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Paftial'Nuclébtide SeQuénces for

Three Unique T-1 RNase Fragments of TMV-RNA

David A. Lloyd
ABSTRACT

Three fragments, having chainlengths of 26, 26, and

 70 nucleotides, have been isolated from T-1 ribonuclease

digests of TMV-RNA. These'fragments appear to be unigue
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),Up, 1 Cp, 6 AvCp, 6 (Ap),Cp, 2 (Ap)s o,
1 Gp; »

2 Up, 2 ApUp, 1 (Ap),Up, 1 (Ap)zUp, 4 Cp, 2 ApCp, 1 (Ap)sCp,
1 Gp; ' :

S Up, 2 ApUp, 1 (Ap),Up, 1 (Ap)zUp, 2 Cp, 2 ApCp, 1 (Ap),Co,
1 Gp. '” |

None of the three fragments can beva'portion of thé gene

which codes for the TMV coat protein. Experiments performed

by Mandelesl 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
fespect to the hypoﬁhesis of gené doubling. Aitempts to
- gain further,infdrmation about the sequences of these
fragments are élso'diScﬁésed._ In this connection, a
pbssible C-specific nucleése first reported by Anderson
and Carter2 has been-invéstigated. |

Two appendices are included.' The first of these
discusses a theorj of ion-exchange chromatdgraphy and its
utility in predicting the behavior of chromatographic
columns. The second appendix describes a method for
determining the number of stafistically sigﬁificant
component shapeslcontained in a set of spectra. The method.
is discussed as a means of obtaining information about
-the conformation of polynucleotides from their optical

properties.

1. Mandeles, S., J. Biol. 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 numbef of transfer
RNA's have been determined._l"g’3 Sanger and Brownleeu
have also reportéd a.séquence for the 5S component of
ribosomallRNA from E. coli. However, thus far, no sequences
have been'reportéd for any RNA which acts as a template
for protein synthesis. One of the deterrents to the
sequéncing“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 wiil 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 withv

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

several times larger than the average messenger RNA, their
isolationvis straigﬁtforward.

The sequencing of even a Single gene of a viral RNA
is a task of tremendous proportions with the gechniques
that are now available. There are a number of reasons for

undertaking such a task despite'the difficultieé'involved.

'The comparison of the nucleotide sequence of an RNA message



with thé amino acid seguence of ﬁhe protein produced by
this message is the mosﬁ obvious and most direct way of
confirming or correcting the currently accepted form of
the genetic code. This form of the genetic code is highlj
degenerate. Unless the cell has some means of resolving | | &
this degeneracy a numbef of code words could be used
interchangeably for a single amino acid. If this were

the case one would expecf to find mutations of a given

species which were phenétypically identical. Thus, a
particular-strain of a virus might possess individﬁél

members whose RNA sequences were quite different. Such

a situation would become apparent aé one attemptéd‘to

determine the sequence of the RNA. fhe sequence of a

viral RNA would also ihcrease our understanding of the
mechanism which allowed complex organisms to evolve fromi
simpleiforms of life. For instance, one is interested

in looking for homoiogous sequences in different genes

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

a knowledge of the sequence of an RNA together with

information obtained from genetic experiments would allow

one to determine the'structure of thése sites on the

RNA responsible for the control of replication and protein

3

synthesis. Such information is necessary for an under-

standing of genetic control'mechanisms at a molecular level.
Attempts to sequence viral RNA have primarily'been

directed towards either TV or one of the three closely

related Coll viruses MS2, f2, and R17. The five terminal



bases of TMV—RNA havé been independently determined by
Mandeles7’and Fraénkel—Conrat8 using different techniques.
A terminalzsequence;ofve16ven bases has been determined
for MSZ.9 The work to be described here is closely
related to the seQuencing wbrk’onsTMV—RNA“béing performed
by Mandeles. | v '

”TMV is a ronShaped'virus 3000'3 in 1ength ahd 180 R}
in diameter.' The_virusbhas a.relatively simple structure
which contains dnly_a sihgle strand of RNA and a coat
vconsisting of some 2200_protein molecules. The coat protein
molecules appear to all be identical. The RNA is wouhd
in a léoée helix containing 45 nucleotides per turn with
the molecules of the coat protein packed between the turns.
The RNA appears to fit iﬁtd.a groove in the protein.
Thus, in the ihtact virus it is protected from the action
of nucleéses and other chemical agenﬁs.

In the courée'of,his sequence studies on TMV-RNA

Mandeles noticed the presence of a long chainlenéth component

10 Chromatogfaphic

in T-1 ribonuclease digests of the RNA.
evidence indicatéd that'this cdmpqnent might contain a

undiue fragment of. TMV-RNA. Thé chainlengthvof this |
fragment was initially estimated to be about 20'nucleotideé
onlthe basis Qf its élution positién iﬁ columnvchromatography.
Shortly after&ards, Muhdryll meaéured'é chainlength of

about 40 nucleotides for what 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 TMV-RNA have been

studied.

The

of using

tertiary
evidence

of these

study of these frégments wés begun with the idea
them as model compounds for the.study_of the
strgcture ofvnucleic acids. Although some . X
is presentédehich indicates that ﬁhe longést

fragments may be of interest in this connection,

the majority of the work is concerned with seguence

studies.

Interest in this phase of the work was greatly

increased by the results of certain experiments performédv

12

by Mandeles. The description of these experiments is

best postponed until Chapter VI;
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II. PREPARATION OF UNIQUE OLIGOMERS 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 a1, 13,14

A simple
éxtension of Vermeulen's theory to include gradient
elution is given ih Appendix T.

The.ibn—exchange material used was, iﬁ all cases,
DEAE Sephadex,A—2S((Pharmacia). This material requires
little washing and gives an eluent free of-UV—absbrption
in the 260 mu région, which is not true of the styrene
resins. Mdre-impdrtant, it seems té give rise to no
adsorptive effects which complicate the prediction of
the ion-exchange behavior. Thése adsorptive effects
are present in the'sytrene resins and to some extent in

15

DEAE cellulose. For large columns the coarse particle

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

columns (with diameters less thén 0.5 cm) the coarse

‘resin was found to give poor resolution and the medium

particle size (U0 - 120u was employed. The packing of

the coarse resin in columns of small diameter was noticeably



-poorer. Onevcould visually-detéct spaces between the
coarse resin particles. This wés 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;v : r-
It 'may be that the coarse resin particles swell to a
greater extent in water; or the swollen particles of
the coarse resin may bé more irregular in shape than those
of the medium grade resin. |

-The DEAE Sephadex was prepared for use by packing the -
desired quantity in a column and-passing‘IO bed volumes |
of 2.0 M NaCl, 0.1 M HC1 through the column. The resin
‘was then rembved from thé column and equilibrated with
either distilled watér-or 7 M urea. by repeated decantation.
This lattefprocess was also used to remOve_fines; To
pack the column, the resin slurry waé added in small
amounts with continuous sgirring. A1l columns were packed
at a salt concentration about 0.1 M greater‘than the initial
gradient concentration, ahd at a flow rate 5 - 10 times
greater than that used for.elﬁtion. The packed column was
then equilibrated with the initial salt concentration
of the elution gradient befqre lOading'the sample. This
_ proceduré‘resulfed in a tighﬁly but evenly packed column,
and'réduced the bed shrinkage_caused-by increasing.salt _ N
concentration.

All columns were run at room témperature as a matter
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of convenience. There was no indication of degradation

of RNA during the chromatography. Precise flow rates

and élution conditions will be given later; but in

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 tho 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-
16

nucleases can occur from a number of sources >~ and is difficult

17

to remove. It has been observed “'that 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
houES'at'lsd - 200°Ct

Due to the danger of‘nucléase contamination of buffero
by even small amounts of bacterial growtn,‘all buffers
cépable of supporting the growth of bacteria were stored :
at-4°C and prepared fresh weekly from ooncentrated stock
solutions of the acidic or basio salt. Althoughtanionic
clays such as bentonite and Macaloid have been shown to
be extremely effeotive at inhibiting nuclease activitle,
they-were not employed except as specifically mentioned
in the éarly.preparative stage of the work. It was found

that these materials contributed spurious UV absorption



to the sampies, which complicated the identification

and quantitative assay of oligonucleotides by UV absorption
spectroscopy. Unleés:otherwise_Stated, all chemicals

were reagent‘grade from either Béker and Adamson or

Mallinckrodt. | . | - o,

2. Preparation and Digestion of TMV-RNA

Tobacco Masaic 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 usedAtherein are descfibéd in detail by Mandeles

19

and Bruening. The yields obtained.from the above procedure
as well as from the steps yet to be described are summarized
in Table I 'of Chapter IL.3. _ |
TMV-RNA, in 200'mg.batchés, prepared as described
above, Waé hydrolyzed with ribonuclease T-1 (Cal Biochem)
in a Radiometef TTT-1 Titrimeﬁervatfﬂ0°c. The RNA, as the Y
ethanol precipitate, was dissolved in distiiled‘water to B
give a solution containing 3 - 4 mg/ml RNA. This solution _ v

was centrifuged at 17,000 x_g, koc, for 30 minutes to

remove the Macaloid introduced in the RNA preparation.



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 were sometimes_néceSsary to
remove the last traces of Macaloid. Incomplete removal

of the Macaloid leads to inactivation of ribonuclease

~and incomplete hydrqusis‘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'SO;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 fhe enzyme was
addéd initially and the remainder was addéd fWO hours later.
The pH was maintained'at 7}8 by the addition of 0.5 M

KOH until the reaction feached complétidn after 6 - 8 hours.
The consumption of KOH'wés routinely-fodnd_to be 92 - 97%
of the vélue predicted from the UV absOrption of the RNA.
The hydrolysate was brought to 7 M in ureavby the addition
of solid urea and then ﬂas applied to thé'top‘of é'chrométo_

graphic column packed with‘DEAE Sephadex preparatory to

* . . . .
The unit Sf T-1 ribonuclease activity has been defined by
Takahashi.“0 A 1.0 ml reaction mixture containing enzyme,
0.75 mg yeast RNA, 50 uM pH 7.5 Tris-Cl buffer, and 2 uM
EDTA is incubated for 15 min. at 37°C. The reaction is .
terminated by the addition of 0.25 ml of 0.75% uranylacetate,
25% HC1l0, . After centrifugation 0.2 ml of the supernatant
is dilut%d to 5.0 ml. One unit of T-1 ribonuclease will
increase the 260 mu absorption of the diluted supernatant -
by one absorbance unit.
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performing a chainléngth fractibnatidn of the fragments

resulting from RNA digestion.-

3. Chromatographic Isolation of Unique Oligomers

The DEAE—Sephadex column used for the chainlength ¢
separatibn was packed in a 100 ml burette, allowing 1 ml
of bed volume per 2 mg of digésted RNA,Aand washed with
300 ml of 7T M urea. Better resolution can be obtained
at loading ratios of O;S - 1.0 mg RNA per ml bed volume;
but the higher 1oad allowed greater ease in handling the\
-amount of RNA involved.

The elution of the -1 fragments was accomplished with
- a iinear concentration gradient_from 0.1 M to 0.6 Mvsodium
chloridé in 5 liters.of<7 M urea. Because of the low flow
rate used, 40 ml per hour, a pefiod of 4 - S 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
™1 fragmenﬁ. The decrease in yield can be attributed
to the fact that.at large  flow rates the eluenﬁ does not
have time to equilibrate with the adjacent resin particleé}
- This departure from equiiibrium causes the sample to be
eluted in a broad band with long tails. Thus a smaller
percenplof the‘sample-is collected in the peak fractions.
This effect is'most pronounced with long ffégments which,
due to their low_diffusiqﬁ coefficients, require a longer

peribd of -time to reach equilibrium.lu
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The eluent fractions labeléd péi and omega 1in tﬁe elution
profile shown in Fig. 1 contained approximately 1.5 ng
and Z.O mg Qf oligonuqleotide, reSpectively. They were
collected separately for éoncentration_and desalination.
The collected fractiohs'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-1 oligomers remained
bound on the column, which was then washed with 5ml 7 M
urea. The long Qligomers'were eluted in a volume of 1 - 2.~

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

‘Upon the addition of four volumes of ethanol to the column

'eluent,'at 0°C, the oligonucleotides precipitated while

the NaCl and urea remained in solution. (KCl will precipitate
under these conditions.)

After standing for at least 4 hours at 0°C, the precip-

itates were collected by centrifugation in a clinical

centrifuge, washed with 95% ethanol, dried 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

lyophiliiations,‘invthat it gave a high yield of material
(95 - 97%) with no e&idence of degradation and could be
performed in a shorter period of time. In addition the
oligomérs were obtained in a .more convenient form and the

shapes of‘their uv absorptibn spectré indicated that they
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contained no non-nucleotide UV absorbing material which

'couid 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

obsefved.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 cﬁlumn.

The elution.was done at a flow rate of 2 ml/hr with a
linear concentration gfédient'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 shbwn in Figs. 2 and 3, demonstréte 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 rechromato-

graphed psi-mer fraction into the two component labeled
psi-1 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 separatibn obﬁained isbdue to
the difference in.the ufidihé’content of the two oiigomers.
- In contrast to the psi—fréction, the omega-fraction
sﬁows a single'component upon chromatography at pH 2.8

in 7 M'urea. The low pH cbromatography also showed the
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Resin: DEAE-Sephadex, A-25

Solvent: .7 M Urea, pH 2.8 (HCl)-

Bed Volume: 4 nl
Sample Load: 0.2 mg
Flowrate: 1.8 ml/nr
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omega-mer preparation to be free/of minor contaminants.

The eluﬁion pfofile in Fig. S shows that outside of the
region in which the omega-mer was eluted the absorption

of the eluent at 260 muiwas always less than 0.02 absorbance
units. Since the low pH chfomatography resulted in no
further pﬁrification of the omega-mer, it was not fbutinely
 performed. The_yields obtained at various stages in the
preparation of the psi-mers and oméga—mer are given in

' Table I. ‘The time required to prepare the amounts of

the three oligomers shown 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’éonclusionslfrom the information
gained in the cburse of the preparation described above.
Three oligomer fractions (omega,'psi—l, psi-2) have been
isolated from a T-1 RNase hydrolysate of TMV-RNA. One is
interested in finding out whether it is possible t6 estimate
the chainlengths of these oligomer fractions from the
positions'at which they are eluted in the chainlength
chromatography. Fig. 6'i11ustrates an attempt to determine
the chainlength bf the omega-mer and psi-mers from chromato-
graphic data. The chainlengths.associated with the first
three peaks of the elution profile in Fig. 1 have been
determined to be one, two, énd_three byrcomparison of thé
uv absorption and ORD spectra of'the_oligomers present
in those peaks with the spectra obtained by Warshaw2l-and

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

&
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TABLE I

YIEIDS OBTAINED FOR VARIOUS PREPARATIVE PROCEDURES

Amount of Staftihg'Material ~ Yield of Product
2.4 Kg infected tobacco leaves- - - 24 gm TMV
5 gm TMV- = = = = = = = = = = - - - 200 mg TMV-RNA
_ _ | _ . >
v cm
200 mg TMV-RNA- - - - - - - e =T 55 A260 omega-mer
. 2 :

v cm .
el R - 45 A260 psi-mers

(yield after rechromatography)

2 . -
cm
R Sl  50 A26o omega-mer

. 2
________ - - - 15 Aggo_psi—l-mer

, - o 2
v*l,o mg is approximately equivalent to 30 Aggo’
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assign consecutive chainlengths to the succeeding peaks

up to chainlength seven or eight. 23 At this point the loss
of-resolution‘brevents 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 lihe
can be extrapolated to the salt concentrations at which

thé 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 placés the true values (a chainlength of 26 for

both psi-mers and a chainlength 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 éhainlengths represent a molecular weight
of about 5,000. It is suggestive that Sephadex G-25,
which presumedly_containé the same amount of cfosSlinking,
has been found to exclude polypeptides and polysaccharides

with molecular weights:greatervthan 5,000. It may be

- that pligomers 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
cclumn capacity would be greatly reduced for these longer

oligomers. If this explanation is correct, one would

‘expect chainlength chromatography on Sephadex-AS0 to show :

a linear relationship between the logarithm of the charge
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4and the elution volume up to a-chainlehgth of . approximately
30 nucleotides. An alternative explanation is that the
nature of the binding of oliéonuéleotides.to the resin
'changeé 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\isolatibn.
At the time these fractions were first isolated, the
significance of their chromatographic homogeneity could
not be assessed. Howevér, the resﬁlts of the experiments
to be'presented in Chapter IV.3 indicate that each of the
three oligomer preparafions is homogeneous and allow one'
to estimate the resolution of the chromatographic techniques
.Which have been described in this chapter.l One can»detéct
the‘presence of two 01igomefs in‘an elutioh profile whén
the two oligomers are separated by more than one bandwidth,
where the bandwidth is defined toibe the width of a peak
at half its maximum value. The bandwidths for the psi and:
omega peaks in Fig. 1 are 60 ml to 80 ml. One can use
-the chainléngth‘plot shown'invFig.JG té relate this incremeht
of éluent volume1x>arangé of chainlengths;' For chain-
lengths on the order of 70 nucleotides one can detect . the
presence of two oligomers which differ in chainlengfh by

10 nucleotides. While, for chainlengths on the order of
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25 nucleotides, one can resolve chainlength differences

as small as & nucleotides. These results apply to the

initial chainlength chromatography. One seems to achieve
slightly better résolution’under the conditions used for
the rechromatoéfaphy df the psi-mers and omega-mer.

The resolution of the low PH Chromatography appears
to be roughly similar_to that obtained a neutral pH provided
that one equétes the charge on an oligomer with.the
uridine éontent rather than the chainlength. However,

the chromatographic separations performed at pH 2.8 resolve

oligomers almost entirely on the basis of uridine content .

Thus, long oligbmgrs differing only in their adenosine

and cytidine contents, would probably not be resolved
af this pH. This difficulty could be remediéd-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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ITI. PHYSICAL STUDIES ON THE OMEGA-MER .

1. Chainlength Estimation from Sedimentation Equilibrium

The preceding chapter ended with an attempt at‘estimation
of the chainlengths of the psi-mers and omega-mer from |
chromatographic elution patterne.' It was desirable to
have at 1east a rough estimate of the chainlength obtained
by a more reliable technique; especially for the omega—mef,
which is the longest of the three fragments. The standard
method of‘chainlength determination for small oligonucleo-
‘tides is end-group analysis;-.Thisitechnique can be applied
in three ways. (1) The amount of phosphate ion liberated
by alkaline phosphatase,; which removes only the terminal
phosphate, can be compared to the total phosphate content
of the oligomer. (2) The terminal phosbhate can be removed;
and,vafter complete digestion and chromatographic separation,
the ratio of nucleotides to nucleoside can be determined.'
(3) When the oligomer contains a unique nucleotide (in this
!case therterminal guanidylic acid left after T-1 ribo-
nuclease hydrolysis) the amount of this nucleotide can be
compared to fhe total amount of nucleotide contained 1n the
oligomef. A1l three of the‘above variations require the
_comoarison of two experimental results, each'Of Whioh will
contain an error of appfoximately + 2%. Thus, the chain-

, length obtained will be_good to only * b%. It seemed that

a chainlength determination having about the same degree of



accuracy could be obtained from é sedimentatioﬁ‘equilibrium
expériment using,UV absorption optics. This method has the
advantage of requiring oﬁly 0.004 mg‘of samplé as compared
with the minimal value of 0.5 mg fequired by the former
methods. |

A sedimentation equilibrium run was carried out on the
omega-mer at 0°C in 0.1 M NaCl, 0.05 M PO, 0.001 M EDTA,
pH 7.5 buffer for 76 hdurs. The rotor speed and column
height were of the order of l0,000 rpm and 5 mm respectively.
The mean radius was 6.9 cm. Plots of the logarithm of
the concentratioﬁ Vérsus the square‘df 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 houfs) Apparent Molecular Weight
22 o 16,700
31 © 18,900
W6 - 21,100
53 | 121,700
76 | 23,000

The values in Table II Were'calculated on the basis of a
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paftial'specific volﬁme of 0.54 for‘RNA as nmeasured by
Tennenf;zu -The‘SOlvent density was 1.010 gm/ml.

| In order to calculate a chalnlength from the molecular
weight it is necessary to assume an average molecular
welght per.nucleotlde. At the time molecular welight
measurement was'made,.the base composition of the omega-
mer was not known. 'Thus, the molecular weights of the
three nucleotides Ap, Up, and Cp and their eodium counter
ions were averaged with equal weight. The nucleotide Gp
was neglected since an oligomer obtained from a T-1
ribonuclease digest should contain.a singlevterminal guano—
sine residue. A value of 35M was obtained for the per'
residue molecular weight. This value could be in error

by as much as + 3%. Taking the molecular weight. of the

omega-mer and 1ts sodium counter ions as 23,000, one

obtains a chainlength of 65 nucleotides. In view of the
uncertainty in the base composition ahd the fact that no
correction was made for the charge on the oligomer, this‘
valﬁe was assumed,to be accurate to only + lQ nucleotides.
Sedimentation equilibrium has been shown to give
molecular weights to better than 1% accuracy for sucrose
énd globular proteins such as ribonuclease. 25 However,
this author can find no report of its use in determlnlng‘
chainlengths lor ollgonucleotldes 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 chaiﬁlength
.determihation. For this.purpose two corrections were
applled to the data.

~ According to Van Holde and Baldwin25 a plot of the
logarithm of the difference between the apparent moleculaf
.weight at equilibrium end the apparent molecular weight
at some earlier time should be'linear-with respect'to time.
Figure 8 shbWs such a plot for three triel values of the |
apparent molchlaf Weiéht at equilibrium. The value of
23,700 was chosen as;the'best value of  the apparent

molecular weight at ‘equilibrium:

Because of the high charge possessed by ollgonucleotides

-the charge correctlon 1s 51gn1ficant even at the large

salt concentrations used in this experiment; The charge
_ o o _ 2

correction was calculated from the following expression:

n W= My =M+ (n+l)l(z/2)I-.,/‘(l—V'2‘p)

where n. is the chainlength, p is the solvent density, 72'
is the partial specific volume of the sodium‘selt of RNA,

and z is the fractiocnal effective charge. M, M2, and Mapp'

refer to the molecular weights of the monomer, the omega-mer

and to the measured apﬁarent molecular weight. .L is given

by,

L = }; xiMi(l—vip) o

.
3
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where Xy is a mole fraction,-Mi is a molecular weight,
;i is a partial specific vdlumé, and the subscripts
refer to the salt species‘contained in the-supporting

7 and the average

electrolyte. Taking L=60, z=Q.4,?
molecular weightlof 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 correction
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.beén previouély used for studying con-

formation changes of nuclelc acids in solutiéﬁ.28’29

Theoretical studies of the ORD of RNA‘30’31

indicate that
this property is quite sensitivé to changes in the géometry 
of poiymers of thié type. McMﬁllen,_Jaskunas, and Tinoéo32
have used the temperature dependehce'of tﬁe ORD to |
study changes in the cdnformation of TMV-RNA. They found
that they weréTable to express their data as linear
combinations of two basic cufve 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.



to give a 260 my absorbance of approximately 0.5. This
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An investigation of the temverature dependence of

thé ORD of the,omegafmer was initiated to determine

| whether this.oligonucleotide containé intramolecular double

stranded regions. If such regions were found to be

Hprésent} 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

lproperties of the omega-mer. The meager results presented

here do not allow one fto reach anyfdefinite conclﬁsioné
about the conformation of the omega-mer. However, they
indicate that further investigation would be profitable;
and they éérye as an i1llustration of how one might apply
the method of data analysis presented in Appendix II.
to the problemvdf_polymer conformatiﬁn.

| Approximately 0.5 mg of.omega—mer'was'dissolved in 1-2
ml of distilled_water. This solution waé dialyzed against
4 & of 1073 M Na-EDTA, pH 7.5, for three 4-hour periods.
The dialysate was diluted with 10‘3 M Na-EDTA, pH 7.5,
stock solution was‘used for all of the ORD measurementé._
The ORD was measuredeith a Cafy 60 spectropolarimeter.
equipped ﬁith a Datex attachment for digital output on

paper tape.” The ORD was read ét 0.5 my intervals between
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225‘and 350 mﬁ. The data thus obtained were smoothed
with a 10 point quadratic smoothing'prOgram33 which
printed out ORD values ét 1 mu intervals. The
concentration of the omega-mer solution used for this
work was determined from the absorbance at 260 mp on the
basis of an assumed extinction coefficlent of 10,400
;per mole of nucleoside at 25°C.' The concentration 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 cuﬁette,
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 l% over the experimental
temperature range, no correction for solvent expansion
was made. ‘

The reader should acquaint himself with the hefhod
ana notationjintroauced invAppendix II before reading
the discussion which follows. ORD spectra Qere measured
at six temperatures. Four of these ‘spectra are shown
in Figure 9. - The set of spectra were analyzed by the
method described in Appendix II. Sincé the portions of
the'spectra at long wavelengths did not shbw any change
in shape with temperature, only the Qalues of the ORD
at 1 mﬁ intervals between 230 and 306 mu were employed
in the analysis. The results which were obtained are

shown in Table III. These results indicate the presence
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ORD Spectra Taken at

TABLE

o°c.,

171
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Determination of the Number of Significant
Basis Spectra for the Omega-mer

7°C., 15°C., 25°C., 35°C.,

‘and 45°C. in 1073 M Na—EDTA, oH 7.5;
m=77, n=6
TS e degﬁees 'dv2 o 2/5 2 E(5H) F(18)
freedom W WoTTuEl E

0 1660 462 3.62 110 1.17  1.25
1 11.6 385  0.0329 9.17 1.20  1.29

2 0.757  308° 0.00359 2.38 1.25  1.37
3 0.214 231  0.00151 1.72  1.29  1.43

4 0.0907 154 0.000879 = 1.52 1.4  1.61
5 o.ouﬁé 77 o.000579' |

C ¥ %

#
- The probablllty that the ratio of
this value is 5%.

The probabillty that the ratio of
this value is 1%.

'variances will exceed

variances will exceed
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of at leastvtwo significanﬁ components, snd possibly a
third. The F-test indicates toat, if the third component
is significant, it 1ls just barely above the level of the
experimental error. Thus, this component will be ignored;
and the sét ofsdatavwillAbe'treated as a two component
systém. The possible‘significancé of such a third
component, as wellsas a possible means of treating a
threevcomponent system, will be discussed later.'
The'temperature dependence of the optical propertiles
of RNA was originslly attributed entirely to the presence
.of hydrogen bonded regions3u’35.'which were thought to
possess a conformation similar to the double strand DNA
'. helix. More_reoently temperature studies on both homo-

36,37,38 39,40

polymers and dinucleotide phosphates ha&e
shown that single strand RNA possesses a definite sécondary
structure. This structure apparently owes its stability
to interactions between neighboring bases in the RNA chain.
This body of_experimentél‘data leads one to believe ﬁhat
the ORD of an'RNA can be explainedAin terms of three
classes of conformations. The fifst typé of conformation
is the random coil in which no interactions exist between
the bases of the RNA. The ORD speotrum of the random

coil should be Very similar to tho sum,of the ORD spectra
v_of the constituent monoﬁers. The next structure which must

be. considered is that of the»single strand helix, or stacked

form of the polymer. ¥inally, one must consider the ORD
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signal'caused by hydrpgen.bdnded;‘or double stranded
'regions. PossibleAtriple stranded regions will also be
considered in this categery{t The basiC’aseumption under-
vlying such a model is that the contributions, of these
three classes of -conformations, to the ORD of an RNA are
additive. Thus, the ORD spectrum of an RNA can'be
treated as a superpesition_of the ORD spectra of three
basic structures;:'MeMullen; Jaskunas, and Tinoco32 were‘
able to interpret their ORD data from TMV-RNA in terms
of such a model. The fact that the above analyais of the
ORD spectra of the omega-mer indicates the presence'of
only two major components suggests that such a model can
also be applied to the omega mer ORD data.

The most obv1ous 1ndication that the ORD spectrum
of the omega-mer changes its shape as a function ofv
jtemperature is the fact that the long wavelength Croesover
point shifts to the red as the temperature is_inereased.
The same qualitative behavior was‘observed for TMV-RNA
by McMullen, Jaskunas, and Tiﬁoco. Theee authors were
able to identify the limiting shape obtained at high
temperature with the spectrum ef the eingle strand helical
éonformation This was done by comparing the shapes of
.the experlmental spectra at high temperatures w1th the
spectrum which Cantorul 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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4soc. At presént;it 1s not possible to make this
identification inAé cdnvincing manner. Although the
largest chaﬁge in shape occurs in the vieinity of 20°C,

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

- changes in shape do not occur'above I5°C without examining
spectra taken at higher temperatures. Secondly, while
Figure 10 shbws that the 45°C omega-mer spectrum possesses
a quélitative similarity to the high temperature TMV-RNA
spectra, there are fairly iafge gquantitative discrepancies
between their shapes. Actually, one would not expect

the shapes tQ be identical since the base composition
'Aof'the oméga—mer, as determined in Chapter IV, is»duite
‘different than that of TMV-RNA. One would actually like
to compare the U5°C omega-mer specfrum against a welghted
sum of the dinucleoside phosphaté spectra, as was done

by McMullen, Jaskunas, and Tinoco. Unfortunately, the

ORD of a single strand structure with the base composition
of the omega-mef has not been calculated. Since the
presence of the bases G and C tends to increase the cross—»
over’wavelength, one_w@uld expect the crossover Wavelehgth
of such a calculated ORD spectrum to be shifted in the
same direction, relative to the TMV-RNA spéctrum, as 1is
the crossovér wavelength of the L5°C spect‘:ru‘m.u1
The ané1ysis of the change in shape of the omega-mer ORD

will be continued on the assumption that the U45°C specﬁrum_—



10~%

’
Y

v[Q)])

P ﬁu:‘.‘.’:lm:_wl“:tu:-.q Lo e A

38

SPUZINAL AT 0 A e

L

i i H i
i
.".

R e

i R
240 230 2390 G0

Figure 10. ' A comparison of the ORD of the

omega-mer at 45°C wit!
of TMV-RNA at T74.2°C.



39

can be associated with the ORD ofathe single strand
conformation. For the oresent'fhis assumption must remain
‘somewhat 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 If the

 the single and double strand_conformations;
45°C spectrum can be identified witnjthe ORD of the
single strand confofmation then the change in the ORD
of the omega-mer at the crossover wavelength (272.6 myu)
of the L45°C spectrum will be the melting curve for the
double strand conformation. This meltinéICdfve is shown
in Figure 11. A meltlng curve obtalned in thls manner
may be con51derably in error since the p01nts in curve
depend upon the value of the ORD-measured atia single
wavelengﬁh. It is possible to ose the eigenvectors, Qa’
and the eigenvalues, e, defined in.Appendix II, to
.calculate'the_same melting curve in a'mannen’snch that
each point in the melfing curve is an average, over all
wavelengths contained in the soectrnm, corfesponding to
that point. | | |

when the set of spectra were analyzed and found to
contain two significant components; a pair of ortho-
normal basis vectors; Xl and Y, were also determined. As
was shown in Appendix ITI these basis vectors can be

written as



1/:;

273.6 e

I T}

-

0

.

!

40

_ i 1 -.‘- L} h‘-
2 :
;
i :
; ‘
! :
£ ¥
& :
i -2
S 1 ' 1 K
¢} 20 X
) o
Temp C.

igure 11. Melting curve for the omega-mer

at the crossover wavelengin

of ‘the 4:°C ORD spectrum. .

Tris curve should measure: the

melting of .double strand regions-

in tre omega-mer.



41

S V2 TS 2 }; o
V1 =& Ej g Ry 3 Yo T e Usy R3

i _ . _ i

where the quanfities in the above expression are‘défined
in Appendik II. This particular pair of basis vectors
is purely an afbitrary éhoice. One can rotate these
basis vectors, in the plane which they define, to obtain
a new set of basis vectgrs, Xi and xé, such that Xi lies
along the direction of QLS. §;5 is defined to be the
component of §45 Which'lies in the plane of.)c1 and xé,
'_where,'in general, QT is the vector representation of a
“spectrum taken at T°C. The magnitudes of the components
of the set of J along the two basis vectors, Y, and Y5,

will be given by

. 1/2

1/2 -
ey’ " Uy qp and Jp - ¥ =37 uy g

S A

~ Under the rotation described above, these components will

‘transform according to the relation,

co

0

8 éin 9 | Sp A | - Bp - '

-sin © cos 6 ‘ R Ao '§T" ¥2 s

where cos 8 .and sin ® can be calculated from the equation,
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1/2

1/2 .
5 - (sin 8) e]

u u

o = §u5_. Yo = (cos 8) ? 2,45 1,45

The basis vector_xi nowAdefines the shape of the spectrum
‘taken_at 45°C. Thus, the magnitudes of the set of QT
which lie along X; 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 bé orthonormal, the vectors
representing the single and double Strand'conformations

- will not be'orthonormal; Thus, while the shapé of the
meiting curve in Figure 12 has physical significance

its magnitude is'arbitrary. For the same reason, ﬁhe
magnitudes of ﬁhe components of the set of §T along Xi
~will not give the meifing curve of the'single strand
conformation, but rather somé unknowp linear combination

of the melting curves of both conformations. Also, the

shape of thé ORD spectrum of the double strand conformation

'

will not be defined by XZ 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 shape of the ORD of the single strand conformation.
The data, from fhe ORD spectra of the dinucleoside
phosphates, necessary to calculate this infdrmation is

42

available._ However, until one obtains a more complete

©
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set of ORD data for the omega-mer, it is hardly worthwhile
to perform this calculation. Oné could also use thé data
in the'melﬁing curvé»in Figure:l2nto calculate thermodynamic
quantitieé,for the transifion from thé double to the singlé_
strénd‘cdnformatioﬁ.‘ Howevér, sinCe so few points weré.
»'obtainéd; none of whilch are at thé midpoint of the'cﬁrvé;
ﬁhe values which one could obtain would not be méanihgful.
If further studies Wére to indicate that‘the third
component, which was ignofed in the above treatment, was
in fact significant, one might attribute such a small compbnent
to the ORD of the random_céil conformation. One could
_verify sﬁch an assignment in the following manner, and at‘
the same timé reduce. the set of sﬁectra to a two component
» system. If dne 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 intact polymer. If the:
assignment were correct; the data would behavevas a two

.component system'in the eigenvalue aﬁalysis.



been demonstrated by a number of workers.

IV. PANCREATIC RNASE FINGERPRINTS OF THREE
'UNIQUE OLIGOMERS |

‘1. Hydrolysis Conditions

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-gccurately.' Unfortunately, only two such ribo-
nucleases have been weil—documentéd.= One of_these is T-1
ribonqclease which has been fo;ﬁd to cleave the phosphodiestef
linkége following a guanine rc—:-_sidue.‘j‘3 Since the oligof_
nucleotides being studied are the products of T-1 ribo-
nuclease action, the only remaining nuclease suitable for
fingerprint work is,panCreatic ribohuCIease.

The specificity of pancreatic RNase for the cleavage
of phosphodiester'bohds:fdllowing pyrimidine residues has
44,45,46 The result

of the cleavage is an oligonucleotide ending in a terminal

2*;3"cyclic phosphéte which is convefted-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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3! phosphate were taken from a paper by Rushizky and Sober.4°7

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 addede.OGS ﬁl 1.0 M phosphate buffer,

PH 7.9 and a quantity of a 1% solution of pancreatic ribo-
nucleasé (Worthington) sufficient to give an enzyme:substrate
ratio of 1 mg:10 mg. The Hydrplysis was allowed to proceed
at 37°C for 20 hours.

The unsuitability of the above reaction éonditidns
did nét become apparent until a.satisfactory Separation_
technique was devised. The problém of the separation of
the digestion-products‘Wiil be discussed in Chapter IV.2.

It was eventually found that the hydrolysis conditions
being used resulted not only in éleavage after pyrimidines,
but also after adenosine.  This activity has been previously
'reported48for pancreatic ribonuclease with large amounts
ofAenzyme.

Table IV summarizes the types of cleavage observed. Nb(
cleavage was observéd after an adehosine residue which was
followed by a pyrimidine and the greateét amount of cleavage
was observed with (Ap)SCp which was prihcipélly degraded
to.ApAp and ApCp. It was not determined whether the terminal
phosphate of theiterminal adenosine'was in the open or
cyclic form. |

As a resuit of the above observations, a milder'set of

hydrolysis conditions was introduced. The enzyme:substrate
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CLEAVAGES RESULTING IN A‘TERMINAL Ap OBSERVED

WITH PANCREATIC RIBONUCLEASE

.Hydrolysis.Conditions:

2.5 - 7.5 mg RNA/ml in 0.025 M PO,, pH 7.9

~ 1:10 Enzyme:Substrate ratio (by weight)

20 hour incubation at 37°C

Initial Oligomer Products % Hydrolysis Observed.
ApCp
None 0
ApUp
ApApCp Ap, ApCp
10 - 15%

ApApUp Ap, ApUp
S Ap, ApApCp 8 - 10%
ApApApCp . :

_ ApAp, ApCp 32 - 40%
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ratio wés reduced to 1 mg:20 mg and thé reaction time was
reduced to 3.5 hours. Under theéé conditigns only 1 - 2%
~ hydrolysis of (AP)3CP wasrobéerved and less than 1% of
.thé uridylic acid remained a$ the cyclic diester. The
results discussed in later sec£ions were all obtained with

the revised hydrolysis conditions.

2. Separation Techniques

In order to perform the fingerprinting described in
fhe preceding section, it is necessary.fo have a reliable
and‘félatively easy method for separating the digestion
pr§ducts produced by the aétion of pancreatic ribonuclease
on a T—l‘ribénuclease fragment. The two—dimensional,vpaper
electrophoresis—chromatography map publishgd by Rushisky
and Sober‘}:9 at first appeared to be ideal for this task.

A sheet of Whatman 3 MM paper (48 cm X 80 cm) was
sbaked with 0.1 M formic acid (pH 2.3'~‘2.4) and allowed
to equilibrate in an electrophoresis 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 on this area iﬁ a volume of 0.01
ml. A potential of 3000 volts was applied across the
length (80 cm) of the paper fqr.2.5 hoﬁrs; The paper was
removed ffom_fhe 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 NH,OOCH,

fo'

. W
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pH 3.8. The positions of compounas-on the paper were located
by illuminating the chromatogram with UV light. TFig. 13
shbws a trace 5f the'map produced'by this procedure.

Although the map was capable of resolving the expected
fragménts, there appeared to.be small amounts of unidentified

fragménts contained in the digest which were not resolved

from the,main_spots. AIn_particular, the spot which should

have. contained Cp was sé badly»contaminated that it was
impdésiblé to be suré_thaf Cp was éctually present. There
wéé aiéo_a‘émall spot in the.iowef_left corner of the map
ﬁhiéhvcould not be identified at all. As mentioned in the
preceding sectibn, most of the aBove problems were evéntually
traced to the use of improper hydrolysis conditions. How-
ever, this ﬁas not possible untilfan.improved separation
procedure Wwas discovered. |

It is possiblebthat another set of cﬁromatography and
eledtfophoresis conditions could have been found which would
have given_complete resolution. However, there were two
other difficulties presented by paper chromaﬁography—
eléctrophoréSis systems 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 é tedious process;,aﬁd,
as shown by Fig. 14, 3! guanidylic acid could be recovered 
from fhe paper in yields Qf only 90%. A mofe serious

problem was the occurrence of impurities, some of which were
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direction of motion of a negatively »
charged species during electrophoresis

Figure 13, A paper electrophoresis-chfomatogfaphy

map of the pancreatic ribonuclease
digestion fragments of the omega-mer.
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preoent 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_circumvcnt the above.difficulties a column
chromatographic procedore using DEAE Sephadex was‘chised.
A DEAE Sephadex column (0.4 X 29 cm) was loaded with
10 - 50 mu abéorbance units of hydrolysfate.' TheAcolumn,
was then developéo with 30 ml 0.001 M HC1 at a flow rate
of 15 ml/hr before initiating a pH gradient. Although
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 i.7 ml/hr
from 0.001 M HC1 to 0.026 M HC1, 0.01 M KC1 in a volume
of 250 ml. 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
‘v'conceniration of 0.1 M in KCL. For maximum resolution
this'gradiént change should be introduced after Up has
been eluted from the column. |
The identities-of oligomers'eluted'from the column
were assigned from their elgtion positions‘and a khowledge
of the'specificities'of T-1 and pancreatic ribonuclease.
These assignments were checked by comparing the UV

absorption spectra of the oligomers eluted from the column

.
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with those of known oiigomers and, where necessary, by
rechromatograpby'with knoﬁn oligomers. In all cases the
results led to an unambiguous identification. The elution
profiles sﬁown in Figs. 15, 16, and 17 show the glution
positiohs of the fragﬁents obtained by panéreatic ribo-
- nuclease digestion of thé psi-l-mer, psi-2-mer, and omega-
mer.

The quantitative determination of oligomers which
elute together,.Such as~ASCp and Gp, can be done either
by analyzing the-UV absorption 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
asjmmetry observed in thé elution profiles of the oligomers
which eluted before the-gradient change.iS‘apparently an
artifact of the elution procedure rather than evidence
of hetérogeneityw When these peaks were rechromatographéd
at ﬁeutral PH they each gave an elution préfile which
¢ontained 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 frbm é*pancreatic ribbnuclease:'
digest of miked T-lvribqnuclease'oligomers of TMV;RNA.
One sees that it is also possible to resolve oligbmers of

the form (Ap)nGp.' v:
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3. Fingerprint Results

Pancreatic ribonuclease digests of the psi-1, psi-2,
and omega-mers were fractionated by the column 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 mi absorbance units present in the
fraction Was computed.' These values were converted to
micre-molar values with the extinction coefficients shown
in Table V. The three oligomers being investigated are
the products of complete digestion with T-1 ribohuclease
which causes cleavage after guanine43 and sheuld, 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 nﬁmber ef moles of each
oligomer pef mole of_pei—l-mer, psi-2-mer, or omega-mer.
Table VI shows the mole ratios obtained for two_different
digests of each of the.three T-1 ribonuclease fregments._r
'As mentioned in thefpreceding section, (Ap)SCp and Gp
were eluted as a single peak from fhe initial column and
‘were.separated by rechromatography at neutraiipH. The
-results of this rechromatography were correcfed to 100%
yield (from 95%)-for_comparieon with the values obteined

from the ofiginal column. The'small'amouhtsvof uridine



TABLE V

 Spectral Properties of Oligonucleotides at pH 7.5

éxtinction

S o coefficient . ' ' '
0ligonucleotide Reference at 260 my Rogo’Baeo . Poso’P260
* - ceee  0.679+0:14 - 1.149+.017
o 51 _ . . o

Gp  Warshaw"!  11.5 . . 0.66 © 116
* e . 0.944+.003  0.864+.003

Cp Warshaw" ! 7.5 ©1.00 . 0.83
£ | e © 0.426+.004  0.809+.009

ApCp 4 ’WérshaWSl ' 21.0 o.44- 0.80
* | e | 0.381+.007 0.823+.004

(Ap),Cp cantor T 30.6 | 0.423 0.827

. . . : = ] . .

Stanley”° 0.39 .83

09



' TABLE V (continued)

Extinction
o : coefficient A /A A /A
Oligonucleotide Reference at 260 mu 2807 260 2507 260
(Ap)30p' * 41.6 0.369+.013 0.830+.009
, (calculated)
% ' 0.369+.009 0.750+.003
Up Warshaw - 9.9 0.38 0.73
* 0.264+.005 0.770+.005
. _ - , .
" ApUp Warshaw" > 24,0 0.27 0.77
d . 0.275+.004 0.800+.006
(Ap) ,Up cantor®! 33.9 0.326 0.813
’ c
Stanley~° 0.28 ~ 0.81
(Ap) ;Up ¥ - h3.1 0.278+.004 0.816+.004
(calculated)
*
Refers to values obtained in this work.

19
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cyclic phosphate present*afe.included in the uridine 3!
‘phosphate télly.--The values given for ApAp were estimafed
to_iZO% from the area under the elution profile. The Cp
elﬁted from the coiumn'wés contaminated with small amounts
of Ap. VThe amount of Cp present was calculated from UV
absorption spectra using the 280/260 and 250/260 ratios given
in Table V. Since the épeétra'of Cp and Ap areiquite'
distinct; and since the amount of Ap present was small,
this procedure_gives:very accutate values for Cp but
rather poor.values for Ap (about»izo%). Between 97% and
98% of the UV-absorbing maférial present in the.pancreatic
ribonuclease digests is accduntedvfor'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 evidenéé, either from the
spécéroscopic-data of from rechromatography of the various
oligomér fractions, which indicates the presénce of odd
bases in the hydrolysates. |

The mole ratios given for @he omega-mer show deviations
from integral values of only 1% - 2% which is probably
.close to the limiting precision of fhé techniques emplpyed.'
.For the-psi-mers, on the oﬁher hand, alfhough the deviations
~between the fwo measurements are still on the order of
-l% - 2%, the deviations from integral values are in some

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



TABLE VI

Pancreatic;Fingerprints of the Omega-mer and Psi-mers

omega-mer ' psi-l-mer - psi-2-mer

: - % closest ' % closest . % closest .
digestion uM fragment integral uM fragment integral uM fragment integral
fragment per uM Gp value per uM Gp value per uM.Gp ' value

ap . 1.00 1 . 1.00 1 1.000 1
Cp 1.05 1 3.86 4y | 2.08 : 2
ApCp ~ 6.08 6 1.94. 2 202 2
'(Aﬁ)gcp l_ _6.0U’ 6 not pfesent 0 1.06- ‘.i | 1
'(Ap)3Cp | 1.96 . .>2-' | 10.92 - 1 not presentv 0
Up 12.00 12 : 2.du 2 R 5;30 5
ApUp 2.96 3 1.90 2 2.00 2
(Ap),Up  3.96- ' y 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 .0.03 " 0 O.@Q' 0 "OLOQI 0
A35U19015G A12U6C7G . ' AllUQCSG

X _ _
This figure is the average of the values obtained from two experiments.

€9
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due tQ oligonucleotide impuriﬁieé since 1t would appear
;that_ even after rechromatography'the Qsi-mer preparations
" are not as pure as those of the omega-mer. COmparé
Fig. 4 with Fig. 5. It is bossible.that these impurities
~are cleavage pfqducté‘of'the psi4mers themselveé, produced
.by_hydroiyéislat’thq acidic conditions at which the
separation of the psi—mers is effected. However, despite
thé 1érger deViations observed"fdr thé psi-mers, the data
presented are entirely satisfaétofy for the fingefprint
determination. The results bf thé hydrolyses-yieid the
pancreatic ribonucléaSe fingérprints shown in'Table VI.
Thus the omega-mer has a chaihlength'of 70, which is
in agreement with the‘sedimentation équilibriﬁm‘measuremeht,'
and the psi-mers both have chainlengths of 26. The |
;nformatidn gained from these fingerprints allows one to -
"draw a number of conclusions about the-ﬁiolbgicél
function of certéin’regions of.fhe-viral RNAQ TheSe

conclusions will be the subject of Chapter VI.



V. ATTEMPTS TO OBTAIN C-SPECIFIC CLEAVAGE

1. -Carbodiimide’Biocking Groqpé'

Pancreatic ribonuéiease_digeStion of the omega-mer
and psi—mef produdes such.é.large’number Qf fragments
- that ordering them’by any sort of partial digestioﬂ
' ﬁeChnique would be a very difficult task. A possibie
method .of simplifying the pfoblem ﬁould be to.devise a way
of'échieving cleavage only,aftefvcytidine. This, would,
in general, lead to half the numbér of fragments produced
by treatment with pancreaticlribonuclease; A series of

[~4
2,55 describes a

~ papers by Gilham and his co-workers
technidue for achieving specific cleavage after cytosine
- with pancreatic ribonuclease by the addition of a carbodiimide
derivétiVe to the ‘uracil ring which'then.protecfs these
sites ffoﬁ-the enzyme . | : |

‘The specificity of the action of Gilham's reégent |
(1 cyclohexl—3-(2-mdrpholinoethyl)écarbodiimide'metho-p-
toluenesulfonate, Aldrich Chem. Co.) on the mononucleotides
was verified by the following experiment. | )

_Fbur samples, each containing 10 mg of one of the four
nuciéotides Ap, Gp, Cp, Up, were dissolved in four 2 ml
pbrtions of distilled_waier. ‘To_each‘of-the four solutioms
was added 200 mg of Gilham's reagent.and enough 0.1 M NaOH..
to briﬁé the pH to 9.2. The feaétion was allowed to proceed

forIZO hours at 25°C; Electrophoresis was performed on
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_0}05 ml aliquots of each:of'the samples using the techniques
describedbin Section 2vof the preceding:chapter. A field
of‘SOOO'volts'waS‘applied for 1.5 hours across 80 cm of
paper wet with 0.05 M NH4OOCH, pH 2.7. Untreated samples .
of the four nucleotides were run as markers on the same
paper. | ' _

The reaction mixtures containinggAp andFCp showed
vonly those'spots corresponding to the.reagent and_to
unreacted Ap'andiCp.l‘Byvcontrast, the other two solutions
contained no detectable Up or Gp. Instead, each of these
SOlutions-contained, in additlon;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 'b'y the addition of the
positively charged reagent to Up and Gp.- Each of the two
p031t1vely charged spe01es was eluted in approximately 0.5
ml of distilled water, ‘and an equal volume of concentrated
NH4QH-was added to eachesample. -After standing for 2 hours
at 25°C the twovpreparations-Werefsubjected.to.electrophoreSis
under the conditions given above. After treatment withA |
NH4OH each sample showed a single spot correspondlng to
Up and Gp. ‘Both the addition and removal of the carbodiimide
'appeared to- be at least 99% complete. |

Although the results of the reactlon of Gilham's
reagent with the mononucleotldes were very encouraging,
attempts to achieve C-spe01f1c cleavage of oligonucleotides

‘were not nearly so satlsfactory, In order to insure complete
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reaction bf»thelcarbddiimidé with an dligonucleotide one
_Wants to destroy‘any secpndary or.teftiary structure |
édssessed.by the_oligomer;' Accordingly; the reaction was
" carried out in 2 ml 7 M'uréa, lO.-3 M EDTA ccntéining 20 mg,
of_oligomers.of chainlehgth 7 - 10 obtained by T-1
fibonucléaée hydrblySis of TMV?RNA. Two hundred.mgvofA
Gilham's reagent was added and the_pH was adjusted to 9.2
_with.o;i.M NaOH . The reéctioﬁ:ﬁas performed ét 25°C for
20 hours. v _ | . -

‘,The‘reaction was ﬁerminétednby ;djusting the.mixturé
to pH 7.2 with_o;l'M.HCl,: Thé qréa'and unfeacted reagent
'ﬁere reMOved by'sucéeésive dialysis for 4 hour periods
against 4 liters 0.1 M Néc1, 4'1iters distilled water, and
4 liters 10*3 M PO,, PH T.2. After the addition of 0.04
ml 1.0 M PO4’ pH 7.2 and 0.1 ml of aAl% solutiqn of pancreatic
ribonuclease the sample was incubaﬁed for 20 hours at 25°C.

Before remd&iﬁg the,cafbodiimide from the uracil, it

is first neceSSéry«ﬁofinaCtivate the ribonucléasé. The |
enzyme was first'deﬁataredvby alidwing the sample to stand

er 20 hours at*25°C"éfter thé‘addition of one volume
(approximately 3 ml) dimethyiformamide and 0.1 ml .
ﬁ~mefcaptdethanol;V During‘the denatﬁrétion.proéess it
is important_thatﬂoxygen'be exClﬁéed._ This'wés“accomplished
by flushing the c§ntainer}with nitrqgén before sealing it.
The sample was evacuated to dryness and dissolved in 2 mlv 

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 M. Naoq 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 dryﬁess and taken up in 0.2 ml distilled
: water. ‘ |

A 0.05 ml aliquot of_the abeve solﬁtionvwas mapped
in the paper eleetrophoresis-chromatography system described
in Chapter IV.2. In this prellmlnary work no attempt was
made to- 1dent1fy all of the fragment° present 1n the map.
‘The hydrolysates were pr1n01pally examined for the presence'
of Up. If one succeeded in blocking the action of pancreatic
ribonuclease adjacent'tovuridine 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,Uh)GpQ It would be impossible to obtain Upvas 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 repfeducible.’
Fig. 20 illustrates a trial hydrolysis which contained |
a large amount of uridylic acid whlle the result of the

trial hydrolys1s shown in Fig. 21 1ndlcates that the blocking
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charged species during electrophoresis

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 24.

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 charged components to the rignt
of the origin.

In a more recént paper Gilham54 also reports the
bresence of Up in his'digests, but only in trace amounts.
He reports no qiffic&lty 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. Mandeleslo has
reported success in removing the ribonucleas¢ ﬁith bentonite
which would considerably simplify the procedure given
here. However,'he also has experienced difficulty in the
removal of the reagent with NH4OH. Even the rather poor
'results pfesented here seem to indicate that Gilham's
technique is a satisfactory method of preparing oligomers
containing uridine with a terminal Cp. Howéver, it became
apparent thaf considerable time and effort would be
required to develop a satisfactory analytical technique.
Fbr this reason, work on the carbodiimide reagent was

abandoned'in favor of the alternative to be described

in Chapter Vv.2.

2. An Acid-Soluble Nuclease from E. Coli

At present‘onlyvtwo of the ribonucleases have been
clearly demonstrated to possess a marked-specificity for

cleavage of the phosphodiester bond adjacent to specific
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v . ' ' 55
bases. However, in 1965 Anderson and Carter” ~ reported

the isolation of an acid-soluble.chlease preparation,
from ribosomes of E. Coli, whose rate of hydrolysis was
much greater for poly C than that for either poly A or
poly U. The same papér describéd a similar preparation
which was obtained from the sal£ fractionated alkéline
'phosphataSe ( BAPSF) soid by the'Worfhington Biochem.'Corp.
Although the nucleése obtained from the latter source was
capable of‘hydrolyzing ﬁoly C.at a rapid rate, it showed
no‘activity at all for poly A and poly U. Thus, it
seemed worthwhile to investigate this nuclease preparation
as a meansbof obtaining specific cleavage after cytidine.
The procedure used in isolating the nuclease was the
same as that described by Anderson and Carter.55 One
vial of Worthington alkaline phosphatase (BAPSF) conﬁaining
10 mg 6f protein was dissolved in 5 ml distilled water at
0°C.  One ml of 1.0 M HCL0,, also at 0°C, was added to
preciﬁitate,the phosphatase. The precipitated protein
waélrembved By centrifugation at 12,000 x g. for 5 minutes
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 KC10,, the neutralized solution was
held_aﬁ 0°C for 10 minutes befére‘being centrifuged
at 12,000 x g. for 10 minutes. The resulting nuclease
preparation, désignated BAPSF—Acvby Anderson and Carter,

was stored frozen at -20°C.
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The enzyme was assayed by following thé release of
vacid-soluble products from polycytidylic acidQ The assay
mixture contained 3 ml of 0.067 mg/ml 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 minutgs at 37°C,
the reaction was terminated by the addition of 1 ml 1.0 M
HC10, at 0°C. The assay samples were kept at 0°C for
10 minutes to insufe complete precipitation of the poly-
naéléotide, which was then removed by centrifuggéion at
'12,006 X gQ for 10 minutes. The absorption of'the
supernatants was measured at:280 mL. One unit of nﬁclease
-acti&ity caused an increése of 0.1 in the 280 mu absorbance
under the above assay conditions. The specific activity
was defined as the number of units of activity per mg
of protein as determined by the Lowryss ﬁethod.-

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'épecific activities 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
'ldifference in activities is due to variations in the amounﬁ
of-contaminating nuclease pfesent in the Worthington
~ phosphatase, although preparatibnsmade 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 Carter for this eniyme.

The producte 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 elthough the poly C was completely degraded to
acid-soluble products. If the reaction which opens the
cyclic phosphates proceeds at all, it does so at an
immeasurably slow ratef' |

In an experiment designed to test the nucleotide
specificity of the BAPSF- A¢ fraction, four 0.05 ml portions
- of enzyme; each COntaining one unit of activity, were
combined with O.i mg portions of poly A, poly U, and poiy C,
each in a wvolume of‘0.0S'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 threexhomopolymers on a 46 X 58 cm sheet of Whetman‘
3 MM paper. Descending chromatography was performed for
20 hours in a solvent system composed of 50% l-propanol,
25% water, and 25% concentrated ammonium hydrokide.
Although the amount of enzyme used invthe reaction was
capable:of converting all of the poly C into acid?soluble
products in about 2 nours,vFig. 22 shows that eppreciable'
.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' eyclic phOSphate[with the remaining material fairly



15

tetramer
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direction of chromatography

dimer

monomer

Figure 22. 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 Yi;};c?pariol ;1v:vater ;
5. poly U ammonium hydroxide
6. poly U plus BAPSF-Ac

7. BAPSF-Ac
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equally'distribuﬁed as dimer, trimer, and tetramer. It
‘would seem.that the BAPSF-Ac fraction is either incapablé

of hydrolyzing sméll homo-o_igomers of cyfidylic acid

or does so at a gfeatly reduéed_rate compared to its action
on poly-Cp. No degradation products were observed for
_either poly A or'poiy‘U. - However; it was observed that

‘the poly U sample treéted-with enzyme'tailed from the
origin.slightly.more'than did the control. This effécf

may indicatebthat a small number of breaks occurred

in the poly U, or it may oniyfbe an artifact since some
tailihg occurred:in the control. An experiment similar

to the one described above was used to tést the specificity
of-BAPSF—Ac’ﬁQwards the four dinucleoside phosphates

'ApC, UpC, CpC, and GpC. Under reaction conditions identical
to those described above no activity was observed for

any bf the four compounds. Thus, it appears that this
ehzyme preparétion requires, at least, a trimer as substrate,
and shows appreciabie activity only for oligomers-having
Chainlengths greater than four. :

A 0.5 mg sample of T-1 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 0.3 ml of BAPSF-Ac
éontaining five to six units of,activity.' The hydrolysis
was pérformed at 37°C for a period of 20 hours. The
hydrolysate.was mapped with the papér electrophoresis-
chromatography system described in Chapter IV.Z2. Fig.

23 shows the pattern of fragments obtained from the



Figure 23.

The hydrolysis of T-1 fragments
with BAPSF -Ac.
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hydrolysate. Only four of the fragments, cﬁ, Gp, ApGp,
and UpGp, were definitely identifie@. The significant
observationﬁto be made is that Up, which would result
ffom cleavage following'a uridine residue, is absent
from the dfgest. The portion of the map which should
contain thié nucleotide %g 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
concentrétions used in these experiments no significant amount
of hydrolysis_is obtained after any nucleoside other than
cytidine. Unfbrtunately, the cieavage after cytidine is
not complete. It may be that trimers'and tetramers can
bé hydroiyzed at higher levels of enzyme although cleavage
after uridine may become a problem under these conditions.
In any case, the dimers appear to be completely inert to
the aétion of.the enzyme . Thds, this'nuclease‘preparation
will probably not be'as useful as T-1 and pancreatic ribo-
.nucleaseé but it appears.tb 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 hydrblysed with 5 units of BAPSF-Ac in a volume of
0.3 ml 0.04 M Tris-Cl, pH 8.0. The reaction was
bcarried out af.37°C-for 20 hours. The hydrolysate was
mapped in the ﬁaper_electrophoresisfchromatography 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
iﬁ.o,OS ml of water and hydrolized withvpancreatic ribo—
nucleaée.. The éolutiéns cbntaining‘the fragments from
the map were combined with 0.0E mg of enzyme, 0.005 ml of
1.0 M PO,, DH 8.0, and digested for 20 hours at 37°C.
The secondary Hydrolysates‘weré then mépped~in thé same |
system used above. | | |

‘It was possible to identify éome of the pancreatic
ribonuclease fragments from theif positions in the secondary
maps. Spot number £ was found to yield G and ApApUp while
in fhe casé of spot nﬁmber 7 only ApApUp was observea
in the secondary digést. The number of absorbance units
contained in spot number 6 was so low that none of its
pancreatic fragments could be identifiéd.' It is apparent
thaf these results do not account for all of the fragments
which one would expect fo find in the'secondary digests.
For éxamp;e,.during electrophoreSis in the primaryvmap,
spot ngmber 7 moved a distance gféafer than or equal to
that which one would expect for the'dimer ApUp. Yet, when
the material contained_in ﬁhis:spot-was treated with pan-

creatic ribonuclease, the only detectable digestion product
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-

direction of motion of a negatively
charged species during electrophoresis

Figure 24,

BAPSF -Ac digestion fragments of the
omega-mer.
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was ApApUp which, at pH 2.4, possesses an eiecﬁrophoretic
- mobility mﬁch lower than that of ApUpb_ In order to
acéount for the mobility of the oligomer present in
spot_nﬁmber 7,,it is neceséary ﬁo include.at least one
additional uridiné'résidﬁe in its sequence. One concludes
that small'amounté of Up méy'haVe'gonQAundetected in all
of the secondary maps. The diffiCulf§“in deteéting the
ﬁridine monophosphéte frégmentS-is:that Ub tends to form
1arge'diffuse spots which make it impossible to detect
in small amounts. |

ZThe»results of this experiment are such that it‘is
impossible to determine whether any cleavage has occurred
aftér uridine. 1In order to obtain_cleaf results it will
be necessary to perform this‘experiment With much larger
amounts of material. It would also be desirable to use
a co;umh chromatographic separation scheme . The dis-
advahtages of the paper electrophoresis-chromatography
system were discussed earlier. It does appear from the
abo&e experiment that the terminal-séquence of the omega-mer
is ApApUpGp. HdWever,'it‘must be admiﬁted that the position
| of‘spot ﬁumber S is such that thé sequendes UpApApUpGp
and ApApUpUpGp can not be ruled out.-

Although the question of the specificity of the BAPSF-Ac
pfeparation has not.been definitely settled, it is clear
that this enzyme preparaﬁion possesses a éarked preference
“for cleavage after cytidine; Thus, it seemed to be a better

choice thani pancreatic 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,
vand in the presence of magnesium, the énzyme could be made
to preferentialiy cleave a small number of diester linkages
in the omega-mer. The reactién mixtures contained 0.3 mg
omega-mer, 10 units’of’BAPSF—Aé, 10 uM Tris-Cl, PH 8.0,

40 uM KC1, and 4 UM MgClz.in a tqtal volume of 1 ml. The
hydrolysis was performed at 0°C. |
A'quantity of solid urea sufficient to bring the urea
concentration to 7 M was added to each hydrolysate.v 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. Thé column was eluted with a linear salt gradient
running  from zero‘tq 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 hoﬁrs. o
The elution profiles indicate that essentially random
hydrolysis ié-occurring. If the enzyme does possess a
perference for cléavage'at cérﬁain sites in thé omega-mer,
this preference is not large énough to allow one to dbtain
é-significantly largé yield of ény'oné fragment. 1In
theory, one such partial digestishould'contain all the
' information needed to reconstruct the entire sequence.
'in practiée,iunless oné can thain’large yields of a feﬁ

fragments, the procesé of sorting out a large number of
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fragments for further analysis is extremely 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. Thé Location of Digesticn Fragments in TMV-RNA and
the Question of their Ur.iqueness

A series of experiments performed by Mandeles_l'2 have
a very direct connéction.with the work.reported herel It
is desirable that these experiments should be discussed

before proceeding with a discussion of the resﬁlts of the

7 that

fingerpfinting experiments. It has been shown5
the action of sodium dodeCylsulfate (SDS) on TMV is such
‘that thé coat protein is removed sequéntially_from one end
of the virus rod. The RNA.which is exposed always contains
the‘end with the free 3! hydroxyl_gr‘oup‘.58 The extent

to which the coat protein is Strippéd from the virué can

be controlled by the SDS'concentrétion, the température,
and the reaction time.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 Knightso

to determine
the position of the,gene responsible for the local lesion
mutation of TMV.

In the work reported by Méndeles, three percent to
fifty percent of the coat pfotein was stripped from a
number of samples of TMV. The average amount of.stripping
was détermined from the decrease in light scattering, the
émount of 280 mﬁ absorbing material liberated from the

virus, and the amount of RNA which became susceptible to

hydrolysis by ribonuclease T-1. The partially stripped
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virus was‘iéolated and the exposed RNA was hydrolyzed with.
ribonuclease T-1. The'unstripped portion of the virus

was isolated and its RNA was extracted and hydrolyzed.

The hydroiysates were'chromatégramed on DEAE Sephadex
~under conditions similar to thosé.described in Chapter II.
The amounts of psi-mers and omega-mer present were

- determined for eachvhydrqusate. A plot of the amount of
omega-mer or psi—mer released by T-1 ribonuclease hydrolysis
as a function of the percent of prétein 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 poiﬁt of the curve sbould give the position of
the oligomer in the viral RNA.

Mandeles has placed the psi-l-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 smalleét amount of stripping bbtained was 3%,.
at which point aimost ali of the omegaemef was exposed.

If one uses thevcufve'in Mandeles' paper showing.the
release of psi—l—mér to make a guess at the width of
the distribution curve for the strippihg_reaction, one
concludes. that the omega-mer is probably located only
, 80-100 nucleotides 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_guahiﬁe‘at the 3' end of the
omege—mer is probably as little as 10 to 30 nucleotiaes
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 pertialiy stripped virus with T-1
ribonuclease. If the amount of stripping were kept smali,
one would have relatively few fragments to isolate. The
reeult of these considerations is that the sequence of
the omega-mer is of much more interest than wouid be
the case if it were located in the interior of the RNA.
strand.' The fortuitous position of the omega-mer'makes
it reesonable to suppose that one can-determine the
sequence of'the'fifst one hundred nucleotides of TMV-RNA
using existing techniques:. | |

in additidn to locating the psi-mers and omega-mer
on the TMV-RNA strand, the stripbing experiments?of |
Mandeles also Supportefhe thesis that these oligomers are
unique in the viral RNA. Although the results of the pan-
creatic'ribonuclease fingerpriﬁts are very stfong evidence
for the homogenelty of the three oligomer preparations,
the 1nformation obtainable from a fingerprinting experiment
does not provide a conclusive test of homogeneity. 'Considey

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 fingerpfint obtained would be;identical
with that of either of the single trimers UpCpGp or CpUpGp.
However,-the probability of the occurréncé of such a
relationship between the sequences of the two 26—mer$ or -
two 70-mers is extremely low. Another objection fo‘such

a coincidence 1s that it would réQﬁire the yield of oligomer
obtained from the.TMV—RNA‘to be only 35% - 40% which is
~unreasonably low. The stripping éxperiments provide a
third objection. They indicate that if oné were, for
example, to assume the exiStence_of two fragments in

the omega~-mer preparation, not only would they have to
have compatible fingerorints, but they would also have

to occupy nearly adjacent pésitions in the RNA chain.

The existence of’thesé constraihts 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 some 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 impossible

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 Protein.el’gz
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for the coat protein.3 HoWever,-one'can'look for sequences
of amino acids in the coat proﬁein whose code words are

not required to contain_guahineu' Long stretches of these

“amino acids may correspénd to long oligomers in a T-1

ribonuclease digest of TMV-RNA.

There 1s no séquence in the TMV'coat protein long
enoﬁgh to account for an oligomer the size of the Omegaémer
and there is only one such sequence which is long enough
to cqrrespond td,the psi-mers. If one consﬁfucts the
various models,fallowed by the genetic code, of the RNA
corresponding to thié amino acid sequence, one sees that

it is impossible to obtain a T-1 oligomer of 26 nucleotides.

" The closest nucleotide sequences which one can construct

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

the pancreatic fingerprinté of these sequences are:quite
different from those observed for the psi-mers. Thus,

oné concludes that none of the three'T-l'oligomers:studied
in this work can be part of the‘gene which codes for the
coaﬁ;protein'of TMV.A This conclusion is in agreemént

with the very recently published findings of Kado and

Knight. 63 These authors have determined that the

_gene for the coat proteih i1s located in the first half

of the viral RNA beginning with the 5' end of the molecule.
As mentioned in Chapter VI.1, the psi—mers-ahd omega;mer
are all located in thé 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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| The-pafticularly iﬁteresting propérties.of}the omega-mer
are its unusual length and the rather sévere limitations
on the amino acids for.which it caﬁ code. If oné 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-1 oligomer of n or more |
nucleotides in the follOwing-ménner. If one is to obtain
a fragment of chéinlength(gré&térvthan or equal to n

- from a T;lAribonucléase hydrolysate, there must exist a
sequeﬁce;of at least n-1 of the nucleosides A, U, and C
succeeded'by G. The probability of choosing such a.
sequence of nucleosides from an infinite réservoir is

w(l - w)n'l, where w'is the fraction of G in the.reservoir.
In a molecule of N, greater than n, nﬁcleosides there are
N - n positions at whiéﬁ_the términal G hay occur. The

probability that such a sequence will appear nowhere in the

chain of N nucleosides is
_ B N-n
[l - w(l - w)n_l]

Therefore, the probabiiity that .a least one such sequence

will occur is given by the expression
. ' » N-n
1 - [l‘- w(l - w)“'l]

For TMV-RNA, with w = 0.243, one computes the probability
of finding one or more T-1 oligomers of chainlength greater
than or equal to 70 hucleotides to be on the order of ten

to the minus five.
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One can 1ook upon the course of evolution as being

~

the result of two opposing processes. _The process of

mutation tends to produce'random fluctuations 1n the

_ sequence of an RNA while the process of selection tends

to freeze those fluctuations which enhance an organism's
ability to survive. The tendency of the selection
process to pre?ent the propagabion of changes in the RNA
sequence depends upon the function of the RNA. Thus, an
examination of the amino acld sequences of cytochromes ¢
from various sources65 shows that; while the sequences of
certain regions of the enzymes may vary considerably, the
region which binds the heme grousthows'Very little |
variation in amino acid.sequehce.‘ ib general, one expects
regions such as the actilve 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 calcalated on the basis,

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

the region of RNA involved serves a funcbion Vital to the
survival of the.organiSm. Since tbe omega;mer has such a
low probabilityaof occurfence,'one'wonders if it might

not be responsible either for some control mechanism or

Afor 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 oertain restrictions on the amino acids

which can be encoded in this sequence. The following four
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observations areAsignificant:
1) There is a single terminal Gp.
2) A block of Ap's longer than two occurs only twice.
3) A Cp preceded.by a ?yrimidine occurs only once.
4) Fifty percent of the nucleotide composition is
.accounted for by Ap.

The first observation eliﬁinates from consideratioﬁ
the eight amino acids whose code words must contain a Gp.
The remaining amino acids and their non—G—cdntaining code
words are shown in Table VII. .The second stateﬁent
requires lysine to appeaf no more than twice.  The appearance
of lysine depends upon the phase in which the two blocks
of Ap's are read. Siﬁce there are three possible phases,
thé prébability of inine 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 tﬂree that there are two
chances in thfee that neither serine nor proline will
ocCur; One can obtain, at most, -one serine and no proline
or one proline aﬁd no serine. At this point, there are
nine'remaining amino acids which.have not been either
eliminated or restfictéd to limited occurrence. However,
~ due to 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,_gldtamine, and

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



TABLE VII

AMINO ACID CODE WORDS THAT DO NCT CONTAIN G

Code Words Containing the Sequences UC, CC, or AAA

AAA 'lysine ‘ - UCA
' UCU ¢ . serine
AUC isoleucine UCC
ACC - threonine
'UUC phenylalanine -~ cca )
' ’ CCU proline

CucC leucine ' ccce

Code Words Containing Two A's

AAU . |
AAC} asparagine AUA methionine
UAA  stop ,

o ACA threonine
CAA glutamine

Remaining Code Words
Uuu ~ phenylalanine _ “ACU threonine
AUU isoleucine‘ o UAC} - _
. . _ ' VAU tyroslne

CUA}. S - |
Cuu, leucine 'CAC} s
UUA ‘ CAU histidine
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Furthermore, if‘the.Up's occur in bloecks such thét they
code for the maximum of four pheﬁylalanines, the above
group of four amino acids will comprise about 16 of -
the remaining 19 possibilities. -

One ekpects that enzymes which have similar or
identical specificities will have similar amino acid
sequences in véribus species;65’66’67> Thus, one might'
be able to determine what type of enzyme is made at the
3" end of the viral RNA by looking fof a class of enzymes
which contain a region rich in the four amino acids listed
above. Unfortunately, thé extensive listing of amino acid
seduences needed for such an approach‘is not'available.

The intereéting.feéture of tHe psi~-mers is the
similarity of their fingefpfints. It is currently believed -
that, as complex organisms evolve from simple'organisms,'

‘a process of gene doubling must oécur.68 As the evolutionary'
process'proceeds the'pair 6f.genes thus produced will -
‘gradually become dissimilar through a process of random
mutation. However, if mutations of a certain region are
usuélly lethai, a certain amount of homology migﬁt persist'
between the.gene.pair. The probability, on the bdsis

of a random model, éf finding two distinct regions of
'TMV-RNA which are identical to 26;nucleotides-is.so'small
(on the order of 1071°) fhat one would consider this
situation to be a negation of the fandom-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 Shbu1d keep in mind the fact»thét, no métter how low
thé probability} one can not ignore the random hypothesis
with complete certainﬁy.

‘The two psi—meré have identical chainlengths, and,
with tﬁe exééption of fhree.baée changes, their finger-
prints match perfectly. |
c, C; AAAC, C, C,.AC, AC, U, U, AU, AU, AAU, AAAU, G psi-1
u, U, U, AAC, C, C, AC,AACQ U, U, AU, AU, AAU, AAAU, G psi-2
Two of the base changes are C to U conversions which is
a well—kﬁown type.of pbint mutation. The third change
would require converting A to U. One would like to know
whetherlthé similarity of_the ébove fingérprints represents
an event of,low enough prbbability to make its occurrence
~on a raﬁdom basis doubtful.

The prébability of the observed similarity in the psi-
mer fingerprints is the product of the fbllowing three |
probability calculations:

1) The probability of obtaining a T-1 ribonuclease
fragment of chainlength n when w is the fraction of G-

in an RNA of chainlength N:
' | bv 1 N-n
P(n) =-1 - [_1~- wi(1 - w)nfl] |

'2) The probability of obtaining a giveh base
composition, APUSCt, correct to'within m bases when the

reservoir has the composition AnyC where r, s, and t

z,
are intsgers such that r + s +t = n - 1; and

x+y+z = 1:



98

;ﬂ T

P(m, r,s,t) [, TTrFD) T (s¥F3) T (T=1-j)1

The sﬁmmation ranges over valbeswof i andvj 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 anvoligomer of composition, ArUSCtG:

-1

P(fp) = }; Ej P1,h Ps,k Pt,r-n-k
=0 k=0 '

The pi,j are obtainedvfrom'the array'in Table IX. This.
last problem is equiValent to asking for the number of
-ways of arranglng r 1nd1st1nguishab1e objects (the A's)
.among three classes of contalners (s U's, t C's and the
termlnal G) such that the classes are distingulshable, but
the members of each class are not.
For the case in point, the three'probabillties P(n),

P(m,r,s,t), and P(fp) mere computed to be 0.26, O.M?,

and 0.00034 respectively. Thus the odds of obtaining the
 observed simllarltles for the psi-mers are about one |
in twenty thousand These oddsvare unfavorable enough

to give credence to the possibility'tbat one is observing
| a case of generdoubling; This hypothesis could be either
-greatly‘strehgthened.or disproved by determing the complete

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



TABLE VIIT

o rt s! gt S
)T (s+)7 (&-1-)¢ * 7Y

Values of

with r = 12, s = 6, t = 7, x = 0.381, y

Z

—1-3

0.365, z = 0.254

for 1 = <3++++.43, j-= =3+++++3, such that (i+j) = =3-+---+3
i = =3 -2 -1 ) 0 o+l +2 +3
J=+3 2,302 4.832  2.143 1.237
+2 1.800 2.164 2,066 1.550 0.892
41 , 1.113. 1.504  1.642 1.437 0.996 0.533
0 0.543  0.814 1,000 1.000 0.807 0.520 0.260
-1 ' : ~ 0.340 0.464 0.521 0.482  0.362 0.217
-2 3 0.162 0.202- 0,209 0.180 0.126
-3 | 0.056 0.065 0.620 . 0,050
. ' Ceren (r+s+t)! x" y° 2
The sum of the values in the table, when multiplied by I

equal tQ<O;Ol3U6, gives P(m,r,s,t).

t -

6



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

TABLE IX

10

M o 1 _2 3 4 5 6 7 8 9 1112
1 1 1 11 1. 1 1 1 1 1 - 1 1
2 101 2 2 3 4 4 5 5 6 6 7
3 1 1 2 3 4 5 7 8 10 12 1 16 19
b 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 2 3 5 7 11 - 15 21 28 38 49 65
8 1 1 2 3 5 7 11 15 22 29 ko 52 70
’_9 1 1 2 3 5 7 11 15 22 30 41 s4 73
10 1 1 2 3 5 7 11 15 22 30 42 55 75
11 11 2 3 5 7 11 15 22 30 42 56 76
12 11 2 3 5 7 11 22 30 42 56 77

15

00T
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" particularly interestéd in sequencing schemes which might
be feasible for the psi-mefs. Two such schemes are

discussed in the following section.

3."Péssib1e Methods for Obtaining Complete Sequences

for the Psi-mers and Omega-mer

.The maiﬁ diffiqulty in the seqﬁenéing of the psi—mers
Aand_oﬁega—mer ié that the Qvérlap technique, which has
been a_great aid in the sequencing of the transfer-RNAs,
cannot be applied. A possible technidue which one might
use in place of the overlap method is a combination of

two sequencing schemes whiéh have been suggested by other
authorsf |

9 suggested the use of a label

Mandeles and_Tinocq6
at ohe orvboth ehds of the RNA in conjunction with partial
hydrolysis by T-1 of pahcreatic ribonuclease. One can
uée the label to.pick.out a hierarchy_of ffagments in
whiéh_the terminal label is éssociated with fragments_ofy
increasing chainlehgth. Be determiﬁg the T-1 of'pancreatic
vribbnuclease fingerpfints of each member of the hiefarchy,
one caﬁ determiné the complete seQuence of the original
RNA. The appiicabilitj of this technique is limited by
one's ability to‘separate the fragménts resulting from
the partial digestion. The difficulty_of‘this separation
broblem is increased by the presence.of é great manyvfrag—

ments from the middle of the ofiginal molecule, which do

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

The method which,Hglley7o has used for oligomers
with chainlengtﬁs on‘thé order of_ten avoids thevabove_
difficulty by pfoducing the desired hierarchy by partial
digestion with an exonuclease. ,For example, gaftial
»digestion with sbleen phosphodiesterase;_which aﬁtacks
the terminus with a free 5' hydroxyl group, would produce
a hierarchy of fragments beginning with the 3' end. The
rest of the.éligomer.is réduced to mononucleotides. How-
ever, the fragments in thé hierarchy now increase in
chainlength by only one nucleotide at a time; and, therefore,
the hiérardhy contains a larger number of'fragMents than
would be the case if a basefspécific endonuclease had been
‘used. Thus, there is an increase in the number of fragments
oné_must examine; and a'correéponding decrease in the
'yield of each fragment. |

.Oﬁe can combine the two.téchniques described above
in the following manner. The recently discovered 5'
_ phosphbkinaSeTl allows one to add a phosphaté group to
'thé_S' end of the oligomer to be sequenced. A partial
hydrolysis of this oligomer with a base—specific‘endo-
. nuclease; such as pancreatic nibonuclease, will now result
in fragments containing a free 5' ﬂydroxylAgroup except for
fragments:coming from the S‘Iend of the oligomer, which
will contain a terminal 5° phbsphate. The pérﬁiai
hydrelysis can be terminated by removing the nuclease with

bentonite. Further treatment of the fragments with spleen



163

phosphodiestefase.will cause those pleces containing the
free 5' hydroxyl group to be degréded to mondnucleotides,
| However, the presence Qf'é‘termihal phosphate has been
shown to seriously inhibit the action of the diester'ase.72
Thus,'tﬁe final digestioh'mixture will contain only
mononucleotides and a hierarchy of fragments containing
the 5' terminal end of the originai,oligomer. Furthermore,
‘the hierarchy will contain fewer fragﬁents than would |
have been produced by the action of the diesterase alone.

. The method éutlined ébove will be applicable for
éhainlengthsJuﬁato the 1limit of the resdlving power of
- the separation téchnique 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
Chapﬁer-II.3 can be‘gréatly improved.by'increasing the
coldmn height ahd decreasing the sample load. It should
be feasible to separate fragments according to chainlength
. up ﬁo about 30.nucleotides, especially 1if most of the
fragments differ'in’dhainlength by ﬁwo or more hucleotides.
Thus the SChemevdeécribéa dbove should be a practical
way of determining the sequence of thg psi-mers. If
_thé acid soluble nucleaée discussed in Chapter V.2 were
used to produce the hierarchy, it would greatly simplify
the chainlength sepafation by increasing the averége

difference in chainlength between neighboring members of
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the heirarchy. One needs a minimum of 0.02 uM of each
fragment in the hierarcany in order to obtain its finger-
print by the method used in this work. Since each of the
ps1 mers yields roughly 15 fragments after digestion
with pancreatic ribonuclease, approximately 0.3 uM or

3 mg, of each psi-mer would be required to perform a
single sequence determination.' This estimate is an
absolute minimum. One could work more comfortably with
'amcunts of material two to four times larger. The omega-
mer, unfortunately, lies beyond the_scope of this method
with the currently'amailable separation tecnniQues.

As mentioned in the last section of the preceding
chapter; the probiem of sequencing a long oiigomer is
greatly simplified if a method can be found of selectively
bfeaking the oligomer into two or three large pleces.

The apprcach used in Chapter V was not.successful;
butvSangefé_ has feported that, at high concentrations,
T-1 ribonuclease can be made to cleave on the 5' linked
side of adenosine. This observation might offer.a way‘
of obtaininé a small number of specific breaks in the
omega mer, particularly if T-1 ribonuclease behaves in a
manner. similar to that shown by pancreatic ribonuclease
In Qhapter 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-1 ribonuclease exhibits a similar sequence preference

in its secondary activity one would be able to obtain
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specific frazments from fhe omégé—mer in large enough yields
to allow fursher work oﬂ'the individual fragments. For
example, suppqée“one_were_able'tb cleave the omega-mer
ihto three fragments”of bhain1ehgth 20 to 30 with only
75%_efficiéncy. About 0.4 uM, or 8 mg, of omega-mer would
be required to yield a sufficiént amount of each of the
fragments to allow theif seQuencés to be determined by

the method of partial digeétion discussed abovef

| Despite the difficulties involved in sequencing T-1
ribonuclease fragments the size of the psi—mers'and
omega-mer, it is the opinion of this author that the
prbblém can be solved with currently availablé technqlues,
and thaf thére is considerable incentive for continuing
this work. The pancreatic ribonucleaée fingerprints of
theée oligomers give 6nly a.portion of the sequence;
vbutvphey provide a solid foundation for further studies

in that fhey supbly information about the number and type
of fragments which one can expect to obtain.from.partial |
hydrolysates.  This informéticn should be vefy‘useful in
the interpretation of further experiments.'
The intriguing similarity of the psi-mer fiﬁgerprints-

evokesvconsiderable interest in thg sequences of béth of
~ these oligomers;'and'the-stripping experiménts of Mandeles
inaicété that_the sequencihg of the oméga—mér Will allow
a large poftion of the terminél sequence'df TMV-RNA to be

determihed.
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APPENDIX I

Ion Exchénqe Chromatography - Theory~ B

The theory of ion-exchange'chromatography has been

13’14’73 None of these

treéted by a number of authors.
théories.discusses the situation in which elution is
accomplished-With a concenfratiqn gradient of the carrier

ion, a technique ﬁhiCh iSIQuite important in biological

work . The theory to be developed in thié'section is primarily
‘concerned with the treatment of gradient elution for ion-
exchange chromatography. Howéver, fhe initiélly derived
expressions will also apply to systems involving both
ion-exchange chromatography énd‘gel filtration- The goal

of" the development will be to deriﬁe a theoretical relation-
ship to expléin the béhavior of the éhaihlength separation
tecﬁniqge described in Chapter II.3. The theory is also

useful in that it illustrafes the dependénce of the resolution
ob@ained from a chromatographic system on various experimental
pérameters such as the flowrate, the size.of the column;v

and. the resin capacity} The:tbéory can be used qualitatively U
to judge the diredtibn in which these parameters must bé |
varied in order to inéreaSe resolutioﬁ; ér it can be used
quantitatively. A trial columﬁ can be used to evaluate

the undetermined constants in the' theory and one can then
calculate the optimum values of all éxperimentally controllable

parameters.



The most comprehensive treatment of ion-exchangé
chromatography appearslto be that of Vermeulen and Hiester;l4
This work will follow both the notation and form of their
development fairly closely. It will be shown that with
only a few modificétionsthe.basic expressions derived by
these authors can be applied to the case of gradient elution.
The underiying.assumption ofvthe théory published by Vermeulen
and Hiester is that the chromatography is performed under
tréce conditions. ’By trace conditions one means that the
coﬁcentrations of the sample species, both in the solid
and liquid phases, are small compared to the concentrations
of the carrier ion. This assﬁmption allows one to neglect
fluctuations in the carrier ion concentration caused by
thefinteraction of the sample species with the resin. It
also allows one to neglect any interaction bétween different
sample species. Thus, each component can be:treated independ-
ently. In practice, 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 empibys,
fit the éSsumption of trace conditions will be considefed
later in order to determine whether»this agsumptionvseriously
limits the theory.

The rate at which a éomponent equilibrates between the
resin and the solvent 6n a chromatographic cblumh may be
limited by any one of a humber of mechanisms. In the

majority of cases the limiting procéss will be the diffusion
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of'm§iecules from the mobile solvent phase into the layer
of solvent immediately surrdundihg'the resin pa;tiples;
or, in the case of a pofous_resin, into the resin iiself.
The actual ion—exchahge bfocess'will geherally be quite
rapid, as in the case with most ionic‘reactions. It should
be pointed out that Vermeulen.apd Hiéster14 have shown thét
all of the mechanisqs which one is likely to encounter lead
"to rate equations of the same form in the 1limit of trace
cohditionsl Thus, one may focus attention on the»diffusion
limited case without loss of generality.

'ConsiGEr the competition between a polyanion A_n and’

1

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

resin,

-1

A" + n(B:resin) = B -(n-1)

+ (n—l)(B-resin) + (A.resin)

= --- nB—l + (A.resin) . . (1)

The concentratioﬁ,of (A-resin)'(n_i)'in meq - per‘gm of dry
resin will be.dehoted,by‘qA’i. Similarly, the concentration
Of.cgrrier ion on the resin will be denoted by qB} The
‘solution ccncéntfations of the sample and carrier ion in

| ahd c,- One can now'

A B
define a set of equilibrium constants.

meq. per ml will be defined as ¢

%* %*
g, :C g, .c
KA,]'_ = é’l B s KA,i = _A‘LJ—_—-B_——- 3 1=2, -=--n, (2)
°a g 9, i-198

where the asterisk refers to solution concentrations in
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equilibrium with the résin; One wishes to obtain a relation
between the total concentration of A T bound to the resin,
-qA, and the solution concentration, Cp-. Such a relation

‘takes the following form:

n i n .
_ ) o B
Ay = Z dp,3 < Z
i=1 i=1 _

14 , ‘
Il x, (3)
j=1 .

At this point one can invoke the assumption of trace
conditions to'simplify the above expression. Since qA/qB
will be very émall one can'sét-qB equal to Q, the total
capacity of the resin-évailable to the polyanion. In
will be very small so that c*-can be set

* ¥*
‘addition cA/c

B
some predeterminéd function of the eluent vdlume. In practiée

B B
equal to cy, the carrier ion concentration in the bulk of
the eluent. For the case of gradientaelutiong c, Will be

the rate of increase of the carrier ion concentration during
gradient elution will be extremely sloW'comparéd to the

rate at which the solvent-aﬁtains equilibrium withrthe résin.
Thus, the resin may bé'conéidered to always be in equilibrium
with the carrier ion; and the approximation, c; equals Cg
will remain valid. With the use bf these assumptions
Equation (3) can be éimplified‘to

’ *' o .n RN i
_ Q X ( B
q, = ¢C = = K, -

Q/
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' This expression defines an effective equilibrium constant

which 1s a function of-c “and, thus, is indirectly a

B’
function of the elution volume. Later, a simplified model

for the reaction of.the polyanioh with the resin will bé,
introduced to remove the dépendence of KA upon the elution
Qolume.. However, this is not ﬁecessary for the development

of the theory. |

| ' One isvnow in a position to write ths rate equation
governing the approach to equiliﬁrium between the solvent

phase and the resin. The rate aﬁ which this equilibrium

is attained will be limited by thé diffusion of the sample
component_betﬁeen the moQing solvent and that portion of

the solvent, 1n and around the resin particles, which is
in_equilibrium with the resin. The rate of iﬁcrease 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
éxternal solvent; Assuming theféoncentration~gradient

between the external solvent and the layer of solvent

ad jacent to the resin to bé constant, one can wriﬁe the

lelowing rate equation,

a(pa,) alre,) o
R VRN fl_;tial = DA'% (cy - CZ) o, (5)
dt dt

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

-~

total bed volume and Ty is the fraction of the bed volume
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occupied by the solvént which is in equilibrium with the
resin and also accessible to the sample species. The bed

volume itself, V is defined to be the total volume in ml -

b’
of the packed column; DA_is_the diffusion coefficient of
" species AR with.unitsbof émz/sec., a is an effective area
in_cm2 per ml'of‘bed Volumé; and b is the effective distance
in cm o?er which diffusion must occur .

It is desirable tg rewrite EqﬁatiénA(S),in a different

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

eluent volume, Vé, and the void volume, fé'V according

b’
to the equation,

Ve = Rt - £V, (6)

where R is the flowrate of the cblumn in ml/sec. This
equation gives the volume of eluentAWhich has passed through.
a given bed volume at time t, assuming that the eluent just
ehtered the top of the column at t=0. One would also like
to express Equétion_(S) in terms of dimensionless parameters.
This cén be,partiallyféccomplished by dividing both sides

of the equation by sémevarbitrary-standard concentration

() 0™

relates CX to a standard resin concentration qz, a standard

0

CA‘ The expression

carrier ion concentration c®, and the associated equilibrium

BJ
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1

constant Kz. The relations (4), (6), and (7) allow one

;td put Equation (S5) into the form

* - n q
o) €A o [Q A _
SVe fl 23‘ + pKA _(Co qo =
A B/ A
_ ‘ v ,
, b (8)
i . n i
p, Ay ooxo (L) 2
D ‘ 1.0 Pha. 0 o
“Aoa | A O\ °a B/
R 3- CO : n
A f. + pK (Q—)
i A g

The terms involvihg.fi in Equatiqﬁ (8) will give rise to

a gel—filtfation‘effect. By setting K, equal to zero one
can treat the process of gel-filtration alone, or if one
includes a‘distribuﬁion coefficient in fi’ one can treat

the process of partition cﬁromatography. For nonporoué
resins,'such'aé polystyrene derivatiﬁes, fi will always be
negligible and no gel-filtratidn will occur. 1In the case

of porous resins, sﬁch as crosslinked dextran derivatives,
fi ﬁill be much 1arger§ and gelefiltfation’will be possible
when pKAQn/cBn is_less than one. However, in most instances

D will be much larger than one, and ion-exchange

L, AN
pKAQ./cB
will predominate. Althdugh gel—filtration 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-

filtratidn can be incorporated into the theory.
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vOne ultiméﬁely wants to - solve Equation (8) for cA/cX
in terms of the eluent volume and the bed.volume. However,
there is a constraiﬁt on the system which must be considered.
‘This'coﬁs§raint takes the form Qf a conservation equation
which states that the number of equivalents of a species
which are lost from a volume of eluent must be gained by

the resin through which it has passed,

o\ . , : * ’ n
9 .CA/CA ,= 3 " _E_A__*_ QKO Q E_A_ (9)
- v i o A co o) .
. A : ap

3V e c
_ v . ' . B /v

b
e . : b

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

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

*
FY . %A [aF _ 4, ofa \© %
('a_ve) =T o (avb) =T 20 * pKA<_o> — - (10)
A A | v A B Uy

By substituting (10) into (9) and making the transformations



D 4 N dz
XA =_A o ' 5
T 5 J I
: A | / q
£y + oK, (2) cg(2z)
_ ‘ , | _ (11)
<7v ‘ . _ + R
Yp = D_A_ a Vo5 Flx,,y,) =e (xp + vp) $(x,,¥,)
- R 6 . »
one. obtains the diffeyehtial equation
-
3% 4 | |
e - ¢ = 0 . : (12)
aanyA .

~ This eéuation has the same form as that obtained by
Verméulen and'Hiester14 and has been solved for the
'appfopriate boundary condiﬁions by.'Thomas.73 dﬁe first
solves the equation for the boundary-cbnditions applicable

for the loadiﬁg of the column,

.BE_) = o.;('a"F“> =1 (13)
.( yA X =Of_ ) bﬂ XA . =0 - | |

A

where the standard concentrations cg and cg have been choseﬁ

to be the concentrations utilized during the loading of



the column. The boundary conditions in (13) allow_dne to
determine the distribution'of sample on the resin at the

end of the loading operation,

e~ (2 + yy) I (2\Izy ) dz

P
ol
<<l'=;|
=1
S
|
C\)

(14)

where IO is the modified Bessel function of.zéroth order,
Primed quantities, such as xA, refer to values at the end
of the ;oading operétioﬁ; and NA,is the number of equivalents
of ATH piaced on the column.

The solution for the loading opération can now be
:used as a boqndary cdhdition for the elution process. The

appropriate boundary conditions for elutioh are

Tt

Xy
<%—§—> = f _(Z tyy) I, (2\}zy ) dz
A . .
- x.=0 o ' .

(15)



. For these boundary conditions one obtains -

i , YA o S
_[3F = A . JC e_(z-+ XA)I (2V zX )dz_
\°*a c? ' - ° A
. - (16)
3 f (2 + 3y Jr-_>cA)Id (2‘{2(%'* x;&‘))dz ,’

This expreséion_is not particﬁiariy suitéble for either
physical interpretation or simple numerical calculations.
Fortunately, the above éxpression céh be closely approximated
by a simple errorbfunction.74' Vermeulen and Hiesterl4

‘havé shoWn'that, if one assumes yA to be large compared to

! , o ' _ . : ,
one, and XA to be much smaller than Yyo the following

"aPPPOXimatioh can be made in the vicinity'bf'xA = ¥,
ot ]_ . 5
c X ‘ .
A . A Dxpe- G- 3 x) 1%y (17)
Ca 2\[nyA ,

The gaussian form shown above will be a valid
1
approximation of the band shape when x, is within yZ
~of the maximum, but will tend fo over-estimate the leading

edge of the band and under-estimate the trailing edge of
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the bénd. A detailéd analysisvof“the error involved in this
appfoximation is given by the above authors. The assumptioh
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,
X and cg. The assumpéiop of larg; Yp requirés that the

rate at which the solvent equilibrates with resin be large

c

compared to.the time reQuired for the passage of solvent
thrpughvthe dolumq. Both of.these assumptions correspond
to empifically dérived conditions required for good
resolution.

One is now in a position;to set up some sort df
experimental criteria for deciding whether a particular
chromatographic'system fits the assumption of trace
conditions. Equation (17) predicts that, if-all other
parémefers‘are cqnstant, the concenbfatidn at the band
ﬁaxiﬁum should be diréctly proportional to the sample load
pié;ed on the colﬁmn. One expects that as the'traée
condition aSSumptioh breaks down thét a plot of concentration
at the band maximum versus sample load, for a given species,
shbuld bégin to level off;<,The regson for‘expectihg this.

behavior 1s that, as one moves out of thé région of trace

' conditions, one will begin to saturate the reéin. This, in

turn, will cause the band to be broader than the theory

would pfedictQ Thus, a linear plot of the type described

above would serve as an experimental verification of the
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assumption of trace‘conditions. Equation (17) also
indicates that, even if the columnris not loaded under
trace’conditions, cne can remoue the effect of'the non-
trace behavior. This can be done_by_making the hed"volume'
of the column.large'enough so that xg‘is completely
negligible compared to yA Wheh xA is sufficiently small

(less than one- hundredth the value of yA ) one can make

a further approximation by ignoring x in the exponent

A
Thls approximatlon w1ll be assumed in the discus31on that
follows;

Having obtained an expression for the behavior of
anvion—exchange column, one 1s_ in a‘position to investigate
. the effect of various parameters'onvthe resolution. For
vthe purposes 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
.1gnored as welllas the dependence of KA upon the carrier
ion'concentration It will be shown later that in most
circumstances KA may be considered to be constant ihe

carrler ion concentratlon w111 be cons1dered to be a linear

function of»Ve having the form,

 cB(Ve) :} gv . o (18)

. e

The variable X, will now have the form
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_AX i Eﬂ d . Vg+l.  o
A R 5 af1 n ) T " (19)
pKAQ

In the vicinity of the maximum one can approximate Xy with

an expression which 1is 1inear‘in_Vé,

n =n
X, = Bé & : Ve V., - nV
A R 8 n e b
: DKAQ
(20)
: L
= (n+l)pKAQn n+l
V.= — v
e n b 2

g

where the bar will:be used to denote. values at the maximum.
The amounﬁ of resolution obtained for two species

which elute in gaussian shaped bands 6f the general form,

c éQkx~a)2/ﬂb

—= (21)
2\}nb
will be defined to be. |
Y ’
A =3 = (22)

Voo e
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.Thus when the resolution is less than one, a single band
will be visible; and as the resolutionvbecomes larger than

one, two peaks will appear. By substituting values for

Y and X, from Equations (13) and (22) respectively into

PO

Equation (19) one obtains & =

1 : 1
o T _ =T (23)
1 | [(n+l)Q K, ] [(m+1)Q Kl]
(Vb a) : .gn' 4 gm.
R § A 2
. N n+l . : m+1
| [(n+1)Q K, 1 [(m+l)QmKl]
| _ + .
(n+l)v D2 g_n A (m+l)d Dl gm

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

A =<2t2.
R.

V&

+ ’El ‘
D

1

ol R
: ol

= 'ol:n ‘éq

(24)

Thus, the resOlution should improve without limit as

the bed volume is increased. . The optimﬁm bed volume

- will only be determined by the largest volume with which

one can conveniently work. One should note that the héight
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tQ-diameter ratio oflthe célumn does not enter into tﬁe
theory. This result is~contingent upon the implicit
assumption that thé exact naﬁure 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 o and §. One would expect a/§ to be roughly

- proportional to the inverse square of the particle diameter.

Thus, decreasing ﬁhe'particle siie should improve resqlution.
One cannot predict the effect of temperature unless.one

knows the temperature dependence of K and D. For identically
charged Speciés 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 capdcity‘andvdecreasing carrier ion
gradient. Eqdations (23) and (24) predict that the
fesolution will increase indefinitely With decreasing
fiowrate. This prediction ignores the tendency of a band

to broaden b& a process of lateral diffusion.

- The exact treatment of the lateral diffusion effect
leads to a higher order equation whose solﬁtiOn is not
.apparéht. Howevef, one may treat this effect in an
approximéte fashion by allowing the lateral diffusion to
occur independently’of the chromatography and by considering
the gauséian shaped'band to be fully formed at the beginning

of the elution process. It is difficult to assess the
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accﬁracy bf fhese:appréxiMAtions,-but they should be
satisfaCtory'for-obtaining.avrough estimate of the region
" in which léteralrdiffusion becomes'avseriohs | problem.
One.takes‘advantagé of the fact that a gaussian shaped
band will retain its géneral form during the process of
diffusion. Thus, the differential equation and associated

boundary condition,

S e 2
(Bfg?rc,‘r)) = (8 f(}zcz'l') ; f(X,O) - . e-(X—a) /L‘b (25)
-/ 3x . 2 {70

will have the solution

Px, 1) = e (@ADL

'.'2'/ n(bft) .

The equation governing lateral diffusion will be

a(ég /e9) R B é?(_c /ON
‘_(“—A—A“) SENC Rk (*—Az“A) - (27)

Ve e Tt

~ where S is the cross sectional area of the column. In
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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e

sample rétention time. Thus Equatioﬁ (6) which cduples
the variables Vejand t will no.lopger apply. ‘Ve will now
only be a measure of tﬁé elution volume in the vicinity

" of the band maximum. Oné can app1y the following trans-

formations to bring Equation (27) into the form shown in (25):

D, g T
X, = 5— % v - an
A R pKAQn e
\ 2 2
n n _
T, = D = 25 9'_ Sfeg Ve E ~ D_A__ _D_.A_ g S_f_‘ V: . (28)
A A R 8 n = R 8 e'b
PK,Q RV
e .
Thus, one obtains
J
! 2
Cp _ Xy | e-(xA - yA) /M(yA+TA)
CO . ) : ) (29)
A - ,

ZV‘H(yA‘-F TA)

The exponent in Equation (29) ecan be expressed in the

vfollowing form by substituting Values for X and Ta from

Equation (28):
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(n+1)2 % oot
(XA—YA)Z 2,. R vjd Ve _ 2
_B7A . S (7, - 7,)° (30)
4yptty) 7 . avV(sr Pa
e + 3 b\ e R

Although the resolﬁtion'Will'initially vary inversely with
the'eQuare root of R, in the region in which lateral'
diffusion predominates any”furthef reduction'in flowrate
will cause_aqproportional decrease in resolution. With
the inclusion of the laterel diffusion effect, the height
to diameter fatie of the colﬁmn becbmes important and the
resin capacity and carrier ion gradient affect the
resolution even in the absence of 'a charge difference
“between twe species. .

When lateral-diffusion ié negligible, one can calculate
Ky from the positien of the‘bend maximum. The value of

the half width will allow one to calculate D, a/8. The

A
Values-of various parameters applicable for a chainlength
separation:similar to that shown in Figure l-of.Chapter II.3
are given-in Table X. These values‘are‘intended enlyvas
rough_esfimates‘ﬁo give ehe.a feeliné for_theﬁmagnitudes

- of various parameters. The &alues of»DA a/8 were calculated
by 1gnoring lateral diffusion. One should note thaf some

of the bands contain more than one specles. While this

should not greatly affect the position of the maximum, it



A

125

TABLE X
CHROMATOGRAPHIC PARAMETERS FOR' CHAINLENGTH SEPARATION

ON DEAE- SEPHADEX, A-25

I Units Negative' meq
) Electronic — _
Charges -~ ml. ml./sec ml® gm/ml. meq./gm
, o a a a b b
Sample N vV, R g P Q i
Gp 2 100 0.011 10°* 0.1 3.5
«[A}ggg 3 1 " 1" 1" 1
CpGD
» | c
psi-l-mer " " T " 4 ?
psi-2-mer 27
. c
‘ omega-mer T1 n n " " 9
. n .
£gn ‘ -1
ml. gm/ml. gm/ml. ml sec unitless ml/sec.
_c c c ¢ 4 C X
V, pX; k PK DA 3 ¥, Ropt
- - — =
1240 0.04  0.13  5.2x107° 330x10°* 300  4x107°
" " 4 -4 : -3
1840 : 6.6X10 © 140X10 ~ 130 1X10
4360 " " 2 s1x10% 37 3x107°
4760 " v 2 6.ox107% 6.2 4x107 "
% Independently evaluated parameters.
. 1 _ b_Resin parameters obtained from Pharmacia literature.

¢ Evaluated from the elution profile.



mayjdrasticélly‘altér the bandwidth.

The effect‘of 1aferai diffusion is primarily of
interest because it allows oﬁe tc determine the optimum
flowraté for a chromatographic system. From Equation (30)
ohe can_determine the optimum flowrate for fixed values

of the other parameters,

1/2

(31)

.The data obtainable from a single chromatdgraphy'expefiment
'_is not sufficiént to déteﬁmine the optimum-flowrafe unless
.one has an independent mgthod of determining either DA-or
a/8. In order to determihe Ropt‘from chromatographic
~data it is neéessary to run at least two columns at
diffefent flowratés.;

. Let us now iﬁvestigate the possibility of impro&ing
the fésolution obtained in the cﬁainlength separation
described in.Tabie X . One.can always increasg the bed
volume, but this is.not a particularly interesting alterna-
.tive since this parameter has no-optimum value. Thus,

the bed volume will.arbiﬁrarily be fixed at 100 ml
_nalthough it 1s not too inconvéniént to work with bed
volumes 2 to 5 times larger. The bther paraméter which one

can vary is the flowrate. 1In {his case one wishes to make
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the 1ateral-diffusibn'tgrm as small as possible. This
can be done both.by'decreasing %he cross-sectional area,
and by decreasing the cérrier ion gradient in order to
inéreaSé Ve.. Since it is_inconvehient to work with a
column more than two meters 1ong; Of5 em will be a practical
lower limit for é.  As one decréases the carrier ion‘
gradient, the bandwidth becomes_larger'at abbut the same
rate as the peak to peak'separatidn increases. 'Thus, the
resolution will not be affécted, but the volume of sample
collected will becdme inconvenientiy large.v 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 S and g does not affect the resolution directly,

but, rather allows oné to lower the optimum flowrate as

much as‘possible.
| _ Oné,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 o/§. Assuming the resin
particles to be spheres, a can be takeh as the sum of ﬁhe
areas of thevsphereS'per:unit bed volume,

3(1-f.)

@ = Nim? = e (32

. where r is the average radii of the resin particles and N
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is the number of particlés‘per unit bed volume. The vélué
of & cén be taken as»somé fraction of r. The choiceiis
_somewhatlarbitrary, bﬁt—the_value,of 0.1 r_seems_réasonable;
and the resulting value'ofvd/é allows one to calculate
"a value of DA for the'omega-mer which is probably correct
to witﬁin a factﬁr of two.75 ~ Thus, one obtains an estimate
of a/§ equal to 2 x 105, Taking r = 1072 cm, fe = 0.4,
S = 0.5 cm2, and ﬁsing fﬁe_valués of_vé and V_ given in
Table X one obtains the valueé of Ro?t shown in Table X
These values.indicate'that the optimum flowrate is at
least three orders of magnitude below the value of R givén.“
in Table X. The practical use of éuch low flowrates’
~is out_of‘the question.' In most cases the effect of
lateral diffusion should hot be a serious consideration.
One can improve resolution by décreasing the flowrate to
the limit of one's patience. Thus, the limiting resolution
which one can obfain with a chromatographic system will
ﬁsuélly be set by practical considérations, rather than the
inherent physical limits of the technique.

In Chapter II.3 an empirical'relation was given for
the dependence of the elution position of an oligonucleofide
upon its charge. The reléfion for Vé in Equation (20)
givesza:théoretical expression for this-depehdence‘provided
one can find some way of_relatiné X, to the:chafge. In

A
order to relaﬁé'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, ih whiqh'each.charge_is associated with

a monomeric unit of the same basic molecular structure,
one wduld éXpect the binding-cénstants for all of the
réactiOns to bé very néarly the same. The poésible
eXcéption would be the conétaht,for the first réaction;
Oné:might éxpect'the first constant to differ both because
its units are slightly different and because its free
energy would contain an additional entropy_term. By
allowing the first constant to differ from the remainiﬁg
constants one can also take into account.the fact that
the.terminal phosphate group possessés fwo negative
charges.' This should not be taken to imply that_fhe
tefminal phosphate is the firstvto_réact. On = the basis
~of .the above observatidn ohe introduces the following
simplified model. The binding conétant forvthe initial
reactiqn will be denoted by kl" The binding conétants

for all succeeding reactions will be-;aken to be identical
and will be‘denoted by k. From Equation (4) one sees

‘that XK, will now be given by

A

‘ n-1 o
Ky o= kg™l Z’.(i@)r N £ )
_ r=0 kQ

Empirically one knows that a chromatographic separation

will only be practical when the value of ¢, 1s such that

B
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pKA‘(Q/_cB)n is large; thah one. This‘fact is also predicted
by the théory whichvhas been derived (see Equation 3Q)).
Under these condiﬁioﬁs the sﬁm_in (33) can be approximated
by its first term. _This is equivalent to stating that;

oncé a molécule becomes bound to the resin, all of its
charged groups reaét wifh the resin. Eveq if_cB/kQ is.

nbt negligible_pompared to one, it will be much iess
dependent upoﬁ’tﬁe‘elution volume than cg. Thus; unless

’cB/kQ is guite close to one,'or larger, the approximation
(34)

should still bé satisfacfory although the physical signifi-
- cance of k,; and k will be altered. Equation (20) can be

rewrittén as

v 1l et N
1op & (L = - L qgefO k), Qk |
log (n+l) ’ - n+l lOg(ng,-pkl) * .log gv (35)

b

A plot of ébe quantity on the left of Equation (35)
against 1/n+l shoﬁld giVe a straight line. The slope and
intercebg can be used to evaluaﬁe k, and k. Figure.28
shows such a plot. The plbt is linear for'chainlengths
iup,tO’nine at which point the slope becomes increasingly.
negative. -The'values of kl_ahd k calculated froh-the slope

and intercept of the plot are shbwn in Table X. Howéver,
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because of the direction of thébdeviation of the plot
from lineaf behavior, one 1s unceftain about the physical
significance of these constants. | y

The fact that the:linearity breaks down is not
surprising'sincé'the derivation of Equation (35) assumed
thé'réSin'Capacity, Q, to be indebéndent‘bf chainléngth:_
Thé'réSin used for the separation was DEAE-Séphadéx A-25
in whiéh"hany 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 pdres will be éccessiblefto the species;.and a
decreése in the effectivelresin capadity will‘occur.
~ However, the fact thaf the slope increases 'in magnitude
.is surprising since évdecréase in avaiiable resin capac%ty
"should decrease the mégnitude of the slope. _The observed
departure from linearity is almost certainly du¢ to the
fact that the approximation (34),beéomes poorer as the
chainlength increases. Using the value ‘of k calculated
from the intercept of the plof, one can calculate valués
for cB/kQ.at»different chainlengtﬁst. The ‘values begin
at 0.28 for the mbnomér ahd-increasé until a value of 1.07
~is reached at-chainlength-70. -Introducing a better |
approximation for thé series.in (33) yields a more
éomplicated expressioh which can not be fit by a siﬁple

graphical method.
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~ APPENDIX II

A Method of Linear Analysis-for Arrays of Data --
with Emphasis on Collections of ORD and CD Spectra.

It 1s thé;purpose of this section to;outline é method
by which;the'large amounts of data available from optical
sﬁudies éf'polynucleotides can bé effectively analyzed.
Suppose that one has obtalned a set of ORD speétra for a

polymer at a number of temperatures. The proposed method

~ of analysis allows one to decide how many significantly

different 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 tﬁe observed
spectra to wilthin experimental error. vSince the method of
fitting the experimental curves involves minimizing a sum }
of squares, 1t 1s natural to wonder how this method differs
from ordinéry methods of least 'squares analysis. The
difference lies 1n the cholce of théléet of basls curves.
One could, for example, fit the experimental spectra with a
power_séries. _However, the number of terms needed to fit
the data to withihfexpenmental error would, 1n general,

be larger‘thah_the number of linearly 1ndependént components
contained in the set of spectra;. The basls set used in'this.
method is constructed.from fhe 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 utllity of the informatibh'resulting from such a
ﬁethod of analysis 1s based on the following assﬁmption.
One assumes that an ORD or CD spectrum arising out of a
specific geometrical conformation in a polymer will have
a shape which is 1nvariant‘w1th,respe¢t to changes in tem-
perature and/or solvent. composition. For example, suppose
éipolymer changes 1ts 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 16n1¢ strength intermediate between a and
b, willl be the same és‘at‘iqnic'strength a; and likewise
for from B. No restriction 1s placed‘upon the maghitude
of the spectra. The conéequence of this assumption 1s that
the ORD spectrum of the ?olyﬁef-at any ionic strength
bétWeen é'and b can be constructed by formlng a linear com-
binatioﬁ of the spectra assoclated with the A and B forms.

Variations in éhé shape of a speétrum,'suchvas red.
or blue shifts and thé_sharpening'or broadening of a band;
are usuaily small when one 1is dealing with simple molecules
provided that thetvariatibn in temperafuré or séivént com-
bbéitionlis over,a»fairly'smali interval (1.e., 0°C to
100°C for temperature dr.ionicAstrengths below 0.1). Thus,
one can be fairly confidept'abput éssuﬁing constant shape
for'polymer systems whicﬁ can be déscfibed by a'simple
two-state model such as the example above. However, the

constant shape assumptlon 1s also a valid approximation



fof certain conformation.chahges of a multi-state nature.
The torsional oscillator model for dinucleoside‘phosphates
freated by Glaubiger, Lloyd, and Tinoeo76 gives rise to an
. ORD spectrum whosebmagnitude chénges with temperature, but
whose shape 1s constant. The shape_of the ORD spectrum er
this model is due to the splitting of two degenerate elec-
. tronic trénsitions.77' This shape willl remain fairly con-
stant.so long ae the splitting 1s_small compared to the bahd
width assoclated with the transitions.

| On the basis of the assumptlon discussed above, one
can assoclate the number of linearly 1ndependent-components"
contained in a set of polymer spectra withvthe number of
distinguishable conformations present in the poiymer. If
a situation occurs in which two or”ﬁore conformations give
rise to spect;a with identical shape; or 1f the shapes are
differentebut the temperature and/ervsolvent dependencies
of the magnitudes are 1ldentical, theh.these conflgurations
willl be ihdistihguishable by the method of analysis being
diseuesed. ‘Thus, 1t willl usually not be possible to pick
dut'individuai conformations-ih the pblYmer. Inetead, one
will observe classes of COnformaticns, 1For'examp1e, it is
unlike;y that onevcould distingﬁishvamong;the large number
of different’types oflheareet neighbor interactlons present
in a large polynucleotide. The'similafity of the tempera-
ture'dependencies of the ORD spectra associated with these

interactions would cause them to appear as a single component.
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However, the nearest-néighbor intéraétions could,easily
be distinguished from-cboperative effects which possess a
markedly dilfferent temperature dependence., Further disCuésion‘
of the properties of the methodeill be put of f until its
dérivation has been presented. It should be pointedlout
that, althoﬁgh-the‘data discussed will be obtained from
ORD or CD measurements, the method to be set forth 1s
applicable to data frémuany source.

Suppose.that one has measured the CD of & polymer at
m different wavelengths and n different temperabures. This
set of data can be put in the form of an array, S, such
that each row of the array, §i,‘w111 be the CD spectrgm

th

- obtalned at the 1 temperature. Thus, S, will contain

n rows and m columns. A single row of the array, S., can

1’
be thought of as a vector in a m-dimensional space. The
directlon of the vector can be 1dentified wlth the shépe

of the spectrum; and the léngth of the vector 1s a measure
of‘the magniéudevof the spectrum. One wishes to investigate
fhe hypothesis that ali of the experimenta1 spectra can be
expressed, to within the experimental error, by linear_
~combinations of a sep of u basls spectra, where p 1s a
number less than n. _If for;éacﬁrexpérimental spectrum

one constructs the best poésiblevlinear_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 from the cdrresponding experimental spectra, at
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all wavelengths,'will’be equal to the number of degrees of

: freedom.times the estimated variance of the experimental

data. S The preceding statement contains the implied assump-

tion that the error 1s normally distributed wlith a 'constant

variance. A normal error curve 1s usually a satisfactory

78

approximation, and any change 1n the nolse level with

temperature or waveleﬁgth can be compehsated by'multiplying

each expéfimental vaiué by an appropriate welghting factor.
Tet us nowvexémine the'situation outlined in the pre-

Ceding paragraph from a geometrical standpoint.  For a

glven S, and a given set of basis'veétors, the sum of the

i

squares of the deviatlons of S, from that linear combination

i
which minimizes the sum of squares is by deflinition the norm

i whilch

is orthogonal to all of the basls vectors. Thus, the

(or square of the magnitude) of that component of S

estimated variance times the number of degrees of freedom
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.
Howéver,:one would liké’to fihd a basils set which contains
the minimum number of componénts necessary to réduce the |
"estimated variancé to the'leveirof the experiméhtal error.
It will be shdwn that this task can be accomplishéd in a
very SImple mannéf,‘and that in the process one éan also

obtaln the coefficlents needed for the least squares fit.
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Consider the n by n symmetric matrix, S°§T,_where T

—~

indicates the transpose of a matrix. This matrix will

possess a set of n eigenvalues, e and a corresponding set

i’
of n elgenvectors, Qi, whose components.will be denoted
by uij'. One can provethe following three statements:
a) The best 1east squares fit of the‘set of §; with
a. set of p basils vectors will be obtained when the

basis vectors are given by

=

1D STV B
ea?'§:qu§i - eaf ga 8

provided that the set of €, consists of the u

largest elgenvalues of §~§T.

b) The sum of the norms of the components, of the set
of S;, which.are orthogonal to the space defined
by the basls vectors in statement;(a) will be .
glven by-the sum of the n-u eigenvalues which

were not used in constructing the basls vectors.

¢) The coefficients for a least squares fit of a vector
S, with a linear combination of the basis vectors

1
in statement (a) will be given by 805 U

The above statements tell ohe how_to construct the
minimum set of basis_vebtofs which will fit the experimental
data .to any desired degree of accuracy. All of the_informa-'
tion needed for thls process 1s ccntained in the eigenvalues

T

and elgenvectors of the matrix S-S”. Thus, 1n practice,

-~
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all that is'required is the construction of the matrix

s-sT

from,the experimental spectra and a subsequent dilagonal-
ization of this matrix. These operations can be perfcrmed;
with the Fortran program.given at the end of thls appendix.
The practical use of thils fitting procedure will be discussed
further after the proof of the above statements has been
demonstrated. o ‘ |

It 1s obvious that in constructing a set of basis

vectors 1t 1s 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 o _ :
Z;Xaiéifl(aé; @ =1,-00n (1)

where X = [Xai] 1s an n by W matrixlof, as yet, arbitrary
coefficlents, and Xa is the ath row of thils matrix. It is
also sufficlent to consider only thosg sets of.basis vectors
which are orthonormal. The ¢rthonormality requirement

places the following constraint on the coefflcients X1

The beét set of u basis véctorsvwill 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, of a vector §i’ which isforthogonal to the basis

set will be
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fj_ n n _' W, o o o
§_i - 5 (‘§‘i ‘.%: XCLJ§j> Zanéj = —S-i —_— §(~a.§.~i‘)za’§_ ( )

Using the relation in-(2) oné can show thaﬁ-the,norm of this

component will be glven by

T T T T :
§1'§1 - g:(ﬁg S §1)(§1 S 'Ea) o : , (%)
ssT = 5 5Tyt
where X,-S°8; = 8,87

‘Thus, the sum of the norms can be written as

n m | n
T T A T .2 _T
;(§1§1“};Za§.§1§1‘§ 'Ka)-Tr(§§)‘;§a(§§) X

This functibn must be minimized by varying the coef-

al

ficients x subject to the constraints in (2). The mini-
] | g S
- mization 1s performed by the method of LaGrange.7 One

sets:the partial derivatives, with respect to the set of
X 4, of expressions (2) and (5) equal to zero, and intro-

duces the LaGrange multipliers, waB; The result is the

" equation
. -.TQ_' -'._.T | o ’
Xy (8-87)° = ;WQBKB.%.S_ - | (6)

The LaGrange multipliers can be evaldatéd by forming the

T

inner product between (6) and X,. One finds that

oy ifa.aTh 2 T ‘ : | ‘
Wy = Xyt (8°57)7-X, . (7)

Thus, the desired set of x . willl be a solution to the

al
matrix equation,
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One can show by substitution that equation (8) will

be satlsfied by-any solution of the form
U - - (9)

where the set of ga conSists of any p eigenvectors of

S-§T. It 1s also true that any set of pu linear combinations,

of @ eilgenvectors, which satisfies equation (2) will be a

solution. "This merely reflects the fact that tbere 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 eigenvectdrs'are distinct in
"the sense that ﬁhey define different subspaces of the space
defined by the set of §i‘
basis sets, where r is the rank of §+S°. It may be that

‘There are r!/ut(r-p)! such distince

there are other distinct basils sets. However, this question
1s unimportant since one can show that expression (5)

possesses an absolute minimum when the set of € 1n equa-
T

Q

‘tion (9) contains the largest elgenvalues of S-

ln

Any set of X which is a solution to (8) can be written

as a 1inéér combination of the eigenvectors, U as follows:

i’
n _ : . : i _
= g’c n eiz Hi’ a = 1,'7-’ W . (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 éaivcan_always:be put into the form,

_ _
\cll 012 ....... s e o0 e 6 e e e Cln
~
Y Ny ® 6 o 8 e s 8 s s s s e e s s s e s e e
< C22 Con (11)
AN .
\ ...................
~
RN
..
e
A Y
N
E C
N un

'by a ﬁnitary trahsformaﬁioﬁ acting'only 1n_the space.of the
basls vectors. Such a transformation changes only the
representation of the space while leaving:the-space itsélf.
and expression (5) unéhanged. Thus, one can choose a

T

representation such that the eigenvalues of S-S" will be

indexed in'order of descending magnitude, and c¢ will be

al
equal to zero when 1 1s less than a. Since the set of
soluﬁions, zﬁ’ must obey equaticn (2), one obﬁains the
:constraint, o

n

%lcai Cgy = BQB ' s o »(12)

The above properties ofvthe coefficients lead to the

inequality,
n n : n -
: 2 2 : 2
2: cc,e, = Z:c e, < € cc, = e S (13)
T al”1 1= al™1 v a; al a

By substituting (10) into (5) and making use of (13), ore

finds that for any solution-
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T v
%@§)—§w%§§ X, =
T, K & o B N - _
Tr(—gg),—;};-caiei 2 Tr(§—§-)*§ea -

I=p+1
 which completes the proof of statements (a) and (b). The
proof of (c) 1s now triviél. For a set of orthogonal basis
| vectors the coefficients needed to fit a given §k wlth a
lihear combination Of‘the'basis vecters will just be the

magnitudes of the proJjections 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,

-1 1 _
2 = 2
ea qai§i ' eq Uak_

St

o o]

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 wiﬁh the program at the end

6f this éppendix,'and obtained the eigenvectors and elgen-
values of §-§T; The first step is the determinatlion of the
minimum.number'of:basis spectra needed to reduce the esti-
mated variance to the level of ﬁhe réndom noise in the
measured éﬁeptrag One cén estimate the variance provided

that one knows the number of degrees of freedom involved

in the fitting procedure. If one assumes tﬁat the error

(15)
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in the initial data'was not correlated‘in any way, each

value of the CD will be an 1ndependent measurement, and the

set of data willl possess mr degrees of freedom. The value

of r (the rank ofA§-§T) will be equal to n unless the initial
set of_spectra are not iinearly independent, in which case

r will be the number_of non-zero eigenvalues of §-§T. If

one now fits the deta with p Vectors, each having m components,
~one will remove pum degrees of freedom. - The number of remain--

ing degrees of freedom will be m(r-u), and the estimated

varlance for i basis Spectra will be

2 1 -
H m(r-u)vizgil 17 (16)

where the set of e1 afe in descend;ng order.

At this point one could merelyvguess the amount of
noise 1n the data by‘inspection, ca;culate oi for p=1,---,r
and choose the smallest value of p for which ci was less
than the value determined by inspection. However, there
1s a better method. The F-test78‘ 1s a statistical test
for the purpose of determining whethervthe decrease in:the'
estimated varlance caused by fitting a set of data to a
more complicated model 1s significant, The test is applied
in—%he-foi&owing-manner."With n basis Vectors, cne obtains
an estimate of the variance,'oﬁ, which 1is associated nith
a number of degrees of freedom, n(r—u). Likewise, with
u+1‘components one estiﬁates.a variance, 02

w+1’

less than
oi, assoclated with m(r-u-1) degrees of freedom. Assuming
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thét'the error of the experimental measurements 1is normally

78

distributed, one can calculate -~ the probability, P(F’fl’fe)’

2,2
that the ratio ou/qu+

1 wlll be greater than or equal to

some value F,

f1‘=.m(rfu), f, = m(r-p-1)

One usually finds values of F tabulated as a function of

fl and f2

that only events with a probavlllity below 0.01 represent a

for fixed values of P(F,fl,fé). One might decide

significant departure from random behavior. Then, if the

5+1 exceéds the tabulated value of F for
t

'P(F,ii,fé) =’Q,Oi, one concludes that the p+ls component

value of cﬁ/o

1s significant. If the ratlo is below the tabulated value

¢ component 1is indistinguish-

of F one concludes that the u+ls
able from the random error of the measurement.

The'calcuiation §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_hot‘usuaily knbwrthé degree of correlation;
and,it will beAimpoés;ble to caiculate the number of degrees

of freedom; Correlatilon Qf the error can occur if the

response time of the instrument with which the data is

measured 1s too slow, or 1f the data is subjected to a
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smoothing routine. The most serious source of correlation
is that of baseline shifts.  Uniess 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 elgenvectors and eigenvalues to perform a type df smooth-
ing operation on the'experimental data. One can replace
' the‘measured set of Vectors,-§i, with a new set of vectors,
§i, which are linear combinations, of the basis vectors,
constructed by the method of‘least:SQuares. The form of

the coéfficients for these linear combinations was given

in equation (15). Thus, ‘one obtains -
' b > | -3 3 = i: | | 8
Sy =';( a uak)(ea ; Yai §1> = . Uy U8 ' - (18)

Thls smoothing process differs from othef methods in that
it makes no assumbtions about the shapes of the spectra
which are being smdothed. ' |

As an 1llustration of this method of curve fiﬁﬁing,
consider the two compongnt system of artificially constructed
speqtra,v

Sy = (21)g5(3k) + (10-21)J, (3k) + NA,; i N ;’f.";o (19)
- 0,--,

The'components of the vectqrs go(%k) and gl(%k), are the
values of the Bessel functions of orders zero and one,
respectively, for the indicated values of the‘argument.

Theycomponenﬁs of the set of A, are values taken from a

1
table of normally distributed deviations,80 and N is a
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pa;ameter used to vary thé signal to noise ratio. Thils set
of constructea daté was analyzed at three different signal
té noise ratlos. The results of the F-test for each of the
three cases are'shdwn in Téble XI. .In each case the results
indicate a value of u edual to two. With a set of experi-
mentally measured spectra, the results wlll usually not be
qulte as good, In practice, experimental measurements will’
usually contain_sbme degree of systematic error in the base-
line which will cause onds estimate of the number of degrees
of freedom for the System to be incorrect.

For the purposes of comparison, Table XII gives the
results obtalned for an experimental two component system

in which the magnitudé of the baseline shift-was approxi-

‘mately the same ‘as the magnitude of the random noise. This

system cbnsisted of the CD spectra of six mixtures of poly
A and.poly C which one would not_expecf to interact at
optical coﬁcentfations. The ratio of the estimated variances
always remains higher than one would expect for the calcu-
lated number of degrees of freedom. Studles on other polymer
syétéms, which are stiil in progress, indicate that ohe can
usuélly obtain Variance ratioévwhich closely approach those
of the ideal system discussed in thevprecediﬁg paragraph.

| Onéican.uSe relation (15), tégether7with the eigen-
vectors and eigenvalues shown 1n Table XIII, to caleulate
the maghitudes of the components of the §i’ in expression
(19), along the two slgnificant basls vectcrs. These values

are related by the equation,
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 Table XI

Determination of the Number of. Significant
Basis Spectra for the System (J Jl);
m=20,n='6 :

degrees of 2. 2/0 2

u Cu freedom " %u 7%u+1 ' F(S%)*
signal : noise = 3 ; om2 =_1;O
0 960 120 10.32 S 3.72 1.39
1 190 100  2.78 2.54 1.42
2 37.2 80 1.09  1.30 1.50
37 19.6 60  0.838 1.09  1.68
4 18.9 40 0.766 1.31 1.99
5  11.7 20 0.586
signal : noise = 10.; owz = 0;09
0 961 120 9.58 S 5.11  1.39
1179 100 1.88 18.51  1.h42
2 3.37 80 0.101 1.28 . 1.50
3 1.98 . 60 0.0789 'flv1.15 ~ 1.68
boo1.72 %o 0.0689 1.32  1.99
5 1.04 20 0.0520 |
“signal : noise = 30 ; 0_2 = 0.0l
0 965 | »12¢ . 9.56. 5.25 1.39
'1, 181 100 . 1.82  161.00 1.42
> 0.373 80 0.0113 1.27 1.50
3 0.228 60 0.00888  1.17  1.68
4 0.193 '40 0.00762  1.36  1.99
5 0.112 20 © - 0.00562

¥ The probability that the ratio of variances will exceed
this value is 5%.
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Table XII

149

Determination ef the Number of Signlficant 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;
o =72, n=6
'degrees" :

u u ereedon °u2. °u2/°u+1 Fs8)” FrR)T
0 5820 432 147 19.75 1.18  1.29

1 532 360 1.51 35.00 .~ 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

¥ 0.822 14  0.00667 3.49  1.h2  1.65

5 0.138 72  0.00191

The probablllty that the ratlo of variances will exceed

this value is 5%.

this value is 1%.

P

¥ ¥
The probabllity that the ratio of varlances will exceed



Y11

i

Yoy

to the coefficients, COi and 051. The - coefflcient,

1s the magnitude of the component of §ivalong S

Coi
|

, 0 divided
'by}the magnitude of §6, where the prime denotes a vector
which has_been‘smoothed-aocording to eqaation (18). The

coefficient, is defined in d similar manner. The calcu-

51
‘lated va;gesﬁgre compared in Table XIII with the theoretical
values (those which one. would obtain 1n the absence of the
error term, éi).

Table XIII also 1ncludes the values of the analogous-
coefficients which one obtains by performing a least squares
fit of the set of §1fto the unsmoothed spectra §O and §5.

It 1s the smoothing_prooeSS'which.differentiateS'the eigen-
vector apprbach from other matrix treatments of experimental
ﬁdata, such as-matrix rank analysis.81 If a set of spectra

’ are free of experimental error,vone can try to fit n-1 of
the speotra.with one spectrum.. If thls does not work, one
can try fitting WIthItwofspectra.' This process can be coné
tinied untll one obtains a set of u spectra which can be
used to £1t the n-p remaining specﬁra. Matrix rank analysis
i1s a systematic method of performing the. above process

This technique has teen used bJ McMullen, Jaskunas, and

'I‘:Lnoc:o?)-2 to analyze the variation 1n the ORD of TMV-RNA
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© Table XIII

The Fit of the w0 Component System (JO, Jl)
to the Bzsis Vectors (Ul"U2) , _
Y11 fan 0,4 . %5,
' - eigen- least - elgeh- 1least
Theor. vectors squares Theor. vectors squares

i

signal : noise = 3

0 .328 -.555 1.000 1.000 'i.ooo, 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.%00 0.351 0.318
3 .ko7  .137  0.400 o.307 '0,225- 0.600 ~ 0.791 0.78%
4% .46 .208  0.200 0.111 3b.161 0.800 0.801 0.662
5 .516 .589  0.000 '0.000i 0.000 1.000 1.000 1.000
8ignal : nolse = 10 ‘ .

0 .339 -.624 1.000 1.000 1.000 0.000 0.000 0.000
1 - .354 - .399 '~ 0.800 o.758" 0.753 0.200 - 0.229 - 0.232
2 .39 ~-.21% 0.600  0.59% 0;592, 0.400 0.382- 0.378
3 .46 096  0.100 0.353  0;352 0.600 0.661 0.655
4 .44y 283 0.200 0.174 = 0.179 o.806_' 0.796  0.783
5 .83 .562 0.000 0.000 0.000 1.000 - 1.000  1.000
signal : nolse = 30 S : ,

0O .33 -.633 1.000 1.000 1.000 0.000 0.000  0.000
1 .364% -.398 0.800° 0.786 0.785 0.200 fo.eogl 0.210 -
2 .394% -.178 0.600 0.598 - 0.598 0.400 ; 0.394%  0.394
3 .18  .083 0.00 0.385 0.385 0.600 0.618 0.618
b .M3 .30k 0.200 0.192 | 0.192  0.800 -0.797  0.796
5 .43  .556 0.000 0.000 0.000 1  1.ooo 1.000

.000.
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as a function of temperature and‘ionic“strength. So long
as the_effecté for which one 1is locking érevlarge campared
to the experimental error, such a method 1s entirely satis-
factory. However, matrix rank analysis possessesva defect
whilch becomes serilous Wheh one tries to look at components
which are only an order of magnitude above the errdr level.
Thisndefect arises because preference 1is givén to those
spectra which are used:to do the fiﬁting. 'When ohe chooses
a particular spectrum to fit the remaining spectra, this
curve 1s treated as:though it coﬁtained no error.vaf it
does'coﬁtain a certain level of efrbr, this error 1s trans-
ferred to the remaining spectra. Thus, as oneAprOCéeds with
the analysis, the error 1s propagated. The method of
ahalysiS'described here avoids this problem by giving equal

welght to'every.spectrum in the set.
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PROGRAM FTEST (INPUT,QUTPUT)

~ THIS IS PROGRA4 ONEs 'IT COMPUTES THE EIGEN VALUES FOR
THE LEAST SQUARES FIT AND PERFORMS CHECKS
ON THE DIAGONALIZ”TICN ROUTINE

DIMENSION ORDI(6184) A(696)9 U(6,6)
CCMMON NslIlsAsU
101 FORMAT (214)
102 FORMAT (12F6e3) . ) .
201 FORMAT(///% THIS IS THE ORIGINAL FORM OF A{IK)*//)
202 FORMAT(///% THIS IS U(IJ)A(JJ)U(KJ)’ DOES IT EQUAL*/
1% A(IK)*//)

203 FORMAT(///% THIS IS U(IJ)U(KJ); DOES IT EQUAL THE UNIT*/

1% MATRIX*//)
204 FORMAT(///% THIS IS UCJIIULIK) » DOEo IT EQUAL THE UNIT=/
1% MATRIX%//)
205 FORMAT(///% ALLCHECKS HAVE BEEN COMPLETEDs THE QUTPUT*/
1% DATA FOLLOWS #//% THIS IS ULIK)s ROWS®/: '
1% ARE IN THE ORDER IN WHICH SPECTRA WERE#%/
1% READs COLUMNS ARE ORDERED THE SAME*/
1% AS THF EIGEN VALUES*//)
206 FORMAT(///%THIS IS THF LIST OF FIGCM VALUES®/ /)
207 FORMAT (E20.8/) .
READ 1Q1s MsN '
- READ 102s ( (ORD(IsJ)s -J=1sM)s I=14N)
DO 2 I=1,N » ~
DO.2 K=14N
AlIskK) = D
DO 1 J=1sM ) .
“ACT9K) = A(IsK) + ORD(IsJ)*ORND(KsJ)
CONTINUE :
2 UlIsK) = A(I4K)
PRINT 201
I1T = 2
CALL PRIMAT
CALL JACVAT(0)
DC 3 J=1sN
3 ORD(Js1) = A(JeJ)
- DO 4 I=1sN -
DO 4 K=1sN
CAUIsK) =0
DO 4 J=1sN - - : . _
4 A(IsK) = A(IsK) + U(TosJ)*¥ORD(Js1)I%U(K sJ)
PRINT 202 -
I1 =1
CALL PRIMAT
DO 5 I=1sN
DO 5 K=1sN
A(lsk) = 0
DO 5 J=1sN
S A(IsK) = A(IsK) + UllsJ)*U(Ksd)
PRINT 203 : :
CALL PRIMAT

[

[



DO 6 I
DO 6 K
AlIsK)
DO 6 J=
AlTsK)
PRINT 294
CALL PRIMAT

PRINT 205

I1 = 2

CALL PRIMAT

PRINT 206 L :
PRINT 207s (ORD(Jsl)s J=1sN)
STOP -

END

0o N b
QL2

*

2U1sK) +. UCJIs1)*U(JsK)

(92}
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304

- 1J

SUBROUTINE PRIMAT

COMMON NsITsA,U :

DIMEMSION A(636)9U(655) e
FORMAT (6(18H - COLUMN - 12y 7 )

FORMAT (652048 7))
IK = -5 :
IK = IK+6

= IK + 5
IF (N-IJ) 253,3
IJ = N

PRINT 301s (Ks K=IKs1J)

- DO 6 I=1,sN

GO TO (455)y 11

PRINT 304s (A(IsK)s K=IKsIJ)

"GO TO 6 _ , - :
PRINT 3045 (U(IsK)s K=1Ks1J) .
CONTINUE ' -

IF (N=1J) 75751
RETURN -

END

0
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100

101
102

104
111

109

113

114

115

117

137

SUBRAUTINE JACVAT{IEGENY
COMMON Ns IIs As EIVR’
DIMENSION A(6+6)s EIVR(656)
IF(N=1) 2+251
EIVR{1s1)=10.

RETURN

IF(IEGEN) 102999$102

DO 101 J=1,sN

DO 100 I=1,N
EIVR(I5J)=0.0
EIVRIJsJ)=1.0

FIND THE ABSOLUTELY LARGEST ELEMENT OF A

ATOP=0. B -

DO 111 I=1,N ' , o :
DO 111J=1I,N | | |
IF(ATOP=ABS({A(I5J))1 10451115111
ATOP=ASS(A(IsJ))

CONTINUE |

IF(ATOP) 10951095113

RETURN

CALCULATE THE STOPPING CRITERICN -- DSTOP

AVGF=FLOAT(N*(N=1))%,55
D=0.0_

DO 114 JJ=2sN

DO 114 11=24JJ
S=A(11-1sJJ)/ATOP
D=5%S+D ,
DSTOP=(1.E-06)%D

CALCULATE THE THR¢SHOLDo THRSH
THRSH = SQRT(D/AVGF)*ATOP
START A SWEEP

IFLAG=0

DO 130 JCOL=2sN
JCOL1=JCCL~-1

DO 130 IROW=1,JCOL1
Al J=A(IROWsJCOL)

CONPARE THE OFF DIAGONAL ELEMENT WITH THRSH

IF(ABS(AIJ)—THRSH)IBO 1309117
ATI=A(IROWIROW) - :
AJJ=A(1JCOL+JCOL)

S=AJJ-ATI

CHECK TO SEE IF THE CHOSEN ROTATION IS LESS THAN
THE ROUND NG ERROR.
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-118

119

116

NN

120

121

127

122
123

124

131

125

158

IF(ABS(ATIJ)~1, E O9*AQS(S))130,130,118
IFLAG=1

IF THE ROTATION IS VERY CLOSE TO 45 DEGREES) SET

SIN AND COS TO 1/(ROOT 27
IF(I.E—IO*ABS(AIJ)-ABS(S))1169119,119
$=.70710678118655

c=s -

GO TO 120 .

CALCULATION OF SIN AND cos FOR ROTATION THAT IS
NOT VERY CLOSE TO 45 DEGREES.

T=AIJ/S
S5=0e25/5QRT (0 25+T%*T)

oS = C s  SIN= S

C=SQRT(0e5+5S)
S=2.%T#S/C

CALCULATION OF THE NEW ELEMENTS OF MATRIX A

DO 121 1=1,IROW

T=A(1,IROW)
U=A(1sJCOL)
A(IsIROW)=C*T~S*U
A(TsJCOL)=S*T+C*U
12=1ROW+2 -
IF(12-JCOL) 12751275123
CONTINUE-

DO 122 1=12,JC0L
T=A(1-1,JCOL)

‘U=A(IROWsI-1)

A(I-1sJCOL)I=S¥U+C*T

A(IROWsI—-1)=C¥%U-S*T :

A(JCOL »JCOLI=S*ATJ+C*AJJ
A(IROW;IROW)‘C*A(IRON:IROM)-S*(C*AIJ S*AJJ)
DO 124 J=JCOLsN

T=A(IROWsJ)

S USA(JCOL sJY

A({TROWsJ)=C¥T-S*U
A(JCOL »J)=S*T+C*U

ROTATION CO4PLCTED.
SEE IF EIGENVECTORS ARE: WANTED BY UStR

IF(IEGEN) 12651315126

DO 125 1=1sN

T=EIVR(I,IROW)
EIVR(IsIROW)=C*T-SIVR(TsJCOL)*S
EIVR{I+JCOL)=S*T+EIVR(TJCOL)*C

~
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n .

126

1260

CALCULATE THE NEW NORM D AND COMPA?E

CONTI'NUE

S=AIJ/ATOP

D=D~-S%S

IF(D- DSTOP)126091299129

RECALCULATE DSTOP AND THRSH TO DISCARD

ROUNDING ERRORS,

D=0
DO 128 Ju= Z,N

DO 128 I11=2,4J

128

129

. 130

134

S=A(TI-15JJ)/ATOP
D=5%5+D |
DSTOP=(1.E-061%D

THRSH= SORT(D/AVCF)*ATOP
CONTINUE

IFCIFLAG) 11551345115
RETURN |

END

WITH DSTOP



(92}

-10.
11.
12.

13.

14.

, - 160
- REFERENCES

Holley, R. W., Apgar, J., Everett, G. A., Madison, J. T.,
Marquisee, M., Merrill, S.‘H}, Penswick, J. R., and- |
Zamir, A., sciencé,"ggz,’1462 (1965) .

Raj Bhandary, U. L.; chahg, S. H., Stuart, A., Faulkner,
R. D., Hoskinson, R. M., and Khorana, H. G., Proc;

Natl. Acad. Sci., 57, 751 (1967).

Dube, S. K., Marcher, K. A., Clark, B. F. C., and Cory,

' S., Nature, 218, 232 (1968).

Brownlee, G. G:. and Sanger, Fi, J. Mol. Biol., 23, 337
(1967). | | |

Hall, J. B., éedat, J. W., Adiga, P. R., Uemura, I.,
and Winhick, T., J. Mol. Biol., 12, 162 (1965)

Sedat, J. W. and Hall, J. B., J. Mol. Biol., 12, 174

‘(1965).

Mandeles, S., J. Biol. Chem., 242, 3103 (1967).

Steinschneider, A. and Fraenkel-Conrat, H., Biochemistry,

S, 2735 (1966).

de Wachter, R. and Fiers, W., J. Mol. Biol., 30,507 (1967".
Maﬁdeles; S., private communications .

Mundry, K. W., Z. Vererbungsl., 97, 281 (1965).
Mandeles, S.,_J._Biol. Chem., 243,3671 (1968).

Hiester, N. K;,‘and Verme&len, T.,jChem. Ehg. Prog., 48,
505 (1952). |

Vermeulen, T. and Hiester, NX. X., Ind. Eng. Chem., 44,

636 (1952} .



16.
7.
18.
19.
20.
21.
22,
23;

24 .

26.

27.

161

Bartoé,‘E. M., Rushizky, G. W., and Sober, H. A.,
Biochemis<ry, 2, 1179 (1963).

Holley, R. W., Apgar, J., and Merrill, S. H., J. Blol.
Chem., 235, PC 42 (1961). | |

Neu, H. C. and Heppel, L. A., J. Biol. Chem., 239,

3893 (1964).
Singer, B. and Fraehkel—Conrat, H., Virology, 14, S9
(1961) . N |

Mandeles, S. and Bruening, G., Biochem. Prep., 12, 111

(1968).

- —

Egami,‘F. and Takahashi, E., J. Biochem. (Tokyo), 49,
1 (1561). |

Warshaw, M. M. and Tinoco, I. Jr., J. Mol. Biol., ié,
54 (1965). ' |

Cantor, C. R. and Tinoco, I. Jr., J. Mol. Biol:, 13,
65 (1965). o

Rushizky, G. W., Bartos, E. M., and Sober, H. A.,

Biochemistry, 3, 626 (19645.

Tennent, K. G. and Vilbrandt, C. F., J. Am. Chem. Soc.,
65, 424 (1943).

Van Holde, K. E. and Baldwin, R. L., J. Phys. Chem., 62,
734 (1958} . | )
Johhson, J. S., Kfaas, K. A., ahé Scatchard, G;, J. Phys .
Chem., 58, 1034 (1954)}‘ | | - -
Inmén, R. B. and Jordan, D. O., Biochim. Biophys. Acta,
42, 421 (1960). '



28.

30.
31.
32.
337

34 .

37.
- 38.
39.
40.

41.

162

Felsehfeld,_Gﬂ and Hirschmann, G., J. Mol. Biol., 13,

407 {1935 .

Fresco, J. L.,'Kl§tz,'L:»C.,,and Richards, E. G.,
Cold Spring Harbor Symp. Quant. Biol., 28, 83 (1963).
Bradley, D. F., Tinoco, I. Jr.; and Woody,vR. W.,
Biopolymers, 1, 239 (1963).

Tin¢c§, I. Jr., Woody, R. W., and Bradley, D. F., J.
Chem. Phys., 38, 1317 (1963).

 McMullen, D. W., Jaskunas, S. R., and Tinoco, I. Jr.,

Biopolymers, 5, 589 (1967).
Savitzky, A. and Golay, M. J. E., Anal. Chem., 36, 1627
(1964) . o

Fresco, J. R., Alberts, B. M., and Doty, P., Nature,
188, 98 (1960).

‘Fresco, J. R., Tetrahderon, 13, 185 (1961).

. _Hblcomb,-D. N. and Tinoco; I. Jr., Biopblymers, 3, 121

(1965)-

McDonald, C; C} and Phillips, W. D., Science, 144, 1234

(1964).

Brahms, J. and Mommearts, W. J., J. Mol. Biol., 10, 73

(1964).

Davis, R. C. andﬂTinoco,_I.:Jrl, Biopolyﬁérs, 6, 223
(1968). '

McDonald, C. C., Phillips, W. D., and Lazar, J., J. Am. |
Chem. Soc., 89, 4166 (1967). .

Cantor, C. R., Ph.D. thesis, University of California (1968).

I



42 .

43 .

44 .

46 .
47.
- 48.

49.

91
(9]

56.

163

Jaskunas, S. R;,lPh.bd thesis, Uhivérsity.of‘California
(1968) . | |

Egami, F., Tékahaéhi,.ﬁ.,'ahd Uchida, T., Prog. Nuc.
ACiduReS.,_§, 82 (1954) . |

Volkin, E. and Cohn, W. E., J. Biol. Chem., 205, 787

(1953).

Anfinsen, C. B. and White, F. H., The Enzymes, Vol. 5,

J‘ZhdvEd., Boyer, P. D., Lardy, H., and Myrback, K., ed.,

. Academic Press, New York (1961), p. 95.

Hakin, A. A., J. Biol. Chem., 228,459 (1957).
Rushizky, G. W. and Knight, C. A., Virology, 11, 236 (1960).
Beers, R. F. Jr., J. Biol. Chem., 235, 2393 (1960).
Rushizky, G. W. and Sober, H. A., J. Biol. Chem., 237,
834 (1962). R

. Stanley, W., Jr., Ph.D. thesis, University of Wisconsin

(1964) .

Warshaw, M. M., Ph.D. thesis, University of California

(1965).

Gilham, P. T., J. Am. Chem. Soc., 84, 687 (1962).

-Ilee, J. C., Ho, N. W. R., and. Gilham, P. T., Biochim.
‘Biophys. Acta, 95, 503 (1965).

‘Ho, N. W. Y. and Gilham, P. T., Biochemistry, 6, 3632

(1967). |
Anderson, J. H. and Carter, C. E., Biochemistry, 4, 1102
(1965). o |

Lowry, 0. H., Rosebrdugh, N._J.;‘Farr, A. L., and Randall,
R. J., J. Biol. Chem., 193, 265 (1951).



57.

164

Hart, R. G., Proc. Natl. Acad. Sci., 41, 261 (1955).

58. May, D. S. and Knight, C. A., Virology, gg,‘soé (1965)
59. Symington, J. énd,Com@oner;_B., Virology, 32, 1 (1967)
60. Kadd, C. I. énd Kﬁighﬁ, C..A., Biochemistry,i§§, 1276
 (1ses). | |
61. Anderer, E.,A.vand Handséhuh,_D., Z; Naturforsch., 17b,
536 (19625. . : |
62. TFunatsu, G., Tsugita, A., and Ffaenkel-Conrat, H.,
_Arch. Biochem. -Biophys',blO 25 (1964). |
63. Kado, C. I. and Knight, C. A., J. Mol: Biol., 36; 15 (1968).
64 . Weissman, C., Billeter, M. A. Schnelder, M. C , Knight, |
C. A., and Ochoa, S., Proc. Natl. Acad. Sci., 53, 653
(1965). B
65. -Anfinsen, C. G., The Molecular Basis of Evolution,
John Wiley, New York (1961). |
1 66. Smyth, D. G., Stein, W. H., and Moore, S., J. Biol.
Chem., 238, 227 (1963) . | .
67. Takahashi, K., J. Biol.-chem}; 240, PC 4117 (1965).
68. Cantor, C. and Jukes, T., Biochen. Blophys Res. Comm.,
| 23, 319 (1968). | |
69. Mandeles, S. and Tinoco, I. Jr., Biopolymers, 1, 183 (1963).
70. Holley, R. W., Madison, J. T., and Zamir, A., Biochem.
Biophys. Res. Cdmm.,.lz,’$89ﬁ(l9é4).
71. Takanami, M.,tJ..Mol. Biol., 23, 135 (1967).
72. Khorana, H. G., The EnZymes,'Vol. S, énd ed., Boyer,

- P. D., Lardy, H., and Myrback, K., éd., Academic Press,

New York (1961), p. 79.

K



Sk

75.
T4
76,
(S
78.
79.
80.

81.

165

Thomas, H. C., J. Amer. Chem. Soc., 66, 1664 (1944).

Walter, J. E., J. Chem. Phys., 13, 332 (1945).

Tanford, C., Physical Chemistry of Macromolecules, John

Wiley, New York (1967), p. 358.

Glaubiger, D., Lloyd; D. A., and Tinoco, I. Jr.,

' Biopolymers, 6, 409 (1968).

Bush, C. A. and Tinoco, I. Jr., J. Mol. Biol:, 23, 601

(1967).

Fraser, D. A S., étatistiéS'égsIntfoduction, John

wiley, New York (1960), pp. 68, 202, 233.

Lass, H., Elements of Pure and Applied Mathematics,

McGraw-Hill, New York (1957), pp. 296, 467.

- Rand Corporafion, §7Million Random Digits with 100,000

- (1964).

Normal Deviates, Free Press, Glencoe, Ill. (1955).

Wallace, R. and Katz, S. M., J. Phys. Chem., 68, 3890



LEGAL NOTICE

This report was prepared 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.




G oL
TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





