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On The Nature Of The Secondary Structure'
of Single Strand RNA

»r_Stanley Richard Jaskunas; Jr.

. ABSTRACT

. Base stacking and basebpairing in singleestrand RNA
have been investigated. The ultraviolet optical rotatory
dispersiOn of tobacco mosaic virus RNA, F2 RNA, R1T RNA,.

and mixed ywast tRNA have beenimeasured in the presence and

absence of salt at 25°C, pH 7. The optical rotatory
dispersion'of tobacco mosaic virus RNA has also been

measured as a function of temperature at-four different

‘lonic strengths All of these optical rotation spectra

:,have been compared with that expected for a random coil in

which there is no preferred orientatlon'of neighborinc
bases and with that expected for a single strand helix Wlth‘
stacked bases. The optical rotation spectra of all the RNA

‘samples invthe absence of salt are close to the calculated :

' spectra of the stacked conformation.' FOr tobacco mosaile

virus RNA, agreement with these calculations has been found

‘at low ionic strengths and high temperatures. The lowest

. temperature for}which-there_is agreement_increases with

increasing fonic strength. These reSults indicate that, in

the absence of hydrogen—bonded base pairs, the bases'in‘”

single-strand RNA are stacked. The stacked conformation

approaches a random coil as the temperature is increased
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-Nevertheless, the bases still have a preferred orientation
at 80°C. The deviations from the expected optical rotatory
dispersion of the stacked conformation at low temperature

and high ionic strength appear to be the result of A-U and

. G-C base pairs.

Attempts have been‘made.to Study the optical and

'.thermodynamic sequential properties of double-strand RNA

using specific 1:1 complexes of complementary oligoribo-
" nucleotides. Several pairs-of complementary oligoriboe-‘
nucleotides-have been mixed under_conditions'favorable for
-intermolecular association; Interaction between GpGpC and
GpCpC‘has been obseryed. Other pairs of complementaryr
‘OIigoribonucleotides have been'mixed under Similar conditions
but no interaction has been observed These'included ApCpU
‘and ApGpU, ApGpC and GpCpU, and ApApApA and UpUpUpU Self-
aggregation has been observed with GpGpC and ApGpC .These.
uresults sucgest the ribosome or tRNA structure must help to
_rstabilize complexes between thenanticodon and mRNA '.Calcu-
'lation of the stability of triple strand revions in tRNA
' like (GpGpC)2 GpCpC indicate such structures could exist

 The’ sequential properties of double strand RNA can also y

fﬁ_f be studied with 1: 1 complexes of complementary polyribo-

nucleotides containing repeatina sequences Poly rAC and
ipoly rUG have been prepared by_RNA polymerase transcription o B
- of poly dAC:dTC, one strand at a'time}g Preliminary optical

rotation and absorption properties oflpoly rAC at pH T

p
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.indicate it has a stacked conformatiqh. Poly rUG at pH 7,

. however, méy'contaiﬁ U-G base paifs.



INTRODUCTION

Our ability to control lifé for good or evil dépends
on our understanding of the.forces that afféct 1t and how
they are applied. Scientists have found it useful to
approximate the whole by the sum of the parts. Thus, we
see life as a complex of matter and energy precisély
organized in space and fime and regulated by the same
forces as affect inanimate matter.  Understanding life in
this context'requires an understanding of thevspecificity
of biological molecules and the reactioné in which they
participate.

In a general way the work that is described in this
disseftation has as its godl én understanding of the Speci—
ficity of tRNA. Thé_actual goal is td aid‘in the under-
standing of the secondary stfnctdre of single-Strand RNA,
including rRNA.and mRNA as well as tRNA.* Secqndary
‘structure refers to the relative spéﬁiél'orientation of
residues that are cloée to one another along the chain.

- For us, it shall refer to the stacking of adjacent bases
and the base pairs thatibnmwhena.polynucledtide chain folds
back upon iﬁselfﬂ Tertiary strudture shall refer to the
relative orientation ofdthe loops that are held togetherv

by these short double-strand helical regibns. We Jjustifly

* v -
Abbreviations used in this dissertation can be found in‘

Appendix A.



our experiments as being particularly relevant'for tRNA
bbecause the importance of structure for specificity_is:
~ more clearly understood for tRNA bhan for mRNA or rRNA.
Every tRNA molecule is specific for a barticular amino
acid.! 'It’wiil only accept that amino acid from an amino
acyl synthetase and it will then transfer that amino acid
to a growing pelypeptide chain in an order dictated byv
_ mRNA. .How does a tRNA molecule distinguish between an
_amino acyl synthetase carrying that.amino acid and enzymes
carrying any other amino acid? How does the mRNA determine
the order in which amino acids are'tranSferred to a growing
polypeptide chain? | .
We already have a good understandlng of how mRNA
dictates the sequence of amino acids in a polypeptlde The
genetic message of mRNA is read as a sequence of nonover- B
lapping trlplets? starting from some beginning point3 =0 t
an end.6 Transfer RNA molecules reccgnize.the trlplet-that

_corresponds to thelr amino acid. S The mechanism of

N recoonltlon is thought to be the base pairs that form

“ between the codon triplet and a special triplet cnvthe tRNA
called the anticodcn or nodoc. Acccrding bo:the WObble o
.hypothesis of Cr_ick,7 the first two bases.of the codon.
triplet, in the directionjthat'the méSsageIis‘read,,fcrm-.
| nermaIVWatson—Crick base pairs,vA—U,vG—C, and I—C, with-%wc'
 bases of the anticodon. The third base of the codon also’
forms a base pair with the third base of the anticodon.

Non-Watson-Crick base pairs are possible in this position




because of the wobble or additional'freedom of the third

base of the anticodon. Fuller and Hodgsen8 have recently
suggested a:moleculaf'bases for tne wobble. InISummary,'we
have a good understanding of the molecular'basis for the
specific 1nteraction-of:tRNA2and mRNA. |

‘ By contrast, we have no satisfjing exblanation of the
specificity'in the reactionvof tRNA‘and amino aeyl syntnetases.
Experiments by Hayashi and Miura® indicate that the amino

acyl synthetaee recognizes_the_anticodon.. They found that
oligoribonucleotides tnat are complementaryvto the codons

for a particular amino acid competitively inhibit the inter-
action of the tRNA and amino acyl synthetase for that amino
acid. The oligomer is presumably‘competing with the anti-
codon of the tRNA for a site'on the enzyme. Experiments

with polynucieOtides by“Deutecherlo and Letendre et al.ll
have not. confirmed this nypothesis, They found that a
polynucleotide cemplementary to the_codon of seme amino aeid
does not always inhibit the transfer of that amino acid more

11 found that

‘than other polynucleotides. Letendre et al.
poly-G»inhibits.move strongly than poly A, poly C, and
poly‘U-for all the tfansfer feactions that wene studied.;
Perhaps the best experiment to determine whether the_anticodon
is;the'recognitiOn site would be'with»a homogeneous tRNA'f
. preparation in whicn only the anticodon has beenvmodified.
Unfortunately, chemical or genetic methods are not yet

available to selectively modify one or two residues in a

tRNA.



It appears that tRNAs differ fromvone another in
their interaction with mRNA because they.have different
sequences of bases in a positioh_On the molecule called
“ the anticodon. They may différvfrom one another in their
interaction with amino adyl synthetases.for the same reason.
In'othef'wofds, the specificity of tRNA molecules may be
determined directly by théir primary sﬁructure.

Nevertheless, there 1s evidence that a cérrect three-
 dimension structure of tRNA is essential fof its biological
functions. Fresco and collaborafor’sl2~l4 have trappedba -
leucine'tRNA from‘yeast_in,a structure_that is inactive when
assayed ;g;zgggg‘for leucine acceptancé activity,bterminalv
adenhosine acceptance activity, and transfer of leucine to é
growing polypeptide'chaih. Biologically active leucine tRNA

is converted to the 1lnactive or denatured state'by'heating

at 60°C in the presence of EDTA. The transformation does
_ nét'involve ény change in the priﬁéry stfucﬁure-since it 1is
- revérsiblé by heating at 60°C in thé preéence of excéssh
mégnesium ions. The_sedimentétion and viscosity propertieé
of the native and denétﬁréd states show that the native
‘state 1s mbre-compact; The denatured tRNA‘apparentlyﬁhas

a ‘shape that cannot_be‘recognized by ieucine aminovaCyll
synthetase, the tRNA adenylyifranSferase, and the ribosome-
: mRNA éomblex.: An arginine tRNA from.yeast'has'aléQ beenA
'trapped_in the denafured state. Also, tRNAs ff¢m E. coli.
for glutamine, ﬁistidine, tryptophan, glutamib acid,:and

possibly leucine have been caught in inactive structures.



All of these tRNAs are lnactive to amino acid acceptance
when they are in ﬁhe denatured state. Only leucine. tRNA

| from yeast has beeh assayed for its ability'to trahsfer its
amino acid to a growing poiypeptide chain. Suioka and

collaboraﬁorslsa:le

have found a tryptophan tRNA from
E.coli that can also be caught in an. inactive state. These
experiment have been sufficiently universal and unambiguous
to convince us that a precisé three-dimensional structure is
essential for the bilological activity, if not the speci—
ficity, of tRNA., Thus,it is important that we know and
understand the secéndary and tertiary structure of tRNA
molecules.

The sequence of an alanine tRNA from yeast was determined
in 1965 by Holley et al.l6- This was the first primary
structure of a native RNA to be determined. From the |
sequence it can be seen that if the.polynucleotide chain
folds back upon itself several A-U and G-C base pairs can
.form betweeh the antipéréllel chains. These base pairs would
be énalogbus.to the Watson—Crick base palrs in DNA.

Depending on where the chain is folded, several patterns of
base pairs are pogsible. The one considered to be the

closest apprOXimation to realityl7’18

19

is_shown schematically
in»Figure 1. There are three loops closed by short helical
regionis. A fourth double-strand region forms from complé-

mentary residues near the ends of the molecule. For obviOué

reasons, this 1s termed the clover-leaf model of the
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| Figure 1. Possible secondary structure of year alanine

| t-RNA. The proposed antlcodon is shown antlparallel;f

' ~and complementary to the messenger codlng trlplet
'(from Jukest? ).




secondary structure offtRNA; An alanine cddon is shown
antiparallel and complémentarylto a possible‘anﬁicodon
triplet. A similaf pattern of basé pairs can be constructed
for each of the four ther tRNAs from yeast that has been

sequenced, serine tRNAI,ZO serine tRNAII,zo phenylalanine

2l_and tyroSineﬂtRNA.22

tRNA,.
Our experiments were designed to help us understand
RNA secondary structure in géneral and notvthe secondary
structure of any particuiar RNA moiecule. The three classes
of RNA, tRNA, mRNA, and rRNA, différ by definition in their

1,23,24 Chemically, they are polymers of mainly

function.
the same subunits, A, U, C, and G. No other residues are
found in mRNA. Ribosomal RNA from E., coli contains only a

few percent methylatedAor other odd baSes.25

Transfer RNA
_has the highest composition of odd bases. Even for these
RNAs most of the residues are one of the four common bases.

Bulk tRNA from yeast contains 9% odd bases,zs‘

The principlés
describing fhe contributibn'of‘thé four ¢dmmbn_béses to the
secbndary sfructure-will-presumabIY-be the'séme for all
'claSSes.of RNA. ~ Therefore, our éxperiments,‘which have beéﬁ
done with mRNA and synthetic oligoribonucleotides of the
fdur common baéeé, will be relevant to tRNA, rRNA, and mRNA.
We ask, what is'the nature of the-secondary.strucﬁuré.'
of a polyfibonucleotide.composed of A, U, C,iand'G'res;&héS? |
We shall strive to answér this question'With a set of fules 

describing the interaction of the four common residues in RNA.
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conformation.

This is the approach of many physical.biochemiéts who are
striving to ascertain and evaluate the various forces that
affect the structﬁre of biological‘mécrOmolecules. ‘The goal
is to be able to predict the cofrect seCOndary'and teftiary

structure of such-a moieéule from.its primary strﬁcture.

If for no other'reéson, our‘atténtion is directed to tRNA

because’the primary structure of five of these moiecules is -

known. The primary structure is not known for any mRNA or

rRNA. The sequences of two 5S RNAs are rnown? s 28

funetion is still obscure. Thus, whatever we learn from

our experimehts can be applied directly to making specific
predictions about the secdndaryvstructure of a particuiar

tRNA molecule. These predictions ‘can be tested since homo-

- geneous preparations of the molecules are available. -

Our studiesldan be divided into three parts. In the

first section we examine the nature of the secondary structure

of single-strand RNA under conditions where it does not
contalin any intramolecular base pairé; .MAnyfinvestigators
havequund}eVidence fpr base pairs in RNA. Residues Which
ére n¢t base-paired_havé been_coﬁsidered,to have a random
BQ—Sl‘ In other WOrds, there is no preferred.
drientation of the ﬁnpaired bése‘Wiﬁh reSpect:fo,its

adjacént neighbors. Our experiments,show'that bases in RNA

which are not hydrogen-bonded to other bases haVe'an_avérage

preferred orientation called stacked. In this conformation

‘the planes of neighboring bases are parallel to one another

but their



and the bases are on top of one another. .Furthermore,
stacking is &lso important in determining the secondary
lstructure of a s1n~le strand RNA under conditions where
base palirs exist. |

Our conviction that information like this can be useful
in elucidating the nature of thevspeoificity of>tRNA mole-
cules was confirmed in a recent communication by Fuller and -
Hodgson.8 'They present a stereochemical hasis for Crick's
"wobble" hypothesis7 concerning the interaction of codon
and anticOdon; Their‘explanation of the hypothesis follows
principally from the assumptioh that the number of stacked
bases in the’anticodon loop of the_clover—leaf model should
be a maximum. Of course, their proposed oonformation of
the anticodon loop has not been shown to be oorrect. Never-
~theless,-the_results are very'ehcouraging,'

Our measurehents of single-strand RNA under conditions
.favorahle for base pairs are consistent with the presence
of A-U and G-C base pairs. ‘Buﬁ much more specific inform?—
tion is needed. Is it reesonable to expect helicai regions‘
as short as those proposed'in the clover-leaf model? Even
‘more to the poinf, 1s the base-pairing errengement of fhe
cloVer—leaf.model.correct? These questions can conceivably
be answered by studying the opﬁica1 ahd ﬁhermodynamic
properties of double-strand RNA as a‘fﬁnctiontof seqﬁenoe
and number of base pairs. One method of doing this.is with
1:1 complexes'of complementary'oligoribonucleotides. The

preparation of suitable oligomers is described in the second
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section of this diséertatioh. _waever,'we found that thef
1:1 complexes of these oligomérs were éo unstable_that

they c¢ould not be studied cOnveniently. ‘A32:l complex was
6bserved to form beﬁween GpGpC and GpCpC. Estimafes of the
:stability of doublé—strahd_regions ih tRNA indicate thét

3 G-C base pairs is the minimum length. Thus, the helical =
reglons in the clover—ieaf model of tRNA are at least o -
reasonable. However; triple-strand regions of-éG:C base
triplets are estimated to be Just as stablé.. This suggests
that there may bevtriple—étfand regions in tRNA. |
VIn'the last section we turn'tb complexes of synthetic

"complementary‘polyribonucleotides as.a method of studying
the sequential properties of double-strand RNA. - Only the
preparation of these model cbmpOunds is discdséed in detaii;‘
-Preliminary experiments cohcerniﬂg thévoptical'propertiesl  
of thé pOlyribonucleotideé are reportéd. ‘The adtual studies.

of the double-strand compiexeé'await further expéfimentation.
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. PART I
ELEMENTS OF SECONDARY STRUCTURE IN RNA

Introduction

The  "clover-leaf" model of the secondary structure of
tRNA shown in Figure 1 is a schematic representation of a
possible'patternfof base pairé. It says nothing about the
conformétion of the unpaired_bases in the:ioops and between
the helical'regiohs. This feflects a general attitude that
the stability of the‘bNA double-strand helix is due to
hydrogen-bonded baée.pdirs; therefore, the only importaht
elements of secondary étructure in nucleic acids are base
pairs.

There have been'suggestions that the sﬁability of the
DNA.helix is due to forces other than hydrogeh bonds. The
planeé of neighboring bases in DNA are_paraliel, and the
bases'are.as close to each othér as van der Waais radii.will
permit.; In othef'words, thé-bases are stacked. Theoretical
calculations of the free energy in DNA resulting from |
dipolefdipole, dipole—induced dipole, and London force inter-
actions between the stacked bases have been made by DeVoe
and Tinoco.32 They found that these forces contribute up
to"-19;8 kcal/base pair to the'stabiiity of the helix compared
to separated,single—strand helices with uhstaoked bases.. |
The contribution from hydrogen bonds was estiméted.at 
0 * 1.5 kcal/hydrogen bond. These calculations indicated

that the stability of the DNA helix is mainly due to the
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electrostatic interaction of stacked bases. Crothers and
Zimm33 have also suggested that DNA is stabilized by
stacking. The conclusion is derived from their statistical
treatment of the helix-coil transition of helical'complexes
of synthetic polydeoxyribonucleotides. ' However, Sinanoglu
and Abdulner34'contend.that the DNA helix is stahle in
water compared to the separated:single strands'heceuse the
surface area between water and the nucleic acid is less.

These studies point out that there‘are forces other
than hydrogen bonds that are important in determining the
secondary structure of nucleic acids. There is some question
as to the precise molecularrorigin of these forces. Actually,
both van der Waals interactions between aromatic bases and |
surfacebtension forces are probably operative. The
important thing is that'these forces are operative in the
"presence or absence of hydrogenibonds. "The'prediction is
that the bases of single-strand nucleic acids are confined
.to geometries in whlch they are at least partially stacked.

| The purpose of the experlments to be presented in Part I
is to test whether this predictlon is true- for RNA ‘Evidence
will be outlined.which indicates the bases-of-S1ngle—strand:
'foligoribonncleotides andjpolyribonucleotides-ere'stacked.
'Wlth this 1n mind the evidence for base pairs in single- »
‘strand RNA will be reviewed Althouoh some of the observaehi‘
_-tions could be interpreted as due to base stacking, the |
preponderance of the experiments can only be explained by

base pairs. Cantor's semi-empirical method35 51 for
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calculating the optical rotatory dispersion (ORD) of
single-strand helices with stacked bases will be reviéwed°
It will be used to show that bases in TMV RBNA, F2 RNA,
Rl7'RNA,and mixed yeast tRNA are stacked under‘conditions
that arevunfavorable for the'formatioh of base pairs. It
will be argued thét_basé stgcking is also important under
conditions where base pairs occur. Finally, the ORD of
single strand RNA under these conditions will verify the

existence of A-U and G-C base pairs;

Base Stacking in Single-Strand Oligoribonucleotides

and Polyribonucleotides

1. -Oligoribonucleotides

One method of detecting the existence of stacked bases
-is with ultraviolet abéofption spectrOSCOpy. The'molar
absorption oann aggfegate of stackéd chromophores will be
"less -than the average fof the constituent monomer chromo-
-'phor*es.‘7’8‘40 This phenomenon. 1s called hypochromism if we .
compare the area of the abéorption band and hypochromicity
if wé compare the absorption at a pafticular wavelength. |
. The h&pocﬁrohiém of DNA was at one time thoﬁght to be the

result of hydrogehAbonding.42

This view stemmed from the .
- observation that a sharp decrease in the hypochromicityb
'paralells the helix-coil transition. Theories of hypo-

58,39 however, show that it results from base

chromism,
stacking and not hydrogen bonding. The theory predicts that

stacked bases are hypochromic regardless of whether'they
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are hydrogen-bonded. Theréfore, if baée pairing can be
ruled out, the existence of hypochrohism or hypochromicity‘
-1s evidence for a single-strand stacked structure. |
VHypochromiém has been observed for dinucleoside

41’43’44’48 trinucleoside diphoSphates§5’45’46’4l

47,49

- phosphates,

and homo-oligonucleotides of adenine 50,51

and cytidine,
In all cases the solutions that were used to measure the
absorption spsctra were always dilute in nucleosides, approx-

imately 10 ~ M. Warshaw and Tinoco43

showed that there is
no-aggregationrof.dihucleoside‘phOSphates at this concen- |
tration. They found that the molecular weight of GpC, as
measured by.sedimentatioh equilibrium, was that‘expeéted

for the unaggregated dimer. We expect this dimer to aggregate
more_readily than most of the‘otﬁef oligomers because G-C
fbaSe pairs coﬁld»formf Therefore, We can assume theré is

no intermolecular aggregation in aﬁy of the solutions.

35,43-45,50,52-54

The'optical‘rotatory dispersion and

circular dichromism>l»5%292

of many of these oligomers are
also’différent from the‘properties of the constitﬁent o
monomers.>° Not only is the_shape differeﬁt; but the |
:magnitude‘bf the rotation is usually 1argér for.the”oligOmer
'than fﬁe monomer. For example, the ORD of ApA43’52’57‘is
a double Cotton'effeét.with thé 1ong wavelength extremum
having a positive rotétion; The suﬁ of the-ORD“of A and
',bA is a éingle-Cotton curve with the long Wavelength 

© extremum having a negative rotation. These two curves are



‘analyzed in terms of a two-state model.
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shown in Figure 2. The nagnitude of the peak—to-troughA
rotation is eeven times larger for the dimer than for the
monomer. If the oligomers are not aggregated, then this
difference is probably the result of intramolecular inter-
action between the bases. -

The shape of the ORD of these ollgomers is consistent
with what is predlcted by ORD theory 53 A dimer of two
identical chromophores in paraliel planes'is expected to
have a double Cotton effeet ORD. The central-peak or
trough willaoecur'atvthe same wavelength as the absorption
makimum. The sign and’magnitgde of the curve depends on
the details of the geometry of the stacked bases. The ORD
of ApA has been calculated for'the:geemetr& of one strand

152,59

of a DNA helix. The shape of the ealculated curve'is

"“essentially identical to the_eXperimental ORD. Thus, it was

concluded that ApA forms the beginning of a right-handed
single—strand-helix with_staeked bases perpendicular to the
helix axis. |

| The temperature‘dependence of hypochromism,eo.hypo—

chromieity,47_49 circular dichrc)mi'sm,48"51’55 and optical-

rotation50 53,54, 60

of oligorlbonucleotldes has provided
further insight into the nature of base stacklng The-hypo—
chromism, hypochromicity, rotational strength and-magnitude

of rotation at the peak and trough decrease gradually.ae'

‘the temperature is increased. The data have frequently'been

47—49,53,55,60"The

oligomer is assumed to be either completely stacked or
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 Figure 2. ORD of poly A at 22°C, 0.15 M KC1, pH 7; Ap
at 25°C, pH 5.9; and ApA at 25°C, pH 5.9.  The molar
rotations per residue, [¢], are in units of degrees
milliliter/decimeter mole X 10 "2 Under these condi-
tions, poly A and ApA are single-strand hellces
(Taken from Holcomb and Tinoco. 57) '
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unstacked The fully stacked structure is envisioned
to be quite rivld The enthalpy of stacking has been
determined by choosing appropriate values for the rotation
_and hypochromicity'of the fully stacked and unstacked |
structure. | L |

A more realisticvinterpretation of the temperature
dependence 1s that the average relative orientation of
neighboring vases becomes gradually more random as the“
temperature is increaSed : From-the theory of hypochromism38
and'optical rotatory disperSion we can see what types of
changes in b:zse stacking would result in the observed
phenomenon. The magnitude‘of_hypochromism,depends on the
- distance between the stacked'bases.. fherefore, a decrease
in hypochromism or-hypOChromicity may reflect an increase
“in the average distance betWeen neigthring bases. .Optical
rotation also depends on this»distance. But it also should
be affected oy relative rotational oscillations about an
h'axis which is perpendicular to the plane of the stacked bases
The greater these oscillations and_the'less time spent'in

the preferred'orientation-the snaller the rotation. Mathe-

‘,matical methods have been developed to analyze the temperature

»dependence of hypochrom101ty and optical rotation61 ?2_ini
‘terms of these molecular mechanisms. Davis and TinocoGQ:haQe
applisd them to the data .fo"r‘ dinucleoside phosphates. |
'_"We shall refer to the conformation of singleastrandl
oligoribonucleotides and polyribonucleotides at all temper--

atures as stacked. In thils context, stacking merely refers
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to the existence of a preferred felatiVe orientation of
neighboring bases in which, on the averege, the planes of
the bases are parallel. We realize that the particular
nature of the stacking varies»with temperature. Nevertheless
‘our convention is realistic since Davis and Tinoeoso have
shown that the bases in ApA are still stacked at 90°C.

Other evidence for stacking has come from'the work of -

‘Chan, Ts'o, and theilr colleagues.ss_67

Using nuclear
_magnetic resonance (NMR) and vapor pressufe osmometry, they
have shown that nucleic acid bases and nucleosides associete
in aqueous solution by stacking. Self-association of
purines:is greater than the self-association of pyrimidines.v
The interactions of purines ehd.pyrimidiﬁes are intermediate.
NMR techniques have also been used by Chan et al.68 to
show that the bases oflthe dideoxynucleoside phosphate, TpT,
are stacked. Reference ie made in the same report to more

.extensive and unpbulished NMR studies of othef'dimers which

indicate that the bases are stacked in aqueous soiufion.

2. Poly A

| There 1s good evidence thaf pdiy A at room temperature
andva 7 is-e single-strand helix with stacked bases. Holcomb
and Tinoco®' have presented ORD data as‘evidenee‘for this
"VStructure. Poly A'displays a double Cotton effect under
‘£hese conditions with a deep trough.which occurs at the-same
wavelength as the absorption maximum. This is the shape which

is ekpected for a single-strand helix with stacked bases



19
perpendicular to the hélix axis.116 If there are base pairs
then the shape of the curve will probably be different. In
fact, the shape of the ORD of the double—étrand helix of
poly A, which forms at low pHs, 1s different from the ORD
of poiy A_at neutral pH.57 |
| Furthermore, the ORD and hypochromism of neutral
solutions of poly A at rooﬁ'temperatufe can essentially be
derived from the ORD and hypochromism of ApA under the same
conditions. As seen in Figure 2, the shape of the ORD for
the two molecules is the same. However, the magnitude of
the rotation per mole of residue is larger for the polymer
than the dimer. Similarly, the hypochromism‘of poly A is
greater thén the hypochromism.of ApA. These observations
are not surprising, of course. In the first place, each
base in the polymer is surrounded by two other bases instead
of only one. Additional'long—rangé Interactions between
bases which are separated by one or more residﬁes along the
chain will further increase the magnitude of the rotation and
hypochromism of the polymer compared to the dimer. The |
nearest-neighbor approximation assumes that these additional
interactions_ére negligible.  If the average dimer in the
polymer has the same geometry as thé average dimer which is
. free in solution and the nearestheighbor approximation is
valid, then the rotatioh\and hypochromism of the polymer  will.
be twice that of the dimer. What is found is that the |
hypochromism of the polymer is 2.9 times that of the dimer

and the rotation at the trough is 2.5 times that of the dimer.



20

Holcomb and Tinoco®! point out that if, instead of the
nearest—neighbo: approximation, we assume that the inter-
action between bases depends only on the inverse cube of
the distance between bases, then the'hypochromism and
rotation of the polymer will be 2.4 times that of the dimer.
Being able to adequately account for the optical properties
of the polymer in this manner indicates that the relative
orientation of nelghboring bases is similar in the polymer
and dimer. Sinée the bases in the dimer are stacked this |
implies that the bases are stacked in the polymer. |

There are three important conclusions from the paper by

Holcomb and Tinoco.57

The first is that poly A at pH 7 is

‘a single-strand helix with stacked bases. Sécond, the
geometry of the polymer and dimer are.similar. Poly A méy
be thougnht of as a poly — ApA. The bases in the dimer are
stacked sd as fb form the beginning of_a right-handed single-
strahd'helix.v The polymer is a continuationlof this
structdre. "Finally, as a result of this similarity, we can :
_ calculate the opfical properﬁies.of the dimer. | |

. Low angle‘x—ray scattérihg exbefiments onvneutfal

 solutions of poly A by Luzzatl et a1.59

havevqlSO provided
_v'important evidence for a single-strand helix wiﬁh stacked |
bases. They found'that the number of bases pervunit length
of the molecule is oné—half of that for the DNA double;'”
strand Helix. They point out that the same observation

would be made if the polynucleotide chain is folded over and

bases are ihtercalated. This seems unlikely, however. We
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would expect that the ORD of such a étructure would have
a different shape than the ORD of ApA.

70 have measured the nuclear

McDonald and Phillips
magnetic resonance of neutral solutioné'of poly A as a
function of temperature. They conclude that‘the baées are
pértially stacked at room temperature.

The structure of poly C is also thought to be a single-

71 have shown

strand helix with stacked bases. Fasman et al.
that the temperature dependence of the ORD of formylated
poly C,_which,qannot form base pairs, is the same as for
unformylated poly C. It has also been shown.that the ORD

of neutral solutions of poly C can be calculated from the
ORD of CpCS6 in the same manner as the ORD of poly A was
calculated from the ORD of‘ApA.SG’S7 Once again'the results
indicate ‘that the relative orientation of adjacent bases in
the single-strand helix is similar to the geometry of the
dimer..

In summary, there is evidence that the bases in single-
strand oligomers and homopolymers are stacked. The ultra-
violetAabsorption.and optiéal rotation prbperties of these
molecules are different from thbserof their constituent

43-57 The differences are consistent with the

38,39,52,58,59,116

monomers.

The NMR pfoperties

of the molecules also indicate fhat the bases are stackéd.68’7o'

bases being stacked.

The strong tendency of nucleic acid bases to stack is also

seen in the stacking of nucleosides in. aqueous solution.65—67
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Evidencs for Base Pairs in Single-Strand RNA

The significance of base stacking as an elemenf'of
secondary structure of single-strand RNA and its properties
have only fécently become known. The basic concepts of the
seqondarj structure of tRNA which are embodied in the
clover—leaf model 1in Figure 1 Werevoriginally proposed by

29,42,72 before base

- Doty, Fresco; and their colleagues
stacking was genesrally accepted. We would like to examine
the evidence for base palrs in single-strand RNA in the light
of our nsw information. Aré there base pairs in single-

strand RfA? Or, does the secondary structure of single-

strand R¥A only involve base‘stacking?

1. Hydrodynamic

The radius.of gyration of TMV RNA was determined
'indepéndently f'rom viscosity'and light scattering méasure_
ments.75 Light scaftering gives ﬁhe radius‘of gyration
directly and no assumption about the coﬁfiguration ié
”neceésary. However, it ié necessary to assume a model of
| the.configuration for the purpése ofvcalcdlatihg fhe radius
of gyrationlfrom:viscosity.data. There is good agreement
for the radius of gyraﬁioh determined from each méthod_if
the molecule is assumed to have a random-coil configuration.
.Other evidenée that thé molecule behaves as a rahdom_coii'
éomes frdm_the.molecular weight dependencevof the light
"scattering radius of gyration, the sedimentation coefficient,

and the intrinsic viscosity.73
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The existence of intramolecular contacts in the random

30,73,79

¢oll has been inferred from the temperature -and

ionic strength dependence of various hydrodynamic prop-
’ert:_‘Les.73_76 TMV RNA expands when the temperature 1is
increased as indicated by an increase in the radius of gyra-

tion and.viscosity. Decreasing the Na+ concentration from

'150 mM to 0.2 mM Na+ deereases the sedimentation cqefficient
73

S from 28.2 S to 3.3 S.

20°,w Clearly the configuration
of the molecule changes from a compact one to a highly
extended one when the ionic strength is decreaeed Just as
it does when the temperature is increased. Of course, a
flexible polyelectrolyte would be expected to behave

73 felt that the changes in

similarly. However, Boedtker
sedimentation coefficient with ionic strength were too large
and occurred over too narrew a range of ionic strength to
-be explicabie only in terms of electrostatic repnlsion.
Tne'change in Sédo,w parallels thevincrease in absorption.
Thus, 1t was conciuded-that the change reflects the
occurrence of a helix—coii transitidn. Cox and Littauer76
came to a similar conclusion based on thejvariatien of the
sedimentation coefficient of E. coli nRNA with ionic
strength. »
The hydrodynemic-propefties show that single—strand RNA
i1s a random coil which can assume a very compact confign}ation
at.low‘temperature and nigh lonic strength. The existence.

of the compact configuration implies that there are intra-

molecular contacts. Therefore, under these conditions the
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secondary structure involves more than base stacking.
However, the intramolecular contacts could be cation bridges

or intercalation of the bases 1instead of hydrogen bonds.

2. Reactlvity

The rate of reaction of RMV RNA with formaldehyde 1is
19 fold greater at 45°C than at 25?0.42 The rate increases .
only 6 fold forvthe mononucleotides over the same temperature
range. Similar observatlons have beén'made mbre reéently

for other mRNAs77

and. mixed yeast tRNA.77’78
Furthermore, the rate of digestion of single-strand RNA
a .
by pancreatic ribonuclease‘2 or polynucleotide phosphoryl-

42,80
ase

increases mafkedly as.the temperature is increased.
In the latter case,42 it was shown that there_is no enhance-
~ ment of the rate for poly U, a polynucleotide considered
to.have no secondary structure. | o

"’, These obsebvations'ééuld,all be éxplainéd by a éécondary
 stfu¢tufe inVolving base pairs.' As the'temperaturé is
increased.hydrogen ands afe broken and morexfesidues are 
availablé for reaction for'formaldehYde or énzymatic digestion.

Once égain, however, these results could also be explained by

intercalation or possibly even base stacking as we shall see.

3. Optical Evidence
The optical density of a neutral solution of TMV-RNA

“increases 30% in a very gradual fashion as the temperature is
» _

(123

increased from 10°C to 90°C. A plot of optical density
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versus temperature has an "S-shape" which is similar to
the shape of the absorption change for the temperature induced ]
helix-coil transition of DNA. However, for DNA the trans-
1tion occurs over a temperature range of a few degrees.4l
The transition in TMV RNA occurs over nearly the whole tempe-
rature range between 10°C and 90°C..

The helix-coil transition for DNA is obviously very
cooperative. The theory of a cooperative phenomena'for DNA

by Crothers, Kallenback, and Zimm81

shows that the sharpness
of the transitlon depends on the chain length of the coopera-
tive region. The shorter ﬁhe chain length the broader the
transition and the lower the temperature at the midpoint of"
the transition (Tm). The T, of the helix-coil transition of
DNA is also known to vary with the base composition of DNA.82
Thus, the gradual change in.the’optical density of TMV RNA
as a function-of temperature was intefpreted as the summation
of helix-coil trahsitions of many short helices with varying
chain length and base composition{

The tempéfature dépehdence of the optical rotation of
TMV RNA at.fhe sodium D line (548 mp) parallels the>opti¢al
density changés.42 ‘This was taken as evidence that the base
pairs were cdllected inté short helical regions and not
randomly scattered throughout the molecuie._ Once again ?he
decrease in thé optical roﬁatidn with:increasing temperature

was interpreted as resulting from a decrease in the number

- of base pairs.
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The fraction of residues that are base paired was -

42,83 The

_estimated from the optical rotation at 548 myu.
specific rotations at this wavelength of poly (A+U), the
acid helix of poly A; and the poly U aggrégate that forms
at low’temperatures are all about the same, +300f. At the
opposite extreme, poly U at. room temperature haé a specific
rotation_of -8°. A yardstick of the percent helix of-
polyribonucleotideé was established from ﬁhese values. A
specific rotation of +300° indicated 100% helix and no
rotation indlcated the absence of base pairs. The specific
rotation of TMV RNA at room temperature is +180°. Thus, it
was estimated that the fractlon of bases which are in |
helical regions 1s 60%.

Urea was found to Ee as effecfive-as heat in.decreasing
the hypochromicity of TMV RNA. %% A solution of 6M urea
decreases the'Tm of TMV RNA by about 25?. A similar effeét
has been observedvfor DNA. Thefefore, urea was considered
a‘hydfogen bond—breakihg,agentJ-nThié‘bbservation on TMV-RNA-
substantiated the.viéw'that'hypoéhromicity and high optical
. rotation resulted_from‘hydfogeh—bonded bése pairs.

As we now know, all of theéé optical properties could
result simply from stacked'baseé rather thaﬁ stadked base
' pairs. Both conformations are hypochromic and could'have‘a
large optical rotation. The temperaﬁure dependénce of'fhese
optical properties éoes not distinguish between thesé'two:

possibilities. The gradual decrease in hypochromism and

optical rotation may'reflect the denaturation of many short
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helical regions or merely'the temperature dependence of

base stacking. Urea does not help either since it denatures
helical structures by virtue of its effect on the structure
of'water.s4 |

| In general, we must be cautious in coming to any con-
clusions about base bairs on the baéis'of the hydrodynamic,
reactivity, and optical properties cited so far because of

our experience with poly A.83’85

Similar observations were
made for neutral solutions of poly A. It is 35% hypOcﬁromic
at room tempefature;86 The absorption increases gradually

as the temperature is raised. Nearly the same increase 1is
observed if the room temperature solution is made 7M in

urea.  The rate of reaction wifh‘fdrmaldehydelincreases 20-
fold over a 20° temperature range. The sedimentation
coefficient and intrinsic viscosity depend on molecular weignt
in the fashion predicted for.a_randOm coil. However, it was
concluded that the variation was ndt typical for a poly-
electrolyte haviné such a high charge density. ‘Furthermore,
thé reduéed specific viscosity increasés sharply as the salt
concentration is reduced.. All Qf theSevdbservations suggésted
that theré werévhelical regions of A-A base pairs similar
to those shown in Figure 1 for RNA. The specific rotation
of poly A at the sodium D line is 155°. Therefore, it Was

conciuded'that 40-60% of the residues of poly A'are‘basé—
85 ' -

‘paired.



28

Nevertheless, we are confident thet there are no
A-A base pairs in poly A at pH 7. But what about single-
strand RNA? It is not possible that it has a secondary
structure which only involves'base'staeking? |

Although such a structure can explain some‘of the
optical properties,it cannot account‘for all of them. The
Tm of the helix-coll transition of TMV RNA is dependent on:

73,74 1 decreases with

the ionic strength of the solution.
decreasing ionic strength. In other words, the absorption
at-any temperature increases with deoreasing ionic strength.
Also, the helical configuration is stabilized better by '
divalent cations like'Mg than univalent ions 1like Na+.7§
4-—-It-is—diﬂficult to'explain how these changes in the lonic
environment of the solution could affect a helix—coil_trans~
ition involving oniy‘the_stacking and unstacking of |
neighboring residues. To the first'epproximation we ekpect
stackincr interactions to be 1ndependent of ionic strength
We will verify this- assumption later with some experiments.
Simllar_observations have been made for the T of DNA42 8z, 87
and polynncleotide eomplexes.41 The interpretation.has
always beenbthat inCreasing the cation concentration decreases.
_ the_effective charge on the phosphate groups.and,.tnus,
decreases the electrostatic intrachain repnlsion‘of the helix.
varesco measured the absorptionvof three‘homogeneoue

72,88

tRNAs from yocast as a function of temperature. In each

- case there 1s a biphasic transition. The éeparate transitions
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occur over 30°, which 1is much sharper than the 60° breadth

of the single transition-of mixed yeast tRNA. PFurthermore,

the Tm of the separate transitions was different for each

of the three tRNAs that were in&esfigated. Vournakis and
Scheragas9 have observed a similar biphasic melting curve

for yeast alanine tRNA. These observations support the view
that the broad helix-coll transition of singie—strend RNA
is'the supposition of many cooperative transitions of short
helical regions with different stabilities. It 1s difficult
to’rationalize a blphasic transition if the secondary structure

of tRNA consists'only'of stacked bases.

4. Tritium Exchange

A different sort of measurement has been made by
Englander and Englander.go ‘They‘have observed the time
dependence'of the excnange of normal hydrogen for tritium in
fRNA which had been previously equilibrated.withbTHO. An
: average of”?? hydrogens per,tRNA noleculerexchange slowly
from a sample of mixed yeast tRNA.LiIt'had previously been
| shown that the slowly exchanging hydrogens in DNA are those

91~ Thus, Englander and

involved in the hydrogen bonds.
~Engiander90 concluded that the slowly exchanging hydrogens
in tRNA were those involved in hydrogen-bonded base pairs.
There have been suggestions there.are hydrogen bonds
betneen 2'-hydroxyl groups of RNA and either the bases or

50,51,92,93

phosphate groups. If the hydrogen of every -

2'-hydroxyl in tRNA exchanges'slowly; then that would account
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for virtually all the slowly exchanging hydrogens. The
evidence for this hydrogen bond is rather circumstantial.

In fact, x-ray fiber studies of dogbie-strand RNA.do not show
any internal hydrogeﬁ bond invblving the'2’-hydroxyl.94’95.

We are inclined to think that fhe tritium exchange experiments

reflect the existence of hydrogen—bonded base pairs in tRNA.
5. X-ray Diffraction

The most definitive e&idence‘for Watson-Crick base
pairs in single-strand RNA is an x-ray diffraction study of
semi—crystalliﬁe fibvers of fragmented yeast ribosomal RNA.94
Preliminary reports of this work were given several years
'ago.96 At that time the RNA was thought to be tRNA. ‘Since
then'it has been'established that the sample 1s degraded

rrNA. 97

The diffraction patterns are'consistent with the
existencerfvshbrt double—sfrahd helices of A-U and G-C base
pairs. The details ofvthé helical_geometry_afe-very éimilar
to those of the totally double-stranded RNAs, reovirus RNA,
wound'tuhorlvirus;RNA, the feplicative form of.MSZ vifus_RNA,
and rice dwarf virus RNA. (For a review; éee.DaVies.gs) The
‘Qverall'dimensions bf;the RNA Watson-Crick double-strand helix
are similar to the A-form of DﬁA;gs There afe'lovorlli Base
pairs pef turn; they are tiltednlo_to 15° fromlthe perpendic-
ular to the helix axis. | | o )

| Theilasf evidence for base palrs in-single—strénd éNA :
thét‘we‘would’like tb mention are the resultsvof low énglév

x-ray scattering experlments. The measurement 1s made on

solutions so the results apply to the structure of RNA in -
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solution. Witz, Hirth, and Lu'zzati99 have determined the
mass per unit length of TMV RNA, yeast rRNA ahd turnip -
yellow mosaic virus RNA in solution. It is similar for
each RNA and also similar to that of DNA. Finallj, the
radius of gyretion of“yeast tRNA, as determined by low angle

100

Xx-ray scattering techniqﬁes, eliminates thefpossibility

that tRNA has a completely single-stranded secondary structure.

Calculating'Optical Properties of

Single-Strand Helices

Most of the evidence that has just been cited supports
the view that the secondary structure.of single—strénd RNA
consists of short double—strahd regions similar to DNA.

What has not been established is the importance and ektent
of base stacking. It has been suggested that the bases
that are not base-paired have a totally random orientation.
We expect, however, that the bases in RNA are stacked in _
reglons where there are no base palrs. Furthermore, under
conditions where there are no helical'regions, we expect .
the bases are stacked.

| If the bases in RNA have a completely random conformatlon
wheh there are no base palrs, then the‘optical properties of
the polymer should equal the appropriate average of the
optlcal prOperties of the monomers. This does not appear
‘to be -true. The optical rotation at the peak and trough of
the Cotton'effect is greater for formylated tRNA at 25°C
78

than for the monomers.

Formylation presumably prevents
o . .
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the formation of base pairs. Therefdre, this result indi-
cates that bases do not have a random conformation in the
absence of base pairs. It has also been observed that RNA

is stili hypochromic at elevated temperatures where the change
of absorption with incréasing temperature has become nearly
lével.42 Base pairs afé probably not stable at these high
temperatures. Therefore, whatever residual hypochromism is -
present must result from base stacking.

These observations are strongly suggestive that the
bases do have a preferred orientation even in the absence of
- base pairs. The nature of the preférred orientation has been
suggestéd by the work of Holcomb and‘Tinoco on poly A.57
The ability to calculate the optical properties of poly A from
ApA implies that the stacking is similar in the polymer and
dimer. We expect that the dimérslin RNA also have the same
-’geometry as'when-they are.free invsolution. If this is true
-and 1f interactiohs'bétween.nearest néighbors aré the most
important, thén_we should'be able to calculate the optical
properties of RNA, undervconditiohé where there are no base
pairs, from'thé obtical properties of the»dimers. The equations
- for making these nearest+neighb0r"calculationé'and further
eQidence for‘the vaiidity of the nearest-neighbor assumptioh

are presented below.

1. Trinucleoside Diphosphates

35,37

Cantor and Tinoco have developed a formalism for

calculating the optical properties of trinucleoside
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diphosphates (trimers) from those of the dimers. They
showed that if the nearest-neighbor approximation is valid,
then the moler rotation of the trimer, IpdpK, per residue,

[¢IJK(k)],-can be calculated from the following equation:

¢IJ(A)]+-2[¢JK(%)]— to;(n)] (1)
3 ,

[¢IJK(%)] =

The molar rotationé'per residue of dimer IpJ, dimer JpK,
and monomer J are given by [¢IJ(A)], JK(?\)] and [¢ ()1,
respectively. Agreement between experlment and calculatlon
cah only be expected if the stacked bases in the trimer have
a similar geometry as they do in the dimers. Therefore,
the optical rotatioo of the dimers and trimers should be
measured under idehticai conditions of teﬁperature, pH,
ionicvstrength, and at a concentration where there is no
intermolecular aggreoation.

An analogzous equation can be used to. calculate the
absorpblon spectrum, IJK(7\) or the extinction coefficient
of trimer IpJpK.

2e.(A) + 2e(2) - ¢ (ijv X
QIJK(A) _ IJ° , 'S,JK . J. : (2)

Ailvvariables are defined 1n an analogous fashion aslthey
_are for Eq. (1). There are'similar'equations.for the
‘oscillatorvstrehgthland hypochromism of the trimer.

The ORD, extinction coefficient at 260 m, and the
~hypochromism of seven trimers were measured at three pHs at

room temparature. o9 The optlcal properties of the dimers

have been measured at the same pHs at room temperature by
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Warshaw.43’44

The expected optical properties of the
-trimers were calculated from the corresponding optical
properties of the dimers. The agreements between the semi-
empirical calculations and the experiments were eicellent
for all seven trimers at all three pHs. The ORD of four .
other trimers have been measured at pH.7.37 Once again the
agreement between experiment and the neafest—neighbor caicua
lation is good.

Experiments which were 1dentical to those done by Cantor
and Tin00035 have recently been reported for trimers of the
form TpipGp.<> The letters I and J stand for A, C, or U.

The results are similar. The.agreemeht'betweenAexperiment
and calculation, however, is not always as godd as found by
Cantor and Tihdéo.ssv |

In general; all of these results indicate that the

nearest-neighbor assumption is wvalid for trimers and that'the

geometry of the bases in the'tfimer and dimer are similar.

2. PdlyribonucieOtides

The opticél properties of alpolymer can be'caléulatéd
from the optical properties of the dimers with equatiOns |
whiCh_are analbgous to Egs. (1) and (2). 1If end_éffegts are
ignored, then the molar rotation per résidue of avpoiymer,

[¢P(k)], is given by:36 . | | T

NG IS

M

4
L@P(A)] = 3

2, L0- - (A)] -
21 go 1l

I
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The equation is given for a polymer which contains only the
four common bases. Clearly it can be extended to take into
account any number of different residues. -The mole fractions
of dimér Ipd and.nuéléoside I in the polymer are X1g and:
Xp+ They are equal to the number of times the dimer IpJ and
nucleoside I occur in the polymer divided by the chain
length. Of course, the mole fraction of each of the four
nucleosides can be found from the base compositibn. The
other variables are defined as they are for Eq. (1).
A knowledge of the sequence of the polymer is required
in order to calculate the mole fractions XiJ' The mole
fraction of dimers in an RNA whose sequence is not known can
be calculated from the base composition if the nearest-
neighbor frequencies are the most probable ones.
X1y = X7 X5 | | : | (4)

X1 and Xy are defined as they were for Eq. (3), The frequency

of the four dimers resulting from the pancreatic ribonuclease

hydrolysis of yeast rRNA,lOl 101 192 02

102

Ms2 RNA, 91 F2 mNA,192 74 mrNa,l

‘and g;_gg;; rRNA 1s close 1n each case to what would be
calculated from.Eq. (4). Thus, it is reasonable to assume
that the frequency of nearest neighbdrs in large RNAs is
random.. We shall also assﬁme that thé frequency of nearest
neighbors in a mixture of tRNAs is random. |

Substituting Eq. (4) into Eq. (3) we have an equation

for calculating the ORD of an RNA. from its base composition
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and the experimentally'measured ORDlof_the sixteen dimers

and the four nucleosides.

" : 4 4 4 '
lopaM)] = = = 2xplo (M- 2 x (o, r(A)]
RNA ’ I=1 J=1 I JoIJ I=1 I
| ~(5)
.The absorptien spectrum or extinction coefficient of the

RNA can be'calculated similarly.

4 4 4 |
€ona(N) = 2 2 2xix.€+-(A) - = x.oep(A) (s)
RNA 1=1 J=1 IAT 71T I=1 ° I'I -
These-equatioﬁs can be greatly simplified»for the case
of a homopolymer. The mole fractions of dimer’IpJ and
‘nucleoside I are'both'l Thus, the ORD of a polymer, poly N,
is merely two times the ORD of dimer NpN minus the ORD of

nucleoside 'N. ,
Lo Poly Y ()1 - NNm (m DR ()

The ORD of poly A, poly‘C;iand pdiy thaVeibeenvealcﬁ-
lated fromvthe appropriate"dimer andimcndmer,ORD.data at
25°C, pH 7, according to EQ. (7) 56 The calculations are
_compared with experiment in Figure 3. We have'elready men-
tioned the results for poly A and poly C. In general, there'
is good qualitative agreementbbetween fhe eelcuiated.end
experimehtal curves.

However, for pely A and poij C the,quantitative agree-
ment 1is ﬁot as good as for the trimers. Furthermore; the

experimental curve is shifted a few mp to the blue of the
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" Figure 3. (a) ORD of poly A at neutral pH. -——, Exper-

iment (Holcomb and Tinoc057); -+-, nearest-neighbor
calculation. (b) ORD of poly C at neutral pH. -——,
Experiment; ---, nearest-neighbor calculation.

(c) ORD of poly U at neutral pH. -—, Experiment .

l03); ---, nearest-neighbor calcu-

(Sarkar and Yang
36)

lation. (Taken from Cantor, Jaskunas, and Tinoco.
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calculated curve. Either of these;discrepancies could -

' be caused by either next—nearest-neighbor effects or a

'_.slightly different geometry'in the polymer and dimer.

Neither of these pOSSlbllitleS would be surpris1n
There are important differences between polymers and dimers

that could affect-thejrelative geometry of adJacent bases.

l_For instance, there‘is electrOStatic repulsion between

phosphates in a polymer that are absent in a dinucleOSide.
- phosphate. This is not likely to result in a maJor difference
between the geometry of the polymer and‘dimer because”the
‘phosphate groups of'thebpolymer will not be muoh farther
apart if the bases are completely.unstacked;"In addition,
because of steric constraints the polymer may be more |
restricted to a few conformations._ In other words, the
relative stabilities of different conformations may be ‘
greater for a polymer than a dimer. All of these possibil—
ities may be accentuated because of the regularity of the_'
'sequence of a homOpolymerf The structure is probably.very--
regular. This will'make'all the next nearest—neighbor;
" _effects additive. Thus, the overall effect maynbe'quite}
large. | | : ~ o

"The agreement between experiment and calculation is -
much better for poly U than for poly A or poly C. This may
be because the residues in poly U,are less rigidly oriented K
t‘hanv‘ in the other two -"polynucleotide_s.v The 'egpérments by

43,44

Warshaw and Tinoco indicated'thatvuracil does not’staok.

......
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as well as the other three common bases. In this case,
the interaction between next nearest neighbors may be less
important.

For completeness sake, we have compared, in Figure 4,

104 105

the ORD of poly G and its nearestFneighbor calculation.

The agreement is poor, which 1s to be expected. The ORD of
GpG has not been measured. The dimer ORD needed for the
calculation of the ORD of poly G was obtained from the data

(1).105

for GpGpC and GpGpU using Eq. Even more important,

however, poly G is prdbably aggregated under the conditions
of the measurement.lo6

Taken together, all of these results on trimers and
homopolymers suggest that the QRD of .an RNA calculated from
Eq. (5) will agree reasonably well with the experimental
" ORD if there are no base_pairswand‘if it has a conformation
of a single-strand helix_with stacked bases. The agreement
between experimeﬁt and dalculation ﬁiil probably be inter-
mediate‘be%ween what was observed for poly U and what was
observed for poly A and ﬁoly C; We can expect, however, that
the'discrepéncy wili be muéh gréater_if-there is an extensive
amount of base pairing. Formatibh of the ordered complex
poly (A+U_) -shifts the crossover of. the ORD 9 mg. to the blue

of the crossover for the calculated single-strand polymers.sa'

The average difference between the crossover of the experi-
mental and calculated curves in Figure 3 for poly A, poly'C,

and poly U is only 4 my.
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Figure 4. ORD of. Poly G.
‘ - _ Experlmental ORD at pH 7 O, ionic
strength 0.15.
S Nearest—ne;ghborHCalculation.




Bl

Materials and Methods

1. Materials

Tabacco mosaic virus RNA, F2 RNA, R17 RNA, pely rAU,
and RF-MSZ-RNA were gifts from Drs. S. Mendeles, M. Takanami,
P. Kaesberg, M. Chamberlin, and H. Kamen, respectively. The
TMV-RNA preparations were 70 to 80% homogeneous as estimated
" from the sharpness ofxthe boundary in a sedimentation
velocity experiment. Mixed yeast tRNA (lot No. 30449),

ApA (1ot Nb. 45564), and CpC (lot No. ¢5558) were obtained
ffom the California Corpbrationvfor Biochemical Research.

Poly C (control No. 2938) was‘obtaihedvfrom Miles Chemical

" Corporation.

All buffers were prepared with twice distilled water.

Buffers (1), (2),_and (3) contained O. 5 M NaCl, 0.01 M EDTA;
0.5 M NaCl, 107N EDTA; and 10 M ED7A, respectively. A
3:1 ratio of tetrasodium and dlsodium EDTA was used to
maintaln_the pH near 7. Buffer (4) cortained 0.5 M NaCl and
' 10'4 M tetrasodium EDTA. Buffer (S)ICeﬁtained lOf_3 M

Tris-HCl, 10™% M tetrasodium EDTA, pH &.2.

2. Desalting Procedures

4

Solutions of TMV RNA, R17 RNA, F2 RN', and mlxed yeast
tRNA Wthh were used for ORD studies at room temperature
were dlalized at 4°C for 1 day against ou"fer (1) and 3 days
each a&dinst buflers (2) and (3). 107 Tae volume of tﬁe'

4 daily chanves of buffer was always &t l2ast 100 times the
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- volume of the RNA solution. ‘Nolbentonite was present during
any of these dialyses. As a result, degradation cannot be
 ruled out. No 1nfeétivity tests were-made;

"Sait—frée" solutions which were used for the 6ptical
Studies at room temperature were actually equilibrated with
buffer (3)° qu meésurements at_high:salt concentrétion,
KC1 was added to bring the salt concentration up to O.lS’M.
The ORD of a TMV RNA solution prepared as above is the same,
within experimental error, as that of an undialized sampie
to which salt had been added. This is evidence that
'éxtenSive degradation of the RNA haé not occurred during the
dialysis procedure. |

A_slightlyvdifferent.proceduré'was ﬁséd,to.prepare the
TMV RNA sample that was used to measurebthe ORD as a function
of temperature and ionic strength. A solﬁtion of TMV RNA
was dialyzed at 4°C for 1 day against buffer (l). This
WésbfolloWed by dialysis for S.days against_a buffer con-

5{M_EDTA'.‘ The pH>of=this buffer was -

taining 0.5 M NaCl, 10~
v_adjusted to 8.0 wiﬁh 1 M NaOH. .Thefinal dialysis was for =
' three-days against twicé;distilléd water. The voiume-of"'. 

- - the four daily changes of buffer was always af least lOO_times,_
- the volume of.the'RNA‘soiution; After'dilution withvwater;
: sdlution of TMV RNA'had.anlabsorbancé at 260 miL 6f-2.0,{

Aliquots of the solution were diluted 1:1 with a buffer of
vkndwn ionic sﬁrength énd‘pH. .The fbur buffers used were:

4

“(a) 4 x lO'4 M NaOH plus 1 x 107 M Na,EDTA, adjusted to

4
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pH 8.0 with EC1; (b) 4 x 10™% M NaOH plus 2 x 10 % M

Na,EDTA plus 5.8 x 107°

. -4 : - o
(¢) 2 x 1077 M Na,EDTA plus 6.6 x lOv2 M NaCl plus Perrin's

M NaCl adjusted to pH 8.0 with HC1;

0.02 ionic -strength sodium phosphété buffer, pH 7.7; (d) 2 x

1074

- M Ne,EDTA plus 2.0 M NaCl plus Perrin's 0.02 ionic
strength sodium phosphate buffer, pH 7.6. The resultant
concentrations of sodium ion after the 1:1 dilution were

¢ 5 M Nat;

(a) ¢ x 2005 uNa®; (p) 4 x 200° M Nat; (c) ¢ x 107
() 1 M Nat. The pHS of the RNA solutions were measured and
found fo be Lotween pH 7.5 and pﬂ 8f2.

Poly C was desalted by dialyzing a dilute solutioﬁ in
10™% M tetrasodium EDTA against buffers (1);.(4), and (5)
for é total of S'days. 'Dry NaCi ﬁas édded to the desalted
solution to make solutions of the desired salt concentration.
We did dialyze a sample of poly C-at pH 7 against a buffer

in which the sodium ion concentration was only 1074 M. .The

ORD and ultraviolét spectrum of'the'resulting soluﬁién
indicated thas poly C exists in the double-strand structure
'uhder these_conditions. vThis compléx forms when one-half
the résidﬁes are protonated. In:order té insure that poly C
wés_single-stranded the final solution was eqﬁiiibratedﬁ
'against avbuffefchntaining 10'3'M_cation at pH_S;é.:vUnder
thesevéondiﬁiohs there is no evidence of any doublertfand
f formétioQ. | | .
| One-half mg samples of-ApA.and CpC Were desaltéd

separately on alemx SO cm Bio-Gel P2 (coarse mesh) column

bybeluting with twice distilled water. The pH of the eluent
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was about 6. A preliminary column was run on a sample of
 blue dextran which contained KC1. '~ The blue dextran is ob-.
talned from Pharmacia (Piscatoway, New Jersey) and has a

molecular weight of 2 x 106.

The passage of a 17 blue .
dextran solution through the column can be followed by

eye, It comes out at the void volume of the column because
of 1ts large size. The salt 1s retarded by the gel beads
and comes out after the blue dextran. The position of the
salt peak was determined from the turbidity df the sélutioﬁs
when-a few drops of a AgNO3 solution were dr0pped into each
tesﬁ tube. The dimers appeared almost as soon as the blue
deitran but well before the salt peak. Their appearance wés
followed with a Gilson uvess fldw—through monitor. The
i'patterns of the blue dextran—KCl.cdlumn and the ApA columnw
are supéfimposed in Figure 5. We estihat; that the concen-
tration of NaCl in the solutions of ApA and CpC is less than

104’M

3. Optical Measurements

All ultraviolet spectra were measured at room temperabure‘v

(25 c) with a Cary 15 spectrophotometer. ORD was measuredv
on a Cary 60 SpectrOpolarlmeter.

A standard strain-free cylindrical quartZ-cell was used '
for‘all the measurements discussed'iﬁ this section. - The path‘
length was i.O cm and the volume was 3.2 ml.: The celi was |
.stoppered with a serum stopper fbr all méasufemenﬁs above.

room temperature.
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All spectra'were-recorded on the recorders supplied
with the instruments. The.optical rotation signals of

uthe baseline and samples'were smoothed by drawing a line
. : S
i

through the center of the noise as.judged by eye;: Subse—h
dSequently, points wefe picked off every 2.5 mu between
232.5 and 350 mu and'conuerted'to molar rotation. A more'f
satiSfactofy method for‘Smoothing the‘data;will’be'discuSSed
in Part II. L

‘The molar rotation per;residue,'[¢]; is defined.by

the following equation:

- 100 @

_ o ;
where 6 is the dlfference between the rotatlon in degrees of

1 the cell filled w1th the sample and the same cell filled

with buffer. C is the concentration of residues. (mono—

"bnucleosides) in moles per liter and 1 is the path length _1
Vuln cm. ‘The uncertalnty in the measurewent of [¢] is |
_»estimated to be * 0.1 x 10, ' |

| A plot of the rotatlon of TMV RNA versus pH is shown in

tFlgure 8 (pace 64) for 257 and 286 my. qu reasons, for and the
conclusions from the experlment Wlll be dlscussed later.

| Right now we wish to discuss the pre01sion of the data

'POlntS are shown for two entirely difPe ent preparatlons of

7l,TMV RNA Measurements on each prepara ion were made on

'iseveral dlfferent days.A Thus, the scat ter, whlch is typlcal,
is not only indicative'of the~noise level but also our

- ability to reproduce a measurement from sample to'sample
~ and. from day to day.



47

Bars incdiceting fhe»size of the noise ét each wave-
length are given. The noisé leVel is higher at 257 mp than
because.the absor%tioﬁ of the solution is greater at this
wavelengtht The greater scatter of the points for 257 miL
can be partiy accounted for by the higher noise level.
However, the scattef 1s greater than the uncertainty due to
the noise. The uncertainty in the measurement is a reflec- .
tion of our inability to mesasure a baseline or sample twice
and obtain precisely the same thing if the cell is emptied
and réfilled vetween runs.

The differences apparensly oceur because of our
inability to precisely reposition the cell in the cell hoider.
Repetitive measurements of a baseline can be made with the
same cell. If the cell is not touched between the measure-
ments, then there is no differencé between them. (A small
but definite drift can sometimes be detected during the
course of a day.) If the cell is taken out of the cell
holder between each run and replaced, then there are differ-

“ences between the various runs. The differences are called
'_baseline shifts bé§ausé théy are nearly independent of wave- .
‘1éngth.and réflect a chéngevin the position of zgro rotation.
It shbuld be emphasized that the constancy of the shift
with wavelength is not exact. |

We attempt to cofrect fof baseline shifts by measurihg
the rotation of the sample and baseline in the visible region
of the spectru&, between 500 and 600 myL. The actualvrotation

of nucleic acids in this region, at the concentrations




48

generally used, is too small to be measured with the
epectropolarimeter. Therefore, if thefe‘is any diffefence
between the sample and baseline, it must be a baseline
shift. The shift is averaged for several wavelengths in
the Visible region and applied as an additive constant to
the rotation in the ultreviolet regien. This procedure
satisfactorily corrects for most of the shift;' Part of
the reason for the ecatter in Figure 8 is that we assume
the shift is indepeﬁdent of wavelength and this is not
entirely correct. |
These problems might be'eiiminated‘if the cell holder
were redesigned so that there.wouldrbe no leeway in
positibniﬁg the cell.. It should be kept in mind, however,
that there is no need for more precilse measurements of
ORD than we are eapable of now. We are looking for,iargef
differences between ORD curves and not small ones. The con-
“¢lusions we reach are general ones. Unlike xéfay CPystailo—
'\gfaphy, eptieal rotetien experiments cannot yet determine.
interatomic distanees or angles. The problem here.is that
_the.theory of optical rotafion is not'as well'refined as
'the theory of x-ray crystallography. Later We will discuss
methods of determining the exact number of base pairs in |
a tRNA from ORD. Of course, this question requires a precise
answer and,therefore, a precise ﬁeasurement of the ORD.. ..
However,_at the present time the errors'introduced in thef
form of assumptions are much larger than the scatter of

the data in Figure 8.
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4, Extinction Coefficients

Extinction coefficients for solutions of RNA in buffer
(3) were calculated by using Eq; (6). This equation is
strictly true only if the RNA 1is single-stranded under these
bonditions. Evidence will be Shown.that at this low ionic
étrength RNA is primarily single—stfandedf In any case,
slight variations in the choice of exfiﬁction coefficients
will not strohgly affect any of theAfollowing results. The
~dinucleoside phosphate and monomer extinctibn coefficients
necessary for the use of Eq. (6) were obtained from the
thesis of Dr. M.'Warshaw.lo8 The calculated extinection per
mole of nucleoside at 260 mu forveach of the four RNAs is
as follows: TMV RNA; 10,000; R17 RNA; 9770; mixed yeast
tRNA, 9650; and F2 RNA, 9700. The calculated extinction
of TMV RNA»agrees with the value determined experimentally

7S solutions of RNA in moderate

for a salt-free soiutibn.
salt concentration were prepared‘by adding dry salt to a
salt-free éolution. The,&olumé change is negligible. Thus,
it was not necessary to know the extinection coéfficient Qf
fhe'RNAs in the presence of salt‘to determihe concentrations.
However, an experimental extinection pér'mole of residue was
‘used for TMV RNA in the presence of 0.15 M NaCl, 7260.7%
Experimentél extinction coefficients for ApA and CpC

- at 260 mu were taken from the studies of Warshaw.loB.fThey
are 13,700 and 7,100, respectively.- |

.The extinction coefficient for single-stranded poly C

was taken as 6220,36
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The concentrations of residues as determined from
extinction coefficients were corrected for thermal expansion
or contraction for ORD measurements at temperatures other

than 25°C.

- 5. Nearest-Neighbor Optical Rotatory

Dispersion Calculations

The molar rotation per residue of various RNAs was

(5).36,;05

computed by Dr. C. Cantor using Eq. As before,

-the dinucleoside phosphate and monomer data needed for
these calculations came from the studies of Warshaw.lo8
These latter measurements were made at pH 7, 25°C. The
ionic strength of the solutions was O.l. Undef'thése con-
ditions none of the bases are protonated. Thus, the célcu—
:lations should be equivalent td the ORD of'unproﬁOnated
single-strand RNAs with stacked bases at 25?0. |

We have calculated the optical”rotdtion of’TMV-RNA as
_ a:function'of.temperature_using Eq. (5). In fhis caSe,'the
“temperature dependent dimer and monomer data at‘pH‘7 were
obtained from Dr. R. Davis.lo9 The«rotation was calculated
at a few wavelengths at_lOf intervais'between:ofc énd-lOOfC.
The rotation of eéch of the dimefé'and_monomérs_at’these
partiéular pemperatures-and*wévelengths was obtained from
a plot of.rotaﬁion»at that wavelength as a function of .
' tempefaturé.
 Neither Dr. Davis nor Dr. Wafshéw meaSured the ORD of

GpG. The room temperature ORD of GpG has been calculated by
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Dr. Cantor from the experimental ORD of both GpGpC and GpGpU
using Eaq. (l).lo5 The average has been taken by Dr. Cantor
as the roor1 temperature ORD of GpG. This is the curve that
has been used for the contribution of GpG in calculating
the ORD of RNAsS at room temperature with Eq. (5).

Glaubiger61 has developed a theory to explain the tempe-
rature dependence of the rotation of dimers. The theory pro-

vides a functional form for the temperature dependence.

inlo] = ‘ZK%T + A

where k is Boltzmann's constant, k is a force constant, T is
the absolute temperature and A is a constant of integration.
The ORD of any dimer can be calculated at any temperature 1f
a force constant is known for the interaction of the two
bases and the ORD of the dimer is known at any one temperatﬁre.
The latter.information is needed to.determine the constant
of integration. Dr. GlaubigerGl has used the experimentalg
temperature dependencé of several dimers to détermine the
force constanté for each of them. The results are given in
Table 1. |

We have taken the average of theée force constants as
the force constant for GpG. Thus, the ORD of GpG was calcu-
lated at temperatures between Of and 100°C using the average
fbrce'constant and fhe calculated ORD of GpG at room teﬁbera—
ture; We realize that these estimates of the optical rotatory
properties of GpG are very rough. However, they are probably

a better estimate of these properties than zero rotation.
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‘Table 1
Force Constants for Temperature Dependence '

of Rotation of Dinucleoside Phosphates.a

Dinucleoside Force Constant k

Phosphate (erg/mole)
ApA | 1,37 x 107
ApG 1.60
ApC 1.98
coc  2.08
ApU ' . 2,50

UpU 2.9
Average o 2.08 x 10-14‘

" -a., Taken from Ph.D. thesis of .

Glaubiger.®L v
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Initially the lines throughvthe experimental points
for the rotation of the other dimers and monomers at the
wavelengths of interest were drawn by hand. Subsequently
a computer program written by Dr. T. Mahan of the Lawrence
Radiation Laboratory was used to draw the line through the
experimentallpoints. Lines were similarly drawn through the
calculated'poiﬁts for GpG. The ﬁfogram was set up to first’
try to fit the experimental points with a cubic function.
The best cubic function was determined by the methods of
least squares. The resulting.équation was checked to see
if any maximum or minimum occurred between odc and 100°C.
The theoretical treatments of the temperature depehdence of
the optical rotation of stacked dimers indicate that any
such extrema are not feal. Therefore, if extrema occurred
in the best cubic function; then the experimental points
“were refit to the best quadratic function. If this equation
had extréma, théﬁ the experimental points were fit to_thé best
straight line. |

. The result was a set of equations describing the
temperature dependenéé of ali 16 dimers'andVé monomers at
every 2;5 mp between 230 and 330 mit. The coefficients
for the 820 polynomial equations are given in Appendix D.
For'thé dimers, 7T0% of the polynbmials are cubic, 20% are
quadrétic and 10% are linear. For the monomers, 53% aré
cubic,v21% are quadratic and 26% are linear. We have caiéu—

lated a standard deviation, o0, for each equation.
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_
= ([0]g,e (13) - [olg . (117
1

N

The experimental and calculated molar rotatione at Ti
are [¢]Expt(Ti) and [¢]Celc(Ti)’ respectively. The total
number of temperatﬁres at which [4>]Expt was detefmined is
N. The average standard deviatien for the dimers in units
of molar rotation 1s 0.04 x 10%. For the monomers it is
0.03 x 10%. |

These equations have been used in another program
Written'by Dr. Mahan in order to calculate the ORD of TMV
RNA from Eq. (S)Vas a fuhetion of temperature; The plots
of rotatlion versus temperature for the few wavelengths which
have been calculated by hand agree very well with the com-~
puter calculated plbts..-Thevdeviation is'greatest above
75°C. Of course, it 1s not clear whether the computer cal-
culatioheer hend.calculation is the»better approximation of
reality'in'thiS'temperature region.. The ORD at 25?0,15 nearly
‘identical with the ORD of TMV RNA which has been calculated'
by Dr. Centdr using Eq. (5) and the rOoh'temperature ORD
data of.the monomers and dimers measured oy Dr;‘Warshaw. The
two.eur&es_are shown in Figure 6. | ”

This program has also'been used to calculate the average

rotation -of the monomers in TMV RNA at several temperatures.
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I.ZF . ‘ . | : ‘ 7

0.8

Nearest-Neighbor -
Calculated ORD of
TMV RNA ot 25°C.

Figure 6. 'Nearést—neighbor'calculatéd ORD of TMV RNA at 25°C.

--- Calculated from polynomials representing the ORD of
" dimers and monomers as. a function offtemperature.(see
text). E

f%— Calculated from.ORD of dimers and-monomers at room
temperature (Reference 36). |
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Base Stacking in Single-Strand RNA

. The hypothesis we wish to verify is that under conditions
where there are no base pairs_in RNA there'is still a pre-
ferred relative orientation of neighboring béses that is
similar to the stacked conformation of bases in dinucleoside
phosphates. We will donsider the hypothesis verified if the
ORD of the RNA under these conditions is similar to the ORD’
\of.the RNA that is calculated from the experimenﬁal optical
rotation spectra of the dimers and monomers using Eq. (5).

One of the conditions under which single-strand RNA |
probably has few base pairs is low ionic strength. It is well
known that the stability of most double-strand nucleic acid

41,87 The

complexes decrease with decreasing'ibnic strength.
‘decreased ibnic strength 1is thought to increase the electro-
static repulsion between phosphate groups on different-strands.
‘The'only complexes that-are stabllized by decfeased.ionic
strength are the'double—strand complexes of poly C and poly -

110.

A. The poly C complex is formed when one-half the residue

are’prbtonatedll2

and is apparently stabilized by'fhe électro—
, :Static attraction between thé poSitively chargedfbases and
b»the negativelyvcharged-phqsphate backbone. The pbly A bbmplex
is directly stabilized by bonds between the protonated bases
and the phosphates.111 |

'Experimental obsefvatiohs mentioned earlier confira the
prediction that RNA is primarily single-stranded at low ibnic

strength. Therefore, we were interested in measuring the ORD

of SinglefStrand RNA in the presence and absence of salt and

comparing the results with the ORD calculated from the dimers.
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1. The Dependence of Stacking on Ionic Strength

The ORD data of the dimers and monomers used for the
calculation were obtained from solutions of 0.1 ionic

108 Strictly speaking the ORD calculated from these

strength.
data should correspond to the ORD of the single-strand

helix with stacked bases in a solution of 0.1 ilonic étrength.
The question is, woﬁld this hypotheﬁical single—strand poly¥
nucleotide have the same ORD aﬁ a lower lonic strength? We
expect that the answer is yes.

The natufe of thé-stacking probably does not depend on
ionic strength. It was noted earlier that stacked structures
result because of the van der Waals interactions between the
. bases and 1n order to minimize the Surface free energy of
water. At concentrations of several mblar, salt acts as a
denaturing agent. At concentrations between 0.1 and 10—4 M
it does not seem likely'that any of these forces are affected.
Furthermore, space filling;models feveal’thaﬁ’the distanéé
between neighbdring phoéphate grOups ié not significantly
increased if the bases are éQmpletely unétacked. Thus, the
nature of the stacking‘should not 5e affeéted by Vafiatioh
in the electrostatic potential between'neighboring phosphates
as a function of ionic-stréngth. of couréé, the distances
between phosphates separated by Qne'or more residues shéuld
be'seﬁsitive to the salt concentration. But, these long
range interactions should not affect the relative orientafion
of neighboring bases. These thoughts have received some

. .8
support from the calculations of Schildkraut and Lifson. [
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They havebbeen able to explain the ionic strength'dependence
of the T of DNA with a model which ignores changes in the
stabllity of the single strands as a function of ionic
strength. With these things in mind, we expect that the
ORD of single- strand oligomers and polymers is independent
of ionic strength

The ORD of CpC and ApA have been measured in salt-free
solutions at pH 6. The only salt present were the counter—.
ions and some dissolved COZ' We have compared the results
with the ORD of ApA and CpC measured in a solution of 0.1
ionic strength In both cases the aareement is well within
experlmental uncertalnty The resnlts at the peaks and
troughs are summarized in Table 2. The magnitude of the
rotation of CpC and'ApA at;their respeotive peaks and.troughs
are greater}than most other dimers. Thus, the ORD of these
dimers»ShOuld be more.sensitive than most others. to ohanges
.in the nature of.the stacking brought on by chanaes in ionic
strength It seems certain that the ORD of dinucle051de
lphosphates are 1ndependent of ionlc strength.

; Of course, a dlnucleos1de phosphate only has one phos—
phate. If 1nteract10ns between neighboring phosphates were
:.important then there still might be an effect with 1onger
oligomers and polymers.. The ORD of trinucleoside diphosphates,
howeVer, are also independent of changes in the lonic strength.
The ORD of five trimers measured‘in the presence and absence
of.salt by Dr. Cu.ntor36 are also summari:ed'in Table 2._ The

pH of these solutions was about 6. Once agailn



Table 2

Salt Dependence of'Opticai Rotatory Dispersion

of Oligonucleotides

.Molar Rotation Molar Rotation

Compound Wav?éiggth . x.lo—4 x 1074
0.1 Ionic Strength No Salt Added
ApA 282 0.86 0.80
ApA 260 -2.92 ’ -2.80
CpC 290 1.88 1.85
CpC 267.5 ~1.92 | -1.84
ApApU 280 1 1.10 1.09
ApApU 260 -2.92 . -2.95
GpGpC 290 0.45 ~0.55
GpGpC 250 -0.76 -0.72
GpApU 280 0.79 | 0.88
GpApU 260 -1.14 -1.20
ApGpU 290 0.17 . 0.21
ApGpU 270 - -0.65 -0.67
ApGpU 250 0.13 0.30
GpGpU 275 0.39 ' 0.27
250

-0.55 _ . -0.44

59
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each of the particular wevelengths correspond to a maximum
or minimum;

The ORD of single-strand. poly C and poly A show a small
dependence'on ionic strength. The rotation of poly C has
been measured at pH 8.2 in a solution containing 10™° M
Tris-HC1, 10—4'M EDTA and in the same solution to which KC1
crystals had been added to a tdtal'concentration of 0.15 M. -
The two curves are.shown_in‘Figure 7. vThe rotation at the
trough for the ;ow salt solution is less‘than for the high
salt solution. The opposite effect happens with poly A.‘

Mr. B. Tomli‘nson113

has found a 6% increase in the rotation
of the trough when:the-NaCl Canentration is decreased from
0. 153M to Virtually salt—free These changes 1in the rotation
of stacked C and A residues with changes in the ionic: strength
may tend to cancel in an RNA. |
Fasman et al 71 observed a more signlflcant dependence
“of the ORD of poly C at pH T on the added salt concentratlon.
ThlS is probably due‘to a llmlted formatlon of the double—v
strand complex of poly C at the lower ionic strengths The
ORD and UV spectrum of poly C at pH 7 1n a. solutlon con— |
taining only lO M_Na' deflnltely.indicate_that it is
double—stranded under these conditions. |
The'conclusion'fromAthese experiments is tnat:the ORD
of a singleéstrand RNA.heliwiith stacked-bases.is insensitive'
to‘changes in the added salt concentration between 0.1 M and

- zZero. The rotation of an RNA calculated from Eq. (5) with
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Figure 7. ORD of Poly C.

-, Expefiment, 107 M Trix-EC1, 10°% M

EDTA, pH 8.2.
- ——, Experiment, 0.15 M KCl, 10~
HC1, 107% M EDTA, pH 8.2.

3

M Tris-
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dimer and monomer data obtained from solutions of 0.1 lonic
. strength will apply to a totally single-strand RNA with
stacked bases in a solution containing any amount of added

univalnet ¢ation up to a‘conéentration of 0.15 M.

2. pH Dspendence of ORD of TMV RNA at Low Ionic Strehgth

The observations that were made on poly C clearly showed
that a significant number of bases are pfotonated at pH 7
in solutions’which_contéin’10—4'M Nat. The pK of cytidine

112

is 4.3 and the pK of one-half the residueé of poly C in

a solution containing 0.1 M NaCl is 5.7.11%

The large shift
in the pK_oCcurs/béQause the electrostatic attraction between
the positively charged cytosiﬁe bases and the phosﬁhate
backboné:stabilizeéla double—strénd helix. - Theréfore, it_

is reasonable to expect the pK of cytosine in.pbly C to be-
shifted even higher as the ioqié strength is ibwered; Similar

results have been observed by Holcomb for poiy A114

which
forms a double-strand helix when all the reéidues»are-' |
'.protonated.“ |
We were doncerned that in‘virtually salt-free solutions

a significant number of bases invé single-strand RNA'would.

be'ﬁfotonated. The ORD of such an RNA could:not bé fairly
'cdmpéred with the caléulatéd ORD from the dimers and hOnomeré.
‘ The optical rotation épectra of these latter compoUnds wefe

all measured in solutions where they were not protonated.

Twice-distilled water has enough_CO2 dissolved in it to lower
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the pH toxat least 6. Of course, an RNA which 1is only 25%
A and 25% C probably does“not have many long stretches of
A or C. Most of the A and C residues will not be able to
form a helix as they do in the homopolymers when they become
protonated. Thus; the pKs of A and C in an RNA are probably
not as high as they are in.poly'A and poly C. But they are
probably higher than they are for cytidylic acid and adenylic
cacld because the bases of'an RNA are in a negative electro-
static field originatingvfrom the cloud of phosphates
surrounding them. Therefore, it seemed desirable to determine
whether many bases in an RNA would be protonated in a salt—
free solution with a pH around 6. |

The ORD of TMV RNA has been measured at room temperature
_in a solution contalning lO M tetrasodium EDTA as a
'function of pH. The pH of the solution was adJusted W1th
HCl.' The concentration of Na¥ was 4 x 10~ -4 M in all solutions.
Molar rotation at the peak (286 mu. ) and trough (257 mew) are
plotted in Figure. 8 as a function of pH. Experimental points
are shown for two entirely different preparations of the RNA.
_The p051tion of the peak and trough remain unchanged through-
out the pH range between 5 and 10. However, the rotation
at both the peak and trough decrease in magnitude as the pH
is lowered below 7. -There is essentially no change in the
:‘magnitude of the rotation between pH 7 and pH 10.

The interpretation of these observations is that at this
ionic strength a significant number of residues are protonated

below pH 7. But, none'are protonated between'pH 7 and pH 10.
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Figure 8. ORD of TMV RNA as a function of pH, Na© = 4 x
| 107% u, 25°C. - '

©, 286 mu; [, 257 mu. The solid circles

and squares refer to a different preparation.
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Significant in this context refers to the abiiity of the
ionization to directly or indirectly.alter the ORD of the
. RNA, Clearly the ORD of TMV RNA in a solution containlng
only 4 x 10 -4 M Nat must be measured at a pH of 7 or higher
if it'is'to he characteristic of-the unprotonated molecule.
TMV RNA is probably fepresentatiVe of single-strand RNAS.
Therefore, we have assumed the same conclusion for the other
RNAs that have been investigated; R17 RNA, F2 RNA, and mixed
yeast.tRNA. | ‘ | |

The rotation at the trough’and peak of a completely
salt—ffee sample are included in Figure 8. The pH of the
solution is 5.2. The rotation of this solution is not
characteristic of an unprotonated'molecule. The experimental
points fall off the extrapoiated line for the solution which

contains 4 x 10-4 M Nat. They fall on the side which indi-

| cates that more of the residues are protonated in a salt-
free solution at pH 5 2 than 1n a solutlon which contains
some edded Na¥; ThlS may indlcate that the PpKs are Shlfted.
'even hlaher in the complete absence of added cations.

The pronounced dependence of the ORD on pH at this
ionlc strength is surpr151ng The acid pHs of A, C, and G'f

: nucleosides are 3.5, 4.2, and l 6, respectively 115 yridine

v’v'only has a basic pK.lls The prin01pal residues that become
protonated between pH 5 and 7 are probably A and C.  If we
‘make certain simplifying assumptions, the fraction of these

residues which are protonated at pH 5 can be estimated. The

rotation at pH 7 is taken as the rotation of the totally
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single—strahded unprotonated RNA. Zero rotation can be
taken as the rotation of the fully protonated RNA. ' The

- absolute value of the rotation at both wavelengths will
actually be greater than this. .Taking zero as the rotation
of the protonated form givesvus a conservative estimate of
the»fraction protonated at pH 5. The result is the same
at both wavelengths, more than 75% of the A and C residues
arelprotonated at pH 5. The sz have been shifted as much
as they are in poly A and poly c.

Another 1nterpretatlon of the data is that the rotatlon
of the RNA at pH 7 is not characterlstlc of unprotonated
single;strand RNA. ‘Rather, it may reflect the existence of
‘some doubieéstrand‘regions in the RNA. In which case, the
rotation,could be greater than if there were no doubie—strand
regicns. Such regicns might become ditrupted if oniy a
-small fraction of the residues became protonated. 'Therefofe; ;’
the plot of rotatlon versus pH is not equlvalent to a plot
of hydrogen ions bound versus pH The chance in rotatlon
‘Wlth pH would reflect protonatlon and the loss of double—;
strand character. |

The experimental ORD;buf&es that we intend to compare
with the calculation'frcm the dimers'have‘teenvmeasured in
a solution cohtaining 4 xﬁi@‘4 M Na+, pH 7. The experiment
shown in Figure 8 indicates that under these conditionsithe
RNA.is unprotonated. If the RNA containe some doublebetfands
under these conditions, however, then the ORD at a lower pH

may be more characteristic of single-strand unprOtonated RNA.
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3. The ORD of Single-Strand RNA

The ORD of TMV RNA, R17 RNA, F2 RNA, and mixed yeast.
tRNA have been measured at 25°C in a solution containing
107 M EDTA, pH 7. The concentration of added Na© in these
soiutions is 4 x 10'4 M. The spectra are shown in Figures
9-12. The ORD of the same solutions, to which érystalline
KC1 has been added to a final concentration of 0.15 M, are
also shown. _These.two-experimental cufves are compared in
the figures with the ORD of each of the RNAs calculated
fpom’dinucleqside-phosphaté data using Eq. (5). The calcu-
lated curve 1s consistent with theoretical predictlons of the
ORD of a sing1e¥strand'helix with stacked bases perpendicular
to the helix axis.™® |
The ORD of the diffefent RNAs under the same conditions
.are similar. In the presence of 0.15 M KCl the peak,
crossover, and tfough_océur aroﬁnd,280, 265; and 250 my,
respectively. Iﬁ‘the abseﬁce of KCl they occur around 286,

A272"ahd'258 mi. The calculatéd‘curvés ére also very simiiar
| in this respect. The mégnitude of the rotation at the peak
* and trough'fpr the‘different'RNAs are similar for each .
_experimental conditioﬁ and for'the calculation. It should
also be added that the experimental ORD curves in Figures
9-12 are similar‘to other measurements of the ORD of single- 
strand RNA,78’127-129’_89’117 Thé conclusion is that the
four RNAs which have been investigated have nearly identical

optical rotation properties and are characteristic of single-

strand RNA in general.
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Figure 10. ORD of R17 RNA.
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Figure 11. ORD of F2 RNA.
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‘Figure 12. ORD of mixed yeast tRNA.
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The result of the eomparison between experiment and
calculation is also the same for each.RNA. The ORD of the
RNA in the presence of 10_4 M EDTA is more similar to the
calculated curve than the ORD of the.solution which also
contains 0.15 M KCl. Even in the absence of KCl, however,
the agreement between the experimental and calculated
curves is not perfect. ‘The experimental curve 1s shifted
about 4 mi to the blue of the calculated curve and the ﬁag—
nitude of* the rotation at the peak and trough is greater.
Thebaddition of KC1 to the solution further shifts the
position of the peak, crossover, and trough 6-7 ﬁu to the
blue. The magnitude of the rotation‘increases'at the peak
and decreases at the trough. ‘ |

It has already been shown that the ORD of stacked bases
is independent of iohic Strength. -Thus, theZChanée in the
ORD of a single—stfand RNA when KCl1 is added must reeult'from
intra&oiecular aggregetioe like hydrogeh bonding. We'elim-
-inate intermolecular aggregation as a possible explanétion
since the molecular weight of TMV RNA, as determined froﬁ
hydrodynamic properties of solutions with concentrations
'equal to or greater than what we havé‘used; indicates that the

73,74

solutions are monodisperse. Our results are consistent

with the variation of other physical properties of single-

strand RNA with ionic strength.S0291:73

These experiments
haVe always been interpreted as indicating an increase in

. base pairing with increasing lonic strength.
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The conformation of single-strand RNA in a solution
of low ionic strength has been termed a random coil.29-31
If neighboring bases in a random coil have a comp;etely
random orlentation relative to one another, then the ORD of
the coil should be thessame as the average ORD.of the con-
stituent monomers. The average ORD of the mohomefs in
.TMV RNA'is given in Figure 9. The overall shape of the curve
is similar to the experimental ORD of TMV RNA in the presence
of 10°% M EDTA. ' The measured magnitude of the rotation at
- the peak, however, is € times the rotation at the peak of
thevmonomer.curve.‘ The rOtationiat the trough is more than
3 times greater. .By contrast, the ORD of TMV RNA calculated
from the dimers agrees reasonably well with the experlmental
curve. The sum of the monomers for the other three RNAs would
be_similar to TMV RNA. The hearest-neighbor calculations
for these RNAs also:agree much better'with thevekperimehtal

“4 M EDTA. Therefore,

curves obtalned in the presence of lO
we conclude that the bases in single strand RNA are stacked

_ in the absence of base palrlnc Furthermore, neighborihg
’baseS‘are stackedxsimilar to the'way_in.Whichcthey are Stecked_
in dinucleoside phosphates. The_confofmation can be visual-
ized as a single—strand helix with stacked bases perpendicular
’ to the helix axis. |

Slmllar results have been recently reported by Bush ahd
17 They have shown that the ORD of E. coli rRNA

Scheraga.;

in a dilute sal solution is different from the ORD of a salt-
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free solution. Furthérmore, the ORD of the saiﬁ;free

- solution is almost identical to the cﬁrve'calculated from
the dimers. The agreement is much better than we have found.
This is probably because the pHvof‘the salt-free éolution
was less than 7. At pH 6.5 the experimental ORD of TMV RNA
in.the'presence of 10_4 M EDTA is also‘néarly identicallv.
to thé calculated curve. The calculated and experimental
curves under these conditions are shown in Figure 13. The
results of the preceding section Qlearly indicate that TMV RNA
is slightly protonated at pH 6.5. Therefore, it 1s not .
entirely cofrect to compare the experimental curve at pH

6.5 with the curve calculated from the ORD of unprotonated
dinuéleoside phosphates.. Nevertheless, the cohclusions are
still valid. Single-strand RNA which does not contain any

. base pairs has an ordered éénformaﬁioﬁ.

But, 1is étacking ah impbrtant elément in the secondary
structuré of RNA'uhdervconditions,where.base pairing'occurs?
It obviousiy is if it does not prevénﬁ the formation of
base'pairs. If it does then the question cannot be answered
unless we know the relaﬁive stébilities of base-stackihg,and
base pairing.

The enthalpy of férmation of an A-U base paif has been

118

measured calorimetrically by Ross and Scruggs and

119,120

others. They found that the AH® of formation is’

-5.95 kcal per base pair. The AH® for the formation of &
G-C base pair 1s probably greater, but of the same order

or magnitude.32
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The enthalpy of stacking has been determined from the

temperature dependence of the optical propefties of dinu-

60,92 oligoribonucleotides,47’51’55’53

47,55,51

cleoside phosphates,
and polyribOﬁucleoﬁides. The values range from -5
to -10 kcal per mole depending on the particular property'
.measured, the bases involved, the-model used for the

| analysis, end the investigator who does the analysis. The
eimpqrtantvconclusion is that the magnitude of the enthalpy
of stacking is the same as for the‘formation of A-U and G-C
. base pairs.
The entropy of formation of base pairs is 22‘cal./va

per mole of base pailr formed.lls’lzo’122 This number is the

22

same for the average base pair in'DNA1 and the A-U base

).118;120f

pair in poly (A+U The estimates of the entropy of

stacking are of the same order of magnitude.47’60

Therefore, it can be concluded thet the free eneréy of
stacking and base pair formatibn are cemparablef _Inkother :
‘ words; stacking end baée—pair formation'efe equally.important
elements in the secondary structure of singie—strand RNA. The
cqnseQuence of this is that base—peired helical fegions cennot
‘form randomly at the expense of page stackihg.feloopszhich |

result in an equal number of base pairs and loss of base-base

stacking interactions may not be stable. .

4. The ORD of TMV RNA as a Function of Temperature

and Ionic Strength

The agreement between the experimental ORD of RNA in the
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presence of 10™* M EDTA and the ORD that has been calcUlated
for a single-strand heiix with stacked bases is not as good
~ as we might hope. There are several possible reasons for
this. Theinature of stacking mightjbe-different in an RNA
than the dinuc1eoside phosphates. Interactions between next
'neareSt neighbors may be important; 'Any.of theSe explanations
are plausible for the same reasons that we rationalized the -
difference between‘experiment and'calculation:for,single_
strand poly A ahd poly C. The calculated magnitude of
rotation at the peak and trough is closer to the experimental
 value for RNA than for poly A and poly C. The blue-shift of
the experimentalicurve:from the caiculated‘one'is larger for
RNA, however; | | |

‘Another.pOSSible-explanation for the difference between -
eXperiment and calcuiation for RNA is that a-smail but sig-
'nificantramount_of intramolecular aggregation st1ll exists.
This"expianation'can be;testedcfor experimentaliyy ‘The ORD
uof'the7four RNAs.have been measured at 25°C‘ The calculated
]'ORD curves were done with the experlmental ORD of the dlmers
';and-monomers,at 25JC. If the re51dua1 intramolecular agare—
k gation-ie'hydro&en bondlng then it ishprobably all "melted-
out" at some higher temperature. The ORD of the RNA at that
Htemperature should be closer to the ORD calculated from the
'dimers measured at that same temperature. - o

The ORD of TMV RNA has been measured as a function of
“temperature at four different>ionic.strengths. The concen-

trations of Na' in the solutions were 4 x 10-4‘M, 4 x l,O_3 M,
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4 x 1072 M, and 1.0 M. The pH of each solution was between
7.5 and 8.2. An example of the results is shown in Figure 14
for the solution which contains 4 x.lO“z'M“Na+. |
" The molar rotations at 255.0, 287.5, and 267.5 mu_afe

plotted>versus temperature in Figufes 15-17, fespectively,-
for-ali four ibnicvstfehgths.‘ The ORD of TMV RNA has been
' éalculéted as function of temperature using Eq; (5) and the-
temperature dependence of the ORD.of the dimers and monomers.
The calculated rotations at 267.5, 287.5, and 255.0 my ave
~also plotted in Figures 15-1T. / |

These three anelengths Have been choééh_partly because .
they fepresent extremes in the ORD of TMV RNA. WéVelehgths
.287.5 and 255.0 mp are near the peak ahd.trough; The croés—
over comes near 267.5 mi. Furthermore, the agréément between
experiment and calculation is different'ét each Wavelength. |

The rotation at 255.0 mu.decreasés‘in abéélute magnitude
_with incféaéing ﬁemperatﬁfe.for each case shown in Figure 15.
The variation with temperature is gradual. There is no
4 indication of a<helixfcdil frénsition even for the solution‘
which contains 1.0 M Naf. The lines_for the four ionic
strengths and for the calculated rétation parallel onenanothef.
There appears to be a small shift in thé'poéition of the line -
with changes in the salt concentration, however.. The  absolute
magnitude of the rotaﬁion increases slight1y with decreésing
salt concentration. Nevertheless, this wavelength is rela-

tively insensitive to the intramolecular aggregation.

Los
g
oo
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(A) 74.5°C
(8)49.2°C
- (C)38.8°C
(D)i14.8°C
(E) 2.5°C
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Figure 14,

240 260 280 300 - 320 .
Almis)

ORD of TMV RNA at a series of temperatures,

at pH 7.5, in 0.04 M Na®. This represents

only a selection of the data that were
taken at this ionic strength.
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Figure 16. Molar rotation per residue of TMV RNA at 287.5 my,

pH 7.5-8.2.
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The functional dependence of the rotatlon on temperature
is predlcted reasonably well by the calculation. Although,
the calculated rotation agrees better with the rotation of
the solution containing 1.0 M Na+ even at temperatures above
70°C. There is probebly‘no intramolecular aggregatiOn at
these elevated temperatnres. Therefore, we cannot eipect
perfect agreement at this Wavelength for the calculated and
experimental rotation of a single—strand helix.
| The situation 1s different for 287.5 and 267.5 mu. The
experimental rotation for TMV RNA in the presence of 4 x

-5 2 M Nat follows the calculated

1004 M, 4 x107° M, and 4 x 10”
rotation only at elevated temperatures. The magnitude of

the calculated rotation also agrees with the experimental
rotation at these temperatures. At lower temperatures the
experimental rotation departs from the calculated rotation
vand begins to level off.. TheiIOWest'temperature for which
there is good agreement between experiment and calculation
increaSee with inCreeSing salt'concentration. vaen at the
highest temperature the'rotation of the solution containing
,l.Q M Naf’is not’tne same ae the calcnlated'rotation;

-The interpretation.of these‘ObserQations'is that“for.the-
temperature reglons where there is vood qualitative and
quantltative agreement between calculation and experiment
* the RNA is completely.51ngle-stranded. By qualltatlve agreee
ment, we mean that the dependence of the experimentai rotatien

on temperature should have the same functional form as the

‘calculation. According to this criterion, the lowest
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temperature for which TMV RNA can be said fo be single-

stranded are as follows: 35°C for solutions containing 4 x

-4 M Nat, 50°C for solutions containing 4 x 10°° M Nat, and

70°C for solutions containing 4 x 10_2 M Na+; In the presence

10

of 1.0 M Na+ the RNA is not completely eingleéstranded at
90°C. | | | |

| For each ionic strength base pairs are present below
25°C. We expect that there is a base—paired structure of
'TMV RNA which contains as many base pairs as can possibiy
form. The conformetion of the molecules presumably approaches
this structure as the temperature is lowered. .

. The temperature at the midpeint ofithe transition from
the base-paired structure to the sfackedjstructure increases
with incfeasing salt concentration._ Thus, at any particﬁlarv
temperature'the number of base pairs present increases with
increasing ionic strength. The rotation of the base-palred
etructure is probably relatively independent of temperature.
The'rotation.of the stacked structufe depends on teﬁperatﬁre
;in the manner predicteq by the calcﬁlatibn;»it approachés zero
with increasing temperature.g

The rotation at 267.5 mp for TMV RNA in the presence of
4 x 10 M and 4 x 1079 M Nat shown in Flcure 17 is
'particularly.illustrative of this plCtqu.‘ The rotation
passes through a minimum. It decreases from 0° to 40§C.ahd
then increases with further increases in the temperature.
Apparently at this wavelength the rotation of the base:paired

structure is positive; the rotation of the stacked structure
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at low temperatures 1is negative; the rotation of the stacked
structure at 90°C is intermediate. Thus, if the transition
from base—paired to stacked structure occurs at a suffi-
ciently low temperature, then the rotation.as a function of
temperature passes through a minimﬁm. The magnitude and
functibnal form of the calculated and experimental rotation
agree remarkably well above the temperature where the minimum
occufs. We infer from this that there are no base pairs
in this temperature range. |

The question that was asked at the beginning of ﬁhis
section was whetheér the difference between the calculated
and experimental ORD of TMV RNA in the presence of 4 x 1074
A_M‘Na+ at 25°C_Was due to base pairs or an incorrect calcu-
‘lation. The qualitative and qnantitative agreement between
experimént'and calculation at 267.5 me is better at higher.
températureé. Tnerefore,-the difference that exists at
room température is at least partially the result of a
residual amount of base pairing.

It is of interest now to bompare the entire calculated
and expefimenﬁal ORD  curves under conditions.whereAthere are
| présumably no base pairs. The calculated and experimental

4 M Na+, pH 8, at 2.0°, 50.8°, and

‘ORD of TMV RNA, 4 x 107
79.b° are given in'Figurés 18—20; The appropriate avérage
', of thé ORD of the monomers is also given for each tempefaturé.
The experiméntal curve is shifted to the blue of the

calculated curve for all three temperatures. The shift is

greater at 2°C. A similar shift had been observed at room
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Figure 18. ORD of TMV RNA at 2°C.. o
’ ——, Experiment, 4 x 10™° M Na', pH 8.2.
---, Nearest-neighbor calculation for 2°C.
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Figure 19. ORD of TMV RNA at 50.8°C.
. ——, Experiment, 4 x 10°% M ma*, pH 8.2.
*, Nearest-neighbor calculation for 50.8°C.

-=-, Average of monomer rotation at 50.8°C.



88

o6 ~

[¢]xlo°4

TMV RNA
79.0°C
| S S
| 1 1 1 | L1 )
240 260 280 " 300 320

 Amp)

Figure 20. ORD of TMV RNA at 79.0°C. |
- ——, Experiment, 4 x 10”% M Na¥, pH 8.2.
., Nearest-neighbor calculation for 79.0°C.

---, Average of monomer rotation at 79.0°C.
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temperature for TMV RNA, F2 RNA, R17 RNA,.and mixed yeast
tRNA in the presence of 0.15 M KC1l. A blue-shift of.tne
crossover is apparently characteristic of the existence of
base pairs, The magnitude of the rotation at the peak and
trough of the experimental curve is different from the calcu-
lated curve. Once agalin, the. discrepancy is greater at the
low temperature.

From the temperature dependence of the rotationvat
267.5 mp we have concluded that there are no base pairs in
TMV RNA in the presence of 4 x 1074 M Naf at 50.8° and
79.0°C. The nearest—neighbor calculated ORD is close to
the experimental curve at these temperatures. Clearly, the
average of the.dimers is_a better_approximation‘of the experi-
- mental curve than the average of.the mononers. Even at
79. O°b the magnitude of the experimental'rotation and the
average of the dlmers is larger than the average of the
monomers. Thus, ‘base stacking still ex1sts at thls high
temperature,
| In summary., the ORD of single- strand RNA under conditions
. Where it does not contaln any base pairs can be calculated
from the ORD of dinucleoside phosphatesﬁW1th Eq.v(5).
Tnerefore, under these:conditions.the molecule has the
conformation of a single-Strand helix with stacked bases.
The'relative geometry of the stacked bases is similar to that
in the dimers at all temperatures. However, the preferred

orientation becomes more random with increasing temperature.
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Optical Rotation Evidence for Base Pairs

~in Single-Strand RNA

Up to now we have directed our attention to the con-
formation of single-strand RNA under conditilons where it
~does not contain base pairs. At low ionic strength and
elevafed temperatures the dRD éf single-strand RNA 1s equal
to the appropriate average of the ORD of the dinucleosidé
. phosphates. At lower temperatures and in the presence of
salt the ORD is différent from this average. .The entire
ekperimental ORD is shifted approximately 5 mp to the blue
of the’calculated ORD. The magnitude of the rotation is
greater at the peak and smaller at the trough than the cal-
culated rotations. | |

We have alfeady cited evidence for the existence of
base pairs in single-strand RNA. = The géometry’of stacked
bases may be different when‘théy are hydrogén—bonded to
other bases. Hven if they are¥not different, there will be
‘eross-chain interactions that will affecf'the ORD. ' Therefore,
it is not surprising that we cannot caiculate the ORD of RNA

:ﬁndér'conditiéns where base pairs exist. |

| We would now like to show that the difference between
calculated and experimental ORD of single-strand RNA at low
temperature 1s consistent with the expected contribution of
baée pairs to the ORD of RNA. Thus, we will have further
evidence for the exlstence of base pairs in single-strand

RNA. Then, having shown that optical rotation is sensitive
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to the existence of base pairs, we will explore methods
for using it to determine the number and nature of the base

pairs.

1. Effect of Base Pairs on ORD of RNA .

We wish to show that the difference between the ORD of
single-strand RNA'under conditions where base pairs occur
and the nearest-neighbor calculation is thé resuit of base
pairs. For this purpose it is useful to think of the ORD
of the RNA as thé sum of the rotation of the single-strand
regions and the double-strand regibns. Furthermore; let
us equate the ORD of the double—stpand regions to the sum
of two other ORD curves. The-fifst is the ORD .that the
residues in the double strand would have if they were part
. of a single-strand - helix, i;e;, the avefage ORD of the dimers.
The second iS'whatevér remains of.the ORD of double-strand
RNA aftef Subtracting fo the ORD of the residues if they
wefé‘in a Single—strand helix. This remainder can be thought
of as a perturbation dnvthe ORD oflthe single-strand helix
~ caused by ﬁhe base pairs.  wevdo_hot wantitoiimply by this.
Vseparatian that thé_relative 6rienfatioh bf neighboring
baSésvon the same chain is the same in the single- and -
 double—strand heiicés. The separation is made for éonvenience.
Now'We.can see- that the observed ORD of RNA under any condi-
tions'equals the_ORD of the single-strand helix plus a
pertufbution caused by thé base palirs. Of course, the‘per—
turbation will depend on the ﬁumber and nature of base pairs.

We shall show that the observed perturbation is that expected
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if there are A-U and G-C base pairs present in the RNA.
This method of identifying the natufe of the intramolecular
aggregation in RNA at low temperature was suggested by the
work of Cantor that will be discussed at the end of this
section. .

Some of the base pairs in single—strand RNA are surely

A-U and G-C. Fresco!?

has suggested that the base pairs in
tRNA and TMV RNA are only A-U and G-C. Therefore, the |
- perturbation on the ORD of single-strand RNA caused by base
palirs should be similar to the difference betWeen the ORD
of the feplicative form of MS2 RNAl23 (RF-MS2 RNA) and the
calculated ORD of single-strand MS? RNA. This cémpletely
double-strand molecule éontains nearly an equai number of
A-U and.G—C base pairé. Tnerefore, the MSZ2 RNA difference
curve is the perturbation for 1OQ%,A-U and G-C base pairing.
The ORD of RF-MS2 RNA is shown in Figure 21. The ORD
of single;strand.MSZ RNA which has been caléulated from ﬁhe
dimers and monomers at room temperature with Eq. (5) is also
shown. The difference between the two curves 1is compared
‘in Figure 22 with the ‘difference of the ORD of TMV RNA in
the presencebof 0.15 M KC1 and in the.preSence of 10"4 M Nat
at 25°C, pH 7. The calculated rotation for single-strand
TMV RNA at room temperature has also been subtracted erm
the OﬁDrof TV RNA is a solution of 0.15 M KC1l at 25°C.
‘The result is also shown in Figure 22. The shape of'eécﬁ of
the three difference curves is similar. The most prominent

feature is a positive peak at 267-269 mp. The magnitude of
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Figure 21.  ORD of the replicative form of MS2 RNA:
) . ——, Experiment, 0.15 M KCl, 0.0l M phosphate
' buffer, pH 6.9, 26°C. '
+, Nearest-neighbor calculation for ORD of
single-strand MS2 RNA at 26°C.
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Perturbation on‘single-strand ORD resulting
'from base palrs
"ORD of TMV RNA, 26° C 0. 15 M KC1, pH T, minus

ORD of TMV RNA, 26° C, Na =4 % 10 -4 M, pH 7.
ORD of TMV RNA, 26°C, 0.15 M KCL,-pH 7, minus
nearest-neighbor calculation for ORD of single-
strand TMV RNA. ‘

ORD of RF-MS2, 0.15 M KCl, 0.01 M phosphéte
buffer, pH 6.9, 26°C, minus nearest-neighbor
calculation for ORD of single-strand MSZ RNA.
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this pegk is greater for the MS2 RNA difference curve than
for the TMV RNA difference curves. Furthermore; the magﬁitude
of the TMV RilA difference curve is:gréater when the calcu-
lated single—strand rotation is subtracted from the ORD of
TMV RNA in the presence of‘sait than when the ORD in the
presence of l‘O'l1= M Nat is subtracted. We conclude from
these observations that the secondary structure of TMV RﬁA

in the presence of 0.15 M'KCl; 25°C, pH 7, includes A-U and
G-C base pairs. The effect of decreasing the salt concen-
tration from 0.15 M Kt to 107% M Na¥ is to decrease the number
of base pairs. Taking the magnitude of the peak at 268 mu
as a measure of the numbér of;base pairs, we estimate that

TMV RNA at 25°C is SO%;double-strahded in the presence of

0.15 M KC1 and only 10% double-stranded in the presence of

¢y Nat.

lo- .. .

The effect ofvsalt is illustréted}better in Figure 23.
The.nearest—neigﬁbor.calculated ORD of TMV RNAvhas been sub-
tracted from the experimental ORb of TMV RNA at four different
'iOnic strengths, all measured atVZSfC, The magnitude of fthe
‘peak Iincreases with incréasing Salt éoncentration, indicating
a éreater number of A-U and G-C base pailrs.

A similer set ofHdifferencé curves is obtained if the
calculated ORD of TMv:RNA is.sﬁbtracted from the-eXperimental
ORD of TMV RNA at four different tempefatufes, all measﬁred-.
at the same lonic strength. Changes in temperatUre appeér

to have the same effect on the ORD of TMV RNA as dhanges in

ionlc strengthe.



986

3.0~

2.0~

1.5

0.5-"§

) L 1 R Y
2.0 220 260 . 300 |
Amu)

Figure 23. - Ionic strehgth dependence of perturbation'on
o  ORD of single- strand ™V RNA resultlng from
» _ -base pairs. - : -
———, ORD of RF-MS2 RNA, 0.15 M KCl 0.01 M phosphate buffer
' minus nearest- nelghbor calculation for MS2 RNA.

The nearest neighbor calculated ORD for s1ngle strand TMV
- RNA has been subtracted from the following ORD curves:
———, ORD of TMV RNA, pH 8, Na' = 1.0 M.
, ORD of TMV RNA, pH 8, Na® = 4 x 107° M.
—, ORD of TMV RNA, pH 8, Na' = 4 x 107> M.

—.-, ORD of TMV RNA, pH 8, Na®T = 4 x 10°% M.

it
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The difference of the experimental ORD'at'25°C for
mixed yeast tRNA’in the presence of 0.15 M KC1l and the calcu-
lated single-strand ORD is shown in Figure 24 along with the
MS2 RNA difference curve. As with TMV RNA, the perturbation
on the single-strand ORD is siniler to that expected for A-U
and Gec'pairs. The magnitude of tne rotation at the major
peak 1is almost identical to that shown in Figure 22 for
TMV RNA. The other two RNAslthat we investigated, R17 RNA .
and F2 RNA, have difference curves which are quantitatively
identical to those of TMV RNA and mixed yeast tRNA. Appar-
ently under identical conditions these single-strand RNAS
| have about the same number of A-U and G-C base pairs. This‘
is not surprising since they have similar base compositions,
approximately’equimeler in the four common residues.

‘.In summary, the differences between the ORD curves of
single-strand RNA and that expected if they haVe no base
'peirs are similar to the perturbation that would be intro-
duced by the presence of A-U and G-C base pairs. As expected,
ltheknumber of base pairs appears to increase with increasing
ionic strengtn_and deereaeing temperature. |

| A different method of analysis of the ORD .of TMV RNA
as a function of temperature and ionic strength has provided
further evidence for this interpretation. Matrix rank

1z4 to the entire

analysis has been applied by Dr. D. McMullen
body of data, a total of 40 ORD curves of TMV RNA at different

temperatures and ionic strenzth. This method of analysis
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Figure 24. Perturbation on ORD'bf single—Strand_miXed
| yeast tRNA resulting from base pairs. =

——, ORD of RF-MS2 RNA, 0.15 M KCl, 0.0l M phosphate
buffer, pH 6.9, 26°C, minus nearest-neighbor -
calculation. ?_ : | |

., ORD of mixed yeast tRNA, 0.15 M KC1, 0.01 M
phosphate buffer, pH 6.9, 26°C, minus nearest-
neighbor calculation.' '
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determines the minimum number of different ORD curves needed
to describe the data. Only'twb curves are needed for the

ORD of TMV RINA as a function of temperature and ionic strength.
In other words, any of the méasured ORD curves can be.equated

to the weighted sum of the same two ORD shapes. The C's are
[o) gy pua(dsTon) = CglTop)olg(n)
+ Cp(Tp)lely(a) - (8)

the weighting factors which are independent of wavelength.
The ORD shapes are denoted by [¢]S(K) and [¢]b(%).

| ‘The fixing of the two shaﬁes is somewﬁét arbitrary. Any
of the experimental curves can be taken as one shape. Then
the other shape is determined by matrix rank analysis. The
analysis shovied that the ratio CS(T,u)/CD(T,u) is independent
of temperature for each'ionic Strength at sufficiently high
temperatures. This indicates that the shape of ﬁhe measufed
ORD curves 1s the same in this temperature fange. This shape
- turns out to be similaf fof each ionic strength and also
similar to the shape of the ORD curve calculated from the
“dinucleoéide phOSphates'at room temperature. | |

lA secgnd shape, D, was. calculated from the data taking

ﬂfhe cémmon shape observed at high temperature as the first
curve, S. This other shape, which has been calculated With¥
out any ‘assumptions regarding the nature of the secondary
- structure, turns out to be nearly identical with the experi-

mental ORD of double-strand MS2 RNA. This latter curve is
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shown again in Figure 25. The ORD curve D, which 1s also
shown, has been normalized to the RF-MS2 RNA curve. The
agreement is excellent. 1In fitting the entire body of data
with the two curves, S and D, it is found that increaéing
amounts of the second shape are needed with increasing ionic
strength and decreasing température.

The interpretation of these observations is that there:
are two average environments for the bases in TMV RNA that .
have different optical_rotétion properties. The first is
the environment experienced by a base that is part of a
single-strand helix wheré the bases are stacked as they are
in thé dimers but not hydrbgenebonded to other bases. The
other environment 1is thatvexperienced.by a base that is'ﬁart.
of 'a helical regioﬁ of A-U and G-C base pairs.

The single-strand helilx énvironment’does résuit‘in a
constant ORD shape. The shape‘of the ORD for stacked bases
ié'indepehdent of ionic strength and temperature. 'Wé have
already cited eVidencevfor the former. Evidence for thé"
.latter’comes ffom-a‘éomparison of fhe calculated ORD'curvés
for TMVvRNA aé a function of tempéfatﬁre.” The curves differ 
ffom‘éach cher'only by a muitiplicative constant. The crosé-
.over'shifté 3 my between 2? and 90°C. The nearest—néighbor
calculated ORD of TMV RNA is shown in Figure 26 for several.
temperatures. )

| The optical properties of hydrogen-bonded complexes of
nucieic_acids are usually independent of ionic stfength and

tempefature below the helix-coil transitidn_region.41 The
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Figure 25. Comparison between component D and the ORD
of the replicative form of MS2 RNA. ‘
(Taken from McMullen, Jaskunas, and Tinoco. 124)
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of TMV RNA as a function of temperature.




103

fact that the optical rotation of this second environment
is nearly the same as the ORD of a double-stréand RNA is
evidence that similar helical regions of A-U and G-C base

pairs exist in TMV RNA.

2. Percent Double Strand in TMV RNA « -

- We have just shown that the optical rotation of single-
strand.RNAs is sensitive to the existence of base pairs. It
is of great interest to see if that éensitivity can be used
:to determine the number and nature of base pairs in single-
strand RNA. ,

Methods have been developed for applying the ultraviolet
spectral propérties of‘RNA toward determining the number ‘of

72,88,89,125,126 mo pethods

base palrs 1in single-strand RNAs.
have all involved fitting an experimental spectrum to a sum

6f two spectra which ére,repfesentative of A—U_ahd G-C base
pairs. The two 1ibrary spectra are normalized with respebt
to'thé number of base pairs that they represent. Thus, the
number or fracfion of base pairs preéent in an RNA can be‘
.jdeterminedt OpticalArotation data maj.be'better for this
purpose than absbrption-déta because of its greatef sensitivity
fo thé existence of base pairg._ The major advantage of .
optical rotation.data,_however, is 1ts senstivity to sequence.
Thus, it might be useful in determining preéisely which.

residues in a tRNA are hydrogen-bonded to which other residues,

We shall return to this possibility later.
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124 has calculafed the fraction of double

Dr. D. McMullen
strand in TMV RNA as a function of temperature and ionic
strength by fitting the observed ORD to the sum 6f two appro-
priately normalized library ORD curves. The two library
curves were those which had been found by the methods of
matrix rank analysis, S and D. The first curve 1is represen-
tative of the single-strand stacked conformation ahd_the
second is proportional to the rotation of an average helical
region of A-U and G-C base pairs. He haé shown that any of
the experimentalVORD:curves is the appropriate sum of these
“two curves. The structure of TMV RNA can thus be described
as an equilibrium between double—strand and single-strand
regions. The position of the equilibrium’depéndé on the
temperaturé andvionié strength ahd is reflected in the &aer
of the-weighting féctors. . | | |

With.this'model_in mind, Eq. (8) can_be'rewritfen as 

vfoilows:

(01 oy mya (MTon) = £5(T0)[s(T)-8] + £4(T,1){d-D]

: v : _ , " (9)
The functional dependenée of S and D on wavelength is under-
stood. The fraction of residues’in’é single-Strahd and double-
.strand regioh are denoted by.fS(T,u) and fD(T,u).- The constant
d is a normalizétion factor making the ORD curve, d-D,lqhe
molar.rotation per residue of a 100% helical regidn of A-U

and G-C base pairs.' This normalized rotation i1s independent

of temperature and ionic strength. By'éontrast, the rotation-
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of,the single-strand conformation does depend on temperature.
As mentioned before, at sufficiently.high temperatures the
shape of the ORD of TMV RNA is that expected for a single-
strand molecule containing novbasé pairs. The shape does
~not change with further increases in the temperature but the
vmagnitude of the rotétion'decreases. In this temperature
reglion the moleculé is probably 100% single-stranded. The
decréase in the rotation is merely'the temperature depehdenée
of the optical rotation of stacked bases. The function s(T)
provides the temperature dependence of the single-strand
regions.

' The nearest-neighbor calculated ORD of TMV RNA as a
function of temperature has been used to determine the
function s(T). As indicated in Figures 15-17 the calculated
rotation does predict the form of the temperature dependence
-very well.

The éonstant d is found by making suitable use'qf the
Waﬁelengths for which the>rotation of thebsingle—strand or
double-strand regions is zero. As it turns but, the prgdﬁct
d<D is an_ORD‘curQe which 1is equivalent to the experiméntal
ORD of double-strand MS2 RNA. |

The fraction of residues 1in the‘doﬁble étrand can now
‘be calculated as a function of femperature from Eq. (9)Vand
“the fact thét the Sum of the fractlons of double- and single—
strand residues is unity. The results are shown in Figure 27
for each of the four ionic strengths that were employed. At

2

25°C and in a solution containing 4 x 107" M Na+, the fraction
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 Figure 27. Percent double strand in TMV RNA.

V The contribution of component D to the observed
ORD as a function of temperavture and ionic strength

is shown as molar rotation of the left. The -
equivalent percent double strand, fD(T,u)', is shown
on the right. (Taken from McMullen, Jaskunas, and

Tinoco.124) .
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of residues in TMV RNA that are base-paired is approximately
50%. This is consistent with other estimates of the percent

double strand in TMV RNA.77

3. The Nuhber and Nature of Base Pairs in tRNA

Attempts have been made by Cantor36,105

to employ
optical rotation data in determining the base pairing pattern
in'the alanine tRNA from yeast. The general method is to com-
pare the calculated rotation of possible structures with the
measured rotation of the molécule. Ideally the two ORD curves
will coincide only when the correct structure is chosen.

A reasoﬁable pattern'of base pairing has been constructed
from the sequence of bases in-the polynucleotide. The

criteria of reasonableness is a maximum amount of base

stacking and base pairing. Cantor's model of the base pairing

36,105

la is similar to that shown in Figure 1. The

in tRNAa

~difference'is”that Cantor has postuiated a few more base.

' pairs and has folded the arms of the clover-leaf together

by'forming some base.pairs betWeen'the residues which aré'in
the loops. | | ‘ ‘ _

Vl The opticai rotafidn of this strucﬁure-hasbbeen calculated
using tﬁo curveé which represént the pérturbatiOns of an-A-U
and G—C'base pair on fhe rotation of a single—strand.helix
with Stacked bases. Thus, thé expected ORD 1s the sum of

the curve calculated from the dimers [¢]SS and.the‘pertur—

bations introduced by the presence of base pairs.
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[o1pna = Lo1gs + XauPay *+ XocPoc (10)

The perturbations of aﬁ A-U and G-C base pairs in units of
molar fotation per baseepair are PAU and PGC’ respectively.
The mole fractions of bases in A-U and G-C palrs are XAU and
A XGC’ respectlvely.

The optical rotation curves representating the pertur—

bations have been determined from the ORD of poly (A+U)103

and poly (GiC). ,130
= 1 l
Pav = F¢]p01Y(A+U) [¢]901Y A" [¢]poly U (11a)
Prn = [6] l[4>] - l[¢] (11b)
GC ~ “Tpoly(aic) T Z° pOly C poly G
57 103
The - ORD curves of poly A,”. poly U, and poly. C that were

used were measured at 25°C-under conditions-where the poly-
nueleotides are single—stranded. The ORD. of single4strand
poly G was calculated with'Eq. (7) using the CAICulated_ORD
of GpG.: The average of the two pertﬁfbations is compered

in Figure 28 with the difference between the double- and
eingle—stramk;ORD of MS2 RNA. The differenee cuf&e_for Ms2
RNA is the same one shown in'Figures 22-24. It is an avefage
perturbatlon on single-strand rotation caused by A-U and G- C
‘base pairs. ThlS average perturbatlon does not have the‘
doﬁble peak that 1s exhibited by the average<perturbat19n
ealcﬁlated from the homopolymere. However, the two curves are
otherwise quite similar in'shape.. Therefore, the perturbation

calculated from the homopolymers will give reasonable estimates

o
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Figure 28. Perturbation on ORD of single-strand RNA
~due to A-U and G-C base pairs. (Taken from Cantor,
Jaskunas, and Tinoco.36)

——, ORD RF-MS2 RNA, 0.15 M KCl, 0.0l M phosphate
buffer minus nearest-neighbor calculation for
ORD of single-strand MS2 RNA. .
., ORD of poly (A+U)1%% minus ORD of poly a°7
minus ORD of poly Ulosvplus.ORD of poly (G+C)130
minus ORD of poly C minus calculated ORD of

poly G.105
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of the contribution of A-U and G-C pairs to the rotation df
single strands. | .
 To calculate the G-C difference curve, Cantor-¢ used the

130
)

ORD of poly (G+C as measured by Sarkar and Yang. Recently,

- another measurement of the ORD of poly (G+C) by Ulbricht,

SWan, and.Michelsonlo

4 has been reported. The two measure-
ments are different. The two complexes have also beenApre—.
pared differéntly which might be the source of their ORD ‘
differences. The poly (G+C) used by Sarkar and Yang wag

prepared by polymerizing GTP onto poly C with RNA polymerase.131

Ulbrich et al.106 mixed poly C and poly G to obtain the 1:1
complex. The use of the ORD of the latter poly (G+C) to
'determine the G-C difference wou1d not affect'any of the

" results, however. | ”

The ORD of alanine'fRNA as measured by Scher"agas9 is
given in Figure 29. The measurement was made'at roon tempera-
ture in a solution containing 0.15 M'KCl,'O.l M phosphate
buffer, pH 6.83. Thé'calculated ORD curves of alanine £RNA
are shown for a éompletely;siﬁgle—Strand sﬁructufe COhtaiﬁing
o no'bése péirs and for one Which]has 7 A-U and 19 G-C base .

pairs.36

The calculated rotation of a Strucfure containing |

base pairs compéres more favorably with the experiméntal cur&e{
'Thié method of calculating:the ORD of an RNA containing_'

" regions of single- and double-strand would be rigorously |

valid if the rotation of the stacked bases due to intrachéin

interactions is the same in the double-strand helix as in

~the single-strand helix. Furthermore, the only cross=chain
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Figure 29. ORD of yeast alanine tRNA. (Taken. from Cantor,
- Jaskunas, and-Tinoco}36)
—, Experimental results of Vournakis and Schéi‘age.s9
---, Nearest-neighbor calculation.
«+, Calculation for structure containing 7 -A-U and

19 G-C base pairs.
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interactions which are important would havevto be between
the bases which ére aqtually base-paired.

The geometry of the stacked bases in the double-strand
helix may not be the same as for the single-strand helix
~at 25°C. Even if the average geometries are the same,.the.
time spent in that geometry is surely different. The rotation
of a fully stacked single-strand helix is probably a better-
estimate of the rotation due to intrachain interactions in
 the double-strand helix. Singie-strand helicés would only
have such a structure at very low ﬁemperatures. The dimer
ApA is 100% stacked at -70°C in a solution of 7 M Lici.so
Unfortunately the ORD of the_single—strand helices of poly A,
poly U, and poly C have:not.been measured under such condi-
' tions. The pertufbation caléulation is alsé not entirély
valid because diagonal interactions between the qhains are
'probably important. We shall return to tﬁis point 1at§r{
Eveﬁ if these arguments were wrong, the G-C perturbation f
is pfobably inaccurate because of the queétiohabie validity
of the ORD of poly G thét'was used; Other inaccuradies ’
Wefe vaidusly introduced into the_calculation by approxi-
mating thé rotation_df_single—strand dimers involving'odd
ba$es With the rotation of one of the 16 common dimers.
The error in calculating the rbtation,of thé double-strand
regiohs{ however, is probably greater than the error inérof

duced with these appfoximations.
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In conclusion, we cannot say whether the base-paired
etructﬁre for which the ORD was calculated is cofrect.
However, it seems clear that alanine tRNA under the conditions
of the measurement is not completely single-stranded. Its
: Secondary structure involves‘some’A—U and G~C base pairs.
| The same calculation of the ORD of yeast alanine tRNA

36,105 The

was repeated for other patterhs of base pairing.
agreement with experiment is not as good as shown in Figure
29._ The difference between calculated ORD curves for
structures that only differ_by a few base paifs is greater
than the uncertainty in the measurement. This gives us hope
that the secondary structure of tRNA can be determined if
we use a better library for the rotation of double strands.
Both intrachain and interchain interactions are important
for the optical rotation of double strands. Actually there
will be no-contribution to the rotation from interactions
.between the baSee that are hydfegen—bonded if the base pailr
is planar. vThat 1s because the rotational -strength is
prOportionai to;ﬁ'(u' p'd u"){ss The u's are transition
‘moments_that are in the piane‘of each of the beses.:‘If_the
base pailr isvplahar, then the cross ﬁroduct of the traneitioh
B moments is perpendicular.to that plane. The vector‘ﬁ'joins
the two transition moments and is in the plane of the base
-pair. Thus, the dot prodﬁct is zero for planar base pairs.

The x-ray work on double-strand RNA indicate that the base

pair is not planar.gs The bases which.are hydrogen—bohded
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are rotated a few degrees with respect to one another .
givihg the base pair a pfopeller~like structure. For such
a structure there can be a net rotational strength due to
interactions between'hydrogeﬁ—bonded bases. . | |
Nearest=-neighbor effects were found to be the most
important for the optical rotation of a single-strand helix
with stacked bases. If we think of the double~sﬁrand!heliX4
as stacks of base péirs, then we might expect that the only
important interactions will be between base pairs that are
adjacent. For Watson-Crick base paifs between anti-

' parallel strands, there are 10 distinct arrangements of

stacked base pairs.32 These are illustrated schematically
~in Figure 30. |
1 2 s
A-U - A-U -~ U-A~
Tty ot 1L
A-U. - U-A ‘ A-U
4 _ S s
- G<C - GC C—-G
Tl ' rd 1l
G—C - C-G GC
T 8 9 10
A-U G—C A-U . C-G
[ T Ty Tl
G A-U - -G AU

Figure 30. The Ten Distinct Double-Strand Interactions.



115

The ORD of each of these base-paired dimers may be és
- different es thé ORD of the sixteen dinucleoside phosphates.
Some evidence of this is seen in the ORD of poly (A+U)103
and poly rAU that are shown in Figure 31. The 1a€ter
~ compound has an alternating sedquence of A and.U_residues.132
If exists as a stable ordered complex under the conditions
of the measurement. Presumably it 1is a double-strand helix-
of A—Uvbase'pairs that 1s simllar to the poly (A+U) complex.
The optical rotation of poly (A+U) is a measure of the ORD
of the first double—strand.interaction in Figuré 30. The
ORD of poly rAU reflects the average of the ORD of double-
strand interzctions 2 and 3. .The ORD of the two complexes
of A-U base palrs are strikingly different.

If we knew the ORD of each.of the 10 base-paired dimers
in Figure 30. then we could calculate the ORD of double-
strand RNA in the same way that the ORD of single-strand

RNA is calculated.36

(o] =222 yyle7;] - = x;[07] - (12)
R 1 1 o

The molar rotatibn per residue of the base paired dimer
IpJ-and its antiparallel complement is'[¢?j]. The molar
rotation per residue of a single base péir is [¢?]._ For
planar base pairs this will be the sum éf the 6RD of the

monomers., and Xy are the mole fractlions of dimer Ipd

i
and monomer I. The summations are carried out over the
sequence of only one of the two strands. Either strand can

be used.
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- Poly r-AU _
- Poly (A+VU) 7

1 l l. | (S | t |  '|'
220 240 260 - 280 300 - 320

Figure 31. ORD of poly rAU and poly (A+U)

—, ORD of poly rAU 26°C, O 0l M phosphate
buffer, PH 7.0.
103
-, ORD of poly (A+U).-
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Assuming the optical rotation of double- and singie—
strand regions in tRNA could be calculated accurately, we
‘might.expect to be able to determine the base pairing
arrangement’ oy comparing the calculated ORD of possible
structures with the‘experimental ORD; At fhe present time
we cannot ealculate the : roﬁation of the double-strand '
regions since the ORD of only a few of the base—paired\dimers
in Figure 30 is known. ' The ORD of numbers 1 and 4 can be
obtained from the'opticai rotation of poly (A+U) and poly
(g+C), respectively. TFurthermore, the ORD of poly rAU is
a measure of the average ORD for interactions 2 and 3. The
others are not known. In addition there is the problem of
calculating the ORD of the single-strznd regions in tRNA
containing odd bases. The ORD of dinucleoside phosphates-
containing odd bases have not been reported. |

Both of theserproblemsdappear-to be solvable. 1In the
latter half‘of'this dissertation we shall discuss possible
methods of'determining the ORD of the base-paired dimers.
Mr. C. Formoco invour'laboratory‘is working on the problem of
measuring the ORD of dimers contalnlng the odd bases.

However, once thls informatlon 1s avallable there will d
.still be proolems in determinlng the secondary structure of
tRNA. We have tacitly assumed that thevonly base pairs in
tRNA are'formed between.antiparallel chains and are anangons
to thoseoin DNA. Without the rigid constrains of an |
infinitely long double helix‘we expect that other base-pairing

arrangements are important. Indeed, many non-Watson-Crick
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base pairs and-base triplets (three-stranded complexes)
have_been observed with various model compbuﬁds.llo Experi-
ments and calculationé_will be presenﬁed lafer which will
point out the importance of cdnsidering the possibility
of triple-strand regions. They may be very important in
establishing a precise three-dimenslonal structure for tRNA.

| One other possible element of secondary structure in
single—strand'RNA 1s intercalatidn. Chan et a1.68 have shown
that purine»intercalétes‘between the bases of-TpT. They
have made similar observationé in moré extensive'stUdies of

the phenomenon.l33

Although it has not been demonstrated
_7that ihtercalation occurs in structures of RNA, the possi-

Eility Should'not be dismiséed.
_ Sﬁmmafy]

' The basic conclusion of the experiments'ﬁhat have been -
described'is ﬁhat baée_stacking is_an'}important deferminant
of the secphdary structure of éingle—Sfrand RNA.  Under
conditions that are unfavorable f6r intfamolecﬁlar double - -

. 8trands the ORD of sinélefstrand‘RNAvis that expected fof
staCkéd'basés; We»have concluded from this that the bases:

in SingleQStrand»regions of RNA are stéqked.. Furthermore,

at aﬁy temperature'the geométry of the:stacking.is similar
'ﬁo:that of the diﬁucléoside phosphates ét the same‘temperature.
.The orientation of the bases become more random with
increasing temperatﬁre. Howevér, even at 90?0 the bases do

not have a totally random conformation.,
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’Under conditions which are favorable for intramolecular
double strands the ORD of single—strand RNA is nof}that
expectéd for stacked bases. The difference is consistént.
with the presence of double-strand regions of A-U and G-C
base pairs. In particular, the ORD of tRNA is consistent
with the presence of AjU and G-C base pairs.

Méthodé have been discusged for exploiting the sensié
tivity of optical rotation to base pairs iﬁ order to determine
the number and nature of base pairs in single-strand RNA.

The percent double strand in TMV RNA as a function of
temperature and ionic strength was}determined by fitting the
experimental curves to a sum of two curves representing
single-strand and double—strand RNA. The possibility of
determining the structure of a tRNA by comparing 1ts ORD with
calculated curves for possible structures was discussed. At
the present time, we cannot calculate the ORD of double~strand
RNA as a function of sequence with the same certainty that
"we can for single-strand RNA. Therefore, we cannot reliably'
test possible strﬁctures. The minimum.information needed. to
do this in¢1udés the ORD_of 10 base-paired dimers that are

formed by DNA-like double-strand RNA.
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PART II
ASSOCIATION OF COMPLEMENTARY OLIGORIBONUCLEOTIDES
IN AQUEOUS SOLUTION

Introduction

'~ Base pairing and base Stacking are important elements
of the secondary structure of tRNA. Evidence was presented’
in Part I suggesting that the bases_in the single-strand
regions of .tRNA are stacked. The relative geometry of
: neighboring vases appears te be similar to the geometry of
the bases in dinucleoside phosphates. On the average; they
ere_probably stecked perpendicular to the single—strand'
helix axis.

We would now like to direct our attention to.the base
pairs in tRNA. Several kinds'of-evidence point'to their

gexistence.’lz’g.-o’l26

Optical rotation experiments were
described in Pafé'i that are consistent with the existenee-
of AFU and G-C base pairs. Other observations indicate the
base'pairs are organized into segeral Short'heiical regiohs,
Mofe specificiinformation is needed, however, if we are to
understand how the_biological aétiVity:of tRNA.melecules is
dependent on a correct. three-dimensional structure{lz We
_>~mue£'know which bases are hydregen—bonded to which othef
bases. | | | .

A base—pairing patﬁern resembling a clover—leaf has been
' suggeeted &s a possibie‘model of the base pairing in tRNA

16,20-22

molecules. In this model the polynucleotide chain

88,125 .
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folds back.upon itself forming ldeslthat are held together
by A-U and G-C base'bairs. Each molecule may contain |
several loops. An example of this structure is shown in
- Figure 1 (page 3) for yeast alanine tRNA. . |

The radius of gyration of mixed yeast tRNA, aé determined
by low-angle x-ray scattering, is.consistent with the clover-

100 The relative suSceptibility of guanosine

leaf model.
reSidues in tRNA to éttack by Tl‘ribonucleose is also con-
sistent with the model. Perhaps, the best evidence for the
model is.that a reasonable clover-leaf pattéfn Of.base pairs
can be cohstructéd for.each of the tRNA'molecules whose
seduénce is known.lezo_Zz_

We are intefested in finding»more direct evidence for
the existence of loops that are formed by'dnly a few base
. pairs. Invparticular, are these short regions of base pairs
sufficiently stable to endow the'tRNA molecule with a unique
secondary structure? The question can'bé tentatively answered
| if wé know the.equilibrium constant for'ﬁhe association of_’
complementary oligoribonucleotides; .Thevstability of a lobp
can'then be estimated by taking into:account,the effeét of
_tying_the oligomers together. ‘ |

_We are also interested in deQeloping a method to deter-
miﬁé precisely Which residues are'baSe-paifed to which other
residues; We have seen that the ORD of molecules contafning
base palrs 1is sensitive to the number and sequehce of |
residues that are base-paired. The work described in this

part was undertaken with the intention of determining the
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ORD of the ten base-paired dimers in Figure 31 (page 116).
Using these curves as a library, we expect to be able to
calculate quantitatively the ORD of double-strand regions

in RNA as

W

function of chain length and sequence.
Cantor did not observe any specific interaction between

ApC and GpU under conditions that were favorable for inter-.

105,134 The highest total concentration

of residues that he used was 5 x‘lO'3 M. We cannot conven-

molecular aggregation.

lently measure the ORD.of nucleotide solutions with a much
higher cohcentration. Thereforé; it does not seem stsible,
at this time, to measure the ORD of base-paired dimers
directiy.

However, we can still determine the ORD of basé—paired
dimers by measuring the ORD of complexes of longér molecules
of known sequence. ATherefore, we have attempted to study |
cdmplexes that form in aqueous solution between trinucleocside -
diphosphates (trimers) and tetranucleoside triphosphatesl
(tetramers). Regions of base pairs in tRNA, in generél, are
presumed.to ohly contain Watson-Crick base pairs, AfU and“

. G-C, that form between.antiparallel'chains.8‘8’-16”20'-22

- Thus,
'ét presént we have directed our attention to complexes of
this type.

Complexes‘of frimers’are éspecially intefesting because
of_théir_close analogy to the source of specificity fOP.the
._‘interaction of tRNA with the mRNA-ribosome complex. The

| specificity is presumably the result of base palrs that form

between a specific triplet of the tRNA and a complementéry
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trimer on the mRNA.! If the ribosome does not in anyway
affect the binding of the tRNA to its codon then the equil-
ibrium constant for a éomplex‘of complementary trimérs
should be the same as for the inﬁeraotion of tRNA and mRNA.
A site for the unspecific binding of tRNA molecules to the

ribosome has been suggested.135

 Such binding would increase
“the equilibrium constant for the interaction'of codon and
antl-codon as compared to trimers that are free in solution.
Tt would not affect the specificity, however.

ORD hés been used to detect’the existence of complexes
of complementary ollgomers. Thé ORD of each of the oiigomers
is first measured separately under identical COnditions. The
dligomers afe mixed in'a 1:1 mole ratio énd the ORD of the
mixtﬁre is compared with the sum of eaqh measured separately.
The change that will adcompany base—pair formation can be -

- estimated from the pérturbations of A-U and G-C base pairs

on the ORD of single stfands.s6 in generai, the'formétiOn

- of the base pairs will shift the peak, trough; ahdvcrossoyer
%o éhortef wavelengths. For trimers,-this shift may be )
5-10 mi. The magnitudévof'tﬁe ?otafion at the peak-sﬁould' 

éléo.ihcreése.‘ We, therefore, eﬁpect ﬁé be able to defect'

a4c§mpl¢x of only‘lo%.of the trimers. |

Conditions have been choseh that*wili-féVor complex
fofmation. These inciude low temperature, high concentfatibn
of nuclebtide, and high iohic strength. Magnesium ions
frequently.resﬁlt in the formation of triple strands.lse’ls7

Double strands are more.likely to form in the absence of
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magnesium. The experiments to be described have generally |
been done in both the presence and absence of magnesium lons.

These same conditions are also opt imum for self-
vaggregation It 1is important to detect these complexes
. because they may prevent the formation of the complementary
complex They are also interesting because they may be
' indicative of non- Watson Crick base pairs.v.Self—agcrecation
can be detected in the usual way by studylng the rotation of
_the oligomers as a function of concentratlon More simply,
we can compare the measured ORD with the nearest—neighbor

35

"calculation for an unagcregated oligomer Both methods

have been employed

Materials and.Methods

Oligomers of known sequence and chain length can be

138 139 The trimers-

prepared by several different methods
~used 1n this study were prepared by spe01f1c enzymatic
cleavage of RNA or by synthesis with primer- dependent poly—

nucleotlde phosphorylase from Micrococcus lysodeikticus

v;Only recently it has become possible to purchase oligo-

_'ribonucleotides with a chailn length greater than two. The

‘tetramers ApApApA and UpUpUpU that were used in.our studies
were‘purchased from Miles Laboratories. A two-dimensional
imap as described below indicated that the compounds were

homogeneous, so they were used without further purification.
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1. Preparation of Oligomers by Specific

Hydrolysis of RNA

This general method has been used previously in this
laborétory?BIWe"have made modifications in the procedure
"ﬁhat have resulted in higher yields and greater convenience.
The procedure described here hés been used foutinely to
isolate the trimers and tetramers that can be obtained from

RNA by specific enzymatic hydrolysis.

a. Preparation of E; coli RNA

As a source of RNA for specific enzymatic hydrolysis,
we have used a high molecular weight.RNA from E. coli. The
method of preparation, which is described in detail below,
was suggestéd by Dr. S. Mandeles. He credits Tissieres
et al.l4o aé the original source of the basic procedure.
The RNA is primarily ribosomal. Dr. Mandeles has informed

us that some tRNA is also present, however. Thus, we shall

refer to it as E. coli RNA.

1. Materials.-- Frozen E#_ggl; cé1ls, strain W,
harvested in the late log phasé, were obtaihed from Géneral v
Biochemicals (Chagrin Falls, Ohio).

Deoxyribonuclease I (3.1.4.5) was obtained from
_ WOrthingtqn Biochemical Corﬁoration (Freehold, New'Jeréey).
- We havé always used the electrophoretically purified edéymé,

code DPFF, which presumably contains no trace of ribonuclease

activity.
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The standard buffer contained in 1 liter, 10 ml of i-M
magnesium acetate,-iO ml of 1 M Tris-HCl, pH 7-8, 0.39 mi of
1 M 2-mercaptoethanol, and 2.7 g of ammonium chloride.

Mallinckrodt Chromatographic Grade phenol, containing
' 88% phenol, 12% H,0, and no preservative, has been used
routinely. Generally, the liquid, as supplied by the manu—-
facturer, wa s colorleSs If the liquid had any trace of
yellow or brown color 1t was distilled before use.

- We have recelived: generous gifts of bentonite from
“Dr, Mandeles. It has been prepared according to the procedure
of Fraenkel-Conratret al 141 The crude bentonite may be
_obtained from the International Minerals and Chemical
Corporation (Skokie, Illin01s)

Macaloid has been obtained from the Baroid Divis1on of
the National Lead Company (Houston, Texas) It has been d

prepared as described by‘handeles anderuening.;42»

_Jii;, Rupture of E, ¢oli Cells.——: The:procedurevto be

described is for 10 g of frozen cells. We_generally'worked
up four 10 g batches at once. This supplied enough RNA'forv flh
the hYdrOiYSis proCedure that wiil:be:described later;. |
7dTen grams of frozen E. coli:weredrupturediby forceful
grinding'with 25 g of alumina. The grinding wasvdonefin the
g coid'roOm at 4°C until the mixture was pasty, apprOXimately.
15 Minutes. A precooled mortar and pestlevwere used, The
uitimate yield of RNA was primarily dependent‘on the Vigor
of the grinding. In working up 40 g of cells we have found

that it is better to do the grinding in four 10 g batches
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than in one 40 g batch. In either case, én'hour.of hard
work must be done in ﬁhe cold room. Because of the dis-
fastfﬁlneés of this, we suggest that other methods of breaking
open the cells be-cénsidefed. Perhaps itlcould be done by

. homogenization in a blendor with glass beads;:

 Five ml of standard buffer were added to every 10 g
of ce1ls; After mixing well, 0.1 mg of deoxyribonuclease

was éddéd. A volume of standafd_buffer that equals the
volume of the entire mixture, approximafe1y 55 ml was added.
The mixture was allowed to stand.at’foom temperature for

15 minutes‘and was thén centrifuges for 10 minutes at 15;000
RPM; The reSidué was discarded'and the supernatant was taken

for the RNA extraction.

iii. RNA Extraction.-4v‘Uhless otherwise indicated,

the amount of reagents_added'will beiper 50 ml of supernatant.

Step.l. A 2.5 ﬁl volume of 20% sodium dodecyl‘sulfate
(SDS).and'l teaspoon of the Macaloid preparafion was added.
The mixture was heated at 30°C for 1 minute and immediately

cooiedfto 4°C‘in'anviée bath whilé sfirring. fdoid 2 M
| Tris-HCl, pH 7.45, was added while the solution was cooling
untillthe final concentration of Tris-HCI in the solutioh'
) was‘O.l'M. When thé temperature of the solﬁtion reached'4°C, 
50 ml of cdld 80% phenol was added. The solution was stirred
continuousiy for 10 minutes and then centrifuged for 10
minutes at 1 or 2 thousand rpm. The Macaloid was at the

idterfade.
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Step 2. The upper layer (aqueous layer) was withdrawn
with a suction pipét and kept cold.in an ice bucket. Approx-
imately 1 mg (4 ml) of Bentonite was stirred in. - One teaspoon
of Macalold and 50 ml ofbcold 80% phenol were added. The |
;uStifring was cdntinued for 10 minuﬁes in the ice bathvand
the_mixtufe was centrifuged égain at 1 or 2 thousand RPM for
10 minutes. The Bentonite stays in the aqueous 1ayer, which

gave the solution a cloudy appearanée.

Step 3. The upper layer was withdrawn. One teaspoon
of Macaloid and'SO ml of cold 80% phenol were added. Stirring
-was continﬁed for 10 minutes in the ice bath and the mixture

was centrifugéd at 1 or 2 thousand RPM for 10 minutes.

Step 4. Dissolved phenol ﬁasvremoved from thé,aquéous

_ layef by extraction with a volume of cold aﬁhydrous ether

| equal to the total volume of the solution. The aqueous layer
(lower layer) was_SaVed. The extraction was repéatedAtwo
more times for a total of three extractions. Exééss ether
was remoVed.by évaporation<undef the reduced preSSure

- developed by an aspirator untilvthe'odbrvof ether could no
:longer bé detectéd. The process'wasspeeded up'if the .

_solutionvms stirred. Even so, 1t took an hour or more,

Step 5; .Thévsolution was.buffered by adding a”vqlume |
of 1 M acetate buffer, pH 5, that equaled 1/5 the total
volume'of the solution. The buffer was prepared by titrating
1 M potassium acetate with glacial acetic aéid to pH 5. The

- RNA was precipitated by adding a volume of cold 95% ethanol
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that equaled three times the totai volume of the solution.
The addition of ethanol was made while the solution was

being stirred in an ice bath. The stirring was continued for
30 minutes- and the solution was allowed to sit in the ice

. bath for at least four hours. We usually let the solution

sit in the refrigerator overnight.

§§gg_§. The RNA precipitate;was recovered by centrifu-
gation at 12,000 RPM for 30 minutes. The supernatant was dis-
carded. The precipitgte was taken up in HZO or an appro-
priate buffer and recentrifuged at 12,000 RPM for 30 minutes.
The Bentdnite remaineq at the boitom as a fluffy translucenﬂ
précipitate. Thé‘RNA solution was decanted. Since the RNA
was subsequently used.ih an enzymatic hydrolysis, special
care was taken to see that no Bentonite géf into the RNA
solution. "More than Qné centrifugafion was frequently
necessary. The Qoncehtration of-RNA'was determined using an
. éxtinctiOn coefficient of 25 optical density’units at 260 mu.
per mg of RNA. | | | | ‘. |

The RNA can be prepafed'ahead'ofAtime;' However,'thé“
Bentonite should not beuremoved until‘immédiately pefore use.
The'solution should be stored-frbzen until the Bentonite is.

removed.
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b. Isolation of Pancreatic Ribonuclease Trimers
and Tetramers from E. coli RNA

i. Hyvdrolysis.-- 1In a typieal preparation, 300 mg.of

E. coli RNA (4 mg/ml) was iﬁcubeted with 30 mg of Worthington
‘ pancreatic ribonuclease'(2.7.7;6), cdde R, at 40?0. The pH
was adjusted to 7.5 and the feactioh was followed to
completion by adding O 5 N KOH in order to keep the pH
constant. Tne tltration was done with a Radiometer TTT- 1
Titrimeter. At the completion of the reactlion, the pH was
adjusted to 8 with KOH and 6 mg of Worthington E. coli

- alkaline phosphatase (3. 1 3, 1), code BAPC, was added.
Incubation was continued for 3 hours at 37°C. " The solution
was then lyophilized foldryness and'rédissolved in a small
volume of 7 H urea, 0.01 M Tris-HCL, pH 7.5.

A white precipitate usually formed'whenithe phosphatase
was added; Incubation of the precipitate with;O.lvN NaOH
released nucleotides'inte the soiﬁtion; Thus, the pre01p1tate_
'}centained;sdme RNA{' However, the incubatlons were repeated |
'untileno‘more nucleetides vere released, and a white pre-
cipitate still‘remaineddd:Thelneture ofdtﬁis preeipitaﬁe‘is

not known.

- 11. Ton-Exchange Column Chromatography.e— ~ The sample
was applied to a DEAE Sephadex A-25 column (2.5 x 90 cm).
The oligomers were separated according to chain lengthl43 by

elution with a llnear gradient from 7 M urea, 0.01 M Tris Ccl,
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pH 7.5, to 7 M NaCl, 0.01 M Tris-Cl, pH 7.5, in 15 liters.
The flow rate was 100 ml/hr. 20 ml fractions were-collected;
| The trimer fractlion was diluted to 5 times its original
volume with distilled water and washed onto a Dowex‘AGl X 2

- column (1;5 x 80 ém). Thevcolumn was washed with severai

volumes of 1072

-3

M HC1. A linear pH gradient was run from

M HC1 to 102

10 M HCl, in 1 liter. The flow rate was
40-ml/hr, and 10 ml fractions were collected. Trimer ApApC
came off at the end of the gradient. The others came off in
a subsequent linear salt gradient from 1072 M HC1 to 1079 M
HC1, 0.4 M NaCl, in 2 ;iters. The order of appearance was
the same as fbr the chfomatography of trinucleotides by
Rushizky and Sober 144 Oh DEAE cellulosef Trimers'ApGpC and
iGpApC Were not resolved but ApGpU and GpApU’were.

The trinuéleotide GpGpCpbwas.prepared by a similar
procedure.és described abpve. The alkaline phosphatase_
treatment was not done. The pH.gradient for the Dowex column
was eliminatéd. The'Sait.gradiént for this coiumn was from

7 M urea; HC1l, pH 3, to T M urea, 0.3 M NaCl, HCl, pH 3, in

._: thfée.liters.

 fWe have'also-bfepared_dephosphorylafed:pancreaﬁic
‘ﬁétramers by the séme procedure. The Dowex éolumn'was_run"
the way it was for'qupCp. In‘order to identify the peaks;
'éliquots were hydroiyzed to completion'With 0.1 N_KOH. "The
'mbnomers were separated by electrophofesié on Whatmann 3 mm

paper at pH 3.5. Quantitative 1ldentification of the spotS"

was made Spectrophotometrically. The order of appearance
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of the tetramers wasvthe same as observed by Rushizky and
Sober.144 However; our resolution was better. The sequence
isomer.peaks for (ApGpGp)C, (ApApGp)U, and (ApGpGp)U were
cleanly resolved into doublets, The base sequence of the
tetramers in these peaks cannot be defermined by the alkaline
hydrolysis'procedure. Since we were intereStediin the |
GpGpGpC and GpGpGpU peaks, no further efforts were made to
identify these peaks; Since the sequence lsomer peaks were
resolved into doubiets‘instead of triplets; we know that two
of the isomers in each case have the same charge, which 1is
‘slightly different from the third isomer. This can probably

be explained when we know which two in each case have the same

charge.-

c. Desalting Procedures

The salt has crenerally been removed from the oligomer -
- fractlons by the charcoal method of Mandeles and Kamen 145
.The solution to be desalted was acidified with a few drops
'of glacial acetic acid Then 5 mg of acid washed Norit A
(100 mg/ml in O. Ol M phosphate, 0.0l M pyrophosphate, pH 6. 2) B
was added per O.D. unlt After standing for 1 mlnute, the |
sOlution was filtered through the 47 mm diameter type A

' glass fiber filters made by Gelman Instrument Company,(Ann
"Ar'bor, Michigan). ' The Filter was held with the ‘Millipore
..(Bedford, Massachusetts) pyrex filter holder. All filtrationsd
were done with the aid of an aspirator. The charcoal was

rinsed with five 20 ml fractions-olezo. The nucleotide

' material was eluted from the charcoal with 300 ml of cold
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80% ethanol: 40% 0.1 M NH,. In‘ordervto keep the charcoal
out of the filtrate, 1t was imperative that the charcoal
was not allowed to go to dryness before all 300 ml of the
solvént had gone through. If it did, then subsequent addition
of the solvent always carfied through some charcoal in the
first few drops. The volume of thé ethanol-ammonium filtrate,
containing the nucleotide material, was reduced to 5 ml or
less.with a rotary evaporator. The temperature in the water
bath was kept near 40°C. The resulting solution was nearly
always dark. The color was removed by filtering fhrough
Millipore_HAWP'cellulose filters. The solution was then_
lyophilized té dryness.and the_salt—free oligomer was stored
at -10°C until needéd. |

We have never been entirely satisfied with the charcéal
" method of desalting nucleotides. Only 50% of the starting
nucleotide material could generally be recovered. The yield
WOuld be higher if iﬁ wes not necéssary to remove ﬁhe
'charcoalvat the end by fiifering through the cellulose
filteré. Clearly,vthe chércoal which'is retained by the
jfilter; adsorbs some of‘thé nucleotide material. We tried
adding more of the ethanol-ammonia solvent to the concentrated
nucleotide sample'and refiltering through the‘glass filters.
But that did not remove all of‘the charcoal. The ethanol—”
ammonia solvent cannot be filtered through the cellulose
filters because it elutes a UV absorption impurity out ‘of the
filter. The charcoal appeared to get into the original ethanol-

ammonia filtrate only during the first few drops of the elution.
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145 414 not find it necessary to filter

-Mahdeles and Kamen
the aqueous nucleotide solution containing charcoal impurity
through éellﬁlose filters. Thus, their yields, approximately -
75%, are better than ours. | |

The maximum starting amount of oligomer that should be
desalted with the qhafcoal procedure described above is 50
O.D. units. On one occasion, We desalted 100 0.D. units of
GpGpC. Unfortunately, the resuiting sample was partially
hydrolyzed to monomers. Presumably, this occurréd becéuse
therevwaé so much charcoal that thé'ethanol—ammonia filtrate
wérmed up before the elution was complete. At room tempera-
“ture, the pH of this solution, approkimately 9, may be high
enough to catalyze some hydrplysis. If no more than 250 mg
of charcoal”are filtered, éorresponding to SO_O;D. units ofz
nuclebtide; then the ethanol-ammonia elution is completed
before the filtrateAhas a chance‘to Warm~ﬁp.”The resulting
'samples did not'show ahy indiéatiqn_bf hydrolyéis.

- Starting with 350 mg of g, coll RNA, the yield of desalted
GpGpC was T70.0.D. units.  This is more than twiée the yield
reporﬁed by Cantor.when'fhe_desalting was done_by dialyses.

In order to find more saﬁisfacfory desalting methods,
. oﬁ one occasion we used the‘Amicbn4(Cambridge,_MESSachusétts).
" Diaflo ultrafiltration apparatuévwitﬁ-membrane UM-3 to d?salt
) a'GpGpC fraction. As judged by the lndex of.refracfion (see
discussion of ultracentrifugation methods), the final solﬁtion
was mofe sa1t~free»and had a lower UV blank than when the char— _

coal'procedure was used. »Howevef, the oligomer was partially



135

hydrolyzed to monomers. The solutioh used in the ﬁltracen—

trifugation experiment contained only trimer, however,'since
the smaller molecules passed through the membrane. Tener146
has used the Amicon Diaflo apparatus with membrane‘UM—l to

- desalt solutions of tRNA. He apparently has no problem with
hydrolysis. ©One difference between UM-1 and membrane UM-3 is
that the lafter caries a net negative electrical charge while

the former is neutral. It is possible that membrane UM-3

catalyzes the hydrolysis.

2. Preparation of Oligomers with Polynucleotide

Phosphorylase

~a. Conditions for Synthesis

The trinucleoside diphosphates GpcpC, ApCpU, ApGpC, and
.GpCpU were synthesized with primer-dependent polynucleotide

phosphorylase from‘Micrococcus-1ysodeikticﬁs (2.7.7.8). This

enzyme catalyzes a reaction between nucleoside diphosphates

ppN and dimers IpM to give oligomers of the form LpM(pN)n.l‘”’148

The enzyme we used was isolated by Dr. Cantor according
to the procedure of Singer and O'Br_ien149 through stage VII.
Subsequent to the synthesis of these oligomers we have

replenished the enzyme supply. Basically, the procedure of

149

Singer and O'Brien was used. However, a new procedure

150

for Step IV, suggested by Thanassi and Singer; was sub-

stituted for the previously pUbliShed procedure. We have also
carried the preparation through to stage VIII, the final step

149

in the procedure of Singer and O‘Brieh. The results for

our purification are given in Appendix B.
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For thg synthesis of trinucleoside diphosphates, we
have'used incubation conditions similar to those suggested
by Thach138 for. the syﬁthesis of tri- and tetfa—oligomers.
The reaction mixture containédlo.z M glycine buffer pH 9.3,
“ 0.1 mM CuSO,, 0.4 M NaCl, 10 mM dimer LpM, 10 mM magnesium
acetate, 20 mM»ribonuclebtide diphosphate NDP, 0.02 mg/ml
BSA andil2O neg/ml bf polynucleotidé phosphorylase, sﬁage VII.

The incubation was at 34°C or 37°C for 24 hours.

b, TIsolatlon of Oligomers

The'trimer LpMpN was first sepafatederom unreacted
LpM and ppN and oligomers with chain length greatér than 3
by descending paper.chromatogfaphy on Whatmann 3 mm4paper
with a solvent containing equal ﬁolumes of 95% efhanol and

1M ammonium'aCetate.l48

A total reaction volume of 0.400

" ml was applied as a band 15 cm long fo paper that waé
serrated at the bottom. The papef>was allowed to_equilibfate
in.é pre;equilibrated tank for at 1eést i hour. DeVeloping
times of 20vhours resulted in excellent_resolution of all -

bands up to about a peﬁtamer. The distances that the various

bands in a GpC(pC)n syhthésis,moved frbmlthe origin are given

in Table 3.
Table 3
' Distance Moved ]
Compound from Origin (cm)
Gpc . 26-28
- GpCpC 17-18
GpCpCpC 13-14

GpCpCpCpC 8-9
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Ammonium acetate'was removed from the paper by soaking
in absolute ethanol for 1 hour.l48- The paper was then soaked
in absolute ether for 10 minutes and driedl After eluting
the nucleotide material with twice-distilled water,vthe
volume was reduced to less than 50 pl by lyophilization
The oligomers were further purified with a two dimensional
map on Whatmannv3 MM paper. The first dimension was electro-
phoresis, 36 v/cm, in 0.05 M formic acid at a pH between 2.4
‘and 3.5 for.2.5 hours. The pH was adjusted with concentrated
ammonia to a value that will give maximum resolution of olig-
omers with various chain lengths. If pH 3.5 was used, as it
was for GpC(pC) syntheses, the concentratlon of formate was
reduced to 0.025 M to decrease the current and the spreading
of spots resulting from heating. The paper was first soaked
with the electrophoresis buffer and equilibrated in the elec-
trophoresis tank for 1 hour. Exeess oil and buffer was
removed from the area where the sample.was to pe applied by
blotting with Whatmann 3 MM'paper."The'sample was then applied
: as‘a spot with a capillary pipet The major advantage of the
' electrophoresis is that it removes any contamination from
diphosphate. For example, CDP moves +34—36;cm from the origin
while GpCpC moves +8-10 cm. | -
The second dimension was descending. chromatoaraphy with
a solvent containing n- propanol water, and concentrated
ammonia in_the volume ratio 55:35:10. Thisvchromatography
separates the oligomers according to chain length. Developing‘_

times of 20 hours resulted in movements from the origin

L
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similar to that given in Table 3 for the ammonium acetate
Chrematogrephy. The trimer spot was eluted with water,
lyophilized to dryness, and stored at -10°C until needed.
Frequently the two-dihension map is not necessary except to
reassure the 1nvestigator that he is working with a pure
. compound. - The yileld of GpCpC with respect to the amount of
GpC used in the reaction mixture was 22%

We have made attempts to synthesize CpCpG with poly-
: nucleotide'phosphorylase by incubating in the presence ef
CpC, GDP, and‘Tl ribonucleasev(2.7.7.26).138 We could not

detect any synthesils even using twice as much enzyme as

‘indicated above.

3. Optical Studies

a. Preparation of Solutions

Lyophilized oligomers were dissOlved with twice—distilled
water and ‘the concentration adgusted SO that the absorbance
at 260 mp was 200. To measure the concentratlon, 5 ul of

‘the stock solution was diluted to l.OO ml with a 0.1 ionic

strength buffer; 5.55 x 107> M KH,PO,, 4.80 x 107% n

sHPO,, 0.080 M KC10,, pH 6.8. The concentration of this

solution was determined’spectrophotometrically at room

Na

temperature from the follOW1ng molar residue extlnction

coefficients at 260 mi: GpGpC, 9.2 x. 10°;3°

10%;5% apcpU, 1.00 x 10%; ApApApA, 1.24 % 10%; UpUpUpU, "9.75

x 10°; GpCpC, 8.10 x 10°; ApGpC, 1.03 x 10%; GpCpU; 8.80 x

ApGpU, 1.13 x

10°. Except for those taken from the literature, the

extinction coefficients were'calcuiated from the appropriate
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dimer data. In the case.of ApApApA'we used ApApA data35
instead of dimer data. ‘We assumed thet the extinction
coefficient of GpGpCp 1is. the same as for GpGpC

The solution for optical studies were prepared by
diluting the oligomer stock solution with an equal volume
of the-appropriatevcencentrated buffer. The resulting
solutions generally containedveither 0.5 M NaCl, 0.2 ionic
strength sodium phosphate buffer, pH 7.0, or 0.0l M MgCl,,
0;1 ionic strength sodium phosphate_buffer,'pH 7.0. These
solvents shall be referred to as the NaCl and MgClz»buffers,
respectively. In some inetances slightly different buffers
haveebeen_used. These will be indicated in the text. The
pH'of a soldtion containing oligomers is assumed to be that
of a eolution prepared by diiuting the concentrated buffer
with an equal volume of twieefdistilled water; The buffering
capacity of every buffer was sufficiently high to ensure that.
this is a valid assumption

vThe_absorbance of_each’buffered nucleotide solution
was about 100 at 260 mp; The ORD and uitraviolet_spectrum
of’each solution was measﬁred with a 0.125 mm path length
quartz cell obtained from.thicell (Brentwood, Marylend) and
a specially designed cell:holder. The volume of‘solution
needed for each'measurementdwas lese than 7 -ul. The:path
length of the celi was determinedfSpectrophotemetricailrvwith
po’tassi{im chromate solution in 0.05 M KOH. Extinction

~coefficients'for'dilute solutions were obtained from the
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Handbook of Analytical _Chemistry151 and Beer's Law was

assumed to hold over a 100-fold range of concentration.

b. Measurements

All UV spectra were measured with a Cary Model 14 or

‘ Cary MOdel 15 spectrophotometer. Optical rotation Was

measured with a Cary Model 60 spectropolarimeter.

Thermal stability wasbmaintained by circulating an
aqueous ethylene glycol solution through‘a specially designed
cell block. Above foom temperature;-a HaakeoF bath was used
to control the temperature of the circnlating solution. A
low temperature bath, designed by Dr. M. WarShaW, was used
for temperatures below 2530. \

Noise in the optical rotation signal was reduced by
applying the smoothing procedures described by Savitzky
and Golay.l52 The wavelength and pen position of the spectro—

polarimeter were recorded every 0.5 mi on paper tape by a

Datex (Monrovia, California) analog-to-digital converter.

A leastesquare fit to a 25 point cubic function Was‘done 

with the coefficients of Savitzky and Golay;l52 The computer

program for the calculation is given in Appendix C.

The smoothing program fitsA12.5 mu‘intervalspof the
optical rotation curve to a cubic function. We have also.
tried smaller intervals. The results for 4.5, 7.5, and -
12.5 mp intervals (9, 15, and 25 point cubic functions) for

the same typical ORD are given in Figures 32b, 33, and 34,

‘respectively. The unsmoothed data is glven in Figure 32a.
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Even the 9 point cubic reduées the noise. Only the 25 point -
~ cubie, however,;reduces it to a level where a smooth curve
céﬁ be drawn through the points. _

The,only disadvantage of fitting 12.5 mp intervals of
~an ORD curve to o cubic function is that it flattens the
 curVe more than shorter intefvals; The peak-tb—tréugh
rotation for the ORD in Figures 32b, 33, andv34 is greatest:
- for the 9 point smooth1and smallest fbr the 25 point smooth.
The difference, hoWeVér, forvthese two functions is less
than 0.1 x‘lO4'molar rotation units. If you compare these
results‘with a hand calcﬁlatibn itvis not clear which is
actualiy'correct; Therefpre,fwe have mainly used a 25 point
function bécauée it dQeé>a bétter Job of reducing the noise.

We have also'triéd_taking'points everylo;l m. and évery
0.2 mu and then smoothing with the"25 point cubic function}
.The results.are similar to thése éhown in Figure 32 where
ﬁoints were takeﬁ every 0.5 my and smoothed with a 9 poiﬁt
cubic‘fuﬁction. _ | |

.ﬁécently the Datex has been reélaced with.a Digital‘PDP
B/S compﬁter (Digital'EQuipment_Corpbration,-Maynard,
Massachusetts). In this case, the cbmputer_finds‘the
‘afithmétic average of 150 points taken every 0.5 mpu. These
data points are subseqﬁently us¢d in a Savitzky and'Golayfl52
13 poiﬁt,smoothing ﬁrogrém for a'éubié'function. The latter .
two computér programs'were writtén by Dr. M. Itzkowltz and

Mr. B. Tomlinson, respectively.
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- Figure 34. A typical ORD spectrum was smoothed by taking points
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‘cubic function. ' '
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Optical rotation data is expressed as molar rotation

per residue, [¢], which ‘was defined in Part I.

'vc; Nearest-Neighbor Calculations

The nearest-neighbor calculated ORD curves were done
according to Eq. (3). The necessary ORD data of the dimers
and monomers as a function of temperature Were taken from

the work of Dr. R: Davis.log'

4, UltracentrifugatiOn v

All centrifuge experiments were done at 2°C with a
Spinco Model E ultracentrifuge equipped with an electronic

153 Schlieren,

speed controller designed by Hearst and Gray.
voptics were used. Data for equilibrium experiments, in the . |
formlof photographic plates,»Were taken 24 to 36 hours after
the'start of the run. There was generally no difference from
data taken 12 hours after the start of the run _ Measurements
on the photocraphic plates were made with the aid of a |
-vGaertner Toolmaker's Microscope (Gaertner Scientific COrpora-
tion, Chicago, Illinois). |

| Weight-averagevmolecular weights Were determined
’according to Method I of Van Holde and Baldwin.lo% AsSuming
the derivatives with respect to concentration are zero,.the
vweight—average}moiecular weight,va, can be~eduated to the
refractive:index gradient in the cell by the followingr.

equation:




' have taken (1 - vp) to be O.46.
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240 0Py (1 - Tp)

(&
= | (13)
ng(b2 - aZ)_ -~ RT _ .

. Where b ehd a are distances in em ef‘the4bottom of the

cell ahd the meniscus, respectively, from the axis of
rotation. These were determined with the help of the known
distances of reference holee in the rotor from the exis of .
rotation.‘ Anc is the difference between theArefractive
index at the bottom of the cell and at the meniscus.
Similarly, the refractive increment, ng 'is the difference
between the refractive index of the starting solution and
the solvent. R is the gas constant, 8.314 x 107 ergs/ °kK/
mole, and T is the absolute temperature. The”eentrifugal

speed in radians/sec is ®.. The density of the solution is

p and the partial specific volume of the solute is V. We

155

The refractive increment was determined for a solution
of'poly A in the NaCl buffer from the area of the schlieren

patternrthat formed at the boundary between buffer and nucleo-

‘tide solution. A double-sectorerl-F cell was used to

establish this artificial boundary. The salt concentration
of the poly A solution was adjusted by dialysis against

buffer. There was excellent agreement with the refractive

increment of one 2:1 mixture of GpGpC and GpCpC in the same -

buffer. Other solutions of GpGpC and GpCpC had refractive

incramants that were higher. The GpGpC in the solution with

the same refractive increment as poly A had been desalted with
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the Amicon Diaflo appératus. The séﬁples of GpGpC in the
other solutions had been desalted with the charcoal procedﬁre.
The greater refractive increments for thesé solutions 1s prob-
ably the result of incomplete desalfing. The'residual salt in
ﬁhese solutions will not affect the equiiibrium experiments;
however, since the gradient will be negligible. We have always
taken the refraétive'increment of poly A for the refraotive 
increment of GpCpC,»GpGpCQ and mixtures of the two oligomers.

. The diffefence bétweeh the refréctive index at the
bottom of the cell and at the meniscus was determined"by inte-
grating thé schiierén_pattern of the equilibriumvrun,vusing
the TrapezoidallRule; The refractive.increment of pdly.A was
;élso determined frbm the area of é schlieren éattern. These
areas are proportionalito the reffactivé index. From.Eq.'(ls),
1t can be seen that the proportionality constants cancel.

The z—average moleéular wéights were determined frOm plots
of (1/r)(dnc/dr) versus (nr—na). .Thié is:MethddiIIAof-Van

154 me distancé in em from the axis of

Holde and Baldwin.
rotation to some point in the cell is r. dnc/dr at.thisipoint'
_was‘detefmined directly'from the’schlieren pattérn'of:the
equilibrium run. The difference beﬁWeen thé refractiVé index
at.that point and the meniscus, (nr-na), was'determihed by
integration using the Trapeioidal'Rule; The slope of the line
connecting the points for.the bottom of the cell and the

meniscus is proportional to the z-average molecular weight, Mz.
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dnc) _ (; ‘3?9_) |
p \TAr /o w21 - Fp)

An B RT

P S
Sl
[o

7

Mé | (14)

As witthq; (13) we are assuming the derivatives with respect

to concentration are zero.

Results

1. Evidénce for Association

The following pairs of complementary oligoribonucleo-
tides were mixed in a 1:1 mole ratio: ApCpU and ApGpU,
ApGpC and GpCpU, GpGpC and GpCpC, GpGpCp and GpCpC, and
ApApAbA and UpUpUpU. The total concentration of mononucleo-
side residues was between Siand 10 mM in each caée. The
solutions were buffered at pH 7 and contained elther O.5,M.
NaCl or 0.01 M MgCl,. The ORD of the solutions was measured
at 1°C and compared with the average ORD of the oligomers
measured Separately under the same conditions. A significant
differehce between the two curves was taken as evidence
”thét”specific'intermolecﬁlar associationAoccurs in the mixture.
The experiment was also done at 26?C in several instances.
The results are summafized in Tablé 4, Aisq included is
Whether any evidence was found for the self-aggregation-of

each oligomer.
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Table 4

Association of Oligoribonucleotidesa at pH 7 -

0.5 M NaCl 0.01 M MgCl

2
_ 1°C - 28°C 1°C ' 26°C
ApCpU o No - - No -
ApGpU No - No -
ApCpU + ApGpU - No - No -
ApGpC | | - - Yes " Yes
GpCpU _ - - No No
ApGpC + GpCpU - - Slight No
GpGpC - Yes h Yes  Yes Yes
GpCpC - - No " No - No No
GpGpC + GpCpC Yes  Yes Yes = Yes'
"GpGpCp Yes " Yes - -
GpGpCp + GpCpC . Yes . Slight Slight -
 “~ApApApA - . No No = No ‘No
- UpUpUpU No No No - No
ApApApA + UpUpUpU - No  No . No No

S a. ‘Total concentration of res1dues between 5 and 10 mM
Yes and No indicate whether any.optical rotation
evidence for aggregation was found. (-) indicates
the ORD of the. olicomer(s) under these condltions_
.was not measured. '
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Specific interaction between GpGpC and GpCpC was
observed. There was no evidence of specific interaction
- between any of the other pairs of complementary’oligomers.
However, there were indicetions of self-aggregation in
_ sblutions containing GpGpC, GpGpCp, and ApGpC.
' The evidence for these quelitative conclusions Will
be reviewed in greater detail in the following paragraphs.
We will then return to the interaction between GpGpC and

GpCpC and investigate the nature of the complex.

a. ApCpU + ApGpU

2
are compared in Figures 35 and 36, respectively, with their

The ORD of ApCpU and ApGpU in the MgCl, buffer at 2°C
nearest-neighbor calculated ORD. The calculated curves
should eorreSpond'to the ORD of the unaggregated oligomer

at 2°C; In'both cases, the experimeﬁtel curve-is in close
agreement with the semi-empirical calculation. We infer from
‘thié“there is no self-aggregation of either trimer under
these conditionsf The same experimental curves are ebtained
at 2°C in the NaCl buffer. The QRD curves in Figures 35 and
36 egree”qualitatively'with previous meeSurements of the

ORD of ApCpU>° and ApGpU>'

at room temperature in more dilute
solutions. The magnitude of the rotation is greater for our
curVes, howeVer. -This presumably reflects the temperature
dependence of the ORD of stacked bases. Our'measurements
agree as well with the nearest-neighbor calculations for

2°C as the room temperature measurements agree with the

nearest-neighbor calculations for 25°C.
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Figure 35. ORD of ApCpU.

— Experiment, 0.01 M MgCl,, 0.1 ionic streagth
sodium phosphate buffer, pH 7.0, 2°C, 6.7 x
10 ° M mononucleosides. ' .

Nearest-neighbor calculated ORD of unaggregated
ApCpU at 2°C.
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Figure 36. ORD of ApGpU. | |
' ——— Experiment, 0.0l M'Mg01é,'01l ionic strength sodium phos-

phate buffer, pH 7.0, 2°C, 6.7 x 10"3
_-- Nearest-neighbor calculated ORD of unaggregated ApGpU at 2°C.

M mononucleosides.

$GT



154

- There 1s also no indicafion of any Cross interaction'
in 1:1 mixtures of ApCpU and ApGpU at 2°C in either the
NaCl or MgCl2 bﬁffer; The ORD of the mixture is identical,
within the experimehtél uhcertainty, to the average of each
 trimer measured separatelj.' Thé'expefimental'cuPVe of the
mixture in the MgClé buffer'ahd thét expected for no inter-
actiOh under these.COnditions’are:shown in Figure 37. Also’
- - shown is an estimated curve for'thé»ORD of the 100% 1:1
complex. The perturbation of thevbase pairs dn the ORD of
the unaggregated trimers was dpproXimated with the A-U and
G-C difference curveé calculéted by Cénﬁor.36' As indicated
in Part i, thése difference Curvesiare only rough estimates
of the effect of A-U and G-C base palrs. Thus, the calculated
.ORD of the complex is only a rough estimate. It does give
us an idea, hoWever, of the magnitﬁdé of the change Qe expect

upon complex formation.

b. ApGpC + GpCpU

| Some aggreggtion probably occurs in equimolar mixtures
of ApGpC and GpCpU at'ZfC in the presence of magnesium iéns.
; The crossb&er in the ORD of the mixture oceurs 2 ml to the
3 blue of the crossover that 1s expected for no interaction.
The two ORD curves areAshown 1n‘Figufe 38. This does not
happen at 26?0 as.seen in Figure 39. Although the difference
‘between the calculated and experimental curves at 2°C is .
small, it is significant and in‘fhe expected direction. It

ié too small to be useful for further studies, however.
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- Flgure 37. ORD of a 1:1 mixture of ApCpU and ApGpU.

—— Experiment, 0.01 M MgClo, 0.1 ionic strength sodium phosphate buffer,
pH 7.0, 2°C, 7.3 x. 10-3 M mononucleosldes.

‘o AVerage‘of_ORDscﬁ‘ApCpU and ApGpU measured separately under the same conditions.
--- Estimated ORD of 100% 1:1 complex.

GST
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Figure 38. ORD of a 1:1 mixture of ApGpC and GpCpU at 2°C.
———— Experiment, O.‘Ol M MgC_lz, 0.1 ionic Strength.
sodium phosphate buffer, pH 7.0, 2°C, 9.4 x
107> M mononuclesides. ' )
«++ Average of ORDs of ApGpC and GpCpU measured
" separately under the same conditions.
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‘VFigure 39. ORD of a 1l:1 mixture of ApGpC and GpCpU at 26 C.

—_— Experiment,, 0.01 M MgCls, 0.1 ionic strength sodium phos-
9.4 x 10~3 M mononucleosides.

phate buffer, pH 7.0, 26°C,

++ Average of ORDs of ApGpC and GpCpU measured separately under

the same conditions.
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The situation 1is further compllcated'by the self-
aggregation of ApGpC under these conditions. The_ORD of
ApGpC in the MgCl, buffer at-+O.8°Qvand 26;6fc is.COmpared
in Figure 40 with the ORD of a more-dilute solution of |
ApGpCps7 '
dilute solution is a factor of lOO smaller than that of the

at 26°C. The concentration of residues ln the

' concentrated-solutlon,l The peaks, troughs,_and crossovers
of the three curves‘occur at nearly the‘same'wavelengthsp
However, the magnitudes'of rotation-at‘the peak and trough
for the'concentratiOn'solution'are much larger than that

of the dilute solution..'The'presence of a 3'-terminal phos-
phate is not expected to affect the ORD of‘single—strand
oligohers. In fact the ORD of ApGpCp is s1milar to the

37_ Therefore, the

nearest- nelghbor calculated ORD of ApGpC.
ORD of ApGpCp is a falr measure of the ORD of unaggregated
nApGpC - The concentrated and dilute solutions also dlffer in~
that the concentrated solution contains MgCl2 ) The presence.
of this salt should not affect the ORD of unaggregated ollg—'
omers. Therefore, the larger magnltudes of rotation for™
concentrated solutions of ApGpC comparedsto dilute solutions_”;
of'AoGpCp must be because of selfeaggregation.: ' _A |
”In_contrast_to the caselfor ApGpC, there.is apparently",
n0'self-aggregation in solutions of GpCpUjunder'Similar -
conditions. The experimental ;and nearest—nei_ghbor calcu.lated‘.

ORD of GpCpU'for_our conditions are compared in Figure 41.

There 1s good agreement.
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Figure 40. ORD of ApGpC and ApGpCp.

' Experimental ORD of APGpC.

-+ Experimental ORD of ApGpCp.
for ionic strength.)

(r/2 is a symbol:
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Figure 41. ORD of GpCpU.

—  Experiment, 0.01 M MgClp, 0.1 ionic strength sodium phos-
phate buffer, pH 7.0,
Nearest-neighbor calculated ORD of unaggregated GpCpU

at 1°C.

0-8°C, 1.11 x 10-2 M mononucleosides.

091



161
The extent of specific association in solutions con-
~ taining both ApGpC and GpCpU may not be accurately reflected
in the differencé between the experimental and calculated
ORD of the mixture. The difference will be small 1f the ORD
~of the 1:1 complex is similar to thé'ORD of the ApGpC aggregate.
Furthermore, the concentration dflApGpC in the mixture is
one-half the concentration in the‘solutions used to measure .
its ORD. Thus, there may be iess aggregation of ApGpC in

the mixture.

c. GpGpC + GpCpC ’

A complex between GpGpC and GpcpC is formed in either
the NaCl or MgCl, buffer at 1°C. The ORD of a 1:1 mixture
is compared in Figure 42 with the average ORD of the two
oligbmers'measured separatély'in the same bﬁffer. A second
long‘wavelength peak occurs for the mixture and the cross-
over 1is blue—shifted 3 mi. A similar but smaller difference
between experiment and calculation is obtained.atv26°c in
each buffer. | | - ‘

The complex between GpGpC and GpCpC fbrms despite the
seif—aggregétion of GpGpC. ORD curves'fof dilute.and concen-
‘frated solutioﬁs of GpGpC‘alohe'ére shown in Figure 43. The |
magnitude of the rotation at the peak and trough»is gregter
for’fhe more concentrated solution.' This is clearly indicative
of some sort ofvaSSOCiaﬁion of GpGpC with itself. The
aggregation also has:a hypochromic effect onvthe-absorption

spectrum of GpGpC. The extinction coefficient at 260 mu
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Figure 42. ORD of a 1:1 mixture of GpGpC and GpCpC.

—_— Expefiment, 0.5 M NaC1l, 6.2 ionic strength sodium

phosphate buffer, pH 7.0, 1°C, 8.1 x-l_o"-3 M
mononucleosides. '

Average of ORDs of GpGpC and GpCpC measured Sep-
arately under the same conditions. )
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'Flgure 43. ORD of GpGpC aggregate.
—— 4.49 x107° M mononucleosides, 0.5 M NaCl, 0.2
1onic strength sodium phosphate buffer, pH 7. O,
- 1°C.
--~ 1.00 x 10~ -2 M mononucleosldes, 0.5 M NaCl, 0.2

1onic strength sodlum phosphate buffer, pH T. O
1°c.

ORD of GpGpCp, 7.1l x 10 -5 M mononucleosides,
0.5 M NaCl, 0.2 ionic strength sodium phosphate
buffer, pH 7.0, 1°C.
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increases from 7950 to. 9200 at 1°C in the MgCl, buffer as

the concentration is decreased from 10_2 M to 10—4 M.
Equilibrium in concentrated GpGpC solutions is reached

in an hour.after the témperatﬁre is changed by as much as

' 25°, This association and disassociation is faster than

156,157

found for G oligomers by Lipsett and for GpGpGpU

158 in this laboratory.

and GpGpU Ey Dr. S. Podder
The ORD of GpCpC under our conditions does not agree
as well with the nearest-neighbor calculated curve as other
trimers. The two curves for 2?C are shown in Figure 44.
However, the experimentai curve in either buffer at lfC or
26°C is not concentration dependent bc_e’(’:v\zéen’lo_2 M and 10°% M
tétal residue concentration. The absorptién spectrum alsé
does not depend on‘concentration in this'rangé. We conclude,
therefore, there is no self—aggregation of GpCéC under

conditions where specific interaction is observed between

GpGpC and GpCpC.

d. ApApipA + UpUpUpU

There ié no evidence that a combiex-forms between ApApApA
‘and UpUpUpU in either buffer at lfC'or 26?0. For all four
cases, the ORD of a 1l:1 mixture is identical to the average‘
of each measured separétely. An example is shown in Figure

45.

Poly U is known to aggregate below a°c, 159 The ORD of

103

this complex, as measured by Sarkar and Yang, is shown in

Figure 4¢6. The ORD of UpUpUpU that we obtained under similar
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Figure 44. ORD of GpCpC.

—— Experiment, 0.01 M MgClz, 0.1 1onic.s£rength
sodium phosphate buffer, pH 7.0, 2°C, 1.23 x
1072 mononucleosides.

--- Nearest-neighbor calculated ORD of unaggregated’
GpCpC at 2°C.
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Figure 45, ORD of a 1:1 mixture of ApApApA and UpUpUpU.

—— Experiment, 0.01 M MgCl 0.1 ionlc strength sodium phosphate
buffer, pH 7.0, 1°C, Z x 10~3 M mononucleosides.

Average of ORDs QprApApA and UpUpUpU measured separately under
the same conditilons.

99T
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Flgure 46. ORD of UpUpUpU..

— Experiment; 0.01 M Mngz} 0.1 lonic strength
phosphate buffer, pH 7.0, 1°C, 8.5 x 107° M

mononucleosides.

*++ Nearest-neighbor calculated ORD of unaggregated
UpUpUpU at 1°C.

--- ORD of poly U aggregate:(Reference 103).
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conditions oZ tehperature and ionic strength but at a
100-fold higher residue concehtration is also shown. The
magnitude of the rotation of the poly‘U complex is much
larger. 1In fact, the ORD of UpUpUpU is almost identical to
_1its nearest-naighbbr calculated ORD, which is also shown in
Figure 46,

The ORD of ApApApA also agrees- very well with the nearést-
heighbor caléulation; The measurement in the preéence of
the NaCl buffer at room temperature is shown in Figure 47
along with the curve calculated from the dimers.

These are the first cases where the ORD of tetramers
have been compared with their-neérest—neighbor calculated
ORD. The agreement is as good as reported for trimers.

The agreement with calculation is much'bettér for ApApApA

than for poly A.°°

160 have obtained infrared evidence for a

Miles et al.
complex petween UpUpUpU and ApApApA and betweeanpUpU and
ApApA. The stbichiometry in both cases 1s 2U:1A. Thelr
experiments were dohe at a 10-fold higher céncentration df
.mononucleosides than wevuséd. They also used a higher con-
centration of MgClz. _Theée differences presumably account

for our inability to detect a complex between UpUpUpU and
ApApApA.

2. The Nature of the Complex Between GpGpC and GpCpC

a. Stoichiometry

The stoichiometry of the complex between GpGpC and
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'Figure 47. ORD of ApApApA. | |
— Experiment, 0.5 M NaCl, 0.2 1onic strength
sodium phosphate buffer, pH 7.0, 26°C,
6.6 x 10-3 M mononucleosides.

~ --- Nearest-neighbor calculated ORD of unaggregated
ApApApA at 26°C.
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GpCpC was determined by the continuous variation method of

Job.161’162

We measured the ORD of mixtures at 1°C con-
taining equal total concentration of nucleoside by varying
ratios of GpGpC and GpCpC. Molar rotations for two wave- |
 lengths are plotted as a function of mole fraction of GpGpC
for each buffer in Flgures 48 and 49. Separate lines are
drawn through poinﬁs for solutions containing.an excess of
.éach of the components. For each wavelength and both buffers,
the two lines intersect near 66% mole fraction GpGpC. Similar
results are obtained at other wavelengths. Takihg into
account the uncertainty of the data, we.can*Say that thé»’
compiex contains 66% t 5% GpGpC. This indicates that the
complex probadbly contains 2 moles of GpGpC for every mole of
GpCpC. It does not necessarily{indicate, hOwever, that

the cbmplex contains only three trimers.

The lines in Figures 48 and 49 intersect at points that
should correSéond to the rotation of thé pure cqmpiex at
‘that wavelength. The actual rotation of a solution containing
a 2:1 ratio of GpGpC to GpCpC is different. ‘This means thét
the fraction of_ﬁrimers invthe 2:1 complex is less than. one.
The difference between the rotatioﬁ at the intercept and
‘the experimental rotation can be used to determine ‘the
percent complex formation. Thé scatter invthé data is such-
that it cannot be determined accurately. We estimate tﬂat

75% * 20% of the trimers are in the 2:1 complex for either

puffer at 1°C.
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Figure 48. Contlnuous variation experiment for

mlixtures of GpGpC and GpCpC in the Mg012 buffer.
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'Figure 49. Continuous variation experiment for

mixtures of GpGpC and GpCpC 1n the NaCl buffer.
The concentration or mononucleosides was 8.9 x

-3

10 M for each mixture.
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b. Molecular Weight

The number of trimers in the complex of GpGpC and
GpCpC can be determined from its molecular weight. The
welght-average and z-average molecular weighés of the
species present in a 2:1 mixture of GpGpC and GpCpC in both
the NaCl and MgCl, bufférsvat’2°c have been determined by
equilibrium sedimentation. The same molecular welght
averages have been determined for the GpGpC aggregate in
both buffers and fop GpCpC ih'the NéCl buffer. The resulté
are given ianable S.

A plot of (l/r)(dhc/dr) versus (nr-na) is shown in
Figure 50 fér a 2:1 mixture of GpGpC and GpCpC. The plot has
a constant slope except near the bottom 6f the cell. The
same was true for each of the other solutionﬁ. Some of the
bcurvéture at the bottom of the cell 1is ﬁrobably_because of
the concentration dependence of the aggregation.. Even for
a homogehedus solution we expect some curVaﬁure, however,
because concentration terms_have'been.neglected in writing |
 down Eq. (14).- We do not know the rélative‘importance of
thése_twb contributions to thevcurvature.' Furthermore, points
near the bottom of* the cell cannot be determined accurately,
Therefore, we have neglected the curvature introduced by
these points.'.We have calculated the z-average molecular
weight of the solution from the constant slope. The z-average

molecular weights for the species in the other solutions

have been determined similarly. By not using the slope
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5.0 ~ , T

GpGpC‘+ GpCpC
(2:1)

[(17r)dng/en] x.102

.o~ o -1

L 1
1.0 2.0 3.0

(np-ng) X 102

Figgfe 50. Equilibrium sedimentation of 2:1 mixture of

.GpGpC and GpCpC, 0.01 M MgCl,, 0.1 ionic strength -
sodium phosphate buffer, pH %.O, 2°Cc, 0.85 x 10-¢
M mononuclsosides. A z-average molecular welght,
16,700, was calculated from Eq. (14) and the slope
of the line drawn tangent to the curve.



Table 5

: Mblecular" we1ghtsa by Sedimentatlon Equilibrium..

0.5 M NaCl | 0.01 M MgCl,

Sum of _._ .0.2 Tonlc Strength . 0.1 Ionic Strength
Atomic Phosphate Buffer, pH 7.0 Phosphate Buffer, pH 7.0
Weights ' . .
- Bulk Resldue ' Bulk Resldue
Concentration Mz Mw » Concentration Mz _ Mw

GpCpC

GpGpC

GpGpC+GpCpC(2:1) -

2

891  0.96x10"° M 2,400 1,200 - - -

931  1.27x107% M 14,200 10,200 0.93x10°2 M 40,000 15,000

2753 1.09x10°2 M 9,500 6,500 0.85x10°2 M 16,700 8,700

a. The estimated

uncertalnty is 15%.

SLT
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of the line connecting fhe boints for the bottom of the
cell and the meniscus we are probably underestimatiﬁg the
z—avérage-molecular weight. _

The zTaverage and weight-average molecular welghts
of unaggregated GpCpC should be 891. For the pure GpCpC
‘solution, they are close to this. Some aggregation does
océur, however. Neithér the abéorption spectrum nor the ORD
sﬁowed ahy evidehce of aggregation. Thus, thé aggregation
is probably nonSpeéific.- |

Solutions of GpGpC in the two buffers are optically
quite similar. Magnesium lons more effectively stabilize
the aggregation, however, aé seen by the higher molecﬁlar
weights in the MgClé'buffer; The z-average molecular weighf

is 40,000 for the MgCl, buffer and 14,200 for the NaCl buffer.

2
The molecular weight of the trimer 1s 931, so there are
aggregates of more than 40 trimers in'the'solution containing
magnesium ions. | |

The molecular'weights of the aggrégates iﬂ the solutions
containing 2:1 mixtures of GpGpC and GpCpC are less fhan :
those for_the>pure GpGpC sblutiohs. They are greater than"__
. 2750, however, which'is the molecular weighf of a.complexJ_
containing'2 molecules of GpGpC and 1 molecule of GpCpC.
This is not surprising since the continuous variatioﬁ experi;
ments‘indidated that the fraction of trimers in the 2:1

complex is less than 1.. The species present in these solu-

tions include a 2:1 complex between GpGpC and GpCpC, GpGpC
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aggregate, and GpCpC aggregaté. The molecular weight of

the mixture is the average.of—these different species.

| From the known welight-average molecular weight of

.GpCpC, GpGpC,.and the_mixture of ail three species, we can

calculate the‘molecular welght of the 2:1 complex. We shall

use the weight-averagé molecuiar welghts in Table 5. The

v weight-average moleéular weight'of‘GpCpC was only determined

for thé NaCl buffer. There 1is néloptical evidence fof more

aggregation in the MgClz; SO’ we shéll assume the same weight-

-average molecular weiéht for this buffer. - |
The weigﬁt fraction, wf(A), of a particular species,

A, can be calculated from the mole fraction, f(A), of trimer

~1in that species.
We(a) = £(a) 3¢

Thé molecular weighf_of A per tfiméris MA;:and;ﬁhe avefage
_ molecular weight of a trimer in the solution is M. The
molecuiar welght of the avéragevtrimer in s¢1ﬁtionaand.iﬁ:
v' the_2:l-¢dmp1eX'is 918.  The fractiqn.of"mbleCuléé-in.the

 “2;l:complex‘wéé éstimatea'from fﬁé'éontihﬁous yariation
expefimént to be_0,75;"Thevweight'fractibns of ﬁhe.z:l
complex, GpGpC and GpCpC are 0.75, 0.17, and 0.08,
respectively. - | R .

.. The mblecular Weight of the 2:1 complex hés been calcu-

lated with these values of the'Weight fractions for both

buffers. The results are shown in Table 6. From these
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moleéular weights andvthe molecular'weight of the average
trimer in the 2:1 complex, 918, we can calculate the ﬁumber_
of tfimers in the complex. These numbers are also given in
Table 6. There are more than threé trimefs per complex in
eithér buffer. The numbers are not a multiple of three,
however. Thefefore, the complex is'not évdiscreteventity.

The calcUlationswhaﬁe also been done for other values
of f. Fof the N—Cl buffer, the number of trimers in the
chplex varies from 5.4 to 7.1 for f between 0.33 and 0.95.
For the MgCl2 buffer, the number of trimers in the complex
varies from 5.6 to 9.4 for the same range of f. This range
of f 1s greater than the uncertainty in the determination of
f. Thus, there does not seem to be any doubt that the complex
contains MOre than two molegcules of GpGpC and one molecule of
GpCpC. | | |

The number of trimers in thé complex‘as'calculated above
is acually a lowefvlimit. ‘The’weight—average mélecqlar
weight of.the GpGpC aggrégate will be lower in the mixture
. than in the pure GpGpC solution because of the dilution ef
molecules capable of aggregating. We have calculated the
molecular welght of the 2:1 complex ‘taking this d}ilut.ion into
account through the use of an approximate equilibrium constant
for the self-aggregation of GpGpC. The determination of thé'
equilibrium constant ﬁill be deseribed in the Discussion. As
expected, the moleculér weight of the complex 1is greater than
when the dilutioh}is not considered. The reéults are giveh

in Table 6. ' ' ,



Table 6

' MOlecular4Weight of the-ComplexAZGpGpC:leCpC

0.5 M NaCl, 0.1 M Pof

0.01 M MgCl,, 0.05 M Pof

Fraction of _ PH 7.0 PH 7.0

oligomers o n n
in complex Molecular (number of Molecular (number of
(r) wgé%hieif trimers in wgishieif trimers in
mp _ complex) . p complex) .

3/4 6200 6.8 8100 8.8

3/4% " 7100 7.7 -- -

0.33-0.95.  500-6500 5.4-7.1 5100-8700 5.6-9.4

a. Taking dilution of GpGpC into account (see text).

6.1
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c. Temperature Dependence

| The extent of aggregation 'in solutions ovapGpCudecreases
with increasing temperature. The ORD of GpGpC corresponds
to that found in dilute solutions only above 40°C. The
rotation of GpGpC in the NaCl buffer 1is plotted in Figure 51
as a function of temperature for 250, 275, and 292 myL.

In contrast to these results, the ORD of GpCpC is inseh—'
sitive to changes in temperature. Moiar rotation at'275, 292,
and 265 m is plotted in Figure 52 as a function of temperature.
The curvature at low temperatures may reflect the small amount
of aggregation that was observed in the sedimentation equilie
brium experiments, | . |

The molar rotation at 275 my of the 2:1 complex in the
NaCl buffer is shown in Figure 53 as a function of‘temperature;
Also showu is the temperature dependence of the. appropriate
average of the molar rotation of GpGpC and GpCpC measured
separately in the same buffer.‘ The complex is completely
"melted-out" above® 40°C. Similar curves are obtained at 270 my.
“There 1is no.evidence of a biphasic transitioh in the 2:1
mixture of GpGpC and GpCpC at either 275 or 270 mk. Taking
0.75 as a fraction of complex formation and assuming the
rotation of the 100% complex is independent of temperature,
thevTm of the complex determined from Flgure 53 is 13°C.

The temperature-induced disassociation of the 2:1 complex
appearstto be more biphasic in the MgCl2 buffer. The molar
rotation of a 2:1 mixture at 292 mp and 275 my is shown in

Figure 54 as a function of temperature. The sedimentation
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Figure 52.  Molar rotation of GpCpC, 1. 04 x 10'2 M monbnucieosides, at 265,
275, and 292 my as a function of temperature, 0.5 M NaCl, 0.2 ionic
strength sodium phosphate buff‘er, pH 7.0,
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T ' T LD !
1.6f ° | )
Experimentoal
1.4} - 7
GpGpC + GpCpC 2:1
1ok : 0.5 M NaoCt -
< - 0.2 I'/2 Phosphate,
pH 7 N
. 1.0 = ) i A® 275 mp
o
P 0.8 ‘ 7
2 .
0.6 No Interaction 7
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1 1 { . L
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Figure 53. Molar rotation of 2:1 mixture of GpGpC -
and GpCbC, 1.14 x 1072 M, at 275 mp as function
of température and (2:1) average molar rotation
at 275 mu of GpGpC and GpCpC measured separately
:as a fundﬁion of temperature uhder'the'samé |
‘conditions. '
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. Figure 54. Molar rotation of 2:1 mixture of GpGpC
and GpCpC, 8.2 x 1073 M mononucleosides, at 275
and 292 my as a function of temperature. ’
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equilibrium experiments indicated that the molecular weight
of the 2:1 complex is greater in the MgCl2 buffer. = The Tm
of the complex also seems to be higher in this buffer than

in the NaCl suffer.

d. pH Dependence.

The rotztion of GpGpC, GpCpC, and the 2:1 mixture in
the NaCl buffer at 1°C have been followed as a function of
pH between 5.8 and 8.0. The results for GpCpC and the 2:1
mixture are shown in Figures 55 and 56. For all three, no
change occurs between 7.0 and 8.0. Below 7.0, the rotation of
the 2:1 mixture at 275 and 270 mp decreases. The ORD curves
“of GpGpC and especially_GpCpC-are sensitive ﬁo pH changes 1in
this region. The change in the'calculated ORD for no intér—
'actibn, also shown in Figure 56, partially parallels the
Chahges for the 2:1 complex. However, the fraction of trimers
in the complex decreaées from 0.75 aﬁ pH 7.0 to 0.31 at pH
5.8. |

" The cytosine residues are probably titrating in this-

115

 pH region. The pKa of Cp is 4.2. This pK, 1s shifted up

to 5.7 in poly C because of the stable double-strand helix

112 A

that forms when one-half the residues are protdnated.
similar phenomenon might occur for GpCpC. However, there 1s
no indication that a complex 1is forméd between pH 5.8 and
8.0. The fraction of Cp protonated at pH 5.8 is only 5%.
The fraction vrotonated in GpCpC soiutions appears to be

greater. The pKa of C in GpCpC 1is apparently inﬁermediate

between that fof Cp and poly C. The important observation
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Flgure 55. Molar rotation of GpCpC, 1.03 x 10~
1°c, at 270 and 292 mp as a function of pH.
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Figure 56._ Molar rotation of 2:1 mixture of GpGpC and GpCpC, (—), 1.08 x
lQ‘z M mononucleosides, 1°C, 0.5 M NaCl, 0.2 ionic strength sodium
phosphate buffer, at 275 my as a function of pH and the 2:1) average
molar rotation at 275 my of GpGpC and GpCpC measured separately, (---
as a function of pH under the same conditions.
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from the pH studies is that the 2:1 complex is destabilized

by decreasling the pH.

e. JTonic Strength Dependence

The ORD of a 2:l.mixture of GpGpC and GpCpC has been

' ﬁeasured at 1°C in a buffer that contains only a 0.1 M phos-
phate buffer, pH 7.0, and no additional salt. As measured
by the magnitude of the rotation at the peak, the aggrega-
tion of GpGpC 1is less in this buffer than in a solﬁtion'

containing 0.5 M NaCl or 0.01 M MgCl The fraction of

o-
trimers in the GpGpC:GpCpC complex is also less than for a
solution that contains salt. However, the position of the
- peaks, troughs, and crossover in the ORD curve is the.same.
Thus, we infer that the 2:1 complex is present at this lower

ionic strength, but the fraction of oligomer in the complex

is less.

f. .  Effect of Substituting GpGpCp for GpGpC

The presence of a 3' phosphate:on GpGpC decreases the
fraction of trimers in the 2:1 complex to less than one-half
of what it is with'thebdephosphorylated compound. The ORD
| of a éﬁl mixtufe of GpGpCp and GpCpC is compared in Figﬁre
57 with the calculated curve fof no interaction. The shoulder
at3275 my for the mixture'implies that some complex is
present. The fractioh of trimers in the complex 1s 30% if
the same rotation for the 100% comrplex applies here. Thef

complex might contain a 1:1 ratio of GpGpCp to GpCpC, however.
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Figure 57.  ORD of 2:1 mixture of GpGpCp and GpCpC.

—— Experliment, 0.5 M NaCl, 0.2 loniec strength sodium-
' phosphate buffer, pH 7.0, 1°C, 7.5 x 107° M
mononucleosides. _ : '
*+* Average of ORDs of GpGpCp and GpCpC measured
~ separately under the same conditions.
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Unfortunately the difference between the two curves at any
wavelengths in Figure 57 is too small to be useful in a
mixing experiment.

The rotation of GpGpCp ié slightly less than GpGpC.
' An ORD curve for GpGpCp in fhe NaCl buffer 1is included on
Figure ¢3 (page 163). The mononucleoside concentration of
the GpGpCp solﬁtion is less than the more concedtrated
GpGpC solution whose ORD is shown in the figure. The ORD
of GpGpC for the conditions shown, however, is essentially
invariant down to the nucleoside concentration used in the
GpGpCp solution.flThe magnitude'of the rotation of GpGpC in
the absence of added sélt is still smaller than for GpGpCp

in the presence of 0.5 M NaCl.

g. ORD of the 2:1 Complex

We might examine the ORD of the 2:1 complex between
GpGpC and GpCpC to see if it could reveal the nature of the
aggregation. If 75% of the trimers are in the 2:1 complex

than the measured rotation [¢]M'is:

(o] = 3/4 [o], + 1/4 [¢] | | | (15)
The molaf rotation of the complex 1s [¢]C,and the rotation
of the tfimers not in the complex is t¢]. The rotation of
the 2:1 mixture calculated for no intéraction will be.

equivalent to [¢]. As in Part I, let us say the rotation
'of the complekrisrthe sum of the rotation of the single |

strands, [¢]S, and a perturbation, P.



191

The rotation of the single strands 1s the average ORD of
dilute solutions of GpGpC and GpCpC. Solving the original

equation for the perturbation we have:
P=4/3 [o], - 1/3 [¢] - [e]g (17)

The perturbation calculated_from the ORD of the various sub-
stances at 2°C is plotted in Figure 58 along with the change
in the ORD when poly G and poly C form a 1:1 complex.>® The
two curves are qualitatively similar. This indicates there

are G-C base pairs stacked on top of each other in the 2:1

complex as in the poly G:poly C structure.

Discussion

Several’ pairs of antiparellel complementary oligomers
“have been mixed under conditiOns fauorable for intermolecular
'vassociation Interaction between GpGpC and GpCpC has been
observed at pH 7 1in the presence of 0.5 M NaCl or 0.01 M |
ngClz-between 1° C and  50°C. The total concentration of
residues was 0.01 M.. Other pairs of complementary ollgomers

“were mlxed under similar conditions but no- interaction was
‘ifobserved These included ApCpU and»ApGpU,‘ApGpC ‘and GpCpU,
and ApApApA and UpUpUpU Selféeggregation has been observed
with GpGpC and ApGpC

We shall first discuss the nature of the complexes -that

have been observed. Then we shall consider whet the results
reveal about the structure of tRNA and the specificity of

the interaction of tRNA with the mRNA-ribosome complex.
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Figgre 58.

—— Perturbation of assoclation of~GpGpC'and.GpCpC
into a 2:17éomplex on the ORD of the unaggregated
‘trimers. ' V ' '

+++ Change of ORD upon formation of a 1:1 helix by
"poly C and poly G (see Reference 36). '
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1. The Complex of GpGpC and GprC

The structure of the'complex between GpGpC and GpCpC
1s not known. The following experimental observations
should be kept in mindlin considering possible structures:
(1) The ratio of GpGpC to GpCpC.in the compléx is approxi-
mately 2:1. (2) There are more than three trimers per
complex. (3). The complex becomes less stable in the absencé
of salt, at pH's less ﬁhén 7, and if GpGpC carries.a 3! -
terminal phosphate.

The nature of tﬁe complex may be similar to the

72,106,156

2-G:1-C aggregate that forms between G oligomers

and poly C. In which caSe; the complex might consist of
GpGpC and GpCpC hydrogen-bonded to each other as they are

94,95 The second GpGpC

in the RNA double-strand helix.
molecule could be parallel to the first GpGpC molecule.and
bonded to it by hydrOgen bonds between the guanine bases.

This poSsible 2:1Acomplex is shown as Structure I in Figure
59.
o There would be two Gy:C baseftripleﬁé of the type

. proposed by Lipsett156

for the 2;1 complex of G oligomers
and poly C. It is not obvious how the C residue of the
‘second GpGpC molecule would fit into such a compiex. of -
course,'it may be excess baggage. The observation thereg are
moré‘than th:ee'tfimers per complex can be understood if the

triple strand complexes aggregate end-to-end. This is

reasonable since they have large hydrophobic areas on either

end.



" GpGpC
-1
GpGpC

N
CpCpG

e —t——

I

Gp Gp C

W
CpGpG

Figure 59. Possible base-pairing pattern in:

A enmem——

CpGpG
b

GpGpC

wuan
CpCpG

s mter—

- 10

~ApGpC

i

- CpGpA

- 194

I and II,

2:1 complex of GpGpC and GpCpC; III, GpGpC aggre-
gate, Iv, ApGpC aggregate. : '
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A second possiblé structure woﬁld have the second
GpGpC molecule anti-parallel to the first GpGpC molecule.
The G-G base pairs could bond thesg'trimers together. This
base palring arrangement 1s shown in Figure 59 as Structure
II. It.could also aggregate end-to-end.

All of the experimental observations can be explained
by the structures that héve Just been outlined. There are
probably other structures that are consistent with the
experiments, however; 

In particular, the conformation about the glycosidic
bonds for all of the residues in the above structures ié
anti.  This is the conformation in most crysfal étructures.
The éonformation is syn for deoxyguanosine in'afcfystailing

163

complex with S5-bromodeoxycytidine, however. There are

164,165

other examples where the conformation is syn. Recent

calculations by Haschemeyer and Rich164

and by Davis.and

Tinoco60 indicate there may only Be a small enérgy difference
between the syn and anti-conformations of guanosine. There-
fore;_sﬁructures of the complex might be conéidered in which

‘ail or some of the G residues have a-syn confdrmation.

 2. The GpGpC-Aggregate

The nature of the selffassociation produét: of GpGpC )

157 106

‘1s quite obscure. Oligomers and.poiymérs v .

rich in G residues are known to readily aggregate. Poly G

forms multistranded complexes that can only be disassociated

106 Guanylié acld forms

166,167

with the most extreme conditions.

gels at sufficiently high concentration. X-ray studies
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of these gels indicate that the 5'—nucleot1de forms a super
helix with 3.75 bases per helix turn. The 3'-nucleotides

167 Each layer contains 4

form stacks of planar structures.
guanylic acid residues hydrogen bonded to each other.

The GpGpC aggregate probably involves some vertical
Steckingvas well as intermolecular hydroéen bonding. If the
aggregate is only vertioel stacks of trimer molecules we
might ekpect them to have the same.conformation as they would
in a single;strand poiynucleotide of alternating triplet
sequence. We have calculated the ORD of thevinfinite polymer
(GpGpCp)n'from the experimental ORD of GpGpC at 1°C in dilute
nuoleoside solutions and the ORD of CpG at 1°C. 'This is a
possible model for the structure of the end-to-end aggregate
of GpGpC. The result is compared in Figure 60 with the -
experimentalVORD of the GpGoC aggregate; The:peak and trough
of the calculated curve oocuf about 20 my to the red of those
vfor.the aggregate. In general, we'oan say that the ORD of |
'the GpGpC aggregate does_not»resembie at all what would be
expected if the aggregate were onlylvertioal.stacks of GpGpC
molecules. | _ |

It is more likely that the agvregate involves some
hydrogen bonds between G re51dues and between G and C res1dues.

104

The ORD of poly (G:C)130 and the ORD of poly G "are also

shown 1in Figure 60. Poly G 1s:aggregated under the conditions
used for the measurement.los Either of these curves is’

qualitatively a better approximation of the ORD of GpGpC
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Figure 60. ORD of GpGpC, 1.0 x'lo_va mononuc leosides,

poly G (Reference 104), Poly (G:C)'(Reference 130),
and nearest-nsighbor calculated ORD of poly (GpGpCp).
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aggregate than the ORD of sihgle-strand stacks. Thus, we
feel the aggregation in cbncentrated solutions of GpGpC
involves hydrogen-bonded base pairs.

A possible hydrogen-bonding scheme for the GpGpC agoregate
is Structure III in Figure 59. The two GpGpC molecules are
anti-parallel and translated one residue so that two Watson-
Crick G-C base pairs éan form. A similar étructure-can bé
eh&isioned for thé ApGpC aggregate.. This is Structure IV
in Figure 59. End-to-end aggregation of these structures
might be stabilized by G-G and A-A base pairs. Additional
stacking interactions WOuld also aid end-to-end aggregatiqn.

A stfucture like III or IV in Figure 59 can be drawn
for any trimer containing the sequence (GpC) or (CpG).

We did not observe any aggregatidn'for GpCpU and only a small
amount for'GpCpC, howeVer. The additional stacking inter-
action hay not be great enough for these trimers, or the
non-Watson-Crick base pairs may not be.able_to form.

The aggreggtioﬁ of GpGpC may belenvisioned to occur by

the following steps:

Xz
ks
M, + My == Ny | o (18)

k o
+ Mn e M :
For the purpose of calculating an overall equilibrium constant
K we assume Ky = K_ = K. Furthermore, we assume the aggre-

n

gation is similar to the polymerization of bifunctional
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monomer units. That 1is, éach'monomer unit Gppr has two
functional parts capable of reacting with another monomer
unit. The fraction of functional parts p that has reacted
can be calculated from the weight-average and z-average

- molecular weights of the heterogeneous solution.168 For

the NaCl buffer p is 0.83 T 0,01,

Let [M] be the concentration of all specles.
.FM] = (Ml] + FM2] + FMS] oo FMn] 4 e (19)
An expression for the mole fraction of Mi, Xy, in terms of

K can be derived directly from this equation. If there 1is

no limit on the size of the aggregate

Xy =y =1 -k gl | (20)
In addition we have.the following equalitiés:ls8

. : .M, ’
'-?‘1'=mgﬁfl:§7=(l'l’)» - (21)

vwhére MO is the initiél total concentration of‘Ml. "By

apprdpriate_substitution4of Eq. (21) into Eq. (20) we have

(l— p) MO
The concentration of'GpGpC in the solution for which p is
known was 4.2 x 1070 M. Therefore, the equilibrium constant
for aggregation of GpCGpC in the NaCl buffer is 6.8 x 10°

'(moles/liter)_l. This number was used to calculate the

weight-average molecular weight of GpGpC in a solution
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containing the complex of GprC and GpCpC. The molecular
welght of the complex that is obtained when this Mw for

GpGpC is used is given in Table 6 (page 179).

3. Stability of Codon-Anticodon Complex

The mechanism for the translation of the genetic code
1s centered on the association of two complementary triplets,

the codon and antico‘don.7

Yet the equilibrium constant for
the asscciation of two complementary triplets that are
divorced from the rest of the'translation apparatus 1s so
low that we were unable to observe the complex. It is not
clear how iarge the equilibrium constants must be to account
for the translation mechanisﬁ. Nevertheless, it‘seéms
likely that the equilibrium constant for thevinteraction of
codon and anticodon is greater than for two complémentary
trimers that are free in solution. | |
 The greater stability of the codon-anticodon complex

~can be easily rationalized. Part of it is sﬁrely'the result

of uﬁspecific'binding of tRNA to thé_ribosdmé.‘ There are
.probably other reasons, however, since the Stability of
‘the complex of complementary triplets must be suffiéientiy
great to provide Specificity.' The.énvironment for the inter—_
aqtion of_the two'compiementary triplets 6n:the ribosome is
probably different from what is éxperienced in solutions The
interaction may take place in a pocket oﬁ fhe ribosome
similar to ﬁhe cleft found in the crystal structures of

lysozyme.169 The effective water activity and dielectric
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constant may be lower in such’a pocket than in the bulk
solution. The phosphate chafges of the codon and anticodon
may be partially neutralized by positively charged amino
acld side chains. | |

Fuller and'Hfodgson8 have shown that it is possible to
construct models of thé anticodon loop in yeast alanine tRNA
so that the codon-anticodon complex is part of an almost
continuous double-strand helix. This should increase the
stability of the complex between codon and anticodon and

may be responsible for some of the specificity as well.

4. Stability of Loops in tRNA

Specifid 1:1 complexes of complementary trimers are not
stable under the conditions we have employed. It is of
 interest to see whether they could still stabilize loops
in tRNA. Let us assume that a 1:1 complex of three G-C base
pairs 1is as stable as the 2:1 complex of GpGpC and GpCpC.
Similarly, we assume a 1:1 complex of 3 A-U base pailrs is

as stable as the 2:1 complex between ApApA and UpUplU as
'found by Miles et a1.15° Clearly fhese are upper limits
fdr the stability of the actual 1:1 cdmpiexés.‘ We want to
calculate what fraction of loops‘w0uld be closed by qomplexes
with these stabilities if the complementary oligomers were
ﬁied togethef with a polynucleotide chain.

One effect of the chain will be to increase the effective
concentratibn of the complementary oligomers. This is

equlvalent to saylng there will be less translational entropy
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loss for loop closure than for association of oligomers

that are not connected with a polynucleotide chain. If

this 1s the main effect then the fraction of oligomers com-
plexed will be greater when they are connected with a chain,
However, there will also be enthalpy effects that will tend
to decrease the fraction of oligomers complexed. For shorter
chains, loop closure probably results in the unstacking of
some of the bases in the loop. Ioops in the clover-leaf
mOdels for the tRNAs whose seduence is known contain many‘

uridine residues.t8:20-22 This base does not stack as well

43,44 Therefore, we shall assume, for the time

as the other
being, that enthalpy effects are small by compariSOnlto the
entropy effects. For this approximation, the equilibrium'v
constant for loop closure by two complementary oligomers is
o directly proportional to the equilibrium constant for asso-
ciation of the same olicomers unconnected by the chain. The
jproportionality constant is the ratilo of the probability of

finding the oligomers near each other in ‘the two cases.17l

.Jacobson.and Stockmayer17o

have derived an equation for

_Caiculating this ratio which is designated Je If the end-to-

end distance of the loop has-a Gaussian distribution as a -

function of chaln length and the contour length is 1ong’

' compared to the mean end-to-end distance then they find

_ - 3/2 ‘

- 3 : , | (,

j = 5 _ - (22)
2mb :
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where n 1s the number of units of length b in the loop. 1In
the absence of information to the contrary we shall assume
that J can be calculated with this equation for chain lengths
of 10 or greater. Therefore, the fraction of oliéomers

- bound in the loop, fl, can be related to the ffaction,-fz,
bound in solution by the following equation:

f1 _ _s4a8 T
1-fy) 7 %83 (l—fz)zm

(23)

where m is the initial concentration of each oligomer (moles
of oligomér/liter)'whiéh leads to a fra'ction.f‘2 bound in
solution.‘ The Unit length b is measured in angstroms.

For a solution of GpGpC and GpCpC with a concentration
of 0.003 M trimer/liter the fraction of trimers in the 2:1
complex is 75% at 1°C and 9% at 37?0; .At a 10 fold highef'b

160

concentration of oligomers Miles et al. fqund that the

’fréction of ApApAtand UpUpU in a Ué:A complex is also 75%

at 1°C. In analogy with the results for GpGpC and GpCpC of
AﬁApA and UpUpU we shall. assume that-the'fraptiOn complexed
at 37°C is 9%. . Now we shall take these fraptiéns as én upper
- limit of the fraction of oligomers bound in é dou5le—s£rand |
complex at the same concentfétion,of oligomer. The fraction
of loops closed by double-strand complexes with these
hypothetical stabilities has been calculated at'STéC for”n‘
equal to 10, 20, and 100. The length of a monomer, YIK, kl

has been chosen for b. The results are given in Table 7.

They indicate that a loop can -only be closed by 3 base pailrs
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at 37°C if they are all G-C base pairs. More than 3 A-U
base pailrs are needéd to close the loop at thls temperature.
These calculations have been for loops'closéd by double-~
strand complexés. ‘However, 1t appears that triple-strand
- complexes of oligomers are»more‘stable than the doubie—sﬁrand
.ones. Wevhéve been unable to find conditions for a 1:1
complex of GpGpC and GpCpC. Similarly, Pochon and Michelsont©®
were unable to find conditions for a 1l:1 complex between

156

0ligo G and poly C, although Lipsett "has succeeded.

160 pave only observed a 2:1 complex

AparentlvaileS‘et al.
between oligo A and oligo U. On the other hand, conditions
have been found\whére the stoichiometry of the complex between
poly G and poly'C'and between poly A and poly U is 1:1,110
The one other relevant observation here. was given in a recent

communication of Cassani and Bollum. 7%

'They have reported v
the Tm éf compléxes'between.poly d(pAa) aﬁd‘oiigd d(bf)’and |
_between-poly d(pT) and oiigo_d(pA):as'é'funCtibn df the chain
lpngth_ofbthe:oligomer.:'The stoichiométry of_the_compléx
betwéen_poly~d(pT) and oligo d(pA) is 2T:1A for'oligomer |
'f;éhain 1engths_;eSS‘than 16 and 1T:1A for chéiﬁiiengths" :
greater than 16. The complgx'between poly d(pA) and oligo
d(pT} was 1:1 forichainviengths.of d(pT) greater than seven.
: It is possible that the shorter'oligomers will give a 2T:1A
stoichiométry. In'sﬁmmary, what 1s common to ﬁhese obséfvatibns

1s there'is a pronounced tendency for short oligomers to form

triple-strand complexes in preference to double-strand ones.
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Conversely, longer oligomers are more likely to form
double-strand complexes.

Complementary regiOns in tRNA are probably rather short.
Therefore, we should consider the péésibility that loops in
tRNA are closed by triple-strand complexes even ét.the
~expense of short doubie-strand regions. There are regioﬁs
in each of the five tRNAs whoSe'sequehce is kno»«mls’zo'22
that can form.triple strands instead of some.of'the double-
strahd helicél_regions that have been.proposed. Such triple-
strand helical regions may be impbrtant in giving tRNA
molecules precise three—diménsiohal structures.

As in the case of»double—strand loop closure, we must
determine what effect the polynucleotide.chain has on the
eQuilibrium constant of the tripleéstrand complexes. Let f4
be the fraction of oligomer in the triple-strand complex
that fdrms'in a solﬁtion ofim moles of one oligomer and 2 m
moles of its‘éomplement; Proceeding a§ before, we can relate
the fraction f3 of double loop closed by a triple-strand

'cdmplex to f4.and m by the following equationi’

f3 7.49 x 10T [ Iy ]

(1-1£,)%°

t-fs (nn')s/z(bb')s _(24)

The number of units in the different loops are designated by
n and n'. The lengths of these units are b and b'.
t

“The fraction f; has been calculzted at 37°C for n = n' =

10, 20, and 100. The results are included in Table 7. The
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‘calculations indicate that double loops can be closed by
a triple-strand complex like 2 GpGpC:GpCpC but not by
2 UpUpU:ApéipaA.



Table 7

Formation of Double and Triple-Strand Loops

Fraction of loops closed

No. of (fl) for b = 7
monomers '
in loops m= 0.003 M m=0.03 M

(n) (6-C) (A-0)
Double Strand

10 0.65 0.16

20 0.39 0.06

100 0.06 0.01

No. of Fractioh of double loops,
monomers closed (f3) for b=b'=7 A
in each- < :

loop m=0.003 M m=0.03 M
(n=n"') - (G-C) (A-U)
Triple-Strand Loops
10 0.89 0.08
20 ~0.51 0.01

© 100  0.01

- 0.00

207
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PART III |
SYNTHESIS OF POLYRIBONUCLEOTIDES OF ALTERNATING SEQUENCE

Introduction

In the previoﬁs section we explored méthods af studying
the optical and thermodynamic properties of.double—sfrand
'RNA as a function of sequence and chain length with complexes
of complementary~oligbribonucleotides. The results indicate
that this may not be'a‘very useful method of studying double-
strand RNA. A complex was observed to form between GpGpC
and GpCpC. 'However, it is multi-stranded. Other cqmplexes‘
of complementary trimers are so unstable that they could
not be studied conveniently. 1In general; our results with

‘GpGpC and GpCpC and the results of’other‘slos’lso’172

indicate
that short oligomers afe more likely to form multi-stranded.
complexes than double-strand ones. |

" The problems of multi-strandedness and instability -
wquld.prdbably:be eliminated if we cbuld-study complexes of
_ longef_oligomers. Unfortunately, suitable.comﬁounds are ﬁot
readiiy available. Thevpreparatioﬂ ofroligomers of known
aequénqa with a chain length‘greater than three,dr fouf is
‘much more difficult.

Another method of studyiﬁg dpuble-strand_RNA is with

the poiyribonucleotides of repeating sequence that ha&e.been
synthesized by Khorana and his colleagues.zv They have
- prepared several complementary pairs of polymers.with répeating

dinucleotide, trinucleotide, and tetranucleotide sequences.
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Two pertinent examples are poly rAC and poly rUC. These

compounds contain alternating'A and C residues and alternating

U and G residues, respectively.174

The origin of these polymers are short polydeoxyribo-

nucleotides that have been chemically synthesized,'d(AC)z_6

and d(TG)2-6'175 The subscripts refer to different chain

lengths. Mixtures of these complementary oligomers serve as

176 In

templatés for the DNA polymerase from Escherichila coli.
the presence of thé oiigomers and the four triphosphates, TTP,
dATP, dGTP, dCTP, the enzyme catalyzes the formation of a
high molecular weight DNA-like polymer, polydAC:dTG. This
poiymer has beeh characterized as having altérnating A and

C residues in_one chain and alternating G and.T residues in

the other'.176

Poly rAC and poly rUG are made by ﬁNA
polymerase transcription of‘poly dAC:4dTaG, one.strand at a time.
| Khorana and his colleagues2 have synthesized several
complementary pairs of.short polydeoxyribonucleotides

with repeating di-, tri-, and tetranucleotide sequences.

A list of them 1is glven in'Téble 8. Most of these pairs
'haVe-beén_shown to serve as templates for DNA polymerase,
.vépecific 1:1 ¢omplexeé of thé»complémentary polyribonucleo—’
tides ﬁade from the DNAs would be an excellent system for
studying the sequential'properties of doubie—strand RNA.

Complexes of complementary polymers will be more stable

than oligomer complexes. Thus, they can be
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Table 8

. Repeating Dinucleotide Sequences
.;d(AC)z_s_ d(AG)5
'd(TG)Z;G d(TC)5

Repeating Trinucleotide Sequences

a(TIc), d(ccT)5 | d(TAC)4_6

d(Aae), ~  a(eoa); g - d(TAG),
a(T76), o a(CGA)5 ¢ ,‘ d(ATC)S_S;

bd(CAA)4_6> d(CaT); g d(ATG),

| d(GGA)S_S

d(GGT)5_g

Repeating Tetranucleotide Sequences

d(TTIC), a(rarc), - a(TTAc),

‘a(AAAG)3_4 | d(TAGA)é : , ; Q(TAAG)E'.

. Taken from Khofana et al.,2 Wells et alt,176 :'

and Byrd ét.al{177
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studied at nucleotide concentrations where multi-stranded-
ness and random aggregation will hot be a problem.‘ By
contrast.to homopolymers, many of these repeating polymers
may not be able to form.tfiple;strand complexes., In any
case, it appears that polymers are less likely to form:
multi-stranded complexes than oligomers.

The ORDs of the complexes will reflect various combin-
ations of the ORDs of the ten base-paired dimers shown in
Figure 30. Of course, these complexes would be an excellent
system for testing our ability for calculating the optical
and thermodynamic properties of double-strand RNA.

With these thoﬁghts in mind, we have collaborated with
Dr. Michael Chamberlin in deVeloping a procedure for the
preparation of polyribonucleotides of repeating sequence,.
suitable for bpticai studies, starting with a seed of the
repeating DNA-like poiymer. All of the experiments to be
descfibed were cérriéd out in Dr. Chamberlin'sllaboratory.'

He supplied us with a few optiéalldensity units of poly
dAC:dTGbandlpoly dAG:dTC and a generous supply of DNA
;polymeraéevahd'RNA polymérase. - The conditions ahd methods
that have'béen employed were his suggestidns.

The general scheme for preparing the RNAs from a small
amount of DNA is essentially identical to that used by
Khorana and his colleagues.z' The first step is to prepére
more of the DNA ﬁsing DNA polymerase. The second 1s to |

use the product as a template for RNA polymerase. The method
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is outlined schematically for poly rAC and poly rUG in
Figure 61. | |

We will describe in detail the prdcedure for preparing
these two complementary alternating polyribonucleotides.
: Preliminary measurements of the ORD of poly rAC, poly rUG,
- poly dTG, and poly‘dAC-will be reported. The results for
poly rUG indicate that it may be aggregated. This‘is a
particularly interesting result in view of the fact that
U—G base pairs have‘been postulated to occur between codon
and anticodon and in tRNA.

" We have also attemptedito prepare poly rAG and poly rUC
starting With.poly dAG:dTC; ‘However, the seed DNA was con-
taminated with poly dAT. In the absence of an effective way
of separating poly dAT from poly dAG:dTC,-the method outlined

in Figure 61 cannot be used to prepare the desired'polymers.176

. Replication of Poly dAC:dTG with DNA Polymerase

1. DNA Polymerase Assay

DNA.polymerase actiVity is defined in terms of the

14

amount of a C** label in ATP that is incorporated into acid

precipitable poly dAT. The conditions we have used for the

176,178

assay are simlilar to those used by others. The pro-

cedure for recovering the incorporated radioactivity is

79 for

basically the same as used by Josse and Kornberg1
the assay of DNA glucosyltransferase. . However, many of the

~details of both the conditions and the procedure are different.
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Poly dAC:d TG Seed

dATP
DNA TTP
Polymerase| dCTP
dGTP

Y

PR -.ApCpApCpApCpApCpAp.. [N

Sy

++--TpGpTpGpTpGpTpGpTp-----

RNA Polymerase ATP
CTP

Poly rUG . Poly rAC

Poly rUG:rAC

' Figure 6l. Schematic outline for preparation of
poly rUG:rAC from a poly dAC:dTG seed.
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Thus, we have included a.detailed descriptions'of the'entire
assay procedure. | | | '

The assay reaction mixture contained in 0.3 ml: 20
umoles of potassium phosphate buffer, pH 7.4, 300 mumoles
© of 2- mercaptoethanol, 2 umoles of MgClz, 10 mumoles of |
‘aare-ct* (2000 cpm/mumole), 10 mumoles of TTP, 10 mumoles
of.poly dAT and 0.5 to 1.0 unit of.DNA polymerase. The
mixture was 1ncubated at 37° C for 30 minutes. Synthesis_
was:Stopped by plunging that test tube into ice and adding
3’&1 of'ice cold 3.5% perchlorlc acid (pca). After standlngl
~ for 15 minutes, the solution was filtered on a Whatman GF/C |
glass filter, 2.4 cm diameter. Both the tube and filter
were rinsed with three S-ml volumes of cold 1 M HC1, 0.1 M
pyrophosphate._ The . filter was dried under an IR lamp and -
placed in a vial. Ten mls of scintillation fluid were added'
-and the 014 radioactiv1ty was counted in a scintillation ‘
- counter. The sc1ntillation fluid was prepared by mixing in :
a total volume of two liters, 8 gm of scintillation grade _
| 2,5~ diphenyloxazole (PPO), 6.2 gm of scintillation grade
'1,4-bis-2-(5- phenyloxazolyl) benzene (POPOP) and’ tolune."v

2. Conditions for Synthesis of” Poly dAC: dTG

“with DNA Polymerase }

' Nearly 100 optical density units of poly dAC dTC Were
synthesized from a- few optical density units of the DNA by
us1ng ‘the seed as a template for DNA polymerase in the

Apresence of the four deoxytriphOSphates. The reaction .




215

mixture contained in i ml: 100 umoies of potassium phosF
phate buffer, pH 7.42, 12 umolés of MgClz, 1 umole of
2;mercaptoethanol, 500 mumoleslof gach of the four deoxytri-
phosphates, 0.6 optical density units of poly dAC:dTG and

178

25 units of Stage VIL E. coli DNA polymerase. The primer

polydAC:dTG was first heated at 90°C for 10 minutes and
then cooled in an iée bath before being added to the syntheSis
mixture; The SynthesiS'mixture was incubated at 37°C.

The optical density of the solution.at 260 mu 1s a sensi-

180

tive measure of the progress of the synthesis. As the

synthesis progresses the O.D'z60

decreases because of the
hypochromism of the DNA that is.synthesized.. A small aliduot
6f the:reaction mixture was incubated at 37°C.in a 1 mm path
» iength'absbrption cell that.wés kept in the thermostated
cell.cbmpartment of'a Zeiss‘PMQ IT spectrophotometer. The
’reading waé.usuéily blanked against an ATP solution that

" had an 0.D.%%0

260

of approximately 1;2, After a period of time,
.the O;D. ievelled off and began to increase. The length
ofvtime until‘this occurred depended onvthé émount of primer
and:éthmé.ﬁhat had been used. TFor the amount of primer
indicéfed abbve, the pfogress of thféé éjﬁtheses, with

varying amounts- of enzyme, is shown ih Figure 62. Aé expectéd,

260

the 0.D. levelled off sodner when greater‘amounts of

enzyme were used.  The synthesis using the smallest amount

of enzymé in Figure 62 corresponds to the amount that was
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Figure 62. DNA polymerase replication of poly dAC:dTG.
See text for concentration of all reactants except

enzyme.

follows: Reactlon 1, 340 units/ml; Reaction 2,

56 units/ml; Reaction 3, 22 units/ml.
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generally used for large scale syntheses of poly dAC:dTG.
As indicated, maximum synthesis was reached in 80-100
minutes. The exact time was variable. Thus, we found it
necessary to monltor the progress of every syntheéis. As
soon as the O.D.260 levelled off, the reaction was stopped
by adding an equal volume of 0.1 M EDTA, pH 8.

The DNA polymerése was removed from the solution by
phenol extraction. We used Mallinckrodt Chromatographic
Grade phenol. This reageht contains no preservatives and is
88% phenol, 12% water. The phenol is first neutralized by
shaking with 0.1 M phosphate buffer, pH 7. Equal volumes of
phenol and the reaction mixture are shaken together at.room
tempe%ature for 2 minutes in a test tube stoppered with a
silicpne rubber stopper. The aqueods and‘phenol layers are
separated by centrifugation for 5 minutes at 2000 rpm at
room température. The lower layer, which is the phenol layer,

1s removed~with 5 capillary pipet and the extraction is
.‘qepeated; 'After.remoVal of the reaétion mixtﬁre, the second
phenoi aliqdot is extfactéd with-phosphate puffer and the;
| aqueous layer added to the reaction mixture.' ;
h After the phenol extraction, excess triphosphates were
removed by dialysis. The apparatus described by Englander

and CroWe 181 was used for dialysis. Buffer 1 contained 1 M

3 M EDTA, pH 8. Buffer 2

NaCl, 0.0l M Tris-HCl, pH 8, and 10
'contaihed_0.0l M phosphate buffer, pH 7, and 10°% m EDTA.
The reaction mixture was dialyzed against three or four

changes of buffer 1, with at least two hours between changes.
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it was then dialyzed similarly against three changes of
buffer 2. The volume ratio of buffer to reaction mixture
was always at least 100. Thezpunpose of the high salt in
the first buffer is to aid.in the removal of the triphos-
phates. Apparently the dialysis membrane is negatively
éharged when in contact‘with‘aqueous solutions. -If the buffer
does not contain a largebamount of salt, then it is very
difficult to remove the triphoéphates.

The yield of poly dAC:dTG per ml of reaction mixture

was approximately 4 O.D.ZBQ units. This included the 0.6

260

0.D. units of primer. Thus, the synthesis was 7 fold.

Large scale sYntheses were done with 5 ml reaction mixtures.

3. Characterization of the DNA Polymerase Product

We were nétﬁrally interested'in‘assuring ourselves that
the product of the DNA polymerase synthesis WaS'aéﬁually )
poly dAC:dTG. Fme'a poly dAC:dTG primér, the enzyme'has been
shown to synthesize more of the DNA4like polymer accurately.l76
fhus, we were not'concernéd that the'alternating sequence
had been replicated faithfully. Rather, we were concerﬁed
about pésSible contamination from poly dAT. |

DNA polymerase'shows a remarkable propensity for thé
synthesis for poly dAT. In the absencé of\ahy added primer,
the enzyme will synthesize this perfectlj alternating polymer

180

from dATP and TTP. Under conditions similar to those we

used for the replication of poly dAC:dTG, this de novo
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synthesis proceeds after a two-hour lag period.180 Thus,
it seems unlikely that any de novo synthesis had taken place
during the.90 minute primed synthsis of poly dAC:dTG.
However, if our seed of poly dAC:dTG had been‘contaminated
mith even a small amount of poly dAT, then we might expect
that the enzyme would replicate.poly dAT in preference to
poly dAC:dTG.V The last possibility is that we had contaminated
the synthesis in some way with poly dAT. Since DNA polymerase
is assayed with poly dAT, nearly ail'the glassware we used .
had at one time or another been in contact with thils polymer.
If contamination occurs during the first Stages_of'our
repiication of the poly dAC:dTG eeed, then euccessive gener-
ations of the product'will be primarily poly d4AT. |

We shall see that.the‘product of the poly dAC:dTG repli-
cation does not contain any poly dAT. Nevertheless, our |
concern for this_problem was justified with our experienoes

with poly dAG:d7TC. We shall return'to this matter later.

a. Base Composition

The base composition of the product was determined by
degrading the DNA to nucleoside 5'-monophosphates by
sequential treatment with pgncreatic DNase182 and snake venom

phosphodiesterase.183

The four nucleotldes were separated
by paper chromatography. The number of moles of each

nucleotide was determined spectrophotometrically.
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To 3.5 O. D units of the poly dAC:dTG product "in 2;5
ml was added 1.0 ml of 7% ice cold PCA. After standing

in ice for 10 minutes, the mixture was centrifuged for

260

5 minutes at 10,000 RPM. The O.D. of the supernatant

 was 0.20. The precipitate was washed twice with ice cold

water and centrifuged each time. Finally, the preoipitate

‘was taken up in 0.15 ml of water and 0.03 ml of 0.10 M Tris-

HC1, pH 8.0. The pH of the solution was estimated with pH
paper and adjusted to 7.5 with drops of-O.iO M NH4OH. The
solution was incubated for 3 hours at 37°C aftertadding
0.02 ml of 0.05 M MgCl, and 0.03 ml of pancreatic DNase
(0.5 mg/m1).

After the completion of the'DNase digestion, the pH was
adjusted to 8.5 with O. 1TM'NH40H. Approximately 0.0l mlqisv
needed. Then, 20 units of snake venom phosphodlesterase were
added and the solution was 1ncubated for another three hours
at 37° C, By definition, one unit of snake venom phospho-
dieSterase is the amount catalyzing'the hydrolysis of one .
pmole of p- nitrophenyl -thymidine- 5'—monophosphate per hour
at pH 8.9 and 37 C in 0.01 M Tris- HCl buff‘er.183

The 5'—nucleotides were separated from one another by
paper chromatography on Schliecher and Scheull 589 Orange

Ribbon C paper. The solution was.first evaporated to dryness

and then taken up in 0.05 ml of water. It was applied to

- the paper as a strip 2 or 3 e¢m long with a capiilary,r The

chromatography solvent was prepared by mixing 80 ml of
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saturated aqueous ammonium sulfete, 18 ml of 1.0 M sodium.
acetate and 2 ml of 1sopropanol. Developing times of 15
hours resoivedvthe fCur_nucleotides niCely; Each spot was
cutlout and soaked overnight in 2.0.ml of 0.01 M potassium
phosphate buffer, pH 7.0. Four blank spots were also cut
from the paper chrométogram at an equal distance from the
origin as the four nucleotide spots. hTheY-were treated in ‘
the same way‘as_the nucleotide spots.

The identity of each nucleotide spot was established
from the absorption spectrum.184 The order of»the nucleotides,
infincreasing mobility, was A, G, T, and C. The number of
umoles of each nucleotide was also'established spectro;
photometrically from the appropfiate extinction coefficients

at 260 mu.184_”The4results are as follows:

5'-Nucleotide uumoles
A i 0.021

G ~0.020

T . 0.020

C 0.019

They indicate that the product of the poly dAC:dTG synthesis
contained an equimolar mixture of the four residues, as

~

_expected.

~b. Optical Properties

The absorption spectrum of the poly dAC:4dTG product
showed a max1mum at 258 mp and a minimum at 236 mp. Wells
ét al. 176 found the maximum at 257 my and the_minimum at

231 mp. It is not clear why there was a 5 mu difference in
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‘the position of the minimum. Nevertheless, 1n every other
respect that we tested, our produot had similar character-
istics to‘theirs. Thus, we have disdounted this observation.
| The T& of the poly dAC:dTG product in a solutiOn con-
taining 0.01 M phosphate buffer, pH 7, 107% M EDTA, was
70.5°C. The change in the optical density at ZGObmu with
temperature is shown in Figure 63. The helix-coil transition
occurred over a very narrow temperature range; 1° or less.
The absorption increased 26%. Most important, there was
no indication of an increase in the absorption at 41°C, uhich'
'is the temperature at which poly 4AT would melt in this
solvent. 185IWel]_s et al. 176 found the T of poly dAC: dTG to
.be 74 C in a buffer that had a slightly higher ionic v
strength than,ours, They also observed that the absorption

increased'ZS%.

c. Strand Separation

boerfler and Hogness186 observed two bands when poly
dAC: dTG is banded in a CsCl cradient at- pH 13. It has also
‘been shown that this DNA is denatured at pi 13. 176 s,
the two bands are presumaoly poly dAC and poly dTG. The
heav1er one is probably poly dTG since this strand is ionized
-and will bind more cesium 1ons. We have repeated Doerfler |
186 with the product of. our poly _‘
dAC: dTG primed DNA polynerase synthes1s. We also observed

two equally intense UV absorbing bands. _
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Poly dAC:dTG Product ) 1
- oly dAC:d , . ‘ _
e 4
- Poly dAG:dTC Product : U
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F gure 63. ' The absorbance at'260 myi of the poly dAC:dTC
-and poly dAG dTC products as a function of tempera-
i_ture. ‘The poly dAC:dTG solution contained 0.01 M
sodium phosphate buffer, pH 7. The solution of thef
poly ‘dAG:dTC contained 0.01 M NaCl and 0. o1 M
Tris—HCl, pH 8.  Both solutions contained 107 -4 M

g 1“‘DTA. T
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We have used this phenomenon as a method of separating
the two strands. A solution containing 11 0.D. units of
poly dAC:dTG was made pH 13 with NaOH. The dénsity was
adjusted té 1.71 with CsCl in a toﬁal volume of 3.0 ml.

Thé solution was centrifuged in a cellulose acetate tube

at 35,000 RPli for three days in a Spinco Model L preparative
centrifuge using the swinging bucket rotor No., 39. At the"
end of that period, the rotor was brought down withoﬁt the
brake, and fractilions were collected from a hole that was
-punched in th¢ botﬁom of the tube. The 0.D. profile of the
fractions is shown in Figure 64. There were two bands of
UV absorving material. The héavier band, which came out

of the tube first, was tentatively idehtified as poly dTG.
The other was presumably poly dAC.

The fractions containing the ﬁwo polymers were dialyéed
separately against several changes of a 0.01 M phosphate
buffer, pH 7; The absorption spectrﬁm of fhe poly dAC showed
carmaximum at 261 my and a minimum at 232 my. .By chtfast,
the spectrﬁm of poly dTG had a maximum at 255 mu, a shoulder
at 270-280 mp, and a minimum atxZSO mu. These spectra
cbnfirm the identity of the twé polymers. Ve eXpeét that
compounds contéining G and T will exhibit a shoulder ardund
280 mu-énd & maximum tb the blue of 260 mu. We also expect
the méximum for a compqund containing A and C to be to the red

of 260 mu.
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Preparative Centrifugation of
Poly dAC:dTG in Alkaline CsCl.
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Figure‘64, fPreparative centrifugabion‘of poly dAC:dTC
in alkaline CsCl. The absorbance at 260 mp of
fractions collected from the bottom of the tube
is plotted. ' - | -

~



226

Replication of Poly dAG:dTC With DNA Polymerase

- By contrast to the results with poly dAC:dTG,.all our
observations on the replication df.pely dAG:dTC with DNA
polymerase indicated that the seed sample was contaminated
'1with poiy dAT,  These two DNA-1ike polymers must be separated
before we can proceed toward the SynfhesiS'ofvpoly rAG and
poly rUC. - In the presence of poly dAT, the enzyme will
_ synthesiZe mainly pely dAT.

‘There were several observations that fevealed the

: preeence of pply dAT infthe seed sample;- As seen in Figure
63, the product of the replication of the sample with DNA
»polymereee.had a Tm'nearr45°C}' For the ionic strength of
the buffer that was used, this is the temperature at which
we expect poly dAT to melt. We expect the Tm_o.f poly dAG:dTC
in our buffer to be about 66°C. A small increase in the
optical density did oceur at that temperature.

In edditiqn, the absorptienvspectrum of the'product
had a maximum at 261 mu; which is closer to the 260 mik |
maximum of poly dAT than the 257 mp maximum of poly dAC:dTG.
-(No spectrum of poly dAG:dTC has been reported. )

These tests have been conflrmed by tests of the incor-
‘poration of radioactive nucleotides into the product. The

14-AMP are giveh in Table 9. These experiments

results for C
were performed in the same way as the assay for DNA polym-
erase. The concentrations of the various reagents, except
where indicated, were the same as for the synthesis of

- poly dAC:dTG.
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Reaction No.

mimoles of 014—AMP Incorporated
per ml of Reaction

Poly dAC:dTG Poly dAG:dTG

primer ‘ primer_
1. Complete, all four tri- 3.3 13.0
phosphates plus enzyme
and primer.
2. Complete, except twice 4.1 17.7°
as much enzyme as for
Reaction No. 1.
3. Complete, except NO GTP. 0.4 : -16.3

Same amount of enzyme as
for Reaction No. 2.
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The first two reéctions.contained all four triphos-
phates, primer, and enzyme. The second contained twice as
much enzyme as the first. For the third reaction, GTP was
left out, énd,the séme amdunt of enzyme was used as for
Reaction 2. In the absence of one of the triphosphates’
there should be much less synthesis. The enzyme does not
seem to be éapable of s&nthesizing only one strand. >0
There will be some synthesis, however, because the enzyme
vwill repair the ends of.the DNA molecules_wi@h the available
triphosphates. These éxpectations were confirmed when poly
dAC:dTG was used as the primer. One-tenth as much 014-AMP
was incorporated when GTP was‘leff out as Wheh it was |
included. Similar results were found when we followed a

H3 label in CTP. However,;when the poly dAG:dTC seed was

used as the primer, there was almoét no effect on the

incorporation of cl*-AMP when GTP was left out.

RNA Polymerase Synthesis of Poly rAC

and Poly rUG from Poly dAC;dTG

1. RNA Polymerase Assay

‘The ‘assay for RNA polymerase that we used was similar
to the one described for DNA polymerase. The assay measured
' the amount of radioactivity in ATP that became incorporated

into an acid precipitable polymer.lSY'

The incubation was
generally done in the presence of poly dAT. Other DNAs can

be used. - However, the specific activity depends on the primer.
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We found that 10 poly dAT units equals 1 salmon sperm
DNA unit. -

It was usually necessary to -dilute ﬁhe stock enzyme
solution. ;The dilutions were done with a solution con-

taining 0.01 M Tris-HC1, pH' 8, 0.0l M MgCl,, 0.0l M

5

2)

2-mercaptoethanol and 5 x 10°° M EDTA. This buffer is

referred to later as the RNA polymerase diluting buffer.
The assay mixture contained in 0.25 ml: 10 pgmoles of

Tris-HCl, pH 8, 1 umole of MgCl 0.25 pmoles of MnCl

27 o7
3 pmoles of meercaptoethanol, 100 mumoles of ATP-c*, 2000
cpm/mumole, 100 mpmoles of UTP, 0.1 optical density

unilts of poly dAT and 3 to 5 units of enzyme. The incubation
Was for 10 minutes at 37°C.. The reaction was.terminated by
plunging the tube into ice and adding 4 ml of ice cold

3.5% PCA. The radioactivity Wasvrecoveredvahd counted in.

a manner.identigal to that described for the DNA polymerqse
assay. The;solution was filtered. The tube and filter

were rinsed wifh coid 1 M HC1, 0.1 M pyrophosphate. The
'filtér was dried,'and'the‘radioactivity.was'counted in a
liduid scintillation counter. One unit of éctivity is the

“incorporation of one mumole of AMP per hour.

2. Optimum Conditions for Synthesis -

The conditions used for the synthesis of poly rAC
and poly rUG were similar to those used in the assay. There
are three varlables that we have juggled in an attempt to

to find optimum conditions for the synthesis. These are the
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amount of primer, poly dAC:dTG, the amount of edzymé, aﬁdv
the length_of time of the incubation; Variations in all
fhree are shown in Figure 65. The mimoles/ml of reaction
mixtﬁre of'C14 incorporated into'ah acid precipitable
- product are shown as a function of time for three different
synthésis conditions for both poly rAC and poly rUG.v Each |
reaction mixture contained in 0.25 ml: 10 umOles.of

Tris-HCl, pH 8, 1 pmole of MgCl,, 0.25 pmole of MnCl,, 3 umoles

2’
of 2-mercaptoethanol, poly dAC:dTG and RNA polymerase. The

syntheses of poly rAC contained 200 mumoles of ATP—Cl4,

2000 cpm/mumole, and 200 mumoles of CTP. The syntheses of

14

poly rUG contained 200 mumoles of UTP=C =, 2000 cpm/mumole,

‘and 200 mpmoles of GTP. The first reaétion'in both cases

187 and 0,03 0.D. units

contained 300 units of Stage IV.enzyme
~of poly dAC:dTG. The second reéction in both cases contained
the same amount of DNA but twice as much‘enzyme; The third
reaction in bothfcases contained o;QG_O.D;.units of DNA and
600 units.of enzyme. The incubation was at 37°C. The
inéorporation asza.function of time wasvdetefmined by taking
out 0.05 ml aliquots at various times. The incorporated
-: radioactivity was detefmined in ﬁhe same fashion as for the
assay. | | |

| The results indicate that the incorporation aé a functiqn
of time reaches a maximum in 60 minutes. Other assays gf

1 14

the incofporation of C 4-AMP into poly rAC ahd ct-UMP into

poly rUG have confirmed this observation. Thus, all the
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#3 . RNA Polymerase Synthesis of Poly rAC
ond Poly rUG from Poly dAC:dTG

w
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Labelled Triphosphotg Incorpated (mu moles/ml)
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Flgure 65. The incorporatlon of C”"-UMP and C~"-AMP into

poly rUG and poly rAC, respectively, by RNA'polymerase
transcription of poly dAC:dTC. ' For both the synthesis
of poly rUG and the synthesis of poly rAC: Reaction 1
contained 300 units of enzyme and 0.03 O.D. units of
polyvdAC:dTC; Reaction 2 contained 600 units'of enzyme
and 0.03 0.D. units of poly dAC:dTG; Reaction 3 con-
tained 600 units of enzyme and 0.06 0.D. units of peoly
dAC:dTG. Total volume in all cases was 0.25 ml. See
text for concentration of other reagents. -
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syntheses of poly rAC and poly rUG have been terminated
after 60 minutes. | | | |

“As expected, the data in Figure 65 indicates that
increasing'the DNA and enzyme concentration increases the
yield of acid precipitable material. Of'course'the goal
is to 6ptimize the 0.D. units of poly rAC and poly rUG
" synthesized pér 0.D. unit of DNA, per unit of enzyme, and
‘per unit of time spent by the in&estigator;'.Thus,‘it'is
' not always clear what the thimum.conditions are. Note in
Figure 65 that Reaction's er both poly rAC and poly ruUG
used twice aé much DNA as Reaction 2. The yield was greater
for Reaction 3. HoWeVer,'itiwas not twice as great. We
had a falr amount of success in synthesizing poly dAC:dTG.
Thus, in large scale syntheseé of pély rAC and poly’rUG o
‘we have used higher chCentrations of‘DNA than even those
used in Reaction ng |

The dependehce of the yield onAenzyme concéhtrafion is

shown more explicitly in Figure 66. Except for the DNA
aﬂd enzyme coﬁcentrations, the'reaction conditions wefe_ |
identical to those for Figure’GS. The concentration of poiy
dAC:dTG was 0.57 0.D. units/ml. The concentration of RNA
polymerase-Was“as indicated in the figure.. The incubation
- Was aﬁ.37°c for 60‘minutes, | | |

| NoteAthat more poly rAC was syﬁthesiéed than poly gUG
for each df the reactions of Figure 66; The reverse was true

in the previous figure. The discrepancy is definitely real
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Flgure 66. Synthesis of poly rAC and poly rUG by RNA
polymerase transzription of poly dAC: dTG as function
of enzyme concentration. See text for concentrations

of other reactants.



234

and the result of uéing different enzyme preparations.

The results for poly rUG were identical for the two

enzyme preparatioﬁs. However, for unknown reasons, the
enzyme that was used for the reactions in Flgure 66 synthe-

- sized poly rAC much better than the_other enzyme,preparation.
Naturally, we used this second enzyme preparation most
frequently because of the enhanced'yield of poly rAcC.

The increasing yield with increasing enzyme concéntra—
tion levelled off at 0.40 mg/ml. For large scale syntheses
‘we used enzyme cdhcentrations around 0.5 mg/ml. Using more
enzyme than this would increase the‘yield further, but the
cost in terms of units of enzyme per 0.D. uﬁit of polymer
synthesized would increaée_rapidly. |

We have varied some of the other conditions in:an attempt
to increase the yields. Compared to the results in Figure
66, ihcreasing or decreasing the MgCl2 coﬁceﬁtration by a
factor'of 2 did hot significantly alter the yields. However,
using one-fifth the concentration of triphOSphates or
iﬁcubating at 45°C instead of 37°C decreased the net synthesis.

The one trick we tried that did enhance the yiélds a small
amouht was ﬁo precipitate the RNA polymerase-and redissolve |
1t before adding it to the synthesis mixture. The enzyme
wésvprecipitated with an equal volume of room temperature
saturated amménium sulfate. After Standing 15 minutes in
ice the mixture was centrifuged at'4°C; The'supernatant was
removed with a pipet and the precipitate wss taken up in the-

RNA polymerase diluting buffer (see description of assay).
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In faet, all the expeniments shown in Figure 66'were done
with enzyme that had been treated in this way. This
treatment’ does not alter the differences between the two
enzyme preparations that are mentioned above.

In summary, for large scale syntheses of poly rAC and
poly rUG the concentration of Tris-HCl buffer, pH 8, MgClz;
_ MnClé,vand 2-mercaptoethanol were the'same as used in the -
assay and as indicated for the reactions in Figures 65 and
66. In addition, the reaction mixtufe contained the two
apprOpriate ribotriphosphates, BOO mpmoles of each/ml, pely
dAC:dTG, 0.57 0.D. units/ml, and Stage IV RNA polymerase,187
0.5 mg/ml (1.4 i 10* units/ml). The enzyme was precipitated
and redissolved as described. The incubation was at 37°C.

The synthesis was stopped after 60 minutes by adding an
equal'VOlume of cold 0.1 M EDTA, pH 8. The protein was
removed by one phenol extraction. The phenol 1ayer was
washed with 0.1 M phosphate buffer, pH 7. Then, the combined
aqueous layers were dialyzed as indicated forrpoly'dACdeG.

" For these conditions,.S ml'reactions yielded 7-10 0.D.
'units_of poly rAC and 5;4 0.D. units of poly rUG. A total
of 2.8 0.D. units of poly dAC:dTG Wefe used per 5 ml neaction;
Thus, there was a 2.5 to 3. 5 fold synthe51s of poly rAC

and barely more than a 1- fold synthesis of poly rUG.

3. Separation of RNA from DNA

. The solutions of poly rAC and poly rUG, as prepared

above, still contained the primer DNA, poly dAC:dTG. The RNA
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. was Separated from the DNA by preparatiVe equilibrium cen-
trifugation in Cs,S0,. ‘The method is basically similar to
that describved for the separation of the DNA strands. How-
ever, CszSO4 was used instead of CsCl because RNA'is too
dense to be banded in solutions of CsCl. The other major
difference is that the banding was done at neutral pH instead
of alkaline pH.
The solutions were made up to a density of 1.553 in

3 ml. Previous work by Chamberlin188 indicated that this
dens1ty would effect a good separation of RNA and DNA. The
weight percent of CszSO4 in the solution,,44.5%, was deter-
mined from the report of Wake and Baldwin.®% . |

_ | The .results for poly rUG and poly rAC are.shown in Fig-
ures 67 and 68, respectively. The poly rAC solution con- |
tained a total of 14 0.D. units, including 2.8 0.D. units of
poly dAC:dTG. The poly rUG solution contained a total of 4.7
0.D. units, including_the same amount of DNA. .In both cases,
after'centrifugation'for three days, there‘was a visible
band of precipitated material. The band was closer to the
bottom of the tube for the solution containing poly rUG than
for the solution containing poly rAC. We followed the prog-
ress of the bands during the collecting procedure. They came

“out in the fractions labelled poly rAC and poly rUG in the

figures. The precipitates immediately disappeared upon.the

- dilution of the fractions.

There were three other bands of UV absorbing material in

the poly rUG tube. The lightest one, on the right in the
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. ‘Figgre 67. Separation of poly rUG from poly dAC:dTG
by preparative'centrifugation. The sbsorbance at
260 my 1s plotted for fractions collected from.
bottom of a test tube after centrifugation for
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‘three days. The solution contained 4.7 0.D. units

of nucleilc acid in a'CSESO4 solution, density =
1.553.
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Figure 68. Separatioh of poly rAC from poly dAC:dTG by
préparative centrifugation. The absorbance at 260
mih is plotted for fractions collected from bottom
of a test tube after centrifugation for three days.
The solution contained 14 0.D. units of nucleic

~acid 1in a Cs,S0, solution, density = 1.553. )
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figure, was presumably'poly dAC:dTG. The next hea&iest band
was probably a DNA:RNA hybrid. In which case, the third
unidehtified.band was poly dTG.

There were only two extra bands in the poiy rAC tube;‘
The sahe species were probably present ih this system as in
the poly rUG system. If our 1dentification of the bands
in the pdly rUG tube was probably single-strand DNA. It might
have been buried under the poly rAC peék.

The fractions'cohtaining poly rAC and poly rUG were
pooled and diaiyzed against 0.0i M phosphate buffer, pH 7.5,
10™* M EDTA. If there was a singlé—strand DNA contamination
in the ley rAC'sample, it probabiy.amouhted‘to less than
 10% of the UV absorbing material. A total of 8.4 optical
density uhits of poly rAC and 1.0 optical density units of
poly rUG wefe_reCovered. Abproximately 1.5 optical density

units were recovered from each of the lightest bands.

Preliminary Optical Properties of

Poly rAC and Poly rUG

The wavelengths of the extrema in the optical rotatioh
and abSorption spectra of poly rAC, poly rUG, poly dAC,
and poly dTG are given in Table 10. The analogous absorption

prdperties of poly dAC:dTG are also shown.

1. Poly rAC

The absorption spectrum bf neutral solutions of poly

rAC at '25°C is given in Figure 69. It 1s similar to the_
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UV Spectrum ORD

, a a ", b b 4 b-

”max Muin 289/260 VR SR
poly TAC 258 233 0.41 285 272 258
poly rAC® (cale) - - - 286 276 261
poly dAC 261 232 ©  0.48 290 279 259
poly rUG 256 228 0.49 284 270 250
poly rUG® (calc) - - - 290 282 272
poly dTG 255 230 0.63 292 286 270
poly dAC:dTG 258 236 0.56 - - -

Mpax and Ay

}.\p)_ )\o, and A

2

t

refer to the wavélengths<ﬁ‘maximum and

refer to the wavelengths of the peak,

minimum absorption 1n the UV spectrum.

crossover, and trough, respectively, in the ORD.

'Nearest-neighbor calculated ORD.
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Figure 69. Ultraviolet absorption spectrum of poly

PAC, 0.01 M sodium phosphate buffer, pH 7.6,
10* M EDTA, 25°C. : | ‘
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spectrum of poly dAC. The maximum end minimum of the
:poly rAC spectrum are at 258 mu and 233 mp, respectively.
The 280/260 ratio is 0.41. _ ' 1 ' S

The optical density of poly rAC at the'wavelength of
maximum absorption is shown 1n Figure 70 as a function of
tempereture. There 1s a gradual increase in absorption with
increasing temperatnre.; There is no indication of any
helix-coil transition. In this respect, the absorption-

temperature profile resembles that found for poly AQS and

71

poly C at pH 7. At this pH, these homopolymers have been

characterized as singleQStrand helices with stacked bases.57’71
We expect that pely rAC has a similar structnre_at pH 7.
AThe’gradual increase in optical density with increasing
temperature_presumably reflects a'gradual change in tne
base stacking. | |

_ The ORDs of poly rAC’and poly dAC are shewn in Figure’?l.
The extinction coefficient of po'iy"_rAc was caleulated with
Eq. (6) and the known extinctions of ApC and CpA.T%® At
260 my it is 9600.v We assumed the same extinetion coefficient
for poly dAC. The difference between the ORDsef-poly rAC
and poly dAC is similar to that fonnd for oﬁher’pairs oft
ribo- and deoxyribo- polymers with analogous sequences.190
The magnitude of fhe rotation at the extrema of the ORD‘
" 1s generally larger for the polyribonucleetide._ﬂk
The nearest-neighbor calculated ORD of poly rAC is also

shown in Figure 7Tl. The three curves are qualitatively similar.
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Figure 7Tl. ORD of poly rAC and poly dAC, 0.0 K sodium
phosphate baffer, pH 7.6, 1074 M EDTA, 25°C.

—_— Exneriment for poly rAC.

--- Experiment for poly dAC.

+++ Nearest- neighbor calculated ORD for poly PAC
~ at 25°C.
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They each have a peak between 285 and 290 mp, a trough
between 257 and 263 mp, a second peak near 225 mu, and a
second trodgh (not shown) at 213 mu. From this standpoint,
the ORD of poly rAC compares as well with the nearest-
neighbor calculation as do the ORDs of poly 4, poly C, and
poly U, shown in Figure 3 (page 37). The magnitudes of the
rotation are not as close fér poly rAcC, however. This is
pfobably partially due to the use of a calculated extinction
coefficient. They are generally too high for the homopolymers
by 10 or 20%. vThey may also be too high for repeating polymers.

The ORD of poly rAC at pH 7 has been measured at a few
temperaturés between 0 and 25°C. By suitable Juggling of
the ordinate, the rotation at 285 mt can be made to fall
on fhe line for the absorption of poly rAC as a function of
temperature. | |

These few measurements strongly'suggest that poly rAC
at pH 7 has the conformation of a single-strand helix with
s@aqked bases.v‘Poly dAC probably has a similar conformation.

. It will be interesting'to see what.kind of structures.

form at lower pHs. -The constraints of a'hélix méy prevént
the formation of a structure in which C-H'-C base pairs
. alternate with A-HT-A base'pairs.n'The problem would be to
fit bothpurine—purine'base pairs and pyrimidine-pyrimidine
base pairs into the same helix. Perhaps A-HT-C base pairs
will occur. Such base pairs have been postulated to occur

in 1:1 mixtures of poly A and poly C at pH 5.192
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2. Poly rUG

~ The absofption speétrum of poly rUG is shown in Figure
72. The maximum is at 256 mu and the minimum is at 228 m.
There is no shoulder on the red‘side_of the'absofption peak
for poly rUG. However, there 1s a pronounced shoulder near
275 mp for‘pdly dTG. The 280/260 ratio 15 0.49 for poly
rUG and 0.63 for poiy aTaG. ‘These diffefenoes prdbably
reflect the dissimilarities of the optical properties of

thymidine and uracil. The absorption maximum is at 267 mu

for thymidine and 262 for uridine.

The most intereéting'fesult for poly rUG is its ORD,
which is shown in Figure 73. The ORD of poly dTG and the
nearest-neighbor calculated ORD of poiy rUGbare also shown.
Onée again,.a calcﬁlated extinction coefficient at 260 my ,
9900, hés been used for both polymers. The ORD of poly dTG

is qualitatively'similar to the'nearest—néighbor calculated

. ORD of poly rUG. However, the ORD of poiy rUG is quite

different from the calculated curve. In particular, the
trough of the experimental curve occurs 22 mg to the blue :"_,_

of the trough of the calculatedvburve. The calculated curve

~actually has a peak near the wavelength where the experimental

curve has a trough.
The difference between experiment and calculation.may

be indicative of base pairs in poiy~rUG. This 1s a particu-

~larly intriguing possibility since U-G base pairs may occur

16,20-22

in the secondary structure of tRNA and in the interaction
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Poly rUG

Figure 72. Ultraviolet absofption spectrum of poly rUG,

0.01 M sodium phosphat
25°C.

e buffer, pH.7.6, 10~% M EDTA,
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7T T T T T T 1

1.2 - : - -

1.2+ , . —
~ Poly r-UG
Poly d-TG
-1.6}= -
1 L1 MR 1 )
240 260 280 300 320

A(mpy)

Flgure 73. ORD of poly rUG and poly dTG, 0.0l M sodium
phosphate buffer, pH 7.6, 107 M EDTA, 25°C.

—— Experiment for poly ruUG.

--- Experiment for poly dTG. .

cee Nearest-nelghbor caleulated ORD of poly rUG
for 25°C. ‘ '
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of codon and anticodoh.7 There are no known examples of

U-G base pairs; however.-

| Summary

Procedures have been worked out for the preparation of
poly rAC and pdly rUG starting with a féw optical density
units of polyvdAC:dTG and é generous supply of DNA polymerase
and RNA polymerase. The first step involves the synthesis
of more of the DNA-like polymer with DNA polymerase. Poly
rAC and poly rUG havé been synthesized independently by RNA
polymerase transcription4of.poly dAC:dTG one strand at a
time. A few optical density units of each of these polymers
have'beeh separated from the DNA. Pfeliminary'reports of
theif optical properties indicate that poly rAC at pH 7
is a Single-éﬁrand helix wifh stacked bases, but under the

same conditions, poly rUG may contain some base pairs.
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APPENDIX‘A.
.Abbreviations

Following is a list of some of the abbreviations and

terms frequently used in this dissertation.

A Adenosine
U Uridine
“c Cytidine
G Guanosine
T Thymidine .
N A general nucleoside
dN A general deoxynucleoside; In all terms
referring to thymidine, the sugar 1s assumed
to be deoxyribose and the small d is left off.
Np - 3' (2') nucleotide |
‘NMP ', 5' nucleoside monophosphate
NDP - 5' nucleoside diphosphate
NTP 5! nucleoside triphosphate
" NpN o ’3“-5‘ dinucleoside phosphate. vLonger oligomers
_ are abbrev1ated similarly. o S
poly'N o Homopolymer of nucleoside N, the nucleosides
| are connected by 3'-5' phosphate bridges
'poly aN Homopolymer of deoxynucleoside dN.
poly rAC - Polyribonucleotide of alternating A and C
' | ' residues. .
poly rUG . Polyribonucleotide of alternating U and G
’ residues.
poly rAU Polyribonucleotide of alternating A and U

residues.



- poly dAC
poly 4dTG

poly dAC:dTG
poly (A+U)
poly (G+C)
RNA

DNA

TMV

SRNA
mRNA
rRNA

ORD

CD

0.D.

0.D. unit

A

[¢j 

Polydebxyribonucleotide of alternating A
-and C residues. '

Polydeoxyribonucleotide of alternating T

and G residues.

1:l’complex of pdly dAC and poly 4TG

1:1 complek of poiy A and poly U
1:1 complex 6f poly G and poly C
Ribonucleic acid .

DeoXyribonucleic acid

Tobacco mosaic virus

Amino acyl transfer RNA
Messenger RNA
Ribosomal RNA

Optical rotatory disperSion.

- Circular dichroism

Optical density

es1

An amount Which when.dissolved in 1 mi, hés'
an optical density at 260 mp of 1 in a 1 ¢m

path length cell,
Wavelength

Molar rotation per residue

'Idnic»strengthvwhére concentration 1s

expressed in moles per liter.
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APPENDIX B

Prepration of Polynucleotide Phosphorylase

from Micrococcus lysodeikticus

Polynucleotide phosphorylase has been purified from

.Microcbccus lysodeikticus according'to the prdcedure of

Singer and O'Brien149 as modified by Thanassl and Singer.

150

Some of the details for all steps except IV and VIII are

given by Cantor.los. Our results are summarized in'Tablelll;

The level of purification at all stages 1is similar to that

reported by Thanassi. and Singer.lso

~ The modification 1ntr0dﬁced by Thanassi‘ahd:Singerlso

- was to replace the protamine.Steps IV and V with a DEAE-
cellulose column. This new step is called IV in the modified
procedufe and there is no Step V. The purpose of the pro-

tamine'steps was to separate protein from hucleic acid, a

must for a primer dependent énzyme. We, as well asg
138,150

others, havé found the reported results of these
steps149 éxtremely'difficult to reproduée. Furthermore, the
reéults have seemed to vary from one iot of protamine :
'suifate to another. By contrast, the DEAE-cellulose coluﬁn
_ in our hands has worked very well. .The large jumprin_the
28Q/260”ratio from Step III to‘Step IV is evidence of the
removal of nucleic acid from the enzyme solution. We have
also found the results reproducible.

The only problem we encountered during the purification'

- was with the concentration step after stage VIII. The stage
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- Table 11
' Specific ‘ 280
a Protein b Total A
Fraction Activity b ===5
(mg/m1) . (w/m1) Units® 260
I. Crude extract -- == - --
II. (NH,),SO, 21 ~0.15 299  1.07
(30 to 65%) '
III. (NH,),S0, 21 0.17 157  1.16
(43 to 57%) '
Iv. DEAE-cellulose 10 0.24 194 1.60
pooled tubes _
VI. (NH,),S0, . 26 0.33 - 147 1.78
(40 to 60%) '
pH 6.3
VII. Zinc-Sephadex G-75
“ .Zinc supernatant. . 4.3 0.61 116 --
Pooled tubes from . . :
columns - 0.64 - 2.3 129 ' 1.25
VIII. DEAE-cellulose 0.11 7.5 116 --
pooled tubes from ' '
columns®
Final conCéntrated  0.6 to 5.3 70° --
" enzyme E 1.0 '

a. Fractions refer to steps in the purification pro- :
cedure of Sinéer and O'Brienl4? as modified by Thanassi
and Singer.l

b. The units refer to assays by the phosphorolysis of poly
A. This assay is Assay A of Singer and O'Brien. 149 It
is also described by Cantor.

¢. The results are for the lysis of three 20 gm batches of
cells. Two of the lyses were pooled after Stage I.. The
third lysis was pooled with the first two after Stage Iv.

d." The enzyme solution was divided into three equal portions
- and each portion was carried though Stages VIT and VIIT
separately.

e. This is the estimated recovery if the concentratlng is
done with Sephadex G-200 as described in the text. '
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VIII enayme is too'dilute for‘normal syntheslis conditions.
Singer and O'_Brien149 have concentrated the enzyme by. |
adSorbing~it on a small DEAE-cellulose column and eluting

it off in a small. volume. They~were able to concentrate

the enzyme solution more than 10 fold and still recover 80%
of the activity. However, on several attempts Wwe were never
ableﬂto recover more than 50% of the activity. . An alternative
procedure suggestedvby Mr. D. Lloyd has proved to be satis-
factory. Up torlSvml.of the stage VIII enzyme was placed

in dialySisttubing"that had been heated for}at least an hour

in T M urea and thoroughly rinsed.with twice-distilled H,0.

2
The water was_removed from the dialysis bag by packing it in
'dry'SephadeX'G-ZOO resin (Pharmacia, Piscataway._New Jersey).
After 30 to 60 minutes the wet Sephadex was stripped away
. and replaced with dry Sephadex. After four changes the
volume of the solution was one—fifth to one~tenth of the
original volume.f The solution was kept cold’during‘the .
entire procedure by placing the shallow trough containing
t-the dialysis bag and resin_in‘ice. ‘We were able to recover
TOB of the activity. = |

150 pave shown that both the stage

Thanassi and Singer
VII and stage VIII enzyme when purified according to the
modified procedure 1s primer dependent. We have not tested:
our preparation. However, our results so closely parallel

theirs that 1t seems reasonable to presume that our concen—

trated stage VIII enzyme is also primer dependent. However,



255

191 that thls procedure results in

there have been reporfs
a primer independent enzyme for certain lots of the bacterial
cells purchased from Miles Laboratory.

191 chows that primer dependency

A recent report by Klee
can be induced by tredtmenﬁ with trypsin. The use of this
method should make the preparation of large quantities of
primer dependént enzyme much easier than with the procedure’

that has been used until now.
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APPENDIX C

Fortran Program for Converting Raw Data of a

. Spectropolarimeter to an ORD Curve

The Fortran computer program'presented in this Appendix,
program DORDZSS,'Was designed to conVert‘the raw data
generated by the Cary Model 60 spegtropolariméter into ORD
curves. The smoothing pfoéedures of Savitzky and Golay152
were used to»reduce thé noise in the signal.: As indicated
in the text, we found that;thé best procedure for reducing :
the noise without altering_the signal4was to take points
~every 0.5 mu and fit them to Savitzky and Golay's 25-point
cubié .function.152 - |

 .The program was written in Chippéwa'Fortran fér use
‘with the Controi_Dafé*SGOO:Computer; The subroutine for
the smoothing, subroutine SMOOTH, was taken from thé paper
by Savifzky and Golay.152 |

| The faﬁ daté,werefrecorded dnjpunched paper tape in a
Sciehtific Data Systém (SDS) cbde by a Datex analog-to-digital
converter. An IBM-14OI Computer was used to convert the data
to IBM code and trénsfér it to magnetic tape that was_used.
for input. | | |

The.pen'position and wavelength of'the spectropolarimeter
wéfe recordedlin 10 character fécords. The first charagter‘
was always'a space. As indicated below, we have'uéed this'

feature 1in developing a procedure fof signaling the end of

a spectrum and for changes,of the pen center control on the
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- machine. The second, third and fourth characters recorded
the pen position from O to 999. If the pen position was
gréatér'than IOOO, then a + was recorded in the seéond
~ character énd the other digits &ere recorded in the third
énd fourth character positions. The maximum value of the
pen poéition'was 1035. An anaiogous system was used for
pen positions less than zero. In this case, a - was
recorded in the second position. Thebminimum_value.of the
pen position was -35. The wavelength in angstroms was
recorded in characters’é'thrOugh 10.

‘Besides the data‘recorded directly from the machine,
a 10 chéraeter record could be entered on the paper tape
manually through a control panel on the Datex. Any digit
could be entered in any of the lO_charactér'pOSitions. We
,shall'refer to these ménual-entries as parameter»entries..

Fdr purposes of‘explaining the iﬁput dafa requiredvby'
'the'prbgram we shall outline thevinstructibns'for recordihg
an optical.rotation spectrum with the Datex;"The:input data.
consists of a series of:parameter records enﬁered-manually L
and data records taken directly from the machine. Each
record wéuld correspond to oné card if.the input waé with_
cards. The first recoﬁd'was.é parameter entry rééording‘thé
date and a foﬁr'digitvidentificapion numbef forbthe Spegtrum'
or baéeline. The second record was the same as the first.
We found it néceSsary to enter it twice since there-wefe

occasional mispunches in the first record. The absorption
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of the solution in the cell:being used fornthe_optical
rotation measurement Was reCOrdedtin the third.record.?'The_-
‘molar extinction coefficient per residue‘atathe same.wave-
_-length'was‘also recorded in‘the‘third record.f'For-a'baseline.
the absorption was set to zero. The scale and pen center
'were entered in the next record. The baseline shift and
specific rotation options, described-below; were also made"
in this recOrd.v The pen positions and wavelength frombthe-

| Spectropolarimeter were recorded in the succeeding records
'while scanning from long wavelength to short wavelength. -

If dnring the scan it was necessary to change the pen center,
‘then the scan was stopped and a 1 was entered in character
one dffa parameter'entry. The new pen center and'scale,
although the scale was never‘changed during a scan, werei
‘then entered nanually, After the entry of this record the
scan was'continued'while'recording the‘data. At the,end of
the‘scan,_avl.was entered'in character one of a.parameter'
entry as befOre. The next record contained zeros in the :
first three characters.:

The program was designed so that up to five baselines
1and eight sample scansvcould ‘be run in any order. Each scan‘
was stored in memory. After the last scan and.the endingtﬁ
-parameter entries,'zer0siwere recorded.in characters 6 through
10. This record‘was entered twice.. Each_succeeding'record
contained the identifications oan baseline and a sample-scan

that were to be used for calculating an ORD curve. The same
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baseline could be used with more’than one sample. Similarly,
more than one baseline could be subtracted from the same _
sample spectra. After recording all the desired pairs, a
new group of'baselines and samples could be run or the tape
could be ended. | | | |
The operator was'given the optlon of checking for a .

baseline shift. The option was entered with the first
recording of the pen position and scale for a sample spectrum.
If this option mas-chosen then any'difference between the
.baseline and,sampleforvthefirSt'lOO points-(SO mk) was
~assumed to be due to. a baseline shift. vThe arithmetic"
average anthe differences forbtbe 100 points, after the:
difference curve had béen,smodthed, was taken as the magni-
tude of.the baselinesshift, This shift was then applied'
Vas.an additive constant to the entirerremainder of the |
spectrum. | | : ._
The resulting'ORDvcurves were_printed?out'in units’of'
molar rotation per residue. An optionAwas provided~for.the.
' calculation of specific rotation. This option was made in
the same record as the baseline shift option. o

In addition to printed output, the final results were
recorded on magnetic tape.’ This tape was used for storage
of all smoothed spectra; 'Controllcards were used to space
the tape forward to tne end of the'last spectrum recorded_
on the tape. Similarly, the raw data was stored on another

- magnetic tape.
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Another Fortran program was written to convert-the"
raw data generated by the'Cary Mddel 15 Spectrophotometer
into absorption spectra. The program was very similar to

. the DORD25S program presented here.



FaYaNaNalataNaya

261

PROGRAIH DORD25S (INPUTSCUTPUT TAPE1,TAPE2,TAPED)

C DIMENSTON DCG(80098)9\«V L{ “"o,\),P”n(lo PV LIDEGLBCENL5)

1600

50
zohn
2002

2222

AN AN

10

U’IJ-\\,\)NH

TBWAVEL(B005) sROT(800) s SCALE(10:2) +HARK (10,91 ,PATH(10459) s
JEND(109G) sPHI(BNN) s GHIFTLL0M) sCTRRY 0")3JVA?V(1099)9
MO(Q),MDAY(G),MYEAR<9),rﬁ”HT<ﬁ),«w< Ty TP (e,
BOCALE(10+5) oBPTN(1045) o JFIN ~JrrW“(LW93)9Jprr“(“)s
5(3),[11(\),L-I)rMT( ) $ KMAVE L('?Aﬁsa)

IdTrGrR WAVEL, DWAVEL, ST0EMT

FSCAL?'Z:OOO c

STATEMENTS 1000 UP T8 660 BEGIN [NWPUT FOR SERIZS OF BASELINE
(MAXIMUN OF 5) AND SAMPLE SPECTRA (MAXTI™4Y OF 8y. THE IDENT
RECCORD 1S RECOKDED TWICE. A3SCURPTION = 0 FOR A BASELINE,
IDENT = 0 SIGNALS THE ERD-OF THD SERIES CF SPECTRA.

A FICLAR EXTINCTICN LU —FICI"\T 18 ReCORDED EvVEN IF

QP FCIFIC ROTATION s :QIQ_,/-

=
nor-
V-

-
pI e ||

S T SRR T & B9 B & (D 0 R

7

INPUT TAPZ1,2000
T (2X 127

INPUT TAPT1 92222 ¢4CIN) o riDAY LY oY FARINY o IDMNT ()
MAT (312, 14)

(TDENTCN)) A0 ,100,10

2

C..

A

ftH M. O
U p=g

— b}

TE CUTPUT TqPr3,39‘C(N)sﬁQAY(ﬁ)9H?Eﬂ?(3},I@ENT(N)
MAT {314416) o o ‘

D INPUT TAPE1 951 ,A5S5(M) TP (1)

MAT (FGeZy FELD)

SRMAT (Fhe3sFReD) : S

(ARS(MN)) 9G,660,70 o o

-~ MM
WG \) AJ 1
— ?‘3

-

~ T} S
N C

T'”PNT” 660 UP TO
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I
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560
64

80

450

81
32

83

471

472
4773
.84

a5

.

o

'L‘? AT (F?.

BOEG(TWNL) = ]OO‘III(I)+1n’Ill(
CONT INUE-

IF (N7) 99,64,80

I=1+1

G0 TO 62
JSEND(J,NL)Y = I-1
J=Jd+1
GO TO- 60

MBN=T=1
JRFIN(NLY=J-1

PRINT 81, MO(N)MDAY (N),MYEAR (N)

FORMAT (1H1550X9'10H'DATE=
PRINT 83, IDENT(N)

FORMAT (31H THE RAW DATA FOR RASELINE

1 10H FOLLG™S,. e/ /)
Kzd=1
DO 47N U= 19
JK=J-1

.H“J”r\U(J, L)

IF (J=1) 471,471,472
L=1 o

GO TC 473
L=JBEND (JK yNLY+ 1

2y 41113y

L

1313413477 7)

e

PRINT B4s DSCALI(JNL) 9BPEN(JyNL)

FURIMAT ((15X, 1l&H FULL RANGE= s F3.2,
F3ensr/) ‘ .
PRIMT 859 ((3% AVLL(I,AL‘,Jﬁvg(I,HL) -

FC MAT (10117, Ny
CALC(J,lL) R

RYIL CUTPUT 'AP-B; 5
MAT (Fbhe24%4.0)
5

FOR

wRITi QUTRPUT TARED, 6,
FORMAT (17 {1iXeT104F40 )
URITE OUTPUT TAPIZ3 . 7,02
FORMAT (1)

CONT INUE :

WMRITE CUTPUT TAPE3,12,.,F: r*
FORYAT (F3,2)

ENDFILE 3

({STAVEL (1,RL) 308

. v9T4;2X9

Loori)

\.} g“"iL )

STsil) )

NIV o

-1

RIS

()

,__.
i~ e

—
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50X, 131 PEN CENTER=

—l !)

Ra,
CHANGES

<A ARF
POR O OTHE
SOTATION
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142

77

65

bh
66
7¢

an

A

o

78

' T WA WA

S TE

GO TO 5%60
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([1,09Xs11) .

(B(1)=1H+ ) 5500,55510,5507
(R{1)=1H= 1) 552n,553n,552n"
SEGIT,N)=17200+10% TII(?)+I7T(3)

FORMAT
IF

DEG(T N)==(10%* III(2)+YTI(3/)

GO TG. 5560
DICODE (155550,R(1)) T11(1)

FORMAT (T1)
DEG(T,N)=1n0* 11T (1) +10%
CONTINUE :
IF (N7)
T=1+1
GO TO 72
JEND(JsNY=1=1
=J+1
GO TO 70
NM=1=1

TTI(2)+111(3)

Q97475

RN =d=-1

PRINT 142% MO(NYsMDAY (N)MYEAR(NY

2134172, 12,/77) A B

FORMAT (11, S50Xs10H DATE=
PRINT 779 IDENT(N)
FORMAT (274 THE RAW DATA FOR ORD NO. s 14452X,
1 1QHFOLLOw /7)) ' '
K=d-1
DO 778 J=1,4K
JK=J-1
M=JEND(J 9 M)
[F(J=1) 5465366
L=1.
GO TO B9
;L JEND(JK i) +1
PRINT 79y SCALT(J MY 9PN {J N
FURMAT (1HZ,15X,10H FULL RANGES= F3,2530X,132= PEN CENTER=
Flefo//) ' S
PRINT 209 ((WAVEL{IoNYs DEG(T o)), I=bL,i)
EORMAT (17(179F5.0))
CRITE QUTPUT TAPS3 438 ¢SCALE(JeNY4PFENIIINY ! ”\‘\(J9'“)'
JUARK (I ei) s PATH( s N)
FORY AT (F5.2,F5.O,{3of?sF5.2)
WRITE QUTPUT TAPEZ,0,s ((WAVEL (TSN oDEGIT i) )12l
FORHA. c1~(1x,1 s Fhe Y ' '
MRITE OUTPUT TLPE3,11.0.7
FORMAT (11 .
CONT I MUE ' *
MRITE ONTPUT TAPE3,13,F<CALE -
FOREAT (F3.2)
ERDFETLE 3
RETNES] :
G0 TD 50
COMTINUE
FROM "A BASILIND 73
159 CORRECT Fus COLAR
SPE CIFIC Lurnizﬂv SATA

'»)
up

oy

A7

\

O
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FOR THE SMUOTHED CURVE, 4RD RECGRD THER 0% THE SMOOTH SPECTRA
MAG TAPE. '

DO 143 N=1,8
[F (IDENT(N)=NS) 14351445143

143 CONTINUE
PRINT 147 . ‘ - o - , o
147 FORMAT_(95H1NO SPE CTQ, S HAS THE IDENT NUMBER YOU PUNCHED AT THE
1 ENDe CHECK YOUR TAPE LISTINGe ) -
GC TO. 99 : ' .
144 NS=N
- DO 145 NL=1,5 :
IF (BIDENT(NL)=NB) 145414645145 .
145 CONTINUF
. PRIMT 148 . ‘ ‘ S :
148 FURIMMAT (95H1NC SPECTRUM HAS THE IDENT NUMBER YO PUNCHED AT THE
1 END. CHECK YOUR TAPE LISTING. C ‘ ) '
_ GO TQ 99 :
146 NB=NL
BSHIFT=0.
L=1
N=1
J=1
K=1
T=1
08 IF (RWAVEL (T NR)=WAVEL(K,NS)) 29n0,1n1,30N
300 I=1+1
GO TO 95
200 K=K+
GO TO 95
1INl MST =X
15T=1

CIF(J=1) 99,102,131
102 “ODNZ1ING#(PEN(Jy NS ) =RPER (Lo HB) )

103

ot
[§Y]
D

TF {MARK({14NS)=5) 186,103,186

=1

KB=+CO

DO 131 K=N&T,¢8

I=1ST+(%=NST}

V=14 (¢-M5T)

CORR(M)y=(DE GERaNS) =ADDY== 3 (T 400
COMNT INUE )
Man=1AN

NC=NAR=24

CALL SiOCTH (MRB,CORM T 48R T) ‘ :
20 140 1=14756
COHIFT=GHIFT(1)+35HIFT

COMTINE

POHIFT=0AHIFT /76

COtT IR

TF (JFIN(NS)=1) 1AaYe060N0410]
JU=JEI (MG ~1

DO A0N Jz1.JJ

..J.—jmﬁ(J.‘:ﬁ )
TF AV EL LI RE Y= AVTL LA+ 1,115 )=29) 60N, ANN 177
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0N COMTINUE

60090 CONTINUR

J=1
K=NST
I=IST
GO TO 131
179 J=J+1.
© o K=Jdx+1
GO TO 95

131 ADDN=10.#(PEN(JyNS)=BPEN(L, N5 ) ) +BSHIFT
120 ROT(N)=((((DEGIKsNS)=ADDN)=3DEG(T4NB)) %S

1 /Z(1NN00N%ARS(NS) ) 1% (EMP (NS Y )
KHAVELINGNS ) =i AVEL (K s NS)
TF (JFIN(NS)=J) 114,114,107
114 [F (JRFIN(NR)-L)Y 11%,113,105
T100 IF (JAFIN(NR)-L) 11741174103
103 IF (JEND(JWNSY=K) 104,104,111
111 IF(JTERND(L,LNB)Y=1) 106,106,117
110 1=1+1 V .
L N=N+1
K=K+1
GC T2 120
106 L=L+1
- N=M+1
1=1+1
=¥+l
GO TO 131 ' ;
CTF (JRENDILLNE)=T) 107,107,112
K=K+1 '
M=N4+ 1
J=J+1
T=[+1
GO TD 131
107 L=L+1
J=J+1
K=r+1
N=h+1
1=1+1
GO TO 131 e
103 TF (JREND(L i3 )=T) 116,116

.
- D
[ACI &

s 113
112 1F (JFRHD(JHNS)=K) 150,180,117
116 1F (JRRD(J,H5)=K) 150,130,175
115 TF (JPND(JeMS)=K) 150,15~ ,110
114 1F (JREAD(L,LUT)=T) 150,150,110
V17 TF (JRFHD(LyNEY=1) 157,157,117
116 IF (JEHD(JINE)=K) 112,112,217

159 MH=n
G=M=204

160 CALL SYDOTH (MMaROT oM DHT)
TF (JVARK L M%) =4y 18%,8rn 108
800 S0 £50 N=1 ..M

T A
Py AN ZROATION QF  THE Fany
2

PHI(M) = 17002201 (M) /7

CALE (JWNSY)

265
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WHERE M IS THE MOLECULAR WEIGHTVOF THE MATERTAL.

S50 CONTINYE ‘ : .
185 WRITE OCUTPUT TAPE2,161 o0 O(NQ),-;&Y(NQ),..,,“(éﬂ S IDENT (NS
161 FORMAT(312, l4) : _ ' .
WRITE OQUTPUT TAPEZ,Zél,EIDENT(Na),IDENT(NS>
261 FORWAT (l4,16) : '
. WRITE "QUTPUT TAPF2, 170,A5S(NS)EMP(NS)
170 FCRMAT (F6e347F640)
WRITE QUTPUT TAPE2, 162, ((KWAVIL(I+12),PHI(T)), [=1,4M)
162 FORMAT (1N(16+F643)) ' '
180 CONTINMUE
163 PRINT 166, O(NS) MDAV (M5) s MYEAR (NS ) TDENT(NS)

164 FORMAT (10H1DATE= s 13, 12, 13, 50Xs 12HEXPT. NO. ,
1 [4,/7)
PRIMT 264, BIDENT(ND) 4

264 FORMAT (45HOTHE BASELINE FOR THIS SPECTRUM HAS TDENT NO. ,
1 I8y//) - | | .
PRINT 460, EMPINS)»ABSINSG) . ‘

460 FORMAT (25HOEXTINCTION COCFFICITNT= . ,F6.0,50X,
1 13H ABSORPTON= F&u3y//)

L]
IF (MARK(1,M5)=5) 862,845,862
865 BSHIFT=BSHIFT/1n00.
PRINT 3563, BSHIFT" . o
863 FORMAT (50X 25+ THE BASELINE SHIFT 1S 3 FBe2s//)
862 1F (JMARK(1,NSY=&) 440,840,440
8560 CONTINUE
PRINT 864
T 864 FORMAT (50X, 5HLAMBDA s 3
1 36H SPECIFIC ROTATIOA »
GO TN 168 .
440 PRIMT 165 . .
165 Fchnr (50K 9 HHLAMEDA W3NS 12HPHI 7/ 10,000 /77
162 SUAVEL=IAVEL(5,NSy /2 '
PE O INWAVEL-(KASAVEL (G 9o NSY/2)=2) 39,166,157
166 LUG=14
GO 1O 169
167 LEG=13
169 *=t'+12
‘ nCOL=%/5
TF {(NCOL+LYy/2- NCOL/2) ©2,182,127
187 MCCL = MCCL-2
187 f)”TY”'T

;n GRAM /1000 s///)

NSTOP = LA MCOL _
18% PRIMT 131, ((\'\VFL(L,‘”),PH’(L—IZ))s L=LZme i, NCOL) .
181 FORYAT (5(115, F10e3))
' LEG=LRC+2
TF (LRA=NSTOD) 183,152,134
1686 CONTIpGUE :

FANDEILT 2

SASTLUTNE &0
CALCULATED,
Loy CF 0 SERIES OF SPTOTESN

PECORDS LI wmiCH [D25NT = ry IERVIN

S STATEMENT 199 REAJS [0 [2EHTS OF
FROS wid I A ORD CURVE 138 TU GEF
REICOROEN AT Tiis

SO i



AN

NN

SO OO

199

201

267

0 AND NS IS NOT EQUAL TO fe TO EXIT FINALLY N3 = 0 AND
N, : : :

NS
()

READ INPUT TAPEl, 201, NPR,NS
FORMAT (1Xs14s1Xs14) '

IF (NBY 78,299,78

IF (NS) 167N ,00,10N00
ENDFILE 2

ENDFILE 3

sTOP

END -

SUBRQUTINE SMOOTH (NLO DﬁTA « DATA)
)I FNSION O”ATA(SQO),““TA(903)99(25)

THIS SUBRGUTINE SMOGTHES THE RAW LATA 8Y FITTING IT TO A 25
POINT CUBIC EQUATICNS  THE COEFFICIENTS AND FORTRAN PROGRAM ARE
FROWM -SAVITZKY AND GOLAY, ANALYTTCAL CHES VOL 36, 1627 (1264).

S MzN=-24

DO 10 1=2,25

J=1-1

11

, 1
L2
' 2
4

P{I)=CDATA(J)
DO.-20n" I=1,M
J=1+24 '
DO 11 K=1424
Kh= ¥+
P{K)=P(KA)
PL25)Y=0DATA(J) _
SUMSGET ¥P(13)+462,% (P(12)+P 14y
FLLT G X (PLLI1V+P(1D))+422.% (P11 +P {16+
+322, f(P(F:+D(LP))+7°7. (P(T7)+P{19))+273
+14T7,%(P(5)Y+P(21) ) +A -.f(* (4Y+P122)y1=-33.
—13d.n(P(¢)+P<za))—2 3.R(P(LY+P(25))
D&TA(I)—SJ1/3173.

#(P(O)+P(17))
(P15 Y+P (20
(ia+P<2?’)

200 CONT[MUE

CETILION
EMD
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APPENDIX D
Coefficients for Calculating ORD of

Dinucleoside Phosphates and Nucleotides -

as a Function of Temperature.

For several wavelenéths»thé temperature dépendence.of
the molaf rotatioh per reéidué of each of‘the 16 dinucleo-
side phosphates and 4 monomers of A, U, C, and G has been
fit to a polynomial of the highest power up to a cubic
that would not‘give ahy maxima or minima between Ovaand

109 have been

100°C. The experimental data of Dr. R. Davis
used for all compouhds except GpG, where a'célculated

temperature dependence of the ORD has been used. See text
for details of this,calculétion. The polyhomiai has the
'following form: . - |
2.

4=AZ+BT+CT

[¢] x 10° + DI°
where T is the temperature in °C. The coefficients A, B,
C, and D for a least-squares fit are gilven in the following
- pages for every 2.5 my between 230 and 330 mu for all 20

éompounds. The average standard deviation as defined in

the text for all wavelengths of all 16 dimers in units of
! 4 —

 molar rotation is 0.04 x 10%. For the monomers it is

0.03 x 10%.
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A . B c D

S 3260 MM 141041313€-01_4.3034480€- os...e.ueuz'.e-os =5428156626-01.
32745 AA__ . 1.20213C4E=01.-3.3505268E-03__ 4451 11331E-05_~2. 4359572€-C7.
~32540 _ AA . _1.3325¢35€-01 -262928€0€-03._ 2. 70049 74E-05. -1.40437855 07.
_3i2.5___Aa l. 38636296:0_1__2;_50346135__0}_2 3696586E-05_=14 3157850E__07
_22Ce0. AA______ 1.45C3S91E-Cl ~2.79C3TE0E~03__2.7559396E-05_~1.5573167E-07 .
_ 31745 __AA______ 14573295CE-01 ~2.4291746E-03_ 1.3427609E~05_=4.5258833E-08 .
_315.C__AA_____ 1.6854865E=01 =2.78936 €56201 1.71€C514€=05 =6.1725207€=08.
31245 M " 1.8356C31E-01_=341182260E=03__1.5816014E=C5_=1024749 30E-08.
. 31040 ... M.'_-__.___Z-OGZJJJL'E-GA-~3.750IGHE-OJ-_J.M81103E~c5._-l..8519013E-07-

305 A 2422606576E=Cl =4.54¢41¢6E 0.3'__’!.-151355JS_GE:05_"_7:-.65 J1491€-07.

3C5.C__ AA 205658582E-C1 =5.5963158E-03__1.2316582€=C5_=4.1287551E-07_
3C2eS _AA_____3.0128334E=C1_=6.C045402E-03__4.2037916E-05_=1.2515928E=01_
_3€0.0 'A,A 10631859 1£=C1 =4 .6907454€=0 =3, CA52227€=05 _4.5(27600€=01
12145 __AA 4.396¢0854E~ 01_—:‘7 6032921€-03__3,2C€9882€-C5__ 0. ——
_255.C_ AR 5.41€6749E-G1_=9.7301€59€=03_ 4.COE0276E=C5_Co
_25¢.5 AR €.6375820€=C1 =1.2635755E-02 5.7120481E=C5_ Qu
_2SC.0__AA_____ 8.26717856E-CLl ~1.5967410E=02__ .2919«135-05___c..______-__
_EE1.5..__ A =2.028C158E-C2_9.34363226~05_ (o _ __
_2es.C_ am 1, 4135116LQL_L®3ML_QL_2.51113215 04 =8.9364578E=07_
26245 MM ].5843726€4C0_=3.3925124E=02_ 3.07€92316=04_=1.52372756-C6_
26CC_ M 1.4286123E4C0_=1.31248€4E=02_ 2. $5C2609E=04_=102946143E-06
J@10.5__AA___ 1.0278311E+0C =2.92318136=02 _3.3540595€=04 =1.77¢€0157€=C6_
._zis;oh___u 3.0912933€-01 =1 .nqzue&-oz._x.enavzza—c«_x.xzvsuse—oc |
22125 AA____=1.18C1880€-01_ 7.8103601€=03_=3.89234256-05 G —_—
760 -1,77C308 muéqwia_ﬂ_gmmumz&um

| _Z€1.5_ MM =2.77E4146E4C0_ 5 40533944202 =430981676-04__1.46380756=06_
_265.C.__AA_____ =3.7663058E000___64986954€=02_=2, 5115535604 _3,02149626-08_

€€2.% AA -4.561756550d€ 8,7102051€E=02 ~6.7825453E~C4 1.91243%F~0A



270

A B - ¢. - D

26C.C_ AA .__-__,___—_5.113152e_eo_qc___s..cqnzsee_-_cz_-«‘.msoqc‘)_ee-ct,.;_-_e.xqs_ozne_-oa,_
257.5._ _AA__ =4.28523E1E4CC_ 7441154 17€-02_=3.25657606-04 =2.5202071E-07_
255.C_ aA _ =2.8428376E4CC  3.6243771E=02 1,26E6235€~C4 ~2.5011855€-06_
252.5__~ AA _ ~1.62285SEE+CC_ 2.84462:56-02 =9.6379530E-05 ~4.0803793E-07 _
25C.G ___Aa -3,;oszene-_c1___1,cae'sx405_—0_2_:_9,_115_10955-05_2_.79261125701__
241.5 _ AA. 1047512596-C1 ~1.44144€CE-C2 __ 2.€092988E~06 —1.3984952E-06
245.0_ __AA 1+43273527E¢GC_~1.4715517€-02_=9.555421 1€-05__1.3935248€~-06__
24245 _ AA  1.621CTSEE4C0 = 1.64168C5E-02_=2. £232706E-CS_ 4.2317608E-07 _
24C.C__AA 1.68E3411E4CC. ~1.3596555E-02 ~1.1899133E-04 1. oazwqas 06
231.5___AA 1.545C4T1E4CC 2368753526203 =3.76616356-04 3.06151285 -06__
22¢.GC__ AA Je1112565E40C ~1.€6C175CBE~03 ~9.44€916CE-05_ 0. o
23z.5 a4 6. 8BE8510E-C1 ~4.E61E1S5E=0] ~4.13160126-C5  Co
22C.0 __ AA____ 9.9920534E~01 _=5+8516318E-03_=9.3541208E~05__5.1895568E-07__
33C.C___au . =5.87731136=-C3_1.28493656-03_~1. zex4ssse_qs_:3 1320874€-C8__
3i1.5. AU —€.C412052E=C3  14380C2€63E-03 ~1.16£62556=C5 -e.aauqaxe-oa‘
3i%.0__ AU ~7.26C494 7€-03 _1.67678226-03 ~1,2C@61GCE~05_~1.1054767E~07__
--32245___Al ~--~3.asc'ev,ote:c,_a'_-_x._-.rx-s25345,—_0_3_—.9_,.614‘3‘52755;06_-_1_.-saeseoqe—ol,
3:C.0__ AU ' -1(&5413‘495704 1.6323257€-0 42.9169101&-06 ~2.2868020€-01
317.5___ Au 1.01356026-C2__1.5123751€-03_ 4.5440127E=07_=2.76335C4E~07 _
315.0__ AU 2.298905E6-C2__ 1.255€2516=03__4.56435996=06_~3.08959286-07__
2125 Ay 4.0240728E-02 4. 5ec03c35 04 2.1235300E-C5 ~4<1858166E=07
31C.0 _ AU 5.9751881€-02 ~1.26423C0E~04  3.C028790E-05 =4 .7C94605E6-07 _
3C7.5 AU 1.336284CE-C2_ 2. esvseue 04__ 1.59375336-05 =3.8151917E-07 _
3C5.0___ AU 1.00251126-01_-1.4404871E=04_ 1 1.68¢011 0E~ -0S =3.7518950€-07
3Cz.5__AU___ . x.zunvesfcx'_-1.133{-6945-04__.4.21e29095-c6:2.ruazaae-ov__,
3CC.0  AU__ . 1.5€4394LE~C1 =2.€27S1C1E-04 ~1.C4E09T3E=05 =1.2545789E-07 _
291.5__ AL l.8&26C‘o_95:(1,1;_7_._4_236;7_(_4“5-04 -5447543226-05 2.1368959E-07
255.0___AY _2.“465075—01_.;_1&191844E:C3_:8_,5l119_6ZE:_OS___G,5_&4025,5_5:0,2_
zsz.s__,_'au__'___‘_ 246579214€-01 _ 2.14661C0E~03_~1.3856770E-C4 _ €.8551567E-07 _
25C.0 AUy 1.68C47726-C1_-4. 1015858€-03 ~2.8483057€=C6__G.
267.5 AU 4.6E4066€E-01 -6.5705552E-03_ 1.5071709S€-C5 0o
265.C_ AU_____ €.360688CE-Cl ~1.0525717€-02  4.23227006~C5_ 0. . -
282.5 __AU 8.12034926-C1 =1.3591264E-02 _5,0257466E-C5_ 0.

- —— - Y
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B 1
1

—i . A B C D
26C.0__AU__ §.€826093€-01 -1.84152266-02_7.6357257E~05_Co ____
$1705__AU____ S.6775126E-Cl =1.54329€3E-02_ T.7142279E-C5 0o ____ _____
2150 7017104256201 =146461053E=02__ 524263655E=C5_ Q.

27245 __Au. 4423107456-C1_~8.0302579E-03_=9, E847T04E~05__ 1.0092628E-06_
27C.0 AU 2.65521€4E-02 =742666732E=03 =1,6175818€=05__349946092€=07._
26705 AU =4.60214316=01 =5.3618477€=0 4.£3CCARGE=0S C.
2(5.0____-AU,___“_,-1.2159141'5006____1.160831l5—03,_:.9.-52825035:,(:6___0.,_4_________"__
Z€2e5 - AU _____-1.78E5082CE+00 . ,_2-8373_7C7E‘02;,?2-92567,9'05’.04_.]-05801465‘06 —
26C.C__AU____ =1.6532535€40G__1,1645355E=02__0. Co
£51.5 __ AU ‘1-‘!0090165'00._7.51095005'03~.-.00_,. U : PR oo _.;
255.C AU ,‘l 1S76S9CE*0C _.7.5CC4651E~ 03 .. 7.894C864E-05 ~1. 2543698€-06 _

¢
CESEeS__AU____ =F. SbllCOEE_QI_Q-GNﬂéﬁE_Ol_.Z 5455540€-05 -Ep65768085__01
«C

.y \ VN =5.618G816E-C1l__T.364 85425-03_:8-51622935-05 :5'62238 13€-08 __

€415 _ A_U. =234321172SE-C1 __S+2301832E-03. ~1+7542484E-04__5.2834663E~-0T7___
245.C__ay -x.aé1xea«a;cL__l.e2945.5.0_&0.3__11.51113311;m__z..256aéne:az..
v242-5 - AU__ ) ‘1.5218¢1¢E C2_ 5493528$3€6~03_~1.5168485E-04___ 4.2882736&-0.7-.;
-,24(-(5 .AU-__...__l-953365£E‘Cl--3-80963(:65 ~03_=143840405E-04 (\.3360561&-07 :
237.5___4 SEE-~Q3_~5.13224826~C6 ~1,37341926=07__
235.0_,;,AU ___4.84793‘08&‘01_:_9-2264790E’OJ-_J¢,0982654E?04..:!o007,’t9885-06__ )
23‘2.5_‘_‘__'_AU : 5.63175155—01_,_1 3308972E C2__1<87E87515€~04_=1.4523064€-06__, !
22C.C___AU 5.83_11560LQ1_1,39355L1LQ2__L11112§3WJ§_
33::.0__‘C______.1 1642750E=C1__ 5. §’¢63492E‘05__:_1 30‘159796-05.-Cc.
32145 __AC______1. 3379334E=C1 =2.7502157€-04_=1.07152126-05 .0«
325,06 AC __ 1.5031995€=01 =5,7390949€=04 -8 mwyﬁ_qe_u____.__.
322-; | AC _ lcéﬂ?S‘iZEE-Cl ~6.5289727E~04. -9_.80867215:06 __Co
BZC.C____AC-___. 1.8711170€-Cl _~4e 35370655 04 _=1e4126405€=-C5__0o__
. 317.5___AC £.2323€656=C0_=1218787€1E=Q3 =9,2647155E=C6 _ Co
315.C__AC  245520493€-01_~1.62403C7E-03_=4. 1878027E=06___Ca
312.5 . AC ____._.z.nxos«15-'cx__-_x.71997035.—03_;6.a7sqc4ss:oe'_.o_. .
21C.0__ AC____ 3.166C4I9E=CQ1 =2.2016451E-03 =3,9041628E-06 Qo
3C1.5 . AC___. ___3.653_49665-,0]__"_3.0_76_7_69,3E:,Ol___‘ﬁ_,_,éb)59235_‘_06___C_-_______~__________
30540 . AC..___ §.2412347€=C1 ~3.4275266E=03_ 4,6032417€=C6__0.

32,5 __AC 4.90145916-01 -3,7345027€-63_ 2.17654156-C6_ Q.

- U



- : 272

—- . - . -

1

e e mm A B ¢ . __.D_.___
3cc}o AC _ . 5.93E6399E-C1 =4.7405553€-03__2,17752316-06__C. .
iS1.5__AC_____ 6.8C55207€-01 =1.4C67052E-03_=1.1708547€-04__€.5809216E-07.
255.C__ AC 1.5722€4€E-C1 ~1.4241115E6-03 ~1,36C0477E-C4 __S.9C75100£-07
iSi.%  AC_ SeE745748E-01 =G.1617077E~C3_ 24 4165532E-C5__Co .
25C.0 __AC_____ 1.1075C1 €E¢OC_~£.81953136-03_=5 75101 7CE-05__€.99974B3E-07.

_2€1.5_ AC 1.1528349E40C ~1.10801S9E=02 =54 1270214E=05 _1.6074237€-07
265.0  AC_____ 14237096SE40C -1.58:76226-02_ 1.7868115E-05__4.3154172€-07.

_2€i.5__AC 1e17€073€E400 ~1.544154GE-02__ 7. 801C619E~05_ 1.5716861€-07,

_2EC.0___AC  £.92692156~01 ~1.8956923E-02  1.5223455E-C4 =5.4346556E-07
21705 AC_ 4e&73T11EE-01 =1.79145736-C2_ 2 C195067E~0é ~8.00083566-07,
215.C  AC ___ =3.254€18SE-C1 =2.7751576E-03__ 3. E5C44TLIE-C5_ C. :
i1i.5 - AC ~8.757C804E~01 =1.8676610E-03  1.5857104E-04 =$.5800630E-07
270.0 . AC ____ =1+6192576E4C0 _2.00871C5E6-02 ~1.6882594E-0h __€.51191726-017.
X 261.5»‘AAC,____*:Z.I30752SEOCC__2.521924‘%-_02_:_-,1.4664805&2-04___4.7388;546-07;
2€5.C__ AC =2.5255116€4C0  3.53469626-02 -2.6711248E-04_ 1.0075731€-06
2€2.5___AC ~2.7417207E40C_ 4+6632153€-02 =4, 151CBTSE-04_ 2.2119220€~06.
_2€C.C___AC ~Z.€455T1SE+C0__5.20483256=02 =6+ 8154 765E-04__3.7389218€-06_
_251.5__ AC ~2.3705565E40C  4.5706558E-02 =5, €46273TE-04_ 2.8668749E=06
255.6__ AC____ =2.07CE125E4QC_ 3.93647126~02_~4s 7456236E-04__ 230009 1 TE-06_ '
_2%i.5_ AC ~1.725CE26E6C0__2.9683024E=02 =3 29€CASIE=CA_ 1.46864€1E~06_
_2%C.C__ AC ~1.471263769CC 245426 E56-C2 =2, S0673T1E=C4 _ 1.4340275E=C6
;.2‘.7;‘_ ‘C_...____._'.l-29.3.7,5325.!‘!9__1__-?7_\3].1,19E;QZ_‘J.-J”.S_1,2,7,.5‘;'0_6__.5.9.:9".58.’*1157.07_.
245.C___ AC ©1.0222747€4CC_ 1.8037C50E=02_=2. 153204 7E=04_ E.6857834E=07_
_24z.5 _ AC ~€.5961505E-01  1.8714EE6E=02 =3.08530316-04  1.6765634€-06
_24C.C.__AC —6.35CEE23E-01_ 1.6601025E-02 24826384 8E=Co__1.3902564E=06_
L237.5 _ AC______=3.5604365E-01_ 1.71008526-02_=3.64515196-04__1.9323662E=06_
235.C__ AC £.95720486-02_ 4.8656946E-03 =9,8118204E-05 0. '
@2i.5__ AC 6.135517¢E-Cl_=7.9645445E-03 =1.2854049€6-05 Q. _
(23Ce6__ AC____ §.5556482E-C1 ~1.8549216E-02 _ 7.5021078E-CS_ 0. .
33€.0___AG 1.0052524E=01_~1.36744€8€=03 0. G
32145 _AG_____ $.9563000E-02_~1.32559¢7€-CI_ 0. 0.
325.0__ AG_____ 1.C76542EE=C1 ~1.4927879€-C3__ 0. 0.
322.5__AG ¢, 0.

1.1537927€-01 -1,663E074E-03

PUN s e e e e L e e
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A B c D

_3iC.C__AG_ 1.2233C5€6-C1.~1.76C4925E-03_ 00 c. .
_3)171.5 __ AG_____: 1.26CE308E-0] =1.8449529E-03__0. C.
315.0C___AG 104250556€=C1 ~1.55313C5€=C)  Qu____ Ge
!m3i2o5>,,ﬂG,_~___» 1¢5864295E~01 ~2.2366456E-03__ Q. Ce é
_31€e0___AG______1.71411406=01_-23874462E=03__0, ge
_3C1.5___AG 1. €6€CSSEE~QL =2.5791T58E=C) Q. _a. -
3CS5.0__ AG_____ z.1889939E-C1 -2.541664CE-03__ Q. 0. .
3C2.5. AG._____ 2.6625327E-01.-3.50217¢8E-03._ 0. 0.
_3CC.C___AG____ 3.07€3550£=C1_=3.1820536€=03_ (. 0. '
_251.5 . AG 3.68267226-C1_~4435469676-03_C. a.
_255.C._AG _____4.2424921E=01_-5.1912923E-€3__ 0. a. '
_ 2525 AG 6085 14BCEE=C] =6 02548641E=C_ Qu___ Qe
_‘_ZSC.0____AG___;4-9737892E-.0l._—_6-93034';8£_t03..__0- : . Q. ' .
_2€7.5__AG______3.486170CE-01 =5.1857460€=03_ 0. a. |
_265.0__ 4G 1.8193231E=01 =3,€37C6C8E=02 O Qa__ .
26245 AG_____ 1.002451CE-Cl_=1.1352512E-02_ . 6605245E=05_0Qa -
_2€C.C AG. 13-32559195101__2.1379016Eﬁ037:1¢34745515:06__]-36376165-06.
_2775__ AG_____ =6.6482635€=C1  1.§546922E=03  5.4634563E=06_ 2.6311262E=01.
27540 __AG_____ =141316524E4CC__142249450E=02_=9. 961221 56=05__6.1878709E-07.
_212.5___AG -=145940111E900__2+67535C5E=02_=3¢1165208E=04__147695646E=06.
21046 AG — 1 76534146000 1.G2€5585E-02 =1,226125 1604 1a2246413E=06_
_i€1e5__AG ~10735C54TE4C0__2.2557956E202 =34€6496829€=04__242736374E=06.
L2656 AG____ =1.4491250E4CC_24€8379CEE~02 =345016475E=04_.2.5373251E~C6
C _3€2.5 G =£.205322CE=C1_1,31950(6E=03 _1.3192826£-05 4.1759519E=08
.26C.C__AG. =3.561919CE=01__1.4153939€=02_~3¢1185935E=04__2.3361081E=06.
E8Ta8_ AG____ 2.15110CEE-C1.~2.6394019E=03__2.5117634E=05__C.

25540 AG $.21268626=01 =2,1315623E=01 Q. 'R ,
25245 AG_____ €.20C5119E=01 =5.4111252€=C3_ 0. G
_2EC.0._ AG ____ 9.583349€E~Cl _~6.607C828E=03_ 0, 0. ;
245 AG 5,33€8749E=01 =5,17853266=C3 Qu 0a

_e4%.C _  AG____ 5.0345854E-Cl_-5.6171319¢-03 0. 0.

L@42.%__AG €.25066176-01_=4.08901256€-03 Q. Q.

4C.C AG S.44CEQEIE~-0) ~2.0931242E-02 1.77223276-C4 Q.




274

H
'
H
i

L8375 AG ____ €.2611264E~01_=1.61986233E-02__1,38421¢ 26-04 _ Q. '
L.235.C__AG______ . 5e7649372E-01_=-2.E5C69€8E-03__ 0, | 0. §
_Z27.5 __AG €. 515552CE-01 ~4.10175656-03 0. 0.
_23.C.C‘__-AG_______~5.72184175-.0153.26824115-’_0_3___0_. . Ce 4
32C.C___UA____ 5.7623339E-C3__1.8406251E-03 -2.0122181€-05__0, ?
_371.5__ _uA 1.23e«c_gebe-cz 1.4524554€-C3 -1,%37329¢6E-C5_ C. i
_3z%.C___uA z.ne«soq«s—oz__a.eaz1039::04_-__9.254231«-«__o.__________,j
322.%__ uA 1.8653C79E-C2__1.00524776-03_~1.C1E7003€-C5_ €
3:C.C_ LA 1.49055776-C2 1.C58E950E-03 ~1.1478131€-05 . ' '
317.5___UA €.£666545€-03  1.025485EE-03 ~1.1723260E-05 C. y
315.0___UA 1.2014113E-02  9.437C639E=-04 ~1.17€¢€878E=C5__O __________J )
312.5 uA £42428632E-C2 e.3oosoé«e—.or. -1.0717560€-C5_ G,

31C.C___uA £.1068418E-02__€.800€3526=04_~9.5934982€=C6__Co ‘
~3C7.5 LA 6.7417243E-02_ 3.6C5C534€-04 ~7,14340736-C6_ C. :
3C5.C UA 7.8103536€~-02 1.37871€1E-06 -5.5548533E-06 _ C, ' ‘
3Cz.5_ UA 9.9&776895:_02__:5.,70l99089E1-_0_‘o___2.50088_985:_07__0, : __q
3CC.C__uaA __ﬁ;é’l136875-62_:4.1533815E:_Clo_-_lc.,fllG.Mb'JE:Ob___O. - '
_@S1.%___UA 1._6aeseole;o1_:,1_.,026eezqE_—,o_a___q._uewzu-‘_cz___q_._____________j?
_2ss.c___,un____l.3015&5295:01,,_‘-,,1.1111c195-_03__1.qoz'aews,_-co__o. : i }l
_2Si.%___UA x.7eqzeaseedL_-_x.eus_xses-o;__s.sosssqeefoe_'c. .
_29€.C_ uA 2.4433669€-01 =3.2110738€-03 1.6204589E-€5 0. ‘
_ZE71.5___Ua 3,13_73cxcs-_-c1_:3.11'247'12efca___l.,sel.ssaos_:cs__o_.m_________.
2ES.C__uA 3. 79€2192E=-01 -4.4545625E-03__2,2461683E6-05_ Co_
2€2.5  UA 4.3172€C3¢E-C1 -5.7543443E=C3 2.9jcquzs-cs Co

2EC.C un____",z..soau.eqs-_-cx_-,a.zws_eéxewa__v,1woaaze;os_-z_.ﬂ'lesxesx_e-_or_f
2175 UA 4.8029550€-01 _-_’I_.__?bBl,ll2E:03;5_.,2,5'3'5_5_1“0E;Oj___-_l_.92_3__1_‘3_5%:041;
_é1%.C__ua 3.62713E11€~C1_~4.327C3C9E-03 -7, E€65193E-06  1.5494614E-07
_£12.5___ VA 1.45451C9€=01_=1.1330959E-03_-1.25545206-05__ Q. .E
27CeC__ VA ~1.4287574E-C1 3,4600256E-03 ~4.2291248€-G5__Co -..
2€1.5  ua ~5.02€826836~C1 9.0745146E~03 =7,2839852E-C€5  C.

2€5.0__ UA ~8.7945124€=01__ 1.9932426E-02 =2, 8796536E=04__ 1.4564159E=06 _
2€2.5 VA =1.2181238E900 _ 3.26637%4F-02 -5.31404186-04__2.8503651€-06_
26C.C  UA |

~1.31045686E¢C0 3.1896776€-02 ~-5.4145099E-04 3.0654416€-06

j— . e e e s - e o e ————— i st s o



A B c D
- 2.57-4 -UA =-1.3C5080 75-900_209510'068&’.02._‘5-0’1,45357;'_0,’!___20.909§1715-_06.
L 255.C __VA _‘_I-Zl833385000*,,2.62929445'02_:’0.54432645204_2-73035‘0’95-‘06‘
__ €54t va =1+COT6365E4CC . _2.3C83202E-02 =3.78€6857€6-04___242234913E=064,
. 25C.C___._ UA,,___._.._‘,"90343506(5'0‘_,_‘090829595'02__.’?300621’ll‘le-oﬁ-1074128985‘06.
_cd15.__ U ' ~7.66C1833E-01__ l 85669€5€-02_~3,23807719€E~ 04_1091597’07E°06.

_245.C VA ~4.9710319E= 01_6.10262'11L01___5;6158_9’|’IE =CS5__Qa

_24Ze5___UA______ =44626451E-C1__4.4873922E-03_=445342174E~C5__ 0.__~______...l

275 -

- 26CaC__ U =2525733CE=01__7,7594542€6=03 _=1.5626433E=04 1.6706214&.01_
—230eS VA =1.7547413E-C1  4.15649C0 &:.QL:&;.ESJ.&Z&E:G&__L______-__.:
- 235.c_-un_.__.__-_x.swaﬂzhou.7967140&:03_-.3.,_13eezen:cs_‘o.._»_____’l '
_23i.S___UA_._ -_1.xsnaxee-.ax__a.sszsas:z:oa_-}.«z1534ceeos_o.'_-".___.____i
2306 UA____ =1.8354156E=C2_3.9916536£203 =48972649E505_Ca .
. 3300 LU =2.595758¢E-C4__49415290206=03_=1.645C154E=C4_-2.2439776E-C6_ |
3 P S T S.CEE3EIEE-CI__ 4o EET6837E=03 =14 5286699E-0%_ 244109370606
32540 WU 1.9873919E=02 4.1425985E=03 -1.5949843E-06  1.9851540 E=06_
. 3228 ,2.51643CEE-.02.._5-;275866E-01__:2.052071.95:04..2.5.0963'105-06;
S3eCC WU 4,272 1676£~C2_4.6753866E-:OJ_:1‘50295405:04;_2.2996722&-_06_’:
ETLR I €.55515C4E=02__6.23715653E=04_ 0, _q. |
J315.C__ WU 7.5865665€-02_1 .seom-;35:.0,3_:2.._5_5_3491.oe;a5_41_.__________i
_3iz.5_'___UU-____G.839l'o&SE-_CZ__J.57465%?:03_:_3_._!léZZZ?E:Cé__C.“__________,____j
R § YT 1 NSO V¥ u.eﬁz.chcl_i.zz_sie_o&;pl_:hmui&_cﬁ__hzmu_v.ﬁzob;
.307.8. uu__;;__x.«aeae'7e£=cx._l.9ea,7e«ze:03_-.-e._9'.196945-:05__1.Jeo‘«ou&ot.f

3 C2.5___ Ul U__.___Z_J.J_E_'vili E=Cl__8.55412 wumw_s.iwﬂuz_

N 1 of Y N | -,_____2 1871C23€-CLl_=1. QEQCSBE-OJ -=3.57€5920€=C6__C. ————
:251.5____ .___.._3 4075945&-01.—_1.9312754E°03 =2+ 7C4C507€=05___. 3-750536’&-07

LE5%4C VU 4. 1'0776335 Cl =3¢31€65E0E~0 14501551 7€=C5__Ca :
25245 . WU . . 5.26307805 01.-349540456E~C3_1.0122485€~C5__0Ce _'..;_._-_-__..;
29C.0 . UU ... ... 6e7913211E~Cl ~5.7973214E-0) -..,lo'ZHZZQJE-CS.__.Oo e ..l
CQET G5 VU Be5433466E20L =1.0847285E=02 6251810 6E-C5  Ca

LRE%.0 _ wu__ . $.611105C€~0)_~ l.224_60945_:02,:_1.,!72!52_&54-_0_5.__1‘_._5,279999E-Ob_:
2€2.% _ Ub*M_______‘I.157'4584&01-_:2'0169368E':_OZ__J0_9,‘0525.11&05;:.2..9,8324‘07&:06__

28C.C uu 1.6945408E-0) —-2.1103195€6~02 5.C0136892E-04 -3.72172STE-06

—1.8707133E-01__1.29224C9£-0) ;8 A137998E~ 05_._1.61959595-07 .



276

— . B e e m
C A __..B R .
21745 UU___ . S.16E4E5CE=C1_=1.6777262€-02__ 3.£7655426-04 =2.8151441€-06_
275.o_,_uu__"_,__l.a1236305701_:8.ez735e1ee01_~1qeaﬁsasag:os;:x.o76511sefoe;
_@1%.5 Wy —3.72238726-C1 =7.0515323E-03__3.6436506E-04 =21.3167032€-06
z 7‘:-0-_ UU_ __ —8.16754126-01_ 6.1232926€-03  1.4918087E-04 ~1.6664375E=06
26105 UU____ =1.2C07€3€E400__1.0920480E-02 1, 8193457E=C4_=2.6617403E=06_
265.0___Uy —1.4801626€900__1.4059671€=02 - 2.28841676-C5 Q. :
2€:.5 _W______ ~1.642984E00C 6.6501952E-03 _5.3831962E~04 =7.2336R06E-06__
2€C.C _ UL =1.59T453€E4CO =2,6077457(=0) A FACAT2TE=CA =1.S45T9R1E-06
J251.5__ Ly =1.5219GH1E4CO__4.15402C1€=03_ 1. CB27723E=04_ C.
255.C__uu ~1.2587E16E400_~9.9831223E-03__ 7.0573415€-04 ~6,9012148E-06 "
25245 UU____ =1.1742006£400 =1.4087253E=02_ 8. 1806148E~04_=£.0172905€=06_
25¢.6___uu ~$.13€6C29E-01 -1.43369726-02 1.5265903E-04 ~7.2924668E-06
261.5__ Wy ~7.84396CEE-C1_=5,5664511E-03__2,8CCT071E-04 = -1.71801905-06:
245.C__ Uy ~5.2615954E=C1_=1.4738468E=02 5.4576900E=04_=4.7114712€=06_,
242.5 LU ~3.22568156-01 ~1.7501234E-02  6.21705256~-04 =5+7146659E-06 :
24C.0___UY -1.6710551€-C1 =1, 693751GE:QZ__ﬁ_jCO7501E_O§_:ﬁ,1ﬁp6798£-06_i
231.5___uy ~2.5555482E-02_-1.33955C4E=02__2,2021076E=C4__ Go
238.6__ Wy £.514115CE-C2 =1.7022683€-02  2.7627704E-04_ Qo
232.5___wy 2.€6337726=C1_=3.1227751€-02__ 542951804E=04_=1.9€67252E=06__
23¢.C__ LU 2.05252016=01_=246307123€=02 1.3635801€=04_=5,8258837€=06__
33¢.C__LC 1.1140182E-C1 _4.7221046E=03 =8.2054201E=05__3.44C5079E=-07
327.5__LC 12347644 €E-01_3.83005E2€=03 -6.66503406-05__ 2.6566992E-07_
12%.0__uc 1.55€21626-C1__3.1496960E-03_=5076C6046E=05 _ 2.26489426=07__
32245 uC 12715251 6E-C1  3.7663614E~C3 =1.55070796-05__ 3450991 20€-07
3:C.0___uC 1053481276=C1_3.51951606=03_~7.39E69258E=05__3+4425021E-07
317.6__uC 241472933E-01__3.3043034E=03_=7.C863199E~05__ 34204 1448E=07__
315.0__ucG 039217736=C1_ 2.81815156-03 ~6. 1726297605 _2.6C912C4€=07__
3125 UC_____ 2.7057352€=Cl_ 2+1853836E-03 =5.1170408E=05  1.98€85626-07__
31C.0__UC____ 3.0281649E=C1_2.€3476%3E=C3_=1,2985409E=-05__3. azaxoqss:oz~l
3C7.5_uC .86225216-01 =1,5318071E-04_~2,2905728E-05_€.6506639E~08
3C5.0___UC_ 4.4284651€-C1 -5.1851723€6-05 -3,8196483E=05 2.1442515€=07
3Ci.5___uC £425€2775E-01 -1.3361860E-03 ~1.7468236E-05  §.6400778E=08__
3¢C.0__uC €.3238734E-C1 ~2.1805141E-03 ~1,2844891E-05 1.1086894E-08 _




¢ o+ v et e i s et e+ e s S 1

A B ¢ D
@STe5___NC_____ 1.62515926-01_=3.6095577€=03_=1.C162677E-05__1.3C26607€-07,
295.0__ \C 94465596 1E-01. =7.4555746E-03__4.5422388E-05_=2.3617724€-07,
—2Sie5___\C 1e15€40CTE4CC =1065241€9E=02_ 648513601E=05_=2.6436874E=0T.
29040 VG ___ 103628558E4CC ~146196846E-02 __1.3500764E-04_=5.17390C4E-0Q7.
_ZETeS___UC_____ 1e41CESISEYCC_=1.7307068E=02__ 144955746E=04_=5+9519593E~07.
_2€65.0__\C 1.26059384€400_=1+1207L15E=02 3, §460728E=05__ 144968394E=08
_,,uz.s__.uc______s.vs2e3eeefcu,é,eqeazcasfoa_;o.ososaaze:cs_j.xsasqwze-_:.o_y
_2€C.C __UC _€e1617523E-01 =141618455E-03_=2.0477394E=05__0a_______
L5 UG 1.7362081€=C1  4.47929£1€=03 =4.51509656-C5 Q.
21546 UC____ =3,015556EE~0l__141365461E=02_—8.5733768E-05_ 0. ———
_i1z.5 WC = 8.BT715190E=01_2.7586083E=02 =3.7916663E-04__1.8299436E-06.
_27C.0___uC -1a 2809AUE__QG__L_EjbﬂLlLOZ_Lzﬁ_G_DJiLﬂA__bﬁAinM E=06.
 =1.5859613E400__3. 1482354E-02 =4.2174574E=C4 __2.0868636E-06.
~265.0.__UC____=1.7656028E400 _3.53025526-02.=4.5787582E-04__2.2739639€-06_
_2€2.5 ¢ -l.Euab,é.ﬁuw_b_eﬂ823].1.&:0?_;2.19_6&35_8@5_5;8_13.6&02&.01_5
. 26C4C.._ UC ___,-1.31217¢qsoac._z.Jaszozze-oz_:x.sszszqqe-.or._a.15361635-013
~2%71.5.__UC -=1.6111347£00C_¢. 0975617E=03__0a .. Oe____ ... .Jl
—255.C_ uc,__l.esun7&000__1.._4U¢4ceE_Q?_1._QL2§_431£._QL.h_______.
_@%2e5_ UC_____=1+5675633€40C__ 1+431€126€202 =9,0365356E=05.~41122038€~08.

~25CeC___UC_____ - —1.5640112€4¢00__1.92937C3E= OZ__I 99036"95_04.__5o69255565-07

277

2475 UC -1.2 ewze_u__x,zﬂmzﬁ_qusmnzus_.tnnauuua_
. 245.6__UC ~1e1376194E9C0__44C9110626=03_ Qe __ . 0o __._j
. 24245 = 1.081224€E9CQ_1401012656=02_=1.1363126E-04_ 4476421 18E=01

_24CC__ UG =5.4036442E= Ql__s_aj_azz_c_LO.L.Llei,E_Gj_l_v.Ojuﬁ_CﬁLD_L
31745 UG =E.9646545E-01_1.5566026E=02 =3 8534587E=C4_ 2.3306820E=06_
L 235.0__UC____ =€.7555406E-01__€+206C47SE=CI_=5.08011854E=CS5

_232.5 UG =%,5722668E=01 _3.7114Q21E=03 =3, C698686E=05__ 1.7053531E=00
Z23Ce0_UC_____ =5.8571388E=-Cl_2.6637274€=03_=140454790E=05__
_32€.0__UG €46265063€-C2__3.724E5626=04_=8.4432053E=C6_0u______ —
3205 UG 141159022602 4.6582268E-05 =4.155041€E=06 Qo
325‘0__,_1UG_____ 6.723123 EE=-02_ T+37271210E-04_=2.40890898BE~05.__1.8391964E-07
_322.5. UG __ 649589185E~-C2__ o92712895 C4 =1.44)10544E~05__1.8927068€~-08_

2:C.C__ UG _ 1.65C3344E-C2  7.1538633E-04 -1.46301636-05 5.0813626€-08

e e e L e e s cem—— e e e



278

A B c __.D~ ..

31745 _ UG S.32448826=02_=9.3S7CIE1E=06__ 87965735607 =74 1428614E~08,
31540 UG . 1.26739676-C1 =2.2176734E-03_ 5.4314820€-05 =4.6909068€-07.
_312.5 UG 1.3817556E6-C1 -3.1421756€-03  8.1458129€-05 —€.8264086E-07.
31040 UG 1.46C4217E=C1 =3.3975526E-03__843741319E=05_6+4540562E=01,
_3C1.5__UG_____ 1.5834575E=C1 _~2.99083526-03 _ 6.0913046€-05 =4.1438894E-01.
_3C5.6___ UG 1. EEET464E-01 -2.2073666€-03_ 3.S174743€-05 ~2.5497127E=07
3Cze% LG 2.346577SE-C1_~5.45760576-03__947045454E-C5_=5.93042426=07.
_3CCeC__ UG -3.02147656=C1_~741244054E=03_ 1.1741950E=06_=6.9751836E-07_
257.5_ UG 3.46066216-01 ~5.75625C1€-03 _6.3941487€=C5 ~3,0154530€-07_
_255.C_ UG 6.1364525E-C1_=8.1330429E=C3__1.6553939E=04_~£.5545202E-07
265245 UG 4uS2S17S4E~CL -8419310476-03 _ 8.6729558E-C5 =3.0386471E-07,
25C.0 UG 4. 74E8T1S1E=01 =9446C45736-C3  1.1344543E=04% =5.47925756-07
LGE1.5__ UG_ _5.1450109570x_;e.7e32921£<03_,J,29111065:0«_:1,24265435-01j'
_265.0 G 2.46C8084E-C1_=2.7808454E=03_ 2. 7189228E=07_ 785504 25E-07,
_€ie5 UG =4 BREB1ICE=03  1.1075228E=03 =1.4671604E=05 2.35«55015-013
_26C.0__UG ~2.25451686-01_ 2.95€4855E=C3__ 0. a. | }
_211.5__ UG —4.2C€2776E-C1_ 434334 1€E-C3_ Q. a. ;
2715.0_ UG —€.2134685E-C]  6.2554C49E-C3 0. 0. i
21245 UG =T.E8TE6CEE-Q1 7.49141396-0)_ 0. o ' j' ;
27C.C___ UG =5.E557524E=01_ 1.43502E8E=C2 =2.7193054E=C5 =6.3129017€-07_
261.5 LG ~5.0268793E=C1  1.26420476-02 =6.5866141E=05 Qo
_265.C_ UG ~€.6110062E=C1 ~7.01664C6E=03_ 4. 14927126-04 -3.49198485—06ﬁ
_f€z 9.5___U_.G_'__7__°. 4.878224€E=C1_~7,1455025E~03  3,3059C68E-04_=247310406E=0 Q.‘
2€C.C__ UG =2.6532670E-01 =8.4112068E-03 2597839904 =2.0331648E=06
L2575 UG =1.01752556=01_=€.74787596-03__2,71€173€=04 =20 28838106-06
2854C_ UG___ . —E.7044444E=C2 =1.073CT1€E=C3_ 6461833926=05 =6.5671002E-07_
_2%2.5 UG ~1.10927356=C1  3.4572489E=03 =6.9674847€=05_ 1.79516756-07
29€.C LG _____=1.62C1101E=C2 2.07635C8E-03 =7.1312044E=05 1.9848602€=07",
24745 UG ~1.17032€SE-01_ 3.7231162E-C3 =6.5115120E-05. 142489521E-07
_265.C__ UG -G 1551715E=02 =7.62327C9E=03 34 1618578E~04 =2.8319843E=06_
242.5__ UG =6.9054034E202 =9.422¢ 216203 342540344604 =2.6831314E=06_
24€+0___UG_____ =7.4835465E=02_=9478645716E-03_ 3.4560311£=04 =2,6543509€=06_

231.5 LG ~T7.0147607€-C2 =8,92134%9€6-03  2.4516301€6-04 ~2.6568844€6-06 ,

- . - - - e e e e




e .. A B c D ____.
: |

—23%.C UG______:I.ZE49345E.-_Cl'__9..41'«0953E.-,0!o..1...7.l§5920£,-_05___c.-_,_______,f
sy 5.,_,06___:1-06107325#01_..2.l1569235—.03_2-85!13495-06__0. _‘_.___,-A_M..q;

—23CeQ NG —4.913122CE=02 =54€2C57556=03 __342427296€~04 =2,8512599E=0 6.

279

32€aC.__ CA______ 1e72666516-01.~4.27739E5E-01__8.66€2401€-05 =5.4061547€-07.
_3i1.5__CA _148978026E-G) _=5.111€481E=03__14C156145E=04_=603006894E=017.
_3i%.0__CA_______ 1.S855104E=01 =540073821€=03_ 9.1611820E=05_=5+4£07432E=0L
L 32ZeS__CA_____ 2e14551726-01_=423€01341E-03__7, 1476088€=05_=4 17450 20607,
3iC.0.__CA____ 2.2226033E-CL=3.4924541E-03__4.E312616E=05_=2.6602207E-07.
_311.5__ CA 2,405781CE=C1 =3.94056C4E=03  5,3745261E=05 =2.6210814E=07.
_315.0__CA______ 2.1955552E=CL =5+586196 1E=03__95810C22E=05_=5+6626287€=01.
. ‘CA_____ 3.0267553E-C1_~643881470E-03__1.1667351E-C4 =1.2347324E-07.
_31€.0___CA 3.7219251E=01_=6.1882235€-03 100)74374E=C4_=5.92249C8E=01.
30145 CA____ 3.6172284E=C1 =T.5€SSEEIE=03__1,3209476E=04_=129C1653I76-07.
~3(5.C__CA___ 4.027150€E=C1_=7.8272319€=03___1,5120752E=04_=9+9585354E=01,
_302.5__CA 4958541 16=01 =€,7512444E=03  1.3924474E=C4 =8,12 z.e.e.z,ea;o_r_'E

CA___ & 10470316-01_-:1 2425428E~02_2.C5€2076E-04 =1, 2323465E-06.

_ESTe5 CA____ 1 191951€E-01=1.46732216-02_ 2. €315799E=04_=1.6297603€E~ oe
_255.C " CA e_ﬁzvn‘s_u_bizaeowﬁ_gz_z,_c_azmzﬁ_u_x_uus_sa_mL
_29&e5__CA_____ 140203461E4C0_=1.7104681€=02__2.3443072E=04_=1.2523788€~06,
_29C.0___CaA 14173654CE4CC_~2.002€8¢E4E~02 2.4402389E-04_=-1.2284342E=06,
—Z€1s5 _CA 1.720952SE+00Q -1.94816526-02 1.7327546E-04 ~€.1810358E-07.
2850 _CA___ 1.1651611E400_=2.1613268E-02_2.5463749E~04_=143015211E=06
—26245_.CA______$.7526€13E-01 =16770925E=02__1.3731372E=04 - -4-74767805—07. :
_26c.0_ca__ $.8643521€=C1 =5.1976320€-03 4, €651147E-05 (.
41145 CA____ 1426Z7780E-01 =4.834£073E=C3__5.91160 3.6.E:Q§_:1o5_6L9_6_&lE:_01j
c21SeC_CA_ . =44317364CE=C1_ 5.11010€3€=03_=2.4325643E=05_ Co
L 21ief_ CA___ _ =S5.47C1322E=01__1.2062121€=C3 0. 0o
27Ce0.__CA____=1a43S11T4E4C0__142097024E~C2_ Q- Co -
3€7e5 . CA ____ =14€6€458SE4C0__1,5615034E-C2__ 0. G -
_2¢5.C__CA =243637€91E40C  3.47450C6E=02 =1.8653203E~C4 _ Ca N
L 2€2.5__CA____=244336591E4CC_ 3.53CI9CIE=02 =2 1437723E=04_ 2.52456C26-07
~2€CeC__CA_____ =24320204CE4C0__32636024€=02 =2.1819906E=04_ 347282048€=07,

. 2%7.5__CA =2.151937460C0 3.4642576E-02 =3.4650919€~04 1.3156247€-06



c D

280

e .. . A B -
75%.0_ CA_ _ _=1.868i264E+00 z.exoqocac-oz__:z.392941ae-oa,_v.u;eovu:oz__
252.5_ CA______ =14614570CE4C0_ 1.6414711E-02_~8.7267866E-C5__Co_____ _ .
25C.C  Ca = 1.51€65C4CE0C0 1613886602 B 61C54BEE=CS_ Qo
f zn.s___cg__________-,x._acoz1_csucc_x.3aceec1'e_‘,-iqz__;_1_.gszeazes:cs Ce
2450 _ CA____ =1.327648CE*CO__ 1.C08S077E-C2_~4.COESI5SE~-CS__ O,
242.5 _ CA  =1.2804383E4C0  1.12309€1E-02 =5.£2652376-C5_ Co
uc.o__cn__;n.wuxaaegcc_s.6364;sze;o_a_‘:s,ﬂc_ssu'nefcs_q_.
237.5__CA____ =9.0267C10€-Cl__ 3.£74C750E-03_-1.30422056=C5_ G,
215.0__ CA ~4.8630C64E-01 -4.98172439E-03 4. 47841226-C5_ G.
232.5__CA =10 1447€34E-01_=1.8926597E=02__ 3462141 1€-04_=2.1200405€~06 _
21C.0___Ca 1e65€5243E=C1_=2.CT87948E-02_ 3.CS73057E=C4_—1.6253815E-06___
33¢.C__ CU 3.76€7C356-C1 =7.E1328C0E-03  1.03216736~C4 -5,3999913€-07
321.5__CL 4.028896CE-01 —8.2549567€-03 _1.C814002€-04_~%.6063397E-07__
'325.0__Cu 4.28SE535E~C) ~£.6385056€=03 1,1141001€~C4 ~5.7815430E~07__
327.5_ cL 4.5271845E-01 -8.7314829€-03  1,CSCBSS1E-C4 ~5,4476559E-07
3:C.C__Cy 4.74116276=01_-7.89575816-03_ 8.5C11301E~C5_=3.8391628E~07__
317.5__ ¢y 449011 158E=C1 =6.60264S7E=03_ 5.C814423E=C5_=1.57721286-07 __
315.C___Cu 5.260C169E-0] =628302257E-C3_ 6. 1612260E=C5 =2.8487597€-07 _
312.5___¢u €.C111775€-01_-9.159895 x_s:o_s‘_;s_-'_e_a,&iosa E-05 —4.66064C8E-0T__
u’_c.c___cu 45.531:.&1,a,eiz;;cx_—_«;._19ossvezg’;q;’-;_:.,q,s_l,a'_a_3_0E;c:f.__-g_,};_a_zn.,t.zzef_cn__3
31¢7.5 ¢y 1.261727CE=C1 ~9.906ET126=03 8, 68487CIE-C5 =3,2550452€=07__
3¢5.0__ CU €022227356-C1_~14138C8E5E=02_ 1.0346752E-Ch_=4406C8380E~0T _
3¢2.5.__Cu ,s._nwzsas-_c-x_;_x.ez3zoaae:_cz__x,,.jééssaoe;;,cf,_;x_._oouosn-_c_b__
3¢C.0 cu 1..111-__1]_egéocc ~146352412E=02 1,5737474E-C4 =6.46413G51E=07
2%1.5 _ C\ 1.3387191E4C0 =1.824644CE-02_ 1.6153482E-C4_=€.4282279E-07__
255.0___CL | _Je6S1T161E4CC ~2.4362024E~02__ 242566865E-C4_=5.1316R04€~07__
i5i.5_ Cu 2.03C4191E900 =341925264€-02_ 2,8529732€-C4 ~1.0394715€-06
25C.C . cu___,___,,z.zqnzswé'cc -4.054667CE~02 ___ﬁ.eas;oas'e-ca__gz.l.1691155-0_«__
267.5 __CU______ 2.287097CE4C0. =3+6376663E-02__34322167CE~Ch_=1.2575762E-06 __
265.0_ CL 2.07145598E4C0 =3.641585T€-02 3. £3€C025E=C4 =1.6400072E-06 _
zez.s_mcu_______,_x._uosxsngoo__:_x.7e925cde:_o,z__9._ea5sszee_—_c,s__c. | |
26C.06__ CU___ _ 744121763E=01_=7.1862166E-03_ 3,S265096E-CS_ Q )

4.9844337€-C2 3.0930523E-03 ~7.8149798E-CS__6.9060164E-07

€17.¢ Ccy




281

A B C _..Db

ett.C___CV :8.35290635‘01_2.221917’05-02_rJ-36653535?04__2.05737565-061
L. @Vée% L CU . ~1e5736C84E4CC 2.505C7S6E-02 =145459982€~04 _,3.05256375-07:

o 27Ce0__CU___ =2,1625247E400._3+3606257E-02_=2.3211437E=04_ 6.1315434E-07.

CE€1.5. CU . =i.81%5202264C0 1.9694418E-02 ~1,7533404E-03 . 1,4315296C=05.
_25.5-0 Cu :2-8046136EOCO_4-340'133’05:02_:4-l55‘1613E:C’1_1-]013586E-06..
_2€i.5__CU__ =2.18 ues.s&umu«uuz.&@mse;uzsm&oo.
_26C.0 cu :2069920’035000_303311316&102_"3,018505135_‘_‘,05___10,4825648£T06:
__‘257-5._. cu -2.563520650CO..2-9738.2’|'|E°02 .23;255655 16-04__1.76254 725"06j
25500 CU_____=2.3861252E400__2+1047713E=02_=146365669E=04__6+9654669E=01.
...,25.2-5____CU .'2o2l16677lE’00.___1-75C83305?:02__‘.1-3252659E-.0’0__5.658925'&-07,;
__25Ccc._,_CU.____:J-13EC*CSE’CC__.I-"3063(5E-OZ,:S-9‘!7‘10045’05_.1-873096’05-07;
_24745 €U =1.9945005E0CC_1.60722€8E-02 =1.€863339E=C4_1.153296BE=06.
_245.0__CuU = 1.6872652€0CC__547894368E-03_=3, 43T7481E-C5._8.2276923€-07,
L res- cu -l.55’1‘962850‘(:04__,1001'655"38E—OZ..?.lo781090'15"0’:.__10395793‘95-06.:i

—24C.0___CU___ =1.3559162 L’.QG__L-!".I"I §8CSE=02 ~3.13083296E=-C4_2.22(€2158 E:_C!LE
: i
Cu =1eC4S6T43E¢0C__3o27EE85EE-03 _=ho8531364E=05__5.9502625€-07. °

-221.5
23540 CU_____ =7.C174093E=01_=6.44554C3E~03_ B 8159187E=05_=347124856E=01.
~23:5 QU =4+22016036=01 =1¢24212206-02 1.3498927E=04 =2,3711241€=07.
_23CeC__CU___._ =2.28836756-01_=144591257E-02__1.7531079E=04_=7+0554954E=07_

_33C.C__€C_ Z.81844726=C1 =4-0784026E=03__2.1820084€=05_=1.9103755€=08_

32%.5  CC 3.0336162E=01 =4,148501%E=03 4,641C85]E-C5 =2,5288444E=01,
_325;0, CC_  3.4141C6SE-01.=5.52488C6E-03__5+6868629E-05_=2.86807938E~07_
_322’.5_-CC —3.7115169E-01. ~4496544CTE~03___2.68%6574E-05_.3 -4696058E-08:
J33C.0__CC__ 4.05C6237€=G1 =4.87€37206=03__1.5785559E=05_123077851E=07
L3178 CC.._._.____A.73&080‘1&01_7.6-6076292E-O3_...,3o21827115‘05__._1.28734485-07;
c315.6__CC_ Se7513073E-01 ~12147275E-02 __149127218E=04_=1+2393189E-06_
Az.5__CC €38 E“QEOSE:C L =1e4935748E=02 __2.5407034€E=04 =2,2332060E=06_
L31C.C__CC_____ 1.15C725€E~01_=1.33026 165:02_2.,147168%:0.’9__:1.3385658.5':06-_
23C1.5 _ CC _______Eol.l 15744E-01 _=1+34465E26-02__2.1005968E=04_~1.4141791E=06
305,06 CC 5446026506201 =1452128426=02 2 CA21194E=C =1, 1454455E=06 .
J3C2e% _ €C_____ 141333091E4CC -1.51359€€€-02_ 1,5893721€-04_~1.4307708E=06_
3GC.C__CC__ 143938347E4CC_=1.45516C8E=02_ §2557027E=05__1447236C8E=08_

€S1.¢ cc 1oT176446E400 ~1.7126436E-C2 3..118!969_}-05 $.0€83347€~-07

st e e memm he e e - v — i s = ot 1om o




282

e .. A . B c D
265.C_ CC___ 2.CSSEE2TE4CC ~2.2668435E-02_ 6. E6E6290E=05_ 3.2008866E-07__
#SE.%_ €0 2.42925S3E+00 -2.7284985E-02_ 2.€8358826-05_ 1.1525675€-06 _
25C.0__ CC 2.439C546E4C0 ~2.5714138E-02 -9.7573234€-C5  2.6253536E-06__
2675 CC____ 1.SECT44SE400_-2.7567628E-02_ 2,0158561€-04_=2.5615858E-07
265.C_ CC____ 1.3169143E9CC ~2.5441514E-02__3.€16000CE-04_=1.95382256-06__
2€2.5 __CC £.06C22876-C1 =S6C5225CE~03 1. €747534E-04 ~1.0733278E-06
26C.0 . ccw_____-s.nuon45-01__2.73521755-03;__1.26435995—04:1.20136155-05;
27725 __CC__ =14161583SE40C _71.5C746556-03  2.47126489€-04 -2.22124C4E~06 _
215.0__ CC -1.E7£383TE40C 1_.55742525-02 2.3243841E-04 ~2,3165076E-06 _
21245 CC__ =2.49515271E4CC__2.114068:E-C2_ 3. £138632E~04_=4.6361091E=06__

21¢.C¢__ CC ~2e73320€6SE4CC__1.4871318E-02  6,7311137E-04_—~7.2513341E-06 __

2€1.5 _ cC -2.€6B6CI6EECCC  1.86851296-02  4.C738104E~04 —4.7718249E~06
2es.C_ CC__ =2.5139324E4CC__1.0952259€-02__4+6552390E=04 ~4.8750061E=06__
2€z.5__ CC ~2.3226473E¢C0_ 1.56166E4E-02 ~4.12C8842E~C5_ C.

26,6 cC =2.GEI6CHIEI0C  1.46184€€E-02 ~2,6802655E-C5 Co
2%7.5__¢C ~1.90€S79TE40C_ 1.1195254E-02_=1.5914817E=C5_ Co _
255.C_ CC__ 31.68‘.’85IS‘EO_C,C__-_l.lﬂJl:l77E:_G]__2-_2866652€:,0:4__:l._8_50,0_‘),635:06_‘;
i%i.5  cC ~1.55ST999€400 _ 5.3955701€-04  4-36279526-C5 _ C. |
25C.0_ CC ~1.5777318E¢CC_~1.19712C5E-03__7.C4C9958E-CS_Co
247.5__ cC ~1.5110711E400_=1.2708364E=02_ 3+6027656E=C4_=1.7730065E-06__ '
245.C  CC -~ -1.5€6SEL2EWCC ~1.1199447E-02  4.5545015E-04 ~3.4797532E-06

24202 CC___ ~1.5546E88E+00 ~9.604C342E-03 3.,2494386E-C4 -1.9500140 E-06__

24C.0___CC__ =1e€044651E¢C0C_ ~438SS3EGE~-03__1.96826346€E-04_~1.1398215E-06___

2371.5 _ cC =1.5174716E9CC ~1.69€6514E-03  6.8074816E-05 1.64609C8E-07
235.C__ CC ~1.3157455E40C_=4.98373556-03_ 1.30919426-04_=5.7451761€~07 __
232.5 __CC___ ~1.081995SE4CC_=7.6006122E~03_ 1.6046728E=04 =7,7079102E=07__
o 23C.C _CC__ =5e47280818E~01 7.68EST15E=C4 ~1.5555215E=04 2.€677454E-06
;3c‘.0_:_~cc 1.20@77,91.5:_01_—_9,,49395;55_-_0_@ 0. C.

32748 ___CG_____ 1.3822€80E-01 ~1.0537644E~03__0. Q. .__‘
325.0___ CG 1.59€23506-C1 _=1.2C91025€6-€3 Q. Co

322.5_ cc______ux.nnu.se—_cx =~1.313¢6899E-03 _ 0, .
32CoC__CG____ 1.84324STE-C1 =1.2304334E=03__ Ce .

317.5 C6 24229365€E-C1 ~1.55539¢6€-03 Q. 0.

e —— e o ek



283

A B. L R

315.0 CG__ 247268365€-01_=2,0275256E~-C3 ol Ge .
312085 _ CG____ 3.0623€6CE-01.-242565950E-C3 _Qu___. .. ____ Qe ... ...,
216G CG 3+€420224E=-C1 =5,5827954E=03__6.0517394E=05 -2.1CG95438E=07__
S 3C1.5 . CG ___4-135041EE-CI_—6.C854917E—03___.5-25167845—05_;:1o43290626-07'__
3C'5-0._.-CC___ 4e7193882E-01_=€5864789E-03__5.563445¢E~C5_=1.5449186E-07 _
3Cce5 CG 58502434 E;-‘C_l_.-_'l- 613622 LE:QJ_S;IQQ’LIZ.QE:QL:E;J._GS 1877E=C 8_
3CC.C___CG 1.04463975-,01_:_9.91287C6E:03_;8.66_80286?:_05_:_2.91356585-07_
2571.5 _ CG : €.€03EE14E-Cl_=1.2775371E-C2._1420€168SE-C4. ~4.6832171E~07.
2556 _CG__ 1.0353781€4CC ~J)72 25421€-02  1,1928156€-04 =1.2914509€-01 _
25245 €6 1.1CC8526E4CC_=1.74533E0E-02__1.75887756~04_=2.4539134E-07__
25CeC _CG " 9e932259CE-Cl ~1.4333526E-02__.1.2570469E~04.564.6718387E~07 _

2845 CG €. €3L€6ST€€-C1 =7.C0159¢5€-Q2__3 «£CE4864E=C5_ C.
2ES.0.__ CG__

2+1807551E~-C1 _243E85913E-03 _~1.0542462E-04._€.71C9230€~07 _.

26245 €6 ~2.4758071E-C1 145315655602 3 C254392E~04_ 1.5426522E-06 _
26C.0 cc__;c_..zes_e_w;a:cL_z.«7_30159t:oz._-_s,ujns.oe;os_z..{«sblaoE:o&__
2717.5___C6 =146090179E4C0__246557028E=02..34 640C48 T1E=04__1+85630206-06
275-C_.-AC‘G___:I-Z'.'?Z‘E'ISEOCO_Z.032945_0E-.OZ.:I.S’-CGBZZE-04_4.393039iE-O?._
20205 €6 =1,3291517E20C_ _1.19Q2 510E=C2 =1.1128169E=04_2,355€097 E:_Ol_;
270.0__CG =143554423E4CC__1.5153024E-02_=8,59538226~C5__2.5326156E-07 _
2€61.5__CG 1311909 1E9C0__1.4976975E=02_=144674281E=04__7.2098349E-07 _
265.0 €6 - 1152241869CC  7.5C16526=03 =1.44421€5E=05  4.9124217€=01
2€2.5 CG______-J-089(‘1CSEOCC__A.91733C,'IE:03_:6.,1025007E:05.._£-26390075‘07___.‘
2€0.6__CG____ =1.0299742E4C0_641278022E=04__1.6674171E=C5_..52CC9824E-08 _
.2_.5;7_-5' GG =3.03C5276E0CC 1.79226€1E=04  3.891Q3226-05 =1,6178959E=01__
255.C__CG.___ =1,0323151€4C0__6.24991€5E=03_~14C876603E=04__740553288E~07.
25245 CG_.___ -945483233E-01_8.2833757€-03.=2.C456111E=04__1.5593417€-06 _
25C.C__CG____=8.480504€E=C1_9+40902206=03_=248568490E=04___2+2422602E=06_
26105 €6 ~7426422036-C1 .. 841824496€-03 -2, E2684926-04_ 242459057E~06 _
24540 . CG___ . =€456127026-C1_ 64787S563E-03 =24 170794404 _ 145846722E-06 .
24205 CG _ =6.6551424E=00  2.7245393€=03 =1.5518115E=05 =1,3299520£=0
24C.0.  CG __ __=6.6072056E-C1 =1.25775C2E-03  9.76455856~05_=$.77679586-07__
32145 _CG____=6.017693CE-01__2.84740C3€=03 _=14,C201005E-C4__7+57130052€~07__

23%.C CG ~£.487767S6-C1  S.8581426E-0) ~3,£557634E-04 249237565€E-06

- e et e — e R



284

- A ___ B o C D oo
43245 €6 __ _ =4s3357846E-01_ 2.2103656E-03 ~1.68C5791€-04 1.6315188E=-06,
23€.0__ €6 =24722272E-01 =1.254€653E-C2_ 1.8274560E=04 =1+2605101€-07.
33€.C CA  2413563056-C2 —~1.681C2416-03 Q. a. !
327.5_ GA____3.7220965E-C2 -1.€5446126-C3_ Q. 0. i
_3i5.0__GA §.2255€717E-C2_—6.42026€4E-01  5.2996018€-05_ 0o |
_222.% _ GA 34245632€€-02_=1.510C9E2€=C3_, o Ce
32€.0 _GA__ 1.03€BTISE-Cl_-7.37262426-03__6.0839619E-05__ Ce ]
31745 GA . 8462123926-02 -1.0110%CE=03  5.530645PE~05  Ce . . |
315.0__ GA €.4237746E-C2 —€.359C5646-03  5.35E5987E=C5 G |
312.5 GA____ €.36652826-02 ~T1.41374S1E-03__ 6.C625284E-C5 _ C. ]
31C.C  GA _ _ 5e%547255CE-C2 -8.159C021E~03 _ 6712051 76~C5 ~-°"--~~———~——»:—-JL
_3C1.5___GA 141€25513€-01_=9.5900568€-03 .e.onesqee-qs 0e !
3¢5.0__ GA 4.6977C15€~-03 =2.435C17€€E~C3__0. O '
_3Cz.5_ GA - 1.1802140E-C3 ~2.€237416E=C3_ Qs 0. j
3CC.0__ GA = 1.666C689E-02 ~2.5516626E-C3 _ Cs 0. 5
_ES7.5__GA  744241002E-02_=1.C0450CTE=02__8.43£6017E=05_ 0.
_255.C__ GA 6.63C96206-02_~1.1076249€-02_ 9.3731165€-05 0.
_5z.5__ GA 1.161C42€E-Cl —1.27261726-02  1.0745054E=-C4__ O+ ‘
25C.C___GA -2.313601CE-C3_-3,5535022E=03_ 0, 0 E
_2€1.5___GA £0Z€7126E-C2 ~4.78084C8E-C3 Q. 0. !
265.¢ GA 2.2748138E-C1 ~6.7222066E-03 Q. c.
_26z.5__ GA 42234601 86~C1 =7.€€877656-03 - Qo 0. |
_26C.0_"_GA €.09735726-C1_=9.526C3256=-C3_ 0, 0o 5
_271.5___Ga €.55725416=C1 ~9.711C614E=03 0. 0. :
_215.0__GA £.0401554E-01 =€.77530666=03_ Qo _ 0. !
_212.5___G» _4e5137966€-01_=7.3232949E=C3__0 0. :
_21C.C___GA 2-24502136-C1 =5.497€620E-C3 Q. 0. A
_i€1.5__ Gh =2.24613876-62 =3.544C937E=03_ 0. Ce
_265.G__GA__ =2.5611C8SE~C1 =T7.541CC82E-03__ To13537566-C5_ Qe .
_26i.5 _ GA ~7.35110C56-01  1.296C1E8E~02 =3,78855436-04 3.C765081E-06_ -
_26C.C__GA ~Se5CET402E-C1__1.5736237E02_=4.2321093€=Ch__ 239499 86E=06_
_251.5__GA ~1-1700989€460__146830948E=02_=3.83563686=04_ 2.180331€-06_
255.0__ GA <1.1302159€4€C  1.57055176-02 ~4.73344196-04 3. 5989986E-06

———




285

’

A B C. D »
2525 __GA____ ~B8.86431717E=Cl__€.E8087COE=03_=3.3473206E-C4__1, 1437853E-06
.-25C.C___GA - = Te5655489E-01_ _1.0067637E-02 ~4+1862946E~C4__3.8811433E~ 06
GA__ =4.2085105€=CL =334 14662E=01 =1,625468E=06  2.1458458E=06.
-A.Azas.q.__ ~3.72€7729€-01 ~6.2132024€-03__62251857€=C5_Co__ .
—~242.5__GA =3.7736548E-C1_=3.59€654€5€204. =5, 0749282E=C6_0o___
—24C.0__GA____ =3.4601558E=01 =1,5746059E=03__0. 0a -
L Z30e5__GA___ =1.41SEEIEE-01_29.6815823E-0_x14792C432E-C5__11942619E~06,
— 22500 _GA_____=7.7934€17€-02_ =1463541€7E=02_ 1o h44T413E=04_Co
_22245___GA____ =1,76805236=C2 =1.5233111E=02 _ 8,44 11437E-05__1.4135546E=0L.
~23Ce0__GA___ =1455716C9€=01_=142065950€=02_=7496€4317€=05__242375890-06.
~33C.0.... GU -6.7344&93&-02__-2.'14563515263_4.438367%-65__-2.15647206—07.;
_3&l.5 Gy 1.1954831€202 =2.2451656E-03__3,6925626E~05 -1,3581986 E;O_Ll
_325.0,__GU____LZJGEHZE-CZ.:.I.SO'IIZéSErOB_.Zo59611915-054:_5.0200571&08; '
..322.5_,~Gu_;_.___1.39C1315E:02_-.>1.20575405:03__3.,95EZZNE-_%__E.0'1533435-08.!;

i
_32Ce0_GU__ J.52CE44€E=C2 =1.5414720E=04 ~B,55546156-C6_ 1.7109640E=01.
] 1.53454136-€2_=4.8122454E=C4_=1.60716306=05__2.1752537E-01.

GU__;_j.90298008.—02.:3-457466TE-.-.OQ.:J.SSG'QBSJE:CS__Z.34759725-_—07;
~312.5 Gy ' -_'LZlC.CQ_E.E;Z_.i $548221E=C4 =4,6924896E=05__ 3.6291488 &.OL
Se 0942995E 02_.3.12238C2€~ 04__-3 6003412€E-05__3. 2308006E 01 »

_310.0.__GU :
:.‘3'c1.5‘___.‘ci1.___'____1 0485102E=01__5.63574296=C4_=5.3267133E=C5__4.8325744E-07_
3¢50 Gu ' 1.3457‘engumjimoummnmzcsgﬂjﬂ_maup '
| 3C2e5__GU______ 1.€65C7096=01 =1.2513505€=C3_=3020C1316E=C5__4 25:17175-.07;
-3:0.6__su_f_-x.99’eoese =01 =1. 19066555-03_3-1875795&05 446929666E-07_
_25:,7_.5 GU ‘ 242751056€E-01 =1, 652C0£_5_£:_Q_3__—5__,_12_5_’;_80_QEJL__,}_61415_55L07
L255eC.__ GU _____  242255434E-Cl__64 1622227€=C4 —=944622712E=05 e.oowsue-m.
. zvsz.s'___A Gu._ z.uxesseefox-_a.cmxsvz;-cz ~145068712€6-04__1+2C92143E-06..
_25040 Gb_'____z-z135.382&_0;_2.60l436.4_&03..-4;311.023ZL:C&._L.O.SMBBS&OG_V
28705 GU.______1.60159926-01__7.253348CE-03_~2.2020895E-04__1.6€55181E-06_.
L 2€5.0 . GU . _ . 1.1602856€-01.__8.82534C6E=03_=2,4467295€-04__1.7592423E-06 .
_282.5 ___GU 4,C466311E-C2 _9.29228 £1€-03 =2,3269129E=C4 _146172669€=06
J28C.0_ GU___ _ =€e5422533E-02__S.3674456E~C3_~1.7344166E-04__ 1.1387337E~06_
231.5__GU_____ =1.4627152E=01__7.2652967€=03_~8, 17619656=05__1.91CIT49E-07_

>27'.‘.O Gy ~].4241052€-C1 3.C105050€~03 0. Q.




_Gu___

Gy

- =1eB269147E~01__6.9856020E~03 =6.C8658956-05_

A . _ B

1.5€€233EE-02 2.8605917E-03 ~7.8288632E-C5

c.

D

286

 1.07412136-07

th2715lZGEjQ)__4.746C3i0ff01?:3,§26681BEfCS_:l.JTJSQSJEfOQ

4.1398799E-017

_2€C.C

___Gu

GUY

__lgilﬁﬁ639€j€)_:9.8243@67E:Qg_“jzjgjljgzE:Qﬁ_:j,pﬁ39948E:Ql

5.5053C556-C1_=2,52422766-02_ 3.86245186-04_=2.2339988E-06

2575

GU

(1]

6.71345876=C1 =3,4691922E-02 5.741C969€~-04 ~3.,4331257E-06

6.7117743E-01 =3.65C€3716€E~C2

616530656~04_~3.7617166E-06

Se466754EE~01_=2.9717816E-02_ _5.0330881€~C4 ~3.2195041€-06,

3.00577176-01_=2.81421€7€-03__ Q. _

G,

252.5 _ GU 3.5445261E-01 =2.20CE365E-02  3.8232211E-04 -2.4883644E-06
2560 GU . 9.1033374€-02_=1.66935306-02__ 3.6273803E-04_~2.4439244E-06,
24745 GU ____ =1.8797114E=01 =3.057597196-03  142919A30E=04 -1.0293335E-06_
_245.0___ Gy =4.25728C26=01__8.4992246E-0)_=5.0593710E-05 =5.0318718E-08.
24245 GU _____ =3.7821$73E=C1 _3.6156364£-03 _ 0.51222156-05 =1,0647369E=06,
_24C.0___GU -,4.81629545:0l___'a.zn51,6_9E:03____6,-_6ﬁ_395_826:_0_5_-,_1-,2!5361067_06;
227.5 Gy —4.6238313E-01  4.£424814E-03  1.4984806E=04 -1.76671205*06:'
_235.0___GY ~4.05€S913E=01_5.65965506=C3_Qu__ Qe _;
23245 GU =4.7617355E=C1_ 2420421 1CE=02_~1429342026~04__ 147600532606

22¢.0_ GU -3.1215544E=C1  1.7964525E=02 =3.28557456~04 z.zs;o«oqs-oai'
_33C.C__ 6C : 2.52_sycz_u;-_qj_’:q;1cat.Aas3g:da_x,;s_g,s_'s4_8_5,5;0@__:8_.z,szo'ez'a"s:_o.?_!, '
_327.5__6C 204615081E=01 =84 1668425E=03__102220416E=04_=641343127€=07_
__;_z?-_o G¢ 2451845CE=C1 ~6.63532C7E=03  842936973€-05 -3.531_")6075-07? |
_3@z:5__GC 2.6429281E=0]1 6.67145136=03_ 76715708605 =3.2531196£-07

320.0__ GC .2_'_79.7.0 9.‘!9._5.‘_9_1_:.5,97”1_93.?.5.:9..3___3.9.;5..19.8.7.1.25‘05 Q. "
3175 GC 3.1€32565€=01 ~746226522E=03_ 79335433E=C5 =227319196E-07
315.0__ 6C 1e2611156E-C1_~6451159216=03_ 4026594026=05_ Co_

31C.0 ¢ 3.88403286-01 =7.99731€0E-C3  8.2774652€-05 ~3.24645026=07_
.3€1.5___6C 4.28051376=C1_=8.93212836=03_ 920153372605 =342432191E=07_.

3Cs.0___ GC 4.75€03CEE-01 =7.7006384E-03_  5.702C627E-C5 ~1.21117C1€E~ 07_.. |
3Cz.5 _ GC £.75125746=01 =9,507€353€-03  8,C972003E-05 =2.1019254=07 _
30C.0__ GC 6.B7159946E-01 ~1.2912231E-02  1,7744614E-04 ~€.5783712 E:_O]__i ‘ v
.257.5 __6C €.13301056-01_=1.4 6950834E-02 1.5315374E-04_=6.2399812E~07 |

255.0 _ GC 8.98C55006-01 ~1.715€613E-02 2.1126383E-C4 ~1.0135550€=06




287

A B c D
25245 __GC___ '.e.ec«sesxe;cl_:,9.713c1zss-c3___.x.'enasaae-cs-.z.noaesn-cz_
25C.C__GC. L B.3419E51E-Cl ~9.6076074E-03,_4+45282436-05_ Co -« __
CQET.S _ GC__ €.€538342E-01 -6.62554€66-03  2,7126267€=05_C. _
28540 __ GC ___ __ 4e854567€E-C1 =4.0127517€-03__1.7390537€-05_ C.. . -
26245 GC____ 2.€C191126~C1_3.2921252E-C3_=1.2125002E6-C4__€.8C207C4E-0T__
ZEC.0__GC____ €.S199230E=C2._ 1.72525C2£-03_=2,3C45841E=C4_ 1,2212514E=06__
e11a5__ _GC___ - - 9.94209055-02_ B8e543CL1EEE-CI _~1.E770415€~C4__ 1.2727053€E~-C6 _
275.0. . GO _=3.2170844E-C1_ 1.89866<26-02.=4.4014788E-C4_ 2.9704717E-06 _
212.5 __ 6C =3.01225CCE=C1_ €,16242S16=03 =2,1353891E-C4 1,5987049E=06__
27C.C _ 60 =3.1504267€-C1 =3.2C15272E-03__4+1€25489E-05 =548033376E-09 _
267.5 6C _____ ~2.54€7441E-C1 ~5,41274(70-03_ 8.6CST195E~C6_ €.1408739E-07 __
26500 6GC___ =5.02CEIEEE=CL =3.60755€4E-04_=9,4757058E=C5_ 1.2477924E=06__
26205 GO =5.91Z5823E-C1 =5+ 12621 E40-C3_ 2.53C5060E-C5._5.28618STE-QT _
2€C.C._ GC ~€.511C4SCE-Cl ~7253429€C0-CI__£434295306-05_ 2.5267733E-07 __
257560 =6.E324877E=C1 ~1,04772756=02__ 1.5728648E=04 =3.3873738E=CT__
255.0.__ CC. ~T1e9117826E-01 _~36381C265E-03__ 3.18€66244E-05__2.8276863€~-07__
25245 . GC.____=14€SC176SE-Cl =1.24764€3€-03_=1.5€678C6E-C5__5.3624122E-07__
25C.C 6C__ -€.526419 6601 =9,7445226604 =74 (5692336205 1,C416638E=06__
247.5__ GC____ —€.3306ESEE-C] =2.3907155€6-03_=3C7C26859E~C5__€.88890726-07 _
2'45.0___-GC,______-G.C83693lE-Ol_:Z.Eb&’-C&EE.’_OJ_So112‘996XE‘_CS_"S.JCS’!S"IE*OB__
28345 GG =f.€B5£394E=Cl =2.246€¢ 14603 4. €C76903E=05 Co
24C.C___6C ~€.5852053E-Cl__6.54852<26-03_=23649658E-04__2.1933024E-06__
23705 GC____ =5.1239C59E-C1__1.04929CZE-03_=7.5186425E~C5_. 5. CCEISS6E-0T
225.€ 6C_  -5.956S1S1€=C1  3.005C4€2E=03 =1,G119313E-C4  9.3471212€=01 _
232.5__ GC.____ =4.6746219E=01 =1+53537€6E=01__ 3+2248176E=C5_=3+CC15238E-07. _
22€4C. 60 =2.454232CE-02 =1.9€52615€-02._ 3.C8482136-04_=1,6C27759E-06__
33CeC_ 66 =5,5329691E=C2__6.262121 GE=04 =2.563605¢E=C6 2,18092596E=09
34705 GG =5 522SES1E=C2__6.762121CE=04_=2.5616C56E=C6__2.1809296E-09, _
325.C.. GG . _ . ~5eS32SE91E-C2__6476212106-04, =2.5626056E-C6 . 2+ 1609256E~09
3424566 =5.5225€916=02__6,762121CE=04_=2,563€6056E=C6__241809256E=09__
3¢¢.C GG _‘4_____‘5.53298915-02__.6.76212105‘0’0__'_2.,96360565"(6,__‘2-18092965-09___4
375 66 -€.5213345E-C2__€.1271CEBE=04_=4.361881TE=06 __6455659586-09 _

3. 66 ~€.921334SE-C2  €.7271068E-04 =4.3618817€=C6 _ €.5565958E-C9




A B ¢ »

288

232.5 (14

3_12.5_____,66__‘?_36.,9,2_123'«95_:-_C_Z~_,‘_E_.}],2]_10?85-06_-9,,36»188175-06___,6.59659585-09._
31C.C___GG_____ -€.9213349E-02__ 8.7271068E-04_~4.3616817E-06__€.5565958E-09_
3C1.5 GG = £.3122656E-C2  1.1222412E-03 =T.4816640E-C6 2.3930384€=CA
3C5.C__6G_ . -E.3722E5€E-02_ 1.1272412€-03 ~7,4876640€-06___2.3930384E-C8
3C2.5___ GG -£.3722656§-02__1,12224126-C3 =1.487664CE-06__2.3930384ECE__
1.0 66 ~6.72747C3E~C2 _ 1.2702524C~C3 =7,4815378E-C6 1.8761456E=C8
2571.5__ GG ~§.72747036-C2_ 1.2702534€-03 ~7.48193786-C6__ 1.8761456E<08
255.0__ GG —6.72747036-C2__1.2702524E-C3_~7.48193786=06_ 1.8761456E~C8 __
§5z.5 GG ~€.3722656E-C2  1.1222413E-03 -7.487664CE-06_ 2.39303€4E-08
25¢.0__ GG ~$.53256516-C2_ 676212 1CE-04 =2.563E056E=Co_ 2.1809256E-09
267.5 _ GG =1.3E€345SE-C2  1.564SE18E-C4 ~1.3982761E-06 _ 4.4156661E-09
28%.0__ GG 4.C9623456~C2 ~5.C5E820:CM-04__2.7671A80=C6_=6.31710786-09
262.5__G6______1.107€43SE-01 =1.4155653E-03___7.5165081E-06 -1.682523756-08 _
'26C.0___GG 2.0612486E-01 ~2.7523¢€4E-03_ 1.€558843E=C5 =6.45456 7CE-C8 __
217.5__ GG 3.4817764E-01 =4.550€158E-03  2,7050112E~05 ~7.10569836-08_
275.6___GG £.0164CSEE-Cl_~6457648T15E=C3_ 35281348E=C5 =1.04237136-07__
i1:.% __GG 5.2970231E-01 =6.976C2(16-03__4+24C1404E-05_=141640159E-07 _
27C.6__ GG 5.1575146E-01 -6475552796-03  420093929E=C5 =1.0434687€~07__
2€1.5 GG 4.72742726=C1_=6.16338706-03__3.6837882E-05_=1.00047746-07 __
265.C° GG 4e1SESES4E-C1 =541537175E-03 2. 6150686E-05 4. 5C268886-08 _
2¢i.% GG 2.08131CEE=01_=2,70156256-03  1.5635537€-05 ~4.C020923E-08__
ze'c».c__cc__“__gx.aeeaasse-cz’_-l._qu.suwe-cs-_—1.39327615-06'_4.«1566616-09«'
zn.s___cc__ga.ssusese-ci_«_.a_zcewqt'-pa_-_-z.4833529&-05 _6413626456-08__
255.¢ GG ~€45415959E~C1 €.56E552¢E-03 =5.1215974E-C5  1.3715329€-07
252.5_ GG ~E.49E1E6CE-01__1.11293CTE-02 =64 6321460E=05__147529411€-07__
25C.C___ GG =$.5221850E=C1_ 1.27711356-02 =8 13272286~C5__ 2.3931773E-07 _
241.5__ GG —£.7772575E=C1_ 1.1507346€-02 =690149036-05 _1.8614223€-01
245.C_ GG =1.237G7786=C1__9444624576-03 =5.59653606=05_ 1.47683426-07__
262.5__ 66 =5.431520CE~C1 _ T412174°SE-03 =4.28363746-C5_ 1.15692916-07 __
26C.C__ GG =3.4617764E-C1__4.550€158€-03 =2.70501126-05 7.1056963E-08
237.5__ GG =1.5231934E=C1_ 2.208€5146=03_=9,6137965E-06_ 1.75147C3E-08 _
235.C__ GG ~1.3B634596-C2 149645878604 ~1239827616-06_ 4+41566616-09
1.52706086-01 ~1.67544716€=C3 1, 1412932E-05 =2.9210241€~08




289

\
A B . C. D.
22CC___GG 2.2718621E-C1_=3.1455090E=03 1.n.xaaws,—os;s..r.uosJoe_-_ova‘_
326.C___U 6.06413156-C2__2.8981303E=04 -5.5335506€-C6__C. -
327.5 U B.417CL75E=C2_ 2.€58196CE=04 ~5.4843713E=C6_ G
32540 v ©55269376-02_ 4+2154114E=C4 ~7.2068714E=C6 _Co_______ -
izl v €e€472261E-02__5,8385622E=C4 —8.8483161E=C6__C.

3iC.C u §+C491147€-C2  7.0585358E=04 =1.C6419826=05_ Ca

317.5 v $82577256-C2_ 6.31871€7E=C4 =1.0514593E=05 Ce
315.¢ v 14C47GC25E~C1__6.13037€6E-C4 ~1.0612277€=C5__ 00 _ ____ . -
31245 u 1.027€346E=C1  1.5221922F=03 ~4.4250011E-05 _2,4285472E=01
21C4C u 140926€71E~C1__2.CC814SSE=03 ~4.4777173E-05__243588586E-07_
3C7.5._ - U 1.1786262E-01_1.6259626E-C3 ~3.1C11414E=05__144212553E=CT_.
35\ 1.224CECTE=Cl__1.CE954€4E=02 -1.35550756=G5__2.C811922€=08__
3Cie% U . 1.4934€276~C1._ 1.03445E4E-C3 ~1.4817225E-05 _ 4.4522820€E~08 __
3CCC ._U_ 1.7825965E-C1 _ 2.2905651E-C4 ~24C164158E-C6_ Co L
25145 u Z2.1C34565E=C1 _1,6385756E=C4 -£,5263423E~06_ £.3283308E=08__
29546 __ U 7e545CT63E-C1.=4eCS87753E=C4 5.E669B56E-C6 =2.5714374E-CB
25205 U 3.083671€E=01_-9.3745€33E=C4 1.93455006-05_~1.3641843E-07_
25640\ 3.69C54726=01 =1=71115)€E=C3 . 3.87137456-05 =2.9321833€E-07 _
261.5 443370891€-01_1.CC059C0E=03 ‘9 8357462E=C6_=5.33476956-08__ '
2€5.0___ U 449244225E=C1_~1.3429619€=03 123€96685E=05_=142350491€~ 7.

i e_‘,'_d_.____u_—_j -_’112_‘:}.3 6E=Cl =2,159813GE=03__2.20638A89E-C5 =141564 ‘L‘niﬁ__OJ__ _

7.71637586-63 ~9.6761810E-05

26C.0____U____ S ~4,C1917G1E=03 5.3824414E=05_=3,C22€327E=07__
41005 U 4.4556716E-C1 =1.4215937E=03 ~1.58422556-05_ 143€63571E=07 _
215.6 U 3.261414CE=01_=2,75349C5E=C3__7.1152615E=C6 Q.
415U 1.58515456-C1_=3.6153352€=02 1 89095686=05__ 0.~
27Cu6__ U =2.31€56S4E=02 ~6.4225837E=C3 445073036E-C5_=1.9C79080E-07_
261 .5 Y =£02925146E=C1 =3,4704217E=C2 __I:MMMM;
[2€5.C.___U. ~4e7456114E=01 _=4<CES55976€=C4 ~144823823E=C5_C. —
26245 .U . =74C452C79E-Cl_ €.2155115E~Ch ~1.2629067€-C5_Co '
2606 U -.8515641E-01 2.5€1CICSE=CA _Z.21£1708E=C6 Q. ‘
E5745_ U __=1.0642165¢40C_ €41336168E=C3 ~ 142283 148E=Ch_ B1436661E-07
2585eC____U__ =)e157461CESC0__7.5760211E=07 -1.1622515€6=04__6.2096481€=07_
252.5 U 41.1590003:5060 4.8869426E-07

. . e



290

A ‘B, c D "
25CaC___ U =1e41427705E40C_ 7.0618467E-03 =1.07065506~-04__3o11711586=07__ i
2475 ____U__ _ =1.046476SE4CC_ T.7046421E-C2 -1.222“755-(4_____1.82151235—,01__'
e45.C 'u ~E.EBT€1364E-01 S5.34C66CCE-C3 ~2.7950887E-05 Q.
ziz.s__nu_, | =6.8C47905E-C1__ 2.33956€1E-C3 Q. €.
24C.6___ U =5.13C6E1€E=C1_ 2.0222629E-C3 Qo I P
23745 U =3.6658S18E-01 2.5C4CECIE-CI =5.9369831E-06 (o
235.C___ \ ' ~2.2741765€-C l__-_l._3359-2_él£-03- $+56399506~C5_—€.7250887E~07__
232.5 U_ =145754€665E-C1__16441E5C3E~-C3 345571540€6-05_=2.7462403E-07_
230.0_. U =1.291S86EE=C2  2.4415151€-G3 ~6.16522¢5E-06 1.0608701€-08
33C.6 __ C ___Ab.26695105~02_;1;466C235£—02 ~247886942E~C4 _ 143309540E-06 _
3.8 C §.C9€0500E~C2__143623273€-C2 -z_.esnze«s-oé__‘l::es-a9e1e-06__
325.0 c 161229122€-C1  1.3254025€-C2 -2.65713793E-04 1.33?@5_3‘5-06_
,32-2.5 C 13746753€-C1__ 1.2404364€-02 ~2.5452700E~04 _ 143081147E-06
3éC.C____ C 1.645803€6E-01__1.16744¢1¢-02 -2_.,5_0536635:04__l._JﬁOﬁl«ZE;Db;
311.5 c 2.211668CE-C)  4.1112012E-03 ~541833027€-05_ Co - :
315.0 C ,2.52‘711l-E-,Cl,_3.63:363'63E-03 -4.67(8551€E~C5__Ce e
31c.5 C 2.16033135-01_3.23848635—63 ~441581763E-C5_ 00 ____ .
31C.C C 2.8000032E-C1  8.06156¢8€-03 ~1.7919142E~04 9.5(;536036-07
3C7.5 C 3.52€6736CE-01_ 2.315396C€-03 -3_,22'74585t7.c5_c. __ ‘
3(5.0' C 3.9G71734CE~-C1__ 1.3688212E-C3 -241655984E-C5  C. |
3Ce.% C baT1253464E-C1 1.1255016'§703 -2.C860118E~-C5 Ce
3¢C.C c $.4675297€-01__S.2791116E-C4 -1,7387635€-05_ C. v
2815 C 64273278 1E-C1___5.3532363E-04 -1+64C4526E=-C5__ 0O, f
25 .C C V1e56711431E-0) ~64165€64S6E-C4 ~1,6532207E-06 Qo
292¢5 __C__ _ €a83157159E-C1 -2.80030.30E-c‘) Le4611557E~05 Qe _ _ e o
2SCeC _ C__ _ . 1401706Q0CE*0C -4.5983921F-C3 24331818CE=C5_Co_ __ . .. _
2€1.5 C 1.073538CE*00 ~6.301C022E~CI__ 3.0446151E~-C5 C.
265.0__ C 1.C027509E4C0 _~4.2616807E-03 Q. Q.
2€2.% __ € Sel7572C4E-Cl ~4.7562359E~(2 q,,__________a,-,___c,;_____“_d
2€C.C c 8.65703¢CE~01 =5.£2550%4€-C3__ 5.}3CS3I0E-CS 'c.
211.5__ ¢ 6.535443CE=C1 ~8.52872236-C3 4.3713241€-C5_ GC. .
R15.C___ C_ Je2806G955E~C1 ~4.285€662C€~03 Q. Q.
212.5 C 1.3793738E-C1 -9.1250241€6-C2 6.1118323E-05 _C.




A B . c .. D

291

—27C.0 € =-9.21294C 16-02.~1.02649E0E=02__1., 18209865.;:05_.:_4o3673398£~07.
c :3-3242674&-4(1_?1.5'5911505703._‘5.619140457»65,:.1.34957‘055-08.

__2€1.5
._2(»‘ c_____n_____-.s..,zs.7.uu£.-;nx.:i.3’4353535;&3.;1.3&11_93.5;&5_:41eaécae-m

L262.5___¢C =741415649€-01.=1.86863€8E203_=1,16450296-04___ 1.2390010€-06.

26€.0___ € =B.6401266E-01 =4« 16021 136203 _=12841662E=05_1.1148370E06.
._217_.5 C =9.9953179€= Q) =5.3116583E=01 =3,2561286E=C5  8.32261€3E=0L.

255, =l C844117€40C ~5.42568C9€=03_=2.2360984€=05__T. 2228687€-01.
. &5 c. £141440373E40C. ~743243CCIE=C__5.1166475E=05__241511191€-07.
_25C.C € =1.1888172 E26C =95 611924€-03  1.2055538E-04 =1.4008689) E-QL
2 +9326674E=02_3, 7481242&-0'1_1.75120125-06
24540 C_ -_-1.1,46nessooo.-x.9110813z;cz_3..__1189014£: 4_=1.1590296E=06.
24205 G =1.J5151376460 =1, 4945651E=02 1, £557212E=C4_=2.3180586E=01,
.e4CaC___C -_1.15’030345*cc:1.ce991s‘4e-_oz__.a.41114zaszcs;c.._~____;_
_221.5 c =1.1098171E4G0_=9 58156 C4E=03 _ 1 CO8BI2TE=Ch__ c.__'___«;

T S S | 2 254525E9CC 8966 35JJ_£_C3___1.1.0.11_‘116.1L_C_'L_0_‘_____.____. .

2325 € —1.1795237€40C_=1. 193eazn-oz_1.zsnsaaaf_ns__c‘_____~_
' o 9.6058147E=C1 =1.8205029E=02 _1.6809086E=C4_ Qa |
_32¢.C A ~8.43121616-02_ 6,59156286=C4 Qo . Q. f
LTS A -8.6829191€=02_6.73115426=04_GCe __Ca
L3iS6__A____ =S. 3$cwesee -C2__¢ «5295917€=C4__0u_____ 0. :

_314;4___~A_______iasailihﬁi.&x._l;ﬁ:2111‘5-:« Qe . . Ca
3EC.0___ A -1.C4585626-01 7.7244941€=04__Q. ' G ’
_a. s A= 1.075026¢6=01 1. e7oee=ch4___c.v R |

S T O A W -1.1191_5_¢ue Gl 7.€1027516-04 Qs G

325 A =1.12416€4E=01__6.998163SE=04_ Qe - Ca ]

31640 -x.ueassse-u-_e.uzzacse-_-.cf..__c.' ' N

305 A =1,2308243€= 01_4.92434456-C4 Q. —fe ,
15 N RSP 25133c=s—c1__e 25816C2E-C4__ Co__. _Ce

_3CieS . A _____=1.31507136-01__4 ©4035250€=CA__Go____ Ge_ ;

_J.CC.,L____A______:hJ_ll,Ei‘L&}E:.u__:hjiz_e,ls;E-o4 0.  Cao
29745 A =1.3334451E~C1_ 1.9824241E~04_ 0. €
25540 A____ =1.457102CE=01__1.5915740E=04__C. Go. :

_252.5 4 -1471C8233€-01_ 3.1335522E-C4 _ O, €.



292

A B

312.¢ G =Ge5161313E-C2 6.7241357E~C4

Y - S -3 Coee D .
25Ce0_ A _=1.5714266€E-Cl__ 4.0191655F-C4_ Q. c.
GE1.S__ A =2.36S2E17E-Cl_ 6.2546567E-04__ Q. c.
265.C ) | ~2.66C41CSE-C1 7.CE04053E-C4 _ C. Co
_zéz.‘5___e___.____:z.ve,azeg_«t.s-_gx__s._fgexss_vsa__—_cg_.o. C.
26C.0___ & _=3.07C7617€~-01__4.62£2229€~C4__ Q. Ce
211.5 A -3.17€12556-C1 3.5055267E=-C4__ Q. C.
215.C___ & ~3.C5932336-C1_ 3.279¢4CEE-C4__ Q. c.
212.5___a ~2.672C1I5EE~C1__2.737745S€-C5_ 0. Ce
21¢.0 A —2.5_1:028ss;_c,‘_n__i,ﬂeo;__c_e_ag;c-c« 0. 0.
261.5 A -2.05C3834E-C1__3.56637186=-C4_ Q. C.
2€5.C____A =1.7CC6£24E~Cl__5.5565250E-C4_ 0O, 0.
262.5 A -1.17512775€-C1 6.E2819€4E<04 Q. Ce.
26C.0___ A =5.632126CE-02_ 1.345866CE-C4__0. c.
"251.5 A 3.055CS16E-C2_5.58232S€E-C5_ 0. C.
255, A 1.0146287E-C1 ~1,E273514E-C4_ 0. Ce
252.¢ a__ 1.61283596-01 ~3.€7849C5E=-04_ Q, Ce
25C.0 A 24C11S1S2E-01_=64214672CE-CS_ Q.  Ge
241.5 A 2.25783CTE-C1 ~1.3524235€=C4 Q. 0. !
245.0____A 4.2622€98E-C1 ~1.85454376-04_ Q. 0.
i42.5 - A 24363GE662€-C1_—3.55958€8E6-04_ Q. Ce
24¢.¢ A . 241833C6CE-C1 ~4.8C6C128E-04 0. C.
i37.5__ A 1.68G5€615E-C1_-2.7321544E-04__ O, 0.
235.0___ & 1.01€363SE-C1__1,7593252€=C4__ Q. Oe
22245 A 4.1446385E-C2 3.5489947E-04 0. O.
23C.0____ 4 -3.29es«oasg-cz_z_.snu7_35;&_0,. Q.
32C.C_ G -€.1935365E-02_ 3.EI€76€626-C4_ Q. Ce
281,56 =€.4C525626-02 4.154€628E-C4_ Q. c.
325.0___ 6 ~1.19C55846-02_ 4. €652823E-C4_ 0. c.
3i:.5 G ~1.€85616EE-02_ S.64143S7E~Ch_ O.__ o Oe
32C.0 G =8.4148454E-02  6.344€125E=C4_ Qs Co
3‘17.5____._G_--___:9.39(55045-02_77.23391475-(4*0. Ce
31%.0 __ G_ __  ~944210543E-02_ 6.5267761E6-04_ Q. C.
C. g.'



293

= mmImn o, Ly e T bl
31CeC____G____ =1.035655CE=C1__7.2335147E~C4__0s G
_3C1.5__ 6 2140954527€-G1__7.4927371E-C4__ 00 ae
30540 G =1.1286227€=C1_ 7.298E526€=C4_ Q. - G —
362456 =1.1476381€-01_6.8941712€-C4_.0. 0. |
—3CC.0__G: =142CT45CTE=C1__6. 98355€0€-04__0, : 0.
28145 G =1.2112454E=C1__6.50261€Q€=C4 0. I v
@S540 G_____ ~1.3421C54E=Cl__6.92617€1E=C4_ Q. ce v
_352.5__G______=~1.4026328E-C1 _6.5710115E-04_ Qu_____ Co '
2560 6 =1.47521C5E=C1  €.5628555E=C4 Qo ' .
_EE1WS__ G =1.5829C27€~Cl_ 1.4196422E~04__ 00 c. '
. 265.0 __G. =146341224E-C1 __142655151€~C4__ 00 e
ikl 5' G =1 E4S1S1EE=01__7.CI1%64€E=CA_ Qs Co
260.0 . G . . =1.720CC7€E-C1. T.05572276-C4 o ... ... Ce .. . |
27145 G =1.7252C24E-C) 544145314604 Oe _._.._..__. Gs .
—21500__ G -1.19¢5C08E=C1 5.13155¢9E=Ch Qa Ce i
C@1245___ 6 =1.82C2684E~Cl_ 3.3942173E~C4__0a .
_27Ca0__ G _=14503C535E=C1__2.50950€1E=C4__0u______ 0. :
_2€1.5____ G =2.01158C3E=01__ 2412550256204 0a e Qe
_2¢5.6___G ~2.086€333E6-C1__1.98024406-04__0u____ 0. !
RETEIC R =2.264166SE=C1__4.16262E62E=C4__0n_ 0. .
_266C G =2.346) 1242616, 7576652€=04 '6. e .
L8745 G____ =2.087C31SE~Cl__1.25220€8€=03_ ' _ 0.
L28500 6 =107723515E-C1 1o 43€5515E-03_ Qo oo QoL _
352456 =1e4825C27620)__LoS415€E1EZCI_Qa ' 7
..2:c‘.vc_,~_ 6 o =5231455416-02 1.3e111c3e~cs_-._o.,.__.__,_...__.,Ab._,,_“.h_-___....-,,
26745 __ G ~4.16152926-02 143076634€-03 _ Qe G. -
S245eC__ G 2,02€A46EE-C2__9.2386266E-04__04 Ce :
L2425 G £.3455925E=02_ _3.T17C4E4E=C4_ . c. .
J24C.C . G . "1.44024225-“.,’.e.vzszesas-ce__o‘._ —Ce
iaz_tL__o__;ux_._s_s_xu.z_x E=Gl =400261€4E=04 Go R
23546 6. ___ 2.3056425E-C1_=5.23921711E=C4_ Qs c. el
E32.5_ G 244516790E6=01_~6.7265940E=C4__ 0Oe G

22040 G 2418135976=0]_-4.645C9606-CA_ Qo . Co




l.

10.

11.

12.

294

References

V. A. Ingram, The Biosynthesis of Macromolecules

(W. A. Benjamin, Inc., New York, 1966).
H. G. Khorana, H. Bichi, H. Ghosh, N. Gupta, T. M. Jacob,
H. Kgssel; R. Morgan, S. A. Narang, E. Ohtsuka, and

R. D. Wellé, in Cold Spring Harbor Symposia on Quantita-

tive Biology, 31, 39 (1966)

K. A. Marcker, R. F. C. Clark, and J. S. Anderson, in

Cold Spring Harbor Symposia on Quantitative Biology, L,

279 (1966).

P. Leder and H. Bursztyn, in Cold Spring Harbor Symposia

on Quantitative Biology, 31, 297 (1966).

R. E. Thach, K. F. Dewey, J. C. Brown, and P. Doty,
Science, 153, 416 (1966).

W. M. Staﬁley and S. Ochoa, Proc. Nat. Acad. Sci., U.S.,
57, 1062 (1967). | |

F. H. C. Crick, J. Mol. Biol., 19, 548 (1966).

. W. Fuller and A. Hodgson, Nature, 215, 817 (1967).

H. Hayashi and K. Miura, in Cold Spring Harbor Symposia

 on Quantitative Biology, 31, 63 (1966).

M. Deutscher, J. Biol. Chem., 242, 3601 (1967).

C. Lettendre, A. M. Michelson, and M; Grunberg-Manago,

in Cold Spring Harbor Symposia on Quantitative Biology,

31, 71 (1966).

J. R. Fresco, A. Adams, R. Ascione, D. Henley, and T.

Lindahl, in Cold Spring Harbor Symposia on Quantitative

Biology, 31, 527 (1966).



13.
14,
15a.
15b.

16.
17.
18.

19,
20.

21.

295

References (Continued)

T. Lindahl, A. Adams, M. Geroch, and J. R. Fresco,

Proc. Nat. Acad. Sei., U.S., 5[, 178 (1967).

T, Lindahl, A. Adams, and J. R. Fresco, Proc. Nat. Acad.
Sei., U.S., 55, 941 (1966). | |

w; Gartland and N. Sueoka, Proc. Nat. Acad. Sci., U.S.,
55, 948 (1966). | o |
T.vIshida and N. Sueoka, Proc. Nat. Acad. Sci;, U.S.,
58, 1080 (1967).

R. W. Holley, S. Apgar, G. A. Everett, J. T. Madison,

M. Marquisse, S. H. Merrill, J. R. Penswick, and A.

Zamir, Science, 147, 1462 (1965).

'H. G. Zachau, D. Ditting, H. Feldmann, F. Melchers,

and W. Karan, in Cold Spring Harbor Symposia on Quanti-

tative Biology, 31, 417 (1966).

J. T, Madison, “G. A. Everett,'and H. K. Kung, in Cold

§pring Harbor Sympos1a on Quantltative Biology} 31, 409

(1968).

T H. Jukes, Biochem. Biophys. Res. Commun., 24, 744

(1966)

‘H. G.. Zachau, D. Duttlng, and H. Feldman, Angew Chemie.,

78, 392 (1966); Internatl. Ed., 5, 422.
U. L. RajBhandary, S. H. Chang, A. Stuart, R. D. Faulkner,
R. M. Hoskinson, and H. G. Khorana, Proc. Nat. Acad.

Sci., » B, 751 (1967).



296

References (Continued)

22. J. T. Madison, G. A. Everett, and H. K. Kung, Sclence,
153, 531 (19686).

25. J. N. Davidson, The Biochemistry of the Nucleic Acids.
(Methuen and Co., Ltd., London, 1965).

24, Jf D. Watson, Mbleéulér Biology,of the Gene (W. A.

Benjamin, Inc., New York, 1965).
25. Y. Hayashi, S. Osawa, and K. Miura, Biochim. Biophys.

Acta., 129, 519 (1966).

26.  G. L.vBrowh in Progress in Nucleic Acid Research, 2,
_260(J.»N.‘Davidson and W. E. Cohn, Eds., Academic Press,
New: York, 1963). | .

~27. C. G. Brownlee and F. Sanger, J. Mol. Biol., 23, 337
(1967). |

28. B. G. Farget and S. M. Weissman, Science; 158, 1695
(1967).

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

30. A. S. Spirin, J. Mol. Biol. 2, 436 (1960). -

"31; Af S;'Spirin, Macromolecular Structure of Ribonucleic

Acids (Reinhold Publishing Corp., New York, 1964).

32. H. DeVoe and I. Tinoco, Jr., J. Mbl. Biol., 4, 500
(1962). | |

33.. D. M. Crothers and Bf H. Zimm, J. Mol. Biol,, 2, 1
(1964). |

34, 0. Sinanégluvand S. Abdulnur, Photochemistry and Photo-

biology, 3, 333 (1964).



35.
36.
37.
38.
39.
40,
41.

42z,

43,

45,
46.

4T,

C.
69

C-'

297

References (Continued)

NN

R. Cantor and I. Tinoco, Jr., J. Mol. Biol., 1
(1965).

R. Cantor, S. R. Jaskunas, and I. Tinoco, Jr., J. Mol.

Biol., 20, 39 (1966).

R. Cantor and I. Tinoco, Jr..Blopolymers, 5, 821

C.
(1967).
I. Tinoco, Jr., J. Am. Chem. Soc., 82, 4785 (1960);

Errata in J. Am. Chem. Soc., 84, 5047 (1961).

,W.'
H-
A.

Rhodes, J. Am. Chem. Soc., 83, 3609 (1961).
DeVoe, J. Chem. Phys., 41, 393 (1964).

M. Michelson, The Chemistry of Nucleosides and

Nucleotides (Academic Press, New York, 1963).

P'
M.

'Mo

54
M.
29

. .Y.

Doty, H. Boedtker, J. R. Fresco, R. Haselkorn, and
Litt, Proc. Nat. Acad. Sei., U.S., 43, 482 (1959).

'M. Warshaw and I. Tinoco, Jr., J. Mol. Biol.,'%QJ

(1965).
M. Warshaw and I. Tinoco, Jr., J. Mol. Biol., 19,
(1965).

‘Inoue, S. Aoyaga, and K. Nakaﬁishi,,J; Am. Chem. Soc.,

89, 5701 (1967).

W. Stanley, Jr.,'Ph;D. Thesis, University of Wisconsin
(1964). ' |
J. Applequist and V. Damle, J. Am. Chem. Soc., 88,

3895 (1966).



298

References (Continued)

48. K. Van Holde, J. Brahms, and A. M. Michelson, J. Mol.
Biol., 12, 726 (1965). _

49. M. Leng and G. Felsenfeld, J. Mol. Biol., 15, 455 (1966).

50. ‘A. Adler, L. Grossman{ and G. D. Fasman, Proc,vNat.
Acad. Sci., U.S., 5[, 423 (1967). |

51. J. Brahms, J. C. Maurizot, and A. M. Michelson, J. Mol.
Biol., 25, 465 (1967): ‘

52. M. M. Warshaw, C. A. Bush, and I. Tinoco, Jr., Blochem.
Biophys. Res. Commun., 18, 633 (1965).

53. D. Poland, J. N. Vournakis, and H. A. Scheréga,
Biopolymers, 4, 223 (1966). |

54. J. N. Vournakis, H. A. Scheraga, G. W. Rushizky, and

. A. Sober, Biopolymers, é,,337(1966).v
55. . Brahms, A. M.'Michelson, and K. E. Van Holde,

H
J
~ J. Mol. Biol., 15, 467 (1966).
.J T.'Yéng,'T.ﬂsamejima, énd-P._K. Sarkar, Bibpolymers,
4, 623 (19686). | | N
~ 57. D. N. Holcomb and I,'Tinoco, Jr.,_Biopoiymers; 3, 121
. 7(1965)l. . |  :. ) _ 4 
58. I. Tinoco, Jr., Radiation Research, 20, 133 (1963).
59. C. A. Bush and I. Tinoco, Jr., J. Mol.Biol., 23, 601
(1967). | )
60. R. Davis and I.'Tinoco, Jr., Biopolymers, in press.’
61, _D; Glaubiger, Ph.D. Thesls, University of Caiifornia,

Berkeley (1965).




299

References (Continued)

62. D. Glaubiger, D. Lloyd, and I. Tihoco, Jr., Blopolymers,
in press. | ‘ | _ t ‘ |

63. P. 0. P. Tsb, I. S. Melvin, A. C. Olson, J. Am. Chem. Soc.,
85, 1289 (1963). | |

64. M. P. Schwelzer, S. I. Chan, and P. 0. Tsb, J. Am. Chem..
Soc., 87, 5241 (1965).

65. P. 0. P. Tsb and S. I. Chan, J. Am. Chem. Soc., 86,
4176 (1964). o

66. S. I. Chan, M. P. Schweizer, P. O. P. Tsb, and G. M.
Helmkamp, J. Am. Chem. Soc., 86, 4182 (1964).

67. A. D. Broom, M. P. Schweizer, and P. O. P. Tgb, J. Am.

Chem. Soc., 89, 3612 (1967). | | |

68. S. I. Chan, B. W. Bangerter, and H. H. Peter, Proc. Nat.

~ Acad. Sci., U.S., 5%, 720 (1966).

' 69. V. Luzzati, A. Mathis, F. Masson, and J. Witz, J. Mol.

| vBiol;; 10, 28 (1964). |
70. C. C. McDonald and W. D. Phillips, Sclence, 144, 1234
 (1964). | - -
7.71.' G1 D;)Fasmah;ﬁc. Iindblow, and L. Grossman, Biochemistry,.
| 3, 1015 (1964). |

72. J. R. Fresco in.informational'Maéromolecules (. J.
V_Vogéi, V. Bryéon, and J. O. Lampen;'Eds., Academic?
‘Press, New York, 1963). - .

73. H. Boedtker, J. Mol. Biol., 2, 171 (1960).-

74. H. Boedtker, Biochim. Biophys. Acta., 32, 519 (1959).



75.
76.
7.

78.

79.

80..

81.

82.

83.
84.

87,

88.

300

References (Continued)

" R. Haschemeyer, B. Singer? and H. Fraenkel-Conrat,

Proc. Nat. Acad. Sei., U.S., 45, 313 (1959).

'R. A. Cox and U. Z. Littauer, Nature, 184, 818 (1959).

H. Boedtker, Biochemistfy, 6, 2718 (1967).
G. D. Fasman, C. Lindblow, and E. Seaman, J. Mol. Biol.
12, 630 (1965). ‘ | |
D. B. Millar and R. F Steiner, Biochemlstry, 2, 2289
(1968).

 M; N._Thang, W. Guschlbauer, H. G. Zauchau, and M.
_ Grunberg-Manago, J. Mol. Blol., 26, 403 (1967).

D. M. Crothers, N. R.‘Kéllenbach, and B. H. Zimm,

J. Mol. Biol., i1, 802 (1965).

J. Marmur and P. Doty, J. Mol. Biol., g, 109 (1962).
J. R. Fresco, Tetrahedron, 13, 185 (1961).

W. Kauzmann in Advances in Protein Chémistry,.%g; 1

(1959). | | |
'J. R. Fresco and'E._Klempefér, Ann. N. Y. Acad. Sci.,
81, 730 (1959)
‘R. C. ‘Warner, J. Biol. Chem , ;gm 711 (1957).

C. Schildkraut and S. Lifson, Biopolymers, é,_195
(1965).

J. R. Fresco, L. C. Kiotz, and E. G. Richards, in Cold

Spring Harbor Symposia on Quantitative Biology, 28,

83 (1963).



89.

90.

91.:

92.

93.

94, .

95,
~ gs.

9T,

98, -

99.

100,

101.

301

References (Continued)

J. N - Vournakis and H. A. Scheraga, Biochemistry, R
2997 (1966)

. S W. Englander and J. J. Englander, Proc. Nat.. Acad.

Sei., U.S., 53, 370 (1965)

M. Printz and P. H. von Hippel, Proc, Nat. Acad. Sei.,
 U.S., 53, 363 (1965) |

J. Brahms, J. C. Maurizot, and A. M. Michelson, J. Mol.
Biol. 25, 481 (1967). o

P. 0. P. Tsb, 5. A, Rapaport, and F. J. Bollum, .
BicchemiStry, 5, 4153 (1966). |

W, Fnller, F. Hutchinson, M. Spencer, and M. H. F.
Wilkins, J. Mol. Biol,, 27, 507 (1967). |

S. Arnott F. Hutchinson, M. Spencer, M. H. F. Wilkins,

W. Fuller, and R. Langridge, Nature, 211, 227 (1966).
vM Spencer, W. Fuller, M. H. F. Wilkins, and G. I.
'Brown,‘Nature, 194, 1014 (1962). ' _

M. Spencer-and F. Poole, J. Mol. Biol., 11, 314 (1965);
‘D. ‘R. Davies in. Annual Review of Biochemistry (P D.

_Boyer, Ed B Annual Reviews, Inc., Palo Alto, California,

1967), 36, 321.

J. Witz L. Hirth, and V. Luzzati J. Mol. Btol., 11,
- 613 (1965) S ' .
H. Lake and W. W. Beeman, Science, 158, 1371 (1967).

W. Fiers, R.-DeweChter, L. Lepoutre, and L. Vandendriessche,
J. Mol. Biol., 13, 451 (1965).



102,

103.
104.

105.

106, -

107.

108.
109.

110.

Co111.

11z2.

113.
114,

115,

302

References (Continued)

E. K. F. Bautz and L. Heding,vBiochemistry, 0 1010

7 (1964)

P. K. Sarkar and J. T. Yang, J Biol Chem., g 2088

(1965).

T. L. V. Ulbricht, R. J. Swan, and A. M. Michelson,
Chemical Communications, 3, 63 (1968).

»C R. Cantor, Ph. D. Thesis, University of California,

Berkeley (1966).
F. fPochon-and A' M. Michelson, Proc. Nat. Acad. Sei. .
U.S.; 53, 1425 (1965). |

M. Chamberlin, Personal communication, 1965.

vM. M. Warshaw, ‘Ph. D Thesis, Uhiversity of California,
Berkeley (1965) '

R. cC. Davis, Ph.D. Thesis, Uhiversity of California,_

'Berkeley (1967)

eG._Felsenfeld and H. T. Miles, Annual Review of -
‘Biochemistry (p. D Boyer, Ed., Annual Reviews, Inc.,
Palo Alto, California, 1967) Qﬁ, 407 SR -

A Rich, D. R. Davies, F. H. C. -Crick, athJ,“D,fWaéspﬁ,-

J. Mol. Biol., s, T1 (1961)

K, A. Hartman,-Jr., and A. Rich, J. Am Chem. Soc,, 81,
. 2033 (1965). - - o -

B. Tomlinson, Personal communication, 1965.

D. N. Holcomb, Personal communication, 1966.

R. F. Steiner and R. F. Beers, Jr., Polygucleotidesv

‘(Elsevier Publishing Co.; 1961)




11s6.
117..

118.

119:;
- 120.

121,

122,

123,

124,

125..

126.

127,

.128.

129.

303

References (Continued)

I. Tinoco, Jr., J. Am. Chem. Soc., 86, 297 (1964).
C. A. Bush and H. A. Scheraga, Biochemistry, 6, 3036

.(1967).

P. D. Ross and R. L. Scruggs, Blopolymers, 3, 491A
(1962). ' | -

R. F. Steiner and C. Kitzinger, Nature, ;Né 1172 (1962).
M. A. Rawitscher, P. D. Ross, and J. M. Sturtevant,

J. Am. Chem. Soc., 85, 1915 (1963).

- J. Massoulid and A. M. Michelson, Biochim. Biophys.

Acta., 134, 22 (1967). |
J. M. Sturtevant, S. A. Rice, and E. P. Geiduschek,
Disc. Faraday Soc., 25, 138 (1958).

S, Ochoa, C. Weissmann, P.vBofst, R. H; Burdon, and

M. A. Billeter, Federation Proc., 23, 1285 (1964).

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

Biopolymers, 5, 589 (1967)

G. Felsenfeld and G. L. Cantoni, Proc. Nat Acad. Sci.w
U.s., 51, 818 (1964)
 'G Felsenfeld and G. Sandeen, J Mol. Biol s g,l587
(1962).

M. R Lamborg and P. C Zamecnik, Biochen. Biophys.
Res. Commun., gg 328 (1965) | .
M. R. Lamborg, P. C. Zameenik, T. Li, J. Kigi, and.

B. L. Vallee, Biochemistry, 4, 63 (1965).

T. Samejima and J. T. Yang, Biochemistry, 3, 613 (1964).



130.

131,
132.

133.
134.

136.

137.

138.

139.

140.

141.

304

References (Continued)'

P K Sarkar and J. T. Yang, Biochemistry, 4, 1238
(1965) ' |

R. Haselkorn and C. F. Fox, J. Mol. Biol., 13, 780

(1965).

M Chamberlin, R. L. Baldwin, and P. Berg, J. Mol.
Biol., [, 334 (1963)

S. I. Chan, Personal- communiction, 1967.

S. R. Jaskunas, C. R. Cantor, and I. Tinoco, Jr.,
submltted to'Biochemlstry (1968).

D. Kalafofsky and T. Nakamoto, Proc. Natl. Acad Sei.,

U.S., 28, 1786 (1966).

M. N. Lipsett L. A. Heppel, and D. 'F. Bradley, J. Biol.
Chem., 236, 857 (1961).
E. F. Bautz and E. A. Bautz,‘Proc. Natl. Acad. Sci.,

U.S., 52, 1476 (1964).

R. E. Thach in Procedures 1n NUcleic Acid Research,'

(G, Centoni and D. Davies, Eds., Harper and Row, ch.,

New York, 1966).

Methods in Enzymology XII, Part A (L. Grossman and K.
Moldave, Ed., Academic Press, New York, 1967).

'A,'TissiEres, J. D. Watsoh, D.‘Schlesinger,'end '
 B. R. Hollingworth, J. Mol. Biol., 1, 221 (1959),.

‘H. Fraenkel-Conrat, B. Singer, and A. Tsugita, Viralogy,

14, 54 (1961).



305

References (Continued)

142, s. Mandeles and G. Bruening, Bioéhemical Prepérations,
12, 111 (1968). | |

145. R. V. Tomlinson and G. M. Tener, Blochemistry, 2, 697

| (1963). |

144. G W. Rushizky and H A. Sober, Biochem. Biophys
Res. Comm., 14, 276 (1964).

145. S. Mandeles and’ H. 0. Kammen, Analytical Biochem., ~I’

540 (1966). N |

146, I. Gillam, S. Millward, S. Blew, M. von Tigerstrom,

| E. Wimmer, and G. M. Tener, Bibcheﬁiétfy, 6, 3043
(1967). o - |

147. P. Ieder, M. F. Singer, and R. L. C. Brimacombe,'

| 'VBiochemlstry, 4, 1561 (1965). | |

148, R. E. Thach and P. Doty, Science, k~m 632 (1966)

149. M. F. Singer and B. M. O'Brien, J. Biol. Chem., 238,
328 (1963). S | o |

150. N. M. Thanassi and M. F. Singer, Je Biol Chem 5 gg;,
3639 (1966). |

151. L. Meites, Ed., Handbook of Anaiyticéi Chemistry

| (McGraw-Hill, New ank, 1963); sec. 6, p. 10.

v152; A. Savitzy and J. J E Golay; Analytical Chemlstry,
- 36, 1627 (1964) o - L .

'153.1'J ‘Hearst and H. Gray, PerSonal cOmmunication, 1967 

~154. K. E. Van Holde and R. L Baldwin, J. Phys. Chem s

_62 734 (1958) -



' 155,

156.
157.

158 .

159,

160.

-161.

162,

163.
164,
165.

166.

167.

-168.

.169.

306

‘Reférences (Continued)

H. G. Tennent and C. F. Vilbrandf, J. Am. Chem. Soc.,'
65, 424 (1944).

‘M. N. Lipsett, J. Biol. Chem., 233, 1256 (1964).

M. N. Lipsett, J. Biol. Chem., 239, 1250 (1964).

- 8. Podder, Personalﬂcommunication, 1967

M. N. Lipsett, Proc. Natl Acad. Sci., U.S.,igg, 445A
(1960). - | B

H. T. Miies,lJ Frazier, and F. M. Rottman, duoted
in Reference llO . |

P. Job, Ann. Chim., 9, 113 (1928)

G. Felsenfeld and A Rich, Biochim. Biophys Acta.,
26, 457 (1957) |

A. E. V. Haschemeyer and H. M. Sobell, Nature, 202,

969 (1964).

A. E. V. Haschemeyer and A. Rich, J. Mcl Biol ) gl,
369 (1967). |

K. Watenpaugh, J Dow, L. H. Jensen, and S Furberg,

Seience, ;NN 206 (1968)

V. Sasisekharen and_D. R.‘Devies, quoted in Reference

98.

vM Gellert M. N Lipsett, and D. R. Davies, Proc Natl{

Acad Sei., U.S., 48, 2013 (1962) ‘,‘_ .

A P. J Flory, Principles of Polymer Chemistry (Cornell

University Press, Ithaca, New York, 1963) Ch. 8.

D. C. Phillips, Proc. Natl Acad. Sci » U.S., §~, 484

- (1967).



307

References (Continued)

170. H. Jacobson and W. H. Stockmayer, J. Chem. Pﬁys.,
18, 1600 (1950). |

171, .J C.. Wang and N Davidson, J. Mbl Biol., 19, 469

(1966) | -

172. G. Cassani and‘J; F.'Bollum,vJ. Am. Chem. Soc., 89,
4998 (1967). | | '

173. W. Guschlbauer, Nature, ggg; 258 (1966).

174. S. Nishumura, D. S. Jones, and H. G. Khorana, J. Mol.
'Biol., 13, 302 (1965).

,-175_ E. 'Ohtsuka, M Moon, and H. G. Khorana, J.'Am. Chem.

, - Soc., Nz 2956 (1965).

- 176. R. D. Wells, E. ohtguka, and H. G. Khorana, J. Mol.
Biol., 14, 221 (1965). | |

177. C. Byrd, E Ohtsuké, M. W‘ Mbon,'and H. G. Khorana,
Proc. Natl. Acad. Sci., U. s., gg, 79 (1965).

178. C C. Richardson,. C. L Schildkraut H V. Aposhlan,
“and A. Kornberg, 3. Biol Chem., 239, 222 (1964).

179. J. Josse and A. Kornberg, J. Biol. Chem., 237, 1968

| (1962). - | |

1804. H K. Schachman, J Adler, C - M. Radding, I. R., Lehman,

~ and A, Kornberg, J. ‘Blol. Chem., 235, 3242 (1860).

181, S. W. Engiéndér and.D.fcrdwe,-Analytical Biochemistry,

12, 579 (1965). | |

182. M. Laskowski in The Enzymes, V (P. D. Boyer, H. Lardy,
and K. Myrback, Ed., Academic Press, N.Y., 1961), p. 125.



308

References (Continued)

183, W. E. Rozzell and H. G. Khorana, J. Biol. Chem., 234,
2105 (1959) o | |

.184. .H S Shapiro and E. Chargaff, ‘Biochim. Blophys Acta,
28, 59 (1957). o

185. R. B. Inman and R. L. Baldwin, J. Mol. Biol., 5, 172
(1962). |

lBé. W. Doerfler and D S. Hogness, J. Mol. Biol. 14, 237
(1965). |

187. M. J. Chamberlin and P. Berg, Proc. Natl. Acad. Sci.,

 U.S., 48, 81 (1962). o

188. M. J. Chambeflin,_Federation Proceédings, 24, 1446
(1965). S o

189, R. Wake and R. L. Baldwin, J. Mol. Biol., §, 201 (1962)

190. P. 0. P. st S. A, Rapaport, and F. J. Bollum,

| -Biochemistry, 5, 4153 (1966)

191. C. B. Klee, J. Biol. Chem., gmm, 3579, (1967) |

192. M. W. Guschlbauer, C. R. Acad. Sc. Paris, &Ng, 1422
(1967). |



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






