coli, \>Jhose rate of hydrolysis was 

much greater for poly C than that for either poly A or 

poly U. The same paper described a similar preparation 

which was obtained from the salt fractionated alkaline 

phospi').atase (BAPSF) sold by the Worthington Biochem. Corp. 

Alth<;mgh the nucle~se obtained from the lat,ter source was 

capable of hydrolyzing poly Cat a rapid rate, it showed 

no activity at all for poly A and poly U. Thus, it 

seemed 'North~lJ'hile to investigate this nuclease preparation 

as a means of obtaining specific cleavage after cytidine. 

The procedure used in isolating the nuclease was the 
C:;5 

same as that described by Anderson and Carter."" One 

vial of Worthington alkaline phosphatase (BAPSF) containing 

10 mg of protein was dissolved in 5 ml distilled water at 

O°C. One ml of 1.0 M HCI04~ also at O°C~ was added to 

precipitate the phosphatase. The precipitated protein 

was removed by centrifugatidn at 12,000 x g. for 5 ~inutes 

at 4°C, and the supernatant was adjusted to pH 7~5 - 8.0 

. with 1.0 M KOH. In order to insure maximum precipitation 

of the insoluble KCl04 , the neutra~ized solution was 

held at O°C for 10 minutes before being centrifuged 

at 12,000 x g. for 10 minutes. The resulting nuclease 

preparation, designated BAPSF-Ac by Anderson and Carter, 

was stored frozen at -20°C. 
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The enzyme was assayed by following the rele.ase of 

acid-soluble products fr6m polycytidylic acid. The assay 

mixture contained 3 ml of 0.067 melml polycytidylic acid 

in 0.04 M Tris-Cl~ pH 8.0, and 0.05 ml - 0.10 ml of 

BAPSF-Ac. After being incubated for 10 minutes at 37°C, 

the reaction was terminated by the addition of 1 ml 1.0 M 

HCI04 at O°C. The assay samples were kept at O°C for 

10 m~nutes to insure complete precipitation of the poly-
/' 

nucleotide~ which was then removed by centrifugation at 
7 

12~000 x g. for 10 minutes. The absorption of the 

supernatants was measured at 280 mlJ.. One unit of nuclease 

activity caused an increase of 0.1 in the -280 mlJ. absorbance 

under the above assay conditions. The specific activity 

was defined as the number of units of activity per mg 
~6 

of protein as determined by the Lowry"'. method. 

The BAPSF-Ac fractions were found to contain about 0.1 

mg/ml of 'protein, which is in agreement with the value of 

0.092 mg/ml reported by Anderson and Carter. However, 

the specific a~tivities obtained were on the order of 200 

units/mg which was a factor of ten less than the value 

given by the above authors. It is possible that the 

difference in activities is due to variations in the amount 

of contaminating nuclease present in the Worthington 

phosphatase, although preparations made by this author 

from two different lots of BAPSF (6167 and 6GA) showed 

only small variations in activity. No attempt was made 

to verify the absence of anion and· cation requirements 
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reported by Anderson and CaTter for this enzyme. 

The products of poly C hydrolYSis were found to 

terminate in a 2',3' cyclic phosphate. When the above 

assay was performed in a titrimeter in the absence of 

Tris-Cl buffer., no hydrogen ion was evolved over a period 

of 4 hours although the poly C was completely degraded to 

acid-soluple products. If the reaction which opens the 

cyclic phosphates proceeds at a'll., it does so at an 

immeasurably slow rate. 

In an experiment designed to test the nucleotide 

specificity of the BAPSF-Ac fraction., four 0.05 ml portions 

of enzyme., each containing one unit of activity., were 

combined with 0.1 mg portions of poly A., poly U., and poly C, 

each in a volume of 0.05 ml of 0.04 M Tris-Cl buffer., pH 

8.0. The reaction mixtures were incubated.for 12 hours 

at 37°C and then spotted along with untreated samples 

of the threehomopolymers on a 46 x .58 cm sheet of Whatman 

3 MM paper. Descending chromatography was performed for 

20 hours in a solvent system composed of 50% I-propanol, 

25% water., and 25% concentrated ammonium hydroxide. 

Although the amount of enzyme used in the reaction was 

capable of converting all of the poly C into acid.,...soluble 

products in about. 2 hours., Fig. 22 shows tha~ appreciable 

amounts of dimer., trimer, and tetramer remain in the 

digest even after 12 hours. One-half to two-thirds 

of the nucleotides were judged to be present as cytidine 

2'., 3' cyclic phosphate with the remaining material fairly 
t 



tetramer 

trimer 

dimer 

monomer 

Figure 22. 

75 

1 2 3 4 5 6 7 

Chromatography of BAPSF-Ac digests of homopolymers. 

1. poly C 

2. poly C plus BAPSF-Ac 

3. poly A Developed for 20 hr 

4. poly A plus BAPSF-Ac with 2 : 1 : 1 : 
i-propanol: water: 

5. poly U ammonium hydroxide 

6. poly U plus BAPSF-Ac 

7. BAPSF-Ac 



76 

equally distributed as dil'Le~:" tr.imer, and tetramer. It 

would seem that the BAPS?-Ac ·fraction is either incapable 

of hydrolyzing small homo-o::"igomers of cytidylic acid 

or does so at a greatly reduced rate compared to it's action 

on poly-Cpo No degradatio~ products were observed for 

either ~oly A or poly U .. However~ it was observed that 

the poly U sample treated· with enzyme tailed from the 

origin slightly more than did the control. This effect 

may indicate that a small nu~ber of breaks occurred 

in the poly U, or it may only be an artifact since some 

tailing occurred in the control. An experiment similar 

to the one described above was used to test the specificity 

of BAPSF-Ac towards the four dinucleoside phosphates 

'ApC, UpC, CpC, and GpC. Under reaction conditions identical 

to those described above no activity was observed for 

any of the four compounds. Thus, it appears· that this 

enzyme preparation requires, at least, a trimer as substrate, 

and shows appreciable activity only for oligomers having 

chainlengths greater than four. 

A 0.5 mg sample of T-l ribonuclease fragments of 

TMV- RNA (of chainlengths of 7 -10) in 0.05 ml 0.04 M 
. , 

Tris-Cl pH 8 .. 0 was incubated with 0.3ml of BAPSF-Ac 

containing five to six units of activity. The hydrolysis 

was performed at 37°C for a period of 20 hours. The 

hydrolysate was mapped with the paper electrophoresis-

chromatography system described in Chapter IV.2. Fig. 

23 shows the pattern of fragments obtained from the 
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Figure 23. The hydrolysis of T-1 fragments 
with BAPSF -Ac. 
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hydrolysate. Only'four of the fragments, Cp, Gp, ApGp, 

and UpGp, were definitely identified. The significant 

observation;to be made is that Up, which would result 

from cleavage following a uridine residue, is absent 

from the digest. The portion of the map which should 

contain this nucleotide ~s completely blank. 

Although a definitive test, in which all of the frag~ 

ments of a BAPSF-Ac RNA hydrolysate are identified, has 

not been performed, it seems clear that for the enzyme 

concentrations used in these experiments no significant amount 

of hydrolysis is obtained after any nucleoside other than 

cytidine. Unfortunately, the cleavage after cytidine is 

not compJ,.ete. It may be that trimers and tetramers can 

be hydrolyzed at higher levels of enzyme althou~h cleavage 

after uridine may become a problem under these conditions. 

In any case, the dimers appear to be completely inert to 

the action of the enzyme. Thus, this nuclease preparation 

will probably not be as useful as T-l and pancreatic ribo

nuclease; but it appears to offer a perfectly feasible 

way of obtaining C-specific cleavage. 

3. Additional Sequence Studies on the Omega-mer 

The results obtained with the BAPSF-Ac fraction 

described in the preceding section encouraged its use 

in two experiments with the omega-mer. The first of 

these was an attempt to obtain the fingerprint resulting 

from cleavage after cytidine. A 0.5 mg sample of omega-mer 

• 
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was hydrolysed with 5 units of BAPSF-Ac in a volume of 

0.3 ml 0.04 M Tris-Cl, pH 8.0. The reaction was 

carried out at 37°C for 20 h6urs. The, hydrolysate was 

mapped in the paper electrophoresis-chromatography system 

which has been previously described. The pattern of 

spots obtained from the hydrolysate, is shown in Fig. 24. 

The spots, labeled 5, 6, and 7 were eluted from the paper 

in 0,.05 ml of water and hydrolized with pancreatic ribo

nuclease. The solutions containing the fragments from 

the map were combined with 0.02 mg of enzyme, 0.005 ml of 

1.0 M P04 , pH 8.0, and digested for 20 hours at 37°C. 

The secondary hydrolysates were then mapped in the same 

system used above. 

It was possible to identify some of the pancreatic 

ribonuclease fragments from their positions in the secondary 

maps. Spot number 5 was found to yield G and ApApUp while 

in the case of spot number 7 only ApApUp was observed 

in the secondary digest. The number of absorbance units 

contained in spot number 6 was so low that none of its 

pancreatic fragments could be identified. It is apparent 

that these results do not accourit for all of the fragments 

which one would expect fo find in the'secondary digests. 

For example, during electrophoresis in the primary map, 

spot number 7 moved a distance greater than or equal to 

that which one would expect for thedimer ApUp. Yet, when 

the material contained in this spot was treated with pan

creatic ribonuclease, the only detectable digestion product 
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was ApApUp which, at pH 2.4, possesses an electrophoretic 

mobility much lower than that of ApUp .. In order to 

account for the mobility of the oligomer present in 

spot number 7, . it is necessary to include at least one 

additional uridine residue in its sequence. One concludes 

that small amounts of Up may have· gone" undetected in all 
:"., 

of the secondary maps. The difficulty in detecting the 

uridine monophosphate fragments is that Up tends to form 

large diffuse spots which make it impossible to detect 

in small amounts. 

,The results of this experiment are such that it is 

impossible to determine whether any cleavage has occurred 

after uridine. In order to obtain clear results it will 

be necessary to perform this experiment with much larger 

amounts of material. It would also be desirable to use 

a co.lumn chromatographic separation scheme. The dis

advantages of the paperelectrophoresis-chromatographi 

system were discussed earlier. It does appear from the 

above experiment that the terminal sequence of the omega-mer 

is ApApUpGp. However, it must be admitted that the position 

of spot number 5 is such that the sequences UpApApUpGp 

and ApApUpUpGp can not be ruled out. 

Although the question of the specificity of the BAPSF-Ac 

preparation has not been definitely settled, it is clear 
/ 

that this enzyme preparation possesses a marked preference 

for cleavage after cytidine. Thus, it seemed to be a better 

choice thanipancreatic ribonuclease for obtaining partial 
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hydrolysis of the omega-mer. It was hoped that, by performing 

hydrolyses for short periods of time, at low temperature, 

and in the presence of magnesium, the enzyme could be made 

to preferentially cleave a small number of diester linkages 

in the omega-mer. The reaction mixtures contained 0.3 mg 

omega-mer, 10 units ofBAPSF-Ac, 10 ~M Tris-Cl, pH 8.0, 

40 IJ.M KCl,' and 4 IJ.M MgC12 in a total volume of 1 mI. The 

hydrolisis was performed at O°C. 

A quantity of solid urea sufficient to bring the urea 

concentration to 7 M was added to each hydrolysate. It was 

then loaded on a 0.4 cm x 29 cm column packed with DEAE

Sephadex A-25 which. had been previously equilibrated with 

7 M urea. The column was eluted with a linear salt gradient 

running- from z,ero to 0.8 M NaCl in 250 ml of 7 M urea. The 

flowrate was maintained at 2 ml/hr. Fig. 25 and 26 show 

the elution patterns obtained for hydrolysis times of 20 

minutes and 7 hours. 

The elution· profiles indicate that essentially random 

hydrolysis is occurring. If the enzyme does possess a 

perference for cleavage at certain sites in the omega-mer, 

this preference is not large enough to allow one to obtain 

a significantly large yield of anyone fragment. In 

theory, one such partial digest should contain all the 

information needed ·to reconstruct the entire sequence. 

:tn prac~ice, unless one can obtain large yields of a felt! 

fragments, the proces~ of sorting out a large number of 

.. 
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fragments for further analysis is extremel.:( difficult 

and requires large amounts of starting material. Thus} 

the method of partial hydrolysis used here does not seem 

particularly attractive. An alternate method is suggested 

in Chapter VI.3. 
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VI. DISCUSSION 

1. The Location of Digesticn Fragments in nW..,..RNA and 

the Question of thei~ U~iquen~ss 

12 A series of experiments performed by Mandeles' have 

a very direct connection. with the work. reported here. It 

is desirable that these experiments should be discussed 

before proceeding with a discussion of the results of the 

fingerprinting experiments. It has been shown57 that 

the action of sodium dodecylsulfate (SDS) on TMV is such 

that the coat protein is removed sequentially from one end 

of the virus rod. The RNA which is expoSed always contains 

·58 the end with the free 3' hydroxyl group. The extent 

to which the coat protein is stripped from the virus can 

be controlled by the SDS concentration, the temperature, 

and the reaction tim~.59 Thus, one can perform an experi-

ment on a terminal segment of the TMV-RNA strand. This 

technique has been used by Kado and Knight60 to determine 

the position of the gene responsible for the local lesion 

mutation of TrW. 

In the work Teported by Mandeles, three percent to 

fifty percent of the coat protein ~as stripped from a 

number of samples of TMV. The average amount of stripping 

was determined from the decrease in light scattering, the 

amount of 280 m~ absorbing material liberated from the 

vir~s, and the amount of RNA which became susceptible to 

hydrolysis by ribonuclease T-l. The partially stripped 
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virus was isolated and the exposed RNA was hydrolyzed with 

ribonuclease T-l. The unstripped portion of the virus 

was isolated and its RNA was extracted and hydrolyzed. 

The hydrolysates were chromatogramed on DEAE Sephadex 

under conditions similar to those described in Chapter II. 

The amounts of psi-mers and omega-mer present were 

determined for each hydrolysate. A plot of the amount of 

om~ga-mer or psi-mer released by T-l ribonuclease hydrolysis 

as a function of the percent of protein stripped can be 

used to determine the approximate location of the oligomer 

in the RNA strand. Such a plot should have a sigmoid 

shape; and the percentage of protein stripped at the 

inflection point of the curve should give the position of 

the oligomer in the viral RNA. 

Mandeles has placed the psi-I-mer only 360 nucleo

tides from the 3' end of the virus and the psi-2-mer 

roughly at the center of the RNA strand. The omega-mer 

was determined to be no more than 180 nucleotides from 

the 3' terminus~ This figure is only an upper estimate 

since the smallest amount of stripping obtained was 3%, 

at which point almost all of the omega~mer was exposed. 

If one uses the curve in Mandeles' paper showing the 

release of psi-I-mer to make a guess at the width of 

the distribution curve for the stripping reaction, one 

concludes that the omega-mer is probably located only 

80-100nucleotides from the end of the RNA. Since this 

is an estimate of the position of the 5' end of the 
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omega-mer, and since the chainlength of the omega-mer 

is 70 nucleotides, the guanine at the 3' end of the 

omega-mer is probably as little as 10 to 30 nucleotides 

removed from the end of the viral RNA. If the omega-mer 

is within 10 to 20 nucleotides of the end of the virus 

it should be quite feasible to determine the sequence of 

the intervening nucleotides. This could be done by partial 

hydrolysis of the partially stripped virus with T-l 

ribonuclease. If the amount of stripping were kept small, 

one would have relatively few fragments to isolate. The 

result of these considerations is that the sequence of 

the omega-mer is of much more interest than would be 

the case if it were located in the interior of the RNA 

strand. The fortuitous position of the omega-mer makes 

it reasonable to suppose that one can determine the 

sequence of the first one hundred nucleotides of TMV-RNA 

using existing techniques~ 

In addition to locating the psi-mers and omega-mer 

on the TMV-RNA strand, the stripping experiments of 

Mandeles also support the thesis that these oligomers are 

unique in the viral RNA. Although the results of the pan

creatic ribonuclease fingerprints are very strong evidence 

for the homogeneity of the three oligomer preparations, 

the information obtainable from a fingerprinting experiment 

does not provide a conclusive test of homogeneity. Consider 

the case of the trimers UpUpGp and CpCpGp. An equimolar 
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mixture of these trimers would appear homogeneous in a 

fingerprinting experiment performed with pancreatic ribo

nuclease. The fingerprint obtained would be identical 

with that of either of the single trimers UpCpGp or CpUpGp . 

However,the probability of the occurrence of such a 

relationship between the sequences of the two 26-mers or 

two 70-m~rs is extremely ldw. Another objection fo such 

a coincidence is that it would require the yield of oligomer 

obtained from theTMV-RNA to be only 35% - 40% which is 

unreasonably low. The stripping experiments provide a 

third objection. They indicate that if one were, for 

example, to assume the existence of two fragments in 

the omega-mer preparation, not only would they have to 

have compatible fingerprints, but they \'lOuld also have 

to occupy nearly adjacent positions in the RNA chain. 

The existence of these constraints practically insures 

the homogeneity of the three oligomer preparations. 

2. The Genetic Function of the Psi-mers and Omega-mer 

Although the sequences of the psi-mers and omega-mer 

have not yet been obtained, one can draw s6me conclusions 

about the genetic function of the regions of the TMV-RNA 

which comprise these oligomers~ The amino acid sequence 

of the coat protein of TMV-RNA is shown in Fig. 27. Due 

to the degeneracy of the genetic code, it is icipossible 

to use this amino acid sequence to construct a unique gene 
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Figure 27. The Amino Acid Sequence of Common TMV Coat proteln. 6l ,62 
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for the coat protein. HoWever, on~ can look for sequences 

of amino acidi in the coat protein whose code words are 

not required to contain guanine. Long ~tretches of these 

amino acids may correspond to long oligo~~rs in a T-I 

ribonuclease digest of TMV-RNA. 

There is no sequence in the TMV coat protein long 

enough to account for an oligomer the size of the omega-mer 

and there is only one such sequence which is long enough 

to correspond to the psi-mers. If one constructs the 

various models, allowed by the genetic code, of the RNA 

corresponding to this amino acid sequence J one sees that 

it is impossible to obtain a T-l oligomer of 26 nucleotides. 

The closest nucleotide sequences which one can construct 

have chainlengths of 24, 27, 28, and 31. Furthermore, 
. , 

the pancreatic fingerprints of these sequences are quite 

different from those observed for the psi-mers. Thus, 

one concludes that none of the three T-l oligomers studied 

in this work can be part of the gene which codes for the 

coat·protein of TMV. This conclusion is in agreement 

with the very recently published findings of Kado and 

Knight. 63 These authors have determined that the 

. gene for the coat protein is located in the first half 

of the viral RNA beginning with the 5' end of the molecule. 

As ment~oned in Chapter VI.l, the psi-mersand omega-mer 

are all located in the opposite half of the RNA strand. 

It is unfortunate that none of the other proteins produced 

by the virus have even been identified. 
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Theparticul~rly interesting properties ,of the omega-mer 

are its unusual length and the rather severe limitationS 

on the amino acids for which it can code. If one takes 

a random sequence of 6500 nucleotides, having an appropriate 

composition,64 as.a model for TMV-RNA, one can approximate 

the probability of finding a T-l oligomer of n or more 

nucleotides in the following manner. If one is to obtain 

a fragment of chainlength gre~t~r than or equal to n 

from a T-lribonuclease hydrolysate, there must exist a 

sequence of at least n-l of the n~cleosides A, U, and C 

succeeded by G. The probability of choosing such a 

sequence of nucleosides from an infinite reservoir is 
n-l . 

w(l - w). ,where w is the fraction of G in the reservoir. 

In a molecule of N, €?reater than n, nucleosides there are 

N - n positions at which the terminal G may occur. The 

probability that such a sequence will appear nowhere in the 

chain of N nucleosides is 

Therefore, the probability that a least one such sequence 

will occur is given by the expression 

w(l _ w)n-l . ] N-n 

For TMV-RNA, with w = 0.243, one computes the probability 

of finding one or more T-l oligomers of chainlength greater 

than or equal to 70 nucleotides to be on the order of ten 

to the minus five. 

.. 
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One can look upon the course of evolution as being 

the result of two opposing processes. The process of 

mutation tends to produce random fluctuations in the 

sequence of an RNA while the process of selection tends 

to freeze those fluctuations which enhance an organism's 

ability to survive. The t~ndency of the selection 

process to prevent the propagation of changes in the RNA 

sequence depends upon the function of the RNA. Thus, an 

examination of the amino acid sequences of cytochromes c 
65 from various sources shows that, while the sequences of 

certain regions of the enzymes may vary considerably, the 

region which binds the heme group shows very little 

variation in amino acid sequence. In general, one expects 

regions such as the active site of an enzyme to undergo 

less variation during the process of evolution than the 

enzyme as a whole. The existence of an RNA sequence of 

extremely low probability, as calculated on the basis 

of a random model, can be taken as an indication that 

the region of RNA involved serves a function vital to the 

survival of the organism. Since the omega-mer has such a 

lOw probability of occurrence, one wonders if it might 

not be responsible either for some control mechanism or 

for the synthesis of the active site of an enzyme. 

Proceeding on the assumption that the omega-mer is 

part of one of the TMV genes, one sees that the pancreatic 

fingerprint places certain restrictions on the amino acids 

which can be encoded in this sequence. The following four 
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observations are significant: 

1) There is a single terminal Gp. 

2) A block of Ap's longer than two occurs ~nly twice. 

3) A Cp preceded by a pyrimidine occurs only once. 

4) Fifty percent of the nucleotide composition is 

accounted for by Ap. 

The first observation eliminates from consideration 

the eight amino acids whose code words must contain a Gp. 

The remaining amino acids and their non-G-containing codp. 

words are shown in Table VII. The second statement 

requires lysine to appear no more than twice. The appearance 

of lysine depends upon the phase in which the two blocks 

of Ap's are read. Since there are three possible phases, 

the probability of lysine appearing twice is 1/9. The 

probability of only one of the blocks being read in the 

correct phase is 4/9; and there is a probability of 4/9 

that lysine will not appear at all. By similar reasoning, 

one can show from statement three that there are two 

chances in three that neither serine nor proline will 

occur. One can obtain, at most, 'one serine and no proline 

or one proline and no serine. At this point, there are 

nine remaining amino acids which have not been either 

elim~nated or restricted to limited occurrence. However, 

due t.o the high adenine content of the omega-mer, at 

least half of the 23 amino acids being coded must come from 

the group: methionine, threonine, glutamine, and 

asparagine, which contain two Ap's in their code words. 

' .. 
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TABLE VII 

AMINO ACID CODE WORDS 'I'HAT DO NOT CONTAIN G 

Code Words ContaininG!: 
><' 

the Sequences UC, CC l or AAA 

AAA lysine UCA} 
UCU . serine 

AUC isoleucine UCC 

ACC threonine 

UUC phenylalanine CCA} 
CCU proline 

CUC leucine CCC 

Code Words Containing Two A's 

AAU} 
AAC asparagine 

UAA stop 

CAA glutamine 

Remaining 

UUU phenylalanine 

AUU isoleucine 

CUA} . 
CUU leucine 
UUA 

AUA methionine 

ACA threonine 

Code Words 

ACU threonine 

UAC} 
UAU tyrosine 

. CAC} 
CAU histidine 

95 
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Furthermore, if 'the Up's occur in blocks such that they 

code for the maximum of four phenylalanines, the above 

group of four amino acids will comprise about 16 0f 

the remaining 19 possibilities. 

One expects that enzymes which have similar qr 

identical specificities will have similar amino acid 

sequences in various species. 65 ,66,67 Thus, one might 

be able to determine what type of ~nzyme is made at the 

3' end of the viral RNA by looking for B class of enzymes 

which contain a region rich. in the four amino acids listed 

above. Unfortunately, the extensive listing of amino acid 

sequences needed for suchan approach is not available. 

The interesting feature cif the psi-mers is the 

similarity of their finge~p~ints. It is currently.believed 

that, as complex organisms evolve from simple organisms, 
68 

a process of gene doubling must occur. As the evolut~onary 

process proceeds the pair of genes thus produced will 

gradually become dissimilar through a process of random 

mutation. However, if mutations ofa certain region are 

usually lethai, a certain am6unt of homology might persist 

between the gene pair. The probability, on the basis 

of a random model, of finding two distinct regions of 

TMV-RNA which are identical to 26'nucleotides is so small 
15 . 

(on the order of 10- ) that one would consider this 

situation to be a negation of the random hypothesis. The 

obvious alternative hypothesis would be that one. is 

observing a situation which is the result of gene doubling. 

.. 

.~ 
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One should keep in mind the fact that, no matter how low 

the probability, orie cari not ignore the random hypothesis 

with complete certainty. 

The two psi-mers have id~ntica1 chainlengths, and, 

wi~h the exception of three base changes, their finger-

prints match perfectly. 

C, C, AAAC, C, C, AC, AC, U, U, AU, AU, AAU, AAAU, G 

U, U, U, AAC, C, C, AC,.AC, U, U, AU, AU, AAU, AAAU, G 

Two of the base changes ar~ C to U conversions which is 

a well-known type of point mutation. The third change 

psi-l 

psi-2 

would require converting A to U. One ~ould like to know 

whether~he similarity of the above fingerprints represents 

an event of low enough probability to make its occurrence 

on a random basis doubtful. 

The probability of the observed similarity in the ps~-

mer fingerprints is the product of the following three 

probability calculations: 

I) The probability of obtaining a T-l ribonuclease 

fragment of chainlength n when w is the fractiori of G . 

in an RNA of chain length N: 

pen) I 1 - w (1 ,- w) -[ 
2 n 1]. N-n 

2) The probability of obtaining a given base 

composition, A U Ct ' correct to within m bases when the . r s . 

reservoir has the composition AxUyC z ' where r, s, and t 

are integers such that r + s + t = n - 1; and 

x + y + z = 1: 



P(m,r,s,t) = 
i,j 

(r+s+t)! xr +i yS+3 zt-i~j 
(r+i)l (5+j)1 (t-i-j)l 
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.The summation ranges over> values of i and j between -m and 

+m such that i + j is always between -m and +m (see Table 

VIII) . 

3) The probability of obtaining a .given pancreatic 

fingerprint from an oligomer .of composition, ArUsCtG: 

P(fp) = 
r~h . ]-1 
L P 1, h P s, k P t , r-h - k 

k=O 

The Pi,j are obtained from the array in Table IX. This 

last problem is equivalent to asking for the number of 

ways of arranging r indistinguishable objects (the A's) 

.among three class~s of containers (s U's, t C's and the 

terminal G), such that the classes are distinguishable, but 

the members of each class are not. 

For the case in poirtt, the three probabilities Pen), 

P(m,r,s,t), and P(fp) were computed to be 0.26, 0.47, 

and 0.00034 respectively. Thus the .odds of obtaining the 

observed similarities fpr the p~i-mers are about one 

in twenty thousand. These odds are unfavo~able enough 

to give credence to the possibility that one is observing 

a case of gene doubling. This hypothesis c.ould be either 

greatly strengthened. or disproved tiy determing the complete 

sequences of both psi-mers. For this reason, one is 
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TABLE VIII 

Values of r! s! t! ' i j -i-j 
(r+i)! (S+j)! (t-i-j)! x Y z 

with r = 12, s = 6, t = 7, x = 0.3Bl, y = 0.365, z = 0.254 

for i = ~3····+3, j'= -3····+3, such that (i+j) = -3·····+3 

i = -3 -2 -1 0 +1 +2 +3 

j = +3 2.302 4.B32 2.143 1. 237 

+2 1.Boo 2.164 2.066 1. 550 0.B92 

+1 1.113 " 1. 504 1. 642 1. 437 0.996 0.533 

0 0.543 0.B14 1.000 1.000 0.807 0.520 0.260 

-1 0.340 0.464 0.521 0.482 0.362 0.217 

-2 0.162 0.202' 0.209 o.lBo 0.126 

~3 0.056 0.065 0.620 , 0.050 

, (r+s+t)! xr s t 
The sum of the values in the table, when multiplied by r! s! tl 

z 

equal to 0~01346, gives P(m,r,s,t). 
to 
to 



TABLE IX 

THE NUMBER OF WAYS OF ARRANGING N INDISTINGUISHABLE OBJECTS IN M INDISTINGUISHABLE BOXES 

o 1 2 3 4 5 6 7 8 9 10 11 12 

1 1 1 1 1 1 1 1 1 1 1 ·1 1 1 

2 1 1 2 2 3 3 4 4 . 5 5 6 6 7 

3 1 .1 2 3 4 5 7 8 10 12 14 . 16 19 

4 1 1 2 3 5 6 9 11 15 18 23 27 34 

5 1 1 2 3 5 7 10 13 18 23 30 37 47 

6 1 1 2 3 5 7 ~ 11 14 20 26 35 44 58 

." 7 1 1 2 3 5 7 11 15 21 28 38 49 65 

8" 1 1 2 3 5 7 11 15 22 29 _40 52 70 

9 I 1 1 2 3 5 7 11 15 22 30 41 54 73 

10 1 1 2 3 5 7 11 15 22 30 42 55 75 

11 I "I 1 2 3 5 7 11 15 22 30 42 56 76 I-' 
0 

12 1 1 2 3 5 7 11 15 22 30 42 56 77 0 

.. j; .. 
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. particularly interested in sequencing schemes which might 

be feasible for the psi-mers. Two such schemes are 

discussed in the following section. 

3. Po~~ible Methods for Obtaining Complete Sequences 

·for the Psi~mers and Omega-mer 

The main difficulty in the sequencing of the psi-mers 

and omega-mer is that the ~verlap technique, which has 

been a great aid in the· sequencing of the transfer-RNAs, 

cannot be applied. A possible technique which one might 

use in place of the overlap method is a combination of 

two sequencing schemes which have been suggested by other 

authors. 

69 Mandeles and. Tinoco suggested the use of a label 

at one or both ends of the RNA in conjunction with partial 

hydrolysis by T-l or pancreatic ribonuclease. One can 

use the label to pick out a hierarchy of fragments in 

which the terminal label is associated with fragments of 

increasing chainlength. Be deter~ing the T-l or pancreatic 

ribonuclease fingerprints of each member of the hierarchy, 

one can determine the complete sequence of the original 

RNA. The applicability of this technique is limited by 

one's ability to separate the fragments resulting from 

the partial digestion. The difficulty of this separation 

problem is increased by the presence of a great many frag-

ments from the middle of the original molecule, which do 

not contain the label, but must be separated from those 
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fragments which are labeled. 
. 70 

The method which~olley has used for oligomers 

with chainlengths on the order of ten avoids the above 

difficulty by producing .the desired hierarchy by partial 

digestion with an exonuclease. For example, partial 

digestion with spleen phosphodiesterase, .which attacks 

the terminus with a free 5' hydroxyl group, would produce 

a hierarchy of fragments beginning with the 3' end. The 

rest of the 6ligomer is reduced to mononucleotides. How-

ever, the fragments in the hierarchy now increase in 

chainlength by only one nucleotide at a time; and,therefore, 

the hierarchy contains a larger number of fragments than 

would be the case if'a base~specific endonuclease had been 

used. Thus, there is an increase in the number of fragments 

one must examine; and a corresponding decrease in the 

yield of each fragment. 

One can combine the two techniques described above 

in the following manner. The recently discovered 5' 
. . 71 

phosphokinas~ allows one to add a phosphate group to 

the 5' end ,of the oligomer to be sequenced. A partial 

hydrolysi~ of this oligomer with a base-specific endo-

nuclease, such as pancreatic nibonuclease, will now result 

in fragments containing a free 5' hydroxyl group except for 

fragments coming from the 5 f end of the oligomer, which 

will contain a terminal 5' phosphate. The partial 

hydrolysis can be terminated by removing the nuclease with 

bentonite. Further treatment of the fragments with spleen 

.,,' 

\ 
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phosphodiesterase will cause those pieces containing the 

free 5' hydroxyl group to be degraded to mononucleotides .. 

However, the presence of a terminal phosphate has been 

shown to seriously inhibit the action of the diesterase. 72 

Thus, the final dige~tion mixture will contain only 

mononucleotides and a hierarchy of fragments containing 

the 5' terminal end of the original oligomer. Furthermore, 

the hierarchy will contain fewer fragments than would 

have been produced by the action of the diesterase alone. 

The method outlined above will be applicable for 

chainlengths up to the limit of the resolving power of 

the separation technique used. For long chainlengths it 

would be necessary to combine two or three partial digests, 

performed under different conditions, in order to obtain 

an even distribution of chainlengths in the hierarchy. 

The chainlength separation chromatography described in 

Chapter II.3 can be greatly improved. by increasing the 

column height and decreasing the sample load. It should 

be feasible to separate fragments according to chainlength 

up to about 30 nucleotides, especially if most of the 

fragments differ inchainlength by two or more nucleotides. 

Thus the scheme described above should be a practical 

way of determining the sequence of the psi-mers. If 

the acid soluble nuclease discussed in Chapter V.2 were 

used to produce the hierarchy, it would greatly ·simplify 

the chainlength separation by increasing the average 

difference in chainlength between neighboring members of 
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the heirarchy. On~ needs a minimum of 0.02 ~M of each 

fragment in the hi~rarchy in order to obtain its finger-

print by the method used in this work. Since each of the 

psi-mers' yields rou~hly 15 fragments after digestion 

with pan~reatic ribonuclease, approximately 0.3 ~M or 

3 mg, of each psi-mer would be required to perform a 

single sequenc~ determination. This estimate is an 

absolute minimum. One could work more comfortably with 

. amounts of material two to four times larger. The omega-

mer, unfortunately, lies beyond the scope of this method 

with the currently available separation t~chniques. 

As mentioned i~ the last section of the preceding 

chapter, the problem of sequencing a long oligomer is 

greatly simplified if a method can be found of selectively 

breaking the oligomer into two or three large pieces. 

The approach used in Chapter V was not successful; 
. 4 

but Sanger has reported that, at high concentrations, 

T-I ribonuclease can be made to cleave on the 5' linked 

side of adenosine. This observation might offer a way 

of obtaining a small number of specific breaks in the 

omega-mer, particularly if T-I ribonuclease behaves in a 

manner similar to that shown by pancreatic ribonUclease. 

In Chapter IV it was mentioned that the secondary specificity 

of pancreatic ribonuclease is such that it tends to 

cleave between two adjacent adenosine residues. If 

T-I ribonuclease exhibits a similar sequence preference 

in its secondary activity one would be able to obtain 

." 
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specific fragments from the omeg~-mer in large enough yields 

to allow further work on the individual fragments. For 

example, suppose one were able to cleave the omega-me~ 

into three fragments of chainlength 20 to 30 with only 

75l efficiency. About 0.4 ~M, or 8 mg, of omega-mer would 

be required to yield a sufficient amount of each of the 

fragmerits to allow their sequences to be determined by 

the method of partial digestion discussed above. 

Despite the difficulties involved in sequencing T-l 

ribonuclease fragments the size of the psi-mers and 

omega-mer, it is the opinion of this author that the 

problem can be solved with currently available technqiues, 

and that there is considerable incentive for continuing 

this work. The pancreatic ribonuclease fingerprints of 

these oligomers give only a portion of the sequence; 

but they provide a solid foundation for further studies 

in that they supply information about the number and type 

of fragments which one can expect to obtain from partial 

hydrolysates. This information should be very useful in 

the interpretation of further experiments. 

The intriguing similarity of the psi-mer fingerprints 

evokes considerable interest in the seqU~nces of both of 

these oligomersj and the stripping experiments of Mandeles 

indicate tha~ the sequenci~g of the omega-m~r Will allow 

a large portion of the terminal sequence of TMV-RNA to be 

determined. 
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APPENDIX I 

Ion Exchange Chromatography - Theory 

The theory of ion-exchange chromatography has been 

th 
13,14 J 73 

treated by a number of au ors. None of these 

theories discusses the situation in which elution is 

accomplished with a concentration gradient of the carrier 

ion, a technique which is quite important in biological 

work. The theory to be developed in this section is primarily 

concerned with the treatment of gradient elution for ion-

exchange chromatography. ~owever, the initially derived 

expressions will also apply to systems involving both 

ion-exchange chromatography and gel filtration. The goal 

of'the development will be to derive a theoretical relation

ship to explain the behavior of the chainlength separation 

technique described in Chapter II.3. The theory is also 

useful in that it illustrates the dependence of the resolution 

obtained from a chromatographic system on various experimental 

parameters such as the flowrate, the size of the column, 

and, the resin capacity. The theory can be used qualitatively 

to judge the direction in which th~se parameters must be 

varied in order to increaSe resolution; or it can be used 

quantitatively. A trial column can be used to evaluate 

the undetermined constants in the'theory and one can then 

calculate the optimum values of all experimentally controllable 

parameters. 
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The most comprehensive treatment of ion-exchange 

chromatography appears to be that of Ver~eulen and Hiester. 14 

This work will follow both the notation and form·of their 

development fairly closely. It will be shown that with 

only a few modifications the basic expressions derived by 

these authors can be applied to the case of gradient elution. 

The underiying assumption of the theory published by Vermeulen 

and Hiester is that the chromatography is performed under 

trace conditions. By trace conditions one means that the 

concentrations of the sample species, both in the solid 

and liquid phases, are small compared to the concentrations 

of the carrier ion. This assumption allows one to neglect 

fluctuations in the carrier ion concentration caused by 

the interaction of the sample species with the resin. It 

also allows one to neglect any interaction between different 

sample species. Thus, each component can be treated independ

ently. In pr~ctice, one finds that better resolution is 

obtained if the load placed on a column is kept small. The 

question of whether the usual sample loads, which one employs, 

fit the assumption of trace conditions will be considered 

later in order to determine whether this assumption seriously 

limits the theory. 

The rate at which a component equilibrates between the 

resin and the solvent on a chromatographic column may be 

limited by any .one of a number of mechanisms. In the 

majority of cases the limiting process will be the diffusion 
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of molecules from the mobile solvent phase into the layer 

of solvent immediately surroundihg the resin particles, 

or, in the case of a porous resin, into the resin itself. 

The actual ion-exchange process will generally be quite 

rapid, as in the case with most ionic reactions. It should 

be pointed out that Vermeulen and Hiester 14 have shown that 

all of the mechanisms which one is likely to encounter lead 
~ 

to rate equations of the same form in the limit of trace 

conditions. Thus, one may focus attention on the diffusion 

limited case without loss of generality. 

Consider the competition between a polyanion A- n and' 

a monovalent carrier ion B- 1 for sites on an anion-exchange 

resin, 

A- n + n(B·resin) ~ B- 1 + (n-l)(B'resin) + (A.resin)-(n-i) 

~ --- nB- l + (A.resin) ( 1) 

The concentratio~' of (A.resin)-(n-i) in meq. per gm of dry 

resin will be denoted. by qA .' Similarly, the concentration 
, l 

of carrier ion on the resin will be denoted by qB' The 

solution concentrations of the sample and carrier ion in 

meq. per ml will be defined as cA and cB. One can now 

define a set of equilibrium constants. 

* * 
KA ' = 

qA, i cB KA , = 
qA,iCB 

; i = 2, ---n , l * ,l 
, 

cA qB qA, i-lqB 

where the asterisk r~fers to solution concentrations in 

(2 ) 
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equilibrium with the resin. One wishes to obtain a relation 

between the total concentration of A- n bound to the reSin, 

* qA' and ,the solution cO:lcentration, cA· Such a relation 

takes the following form: 

n n ( y i L * L . q~ IT qA = ,qA . = cA KA . . 
,1 

,CB j=l 
' J 

i=l i=l 

(3 ) 

At this point one can invoke the assumption of trace 

conditions to simplify the above expression. Since q/qB 

will be very small one can set qB equal to Q, the total 

capacity of the resin available to the polyanion. In 

* * * ,addition c/cB will be very small so that cB' can be set 
'< 

equal to cB' the carrier ion concentration in the bulk of 

the eluent. For the case of gradient elution, cB will be 

some predetermined function of the eluent volume. In practice 

the rate of increase of the carrier ion concentration during 

gradient elution will be extremely slow compared to the 

rate at which the solvent attains equilibrium with the resin. 

Thus, the resin may be considered to always be in equilibrium 

* with the carrier ion; and the approximation, cB equals cB' 

will remain valid. With the use of these assumptions 

Equation (3) can be simplified to 

* (~Bf .I ("Bfl n qA = cA KA . 
Q j=l ' J 

1=1 

* (~Br = cA KA 
(4) 
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This expression defines an effective equilibrium ~onstant 

which is a function of cB,and, thus, is indirectly a 

function of the elution volume. Later, a simplified model 

for the reaction of the polyanion with the resin will be 

introduced to remove the dependence of KA upon the elution 

volume. However, this is not riecessary for the development 

of the theory . 

. One is now in a position to write th~ rate equation 

governing the approach to equilibrium behleen the solvent 

phase and the resin. The rate at which this equilibrium 

is attained will be limited by the diffusion of the sample 

component between the moving solvent and that portion of 

the solvent, in and around the resin particles, which is 

in equilibrium with the resin. The rate of increase with 

time in the number of moles of a species contained on the 

resin and in the solvent which is in equilibrium with the resin 

must equal the diffusional flow of that species out of the 

external solvent. Assuming the concentration gradient 

between the external solvent and the layer of solvent 

adjacent to the resin to be constant, one can write the 

following rate equation, 

+ = , (5) 

where p is the resin density in gm of dry resin per ml of 

total bed volume and f. is the fraction of the bed volume 
1 



..... 

... 

III 

occupied by the solvent which is in equilibrium with the 

resin and also accessible to the sample species. The bed 

volume itself , Vb' is defined to be the total volume in ml .. 

of the packed column. DA is the diffusion coefficient of 

-n· . 2/ species A with.units of cm sec., a is an effective area 

in cm2 per ml of bed volume) and 5 is the effective distance 

in cm over which diffusion ~ust occur. 

It is desirable to rewrite Equation (5) ,in a different 

form. First, one can express the time, t, in terms of the 

eluent volume, Ve , and the void volume, fe·Vb, according 

to the equat,lon, 

'V e = 

where R is the flowrate of the column in mllsec. This 

(6 ) 

equation gives the volume of eluent which has passed through 

a give"n bed volume at time t, assuming that the eluent just 

entered the top of the column at t=O. One would also like 

to express Equation (5) in terms of dimensionless parameters. 

This can be, ~artially accomplished by dividing both sides 

of the equation by some arbitrary standard concentration 

o CA. The expression 

qo = CO KO 
A . A A (Q )

n. 

c~ 
(7 ) 

relates c~ to a standard resin concentration q~,a standard 

car,rier ion concentration c~, and the associated equilibrium 
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constant K~. The relations (4 L (6), and (7) allow on~ 

to put Equation(S) into the form 

(~ [ e; n 

:i] ) pKo (~) f - + = . 0 A 1 C 
. A 

Vb 

* 
(~~) 

c qA 
fi 

A + 0 

DA · 
0 

pKA 0 
(l 

cA cA qA 

R "0 0 n cA f. + pKA (~B) 1 

(8) 

The terms involving f. in Equation (8) will give rise to 
• 1 

a gel-filtr~tioneffect. By setting KA equal to zero one 

can treat the process of gel-filtration alone, or if one 

in6ludes a distribution coefficient in fi' one can treat 

the process of partition chromatography. For nonporous 

resin~, such as polystyrene derivatives, fi will alwa~s be 

negligible and no gel-filtrati6-n will occur. In the case 

of porous resins, such as cro~slinked dextran derivatives, 

fi will be much larger; and gel-filtration will be possible 

n n when pKAQ ICB is less than one. However, in most instances 
. n n 
pKAQ IC B will be much larger than one, and ion-exchange 

will predominate. Although gel-filtr~tion will not be 

discussed in detail in this work, the terms involving fi will 

be retained in order to illustrate how the process of gel-

filtration can be incorporated into the theory. 
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One ultimately wants to solve Equation (8) for cA/c~ 

in terms of the eluent volume and the bed volume. However, 

there is a constraint on the system which must be considered. 

This constraint takes the form of a conservation equation 

which states that the number of equivalents of a species 
I 

which are lost from a volume of eluent must be gained by 

the resin through which it has passed, 

(9 ) 

Equation (9) requires that any solution to the rate equation 

must be a function F(Vb,Ve ) such that 

By substituting (10) irito (9) and making the transformations 
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Ve 
dz 

XA = DA CI. J R 6" n .' 

(C:(Z~ 
0 

fi + pKA(Z) 
(11) 

YA = DA 
CI. Vb ; F(xA'YA) = e-(xA + YA) 

<p ex A' Y A) 
R <5 

- one. obtains the differential equation 

- <p = 0 

Th~s equation has the same form as that obtained by 

Vermeulen and Hiester
14 

and has been solved for the 
. . 73. 

appropriate boundary conditions by Thomas. One first 

(12) 

solves the equation for the boundary conditions applicable 

for the loading of the column, 

(~~A}X =0 
A . 

= 0 '(~~Jy=o = 1 
A 

(13) 

where the standard concentrations c~ and c~ have been chosen 

to be the concentrations utilized during the loading of 
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the column. The boundary conditions in (13) allow one to 

determine the distribution of sample on the resin at the 

end of the loading operation, 

= 
o 

(14) 

I 
I .. DA Ct Ve DA Ct NA 

xA = R 6" = R 6" n 0 0 

+ PK~ (~~) 
ficA + pqA 

fi 

where r is the modified Bessel function of zeroth order. o 
I 

Primed quantities, such as xA' refer to values at the end 

of the loading operation; and NA is the number of equivalents 

-n of A placed on the column. 

The solution for the loading operation can now be 

used as a boundary condition for the elution process. The 

appropriate boundary conditions for elution are 

, 
x A 

O;A) = J -(z + YA)r (2V zy A) dz e 
0 

, 

x -0 0 
A-

(15) 

O~A) = 0 

y =0 A 



For these boundary conditions one obtains -

= = J 
a 

YA 

J e - (z .. x A + x ~ ) Io (2.J z ( x A + x ~ ) )d Z 

·0 

lIS 

(16) 

This expression is not particularly suitable for either 

physical interpretation or simple numerical calculations. 

Fortunately, the above ~xpression can be elosely approximated 

b . 1 f t" 74 V 1 d H" t 14 y a slmp e error unc lon. ermeu en an les er 

have shown that, if one assumes YA t? be large compared to 
, 

one, and xA to be much smaller than YA' the following 

approximation can be made in the vicinity of xA = YA: 

(17) 

The gaussian form shown above will be a valid 
1 

approximation of the band shape when xA is within Y~ 

of the maximum, but will tend to over-estimate the leading 

edge of the band and under-estimate the trailing edge of 



the band. A detailed an~lys!s of the error involved in this 

approximation is given by the above authors. The assumption 
, 

of small xA is equivalent to the assumption that the 

number of equivalents of sample loaded on the column is 

small compared to the maximum load for the given conditions, 

o 0 cA and cB. The assumption of large YA requires that the 

rate at which the solvent equilibrates with resin be large 

compared to the time ,required for the passage of solvent 

through the colum~. Both of these assumptions correspond 

to empirically derived conditions required for good 

resolution. 

One is now in a position to set up some sort of 

experimental criteria for deciding whether a particular 

chromatographic system fits the assumption of trace 

conditions. Equation (17) predicts that, if all other 

parameters are constant, the concentration at the band 

~aximum should be directly proportional to the sample load 

placed oh the column. One expects that as the trace 

condition assumption breaks down that a plot of concentration 

at the band maximum versus sample load, fora given species, 

should begin to level off. The reason for expecting this 

behavior is that, as one moves out of the region of trace 

conditions, one will begin to saturate the resin. This, in 

turn, will cause the band to be broader than the theory 

would predict. Thus, a linear plot of the type described 

above would serve as an experimental verification of the 



118 

assumption of tracecondit~ons. Equation (17) also 

indicates that, even if the column is not loaded under 

trace conditions, one can remove the effect of the non-

trace behavior. This can be done by making the bed volu~e 
, 

of the column large enough so that xA. is completely 
, 

negligible compared to YA.. Wheh xA is sufficiently small 
1 
"2 (less than one-hundredth the value ofYA ) one can make 

, 
a furth~r approximation by ignoring xA in the exponent. 

This approximation will be assumed in the discussion that 

follows .'. 

Having obtained an expression for the behavior of 

an ion-exchange column, one is.in a position to investigate 

the effect of various parameters on the resolution. For 

the p.urposes of this discussion it is desirable to 

eliminate some of the generality which has been retained 

up to this point. The effect of gel~filtration will be 

ignored as well as the dependence of KA upon the carri~r 

ion concentration. It will be shown later that in most 

circumstances KA may be considered to be constant. The 

carrie~ ion concentration will be considered to be a linear 

function of V having the form, e 

gVe 

The variable xA will now have the form 

(18) 

."v. 

.. 
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D Vn+l. ' A n xA = r:- a ~ e 
8" n+1 n 

pKAQ 
(19) 

In the vicinity of the maximum one can approximate xA with 

an ~xpression which is linear" in Ve , 

DA ( n-n 

nVb) 
a g Ve 

V xA = R "8 PKAQn e 

(20) 
1 

[ (n+l)PKAQn r+1 

V Vb = e gn 
, 

where the bar will be used to denote, values at the maximum. 

The amount of resolution obtained for two species 

which elute in gaussian shaped bands of the general form, 

c 

2,V;; 

will be defined to be 

= 

, 2 
-(x-a) /4b e 

1 a 2 - a l 

2~ +.Jbl 

(21) 

(22) 
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Thus when the resolu~ion is less than one~ a single band 

will be visible; and as the resolution becomes larger than 

one, two peaks will appear. By substituting values for 

YA and xA from Equations (13) and (22) respectively into 

Equation (19) one obtains 6 = 

(23) 

where m and n are the charges possessed by species one and 

two respectively. For species having a single charge, the 

above expression reduces to 

1 

/::,. = Gbd ~ -{Kl 
(24) 

~K2' +~ 
. D2 Dl 

Thus, the resolution should improve without limit as 

the bed volume is increased,. The optimum bed volume 

will only be determined by the largest volume with which 

one can conveniently work. One should note that the height 

,,; 
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to dLameter ratib of the column does not enter into the 

theory. This result iscontlngent upon the implicit 

assumption that the exact nature of the flow through the 

column can be ignored. This only only be true if one 

avoids the extremes of very narrow and very short columns. 

The size of the resin particles will enter the expression 

through a and o. One would expect a/o to be roughly 

proportional to the inverse square of the particle diameter. 

Thus, decreasing the particle size should improve resolution. 

One cannot predict the effect of temperature unless one 

knows the t~mperature dependence of K and D. For identically 

charged species the carrier ion gradient and the resin 

capacity should not effect the resolution. For species 

having different charges, the resolution should increase 

with increasing resin capacity and decreasing carrier ion 

gradient. Equations (23) and (24) predict that the 

resolution will increase indefinitely with decreasing 

flowrate. This prediction ignores the tendency of a band 

to broaden by a process of lateral diffusion. 

The exact treatment of the lateral diffusion effect 

leads to a higher order equation whose solution is not 

apparent. However, one may treat this effect in an 

approximate fashion by allowing the lateral diffusion to 

occur independently of the chromatography and by considering 

the gaussian shaped band to be fully formed at the beginning 

of the elution process. It is difficult to assess the 
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accuracy of these approximat1ons, but they should be 

satisfactory for obtaining a rough estimate of the region 

in which lateral diffusion becomes a serious problem. 

One takes advantage of the fact that a gaussian shaped 

band will retain its general form during the process of 

diffusion. Thus, the differential equation and associated 

boundary condition, 

f( x, 6) = (25) 

will have the solution 

c 
f(x,T) = (26) 

The equation governing lateral diffusion will be 

( 
a2 (c A/C~)) , 
, av 2 

e t 

where S is the cross sectional area of the column. In 

(27) 

physical terms one wishes to first perform the chromatography 

and then allow diffusion to occur for, a period equal to the 
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sample retention time. Thus Equation (6) which couples 

the variables Ve and t wil~ no longer apply. V will now e 
only be a measure of the elution volume in the vicinity 

of the band maximum. One can apply the following trans

formations to bring Equation (27) into the form shown in (25): 

(~A 

Thus, one obtains 

= 

The exponent in Equation (29) can be expressed in the 

following form by substituting values for x
A 

and LA from 

Equation (28): 

(28) 

(29) 
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(n+lt D . Vb A a, 
2 ·2 R "8 'V (xA-YA) 

e (V V )2 (30) = 
4(YA+ TA) ~ Vb(Sfe 

DAy e 
e 

'V e + R . 

Although the resolution will initially vary inversely with 

th~ square root of R, in the region in which lateral 

diffusion predominates any further reduction in flowrate 

will cause a"proportional decrease in resolution. With 

the inclusion of the lateral diffusion effect, the height 

to diameter ratio of the column becomes important and the 

resin capacity and carrier iori gradient affect the 

resolution even in the absence of a charge difference 

-between two species. 

When lateral diffusion is negligible, orte tan calculate 

KA from the position of the band maximum. The value of 

the half width will allow one to calculate DA a/8. The 

values of various parameters applicable for a chainlength 

separation similar to that shown in Ftgure 1 of Chapter 11.3 

are given in Table X. These values are intended only as 

rough estimates to give one a feeling for the magnitudes 

of various parameters. The values of DA a/8 were calculated 

by igno~ing lateral diffusion~ One should note that some 

of the bands contain more than one species. While this 

should not greatly affect the position of the maximum, it 

. 
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TABL"S X 

CHROMATOGRAPHIC PARAMETERS FORCHAINLENGTH SEPARATION 

ON DEAE-SEPHADEX~ A-25 

Negative meq 
Electronic -:2 
Charges mI. ml.! sec ml gm/ml. meq.1 gm 

a a a b b 
N Vb R g p Q 

Gp 2'-- 100 0.011 10- 4 0.1 3.5 

ApGp 
UpGp 3 " " II II II 

CpGp 
c 

psi-I-mer 27 II II II II ? 
psi- 2-mer 

c 
omeo-a-mer 71 II II II " ? 

. 0 

mI. gm/ml. gm/ml. (~~)n sec- l unitless mIl sec. 

c c c c 
DA a 

c c 
Ve pK l k pKA YA Ropt 15 

1240 0.04 0 .. 13 5.2XIO- 3 330xIO- 4 300 4xIO -5 

1840 II II· 6.6XIO- 4 140XIO- 4 130 
_I:; 

lXlO ..., 

4360 " " ? 4 IX 1 0"; 4 37 3XIO- 6 

4760 " " ? 6.9XIO- 4 6.2 4XIO- 7 

a Independently evaluated parameters. 
b Resin parameters obtained from Pharmacia literature. 

c Evaluated from the elution profile. 
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may-drastically alter the bandwidth. 

The effect of lateral diffusion is primarily of 

interest because it allows one to determine the optimum 

flowrate for a chromatographic system. From Equation (30) 

one can determine the optimum flowrate for fixed values 

of the other parameters, 

= (31) 

The data obtainable from a single chromatography experiment 

is not sufficient to determine the optimum flowrate unless 

one has an independent method of determining either DA or 

a/a. In order to determine Roptfrom chromatographic 

data it is necessary to run at least two columns at 

diffe~ent flowrates. 

Let us now investigate the possibility of improving 

the resolution obtained in the chainlength separation 

described in Table X. One can always increase the bed 

volume, but this is not a particularly interesting alterna-

tive since this parameter has no optimum value. Thus, 

the bed volume will arbitrarily be fixed at 100 ml 

although it is not too inconvenient to work with bed 

volumes 2 to 5 times larger. The other parameter which one 

can vary is the flowrate. In.+qis case one ·wishes to make 
" ' 
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the lateral diffusion term as small as possible. This 
. 

can be done both by decreasing the cross-sectional area, 

and by decreasing the carrier ion gradient in order to 

increase Ve. Since it is inconvenient to work with a 

column more than two meters long, 0.5 cm will be a practical 

lowe~ limit for S. As one decr~ases the carrier ion 

gradient, the bandwidth becomes larger at about the same 

rate as the peak to peak separation increases. Thus, the 

resolution will not be affected, but the volume of sample 

collected will become inconveniently large. Therefore, 

the value of g will be left unchanged although one could 

probably decrease it by a factor of 2 or 3 without making 

the dilution problem too serious. One should note that 

reducing Sand g does not affect the resolution directly, 

but, rather allows one to lower the optimum flowrate as 

much as possible. 

One is now in a position to calculate the optimum 

flowrate. To do this it is necessary to have at least 

an order of magnitude estimate of a/5.Assuming the resin 

particles to be spheres, a can be taken as the sum of the 

areas of the spheres per unit bed volume, 

a = = , (32) 
r 

where r is the average radii of the resin particles and N 
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is the number of particles per unit bed volume. The value 

of 8 can be taken as some fraction of r. The choice is 

somewhat arbitrary, but the value. of 0.1 r seems reasonable; 

and the resulting valueofa/8 allows one to calculate 

a value of DA for the omega-mer which is probably correct 

75 to within a factor of two. 

of a/8 equal to 2 x 103 . 

Thus, one obtains an estimate 

-2 Taking r = 10 cm, fe = 0.4, 

S = 0.5 cm2 , and using the values of. Ve and Vb given in 

Table X one obtains the values of Ropt shown in Table X 

These values indicate that the optimum flowrate is at 

least three orders Of magnitude below the value of R given 

in Table X. The practical use of such low flowrates' 

is out of the question. In most cases the effect of 

lateral diffusion should riot be a Serious consideration. 

One can improve resolution by decreasing the flowrate to 

the limit of one's patience. Thus, the limiting resolution 

which one can obtain with a chromatographic system will 

usually be set by practical considerations, rather than the 

inherent physical limits of the technique. 

In Chapter 11.3 an ~mpirical relation was given for 

the dependence of the elution position of an oligonucleotide 

upon its charge. The relation for Ve in Equation (20) 

gives ·a. theoretic~l expression for this dependence provided 

one can find some way of relating v 
.HA to the charge. In 

.. 

order to relate·KA to the charge, one re-examines the set 

of reactions shown in (1). For a polyanion, such as an 
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oligonucleotide, in which each charge is associated with 

a monomeric unit of the same basic molec~lar structure, 

one would expect the b~nding constants for all of the 

reactions to be very nearly the same. The possible 

exception would be the constant for the first reaction. 

On~ might expect the first constant to differ both because 

its units are slightly different and b~cause its free 

energy would contain an additional entropy term. By 

allowing the first constant to differ from the remaining 

constants one can also take into account th~ fact that 

the terminal phosphate group possesses two negative 

charges. This should not be taken to imply that. the 

terminal phosphate is the first to react. On the basis 

of the above observation one introduces the following 

simplified model. The binding constant for the initial 

reaction will be denoted by k l .. The binding constants 

for all succeeding reactions will be taken to be identical 

and will be denoted by k. From Equation (4) one sees 

that KA will now be given by 

(33) 

Empirically one knows that a chromatographic separation 

will only be practical when the value of cB is such that 
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pKA (Q/cB)n is larger than one. This fact is also predicted 

by the theory which has bee~ derived (see Equation 30)). 

Under these conditions the sum in (33) can be approximated 

by its first term. This is equivalent to stating that, 

once a molecule becomes bound tbthe resin, all of its 

charged groups react with the resin. Even if cB/kQ is 

not negligible compared to one, it will be much less 

n dependent upon the elution volume than cB. Thus, unless 

cB/kQ is quite close to one, or larger, the approximation 

= (34) 

should still be satisfactory although the physical signifi

cance of kl and k will be altered. Equation (20) can be 

rewritten as 

log 1 I (Qk" k)" n+l og gV
b 

pk
l 

+ 

A plot of the quantity on the left of Equation (35) 

against l/n+l should give a straight line. The slope and 

intercept can be used to evaluate kl ~nd k. Figure 28 

shows such a plot. The plot is linear for chainlengths 

up to nine at which point the slope becomes increasingly 

negative. The 'values of kl and k calculated from the slope 

and intercept of the plot are shown in Table X. However, 

... 
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be6ause of the direction of the deviation of the plot 

from linear behavior, one is uncertain about the physical 

significance of these constants. / 

The fact that the linearity breaks down is not 

surprising sinceth~ derivation of Equation (35) assumed 

the resin capacity, Q, to b~ independent of chainlength. 

Th~ resin used for the separation was DEAE-Sephadex A-25 

in whic~~any of the ion-exchange groups are located in 

pores inside the resin particles. As the chainlength of 

the sample species increases, an increasingly smaller 

number of pores will be accessible to the species; and a 

decrease in the effective.resin capacity will occur. 

However, the fact that the slope increases in magnitude 

is surprising since a decr~ase in available resin capacity 

should decrease the magnitude of the slope. The observed 

departure from linearity iE almost certairily du~ to the 

fact that the approximation (34) becomes poorer as the 

chainlength increases. Using the value'of k calculated 

from the intercept of the plot, one can calculate values 

for cB/kQ at different chainlengths. The 'values begin 

at 0.28 for the monom~r ahdincrease until a value of 1.07 

is reached at chainlength 70 .. Introducing a better 

approximation for the series in (33) yields a more 

complicated expression which can not be fit by a simple 

graphical method. 

~' 
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: APPENDIX II 

A Method of Linear Analysis" for Arrays of Data -
vlith Emphasis on Collections of ORD and CD Spectra ,-

It is the. purpose of this section to outline a method 

by which the large amounts of dat,a available from optical 

studies of polynucleotides can be effectively analyzed. 

Suppose that one has obtained a set of ORD spectra for a 

polymer at a number of temperatures. The proposed method 

of analysis allows one to decide how many significantly 

differ'ent shapes are contained in, the set of ORD curves. 

Alternatively, one might say that it tells one the minimum 

number of component curves needed to fit all of the observed 

spectra to within experimental error. Since the method of 

fitting the experimental cu-rves involves minimizing a sum 

of squares, it is natural to wonder how this method differs 

from ordinary methods of least squares analysis. The 

difference lies in the choice of the set of basis curves. 

One could, for example, fit the experimental spectra with a 

power series. However, the number of terms needed to fit 

the data to within. exper1mmtal error would, in general, 

be larger 'than the number 'of linearly independent components 

contained in the set of spectra. The basis set used in this 

method is constructed from the set of experimental curves. 

This basis set results .in a particularly elegant set of 

relations, and in a minimum number of components. 
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The utility of the informatlon·resultlng from such a 

method of analysis is based on the following assumption. 

One assumes that an ORD or CD spectrumarislng out of a 

specifiC geometrical conformation ina polymer will have 

a shape which is invariant with respect to changeS in tem

perature and/or solvent composition. For example, suppose 

a polymer changes its conformation from form A to form B 

as one varies the ionic strength of the solvent from.a to 

b. One assumes that the shape of the ORD spectrum associated 

with form A at an ionic strength intermediate between a and 

b, will be the same as at ionic strength a; and likewise 

for from B. No restriction is placed upon the magnitude 

of the spectra. The consequence of this assumption is that 

the ORD spectrum of the polymer at any ionic strength 

between a and b can be constructed by forming a linear com

bination of the spectra associated with the A and B forms. 

Variations. in the shape of a spectrum, such as red· 

or blue shifts and the sharpening or broadening of a band, 

are usually small when one .is dealing with simple molecules 

provided that the variation in tempe!"'ature or solvent com

position is over a fairly ·small interval (i'-e., O°C to 

100°C for temperature or .ionic strengths belovl 0.1). Thus, 

one can be fairly confident about assuming const~nt shape 

for polymer systems which can be described by a simple 

two-state model such as the example above. However, the 

con8tant shape assumption is also a valid approximation 
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for certain conformation changes of a multi':"'state'nature. 

The torsional oscillator model for dinucleoside phosphates 
. 76 

treated by Glaubiger, Lloyd, and Tinoco gives rise to· an 

ORD spectrum vlhose magnitude changes with temperature, but 

whose shape is constant. The shape of the ORD spectrum for 

this model is due to the splitting of two degenerate elec-
77 tronic transitions. This shape will remain fairly con-

stant so long as the splitting is small compared to the band 

width associated with the transitions. 

On the basis of the assumption discussed above, one 

can associate the number of linearly independent components 

contained in a set of polymer spectra with the number of 

distinguishable conformations present in the polymer. If 

a situation occurs in which- two or more conformations give 

rise to spectr~ with identical shape; or if the shapes are 

different but the temperature and/or solvent dependencies 

of the magnitudes are identical, then these configurations 

will be indistinguishable by the method of analysis being 

discu.ssed. Thus, it will usually not be possible to pick 

out' individual conformations in the polymer. Instead, one 

will observe classes of conformations. For example, it is 

unlikely that one could distinguish among the large number 

of different types of.nearest neighbor interactions present 

in a large polynucleotide. The similarity of the tempera

ture dependencies of the ORD spectra associated with these 

interactions would cause them to ~ppear as a single component. 
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However, the nearest neighbor int~ractions could e~~ily 

be distinguished from cooperative effects which possess a 

markedly different temperature dependence .. Further discussion 

of the properties of the method will be put off until its 

derivation has been presented. It should be point~d out 

that, although the. data discussed will be obtained from 

ORD or CD,measurements, the method to be set forth is 

applicable to data from any source. 

Suppose that one has measured the CD of a polymer at 

m different wavelengths and n different temperatures. This 

set of data can be put in the form of an array, ~, such 

that each row 9f the a~ray, ~i~ will be the ~D spectrum 

obtained at the ith temperature. Thus,~, will contain 

n rows and m columns. A single row of the array, ~i' can 

be thought of as a vector in a m-dimensional space. The 

direction of the vector can be identified with the shape 

of the spectrum; and the length of the vector is a measure 

of the magnitude of the spectrum. One wishes to investigate' 

the hypothesis that all of the experimental spectra can be 

expressed, to within the experimental error, by linear 

combinations of a set bf ~ basis spectra, where ~ is a 

number less than n. If for each ,experimental spectrum 

one constructs the best PoS~ible linear,combination of a 

given set of basis spectra, by the method of least squares, 

the sum of the squares of the deviations of each constructed 

spectrum fr6m the corresponding experimental spectra, at 
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all wavelengths, will be equal to the number of d~grees of 

freedom times the estimated variance of the experime'ntal 

78 data. The preceding statement contains the implied assump-

tion that the error ,is normally distributed witl;l a 'constant 

variance. A normal error curve is usually a satisfactory 
. 78 

approximation, ~nd any change in the noise level with 

temperature or wavelength can be compensated by multiplying 

each experimental value by an appropriate weighting factor. 

Let us now examine the situation outlined in the pre-

ceding paragraph from a geometrical standpoint. For a 

given ~i and a given set of basis vectors, the sum of the 

squares of the deviations of ~i from that linear combination 

which minimizes the sum of squares is by definition the norm 

(or square of the magnitude') of that component of ~i which 

is orthogonal to all of the basis vectors. Thus, the 

estimated variance times the number of degrees of r'reedom, 

will be given by the sum of the norms of the components, 

of the set of ~i' which are orthogonal to all of the basis 

vectors. Once one has obtained a set of basis vectors, 

one can perform the least squares fit ,without difficulty. 

However, one would like to find a basis set which contains 

the minimum number of components necessary to reduce the 

estimated variance to the level of the experimental error. 

It will be shown that this task can be accomplished in a 

very simple manner, and that in the process one can also 

obtain the coefficients needed for the least squares fit. 
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CO!J'sider the n by n symmetric matrix, £ .§..T, ,where T 

indicates the transpose of a matrix. This matrix will 

possess a set of n,eigenvalues, e i , and a corresponding ~et 

of n eigenvectors, Qi,whose components.will be denoted 

by uij . One can prove the following three statements: 

a) The best least squares fit of the set of §..i with 

a :set of ~ basis vectors will be obtained when the 

basis vectors are given ~y 

e -~f' u s ... ~ e-~ u . s . 
o l' oi-i 0 -a. ...... 

provided that the set of eo consists of the I.l. 

largest eigenvalues of S·ST. 
, ............ 

b) The sum of the norms of the components, of the set 

of £i' which are orthogonal to the space defined 

by the basis vectors in statement' (a) will be 

given by the sum of the n-I.l. eigenvalues which 

were not used in c6nstructlng the basis vectors. 

c) The coefficients for a least squares fit of a vector 

§..k with a linear combination of the basis vectors 

in statement (a) will be given by 
1 e '2 u k. o 0 

The above statements tell one hoW to construct the 

minimum set of basis vectors which will fit the experimental 

data to any desired degree of accuracy. All of the informa-

tion needed for this process is contained in the eigenvalues 

and eigenvectors of the matrix S·ST. Thus, in practice, 
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all that is required ·is the construction -of the ,matrix 

S .§.T from the experimental s:i..Jectra and a subsequent diagonal

ization of this matrix. These operations can be performed 

with the Fortran program given at the end of this appendix. 

The practical use of this fitting procedure will be discussed 

further after the proof of the above statements has been 

demonstrated. 

It is obvious that in constructing a set of basis 

vectors it is only necessary to consider those vectors which 

lie in the ,space defined by the experimental vectors. Thus, 

one need only consider sets of basis vectors of the form, 

n 
L xai ~i = X ·S , i -a-

a = 1,·.. IJ. (1) 

where X = [xai ] is an n by IJ. matrix· of, as yet, arbitrary 

coefficients, and ~ is the ath row of this matrix. It is 

also sufficient to conside~ only those sets of basis vectors 

which are orthonormal. The orthonormality requirement 

places the following constraint on the coefficients xui 

The best set of IJ. basis vectors will be the one which 

minimizes the sum of the norms of the components, of the 

§.i' which are orthogonal to the set of basis vectors. The 

component, ofa vector §.1' which is orthogonal to the basis 

set will be 

(2) 
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Using the relation in (2) one can show that the norm of this 

component will be given by 

T ~ T T T S ·S - ~ (X ·S·S )(S ·S ·X ) 
-i -i ~ -a - -i -i - -a 

a, ' 

where T X ·S·S -a - --1 

Thus, the sum of the norms can be written as 

(4) 

n ( T ~ T T T) T J.L T 2 T 

~ S ·S - ~X ·S.S, S ·S·X = T (S'S ) - ~ X ·(S'S ) ·X -i...,..i L., -a - -i -i - -a r - - ~ -a - - -a a , a 

This function must be minimized by varying the coef

ficients xai subject to the constra,ints in (2). The mini-
79 

mization is performed by the method of LaGrange. One 

sets:the partial derivatives, with respect to the set of 

xai ,' 'of expressions (2) a!?d (5) equal ,to zero, and intro

duces the LaGrange multipliers, VJ
af3

• The result is the 

equation 

X ·(S·S) = W dCA'S,S ' T 2 ~' T 
-a -- -- av~t--' - --

The LaGrange multipliers can be evaluated by forming the 

inner product between (6) and xT. One finds that , -ry , 

w'= X '(S'ST)2' XT 
ary -a, - - -ry 

Thus, the desired sei of xai will be a solution to the 

matrix equation, 

(5) 

(6) 

(7) 
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T 2 X . (S·S) = -a. -.. - . 

One can show by substitutio~ that equation (8) will 

be satisfied by any solution of the form 

where the set of U consists of any ~ eigenvectors of -a 

(8 ) 

(9) 

S·ST. It is also true that any set of ~ linear combinations, 

of ~ eigenvectors, which satisfies equation (2) will be a 

solution. 'This merely reflects the fact that there are an 

infinite number of sets of orthonormal vectors which one 

can use to define a single space. Only those basis vectors 

formed from different sets of eigenvectors are distinct in 

Ithe sense that they define different subspaces of the space 

de fined by the set of ~i. There are r ~/I-L~ (r-~) ~ such dis tince 

basis sets, where r is the rank of S·ST. It may be that 

there a~e other distinct basis sets. However, this question 

is unimportant since one can show that expression (5) 

possesses an absolute minimum when the set of e in equaa 

tion (9) contains the largest eigenvalues of ~.~T. 

Any set of X which is a solution to (8) can be wrLtten -a 
as a linear combination of the eigenvectors, Qi' as follows: 

a = 1,···, I-L (10) 

The value of expression (5) depends only upon the space 

defined by the set of basis vectors, not upon the particular 
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set of basis vectors Used to define this space .. The matrix 

of coefficients cai can always be put into the form, 

, , , , , -, 

..................... 

, , 
.......... : ........ . 

c un 

by a unitary transformation acting only in the space of the 

basis vectors. Such a transformation changes only the 

representation of the space while leaving the space itself 

and expression (5) unchanged. Thus, one can choose a 

T representation such that the eigenvalues of S'S will be - -
indexed in order of descending magnitude, and c i will be , a 

equai to zero when i Is less than a. Since the set of 

solutions, X·, must obey equation (2), one obtains the -a 

. cons traint, 

The above properties of the coeffici~nts lead to the 

inequality, 

By substituting (10) into (5) and making use of (13), one 

finds that for any solution 

'~ 

(11) 

(12) 

.iI.' 
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= 

which completes the proof of statements (a) and (b). The 

proof of (c) is now trivial. For a set or orthogonal basis 

vectors the coefficients needed to fit a given S1 with a 
-K 

linear combination of the basis vectors will just be the 

magnitudes of the projections of ~k onto the basis vectors. 

Since the basis vectors are also normalized to unity, these 

projections will be given by the inner products of ~k with 

the set of basis vectors, 

One can now resume the discussion of the practical use 

of this method of analyzing sets of spectra. Suppose one 

has processed a set of data with the progpam at the end 

of this appendix, and obtained the eigenvectors and eigen-

values of S·ST. The first step is the determination of the 

minimum number of basis spectra needed to reduce the esti-

mated variance to the level of the random noise in the 

measured spectra. One can estimate the variance provided 

that one· knows the number of degrees of freedom involved 

in the fitting procedure. If one assumes that the error 

(14 ) 

(15 ) 
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in the initial data was not correlated in any waYJ each 

value of the CD will be an independent measurement, and the 

set of data will possess mr degrees of freedom. The value" 

of r (the rank of ~.QT) will be equal to n unless the initial 

set of spectra are not linearly independent, in which case 

r will be the number of non-zero eigenvalues of Q.QT. If 

one now fits the data with ~ vectors, each having m components, 

one will remove ~ degrees of freedom. The number of remain

ing degrees of freedom" will be m(r-~), and the estimated 

variance for ~ basis spectra will be 

n 

= "m(:-~) i=~l ei ' ( 16) 

where the set of ei are in descending order • 

At this point one could merely guess the amount of 

noise in the ?ata by'inspection, 

and choose the smallest value of 

2 calculate cr~ for ~=l, ···,r 
2 

~ for which cr was less 
~ 

than the value determined by inspection. However, there 

is a better method. The F_test78 is a statistical test 

for the purpose of determining whether the decrease in the 

estimated variance caused by fitting a set of data to a 

more complicated model is significant. The test is applied 

i-n-t--he-~o-l-l~ow·i-ng-maimer. Wi th ~ basis vectors, one obtains 

an estimate 

a number of 

of the variance,cr2, which is associated with 
~. 

degrees of freedom, m(r-~). Likewise, with 
2 

~+l components one estimates a variance, cr~+l' less than 
2 

cr~, associated with m(r-~-l) degrees of freedom. Assuming 

." 

.-.' 
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that the error of the experimental measurements is normally 

distributed, one can calculate78 the probability, P(F,fl ,f2 ), 

that the ratio cr 2/cr 2 1 will be greater than or equal to 
~ I-L+ 

some value F, 

fl 
,dF' 

f2 

One usually finds values of F tabulated as a function of 

(17) 

fl and f2 for fixed values of P(F, fl , f2 ). One might decide 

that only events with a probBbility below 0.01 represent a 

significant departure from random behavior. Then, if the 
2 2 ' 

value of crl-L/crl-L+l exceeds the tabulated value of F for 

P(F,fl , f2 ) = 0.01, one concludes that the 1l+1st component 

is significant. If the ratio is below the tabulated value 

of F one concludes that the I-L+lst component is indistinguish-

able from the random error of the measurement. 

The calculation ?f the number of degrees of freedom 

possessed by a set of data was made on the assumption that 

the error in the data was not correlated. If this is not 

the case, one will not usually know the degree of correlation; 

and it will be imposs~ble to calculate the number of degrees 

of freedom. Correlation of the error can occur if the 

response' time of the instrument with which the data is 

measured is too slow, or if the data is subjected to a 
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smoothing routine. The most serious source of correlation 

is that of baseline shifts .. Unless one can obtain a reason~ 

ably stable baseline, one will have no hope of obtaining 

reasonable results from the F-test. 

After one has determined the value of ~, one can use 

the eigenvectors and eigenvalues to perform a type of smooth~ 

ing operation on the experimental data. One can replace 

the measured set of vectors, Si' with a new set of vectors, 

Si, which are. linear combinations, of the basis vectors, 

constructed by in e method of least squares. The form of 

the coefficients for these linear combinations was given 

in equation (15). Thus, 'one obtains 

This smoothing process differs from other methods in that 

it makes no assumptions about the shapes of the spectra 

which are being smoothed. 

(18) 

As an illustration of this method of curve fitting, 

consider the two component system of artificially constructed 

spectra, 

k = 1,···,10 

i = 0,···,5 

The components of the vectors iO(tk) and i1(tk), are the 

values of the Bessel functions of orders zero and one, 

respectively, for the indicated values of the argument. 

The,components of the set of ~i are values taken from a 

table of normally distributed deviations,80 and N is a 
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parameter used to vary the signal to noise ratio. This set 

of constructed data was analyzed at three different signal 

to noise ratios. The results of the F-test for each of the 

three cases are shown in Table XI. In each case the results 

indicate a value of J..L equal to two. With a set of experi

mentally measured spectra, the results will usually not be 

quite as good. In practice, experimental measurements will 

usually contain some degree of systematic error in the base~ 

line which vlill cause ones estimate of the number of degrees 

of freedom for the system to be incorrect. 

For the purposes of comparison, Table XII gives ,the 

results obtained for an experimental two component system 

in which the magnitude of the baseline shift was approxi-

'mately the same as the magnitude of the random noise. This 

system consisted of the CD spectra of six mixtures of poly 

A and poly C which one would not expect to interact at 

optical concentrations. The ratio of the estimated variances 

always remains. higher than one would expect for the calcu

lated number of degrees of freedom. Studies on other polymer 

systems, which are still in progress, indicate that one can 

usually obtain variance ratios which closely approa~h those 

of the ideal system discussed in th~ preceding paragraph. 

One can use relation (15), tog~therwith the eigen

vectors and eigenvalu~s shown in Table XIII, to calculate 

the magnitudes of the components of the £i' in expression 

(19), along the two significant basis vectors. These values 

are reJated by the equation, 
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Table XI 

Determination of the Number of Significant 
Basis Spectra for the SyBtem (JO,J1 ); 

m = 20, n = 6 

degrees of 
freedom 

signal 
2· 

noise = 3 ,0
00 

= 1.0 

0960 

1 190 

2 37.2 

3· 19.6 

4 18.9 

5 11. 7 

signal 

o 961 

1 179· 

2 3.37 

3 1. 98 

4 1. 72 

5 1.04 

noise 

100 

80 

60 

40 

20 

10.32 

2.78 

1.09 

0.838 

0.766 

0.586 

= 10 0 2 = 0.09 , 00 

120 

100 

80 

60 
-
40 

20 

9.58 

1. 88 

0.101 

0.0789 

0.0689 

0.0520 

signal noise. = 30 , 0
00

2 = 0.01 

0·· 965 

1 181 

2 

3 

4 

5 

0.373 

0.228 

0.193 

0.112 

·120 

100 

80 

60 

40 

20 

9.56 .. 

1. 82 

0.0113 

0.00888 

0.00762 

0.00562 

3.72 

2.54 

1. 30 

1.09 

1. 31 

5.11 

18.51 

1.28 

1.15 

1. 32 

5.25 

161.00 

.1.27 

1.17 

1. 36 
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1. 39 

1. 42 

1.50 

1. 68 

1.99 

1. 39 

1. 42 

1. 50 

1. 68 

1. 99 

1. 39 

1. 42 

1. 50 

1. 68 

1. 99 

* The probability that the ratio of variances will exceed 
this value is 5%. 
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Table XII 

Determination of the NUrrlber of Significant Basis Spectra 
for a Collection of ORD Spectra of Poly A and Poly C 

at 25°C. in 0.005 M NaCl, 0.001 M Na-Cacodylate, pH 7.0; 
m = 72 n = 6 ., 

degrees 
of (J 2 2 2 

* ** e freedom 0]..1 /°]..1+1 F(5%) F(l%) !! -.!! _]..1_ 

0 5820 432 14.7 9.75 1.18 1.29 

1 532 360 1. 51 35.0 1. 22 1. 33 

2 8.51 288 0.0432 2.38 1. 25 1. 37 

3 ,2.96 216 0.0182 2.72 1.29 1. 43 

4 0.822 144 0.00667 3.49 1. 42 1.65 

5 0.138 72 0.00191 

* The probability that the ratio ·of variances will exceed 
this value is 5%. 

** The probability that/the ratio of variances will exceed 
this value is 1%. 
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uli ulO 
u

15
· cOi 

= • 
u2i u20 u25 

c5i 

to the coefficients, cOi and c51 · The·coefficient, cO;1.' 

is the magnitude of the component of ~1 along ~bdivided 

by the magnitude of ~b, where the prime denotes a vector 

which has been smoothed according to equation (18). The 

(20) 

coefficient, c
5i 

is defined in a similar manner. The calcu

lated values are compared, in Table XIII, with the theoretical 
J"' 

values (those which one woulp obtain in the absence of the 

error term, ~i)' 

Table XIII also includes the values of the analogous· 

coefficients which one obtains by performing a least squares 

fit of the set of Qito the unsmoothed spectra ~O and S5' 

It is the smoothing proceSs which differentiates the eigen

vector approach from other matrix tre·atments of experimental 
81 data, such as matrix rank analysis. If a set of spectra 

are free of experimental error, one can try to fit n-l of 

the spectra with one spectrum. If this does not work, one 

can try fitting with two spectra. This process can be con

tin~ed until one obtains a set of ~ spectra which can be 

used to fit then-~ remaining spectra. Matrix rank analysis 

is a systematic method of performing the above process. 

This technique has reen used by McMullen, Jaskunas, and 
32 Tinoco to analyze the variation in the ORD of TMV-RNA 

.. 
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Table XIII 

The Fit of the T';'ioGomponent System (JO ' J 1 ) 
to the Basis Vectors (u l' U2 ) . 

;~ 

u1i u 2i c c5 · i i 0,1 z -• eigen- least eigen- least 
The or . vectors s~uar.es Theor. ve ctors squares 

signal : noise = 3 

0 .328 - .. 555 1.000 . 1.000 1.000 0.000 0.000 0.000 

1 ~320 -.380 0.800 0.659 0.628 0.200 0.324 0.325 

2 .399 -.373 0.600 01564 0.549 0.400 0.351 0.318 

3 .407 .137 0.400 0.307 0.225 0.600 0.791 0.784 

4 .446 .208 0.200 0.111 0.161 0.800 0.801 0.662 

'5 .516 .589 0.000 0.000 0.000 1.000 1.000 1.000 

signal : noise = 10 
II 0 .339 -.624 1.000 1.000 1.000 0.000 0.000 0.000 

1 .354 - .399 0.800 0.758 0.753 0.200 0.229 0.232 

2 .395 -.214 0.600 0.594 0.592 0.400 0.382 0.378 

3 .416 ;.096 0.400 0.353 0.352 0.600 0.661 0.655 

4 .444 .283 0.200 0.174 0.179 0.800 0.796 0.783 

5 .483 .562 0.000 0.000 0.000 1.000 1.000 1.000 

signal . noise = 30 . 
0 . 343 -.633 1.000 1.000 1.000 0.000 0.000 0.000 

1 . 364 -.398 0.800 0.786 . 0.785 0.200 . 0.209 0.210 
t''''', 

2 .394 -.178 0.600 0.598 0.598 0.400 0.394 0.394 

3 .418 .683 0.400 0.385 0.385 0.600 0.618 0.618 
\.~ 

4 .443 .304 0.200 0.192 0.192 0.800 0.797 0.796 

5 .473 .556 0.000 0.000 0.000 1.000 .1. 000 1.000 
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as a function of temperature and ionic strength. So long 

as the effects for which one is looking are large compared 

to the experimental error, such a method is entirely satis-

factory. However, matrix rank analysis possesses a defect 

which becomes serious when one tries to look at components 

which are only an order of magnitude above the error level. 

This defect arises because preference is given to those 

spectra which are used to do the fitting. When one chooses 

a particular spectrum to fit the remaining spectra, this 

curve is treated as though ~t contained no error. If it 

does contain a certain level of error) this error is trans-

ferred to the remaining spectra. Thus, as one proceeds with 

the analysis, the error is propagated. The method of 

analysis described here avoids this problem by giving equal 

weight to every spectrum in the set. 

-• 
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T!18 folloHing p~!)gram perferms tr..e diagonali zation ncce::::s;l:-Y to geni~!"

at;::! ·the eigen'/Gcton and eigenvalues used in the preceding Q.pp'.~Tldix. 

The progra;n.is ";ritteh in Chipp~\·l2.. ?ortraT'. for t:.se with tree Control D;;.ta 

6600 C00':puter • 
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PROGRAM FTEST (INPUT,QUTPUT) 
C THIS IS PROGRA~ ONE, IT 'COMPUTES THE EIGEN VALUES FOR 
C THE LEAST SQUARES FIT AND PERFORMS CHECKS 
C ON TYE DIAGONALIZATION ROUTINE 
C 

DIMENSION ORDI6.84), Ae6,6), U(6,6) 
C or"lI~ON ~~, r I ,A ,U. 

101 FOR:·L~ T (2 I 4) 
1 02 F OR i'~ AT' e 12 F 6 • 3 ) 
201 FORMATe//I* THIS IS THE ORIGINAL FORM OF AeIK,*II, 
202 FORMAT(I/I* THIS IS UeIJ)AIJJ'UeKJ), DOES IT EQUAL*I 

1* A( IK)*/f} 
203 FORMAT(//I* THIS IS UeIJ)U(KJ), DOES IT EQUAL THE UNIT*/ 

1* MATRIX*II) 
204 FORMATe//I* THIS IS UeJI )U(JK)~ DOES IT EQUAL THE U~IT*/ 

1* ."1ATRIX*//) 
205 FOR~AT(//I* ALLCHECKS HAVE BEEN COMPLETED, THE OUTPUT*/ 

1* DATA FOLLOlvS *//*THIS IS UI IK), ROtIS*1 
1* ARE IN THE ORDER IN WHICH SPECTRA WERE*I 
1* READ, COLUMNS ARE ORDERED THE SAME*I 
1* AS THF EIGEN VALUES*I/) 

206 FOR;'-1ATII//*THIS IS THF: LIST OF EIGFN VALUES*//) 
207 FORMAT (£20.81) 

READ'101, M,N 
• READ 102,( (ORD(I'-J)"J=l,M'), I=l,N) 

DO 2 I';'l,N 
00.2 K=l,N 
A(I,K) = I) 

DO 1 J=I,'''' 
~(I,K) = .ACI,K) + ORDe Y,J)*OROeK,J) 

1 CONTINUE 
2 IJ(I,K) = A(!,K) 

PRINT 201 
II = 2 
CALL PRH-1AT 
CALL JACVAT(O) 
DO 3 J=I,N 

3 ORO e J,}) = A e J, J ) 
DO 4 I=I,N 
DO 4 K=I,N 
A(I,K) = 0 
DO 4 J=I,N 

4 A(I,K) = AeI,K) + UeI~J)*ORD(J,l)*UeK,J) 
PRINT 202 
II = 1 
CALL PRIMAT 
DO 5 I=l,N 
DO 5 K=l,N 
ACI,!() = r
DO 5 J=1 ,,'.J 

5 AeI,K) = A(I,K) + UII,J)*U(K,J) 
PRINT 203 
CALL PRIMAT 

• 
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DO 6 1=1, ~l 
DO 6 K=l,;: 
A(I,K) = J 
DO 6J=1,'< 

6 ACI,KJ = A(I,K) + ueJ,Il*U(J,K) 
PRINT 204 
C,"LL PR P.1A T 
PRINT 205 
II = 2 
CALL PR r'·tA T 
PRINT 206 
PRINT 207, CORDeJ,l), J=l,N) 
STOP 
END 
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SUBROUTINE PRIMAT 
COMMON N,II,A,U 
DIMENSIbN A(6,6),U(6,6) 

301 FORMAT (6(18H COLUMN 
304 FORMAT (6E20.! /.) 

IK = -5 
1 I K = I K+6 

IJ = IK + 5 
IF (N-IJ) 2,3,3 

2 IJ = N 
3 PRINT 301, (K, K=IK,IJ1 

DO 6 I=I,N 
GO TO (4, 5 ), I I 

4 PRINT 304, (A(I~K), K=IK,IJ) 
. GO TO 6 

5 PRINT 304, (U(I,K), K=IK,IJ) 
6 CONTINUE 

IFCN-IJ) 7,7tl 
7 RETURN· 

END 
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C 

C 

2 

1 
99 

100 
101 

102 

SUB~0UTINE JACVATCIEG~N} 
COMMON N, II, A, EIVR 
DIME~SIO~ A(6,6}, EIVR(6,6} 
IF C N-ll 2, 2'} 
EIVRCltll=l.O 
.RETURN 
IFCIEGEN} 102,99,102 
DO 101 J=l,N 
DO 100 I=l,N 
EIVRCI,J}=O.O 
EIVR(J,j}=l.O 

FIND THE ABSOLUTELY LARGEST ELEMENT OF A 

ATOP=O. 
DO 111 1=1 ,N 
DO 111J=I,N 
IFCATOP-ABS(ACI,J)}l104,111,111 

104 ATOP=A8S(ACI,Jl) 
111 CONTINUE 

IF(ATOP}109,109,113 
109 RETURN 

CALCULATE THE STOPPING CRITERION -- DSTOP 

113 AVGF~FLOATCN*(N-l)*.55 
0=0.0 
DO 114 JJ=2,f\1 
DO 114 II=2,JJ 
S=A(II-1,JJl/ATOP 

114 D=S*S+D 
DSTOP=Cl.E-06l*D 
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C CALCULATE THE THR~SHOLD, THRSH 
C 

C 
C 
C 

C 

THRSH = SQRT(D/AVGF)*ATOP 

START A SWEEP 

115 IFLAG=O 
DO 130 JCOL=2,N 
JCOLl=JCOL-l 
DO 130 IROW=l,JCOll 
A I J=A C IRO''; ,JCOl) 

C COMPARE THE OFF-DIAGONAL ELEMENT WITH THRSH 
C 

C 
C 
C 
C 

IFCABS(AIJ}-THRSH}13Q,130,117 
1 1 7 A I I =.A C I R ml , r R 0 i·Jj 

AJJ=A.(JCOL,JCOLl 
S=A.JJ-AII 

CHECK TO SEE IF THE CHOSEN ROTATIO~ IS LESS THAN 
THE ROUNDI~G ERROR. 



IFCABSCAI~)-1.E-09*A8S(S»130,130,118 
. 118 IFL.l\G=l 
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C IF THE ROTATION IS VERY CLOSE TO 45 DEGREES, SET 
C SIN AND COS TO 1/(ROOT 2). 
C 

C 

IFC1.E-10*ABSCAIJ)-ABS(S»116,119,119 
119 S=.7071b678118655 

C=S 
GO TO 120 .. 

C CALCULATION OF SIN AND COS FbR ROTATION THAT IS 
C NOT VERY CLOSE TO 45 DEGREES 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

116 T=AIJ/S 
S=0.25/SQRTCO.25+T*T) 

COS = C, SIN= S 

C=SQRTCO.5+S) 
S=2.*T*S/C 

CALCULATION OF THE NEW ELEMENTS OF MATRIX A 

1~0 DO 121 !=I,IROW 
T=ACI,IROl,<!) 
U=ACI,JCOL) 
ACI,IROW)=C*T-S*U 

121 A(I,JCOL)=S*T+C*U 
I2=IROW+2 
IFCI2~JCOL)127,127,123· 

127 CONTINUE 
DO 122 I=I2,JCOL 
T=ACI-l,JCOL) 
U=ACIRml/,I-l1 
ACI-l,JCOLI=S*U+C*T 

122 ACIROW,I-ll=C*U-S*T 
123 ACJCOL,JCOL)=S*AIJ+C*AJJ 

AC IROW,IROW)=C*~CIROW~IROW)-S*CC*AIJ-S*AJJ) 
DO 124 J=JCOL,N 
T=AC IRO\</,Jl 
U=ACJCOL,J) 
ACIROW,J)=C*T-S*U 

124 A(JCOL,J)=S*T+C*U 

131 

125 

ROTATION COMPL~TED. 
SEE IF EIGENVECTORS ARE WANTED BY USER 

IFCIEGEN) 126,131,126 
DO 125 !=I,N 
T=EIVR( I ,IRO\-/ I 
EIVRC I dRO'.'-')=C*T-'::IVR( I ,JCOL )*s 
E I V R C I tJ COL ) = S * T + F I V'R ( I ,J COL ) * C , -

. , 



• 

,. 
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C 
C CALCULATE THE NEW ~ORM D AND COMPARE WITH OSTOP 
C 

C 

126 CONTINUE 
S=AIJ/ATOP 
D=D-S~'S 
IFCD-DSTOPl1260,129,129' 

C RECALCULATE DSTOP AND THRSH TO DISCARD 
C ROUNDING ERRORS. 
C 

1260 D=O. 
DO 128 JJ=2,N 
DO 128 II=2,JJ 
S=A(II-l,JJ)/ATOP 

128 D=S*S+D 
DSTOP=C1.E-06)*D 

129 THRSH=SQRTCD/AVGF)*ATOP 
130 CONTINUE 

IFCIFLAG)115,134,115 
134 RETURN 

END 
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LEGAL NOTICE 

This report was prepar~d as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or. for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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