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ABSTRACT 

SLQ(i; DEVPRNDNT P 01hRT1IS OF CLI 	ICLV OTI1S 

Or1cs Robert Cantor 

In this work we discuss sonte of the waysin which the base se-

quence of an oligoribonuc1cotid cart affect its physical and che;ical 

properties. The base Seuenco can have direct effects on the absorp-

tion spectra and optical rotatory dispersion of sinle strand olic-

nucleotides. It will also manifest Itself directly by c1ctcrninin 

tile pattern of ono; tucleotides released when the olionuclootidc is 

C)PO',ct to xi. CS(O1UCJML,C.  Sinco the confornrl.tion ,of an olonucle - 

tide can be very sensitive to haze scqucnco niany additional properties 

of double strand olionuclootides may be expected to depend stroniy 

On the .nuClt)otide sequence. 	 V  

be Ox1O1O thol Pr ,  L1I1tir of using C7oruClec do nat&o 

V 	to detrthie base sequence. Calculations of the kinetics of. two 

lol o' cnz ne ttac 	re 	c_ribod. Tt ic hrwr tht tiC sequc'co 

V V 

V 

	

	formation can he most clearly obtained if the cnzyre attack can pro- 

.cced in a rnndom ±ash!on, and if the eu1ZyI ispresent in excess. The 

titnl c ioicc Ct 	iotcrs i .iay pornit the use cC cxoenz'ne, to do- 

ter'Lic th scnucncc. of t i.e 15-20 terwrni rosiAtics of a olyLlooti..k 

cvun. 

i(O nave icurod tie ucrtion spectra anc1  optical roitoiy J - 

cr ion ci seven tiuLkoslde diprosptiatc . "icc' iesults ceotrte 

tit the latter ,ro Pcrtv 	qdtc sens1tic to aw seiurPce. Wo bo 

that it is osib1e tc calcuLtte thc ottcil ')r xr'ie of trinucicoik. 
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diphosphates fromthe experimentally determined properties of their 

component dinucleoside. phosphates and mononucleos ides This is done 

by making the assuriptions that only nearest neicrhbor interactions 

• 

	

	are important, and that the conformation of neighboring bases is in- 

dcpcnaent of chain lcngti. 1hen those calculations are excnded to 
• 

	

	
single strand polynucleotides the results are still in reasonable V 

qualitative agreement with experiment. 

The optical rotatory dispersion of TMV RNA in the absence of 

shit is in good agreement with the results calculated from dimer and 

monomer properties. Thus under these conditions a single stacked 

strand is probably a good dcscripion of the molcular conformation.. 

It if, possible to rnikc an estimate of the chwes in optical rotatjoi 

which accopany the forvition of base pairs in RM. From these esti-

nates, and tie Measured properties, we can sho that, in the presence 

of salt, ThPv RNA probably has A-U and G-C base pairs. In a similar 

way we can estimate the optical rotatory dispersion of various models 

• 	which have been proposed for the conformation of the alanine sPNA. 

We discuss, indetail, the properties of one mode1.whiche have con- 

• 	strutted which contains 26 base pairs. This model is in good agree- 

• 	mont with most of the a,vailable experimental evidencb for the confor- 

mation of the alanine sRNA. 	 . 	 . 	 • 	 V  

/ 
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I. INTRODUCTION 

One of the riost challenging problerts for the )hysical chcnist 

interested in biology is the elucidation of the structure and pro 

perties of the rtacrorolccules which arc found to play a critical 

role in the che,inistry of living organisms. 7\o types of macromole-

cules which have received considerable attention in the last decade 

• 	 are deoxyribonucleic acid (DNA) and ribonucleic acid (PNA). The 

• 	 general biological role of these large polymers is well established 

but their chemistry is not yet well enough understood to permit a 

detaJed explanation of their mechanism of action. Thus our long 

range gdal is to be able to attain a chemical and physical explanation 

for the biological properties of nucleic acids. In addition, we hope 

to be able to understand why these molecules are especially suited for 

• 

	

	 their biological i'ole. These are far reaching questions which cannot 

be ansercd by a sin,lo experirient, a single grou of experin'enter, 

• 

	

	 or even a single discipline. But we hope that our work will prove to 

be helpful and 'of interest to those who share: our goals. 

The first step towards developing a chemical understanding of the 

biology of nucleic acids is the determination of their structure. 

What we would really like to know is the structure in ylvo, but for 

the present we must be content with tryihg to determine the structure 

in aqueou solution. A further simplification would be to study the 

molecular structure in a crystal or fiber, but thus far this has 

proven feasible generally only for DNA.' in the present context, 

ttstructure" means both the chemical structural formula and the con-

formation of the molecule in thrqc dimensions. For a molecule as 
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large as RNA or DNA it is apparent thit the conformation plays a cr1-

tical role in determining the biological activity.. cce the structure 

of nucleic acids has been determined in solution it shoüldhe possible 

to fruitfully apply many of the chemical and physical methpds . at our 

disposal to explain the biological properties of these macromolecules. 

In this work we shall be concerned almost exclusively with the 

structure and properties, of RNA. But many analogies can certainly be 

drawn between what we have found for PNA and what is known or expected. 

in tNA. The primary structure of BNA has been known in general for 

quite some time. It consists of a phosphate D-rihose backbone with 

various bases attached to the 1' carbon of the sugar.. This structure 

is illustrated In Figure 1 along with the commonly used schematic abhre 

viation. In this notation, B represents a nucleoside. Thus Bp stands 

for a 3' nucicotido and pJ3 is a 5' nucleotide. The four most corion 

nucleosides are adenosirie (A), guanosine. (G) , uridlne (U), and cyti-

dine (C), and many RNA' s contain only these four. The structures and 

abbreviations of these and other nucleosides we shall disss are'sho. 

in Figure 2. The aspect of the primary structure which remains unde-

cornined for most nucleic acids is the sequence of bases alonrv the 

polynucleotide chain. The base sequence is known for only one 	97 

In chapter II o shall discuss sonc of the methods of base sequence 

determination whici nWo been used or proposcd Wa shall ov1uato the 

use of exonucicasc dcgradation in detail, and we show that under some 

conditions this can be a very profitable technique. 

The second major proleri of PA structure is the determination of 

the co'iformation under a variety of experimental conditions wuch e 

hope approximate the in vivo state • A maj or complication is the wide 
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range of sizes and functions known to 'exjst for RNA. Messenger RNA 

(mPNA) is responsible for carrying the genetic information from the 

DNA in the nucleus to the protein synthesizing system located on the 

ribosome. A major component of the rihosome is rihosoinal P.NA (r!NA), 

which presumably conributes to the mechanism of protein synthesis. 

Soluble or amino acid transfer RA (sRNA)' is involved in transporting 

amino acids to the ribosome, and may help to affect the translation of 

the nucleic acid code into protein sequence.Thus.the functions of PNA 

are vital to the cell. The range of molecular sizes found for natural 

PNA's varies from the gramicin S mNA with a molecular weight of 

110200201 to the RNA from Reovirus which has a molecular,'weight of 

about 107.118,  The base composition of RNA, can vary from 7S vinis RNA 

with almost random proportions of the four cornon bases (A U C G 

238.:258:256:246) 7 to human liver RNA, which'has a great preponderance..;; 

of C and C (AU C G 115 126 316 441).172 Along with tnis great vari-

ation in primary structure, a large number of different conformations 

have been suggestedfor RNA. These include multiple strand .hcliccs, 

double strand helicos, single strand helices, random coils and more 

complicated folded arrangements. 217  In ('Trtpter IV we shall shod that 

studies of the optical rotatory dispersion (('RD) can be of gloat 1'clr 

in differentiating among these possibilities. 

The conformation of an R1A in solution is a problem which siou1d 

not he over-simplified. Overly mthicious or naive studies on RNA ay,  

lead to a frustrating situation in which cünt1ess possibilities cannot 

be distinguished experimentally, and the uncertainties of our intuition 

must be called upon to solve the dilervia i  what is needed is a set of 

simple . model systems. The results found should' st±rnilate further cx-.. ' 
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periments with polymers, and, at the same time, may help us to refine 

our intuition. The simple models for flNA are the oligoribonucleotidos. 

We expect that most of the properties of RNA should eventually be ex-

plainable in tors of the properties of its smaller components. The 

great advantage in studying oligonucicotidos is that specific conpounds 

cart be prepared to test given hypotheses. The number of competing 

effects can be kept reasonably small, and the number of possible confor-

mations is a much more tractable quantity. In Chapters III and IV, we 

shall show that the bases in dinuclooside phosphates ard trinucleoside 

diphosphates have similar conformatiOns. These compomds have optical 

properties which are very similar to single strand polynucleoti.des. 

Thus they are suitable models for PJA, and should be submitted to fur-

ther study. In contrast, the mononucloosides or .mononucleotides are 

very poor models for polymers. It remains a future task to obtain and 

study suitable oligonucleotide rodels for double stranded polynucleo-

tides, though some preliminary experiments and ideas will be discussed 

in chapter .  IV. 

)rto of the most intriguing properties of RNA is the existence of 

many seqience dependent phenomena. .011 onuclootides can serve as cx-

• 	collent models for studying these effects. Best studied thus far has 

been the degradation of oligomers by, sequence specific endonucleacc 

lie pancreatic ribonuclease. 261  k 	We fully expect that future studies 

will produce sequence specific chemi.calreagcnts. some evidence has 

accusrilated that the absqrption spectrum of o.ligonucleotides is sequence 

dependent. 151  Recent work in this labora,tory has amplified the number 

of examples, 252  and additional evidencô d1l be discussed in Chapter III. 

the ORB is In additiOn, we shall show that the sequence dependence of 	,  



much more dramatic than absorbance changes. Our optical sthdies have 

been greatly helped ', the very intense absorpton bands found in nu 

cloic acid bases. These permit studies which employ very sm2ll amounts 

of material. Lack of suitaole quantities of olic'onucleotides has ttus 

far impeded extensivo titriinetric or NMR studies of these compounds. 

But with the advent of more efficient methods of preparation, such 

stuaies will almost certainly be forthcoru.nc. 223 ' 121  All of the effects 

discussed so far are due directly to the sequence of bases on a single 

strand. Another class of sequence dependent propert&cs should arise 

from the strong sequence dependence of molecular conformation. All of 

the  effects dlscuscd above should be sensitive to con Cornation In 

addition, viscos it>', sedinientation, and other hydrodynaic phenomena 

should be dependent on sequence. The anomalous temperature dependenc6 

of the viscosity of poly d(AT) when compared with most DNA's is a well 

characterized example of the extreme effects possible with a polynu- 

• 	cleotide of unusual sequencc. 323  It remains to be seen whether 

the con'ormation of RNA's is so delicately balanced that a sirill c -'ane 

• 

	

	in sequence may effect the overall properties of a large macromolecule. 

But it is almost certain that sequence dependent phenomena play an 

important role in determining the biological properties of RNA. 
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II. EXONUCLEASE KINflTICS 

1. Methods of Dcterminin Nucleotido Sequence 

The motivations for determining the base sequences of nuc1eic acids 

are very strong. In -..ho case of irformation carrying macrortolecules 

like DNA and mPNA, a knowledge of the nucleotid.e sequence will enable 

us to decipher the genetic message encoded on these nucleic acids. ls- 

tablishing the base sequence of rPNA and sRMA is an essential step in 

the determination of the conformation of these molecules, and will be 

of great help in understanding their function Thus there has been iitch 

work in the past few years on the problem of determining nucleic acid 

sequences. 

• 	Procedures for the determination of the amino acid sequence in 

proteins have been available for some tirne,.and thcprimary stnctures 

• 	of marty have yielaed to these approaches. Uowever, the problem of as- 

certaining the base sequence of all but the smallest nucleic acids 

remains formidable. Two recent reviews have surarized many of the 

possible methods for the dCtormination of nucleic acid sequence. 24051  

• It is quite apparent that the general problem of obtaining, a nucleic 

acid sequence is much more difficult than for a protein sequence, he-

cause not nucleic acids are so mucn larger. Also, there are ma"iy rore 

different types ofrosidues in a given protein, than in an average nucleic 

acid chain of the same length. 11u1e some of the basic techniques w 1uch 

have proven successful.on proteins have, beenadapted for nucleic acids, 

it is certainly necessary that new and more powerful methods he found. 

In this chapter we review some of the methods that are currently in use 

and discuss some of the proposed improvements. Then we will explore ill 
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detail the psib1lit1S for using exoenzymes :f0T obtaining sequence 

information. This isa method which may become an important adjunct to 

many of the others that have been proposed. 

3y far the most popular method for determining nucleic acid sequences 

is the overlap method first used by Sanger on insulin. Using this me-

thod Holley and his coworkers have been successful in determining the 

base sequence of the yeast alanine sRNA O  a polymer, which contains 77 

nucleotides. 97  Many other laboratories arc proceeding with similar 

• 

	

	studies on other sRNA's, 4 ' 11 ' 43 ' 267  though none of these attempts have 

yet yielded a complete sequence. Holley first hydrolyzed the RNA with 

• 	two specific endonucleases, Ti ribonuclease (EC 3.1.4,8) and pancreatic 

ribonucicase (EC 2.7.7.16). The mixture of oligonucleotides from each 

digestion was chromatographiCallY separated, and the products identi-

fied. 98  A hypothetidal example is: 

Panc. PNAase 	 - 
ApGpUpCpGp - 	> ApCpUp +.Cp +• Gp 

Ti RNAase 
ApGpUpCpGp 	 ip + UpCpGp 

This perrits the sequence of the pentanuclectide to bo reconstricted. 

Then partial hydrolyses were used to obtain larger fraents whib were 

in turn further deradcd and identified. 2 ' 168  These provided the over-

laps necessary to reconstruct the entire sequence. Of great help was 

the fact that this RNA contained 11 different bases instead of the more 

usual four. It will be difficult to use this method on much 1arcer 

polymers. The major pro'levis will be separating the fragments formed 

and finding conditions under which more èarefully controlled partial 

hydrolyses can be carried.out. There have been many imaginative attempts 
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made to irprove.our ability to separa'te o1igonucleotides. 73 ' 22 " 44  

But there does not yet exist a separation technique capable of resol-

ving the long sequences needed to determire the sequence of a large 

viral RNA. Nevertheless, liolley's method is very satisfatory for 

• 

	

	handling nucleic acid chains of the order of 100 bases long, and pro- 

sently. the most practical technique of any that have been suggested. 

• 	. 	A variation of the simple overlap method was proposed, by Rice and 

Bock. 180  They suggested that the troublesome partial hydrolyses can 

be eliminated if a sufficient number of different specific. endonucleases 

can be found. In most cases the analysis of the fragments produced by 

four total degradations of RNA, each with an enzyme specific for clea-

ving after a different one of the four bases A, C, U, and C, would lead 

• to the sequence. There are currently available two enzymes with such 

specificities. Ti RNAase cleaves specifically after G. and E. coil 

Rihosomal RNAase is apparently quite specific for C. It is also 

possible to modify RNA in such a way that pancreatic R"Aase becomes 

• 	specific for c. 71  There is some evidence that T2 R'Aase shows some 

preference to,cleave after A. 5' Thus while-our repertoire of nucleases 

is not yet large enough to permit an experimental test of the mthod 

proposed by Rice and Bock, enzymes with tho necessary specificities 

will probably soon be found. 	 , 

Anothor imprvomoAt on tho ororiap method has been discussed by 

Mandeles and Tinoco)' 44 ' 'This involves labeling one end of the nucleic 

acid with some distinguishable marker. The RNA is then partially hy 

drolyzed enzymatically and all the lab'eled.fragments are separated 

according to chain length, isolated and purified. These are then 1ahele4 

with a different marker on the other end, and hydrolyzed to completion 
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by the same specific enzyme previous]4 used. The fragments labeled 

with the second marker are then isolated and identified. This permits 

ordering all of the fragments, and thus eliminates the need for the 

determination of overlaps. The difficulties encountered here are the 

lack of a suitable label, and the difficulty of chromatoraphica1ly 

separating very long chain lengths. This method is presently being 

used by fttndeles to determine the 3' terminal sequences of NV PNA) 43  

Similar end labels have proven very useful in the discovering of the 

3' terminal seqi.ence of several sRNA's) 0 ' 114  

• 	 An entirely different approach is the use of electron microscopy. 

While the individual bases are too similar to distinguish with the 

present resolution, Moudrianakis and I3eer9  have found that it is possible 

to find chemical reagents which attach to DNA and can then be clearly 

seen along the DNA strand in the electron microscope.. Thus far they 

have found a C specific marker, 156 ' 157  and some evidence for a marker 

specific for C. 149  If markers can be found that are equally specific 

for T or U and A, then this method should provide the sirlcSt and most 

effective way of determining the sequence of large nucleic acids. 

Another metnod which offers great promise but which defcatspart of ' 

the purpose of determining nucleic acid sequence is to work bach from 

known protein sequences using the genetic code. Undeitainties caused by 

the doenoracy of codons could easily he solved by using mutations which 

change the phase of the A, such as deleting or addirt one nucicotidc, 6 ' 215  L)N  

or simple riutations from one atrno acid to another) 2 ' 24  ccnetic rTtpp].Tw 

on a slightly larger scale could be extremely valuable in ordering soc-

tlon5 of a DNA whose ptrtial sequence has been dcteiined by more cLtssi-

cal methods. The li'nitations of genetic mapping are discussed in the 
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recent book by Haggis, etal. 82  These techniquos merit consideration 

because it is fundamentally easier to determine, the sequence of proteins 

• 	than nucleic acids. 

The chemical degradation of a nucleic acid step by step is concep-

• 	tualiy a very simple way of determining the sequence. M effective way 

of doing this, described by Yu and Zarnecnik, 265  is shown below. 

0 

RNA - r 	
Ff104 	RNA -  .L 0 

2C

• 	 . 	. 	• •.0•1 	OH 	. 	 . 0 

0 
alkaline. 	, ••" 	 . 

- P- OU 	phosphataso 	JNA 

Recent improvements on tue same general scheme are discussed by Neu and 

Heppe1) 59  The ma)or difficulty is that there are at least six steps 

involved, not all of which proceed wit 1h.100% yield. Thus the results 
• . , 
	after many degradations will be random. This method is most applicable 

for deterru.ning the 3' terminal nucleotide, althou'h other simple and 

effective methods for this exist, 122  If terminal dec'radation can DC 

• 	• automated, and if the ylolds of each step can be improved, it wIl become 

a fine method of sequence determination. • Considerable progress has been 

made in this direction 38 ' 225  

• 	 A logical extension to the method of, terminal chemial degradation 

is to obtain sequence information using cxoenzymes. These enzymes • 

catalyze the reaction shown schematically below. 

Ai3CDI3 	• - ) AI3CI) + 13 	> ABC + D + 13, etc.' 	• 
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The advantage of exon'ucleascs over terminal chemical reactions is that 

the former work at ruch highdr yield. The disadvantage is thtt there 

• 	is no controlled way of taking off only onemonomer at a time. Several 

preliminary experimental results have been obtained by Nihei and Can-

tOni,'61  and by Singer and Praenkel-Conrat, 205 0
64  but these are diffi- 

• 	. 	cult to interrt due to such problems as lack of horngcneity of the. 

starting polyer206  and impurity of the enzymes.' In the following 

sections we will discuss in detail the prohle of obtaining sequence 

information by studying the products of an exonuclease digestion of.  

RNA. e will calculate the kinetics, of action.. of exonucleases using 

several cirplified models. This will provide a framework for the 

application of kinetic data onsuitable.model'substrates to the 'deter-

mination of the monomeric sequences of polymers. 

2. Propeies of Exonucloases 	. 	.. 	... . 	. 

A number of exonucleases have been obtained in recent years in 

various degrees of purity. Some basic properties of these enzymes are 

summarized in Table I. Three general types of exonucleases have been 

characterized. First discovered were 5' phosphodiesterases, wruch de-

grade an RNA or D'IA by te following scheme. 

ApJ3pCpD 	) ApBpC + pD 	) Ap]3 + pD + pC 	> A + pfl + pC + pD 1 1  

Thus all of thesc enzymes start from the free 3' end, and yield 5' nucleo-

tides as the major product. The earliest enzyme discovered and the most 

fully studied is venom phosphodiestorase (FC 3.1.4.1) (VPD). 111017 ' 258 ' 

77,l3,lO9 VPDE can degrade both PNA and DNA, but RNA oligomcr are hy- 

177  drolyzed several times slower than DNA o1icomcrs. 	The presence of a 
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5' phosphate accelerates the rate of digestion of an oligomer by up to 

a factor of 20, although this, unusual effect prcstably will decrease as 

a function of chain length. 177  A 3' terminal, phosphate drastically 

• 	slows the rate of enzyme degradation, 173  zis does a 3 1 -0-acetyl) 78  Most 

• 	evidence seems to indicate that there is little base specificity or con, 

161 for-'ationa1 .pecificity, 0162  although this is by no means certain 109 

This enzyme can easily be obtained relatively free of endonuclease, but 

most preparations are usually contaniinated with a 5 1. nucleotidase) 0 '9 43  

VPDfl is the exoenzyrue that has been used most often in attempts to deter-

mine.the sequence of PNA's. 

Unlike VPDE, which readily degrades, oligonucleotides, RNAase II from 

E.colI (BC 3.1.4.1) is specific for chain lengths greater than five or 

six. 209 ' 210  It also shows strong.preforence for single stranded PNA, 

and cannot degrade DNA. )NAase II shows little preference among the 

four common nucleotido bases, but it .cannotr degrade 4-N-methyl C or 4-N, 

N-dimethyl C. Poly I is also completely resistant, a1thouhttus may be 

due to the presence of a 3 strand helix under the conditions where the 

enzyme was tried. 

The 5' phosphodiesterase from L. casei 108  (EC 3.1.4,1) appears to 

be quite similar to 1NA.ase II. One unusual property of this enzyme is  

that it degrades RNA to chains of intermediate length (12-24) and then 
o. 

degrades this oligomer all at one to rionomers. Also, this enzyme cannot 

degrade Worthington yeast BNA, but has no trouble with most other co''on 

ThNA's. There is some suspicion that the 5' phophodicstcrase from 
210 

T. coli and L. casci may be responsible for the breakdown of rr. 	in  

Three interesting 5' p'osphodiestorases have been found in F. ccli 

by ic1wan) 25 ' 126  These are all specific for NA, although T)NAase I and 
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II. will break an .RNA link incorporated into DNA. The presence of a 

free 3' end is essential for both DMMse 1. and II to act. DNAase I 

is specific for denatured IA by a factor of morë.than 40,000. It 

ciot degrade a dimer to raorlolners, and attacks oligomers. of length 3 

to 6 faster than polymers. In. contrast, DNAaso. II (EC 3.1.4.6)çan 

hydrolyze dimers, bit it prefers nativo DNA, which it hydrolyzes several 

times faster than denaturec1DNA. DNAase ui is specific for native DNA. 

DNA is hydrolyzed only to aIout 40% of completion, w1ith is consistent 

with the proposed mechanism shown below.. 

.J TT [TTLffT1TIIL S , 	 _________ 

5 ? 	 3 

---- 5' 	 --- strand separation 

DNAaSo III can hydrolyze poly d(AT) essentially to completion s  w]uch is  

consistant with what is known about the structure of that polyrier. t 

has been dilficult thus far to characterize.ful1y the activity of this 

enzyme, due to the presence of phosphatasr,% activity in even the most 

purified DNAase Ilifractions.  

The second kind of exonucleases are the 3' phosphodicsterascs. 

They dorade RNA from the 5' end to yield 3' nuclotidcs. 

	

DpCpD_-.AP + BpD 	>Ap +.Bp +CpD->Ap +Bp + Cp.D 

The first 3' phosphodiestoraSo studied was obtained from spleen. 94 ' 179  

This enzyme shows no base specificity, and hydrolyzes RMA oligomers and 

DNA oligomers at similar rates. Spleen phosphodiesteraso  

needs a free 5' end, Most preparations have very low endoenzvme mi- 
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• 	purity, 32  andshow some conformational specificIty. A complicating 
• 	

factor in the use of spleen phosphod ies te rase is that the enzyme can 

• • 	catalyze synthetic reactions under the conditions coon1y used, 179  

Care must he taken not to let the concentrations of product build up. 

Mother 3' phosphodiesterasc has been obtained from. B. ubtilisP °  

(13C 3.1.4.1). It has not yet been studied in detail, but it is known 

that this enzyme  attacks RA at about half the rate of DNA, and that 

the enzyme requires Ca. The third enzyme in this category was ob-

tained from L. acidophilus 59  (BC 3.1,4.1). This enzyme degrades both 

TpT and UpA at the same rate.' It also seems to show no kinetic speci-

ficity in degrading 27nitropheny1 deoxynucleotides.' The presence of a 

5' terminal phosphate slows the rate of attack by more than a factor. of 

50, and 3' methyl nucicotides are completely resistant to attack. The 

rate of hydrolysis of oligomers decreases strongly with chain length at 

p1I 7, but not at pH 4.5. Thus, polymers at pH 7 are not degraded at 

any appreciable rate. 6°  There is no apparent conformational specificity, 

but this would be hard to measure at p!I 7 due to the effect of chain• 

length.. The endo activity in preparations of this enzyme is less than 

7/10,000 of the cxc activity. Thus this is a very desir&i.le enzyme for 

use in sequence studieswhere, as will be shown later, the effect of an 

endoonzyme impurity is very damaging, 

The thiru class of exoenzyinos are the polynucleotide phosphory-

lases. 79  The most well studied of these is obtained from M. lysodoik-

ticus 207  (LC 2.7.7.8). This enzyme is only an effective exonucleasc in 

the presence of a large excess of iriorgarn.cphosphate. It acts accordxnc 

to the following scheme, yieldIng 5' diphosphates as products. 

ACpfl -_-ApI3pC + ppD 	>ApD + ppC + npt) 	) A + ppl3 + ppC + ppD Pi 
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The . lysodeikti 	enzyme degrades single strands much more rapidly,  

than double strands, and has no base specificity. In the limit of 

high enzyme concentration there is no effect of chain length. This 

enzyme also has the advantage of very low endonuclease con'taminants. 

See Appendix 6 for further. 'discussion of the preparation and pro'peies 

of this enzyme. 

A major question about exonucleases remains unanswered. Thus far 

all enzymes which degrade from the 5' end yield 3! phosphorylated 

products, and those which start from the 3' end produce 5' phosphory-

lated products. Whether this is a fact of nature or merely the resul:t 

of an incomplete survey of eni'ymes remains 'to he seen. 

To simplify the rest of the discussion in this chapter, we shall 

make several assumptions about the nature of exonucleases and their, 

substrates. These assumptions are for the most part generalizations 

of the properties we have just discussed, 

We shall deal with enzymes that have no base specificity. 

Thus, . the overall rito of liberation of mOnomers is independent of 

sequence, or base composition.  

We shall assume that' the kinetIcs are independent 'of 

chain length. This implies that the terminal phosphates of the 

nucleic acid have been removed, and that the initial rate of degra-

dation of oligomors is independent of chain length. 

3.. Our substrates are single stranded polymers. Or, alter- 

'atively, our nucleasos have no dependence on the polymer conformation. 

Suppose we had only one polymer molecule and one exoenzyrie in soluti6h 

which worked according to the above assumptioñs. If we monitored the base 
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composition of the solution at Sufficiently small time intervals we 

• 	would identify each succeeding monorneras it was liberated, and thus 

• 	we could determine the entire sequence of the polymer. In practice, 

• 	such an experiment lies 10 to 15 orders of magnitude belo our current 

limits of detection. Thus, we must be content in using a population of 

polymers and enzymes. We could predict the base composition of the en-

suing mixture as a function of time, Oither by statistics, or by 

• 

	

	solving the differential equations for the kinetics of such a reaction. 

It is the latter approach which we have chosen to use. 

3. Kinetics of Random Attack 

The first kinetic scheme which we will; consider corresponds to the 

irreversible degradation of a chain from one end, in a sequence of 

steps as indicated below. 27 	 • 

	

+ SN 	 E. + 5N-1 + .13i 

•k2 	
F+S 	+B 

N-n+1 	'N-n+1 	 N-n 	n 	- 

................. 
Ic1 	k2  

	

E + 52 	k 	
ES2 	-> F + Sl+ 

Since this scheme allows enzyme molecules to attack substrate molecules 

at random, we shall call this the randori model. S refers to the undo-

graded nucleic acid chain, and B to the first nucleotide liberated. 

Only a singlo enzyme-substrate complex, PS 	, is involved for each 

degradation stop. Undoubtedly this is an oversimplification for these 
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scission reactions, but at the present stage of knowledge the added 

refinement of multiple enzyme'suhstrate complexes seems unwarranted. 

The kinetics of the above scheme can he represented by a set of 

differential equations for (a) the polymeric chains, 

. 	d(SN) 	 T 
(SN) 	dt 	1 (E) (SN) + k.i(ESN) 

k1 () (SN..n) + k1(T's) + k2 (rs +1) 	 (2a) 

(51) 	k2 (ES2 ) 

(b) the enzyme-substrate complexes, 

k1(E) (5Nn) - (k_1 + k2) (rsr_) 	 (2h) 

and (c) the literated nucleotides. 

(Bwi) 	]\2(LSN_fl+1) 	 (2c) 

The final step produces two nucleotides, B. and S 1 BN.  In this 

approximation the last two monomers are kinetically indistinguishable. 

A more realistic model for.the.klrtetics of exonuclease degradation 

would have a final step where B 	is releascd either before or after 

k1. 	k2 	 k' 
E + ES2 	ES1' + 	2> £ + 	(3) 

We have not used this model since it would be hard to jutifyusing 

multiple enzyme-substrate complexes, for only the last step. Instead, we 

can make the approximation that N is liberated from a hypothetical s1 
or, instead, avoid consideration of the last two bases of the polymer. 
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None of the approximations made for the last steps of the reaction can 

affect the kinetics of the earlier steps in this nodel. 

An analytical solution of the above set of non-ljneardifferential 

equations is not attainable. However, with the approximati'on that the 

concentration of free enzyme, E, is substantially independent of time, 

the equations become linear and a solution: can be effected. Such a 

condition can correspond physically to a situation where the total en-

zyme concentration greatly exceeds the concentration of reactive ends. 

As it is, only in the last stages of the degradation that the number of 

reactive chain ends diminishes, the approximation of a constant level 

of free enzyme should apply throughout nearly all of the reaction. It 

will be shown later that the assumption of constant enzyme concentration 

is quite good for a typical choice of rate constants and initial substrate 

and enzyme concentrations. 	 S 	
I 

The differential equations, 2a, b and c, are linearized by assuming 

that E is a constant. k1 (E)- k. The boundary conditions are 



By taking the Laplace transform of eqtiations Za, b, and c, and using, 

the rosult that 	(rt(t)) 	s(P(t)) - F(0) 	we have, 

SSN 	SN(0) 	+ L 1t (Sa) 

N-n 	kNl,+ k_1t 	+ kzSN_ fl+1 	n 	0, N (Sb) 

SES • 	(k.i+k2)flSN (Sc). 

kSN_ fl  - (k 1  + k2) (3d) 

sii 	k2ES 1 .11  (5e) 

..This.et of linear equations is solvcdalgehraically.. We fInd that 

IT 	k2(kk2)ISN(0) 	(kk.,f (}'S(0)+S(0)) 

{s +s(k+k,1+k2)+kk2] 	+s(k+k 1+k2)+kk2 J 

The denominator can be factod into tes 	f the form (S 	and 

(S 	ct)' 	, where 	and aZ  are roots of a quadratic equation. 

-(k.+ k 1  + k2) + 	(k 
+ 	

k2) 2 - 4 kk 
a2 

2 	. 
 

Using the fact that kk 2 	a102 , we have 

k2 (ula2)¼SN(0) 	(a1ct2) 	(1N(0) 4 SN(0)) 
+ n 	n 	n 	 11 	fl 

(i) 	(-) 	 (i) 	(sa2) 
 

Taking the inverse transform of equation 8, we find 

B 	k2(ula2)'FSN(0) 	( (s-a1) 	(s-a2) 	. 	. . 

• 	. 	 . 	 • •  

(a1a2)SN(0)SN(0)] 	
1 	

(_ . s(s-a1) 	(s- 2) 	. 	. 	. 
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E.SN (0) 	
In 13(t) 	 (u12) 	+ tiSN(0) 4 SN(0)](lcz2) Un (12) 

The expressions for the concentration of, the 1ieratcd nucleotides 

are in general polynomial sums in powers oft multiplied by twd exponents, 

	

t' 	t 	S  
e 1  and e 2 • The presence of only two distinct exponential factors is 

a consequence of the assumption of a single enzyme-substrate con1ex at 

each step. Additional cop1exos would introduce more rate constants and 

exponential factors. 

4. Steady state and opt.ria1 approximations 

Attention will be focused on two particular experimental situations 

The first condition corresponds. to a steady state concentration of the 

various enzyme-substrate complOxes, Such a condition applied if k << 

or k20  or if the reverse inequality holds. Then expansion of the square 

root in equation (7) with retention of the first  two terms yields 	S  

kk 
(13a) 1 	jç+1+ç2 

and  

- (k k_ 1  + k2) . 	 (13b) 

Consider the wcll.kriown 	aelis-Mentenynodel for the kinetics of enzyme 

action. 69  For the roaction 	 • 

kkl 
'E .+ S 	s 	2 	p 	, 

the dissociation constant of ES is defined as 	the Michaclis constant 

+ k2 	((E(0) - ES) [S] 
 

	

K 	- 	 - 	 (14) ic1 	 [ES] 	S 	 S 
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where I(0) is the total enzyme concentration The maximum velocity ,  of 

the reaction occurs when all of the enzyme is boundto the substrate 

Vm 	k2  [E(0)] 	 (15) 

Thus, using the assumption of a steady state level of complex, the  fani-

liar., result is obtained that 

'a 	 •V 	[S) 	 .. 

1.. 	k 	[ES) 	. 

Cit 2 	K,+ [S] 

'Likewise, it is to be noted that the parameter a 1  in our exonuclease 

kinetics can be written in terms of the customary parameters of steady 

state enzyie kinetics 

_______ 	 -k2 	 -V/ [F(0)) 
(16) 1 	k+k 1 +k2 	1k ~ k2 	l+K11V [Ii 

The'steadystae results are in fact .ndèpendent of mechanisticde - 

tails, as the inclusion of additional enzyme substrate co'iplexes at each 

tcp would only alter the definitions of Vm  and KmS
1

67  M 
at .• ,.,..',  

the tcady state terms involving e 	die out much more rapidly than th 
ajt 154 S steady state tenus Involving. e 

A wlution corresponding to the steady state condition for all cor't-

ploxcs, (LSN_fl)  0, is also presented for the purpose of comparative 

calculations, 

In the steady state approximation equations (Sc) and (Sd) are equal 

to zero. By algooraic manipulation as before, we have that 

a S 	 kk (l7a) 
B 	 where 	k + 
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• 	Taking the inverse transform of (17a) 'we 'find 

	

=S(0) 	(7(—S. 	i.(17b)+t3) 

By methods as before we can show that 

i=Q 

Hence, the steady state soltion for the concentration of a given nuclec-

tidoisfoundtobcgivonby 	 • 	' 

-' 	 ' 	 ' tbet 	'•',' 	' 	' 
S(0) 

 

The second case of interest occurs when (a) k and k2  >> k 1 , and 

(b) k a k (L) 	k2. Thcn from equation (7) 

al 	2 

tn this special case, equation (11) does not hold, Instead, 

fl 	 S(S+a 

• ' • 	• 	and using equation (9) ,and the assumption that ESN(0) 0, we have ,that' 

the concentration of the nucleotides is iven' by 	 ' 

• 	 2n-1 	, 

B(t) 	SN(0) 	i 	
eqLt   

• 	 i=O 

Conditions '(a) •an. (b) minimally require . total enzyme concentration of 

• 	, 	at least the same order of magnitude as Km  lnasirnich as 	, 



-29- 

S 	k1+k2 < 	2 
E(0)klE(0)k 	 S.. 

Plainly in this situation there is no distinction between the transient 

and steady state phases of each reaction step. The steady' state case 

and the optimal case (a 	a2) represent the extremes of behavior oil  

the random model of attack. 

By using the original differential equations, expressions for S(t) 

and E(t) can be ucrived. In the steady state case these are 

8S 4 (0)(t) 1e t 	 SN(0)(t) bc t  
ESN_n+l(t) 	k2(n-1)! 	

S_(t) 	
(n-i)! 	

(21) 

and in the case ct1 a2  -a we  have 

Sr (0)( at)Z 1 Ot 	..: 	SN(0)(at)2n_2ot 
 S 
(2n-l)! 	

41 (t) 	 (22) 
(2n-2)  

The values of SNl+1 for the steady state cas are in complete agreement 

with the results calculated by Flory for the analogous condensation of 

6 3  ethylene oxide polyners. 

Another quantity of interest is the total rate at which ronomcr. is 

evolved from an infinite polymer. This is the slope of a plot of total 

monorier concentration versus time. In the steady state 

(Bt)lt 	 S 

B(t) 	SN(0) a 
	

SN(0) . 	(23) 

N=l 	 n1 

and in the case ala2 

(2) 
Zn-i ,.at: 

B(t) 	SN(0)a 	 a(l/21/2e_Zt)S(0) 



Thus we can see that my measuring the total rate. at• which monomor is 

liberated it may be possible to determine the kinetic. parameters a and 

, and perhaps to dcidc whether or. not an exoenzyme is acting under 

• steady state conditions. 	. 	. 	.. 

In most convcntional kinotic studic, Ym  >> r(Q), so that 	 - 

v, .i 	. 	-k2k1E(0)  
1 	iE(0) 	k11<2 . 	L 	O 	.. 	. 

But according to our assumptions E/J(0) constant .1. Therefore a 

under these conditions, and it can be been that the complete model 

will approach the steady state case in the.appropriatelitrtit. . 

From recent studies on a phosphodiesterase from L.icidophilus," 

is found to be rather. high (ca. 10 	for various synthetic sub- 

s -trates so that the above condition woi1ld,bc.expected to apply. 

To examine these points more quantitatively, calculations (eiiployinc' 

an IBM 7090 digital computer) have been perforcd with various values of 

the kinetic parameters to determine the time course of appearance of 

successive nucleotides. The details of the computer programs used are 

	

given in Appendix 1. 	 • 

The values of B 1 (t) for,the steady state case are collected in 

Table II for n 1 to 14. These values can also be used in the case 

a2 , since thoreB(at) equals the steady state 1321 (3t). As will 

be seen later, the values of B(t). in Thble'II will also be of use in 

describing the kinetics of another model of cxoenzyme activity. 
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S. Validity of Constant Enzyme A.pproFiation 

Before discussing the results of the calcuations, we would like to 

show that the assumption of constant enzyme concentration is a reasonable 

ones fly conservation of mass we have that 

E(0) - 	E SN fl+l 	 (25a) 

and 

	

d[] 	- 	a[LSNn+l) 	
(25b) 

n1 

In the early stages of the reaction we can write a similar equation for 

the total concentration of substrate. 

SN(0) - 	(N-n+1] 	 (26) 

	

nl 	 n=l 

rrom the proposed reaction scheme we have already shown that 

d[flSN.n+1) 
dt 	

- (k4 + k2) [B SN_n+11 

Subctitutin equation (25b) into the above we have that 

	

d[fl 	
{ k[E] [Sn+i] * (k 1 	1(2)  rr 

	

dt 	
n=l 

Now, replacing 

and 	[t 

n=l 
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by equations (26) and (25a) respectively, we affect a separation of 

terms invo1vin the enzyme concentration. 

(27) 

2-(k1+k2+k1 (SN(0) -E(0)))[E) ~ (k 1+k2) r(o) 
dt 

If we multiply through by -1 and let 

a +k1 	b = +(k 1+k2+k1  (SX (0) E(0)) 
and 

C 	-(1,-1+k2) E(0), 

then equation (27) has the form 

-dt • 
+ b[E] + C 

The solution to this equation is given in L\dc.ht. 48  Since h2-4ac >.0 , 

________ 	 2a[13] + b - 42 
- 4ac) 

	

log 	 - 	 _ 

	

• 	2a[E 	b + 	- 4ac) 

Using the boundary condition 1(0) at t 0, we have 

(2a(1) + ) 	 V ' (2a[r(o)1 + i +ir)2_4ac) 0(2r105t 

2a[E(0)] + b - Y2_4acJ. 2a[E] + b 	 -4ac  

This equation shows that E decreases !ienotonicly with time. In the 

limit as t - 	 , the right half of.the equation must go to zero, which 

• 	implies 

2 a E () 
+ B - 42_4ac 	o 	• 

or 
• 	

B() 	
-b +-4ac 	• 
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• 	To evaluate this, suppose k 	k2 11 k1  l/E(0), and SN(0)  E(0). 

This means that a 1/13(0), b 2, c -2 r(0). Thereforo, 

fl() 	-2 + 	0.73 • 
2 

If k1 0, instead, we would have E(co)/F(0) 	0.62. Thus it can bo seen 

that in the early stages of the reaction the concentration of a free on-

zyme is fairly close to constant even if there is as much suhstrate as 

enzyme. We could mod&fy the equations gi?en, earlier, to take the known 

change of enzyme concentration into account, but this would riot qualita- 

• 	tively change our results; In the optimal case, where E(0) >> S 4 (0), 

is easily seen that the approximation of constant enzyme concentratior 

approaches the exact solution. 

3ven under conditions which approach the steady state, the constant 

enzyme approximation is not a large error. If we have 

SN(0) 	101 t(0), Ici 	k2 	1, and k, 	1/(100 13(0)), 

this will satisfy the condition that Km ' E(0). Using equation (28), 

we find that E()/I (0) 0.65. - 

6 General Results of Kinetic Calculations 

To obtain sequence information from a kinotic study, it is essential 

to have each Trono,neric element liberated in a time interval which is 

distinct from the time of appearance of other units. There is, of cour5e, 

the further stipulation that a quantitative analysis must be performable 

in such a tinie interval. Under typical e"perirtenta1 conditions, only one 

nucicotide is liberated evexy 10 to iS minute. 173 ' 17  Thus there will 

be no problems in taking samples from the reaction riixture. As the ucrra- 



dation proceeds, the inevitable appearance of additional units will 

• 	tend to blur the picture arid there will be practical limits beyond 

which no 3.nferenccs concerning the sequence can he obtained. The ex-

tent to which such a technique will he feasible clearly rixt depend 

on the pararieters characterizing the kinetics of the exoenzyme. 

One of the major hurdles to be overcome in using an oxonuclease. 

to obtain sequence information is the ability to do an accurate quanti: 

tative analysis on the resulting mixture of mononucleotide5. Much 

recent work has been done in this area, and as a result there appear 

to be at iQast five methods currently available which are èapable of 

analyzing nucleotidc mixturos with reasonable precision and very great 

sensitivity. 

An automated density gradient electrophoresis of m;norners followed 

by recording of the UV absorbance of the separated fractions has been 

developed by Technicon Instruments corporation. 231  This has a sensi-

tivity of 0.0007 mg of each nucleotide. An entire analysis takes about 

10 minutes. Fquaily sensitive is the elution ion-cxchance separation 

developed by Coirn and Uziel. 33  Both of these methocs have the funda-

mental disadvantage that separation must be carried out before an 

analysis can be done. 

Three methods have recently been developed which permit a rapid 

and accurate determination of the composition of an unsoparated mixture 

of nucleotides. One of these uses linear programming to fit the ob-

served UV sectra of the iixtures to their base c6mnosition) 70  A 

second method exploys a least squares fit)-24  The last takes advantage 

of the chance in some of the bases upon strong IN irradiation to simplify 

the analysis of the niticomponent system. 80  Within the present limits 
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of UV spectrophotoflleterS (10 iaibda of'b.7 0,1), sôlutton needed for a 

1 n pathlength microcell) thesô methods .woild permit a base composition 

• 	analysis on less than 1.0 ig of. total nucleotides. Recent work by Ed- 

strom suggests that analyses of nucleôtides can he performed with 

satisfactory accuracy on quantities its low as 0.2 mpg of sainpie.'k 

• 	Thus, there is no difficulty in analyzing small amounts of nucleotides, 

although it takes great diligence to attain an accuracy of more than 

0.01 mole fraction. 

Here the advantage of tsing polynucleotidephosphorylase as an exo-

enzyme becomes apparent since one can do the degradations in the presence 

of Pj 2  and thus be able to analyze extremely small amounts of product 

by isotopic techniques. 

Mother problem Is the separation of small amounts of monomers from 

the remaining polymers. This can probably be easily accomplished by 

small Sephadex columns. Dialysis might also be used, but in the limit 

of small amounts of material some difficulty might be encountered due 

to adsorption of material onto the walls of the tubing or glassware. 

If the polymer has a sufficiently long chain length, it could be precipi -

tated by acid. 

As ,ntuition would have suggested, the kinetic calculations show 

that the sucess1ve monomers are evolved in a smooth monotonic fashion. 

In riguro 1 are plotted the results of calculations of the time of 

appearance of 1, J 3 , 	and 	for the two sets of kinetic parameters 

which corrcpond to the two extreme cases discussed above. This plot 

indicates that the nuclootides are liberated in a more sharply defined 

time interval for a 	than for the steady state condition. In t-ie 

case that 	I S(0) has been set equal to zero. This is not 
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rigorously consistent With the assumed constancy of (F) unless (F) 0 ' 

in wnich event (L) 	(') throurhout tho course of the reaction. 

However further calculations reveal that assigning a non-zero value 

for the initial concentration of I3SN  simply, displaces the curves towards 

earlier times without altering their shapes. Consequently, the .distinc-

tion between the two typos of kinetic behavior is naintained, 

• 

	

	 In order to facilitate conarison of the effect of different choices 

of parameters, it is profitable to define a dimensionless sharpness 

parameter, P, 

• 	 time when 	09 - time when B 	0.1 	, 	 • 
• 	 p 	 •• 	 (29) 

time when 	0.5 - time when 	0.5 

This parameter should provide a good quantitative index for the qualita-

tivo co'sideratxons outlined above. The smaller P, the more effective 

in resolution. Table III indicates that Pn  for each of the choices of 

kinetic parameters (as calculated by equation (16) is less than that 

corresponding to the steady state, and greater than that for 

Calculations indicate that the difference in time between B 	0.5 

and I3 	0,5 is approximately independent of n. Thus from equation (29), 

must principally reflect the time of liberation of Pn 

Fron Figure 2 it can be seen that for iboth the steady state condi-

tion and forOL2,'Pjj  increases with increasing n. It is to be noted 

that the 13th monomeric unit for the steady state condition is only as 

well resolved as the 24th for 	That the latter condition al- 

ways provides better resolution can be traced to the effective absence 

of a dtssociation step (k 1  << k1 (E) and k2) which Would lead to an Un-

degraded chain of intermediate size. For in this extreme case, an 



-40 

- 	'IABLL III 

Sharpness Paraineter P, for Several Sets 

of Kinetic Para"'cters 

Monoiier Nurrber (n) 
. 

k k2  

.-.. 

1 2 3 4 5 

Steady state 2.2 3,4 4.2 4.9 5.6 

• 1 1 	- 2.2 . 	3,4 4.2 5.0 5.6- 

10 1 1* 2.2 3,4 4.2 5.0 5.6 

1O3  1 	- 1 . 2.2 . 	3.4 4.21 5.0. 5.6 

1 10 22 304 4.2 5.0 5.6 

1 1 1 2 1 2 3.3 3,9 4,5 4.9t .  

10 10 102 	.. 2.2 	.:' 3o3 4,0 . 	4,6 5,2 

1.5 0.16 1.3 1.8 2.7 3.3 3.7 4.3 

1100 io 1.8 2.6 3.1 - - 

CL 

-I 

1.7 2,5 3,1 ..6 4.0 

* 	The calculated Pa 's were idcntica1 whether FSN(0) 1 or E SN(0) 	0. 
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enzyme-substrate complex, once formod can only go on to yield a chain 

one unit shorter. 

Fron, an experimental viewpoint, the difficulty in analyzing the 

mixtures of liberated nucleoticles will increase as more axid  more nucleo 

tides are evolved. it is highly desirable to rninimie the numbor of 

uiiits being. liberated at the same time. Figure 3 illustrates a relative 

measure Of the width 02 the d.istribution of nucleotides: thc number of 

other units present between .1 5N(0)  and .9 SN(0) when the nth unit 

has reached a concentration of • S SN(0).. As be fore, the case al a2 

provides the clearest resolution, and the steady state offers the least 

resolution of monomeric units. 

7. Application to Sequence Studies 

in order to apply the above kihetic considerations to the deduction 

of a nucleotide sequence, an experimental protocol must be developed. . 

A straightforward procedure Tnight consist of (a) a rapid mixing of exo- 

enzyme and RMA solutions, followed by (b). removal of aliquots with rapid. 

inacti"ato 1 of the enzyme to halt the degradation, (c) removal of mono-

mci s from remaininç polymers, and (d) subscqucnt analy si of the iononu 

cleotides by chromatograpflic or spoctroscopic means. 

We shall discuss two concrete exartplcs to illustrate the foregoing 

procedure. For the first, we take an endgroup analysis of a polynucloo-

tide. The first four nucleotidos liberated by exoertzyme attack are, for 

cxanple, 2 C" and 2 A's. There are six possible arranc'cmcnts of these 

four nuclootides. In Tigurcs 4a and 4c, the concentrations or G and A 

are plotted as a function of time for two oC the possible sequences, 

-J 
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GAAG and cAcA. These calculations have been made for the near optical 

kinetic conditions .k = 1.5, k 2 = 1.30  k 1 m 0.16. A rather clear kine-

tic distinction is afforded between these two possibilities. Figures 

4b and 4d indicate the results of a different method of trating the 

kinetic data. The quantity of mononucleotides isolated from degradation. 

of the polymer in a given interval of time is plotted against the time 

of isolation, 'represented as fraction nuner as in •a chromatographic 	
0 

analysis. Such "derivative" curves also provide a clear distinction 

between the two sequences. 

As a second example we might consider the kinetics of cxocnzyme 

action on a dodecamor. Figure 5 displays the calculated concentrations 

of the four nucleotides as a function. of time under thenow 'familiar 

optimal conditions • The curves have, of course, been calculated for a 

specifIc sequence of bases, but this, sequence, we fool, can be rather 

distinctly inferred from the kinetic data as presented. 

First from the asymptotic limit p it is apparent that the, composition 

of the oligomer must be 3A, 3G, 3U, and 3C. :The time course of the ii-

boratlon of total mononucleotido in general'permits a determthatin of 

the kinetic parameter. 'For the condition a1  a2 	a can be found 

from eauati.on (24). Ihen, calculation of the curves corresponding to 

the carious B. from equation (ZO) reveals:  that 111, 3, B, and"B 5  coin-

cide with, respectively, C, U, G, and A up to a concentration of about 

0.8. Therefore, the indicated sequence is 

C U 	G A 	 0 	

' 

The 'twelfth position must be occupied by A, as it is the last base 

to reach its asymptotic concentration. - Further inspection of the curves 
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suggests that the third iiucleotid is U, as its concentration exceeds 

unity before the fourth nononuc1eotide (G) has begun to aipear. The 

Imown sequence is now 

C U U G A 	 A. - - * - - - 

• 	It should be noted from equation (20) that B 	 0 when t (2n-l)/ 

(t (n-3)/a for the steady state condition) A shoulder appears in the 

curve for the evolution of U.at t is. Since a has been taken equal to 

unity position 8 must belong to.U. All three U's have been accounted 

•for, and from the curve for G it.is  evident that all three G's appear 

before all the U is liberated. Hence the 6th and 7th positions in the 

sequence must be occupied by C. This leads to the partIally completed 

sequence 	. 

CUUCAGGUA, 

Positions 9., 10, and 11 must befilleci by 2 C's and one A. There 

are three possibilities, (a) -CCAA, (b) -ACCA, and (c) -CACA. (The ter-. 

minal position on theright is already 1own to be occupied by A.) Fe-

cusing attention on the curves for the liberation of A and C, one sees 

that the fomer intersects the latter. The concentration of evolved A 

exceeds that of C at a stage in the reaction, only to fall below it 

again at a later tine. Posibilitios a) and (c) would always require 

the concentration of C to exceed that of A. With possibility () as the 

only remaining one, the inferred sequence must be 

CUUGAGGUACCA 

In actual practice, a hypothetical socuence must be carefully check6d 

by the co'nparison of the computed curves supgostcd by it with those obtained 
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e'porimentally over the eatire course of the reaction for all four rorlo 

nucleotides. The last stop in the above exar'plo involved It small dif-

ference in the liberation of C and A at a late stage in the reaction. 

An. experimental thtinction, unlike the one prolerred by t1esc calculations 

may hevirtuallyiinpossible due to unavoxdable imprecisions in the measure 

ments. Here the practical lL'itations inherent in any procedure of this 

t"pC my intic1e 

By contrast, the steady state kinetIc curves for the liberation of 

the four mononucleotides, shown in Figure 6, fail to exhibit some of the 

features present in Fiure S. In particular, the shoulder in the &nve 

for U, the intersection of the A and C curves, and the details of the 

four curves near the asymptotes are virtually coi1etely obscured. 

From the preceding discussion It appears that the efficiency of an 

enzymatic approacn to sequence studies can be greatly enhanced by ad-

justment of experimental conditions away from the steady state situation. 

The use of hi,th enzyme concentrations, of the order of the Michaelis con-

stant, where possible, is recomrcnded. 

8. Iirit of Rewlution 

Ii' we can adjust 	the kinetic parameters experimentally, it will 

be possible to determine the sequence many bases in from the end of a 

polynucleotido. Given tre  accuracy of our ability to analyze the base 

composition of the resulting monomer mixture we could, in principle, 

determine the maxiriurn length of PNA whose sequence is determinable by 

the exoonzyme r'cthod. Conversely, if we wanteI to determine the sequenco ,  

of an n-mer, we would know 'that accuracy of analysis is needed. To do 

this we would have to calculate the kinctiès of all 4l  base sequences. 
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I 

We would then conpare each of these with all the others--art impossible 

total of (4') (4-1)/2 comparisons. 	 . 

Instead, we will make some estimates of the tesolvabi1ity of diffe-

rent sequences by comparing the kinetics of appearance of ~ever.1 sequence 

isomers as a function of how far in fro: the end they are p1aced We 

consider the six sequence isonors AABB, A.3A73, ABBA, BAA13, BABA, BBM. 

Those were chosen because they are moderately difficult to TCSO1VO. In 

or(ler to further simplify the probm, it was assumed that there are no 

A's or B's adjacent to this sequence. The last assumption we make is 

that the base composition of the fragment analyzed is random; it con-

trins equal dnoufltS of A, I, C, and i). Thus, if MBE occurs in pos1tion 

16 to 21) of the polymer, random base composition implies that three A's 

and three B's appedred in the .eaction mixture previously. 

What we wish to know is the maximum difference between the arounts 

of A or B evolved from the different sequence isomers at a given time, 

and the total concentration of A or 9 in the rcaction mixture at that 

time It tuins out that it is only necessary to consider tune of the 15 

posib1e comparisons anion the sequence isomers with composition A2B2. 

For exAmple if we can. distinuxsh ABW from AB4B, we can also distirt-

guish 13MB from. EAFA, since we have lust intechanged A and B. The most 

effective times  for comparing the monomer composition evolved from two 

different sequences are the tines at which the rate of evolution of 

each successive monomer is a naximum. For the opti'ial case this is 

T 	(2n.l)/a where. n is the position in the chain of each of the four 
. ... 

'nonomers under cons.Lderatlon. We cticulated the ronomer corposit1ons 

at these four times for five choices of the position of the six sequence 

isomers. We let each isomer appear in positions 1 to 4, 5 to 8, .9 to 12,. 
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13 to 16, and 17 to 20. The resultS of these comparisons are summarized 

in Table IV. The analysis is based on the monomer which appears nearest 

to the end of the polyiuer degraded by the enzyme.. In the cases we have 

considered this is always A. Max AC is the difference in concentration 

of A evolved front the two sequence isom:rs compared at the time shown. 

This was the maximum difference found. Average C is the expected concen-

Li au.on of i . it. loaScu at t e ti ic 3hori for a olyr icr of randori L 'tzc 

composition. 	 . 	 . 

Several conclusions can be drawn from Table IV. The most difficult 

sequences to resolve are APB4 Sand BAAB. The. resolution betwcen any 

pair of sequences gets worse as the number of rcsiçlues proceeding the 

sequence increscS. Max AC/Average C is essentially the accuracy to 

which we must be able to dcteimu.ne base composition in order to decide 

the sequence. Thus, 5% accuracy is sufficient to •  cquence an average 

4- 1, 8-, or 12-mer. To extend the analysis to 16 baes we would need 2% 

accuracy, and 1% accuracy is the minu'iuri necessary to make an attempt 

at sequencing a 20-ncr woita.'thile. Since enzymes are available which 

attack nucleic acids from both the 3' and 5' ends, the use of two dif-

ferent ewriucleases may peimit the sequence dctenni.nation of nuc1o.c 

acid fxagTonts of u2 to 40 nucleotides in 1enth, tc we have l accuracy 

in analysls 

. Pprllcation to Lxperlrnental Data 

fhe one natural h in which liiiited exonucloolytic digestion has 

been performed in cui atcrpt to learn the terminal sequence is TMV-PNA. 

This RNA is one of the longest known, and thus great care riust be trkcn 
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TABLt TV 

Resolution of Sequence Isomers 

ScguencesTUonared Position Time/. Muximui 	C Ma 	C/AvcgC 

AAI3B )3BAA 1-4 	. 5 1.078 	. •0635 

AABB ABAB 1-4 5 .351 .207 

• AABB . DADA 1-4 .5 .827 .488 

AABB A13DA. 1-4 5 .602 356 

ABAB DADA 1-4 3 .520. .586 

AI3AB AB13A 1-4 7 .298 .176 

ABBA DADA 1-4 3 .448 	. 	. 550 

ADD/k BBAA 1-4 3 .717 .883 

ABM IWB 1-4 . 	 3 .376 0463 

BPJAA 5 .13. .818 .551 

MBB' iWB 5-8 13. .220 .150 

M313 . BAIA 5-8 13 . 	 .798 ..539 

MBB ABBA 5-8 13 All .276 

.AI3AB DADA 	. 5-8 13 .378 .298 

AFAB AI3BA 5-8 	. 15 . 	 0 205 	. .. 	.130 

ADD/k DADA 5-8 11 .239 .318 

ADD/k . .BBAA' 5-8 11 	. 	. .441 	. .584 

ABDA FAAB 5-8 9 . 	 .164 . 	 .378 

AABB BBAA 9-12 21 .663 .25 

MBB ABAI3 9-12 21 174 .073 

MBI3 DADA 	. 9-12 21 . 	 .489 .204. 

AABB ADD/k 9-12 21 .332 . 	 .139 

AD/kB DAM 9-12 . 	 21 .315 . 	 .142 



scguenceCrnpared Position. TirncJ MaX1mUI11GHaX A U/Averge 

A&\B . ABP 9-12 23 .166 067 

ADi3A BAI3A 9-12 19 .183 .103 

BBM 9-12 19 .. 

ABflA I3AAB 9-12 .17 • 096 .064 

M1313 BBM 13-16 29 .571 .171 

AAIB ABAB 1346 29 .148 .045 

AABB BABA 1-1' 2' .423 .126 

V\BB ABBA 	. 13-16 . 	 29 0 286 .086 

AMB BAPA 13-16 29 6 275: 084 

ABAB ABBA 13-16 31 .143 .042 

AI3BA BABA 13-16 27 .153 .05 

ABBA •'. BBM 13-16 27 . 	 .295 .106 

ABI3A BAAB 13-16 25 .065 025 

BB BB 17-20 	. 37. .510 .118. 

MBB AMB ;1720 .37. .131  

AABB • . BABA 17-20 37 .- 	.379 .088 

AAI3B ABI3A 17-20 37 .255 .059 

ABAB P\BA 17-20 .37 .  248 059 

ABAB ABBA . 	 17-20 . 	 39 	, . 	 .127 .• 	.029' 

• 	 ABBJ\ BABA 17-20 35: .135 • 	 .036 	• 

ABBA 13Th •• 	17-20 	• 35. . 	 .262 •0.69 

ABBA BAAB 17-20 33 .048 .013 
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in. its preparation Jest the molecule by fractured by nucleases, heating, 

or other rough treatment, Currently the best preparations of ThW-R"JA 

arc estimated by sedimentatioii studies to be 80 unhroken) 4  Since 

'I1-PjNA has over 6000 base residues, the prob1en of dctec4ng 3ust one 

of them bccono formidable. Careful work by Suiyama and Fraenkel-

Conrat228  and by ih1tfeid257  has led to the conclusion that thc3T ter-

minal nucicosice (5' liiiki) is A. 1 oth of these methods involved Jo-

gradation of: the nucleic acid and isolation, by Isotope dilution, of the 

one nucicosic'c whica riust have come from the 3' end, The yields were 

never, very good. This may be due to phosphate exchange bet en the 

terrunal nucleosiac and aucleoside cyclic phosphates which are rreseit 

durinc the deradation. 122  Thus, with the terminal nucleoside already 

known,. TMf-PNA becanx a prime candidate for the use of an exonucleasc, 

and several studios have been carried out by raenkel-Conrat and his 

collaborators. 

• . 	 Venom phosphodiesterase was the first enzyme tried by Singer and 
• 	 Fraenkel-Conrat, 205  since it is readily available and is known to have 

a very low degree, of contaimination with endonucleaso Using the assumption 

that the molecular weight of the enzyme is 20,000, one can estimate that 

the ratio or moles of enzyme used to moles of substrate was arotnd 0.1 

for most experiments. The concentration of PNA was 0.2 - 1.0 mg TJA in 

'a total volume of 0.25 ml. This, means that the average enzyme concen-

tratjon used was about 10 molar. , for various substrates of venom' 

PDJ' is 10 to iO io1ar. 177  Thus, under these conditions Km >> 

Thus, the steady state conditions should be used for calculating the 

kinetics. 
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The less than ideal experiienta1 protocol used by Singer and 
\ 

Fracnkel-Conrat was necessitated by the difficulties of working with 

such small amounts of material.. Digestion was perfoi -med at 0 °C with 

the above mentioned concentrations of C14 -PNA and enzyme. 0.1 M NaC1 

and 0.004 MMgC12  were added to promote structure fonnation of the.PNA.. 

This seemed to have an inhibitory effect on the random release of flu-

cleotides, which was observed either at higher temperatures or in the 

absence of these salts,.and was attributed to endoenzynie activity. 

The buffer was 0.004 M 1)11 8.8 borate. After 15 minutes of.  reaction 

100 ug of each of the four unlabeled nucleotides was added. The PA 

was precipitated with EtE, and . tlhe nucleotides were adsorbed from the 

alcohol supernatant by charcoal, separated by plectrophoresis and 

counted. The RNA was resuspended in buffer and treated with two more 

batches of enzyme in the above manner. This protocol leaves much to be 

desired, kinctically, since each readdition will cause needless loss.in. 

sequence inforiration due to the time laa which occurs in the rcforiation 

of the various ES ~1. But it permits lcs PNA to be used, since all 

of the monomers released after each time interval can he isolated. 

The data of iner and }'raenkel-Conrat 20  for the total amount of 

each nucleotide evolved up thiough and including each of the three addi-

tions of enzyme is sunnarizod below for tile average of two runs.. 77ach 

stop represents 15 ninutes of hydrolysis. 

Step 	A 	C 	U 	C 	Total 

0.90 	0 14 	0.29 	0.22 	1.54 

1.32 	0.27 	0.68 	0.47 	2.72 

S 	 1.78 	0.44 	1.14 	0.72 	4.10 
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• 	 Promthse data the authors concluded that there are two possible 

sequences: 

--UpApCpUp\ 	or 	--UpApUpCpA 

Later work in Fraenkel-Conrat' s laboratory with polynucletido phosphory- 

lase as the cxoenzrne led to the proposal of a third posi5lc sequence, 64  

• 	- - UpApCpCpUpA 

Given sufficiently accurate kinetic data, it should be possible to 

distinguish among those three possibilities, but our analysis of the data 

presented above is disappointing in this rospet In I igure 7, the ox-

perimental data of Singer and Fraonkel-Cônrat is .cpared with that cal-

culated. for the three proposed sequences. The agreement is none too 

good for each of the three, although --UpPpCpUpA seems to fit the 

qualitative behavior of the experimental curves much better than the 
• 	 other two possibilities. A real difficulty here may be the presence of 

broken ends leading.to  spurious evolution of nucleotides--but in order 

to correct for this, we would have to know the honogeneity of the parti- 

cular TMV-RNA preparation used in these experiments, and the base specif i-

city (if any) of the breaks in the !4A. 	•. 	 I 

A disturbing factor is the recent work of Stoinschneider and Fracnkel 

Conrat, 225  whicn proIoscs still another sequence as a result of terminal 

chenical degradQtlon 

--CpcpcpcpA. 

This is obviously in almost complete disagreement with the previously 

published exoonzywe work It would be impossible to fit the venom PD 

kinetic data thus far obtained to this sequence. Thus the terminal so- 
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quence of W-JNA remains, well studied,'but. unproven,. Recent work by 

Màndeles sugests some evidence for a C in the..ourth position from ' 

the end, but this awaits further.confir.ation)43 -. 

Several experiments on the, kinetics of degradation.. of small oligo-

nuclootidesof known sequence have been published. These are ddne,to' 

prove the exo nature of the enzyme, but they give some insight as to 

whether or not the enzyme follows anything resembling the kinetic scheme 

we have discussed. Piers and Khorana60  studied the kinetics of degra-

dation of ApApApA by L. acidophilus p .hosphodiesterase. . They found 

that the fragments were liberated in the expected order, but that the 

maximum concentration 'reached by the intermediate. AptpA is less than',. 

would be expected if the attack were random1 The data is reproduced in 

Figure 8a. At all times, the concentrat&ofl of degradable intermediates : 

is less than the concentration of uralegraded starting materials. This 

may reflect the fact that these enzymes prefer to degrade shorter species ' 

But this seems to he in conflict with the reilts reported in the same 

paper that TpTpTpT, TpTpT and TpT are all 'hydrolyzed at roughly 

the sane overall rate. Another pos1ble explanation is that the enzyme 

once attached to the polymer chews off several monomers at once in rapid 

order before releasing the substrate. The implications of such a kinetic 

scheme will be discuqsed later. 

In contrast to those results are the, earlier exncriments by Razzol : 

and Khorana 178  on the kinetics of the degradation of TpTpTpTpT by ye 0  

nom P1)13. These results, reproduced in Figure 8b, show that in this case 

the concentration of undegraded TpTpTpTnT falls to about 1/c at about 

the same time as the concentration of , TpTpTpT reaches its maximum. 

The two curves then cross • The maximum concentrations reached by TpTpTpT. 
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and TpTp1 are both about 31 compared with values calculated from 

equation (21) of 0.37 and 0.27. These observations are consistent with 

the steady state mode of the random mcdc1we have discussed. 

The work of Nihei and Cuntoni 162  also confirms that venom PDE. acts 

according to the random .nodel of attack. They show that the distribution 

of SMfl's  is approximately Poissonian, as wbuld be predicted by our model. 

But their substrate, mixed yeast s-PNA, is much too complicated to per-

mit a detailed analysis of their kinetic data. They are able to conclude 

only that the distribution of many of the various nucleotides is non-

randOm, and that the nucleotides methyl A, methyl C, and ip are located I 

near the center of the R.M. 

10. iffect of Endoenzymo Lpurities. 

In th previous discussion we have made frequnt reference to the 

necessity of using an exoenzyme with, a low contamination of endonuclease 

activity. Now that we have a fairly satisfactoty model for the kinetics 

of exoenzymc attack we can place some upper limits on the endoenzyme 

impurities that can be tolerated. These limits will, of course, depend 

strongly on the use to which the enzyme is put. The experimental q uan_: 

tity- of interest is the ratio of endo to exo activity, either for a 

mixture of enzymes or for a pure, but only partially specific enzyme like 

micrococcal nucloaso(EC- 3.1. 7) 50 0.TThis.ratiô which we shall 

abbreviate as R, is the number of bonds broken per unit time in an endo-

nucleolytic mode divided by the number of boids broken by exonucleolytic 

attack. To simplify the problem, we shall limit our attention to times 

in which the fraction of total bonds broken i small, and to tolymers of 
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• 	 long chain length. tIe shall also assume that concentration of enzyrno 

is high enough or concentration of substrate is low enough to avoid 

saturation of the enzyme. 

In the steady state case for an exoenzyme, the total irate of mono-

mer release is constant. 	 - 	

S. 

N 

dt 
n1 

Suppose that the endoenzyme impurity breaks bonds randomly at the 

rate of M per unit time. Within the above approximations M is a con-

stnat, dcpendin only•ón the initial substrate concentration. For each 

bond broken it exposes an end susceptible to exonuclease attack. Such 

a case nught be an impurity with trio characteristics of pork liver 

nucicase229  in venom PDE, or a T2 type ra.honuclease 52  Impurity in L. 

o.cidophilus prr. If the endo impurity has no base specificity, the 

broken tnds will have random base composition.. Thus monomers released 

from these ends due to sufficient exonuclease action will Just he a 

random mixture corresponding to the base composition of the polymer. 

The ratio of the number of broken ends to the number of initial 

ends is just Mt/$N(0).  The total rate of rioiomer release now becomes 

dB 	

• 
+amt o  

dt 
n 	 S.  

where the assurnotion has been made that the endoenzyvie itself releases 

no monomer. This asburnt1on is valid if the polymer is very lone. Thus 

we can see that a small endo impurity will eventually swamp out the non 

random distribution of bases liberated from the true end of the polymer. 



-62- 

The concentration of monomers in solution is, for small times 

L3ft2  
B 	S(0)t + 
	2 

n 	 H 

(30) 

The relative eno and exo activities was previously defined. 

M 
S(0) 	 (31) 

Therefore, the relative concentration of monomers released from broken 

ends to true ends can be written as 

noise 	8Mt 2/2 	Mt 	 R 
(32) 

signal 	t-S (0) 	2SN(0) 	2 

Using the results shown in rable IX, we can calculate the purity, P, To-

quirod to determine the squonccs of oligomers of various lengths. To 

do this we take advantage of the fact that t is equal to the number of 

monomers released in time t. 

noise 	nR 
-,  

signal 	2 	 1 	(33) 

Several values of n andR are given below for the maimum permittable 

noiso/sina1 useful for sequencing. 

noise 
signal 	n 	R 	 - 	 - 

.05 	5 	.02 

.02, 	10 	.004 

.01 	20 	.001 
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• 	 Since the endo impurity in L. acidophilus P1)13 is estimated as less than 

0.1% of the activity, 60  this enzyme is useful for sequence studies of 

up to the 20 terminal residues of PJ'A. 

The pre5ence of endonucloase impurity which is specifIc for certain 

linkages would be a serious probleri. For example, if L. acidopiulus PPE 

were contaminated with Ti ribonuclease, the noise/signal of G would 

• 	 rapidly become. intolerable high. Evcn more serious'problems would re- 

sult if the endo impurity was conformation specific. In this case it 

might cleave in only a few specific places, and subsequent exo degr-

datlon of these ends would yield a non-random pattern of monomer evolu-

tion. If an exoonz)rne is known to have an appreciable endo contaminant, 

the lack of sccificity of this impurity should he carefully proven be-

fore using the enzyme to determine scqienco. It should be noted that 

Singer. and Fraenkel-Conrat have found that subjecting ThV-!NA to some 

unfavorable conditions leads to preferential breakace of CpA and UpA 

bonds to give cp and tip. 206 It is apparent that the cwount of endo im-

purity is a critical factor in deciding which exoenzyrte to use in a 

sequence. study. We shall next consider soe of the methods which can 	• 

be used to assay small endo impurities in an oxoenzyine. 

11. DetermInation of LndoonzyT1e Impurities 

• 	There are three types of methods we can'.4so to detect and quantitate. 

the presence of small endo impurities in an exoenzyme, The most obvious 

involves choosing a suDtrate which only one type of enzyme can degrade. 

Many such substrates are available, but Cow are ideal, Cyclo pTpT 
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and the analogous cyclo trirner and tetrarner are all degraded very 

slowly by VPDE) 77 ' 17.8  This indicates the presence of endo impurity. 

• 	 But it is not apparent how to relate the activity of an cndoenzyme of 

• unknoiin properties towards these unusual substrates with its activity 

towards a long linear single strand RNA. Thus, small cyclo nucico- 

• •• 	 tides are useful only in qualitatively demonstrating the presence of 

an ondo contaminant. In principle, one could make much larger cyclo-

nucleotides by either of the two procedures sho below, where N >.p 

means 2 1 3 1 -cyclic phosphate. 	
0 

Pancreatic RNAase 	: 

	

(Ap)U > p 	 —> 	áyclo (Ap) Up 
very dilute 	 lot 

Ti RNAasc 

	

> p 	 cycle (Pq,)Cp 
verr dilute 

Thoo larger substrates would presumably he degraded by an cndoenzie 

with the same kinetics as a linear polyner. In a sinilar way X 174 DN& 62 0
65  

is an ideal substrate to assay the presence or flNAase lmDurlty in VPDF. 

To dctcrm.ine the eado activity in any of the above cases, one can 

assume that onco one bond of the cycle nuclebtide is broken the resulting 

linear polynucleotide is immediately degraded to monomer by the much 

larger activity of the exoenzyrne present. 
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The extreme substrate spocificit> of some of the comon exonucleases 

suggests other simple methods of analysis using substrates with 5' ter- 
which 

minal phosphates or other 5 derivativesAwill  greatly magnify th presence 

of an endo impurity in L. acidophilus, PDE. It is this way- that Khorana 

was able to get an estimate of the upper limit of the endo contamination 

of this cnymc. 60  

A second typo, of method for detecting endo impurities is to analyze 

the mixture of'products found after the enzyme has gone to cthiipletion. 

Niheiand Cantoni have discussed this method in detail, 162  and we will 

reproduce some of theirrgurnent here. Consider the nucleic acid 

pNp...pYpZp...pM. Hydrolysis with a 5' PDZ yields only nucleotides 

and pNp. Base hydrolysis give the nucleoside M as well aspNp. This 

permits the chain length of the substrate to be determined. Now if. 

there is an endonucloase impurity present it: can break the bond between 

Y andZ. There are two possibilities. If the reaction is 

pN...YpZ1..pi1 pu.. "Lp + Z ... pM, most 5' eocnzymes will no longer be 

able to degrade the cliain erhnci in -a 3' phoiphate. Hydrolysis will 

• 	eventually yield,Z as anuc1oside, and either pN ... Yp or pYp  will 

accu1ate in the solution. Thus an analysis of the products will 	• 

easily present the endo activity to be estimated. If, on the other hand, 

the endonuclease catalyzes the reaction pN,..YpZ ... pM - pN...Y + pZ ..pH, 

a different analysis is needed. The reaction is stopped after partial 

hydrolysis, and the reaction mixture is subjected to alkaline hyurolysis. 

This will yield one nucleosi.de for each chain ending in Y. Thus, by 

performing this experiment as a function of time the endo inpuritv can 

be detected. Both of these criemical methods, however, require an accu-

rate mothod of analysis to detect small quantities of imnurities. 
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The last and most sensitive method is based on the fact that a very 

small endo inpurity will radically chlnc7c the distribution of chain 

lengths present in the reaction mbcure after partial hydrolysis has 

occured. AThile our discussion will center on the use of v;sconetry for 

detecttn this, cnroriatoraphy and sedi'nentation have also been used with 

relative success. 

RNA under appropriate conditions behaves like a random 

Under these conditions the intrinsic viscosity is given by the well known. 

equation: 

[n] 	k M112  

In practice, one wouIi first want to verify this equation for the parti-'-

cular substrate being used. If we have a distribution of molecular sizes 

we have instead ,. 

[nJ 	k 	 (34) 

1/2 where Mv 	the, viscosity average molecular weight, is in this case do- 

fined by, the eqiat1on 230  

3/2 

MV 
1/2 	i 	1 	 (35) 

ii 

where N1  is trio concentration of species with riolecular weicht M 1 . Usino 

an average residue woigrit 1 ,10 wo can rowrite tnis as 

XV 
is the viscosity average chain length. 

For exoenzyinc degradation, the number of bonds broken per unit sub-

strato is 8t, and the fraction of bonds 1roken is 	' 
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f 	- (36) l b 	N 	' 	'N 

where N is the chain length of the underaded polymer. The riolecular,  

weight of the substrates in solution is a very ntrrow distribution cen-

tered about the origin1 chain length minus the average number of bonds 

broken.  

Mv 	o 1b) 	 (37) 

and 

Lexo 	K(1%(1fb))
1/2 	k(M0N(1- 	)1/2 	(3S) 

For an endoexiz)-me, the rate of breaking bonds is proportional to 

the number of bonds in solution. 

d(N 3N(0) 
dt 	k (N SNtO)) 	 (39) 

The fraction of bonds broken is thus 

Eb 
1_-kt 

In contrast to exo degradation, the distrib'ution of substrates from endo-

nucleolytic degraddtlon of a long polymer is very broad. This distribution 

function is given in rei-erence 230, p. 615 If the polymer at tire zero 

has a chain length ?, it is shown that for rrmdom endo derradation 

ftl e4(')t (l_ct)  .f2 + (n-x-1) (l..(fkt)} 	(40) 

where (Mxj is the conLezitration of x-mcr at time t, and 	is the 

initial concentration of polymei. 1. 10hat we riust calculate is 
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'\j i .3fZ 	f 
.1/2 

• 	 xv  

But we have been unable to find a satlfactory clowd form for the above 

• 	 finite sum. Instead, we will take advantage of the fact that 	and , 

mber average and weight average chain length, have respectively, the nu  

been computed for a rnixtur arising from a random degradation of a 

• 

	

	 polymer. By adpting the equations in: pates 616 and 617 of reference 

23d to our notation, we fina 

(l/ + b)1 	N/(1 + Nfh) 	 (42a) 

- 

+ 2(1fb)1(ffb)N + Nfb i) 

-. 	2 	
• 	• 	 (42b):' 

Nf()  

It is known that 	 Thus we will be able to calculate the 

upper and lower bounds of 7v  even though we cannot coripute 7v  directly. 

Expressions for the limits of the viscolty of a mixture arising frorn 

rando"' endo de'radation are shown below. 

1/2 	1/2 k',112 	 (43a) 

ç4 l/2 ;1/2 	 (43b) 
min 

It is most convenient to plot the fractional chanco in tn)  as a function 



of the fraction of total bonds brokon Calculated values of [n]/[n(0)J 

are shown for three cases (a, b, and c) in Figure 9. It can be seen 

that the viscosity drops sharply for endo attack, calculated using 

either 	(curve b) or 	(curve c) while for cxo attack (curve a) 

change in viscosity is linear and very slight. To demonstrate the sen-

sitivity of this method, the curves for an cxocnzyme containing a 16 

endo impurity are also shown as calculated by boh 	(curve d) and 

(curve e) :;Iere  thd difference between the two calculations is consi-

derable. Thus we would really need a better; estimate,. But whichever 

curve one uses it is apparen that anendo impurity of 1% is easy to 

detect by this method 

Fxperiments similar to these calculations have been reported by 

ullia"s, Sun', and Laskowski, using venom "DF as the enzyme and IR as 

the sub5trato. 258  Their work shows that viscometry is a simple and 

powerful tool for dcternininr the nature of action of enzymes which 

depolymeri zo DNA. 

12. Tiht Jlindingy 1odc1--ip xnzyne Approxiriatio' 

We now want to consider an alternative 'odel for the mechanism of 

exonucleaso digestion of PJA. This riodel corresponds to the irreversible 

degradation of a polyner cnain in the limit of strong binding of the sub-

strate to the enzyme. In this case, once an enzyme-substrate complex 

is formed the wiiole polymer is digested one monomer unit at a time, 

according to the following reaction schei'c, 

k 	k 
F + 	> 	2 FSN_1 	

2 
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> LSj 	E + 

+ 

There are several pieces of evidence which uggest such a mode of reaction 

may take place under certain conditions. This Idea was first suggested 

by Dekkor.39 Fle  reported evidence that when wheat germ PNA is digested 

by n exocnzyiO no intenriediate chari length PJ'IA is observed. Only long 

po1yer and rnnomer were found, even after much of the substrate was di-

gested. Other evidenc& was cited earlier in this chapter. The digestion 

of ApApApA by L. acidq] ,~ ,'-iilus PDE follows a kinetic course which suggests 

strong binding of substrate to enzyme since only small quantities of . 

ApApA and Api\ are observed througnout the course of the reaction. 60  

The L. casci "DC has been found to degrade first to ollgoncrs of length 

12 - 24, and then all at one to rtonorers) 08  This in'3.cates that this 

enzyme may be tightly binding the substrate. It is interesting that 

this enzy'"o may ha c different modes of attack depending on the cham 

lcncth of the substrate. 

11,c inctics of the ttbove sdcrc car be reprccnted by a sot of 1'  

differential equationS, for (a) the free enzyme, 

t 	-k1  (E) (3) + k3 (ES 1) 	 (44a) 

the undegraded polyicr 

	

1 (E) (S) 	 (44b) 

the enzyme substrate complexes 

ESN 	kL (L) (Sq) 
- kz(ESM) 

- (T)) 	 (44c) 

ES1 	k2 (IS2) - k_(E31) 



• 	 •. 
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and for (d) released monomer. 

in' = kz(ESN fl41) 
	

(44d) 

k3 (ES1) 

Again we have made seine implicit assumptions about the mechanism 

of the last step of the reactIon. It is cohceivahle that BN might be 

released simultanebuSly with BN4 (k3 .= ) or even before.. If i:t. 

desired to 1eoW the intermediate concentration of substrate S2 through 

even though they are not free in the solution, one would stop the 

reaction by prccipitatJJg the enzyme and destroying all the complexes. 

The concentration of substrate would thcn be given by 

<, 	< 
= ES 	where 2 - n - N-I 	 (45) 

M-n

This approxination is necessitated by our assumption of only a single 

enzyr'to substrate coplcx for each step of the reaction. 

The above series of differential 'equations contains one non linear 

equation. This must be linearized before solutions can be obtained. 

Two approximations can be made, and we will see that they lead to solu-

tions with very different propertios. Ii t'i liit of. 'ii ciz)-'c c-

centration, we assurne (L) is constant. This eids only if - ( 	>> 

We shall also et N(0) 	0, sthce as w'. haveS shown prcv.ously the c.ioice 

of this boundary conçlitiori has only a s'ill 	ect on the resultinç !i- 

netics • If we let k1E. = kE and take the L1ace transform of the above 

set of differential equations (44b) through (44d), we have: 

711 

S .  S - SN(0) 	-k 	 (46a) 

s SN = 'EN 	
' 	 (46h 
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/ 

s 	r)+l 	k2(fl+2 - 	N-n+l 

n2 to N-i (46c) 

k2 	'2 •i<3 (46d) 

k2 	 n1 to N-i (46e) 

k3  (46fl 

The resulting set of linear equations can be eily. solved. 	We find 

kk 	S(0) 
• 	2 	 nl to N-i  

fl 	s(s + 	
+ 1<2)fl 	 - 

XE2 	'N -  
- 

"•, 	 . B1 	 . l_____• s(s + k)(s + k 2 )1 	(s + } 3) 

In principle, one could expand the denominators of both transforms tern 

by tern. 	But for the rioirent 	'e are interested iii. an  estiiatc of the ki. 

netic behavior of this niode1 	so we will rake a series of approxrnationS 

which will cive us results in uich simpler form. 	We let 

This will result in the solutions having only one eoncn1ti1l, e t, 	nd 

does not rllv cnai1c the quantitative nroperties of the results, since 

kF  and '<_ inetr only once while there nay he nuadrocis of 
terms in k,. 

With this simplification, we have 

- 	 ii+l S(0) 
n=1 to N  

B n 	+ 	)fl+l 
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Using the previously obtained result that 

/ 	n-i 
. 

s (s + B)' 	& 	 U 
io 

we have  

SN(0) 	- 	

0t) 	

(50) 
1=0 

It can easily be shown using the original differential equations that 

(t)f e t 

	

N(0) 	 "S"Nn+1 	 (Si) 

These equationS have the same form as the 'esuits found previously for 

• 	 the random model of enzyme attack. If we compare B(t) with the steady 

	

tato random values, we find 	. 	. 

B11(t) 	B11(t) . 	steadystaterandoin 	. 	(52) 

This difference is easily explained. The steady state model is equiva-

lent to starting the reaction at earlier times, since the time needed 

for the concentration of FSN  to build up its steady state value is i-

norod. By contrast, we have 

	

= 11 (yt) 	for the optimal ra3idon case. 	(53 

Thus, in the limit of ngn ezyrto to suestrate ratios, the kinetics of 

• 	. 	the tight binding enz>lne model are very similar to the previously dis; 

cussed random model. One further quantity of interest is the total 

rate of evolution of monomers. 	. 
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(t) 	 ( 	fl 
-•'t 

- n 	S,(0) 	- 	. 	 (54) 
(it 	 £1. 

• 	 For an infinite po1mer we have 

d3(t) 	 •• 	(t)fl.oYt 

dt 
SN (0) y 	 - 

n1 

S\ (0)Y (1 - et) 	 (55) 

Thus, y can easily be determined from experirients. 

13. Tight Bindin odc1- - Lo Fnymc ApproiatiOfl 

The second approximation we can use to solve the differential equa-

tions for the stronc binding nodcl is the assuription that SN is a con-

stnat. This will be approximately true if SN(0) >> i(0). In fact, we 

know that SN(t) must decrease with time slowly, and this can alwçiys be 

taken into account later. Thus, we let ]'lSN k. Taking the Laplace 

transform of equatiOn (44), 40 have 

s - E(0) 	-kL -k3t 	 (56) 

The other equations needed to solve the kinetics in this approxir'atiOn 

are the same equations (46b) to (46f) of the constant eizymo approxi 

mation The set of linear equations is solved as before, hut, since 

this time it is not so straightforward, we shall give mere details. 

Rewriting equation (56), we have 

	

(57) 	-• 
- 	S+k 	• 

S 
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Next, we combine equations (46h), (46c), and (46d) to give 

ESNfl+l 
(s + k2) (58) 

k 1k.E 
ES1 	}- 

(s + k3)(s + k2) 

r 	 (59) 

Using equation (57), we can rewrite both of these as 

- 13(0) 	+ '<3l 
 

• 	 (s + jc' 	(s + k) 

— 
k2 	k 	 E(0) + k3ES 1  

ES = -- 
CS + k)(s + k2)1 

 
— (s + k5 ) 

vics lowa 	.in m(LKC 	hc sinp1ificatioii 	k3 	1'2 	1' • 	As 	e mcntionei 

this approumatiOfl will only slicht1y change the results, prcviouslf, 

hi1c perinitt3flg us to write cverythin 	in rnuth s"p1er form. 	1c now 

solve equatiOn (61) for LS 1  and thcn substitute this value into equa- 

tion (60) 

— 	 0) 	( 	N+l 
 

11+1 

-n+1 	 + 

___ 

)1•1 + 
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To place this last equation in a sitple fo, we note t}t 

/ 	1• 	- 
. 	(64) 

71 77-1(+) 
	i) 

and use the expansion 	'. 	. 
1 

• 	1=1 

The result is 	 .. 

(65) 

Thus we can write that 

[ 
1=0(+

: (66) i) h ]  

and taking the inverse transform term by .  term we find 

r . 	+i+l 	H 

B(t) 
 

10 

Thus far we have not taken into account the fact that there is only a 

finite anount of substrates In oruer to do so ize must tnincate the in 

finite series. te sia1l take only .  SN()IN(U) tcs. If this is non'rm  

integral it should be approximated by the ndarost intetral number of 
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terms plus a remainder which we hall 'iviore. We then note that each 

term is identical in fori to the kinetics of evolution of some base in 

a much larger polymer according to the constant enzyme model derived 

previously. Thus we can rewrite equation (67) in the particularly 

simple form 

B(t) 	 [b(t) + Bfl+ A +l(t) + Bn+2N+2(t) + 
	

(68) 

where there are SN(0)/B(0) terms in the sum and we replace ' by . It 

is easily shown that this equation has the proper limits at t=O and t=°. 

Thus in the limit of low enzyme to substrate ratios the kinetics of 

degradation of an oligomer is the same as the degradation of a much 

larger polymer containin the repeating oligomer sequence cspaced by one 

imagina residue) 

As before, we want to find an expression for the total rate of 

monomer evolution from an infinite polymer. 

S 4S(0) /E(0) 

dB(t) 	I(0) 
	ndt 
	(69) Cit

n1 	 , n1, 	i=o 

Since each (dB)/dt is simply St) e/' we have 

5N(0)/"O) 

dBTI 	, 	
• 1 

E(0)6e t 	 (70) 
dt  

nl , 	 nl 	1=0. 

And if N is large and t small, we can neglect all but, the first term of 

the second sum. We find that 
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ç 	dB(t),, 
L(0)rS(l - e t) 	 (71) 

dt 
n=l 

A deternu.natiofl of thc total rate of monomer evolution w1l thus permit 

evaluation of S. As before, we can also write down an expression for 

which is the concentration of substrate we would find if we 

stopped the reaction and dissociated all the complexes. 	 ' 
(72) 

+ t'S"fl+N+l(t) + 'tS"fl+2(N+1) (t) 

where each of the S(0) /L(0) terms has the saie form as the high enzyme 

to substrate case, but with replaced by 6. This shows that here the 

distribution of chain lengths is no longer a sile Poissonian, but is 

mich broader.  

If we had an exOCflZyme which WO iceW worked by the tight binding 

mcchnaisn, we would £rohab1y find it difficult to use it to get riuch 

the be't e could do would be to use the enzyme sequence information,  

in very great molar excess over the substrae., I we could analyze the ' 

reaction mixture all of the same conc1usions,ould apply which were do-

rived for.the steady state case of the random vodcl If we .accidently,  

used the enzyme in too low a concentration, we would' get what would 

apear to he an almost randoin.distribUtiOfl1'O monomers. Thus if an 

exoenzyme digestion of an PA gives a random evolution of monomers it 

is necessary to cncck the homogeneity of the suhstritc and also the 

nature or the 
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14. 

Since oxoenzyules whIch work via a random mode of attack are poten-

tially better for sequence studies than those which are tightly bound 

to the substrate, it is desirable to have a sensitive test of tIe mode 

of enzyme action. Thoi c are several sirtple ivs in which a random en-

zyme could be 	 from a strong binding one. These methods 

all arise from the fact 
that the kinetics of degradation by the two modes 

of attack are very diflerent in the limit of loz enzyme concentration, 

If we study the 
degradation of any oiigonucleotide substrate wita 

great excess of enzym 	
e e, the various monomers will be givn off in an or- 

deny fashion and unlesS the kinetics are examined in great detail no 

accurate estimate o f the mode of enzyme attack can be made. But in the 

low enzyme limit, the tight binding enzyme will evolve a given clotjd 

in all oscillatory fashion. A simple'cxample is the degradation of an 

oligorner of the type (Ap) 10G by venom PDE;(w1LCh degrades stcpiSe from 

thC right) Stich a sustrate could be prepared in principle in the 

following manner. 1NA is hydrolyzed tO conictiOfl with Ti ribonuclaSC, 

jI and the resulting mixture of oligonuCleOtiS is separated by chain 

length. The ll-mcr fraction is then hydrolyzed to corirletiOfl th pan-

creatic RMAase. The resulting mixture is again separated by chain length. 

The only oligoner with main length 11 reaminc' is (Ap) 10G. If there 

is three ti1rcs as much substrate as enzyme, and the cnzy'io works by the 

tight binding mode, the kinetics of appeavncof pG will be given by 

(pC3 	1/3 [ 2 (yt) + 314(-Yt) + B26(t)) 	
(73a) 

where the B (yt) 'S 
are tilen from the values callated from . the steady 
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state case of the rndoin model, or 

[pC] 	1/3 [B1 (yt) + B13(?t) + 1325(yt)] 	 (73b) 

where the B(yt) 's are takcn from the values pf .  the high en€yme limit of 

the tight binding model. These two expressions for [pG] are idoñtica1. 

In contrast, if the enzyme acts by the random mode of attack, then 

[pG) is given either by 

[pG] 	. B1($t) 	 (74a) 

where B1(Bt) is the steady state case of the random model, or by 

[p( 	B1(t) 	 (74b) 

Here 3, is calcultted from the optimal ctsc. The correct value of [pC] 

will fall somewhere iñbetwen, these two e)qrcsions. 	 : 

In Figure 10 we have comptrd the values of [pGI calculated by equa-

tions (73h) and (741). It is casily seen that the kinetics of appearance 

of pG are entirely aiffoient for, the two models, and thus they could be 

crisily distnw.shCd by suul an exporinont A simple cicck culd be 

provided by changing the substratc to enzyme ratio to, say, 6 1 and per-

forming another hydrolysis. This should have little effect other than 

a chance in overall rate if the enzyme acts by the random mode, but a 

pronounced change will be observed if the enzyme acts in a tight bindin? 

fashion. 

An altcrnative rietriod of distiniishing between the to model of 

attack is based on the fact that the distribution of substrates of various 

chain lengths is very different for the two modcl 	Intuitively, one can 

see that the conuvtrat wa or substrates of intermediate chain 1entL will 
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be 	ich lower in the case of-, strong binding. 

• 	 For the steady State case of the random enzO model, the distri- 

hution of substrates as afunctioflof time ccfl easily be calculated. 

Recall that for this model 

 

The raximuirt value S +
1 cart obtain is found by setting its time deriva- 

• 	tive equal to zero. 

at (lSN j +l(t) n-i  

dt 

Thus we find that the 'iaximUJfl value of 	relative to the starting 

concentration of subbtrate is 

(ri-l)' 	_(n- l)  

SN(0) 

ror large r, we can use the well kcflOfl app.roximatioa that 

ni 	(n/c). 

Suhstitut1IV 	is into the above equation we have th 

i  
- 	

for large n. 
\J 	) 	 V2 	(n-i) 

ror srtall n re have taou1tcd the eollowinr values. 

2 	3 	4 5 

22 1 	68 	.270 	.5 .l2 
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In terms of the rax1rusn value of 	it can easily he siown that 

the shape of the distribution at :8t n-i is fo the steady state 

random case, 	•. 

SN(fl+i+1 	 (n-i)! 
(79) 

Nn+1 	 (n-l+i) 

Now in the case o1 tiit huidm, the expression for SNflJ.l(t) becomes 

more complex. 1i tric limit of lo.i enzyme concentration, we use equation 

(72). This function will have S(0)/T (0) relative naxim at 

t =n+i(N+l) where i 1 toSN(0)/B(0). 'Thus', as we eected, the 

n x5jirjm cocentration of into imediate length substrates is much smaller 

in the tight binding case. 

To be able to compare the distribution functions of SN_fl+1(t) for. 

the two models more directly we have calculated the distribution of 

fragments from a riy1otheticl 20-ncr. These results are shown in 

Figure 11. They arc computed for the time when half of the ironomers 

have been released. For the random model the steady state fonulation 

was employed, so this time is 1913. For the tight binding C5SC, .0 

assumed a substrate to enzyme ratio of 5:1,: Thus the distribution is 

approximately equal to the distribution of fragments from a 100-mer ih. 

the steady state random model when t = 49/j, .irniltiplied by 1/5. From 

Figure 11 it is apparent that the concentration of partially derraded 

chains in, e titnt birid.ng case is much less tan the rardon case, and th  

the distribution is also iich broader. In the random case the concen-

tration of undecradcd polymer has fallen to zero, while in the tint 

binding case more tnm 4L1  of the or1'1nal polymer is still whole. The 

difference beteen these to distributions could easily be detected by 

a choriatograny nich separates oligomers accordinc to chain length. 



. .. .... 	 ... 



-86- 

15. Future Work 

In actual practice, the kinetics of exoenzymes will probably fall 

somewhere between the two models we have discused. It cah be repre-

sented by the following reactLon scheme where the relative values of 

1<, k 1 , k2 , k_ 2 , k3 , and k 3  probably depend on chain length. 

k 	 Ic2  
• 	 E + 	 + SN_i. 	 etc. 

+ B1 	
k1 

• 	 k 	+B1 	 k3  

k 3  

• 	ven if the approximation is made that k 2  and k are zero, the system 

of differential equations which results from this scheme is too compli-

cated to solve conveniently, and the results would require too many,  

• parameters to fit to the existing experimental data. More accurate 

• 

	

	cqerimentai data are needel to decide whether or not the general sheme 

rrnist be used, or instead, if conditions can he, found where either the 

tight binding or random mode of attack prCdorriinatos .• 

It is interesting to speculate on' the types of mechanism of action 

which can lead to the tight binding case It may be that the enzyme 

has two sites. One of them binds the substrate at some nucleotide other 

than the terminal residue, while the actual cleavage is performed at a 

second site. Then the substrate is advanced as if on an assembly line. 

This would explain why some phosphodiesterases, like RNAase II from 

F. coil, cairnot degrade oligomers shorter than 5 or 6 residues. 210  if 
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in fact the biological role of phosphodiesterases is to degrade mRA 

as it comes off the ribozome as has been suggested by several authors 

(see Section 2 of this chapter), this mode of action is quite tmder-

stahdable. Another possibility of groat interest from the, poInt of 

view of kinetics is that the tight binding mode of enzyme action- may 

be a rianrfestation of a diffusion controlled reaction. The e-tzyne iray 

actually release the polymei as in the r-indori mode of attac, hut, be 

\. 	

- 

cause beta reactwit diffuse ery slowly (and might even become entangled), 

the probability of a collision between the to species a9aln is very 

high. Thus the strong binding mode kinetics may simply. be  cotuing the 

number of tirtes a substrate is lut before it is able to diffuse away 

from the enzyme. 

There are several ways in which the two mechanisms may be distin-

guishod. If there really is tight h.nding of the substrate to the en-

zyme, the details of kinetics should only depend on \ (0)/7, (0), and 

• •• 	 would he relatively independent of the actual values of the two The 

• 	 - 	total rate of course would be linear in whichever is smaller. But if- 

the apparent tight binding is duo to diffusion, then the random node of 

attack should become favored as tho concctrations of SN(0) and E(0) a7e
.  

increased. This would only affect thp details of the kinetics if diffu-

sion controlled reactions were play in an important role. 

Thorn is another, much ,noro cornplicatod typo of oxporimnt whh 

could detect even a snail amount of dissociation of the enzyme substrate 

co'nplcx. The substrate is a short olionucleotide of the scquorce 

A large excess of this substrate is exposed to a mixture o -C 

two enzymes, a 5' PDL and a 3 1  PI)F, both of whici re thouqht to behave 

accord]ng to the strong bJ.ndinc! mode. If both enzymes bind their sue- 



strates irreversibly, then the only products of this reaction after 

total hydrolysis are A. Ap, pB, Bp, pC, and C. But if any partially 

degraded substrate naae to cscae from its enzyme some nucleoside, 

B, will appear as a product. In order. for this oxperinient" to be a 

success, both enzymes must, have only minute, phosphatase activities. A 

variation of this experiment would be to bind a 5'PDfl covalently to a 

3' PDE. A stu4y  of the reaction products from the hydrolysis of Ap(Bp)C 

by such a composite would enable the detection of even a slight tendency 

of the enzyme substrate complex to dissociate. A careful exasnnation of 

the kinetics might also enable the determination of the number of tines 

a substrate changes enzymes. Any stud> of this type, as well as the 

elucidation of the structure and properties of these enzymes, is con-

tingent upon the enzylogists ability, to prepare pure and homogeneous 

S)leS. 

• 	The role that exoenzycs play in future sequence studies of RNA' s 

remains to be seen. An entirely different method of usingexoenzyncs 

to obtain sequence inforiiation has recently been used by, flolicy and his  

co-orkers. 9  This mothod ,  will probably receive much attention in 

the future. The oligocr is partially digested with a 5' PUT, and the 

• resulting set of .oligomers is separated according to chain length by 	' 

chromatography. Then each fragment is hydrolyzed with alkali and 

aither the terminal residue, which appears as a nucleoside, is deter- 	' •' — 

mined or the base coipos1tion of LhC wriole fragment is analyzed. This 

provides a simple and convenient way of reconstructing the sequence of 

the oligomer providing that a chromatographic separatiorL of the frag'ents 

can be carried out. Thus, this method is limited at present to sequence.' 

• determination of oligonucleotides. The determi-nation of the terminal 
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sequence of a large polymer by this rthod would not be feasible. The 

method used by Holley is limited only by the width of the distribution 

of oligomors formcd but as we have shown the distributioi does not 

broaden that ri.pidly. Thus the sequence of. a 20ricr could he determined 

in this manner if enough material was used so that the terminal residue 

of the 10-rner formed after half of the substrate has been digested could 

be detected. Six.ice the maximum fraction of lO-mer is about .13 only1% 

of the baws of suostrute can be isoiated as the 10th rciclue from the 

end. Part of the data from an actual sequence detcrni'iation, taken from 

Holley, Madison, and Zamir 99  is shown in Tiure 12. The oligornor was 

pGpGpAi(p'\pGpU. An interesting sauclight of this experiment is that 

the concentrations of CpGpGpApG and GpGpGpApGpApG are much larger than 

would he expected from random exo attack. This is an indication that. 

the ApG bond is cleaved much more slowly than CpA. This is in contrast 

to the results reported by most authors, which were djcussedin Section 

2 of this chapter, that the kinetics of cxocnzyrne attack do not depend 

on the particular nucleotide being cleaved. We hope that further experI-

ments will clarify this discrepancy. 

If oxonucleascs can be found in the future which do indeed show 

total base specificity, the methodswc have discussed will increase 

their effectiveness substantial1y, Consider, for example, an oxoenzyre 

which deçrades a olymor chain until it reached a C and then stops, Un- 	- 

abJo to break an ipC bond. It may be possible to produce this kind of 

specificity by cheiacally modiCying some of the nucleotides. Then the 

C is removed by terminal cAiLmical degradation and the hydrolysis is con-

tinued. Thus a simple analysis of the total number of monomers released 

in eachpu3se:wlli permit the location of all the C's to be mapped out. 
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Given three other enzymes of similar inclination but different spec1fi 

cities; given an automatic method, of analysis (in this case a simple 

pH-stat) ; given a solid state terminal degradation, then the problem 

of sequence determination is solved. Until such good fortune comes 

our way we shall hav to be content with today' s rather unspecific 

exonucleases. 

In a more practical vein, the conforational dopendeicc of sotre 

• of the cxonuc1eaes could be profitably used to simplify the determination 

of sequences. If one believes that a given flNA, has only one unique con- 

• formation (at any temperature o  piJ and ionic strength), then an exoenzyrne 

should degrade a •  single stranded end until it reaches the first base 

paired residue. Then all activity would halt until the experimenter,  

changes either temperature, pH, or ionic strength. Then the enzyme 

• will take off again until it readies the next blockade. By such a 

procedure the distribution of substrates could be kept much narrower 

• and the corresponding evolution of monomers much sharper. Thus, while, 

all our previous discussion has dealt with non-specific exoenzymes, 

the experimenter Seriously interested in determining the sequence of 

a nucleic acid would do well to use the most specific enzyme he can 

find. But lie should beware since a partially specific exonulease is 

worse than no specificity at all.  
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III. OPTICAL PROPfRTIES OF OLIGON1JCL1QTIDBS 

1. Oligomer Models for RA 

To understand the conformation of. RNA in solution is a majoir ob-

jective forthe physical chemist interested in biological molecules 

It will provide a start in elucidating the conformation, of the various 

kinds of flNA in vivo A knowlecLgc of the three-dimensional geometry 

of flNA r"olcculcs will be useful in corrolatin their biologicil pro-

perties with their chemical stnicture, while physical chemical studies 

will not provdc all the ansivers, they will greatly assist the concurrent 

work of the biologist and biochemist. 

• 	A detailed description of the rechanisTn of protein synthesis is 

almost certainly contin,ent upon our undorstand?nr tic conformation of 

the three types of }NA involved. A study of the conformation of r1NA 

is a prerequisite to understanding now mRA and sR\TA bind to the ribo-

some. How each anino acyl RNA synthet.ase recognizes the proper sPNA 

may very well depend on the conformation of the RNA, since small diffe-

rcnces in sequence could be amplified into large differences in confor-

maion. 255  Differences in conformation may be responsible for the fact, 

that some mRN&'s are long lived while others have a half life of only 

two minutes in viva, 255  Since it is suspected.that nucleases are res- 

ponsible for the breakdown of RNA in viva, the differential .susccptibil 1ity 

of various RNA conformations to nuclease attack may play a very inortant 

biological role. It is possible that the conformation of RNA attached 

to his tones helps to deterune the mode of action of these regulatory 

proteins. Theiofore tue transcription and translation of the genetic 
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ressage may be intimately connected to the conforuation of the macro-

molecules involved. Thus there is a strong incentive to determine 

the conformation of RNA. 	 . 

Because of the complexity of any native PNA molecules it seemed 

to us that it would be helpful to first study small olionucleotidcs. 

We could then use the properties of these compounds to predict the con-

formition of larger R'A's Inc simplest possible approach is to try to 

widerstand the properties of polymers in terms of monomer proPerties 

If we could hope to be able to do this, then we should be able to predict 

the properties of dinucleosicle phosphates or dinucleotides from the four 

monomers. This would not guarantee that monomer properties can explain 

polymers, but it is a necessary condition. Unfortunately,.attempts to 

predict the optical plopertles of dimers from monomers have thus far 

been mostly very disappointing. 25  The optical properties of polymers 

like poly A or ThA bear little resemblance to the monomers. Pod there 

are, as yet, no practical iays of predictinc the hydrodynatiu.c properties 

of a lare polyelectrolyte with a conformation that is hiphly irregular. 

At the next level of complexity is an attempt to predict.th pro-

perties of RNA in terms of the properties of the .16 dinucleosidephos-

phatos. lTere tnc trouble arises that there are so many different obser-

vations. needed before the polymer can be predicted. The polymer proper-

ties would .be an average over all the dimer properties, and agreement. 

between eperimc ta1 and predicted data micht be duo to fortuitous can-

celing of d1ffc1c1t airier properties. Thus it would he advisaole to 

test our ability to use dihlor properties to predict the pioporties of 

say, trnucleoside dipriospiates. ilere feer, pieces of data are needea 

as input and the re,ult will be a ruch more sensitive test of the corre- 

I 
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lation (if, any) between the conformations of dimers and trimers. If 

we can predict any trimcr properties from diner properties it will 

meanthatthesc observables are not very sensitive to next-nearest 

neighbor interactions. If the trimors can be understood in terms of 

their component dimors, the next step will be to try to predict the 

properties of polyiers 

Thus, we decided to study the properties of some trinucleoside di 

phosphates as the srii?1cst models on which to test our understanding 

of diners. In view of the triplet code, the properties of trinucleoside 

diphospiatos mlgiit be osjccially interesting since one would be studying 

a word of a genetic s.age. There is some evidence that the confor-

mation of trinucleotide fragments of RN\ may play an important role in 

the translation of the code on the rihosome. 35  Animportant factor in 

our decision to work with trinucicosde diphoshates is that as the 

chain length of an oligonuclootide iicreases arithrnetically the diffi' 

culty of preparing it i useful quantities increases qcomctricilly. 

There are rany p'iy si.cal measurements capable of providing infer-

mationahout the conformatiOn of a molecule in solution. These include 

UV spoctroscopy, optical rotator> dispersion (ORB), circular dichroisn 

(CD), magnetic resonance, light scattering, viscometry, sedimentation, 

small angle X-ray scattering, IR spectroscopy, hydrogen exchange, xid 

titrimctry. But. most of these techniques require a relatively large 

amount of sample. This immediately limits the techniques which should 

be chosen for a preliminary study of the conformation of oligonucico-

tides which can only be obtained in smafl amounts.. Furthermore, many 

of the techniques are limited by tFe fact that some oligonucleotides 

I 
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are only sparingly soluble in water. Fortunately, the optical proper-

ties of nucleotide containing compounds are very intense. Typically, 

an oligonucleotide has an extinction coefficient at 260 mr of more than 

104  per nucleotide residue, and a molar rotation at the 1dngcst wave-

length trough of 10 degrees per residue. Thus a study using eihcr UV 

spoctroscopy or ORD can be carried out using lcss than milligram quariti-

ties of naterial. 

There was already much evidence that the ORD and related optical 

properties of poly A , 19 , 95  poly C, 4  sRNA, 6  and ApA147 ' 25 1
26  are 

strongly dependent on the conformation. We had every reason to helivc 

that the optical properties of trimers would also be strngly dependent 

on conformation. Furthermore, an extensive study of these optical pro- 

parties was already being carried out in our laboratory. It was expected 	: 

that all of the 16 dinucleoside phosphates and the four mononucleotides 

and mononuEleosides would have been studied by the time our work on the 

trinucleo1de diphosphates was completed. Thus we would he in a position 

to critically test our ability to correlae.dimer and trimer properties. 

All of the above factors were instrumental in our decision to restrict 

our stuay of the coAlCormatlon of trinucleosido diphosphates to their UV 

optical properties 

Our second goal is to doterninc whether the nucleotidc sequence of 

an oligonuclootide can be dotermind by using only measurements of the 

optical properties. All of the methods of base sequence determination 

discussed in Chapter II degrade the molecule being $cquenced. A more 

desirable approach would leave the oligonucleotide intact. Since ORD is 

known to depend strongly on lnterdctlon between neigrborinp chromn.phores 

it seemed that ORD was a likely physical method to yield sequence information. 



2. ?victhods of Preparing Oligonucleotides 

For the reasors outlined in the previous section, we. decided to 

prepare sevpral trinucleoside diphosphates. We wanted a s'et with vary- ... 

• ing base composition and at least one pair of sequence,isorners. We also 

needed a method which would yield of the order of mgof each trimer 

in reasonable purity. In this section we shall discuss the various ways 

in which trinucleoside diphosphates can be prepared, and we shall colm'rtent 

on the rclative merits and disadvantages. . 

A natural approach to the preparation of any mall biochemical corn- . 

pound is organic synthesis. The techniques of synthesizing oligonucleo-

tides have been developed to a large degree by Khorana 'and his 'collabo-

rators. They have had much success in preparing large amounts of many ... 

oligodeoxyribonucl.cotides, and in spite of the considerable difficulties 

involved, they have now developed methods which are capable' of synthe-

sizing any oligoriooiucicotide. For brevity, wc shall discuss only the 

most recent methods.  

The gener'al scheie for the synthesis of oliomers starts with the 

appropriately protected derivatives of 'ionomers or oligornors which are 

coupled together using a condensing agent. Some protective groups are 
'I 

removed, and the, process is then repeathd. The major difficulty is that 

the reactIons are not completely specific, and thus a large number of 

different products. are fonned which usually must be separated by ion cx- 	' 

change chromatography. The reactions currently used by Lohrrnann and 

136 Khorana are shown on the following page , 	• 	' 	. , 	. . 	' 
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where B is any one of the following compounds: N ,N'-dibenzoylaclenine, 

N-benzoylcytosinc, N-acetylguaninc, or N-benzoyluracil. B' can be either 

N-acetylguanino or N-acetyicytosine. DCCD is dicyclohcxylcarbodiimide. 

In this way,. eight of the 16 possible dinucleoside phosphates re 

readily made in large amounts. To synthesize longer oligomers the 5 1 -

0-acetyl derivative on 13' is removed and the . protected diner is then . 

ready to be coupled to another protected nucleotide. Lapidot and Khorana 

have prepared the tetranucicotide UAIJU in this ranner. 120  In a recent 

paper,. Soil and Khorana have shown that a nucleoside 2 1 ,3 1 -cyclic phos-

phate can he used ins tad of the protected nucleoside. 214  Through the 

same reactions as above this yields the dinucleotide B'pBp. CpUp, ApUp, 

and IptJp have been prepared in this way. The major advantage of any of 

the synthetic methods is that in principle any oligonucleotide can he 

made, and the often-ti 'ies trouulesome separation of very similar isomers 

is avoided. The rtlaj or disadvantage with synthesis is that one prepares 

only one compound at a time. Once the appropri ate ly protected deriva-

tives are conLmercially available these difficulties can be overcome. 

For the above reason, we have thus far not strongly considered using 

any of the above methods. 	 . . 	 . 
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In. lieu of synthesis, the only other conceivable method of obtain-

ing oligonucleotides seems to he dcqradation of natural or synthetic 

polynucleotides fo.lowcd by separation of the fragments formed. We 

know of no natural source of small oligonucleotides themsoIve, although 

there seems to be no reason in principle why they could not cxist in 

some organisu in quantities large enough to merit consideration. The 

choice of a polynucleotide to be used for degradation to oligomers is 

limited by many factors. The first, and most important, is that any 

degradation is bound to produce a small yield of any oligomcr, and thus 

the starting material should he available in large amounts. In Orde 

to limit the number of possible fragments, the PNA we usehould: have as 

few different nucleotides as possible. This inediatel' Oliminates mixed 

sRNA unless it is desired to make oligo.mors containin all of the unusual 

bases contained in a typical preparation os sPJA. Ideally, one would. 

want to use a polymer like synthetic poly AC, hut the synthetic copolymers 

arc difficul.t to prepare in very large amounts. In most studies, there-

fore, rR\A,or. viral RNA have been degraded in brder to produce signifi- 
V 

cant amounts of oligomers containing the normal bases, A, U, C, and C. 

There are several ways in which RNA can he conveniently broken down 

into small oligoriuclootides; The. thoic of a degradative method will 
V 	

V 

have a profound influence on the complexity of the mixture of product 	. 

formed. Hydrolysis with base (NaOH or Ba(OI) has long, been used to 
V 

degrade RNA to its component mononucleotidos If the reaction is not 	
V V 

allowed tôgo to completion, a mixture of oligomers will be formed. In 

principle, this will include every possible sequence and base composi- 
 
- 

tion of every chain length. Thus there will be four mononucleotides, V 



16 dinucleotides 9  64'trinucleotides, etc. The yields will be low, and 

can be adjusted by controlling the extent of hydrolysis. If desired, 

the terminal 2' an4 3' phosphates formed by this reaction can he removed. 

usincT. coil alkaline phosphataso. In this manner 1  Dimroth and Witzel 

were able to obtain all of the 16 dinucieotidcs. 42  If the PJA contains 

any .2 1 -0-methylnucicotides t cannot be hydrolyzed to completion with 

base. Sequences of the type NxpNp, where x means 2',-Q-methyl, are. resis- 

tant to base hydrolysis presumably because the intermediate in the reaction, 

the 2 1 ,3'-cyclic'nucleotide, cannot form. 124  In this way, quite a few 

alkali-resistant trinucleotides have been prepared. 117 	. 	. 

The method which has been most frequently used to degrade RNA to 

oligonucleotides is complete hydrolysis with pancreatic RNAase. This 

enzyme has the advantage that it can cleave .RA to yield chains ending in 

only 3 1 -cytidylic acid or 3 1 -iridylic acid. Mother attraction of pan-

creatic flNAasc is that it has a very high activity, so that the hydrolysis 

can be completed in a, short time This permits contamiiation from bac-

terial growth or from non-specific nucleases that are sometimes present 

in RNA preparations to be avoided. Complete hydrolysis of a. long RNA 

with pancreatic RAaso will yield, products of the fqllowin type: 

Monoiicis 	Up, Cp 

Dime rs 	ApUp, ApCp, GpUp, GpCp  

Trime rs 	ApApCp, ApAPUp, Apcpcp, GpPp, 

ApGpUp, CpApUp, CpGpCp, CpGpUp 

etc. 

In general, there will be 2n  oligonors with chun lcnc7th n If the ori- 

ginal RNA contained equal amounts of each of the four bases, and the sc- 
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• 	 quence is random, the following yiclds• can be expected: 

1/8 of the startiflg  PA as each monomer, 

1/16 of the starting RNA as each clircer, 

3/123 or tue startinj 1 N& as cacn tr1er, 

5/16 of th R as higner oliomcrs. 

Further details are given in Appendix 4. If the specificity opancrcatic 

• 	 RNAase is taken for granted, these hydrolyses can then be used to test for 

deviations from random sequence in the starting PNA 58 ' 8 ' 4 ' 220  Oligo-

nucleotides from pancreatic RNAase hydrolysis of IA have been isolated 

by many workers, including Staehelin, 213 , Stanley, 222  and Rushizky and 

Sober. 19°  

Recently, Ti iNAase has become availab1e, 5' This enzyme can cleave 

RNA only after G, and must produce oligonucleotides which end in 3 1 -

uanylic acid. A total hydrolysis of PNJ\ with Ti RNAase will thus yield 

the following p'oducts: 

Monomers 	Gp 	• 

Dimers • 	ApGp, CpGp, UpGp 

I rimcrs 	ApApGp, ApCpGp, CpApGp, &nUpGr', 

UpApGp, UpUp'o, CpTJpGp, UpCpGp, CpCpG 

etc 

In general, there will be 3111 oligomors with chu.n length n. If the ori-

ginal RNA was equal molar in the four corion bases, and if the seqMlence 

is essentially random, complete digestion will result in the following 

yiclds 
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I 

1/16 of the starting RNA as Gp, 

3/96 of the starting PNA as each dimer, 

3/255, of the starting INA as each trimer, 
• 	

73.8? of the RNA as hIgher oiigpmers.. . S  

Thus the yield of individual monomers, dirners, or trimers is one half 

• 	' 	the yield of the corresponding pancreatic Th\TAase oligomer. Further de- 

tails are given in Appendix 4. 	st of the Ti din'ers, trimers Find tetra- 

mers have been isolated by Rushizky and Sober) 88 ' 189  The C specific 

endonuclease from E. coil 1  will give similar yields of fragr.ents. Lee, 

Ho, and Gilhain have been able to make pancreatic RMAase specific for C 

by chemically modifying the RNA. By using PNA treated in this way p  they. 

have been able to isolate the nine trimers ending in C. 123  

	

p 	As other 

specific nucleasos are found they will permit many more oligomers to he 

prepared in this way. But recent developments, discussed later, have 

made degradative methods practically obsolete. 

The major difficulty with any of the degtadativc methods of oligomer 

preparation lies in the separation into individual comonents of the cx-

trendy complex irature formed. However, as -n off-shoot to the problem 

of sequence dcterriination, many eleant and powerful methods of separating 

oligonucleotides have been developed. These have recently been reviewed, 

by Stacholin, 221  iith such a corr,lcx mixture of compounds as that ob-

tained by degradation of an PNA, 1. y5tcnat1c aproach to the problem of 

separation is often very fruitful. Thus, methods have been devo1oed 

which scptratc RNA fragitents accor -ing to drin length, independent of 

the base composition or sequence The most wc1ely 'icd is the ion C,-

change chromatography on thAE collulose in the picsenco of seven molar 
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urea developed by Tomlinson and Tcner 241  Pecent rnodification$ have 

substituted PEAB sephade which offers higher rcsolutidn in sorn 

cases. 185  The resulting mixture of oligorners of a given chain length 

cain then he separated according to composition citnor by ion cxchance 

.chroniatography, 190  or eiec'trophoresis. An attractive alternative is 

the use..of polynucicotide cellulose coluins which potentially can.sepa-

rate oligomers differing only in sequence.72 ''i\i alternative to two 

sequential separations is the use of a two dimensional fractionation 

TCSUltLflg in an Ol1OfluClCOLi'ie nap. 187193  The m'pping tecmioucs 

currently in use have only limited applicability, for large prcparative 

separations. We have found, though,: that, the electrophoresis step 

commonly used in such separations can he scaled up by using the Spinco 

continuous cicctropnorcsis xpuaratus • At the present ti -rye, howevev, tc 

chromatorapic metliods scorn to offer Iu.c'ner resolution. 

• 	Either of the two nucicases discussed, in the previous paragraphs 

can be used to catalyze the synthesis of oligônucicotides. A large ex 

cess of the intermediates in the degric1ative reaction are mixed in the 

presence of the enzyme and the reaction is allowed to occur. The en- ' 

zyrto is killed bofore the reaction mixture i§ ci1uted The resulting 

equilibrium mixture of oligo ners is scpartcd by any of the methous 

previously described Using Ti RNAasc, the fol1oiing reaction has been 

reported to occur in good yield 

Ti P.NAase 	 • '.. 	S 	 •. .. 	 , , 

G>p + N 	- 	CpN 	where N is either A, C, U, or G 

In principic, trinucicoside diphosphates could he mide by either of the 

following two reactions 

G>p + NpM 	) (pNp4 	wncrc N is preferably not C, 
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Ti JAase 
NpG>p + H 	- NpGpM 	where N .  is preferably not C. 

0 

If N. is C the clinucleoside phosphate could he degraded, and a more corn-

plex mixture of prouucts mlgnt result. e\ totil of 12 diffprc'nt tra'icrs 

could be made by each reaction scheme and, thus, 24 of the 64 possible 

trimcrs could be prepared in this way. The major difficulty lies in the 

fact that dinucleoside cyclic phosphates have thus far not been obtained 

in significant emo onts. IE pancreatic PNAase is used there are jany 

more possibilities for synthesis. Nirenberg and his coworkers 16  have 

reported making many trinucleoside diphosphates using a derivative of 

pancreatic NAase. Their synthesis involves either ,  one of the following 

to reactions 

Panc. NAztsc 
U>p + Np'1 	 —> tJp\pi 

Panc. RVase 
C>p + 

where N is preferably (hut, apparently, not always necessarily) A or C. 

Sixteen possible trimers can be made in this way. In addition, if di-

nucleoside cyclic phosphates can be prepared, the following two reactions 

would be expected to yield trinuclooside diphosnhates 

Panc. RNAase 	 0 

NpIJ>p + H 	 - NpUpM 

PaTic fNAisc 
NC>p + U  

where N is preferably A or C. This leads tOi6  more possible trinuc1co-• 0 0 

side diphosphates and thus a total of 32 of,  the possible 64 can in 

principle, be iadc by using pancreatic RAase in a synthetic nodo 



The methods discussed above would sec very attractive if it were 

not for a new similar method using the polynucleotido phosphorylase 

(PPase) obtained from Micrococcus lysodeikticus. It has long been 

• 	known that this cnzymo readily effects the synthesis of plynucicotides 

• 	'froi nucleoside diphosphatos according to the rcation224  

PPasc 	 / 
ii ppN 	> (pN) + nP . 

It was later shown that this synthetic property was, in fact, character-

is tic only of the impure. enzyme. 208  When the .enzy7ie was purified more 

than 100 fold it was found that the rate of synthesis of polymers from 

a reaction mixture containing only. ppM. was negligible. , The purified 

enzyme can, however, synthesize polymers if an oligonucicotide primer 

(without a 3' phosphate) is present. 

- 	.PPasc 
NpM + n(ppR) 	NpM(pR)1 + nP. 	 = 

Since the primer was incoIpoated into the polymer, it seemed possible. 

to restrict the reaction to the foriation of oligonuclootides by usin' 

snail -mounts of ppR. mis nas oeca perted by Leder, Singer, and 

Brirnacortbc, and they have been able to make Just about every trinucleo-

side diphospnate in this Lamter. 121 

,PPasc  
NpM + pp R - 	 + 

An entirely different oxpianatim 'of this reaction has been offered by • 

Thach and Doty. 232233  They have shown that under their reaction con- • 

ditions the first product formed, . regardless of the composition of the 
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initial reaction mixture, is Oy.long.'polers. Only after a rela-

tively log incubation period does anything ri esembling an equilibrium 

mixture of oligomers form. The oligonucleotides are presumably pro-

duced by PPase acting as an exonuclease.. Since PPase is s-incapable of 

degrading 'dimers to their component nonomers, this means that the inI-

tial dinucleoside phosphate reniains intact. The total reaction is as 

follows. 

PPase 
NpM + ppR 	

) NpM(pR) 100-200 fast 

PPase 
NpM + -Npli 	+ NpRpR . + etc. 

slow 

The relative concentrations of the various oligomers can be adjusted by 

changing.the stoichiometry of the reaction mixture. Thus for each syn-

thesis the experimenter is rewarded with a series of oligonucleotides 

of well defined sequence. Since the dinucleoside phosphates are now 

cornercially available, the yields of about 20 trimer elative to di-

mar arc not at all distuing. The only 1isadvantae of this method is 

that purified polynucicotide phosphorylase is not comiiercially available. 

Thus in princIple, and apparently in practice, PPasc can be used to syn-

thesize all 64 noria1 trinucleoside diphosphats. But, indition, it 

should be posib1e to synthesize nany unusual trimers as well. PPase 

apparently readily accepts IDP and iPDP as substratcs, and taerc is no 

reason way most other nucleoside diphosnhatcs should not prove suitable. 

At the time the research descrocd in this dipter was started the 

elegant synthetic methods using PPase were un]knowi to us. Furthermore, . 
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• 	 dinucleoside phosphates, were in short supply since they had not yet be- 

conic commercially available. Thus we did not seriously consider any 

• 	 synthetic method of prparing trimers • In addition, Ti NAase was not 

yet available in large amounts. Therefore, the only practTacal method 

open to us as the degradation of PA with pancreatic RNAase followed 

by separation of the oligonucleotide products. The experimental details 

will be described in the next section. 

At the present time (November, 1965) we have successfully prepared 

the polynucleotide phosphorylase from M. lysodcikticus, and have used 

this enzyme to prepare ApCpU according to the protocol of Thach and 

DOty. 23  The details of this work are found in Appendix 6. They are 

not included in the body of the thesis because this work is far from 

finished. It is irrpiesslve that Thath and Dotv have been able to pre-

pare such large oligomers of well defined sequence as (Cp) 5Ap(Up) 2U,23  

and U1))7(Aj)3A 24 Suffice it to say tint c feel the use of PPase is 

currently by far the most attractive method for preparing milligram 

amounts of trinucleoside diphosphates and higher oligonucleotides. 

."rcparatxoi of Trilaucicoside Pienos1 iates 

A mixture of oligonucleotides was prepared by hydrolyzing 250 mg 

• 	 of "high molecular weight" yeast RNA (Worthington Biothémicals Corp.) 

with S mg of Worthington pancreatic ribonuclease (Lot #R629). This RNA 

is prepared accordind to tTIe rocedure of Crestfioid, Smith 0  and Allen34  

and was chosen bechuse it is believed to have a relatively long chain 

• 	 length, and is thought to contain only the bases A, U, C, and C. A so- 

• 	lution of the RNA in 50 ml of distilled water was adjusted to pH 7.9 
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with KOFI and the onzynie:was added as a dry powder. The reaction was 

followed to completion y titration with 0.33 N K0I in a Radiometer 

TIT-1 Titrimeter, with, intermittent incubation at 37°  C. The terminal 

phosphates were removed by, treatment for 24 hours with 0.5' mg of Worth- 

• 

	

	ington Bacterial.Alkaline Phosphataso (Lot' #6136) (EC 3.1.3.1). 'Then 

solid urea was added to bring the solution up to 7 molar. 

DEAE Cellulose (Bio-rad CeilexD, 0.86 meq/n, control #3-2276) , 

was prepared in the following manner. 25' Fifty grams of dry resin was 

allowed to settle for 17 minutes at least 3 times in 4 liters of water, 

The fines wcrc decanted and' the water was removed by filtration. The 

resin was allowed to soak successively for 2 hours in • 1 N HC1 containing 

2 N NaCl, 1 hour in 1 M NiCO3 , 1 hour in 1 M Na2 CO3 , 1/2 hour in U.S M 

NaOH, and 1/4 hour in 95 EtOU after being washed with water before 

each step. Then the resin was soaked in 7 M urea containing 3 M NaCl " 

for 1/2 hour, washed with water, and stored as a wet cake BA ACS rea-

gent urea (lot #X139) wass used throughout this work. Just prior to 

pacJ.ng the column t1he rosin was resuspended in 7 "1 urea containing 1 M 

NaCl. A continually stirred slurry wis poured into a 1 x 70 cm column 

Enc1 allowed to settle. , Inc Column was .WaSulect Witfl i/ liter ot 3 MNaCI-

7 M 9rca before each use. Then unbuffered 7 M urea was allowe1 to flow 

through the column until io chloride ion could be detected with AgO. 

(This usually required Several liters of elution.) 

The above mixture of oligonucleosidesns placed on the column in 

about 150 ml of 7 molar urea and about 1.5 liters of urea were allowed 

to flow through the column betoro startiniy a cradient of .05 molar NaCl 

per liter for 8 liters of 7 1 urea-tris-chioride. This permitted a very 



- -108- 

effective separation of. oligonucloosides according to chain length. 241  

It also separated the two nucleosides .0 and U. Typical examlcs of 

this chromatography are found in the theses of Warshaw 252:and Yolles 

In our hands it was found that higher resolution could he obtai.nd if 

the column was run at pH 5 (acetate) instead of pH.7.8. 

The trinucleoside diphosphate fraction (the fourth maj or peak of a 

column run at p11 7.8) was dialyzed: in standard Visking cellulose tubing 

against continuously flowing water for two days then lyophilized to 

dryness, dissolved in about 1/10 the original volume of water, redialyzed 

against water and relyopnilizcd. The resulting white powder wis stored 

in a dessicator until ready for use Several unseparated mixtures of 

trinucleoside dijhosphatos prepared by the above method were given to 

us by V?arstlaw.  inc Coilowin, separations were carried out using his 

fractions 12-C and 	 251 	 , .. 	 . 

DIAI ceUulosc, prepared as above, was equilibrated in 7 molar urea 

containing 0.1 '1 formic acid and 1 M NaC1. This was p-cked as before 

into a 1 x 70 cm -column and was washed .. first with 7 M urea containing 

0.1  M Comic acid and 3 d'NaCl, and then with 7 \1 urea- • 1 M  ForTac acid 

until no chloride ion, could be detected in the effluent. One of the 

above mixtures, of trimers was dissolved inS ml -of'unbuffered 7'Molar. 

urea and placed 'on the column.: The trinucleoside diphosphates were 

Olutod with 7 \ urea- I M formic acid. A Durrun porita1tic puip wt 

used to 7raintun a contant flow rate A stewiso iCl gradient was 

used, as shown in Fi,ure 1. This chromatograpluc procedure is very re-

producible.. By analogy with the chromatoraphy of the corresponding ' I 

190 trinucleotides by Pushizky and Sober, 	we tentativcly assumed that , ' ' 
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the peaks containcd the following compounds: (A) ApApC; (13) ApGpC + 

GApC;• (C) ApApU; (1)) GpGpC; (E) and (F) CAptJ and ApGpU; and (G) GpGpU. 

From the absorption spectra of these peaks this assignment sOemcd very 

likely. The separated trinucleoside diiphosphatc5 wore diUyzed against 

continuously flowing water, lyophilized, redialyzed and relyophilized. 

Inspection of the spectra of the pure compoids thus obtained confirnd 

our earlier assi nmerLt of the above diromatograpiüc peaks. Later studies 

of the 0P.D permitted us to show that peak E is GpApTJ and peak F is ApGpU. 

We have no explanation why these two isomers separated in this system 

and why ApCpC and GpApC did not. Attempts made to separate the isomers 

ApGpC and GoApC on a .Dowex-1 x2-formate column using a formic acid gra-

dient from 0 to 1 molar in 6 liters wore without success. Equally 

fruitless was an attempt to resolve the isomers on Whatman #1 paper 

using either n-prolDanol, water, ammonia (60:1Q:30:, v/v/v) as the sol-

vent, or 0.1 M pnostc uufcr, pri 7.0, containing 40 cmi (Nfl 4),S per 

100 cc of solution. 

The yields of trinucleosido. diphos hates prcpardhy the above pro-

cedure were very- low. Since we started with about 250 mg of RNA, which 

is approximately equimolar in tic four bases we woi1d expect 6 mg of 

each trimer as a ,  theoretical yield, or àtot1 of 48 mg of trimers. 

After extensive dialysis, the mixture of trirers obtained by chromato-

graph . r at p11 7.8 con-tamed approximately 35 mg of rnatria1. This was 

.thromatographed and dialyzed as described above and resulted in a total 

of 8 mg of separated trimers. ihen these were rcdia1yed the following 

pprox•irace yields wero obtained, 	. 
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tApC 	0.5 mg 

	

ApGnC + GPApC 	0.67 mg 

	

ApA)U 	I • 0 rig 

	

GpGC 	0.9 mg 

	

GpApU 	1.3 mg 

• 	 ApGpU 	0.8 Irig 

	

GpGpU 	1.4 mg  

Thus we were able to recover only a total of 6.4 mg of the 48'g of 

trimers theoretically contained in. the PNA. It is easily seen that the 

gratest source of loss :is die to the continuous dialysis, perfonned on 

the separated trinuclooside.dipb.osphate. In the future this step 

) 	 should probably be replaced by a cromatographc separation of the uroa 

and fbrnic acid hair tie tnriers using,  a volatile buffer. The latter 

could then be removed by. iyoiüization. In Spi.te of the, low percen- 

ta e yield, the actual anounts of 	timers c'tamnec1 ';ore more than 

eroigh for our needs. If, howevor, we had chosen to use Ti hydrolysis. 

insead of pancreatic RNAase, the yields might have been a factor of 

to lowçr, which would have caused some problems. 

Because of the uial1 incunts of material involved, it was impossible 

to store the trimers lyopiailized since they did notfon,a visible powder 

but instead comprised a film on the walls of the vessøl used for lyorh±-

lization. So, instead, tncy viere stored as frozen solutions after the 

dry trmmcrs had been leached off the walls of the contamiers, us n be-

tween 1 eid 2 ml of water But even after one Year of storage no dcra-

dation of ApGpC + GpApC stored in this ay was ooscrved by chromat -raphy 
• 	' 	in several systems. 	 - 
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ApApA was obtained by hydrolysis of poly A with KOH and chrornato-

graph>' on Dowex-1 x 2 formate. Ve have used the results of S. Davis 33  

and P. W1il. 250  

4 i  Experimental Procedures 

General Methods 

In all of ttie procedures described below we have tried to stick 

closely to the methods employed by Warshaw in his study of the corres-

ponding dinucleoside pikospite properties. 252  This was done to make 

comparison of trimer ard dillzor data as unan-iuous as possiolo. i"Tcver-

tholcss, there have occn s1i.it variations, and thus we shall discuss 

• 	 all of our methods in detail. Ther has been sonic evidence,- from other. 

laboratories, that some of the optical properties ie ncasurcd are very 

senstivo to sligat chagcs in pu. 245  But we have not found this. In 

addition, the agrecnt oetwccn optici1 data on the trinucleocide diithos-

phates from our :laboratory and data obtained by other workers (where 

direct comparison is possible) has been excellent. 

Solvents and Solutions 

• 	 Three buffeis were used with nominal pF'i's of I, 7 and 11.5. A 

1.09 molar so1ution of pcch1oric acid was ucd for the pi-! I stock solü-

tion, flus was diluted twofolu to make a buffer of pH 1.08, ionic 

strength 0.1. A solution of 0.0111 molar 1G 2 PO4 , 0.0096 molar Na 2 IP04 , 

• 

	

	 and 0.160 molar KC104  wIs used for the pl  7 stock solution. When di- 

luted twofold ithad a ph of 6.80 and ionic strength 0.1. 169 A solution 
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of 0,0063 molar NaOi and 0.20 molar KC10 4  was used for the pH 11.5 s tock:. 

solution. Vien diluted twofold it had a pH of 11.42 and Ionic strength 

0.1. These buffers were chosen because they are relatively transparent 

• . 	 in . the W. 	 . 

Stock solutions of the trinucleoside diphosphates in distilled water 

were m1.r1c up to xpproximate,ly O.D. 2, and stored frozen. 7ut prior to 

use,, the stock solutions were diluted 1:1dth the buffer stock of the 

particular pH desired. This was done to minimize the possibility of 

hydrolysis or degradation at.pIi 11.5 or 1,respoctive1y Occasionally 

the time dependence of spectra was checked to rake sure no degradation V  

. was ocçurig.. . No time dep.endnce was observed in any of our spectra 

over periods frequently as lông as. several hours . These time inte -va1s 	V .  

arc as long as trinucloside diphosphates were ever exposed to either 	V  

of these two extreme pH's. 	 •• 	. 

(c) Deteuination of Extinction Coefficients 	.. 	 .. 

The cxtin,ction coOfficientsof the triucleoside diphosphates were 

found by hydrolyzing them to nucleotides and nucleosides with iorthinc-

ton Venom Phosphodiestorase and'measurin the' absorbance change aM 

final absorbanco for this process. The piiospodiestcraso was asswed 

in the. standard manner against 1is--nitophehylphosphate 262  at p...1 S. 

At this p1 our samp10 of nzync containodmoro than 200 ti-mos rir 

rthos 1)bodiostcrac acLvity tn ui phospnomonocsterasc 1ct1vity, (is ireasured 

against -nitropcylpnophate) 	Occasional as iys erc run at pl,  !s as 

1oz as aoout pH 7, wheic it was fouiJ tn-tt tue enzyme was still active, 

although the activity was ieuuced at least by a factor of S. Thuc it was 

decided to measure extinction coefficients by hydrolysis at JVJ 7•• 
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0.5 ml of a solution of 0.02 molar Tris-C10 41  containing 002 nig per 

ml of freshly assayed:venom 'phosphodiesterase was mixed with 0.5 ml 

of' the 'trinucicoside di.phosphate stock solution, as described below, 

and allowed to stand for 50 hours in a tightly sealed tes tube. The 

absorbance was measured. agdnst a 1:1 dilution of the enzyme solution' 

with distilled water. 0.5 ml of the same trinucicoside diphosp1ate 

stock solution was mixed with 0.5 ml of p1'1 7 buffer stock solution,. 

using a Scientific Industries automatic syringe attachment fitted with 

a 1 ml syringc The same syringe was used for all dilutions of a given 

reagent. Great care had to be taken not to trap air bubbles in the 

syringe. The absorbance of this trinucicoside diphosphate control was ' 

measured immediately against, a 1:1 dilution of the buffer stock solu-

tion with distilled water, The extinction coefficient can be calculated 

by measuring the abs obü'icc change and final abs orhance after hydrolysis, 

if it is assumed that the hydrolysis is complete and that the products 

have the same extinction in a mixture as they do alone. The extinction 

coefficient of the trinucleoside diphosphate is given by 

/ 
dIpJp 	

+ 	
+ pj(X) + PK) 

whore A 1 (x). is the absorbzmce of the trnucicoside diphosphate, A 1  (X) 

is. the abs orbance of the nucleoside, I, etc.' The extinctivi coo fficients', 

used for trio mononucicosides mid moaonucleotiacs were obtained from the 

extinction cocfficic ts civcn for the lone wavelength maxima in the 

iabst Laboratoiic., Circular tjI - 0 	for p11 7, c 	 1.54 x 10,pA 

a.00 x ion, 	g2 = 1000 x 10 and c22 	2 	1.37 x 10
4

. 	o 



assume that the extinction coefficients of the monomers at pH 6.8 are 

the same as at pH 70-3. The extinction coefficients shown in Table I 

are the average of three drtonninations. In almost all cases the de 

viations of the three cases were of the order of l. 

The, oscillator strength of an absorption hand is defined hy the 

following equation, 237  

I 	4.318 x 10fc(v)d 

where the integration is carried out over the entire absorption band. 

If the band is not well resolvd, as in the cse of all trinucleoside 	V  - 

.hsphates, dinucleosice phosphates and mononucleosides, pnc has to 

thooc among several approximate procedures. The unreshived hands can 

he mathematically deconpocd using a coisistant rule for choosing the 

share of th6lbwids. This is been done by Busa for the 4 monomers 25 

but would be much more difficult to do for the trimers which have oven 

less well resolved bands. A second pc.sihi.1ity would be to use the 

minimri of each SpectrOm as a cut off for the .integ - ration, but this 1 

totally unsatisfactory in the cac of triimrs and dimors whose absorption 

is the composite of many bands, The third possibility, which we havc 

used, is to pick mi albitrary wavelength as a snort waiclenth cut off 

for the 1ntcgrat.on fh1.s 	choscn to be is near the miniiurn 0r 

many spectra as posthlc. 0cil1ator stroripths wore ebtainod by bite-

gratig the c'tincti.on caofficionts from 3() mu to 232.5 r'u for data at 

pH 11.5 and pH 1, and from 350 mp to 230 mu for pH. 7 spectra.. A compu-

ter program written by Wirs*/Iiaw was used to pororn thcc lntegration3 

nunerica1ly. iJotails of this program, as well as evidence from dinu- 

cleosidc- phosphate spectra which show the effect of the choice of cut ;  off 
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on the oscillator strength obtaincd are given in the thesis of War-

shaw. 252  To permit comparison with our data, oscillator strcngths of 

dinucleoside phosphates and mononucleotides were occasionally recalcu-

lated to conform to our choice of boundaries :or the integratiOn. Lx-

cept for pG which was.ohtainod from Pabst Circular OR-la, 166  all monomer 

and dimer data used for coiiputing oscillator strengths were obtained 

from Jarshaw. 251  

Optical Measuronts 

All UV spectra described in this chapter were taken on a Caiy 15 

Spoctrophotometcr at room temperature. The ORD was measured on a Car>' 

- 60 Spectropolarimeter using a pen period of 3 seconds and a slit program 

chosen to keep the spectral bandwidth at less tian 1 m. Occasional 

samples were run in duplicate to check the reproducibility of the 

measurements. Al cm-cell with a total volume of 0.7 nil was used for 

all measurements. 	 - 

Treatment of 01) and Absorption Data 

The ORD of a 1 1 diL.ition of the appropriate buffer blank with iater 

was measured just prior to or just after the measurement of the ORD of 

each of the trinucicoside aiphosphates This baseline was subtracted 

point by point at S mp intervals from the ORD of the buffered trinucleo-

side daphosphate solution, after the noise in both readings had been 

avoragoci by e>-c. Tic 01W is expressed is molar rotation per residue 

n 	CL 

where ['] is the molar rotation, n isthe number of base residues per 
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mole, P. is the. path length in cm, 0 i the measured rotation in degrees 

and c is the molar concentration of base rcsidues 

The absorption spectra were digitized by hand at 2,5 m.i intervals, 

and corrections for the baseline were made. Extinction cofficits 

are usually cxprescd in this vork as molar extinction per residue, but 

in the illustrations for tais chapter tao data are plotted as molar ex-

tinction per oligomer. 	. 	 . 

5. Evidence for Base Stacki 

Ever srcc the discovery that the base composition of most types of 

...• . 	RNA does not lend itself, to the formation of a regular double strand 

helix with complementary base paiis, most sreculation on the conformation 

of RNAias revolved around substantially less ordered structures. 217  

1n the extreme casc one could suppose that an PJ'A strand in solution 

is a coil consistent with the constraints 'imposed by thee1ectrOstatic, 

free energy. 1Ioever, under the normal conditions in which RNA is 

studied by the hysical chemist (pH 7, 0.1 M salt is a rough approxi-

mationa random coil is not consistent with most experimental results. 

Alternative structures which have received much favor are built on the 

postilatc that R\A strands ry to form as many intramolecular complemen- . 

tary base pairs as possible. This type of structure will be discussed 

in detail in Chapter IV }occnt evidence from a wide variety of experi-

mental measurements ias lea to the concept of a single strand stacked 

helix as a coimon RNA conformation, In t1u.s section, we shall review 

some of the data wa.aca has convinced us that the bases of sincic strand 

oligonucleotides and polynucleotides aften are found in a stacked confor- 

mation. 	 . 	 . 	 . 
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One of the most direct pieces of,evidenco for base stacking has 

come Ciop the study of the intermolecular interaction of individual 

nucleosides or bases. From vapor pressure studies of aqueous solution 

it was fod that 6-;netiy1priic associates more than purino , and 5-

bromouridine associates more than. uridine-. —This -cannot be.explajned 

in terms of hydrogen boicag and Ts o and Cian surgest t at the diffe- 

rence in free energy of association is due to hydrophobic interactions, 242 

• 	 More convincing evidence comes from a study of the proton NMR of aqueous 

solutions of purine and 6-methylpurine, In these two compotrnds; the 

proton chemical shifts relative to chloroform move to higher field with, 

increasing concentration. This is what would be expected if dime'rs or 

higher aggregates are fomd in which the base planes are stacked upon 

• 

	

	 one another. The effect would be of opposite sign if the aggregates 

contained bases in the sane plane. 31  

A third line of evidence which suggests base stacking in solutions 

of monomers comes from the unusual properties of concentrated solutions, 

of guanosine 3' or 5.' phosphates. It has long been known that these 

solutions readily form gels. iui X-ray study of these gels by Gellert, 

Lipsett and Davies suggests that the structural elerent of the gel con-

sists of plates of 4 G' S hydro';cn-oondcd together. 70  These plates are 

then stacked upon one another in a helical array to form the high molecu-

lar weight aggregate. Unlike, the previous two cases hydrogen bonds do 

play a role herc but the stacking interaction is also of importance. 

Stacked bases in nucleic acid polymers have been known for quite 

some time ,from the X-ray structure of DNA fibers. They were at first 

thought to be just a result of the constraint of maximal hydrogen bond 
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formation ratier tin an independent source of stnD11ity. Uowever, 

recent evidence sugges s that the stacked bases remain even when. there 

is no possibility of interstrand hydrogen bonding, SmalLan.gie X-ray 

scattering on solutions of DNA in glycol or DNA which has sbeen treated. 

with formaldehyde has been performed by L,uzatti and his collaborators 137 

Formaldehyde reacts with the bases and will effectively block most posi-

bilities of hydrogen bonding. Yet in both this case and in glycol so-

lutions of unreacted polymer, DNA shows a mass per unit length of between 

3.2 and 3.5 angstroms per nucleotide residue. This structure is consis-

tent with either a single strand helix with stacked bases or a double 

strand helix with intercalated bases. These two structures are shown 

schematically be1ow 	 - 

or 	 - 

EJ 
The sri ill angle scattti1ng of poly A at pH's from 6 to 7.2 yields very,  

similar results.. There is one nuCleotide ever. 3,S angstrom. 137260  

Luzti riud that 	 of tho nout1 fo 	py A i 

thus prorly ver7  sirni1r to one of tie DNA structures siown above 

but he is unable to decide between the two. 

Iowver, the rccct iRD at on poly ,  A obtained by Uolcoirb and Ti-

noco, 95  when used in coijunction with the OPD study of ApA by Wrsiw, 

Bush and Tinoco, 253  permit us to decide between the two possibilities. 
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The OR') spectra of p01>' A and At-A are very similar in shape, although 

different in magnitude, and thus we can say that the polymer and oligo-

mer have very similar confoxmations. These curves are reiroduced in 

-Figure 2. The OPi) of ApA has been calculated by Bush, 25  using the 

experimentally, determined transition moment of the 260 nip absorption 

band. He assumed that the dinucleoside phosphate has stacked bases in 

the geometry they would have if they were nearest neighbors on a single 

strand of double strand DNA. The agrecrnt between the experimental 

and theoretical ORD curves, reproduced in Figure 3,. is very encouraging, 

and strongly suggests that thebases in ApA are stacked. In turn, this 

suggests that poly A is a single strand stacked helix. 

Additional calculations by Bush arc not all so encouraging. There 

is still good agreement between the experimental and theoretical OR.D 

curves of AU and UpA. Khen the comparison is made between oligomers 

that contain either C or C, there is much,. less agreement. This is 

certainly due, in part, to the fact that exterimental transition moments 

are -not available for these compounds. Until, more trustworthy calcu- 

lations are availallo we must be content in interpreting the ORD of 

oligo and polynucleotidcs in a more qualitative manner. The assumption 

which has usually been made is that an ordered structure exists when  

the ORt) of the oligonier or polymer is substantially di -ffetcnt from the  

'I5 - 
	 Sum of the optical rotation oE its conipoont monor, That this j  

certainly the case for poi>' A and i.pA can no seen in Fiiure 2. Addi-

tional data from Vars iaw's tnesis 22  snows that at pI 7 most dinucleosiJe 

phosphates have a Tfl0lr  rotation weich is quite different from the sur' 

of their two monomers. Thus, in analogy with poly 'A and ApA, the assurnp-., 
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tion was made that these oligomors have stacked bases. While this 

assumption is very likely, it is not yet possible to draw a conclusion 

from ORD data alone that the bases in dimers other than ApA are stacked, 

However, other optical data from many other SOUTCCS tends to confirm 

these assumptions. 

It is known that the temperature dependence of the ORD or abs or-

bance of a highly ordered doubIc strand structure like DA shows a very 

sharp transition. This is attributed to strand separation. However, 

the transition from a more structured to less ordered single strand 

polyuclootide is oxtected to be much broar 74  n 	 de 	We can use this as a. 

criterion to distinguish between single and double strand RA confor-

mations. At pH's lower than 6 Luzzati and his coworkers have found 

that poly A has 2 residues per 3.5 .angstroms. 7  This is consistent 

with the double strand structure suggcst3d by X-ray fiber studies on lo 

p11 poly A. ilolcomb id ILI000 have found that at pH's below S the ORD 

of poly A ündeigocs a sharp change with increasing temperature. 95  In 

contrast, at pH 7 the temperature transition of the ORD Qf poly A is 

very broad. This strongly suggcsts that the neutral form of poly A is 

. singlc strand stacked helix and not a double strand itn intercalated 

bases. Similar cxperlrlients have ecen reported by several other ork-

crs.116495"3 

Pccent data on the OW of poly C roinorco this reu1t, 4  The 

temperature dependence of the neutral form is very broad. For an addi-

tional comoar1soL, the pOly C was reacted with formaldehyde. This ire-

vents the formation of hydrogen bonds. Yet the temperature dependence 

of the ORD was a..riost the suio before and after fornaldenydo reaction. 
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• 	Thus poly. C is a sinlc strand helix at pH 7 Reaction with foxiialde 

hyde changes the absorption spectrum of RA considerab1), and thus 

makes it difficult to arrive at.quantitative conclusions.But Fasman, 

• 	Lindblow and Seaman have found that the ORD of fornnaldchydo ,  treated 

siNA is substantially different from the JRD of the monomers reated 

with formaldehyde. 55  This again suggests that RNA is capable of existing 

as a sini4e stranu S acKeJ ht,1jx, Iore evidence in this vein comes rom 

the work of Van HoIde, Bruhsns mid Michelson. 246  They prepared .poly 6- 

N-hydroxycthyladenylic acid. This shows vexy strong circular dichromisrn, 

un1i.o the monoi-r, even tiwicji it is i ioossible to form any hydrogen 

bonded base pairs, Thus tacre is a large amount of evidence that poly-. 

nuc1cotidis can have a single strand ordered conformation. All of thi 

evidence is consistent with the presence of intramolecular stacking of 

bases 

Some of the most pointed evidence for intramolecular base stacking 

has been obtained throua the study of oligoiiucleotides. We have al-

re-tdy discussed the 'iorL of \arsaaw. Bus i and Tinoco on the ORD of Ap. 

Similar rcsult avc been ot>taincd by other wori\crs)47246 These 

workers have concluded that the bases of ApA are stacked. Other cvi-

dance cones from vic study of the hypocironu.city of oligonucleotidas 

and their synthetic analogues. The hypochrornicity- -4 	a g at 	iven wave- 

- length is defined by the following equation, 

c(X) 

whore Cp  15 the nolar ext Liction coefficieit of the o1yncr, and c are 

the monomer extinction coefficients. The hypochromicity is usually re- 
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ported at the maximum wavelength or at 260 . mp for nucleic acid mate-

rials. The reader should be cautioned that some workers report their 

results as hyerchro4city instead. This is given by 

c) M c(A)  J c(A) 	1 

The AVperchromiclty  and ilypuchromicity are related by the folloting 

e1uat1ons 

- c(A)) 7  / e(X) CM 

or 

Thus we can see that to first order in em . -  Ct  the two expressions are 

) 	
the same, out a small secondorder correction is necessary. Further com- 

plications ensue when hypochromicity is reported as acid or basic hyper -

chromicity. These are the fractional increaseses in, absorbance when the 

p11 is changed from neutrality to p1-1 1 or to a strongly alkaline pH. These 

two hporchrorncities are extrei'ioly misleading, and the use of this 

quantity should e avoided. Comarisons between hypochromicity as de-

fined above and acid or basic hyporchromicity are not necessarily mean-

ingful. 

The hypochromicity at a given wavelength is related to the hypo-

chromism of the absorption band which is defined by the expression 

where f and f., are respectively the oscillator strengths of the polymer 

and monorors • Thus we can see that tie hypochromsm and hypochrom.icitv 

have similar form. If the absorption bnd does not chance shane or 
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shift in going from the monomers to the polymer, but merely increases 

in magnitude; then the numerical values of hype rchromicity and hyno-

chromism should be similar.. 	 . . . 

Theorotical work by linoco has csfiblisncd that hvpochrcmusm 

arises from interaction bctecn nucleicacid bs.cs.which.;are .stacked 

vertically. 23 ' 41  .tnteraction between bases in the scbtc plane will 

rcst,lt in twperchorusm (or 'iytch1 om cm with a neFativo sign) 	I if 

make the approximate connection between hypochromisn and hypochromicity 

we are now able to interpret TfraCh of the . optical data compiled by Mich-

elson, 151  The phenomenon of hypochromicity has been known for a long . 

time in nucleic acid materials. Poly A, Inoly C, polyT, and poly I are 

all thought to be single stranded at sufficiently low concentrations at 

rcutr1 tU's, and yet ll of tieso o1ccules sno-i VCrY s'thstantii 1- >'-

pochromicity. Thus the important conformations which contribute to 

their structure must have stacked bases. All of the dimers trinirs ... 

and tetrainers whose spectra arc summarized by Michelson show appreciable . 

hypochromicity. Inc 2'-S' svrltaetic ohgcr'crs sccm to be more nypo-

chronic than the natural 3 1 -5' isomers. In adktion, evei 5 1 -S' 

3inicleosi do drhospnates snow substantial ivpochromicity. In those 

coT -'oJnc1s, ShO sctieatica1ly below, tic bases arc considcra1y further 

away from each other than in 3'-S' dimers. Yet the bases still seem to 

prefer to stick. 

hasc-riooso-5' -p ospivite-phosphate-5' -ribose-hase. 

Other,  ana1oucs ci oligonucleotides which ire hypochroruc compared to 

their onoricrs are 	,di-9-uii vi ethiacs or jicxarics)- 3 l In these 
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compounds. the idea of intramolecular hydrogen bonds holding the con-

formation together can certainly he ruled out. 

One of the difficulties with studyinç oligomers as models for 

polymers is that the former are not ccnstraincd to form any sort of a 

regular structuro Thus, ±or example, a trimer could have a conformation 

with stacked bases where base three has been intercalated between one 

and two instead of the more regular order of one on top of two on top of 

three. In the polymer, such a structure wou1d be unlikely for steric 

• 	 reasons. Thus it is comforting to see th.at data on oligomers does 

support the idea of a linear stacked trinucleoide diphophate. For 

exompic, the trimer GpUpA hows appreciable hypochromicity, ,while the 

analogue cpdiIUpA has no hypochrcmicity. If, however, the diittJ is on 

the end of the trimer the hycchromicity reappears. 151 

i3oth the hypochromism and ORD of dinucleoside phosphates have been 

studied by arsni1 as a fanction of 	 Vhen the pit is lo erod 

from 7 to around I, ooth A ard C acquire a positive ch'irre. Thus in 

oilgcmcrs like ApA and n C, the eases would oe cxnccte'i to renal one 

another away from the stacked conformation. This is corrohoated by 

the opticil cvidctlo ' 	shows that at pi 1 those olioriers have the 

tio speLtr ud OiuJ as too su of their noii'mers. sc aosorp  

We 'iao sncn that eideicc from a variety of sources indicates 

that thbas in singlo strand poiynuclotidès and ol1gonuclootide 

often iavo a staccu confonaatioi,. Seqeral explanto1s have been 

offcrci to account for ijUs. VUropnoDlc forces would be expected to 

faor a con formation in w.uc14 te aromatic b .scs are exposed to the sol-

vent as little as P05si010. his occurz in the stacked Conformatioa.. 1' 
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more quantitative explanation of this has been put forth by Sinanolu 

and ibdulnur. 204  They show that if water is considered as a macro-

scopic phase, the stacked conformation would minimize the, surface free 

energy of the aqueous shell around the bases. The stackecf con:Eormation 

also maximizes the London attraction bctwccn the bases. 40  Quantitative 

determinations Of the stacking energy are now being determined in our 

laboratory.37 	
0 

ExpeTfiments by Davis have shown that when oligonucleotidos are 

dissolved in solvehts other than water'.the stacked conformation is des-  

troyed. Thus the ORD of ApA in mathanol, reproduced in Figure 4, or 

ApAp in ethanol, becomes like that of the monomers. in these solvents. 

Additional exneiiments have been reported using trimethl phosphate as 

the solvent. These results are attributed to disruption of the hydra- 

• phobi.c forces in solvents other than water 38  Additional evidence 

comes from the study of the photo-induced dimerization of thymine bases 

in TpT. Wacker and Lodcmann have 'found that the extent, of the photO-. 

reaction PCr ui.iit dose of radiation strongly depends on the solvent', 249  

The stacked conformatiOn is thought to favor the photodimerization. 

Thus it is very encouraging that the Oxtent of. photoreaction correlates 

very well over a lar,e series of solvents wi.th the stacking energy cal-

culated by Sinanoiu and Abdulnur. 	' 

6. Conforrnition of Diiuclousidc Phosph2tos 

Up till now we have used the term base stacking very loosely. Stac1-

ing moans that the base planes of nucleotides.  are approximately parallel , 

and are nearly as close atop one another as the Van der 1aals radii will;. 
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permit. Jsing t'u.s definition, it is apparent that there are many cliffi-

rent possible dinucleoside phosphate conforiatons which have stacked 

bases. Some of these differ from one another only by small rotations 

around single bonds , while others involve simultaneous differences in 

many degrees of freedom, 	 - 

There are at' least seven degrees of freedom which are partial1r con-

strained when the two bases of a dinucleoside phosphate stack. These are 

rotation around the glycosidic linkages (C-N bond) of both nucleosides, 

rotation around both phosphate-oxygen single bonds, rotation around the 

C 3' carbon oxygen-bond and C 4 1 ,C 5 1 carbon-carhon bond of the 5.' 

linked nucleoside. In a&iition, several other degrees of freedom involving 

the r1nr puckcritig,  of the iuranoc rings nay cc involvca in stackirx 86 

Thus base stacking is a fairly complicated conformational change. Only . I 
two of the degrees of freedom have been studied in any detail. This is 

the rotation of the bases around the lycosidic 'CN o0. It is described 

by the .torsional angle, 	discussed by DOrLOhUC and Trueblood. 45  This 

is the angle defined by the intersetion of the trace (perpendicular to 

the ON bond) of the plane of the base with the pioiection of the C' 1-0 

bond of tc furanose ring into t p1 mc perpendicular to the ON ood. The 

• .. 

	

	 angle is viewed along the ON bond, and is measured in counterclodwise 

direction. This u,,gic is illustrated Delow for  

C 3  

C?5 	. 	•• 	 . 	. 

I , .... 

1•.•• 

0• 	•Y\ 	IC',' 

CN 	 C7 
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Donohue and Trueb iced have shown from models that there are two ranges 

of torsional angle which seem to have much less non-bonded interaction 

than the others • rus tnesc would be expected to be the low energy con -

formations. Those two ranges of 	are defined, as anti 	'30 ° ) 

and rn (CN +1300), R.acent won by Hasc}'ticycr and Rich has quan- 

titatively surveyed the intramolecular Van der Waals contacts of non_bonded:. 

atoms in all of trio nuclootide material for 'iicn there is accurate X-ray 

data. All of the 15 crystal structures surveyed find the bases in the 

anti conforlatloAi except for the structure of cieoxyguanoslne in the 5- 

• • •• 

	

	 bromodeoxycytidine-d.00xyguanosine complex, which is syn. This is the 

only crystal study yet reported for a guanine containing nucleotide, so 

• 	 that the generality of this phenomenon is unknown. But Iiascherreyer and 

m 	Rica estimite t ut all oi the purines are capable of existin' in both 

syn and anti conformations, and even uridine and cytidinc may have ii-

portant contributions from the syn cOncomation. Thus it is impossible 

to exclude 'the syn conformation from consideration. 

The five degrees of freedom involved in the phosphate nibose back-

bone can arbitrarily be lumped together. Taken as a whole, they can 

lead to either right- or left-handed helical backboiics. Bath of these 

classes can, in princiñe, have many variations, but our ork with 

Courtauld models sugges LS that all of the stacked conformations we can 

build scOrn to have fairly rivid backbone confomations To crrngo the 

conformation of the bacitione, it is ucuiul) hocessary first to unstac.k 

the bases, i,ti te dOOC consiucrations we can see that there are a 

total of at least elgit distinct possible conform-ttaons for ' sticked 

dinuclooside phospJite Lich ease can be either syn or anti, and the 
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backbone can be either right- or. left-handed. We have tested all of 

these conformations by building Courtauld models. They show that all 

of the eight conformations are geometrically possible. Firthermore, 

the range of strained angles and bonds. seems to be close tb the same 

for all of the stackei conformations. The do roe of hor&zontal overlap 

does vary from conformation to conformation, but in no predictabib way; 

and in all eight conformations, the bases can easily cOme as close as 

the Van dor Jaals 1 idi1. of the ¶cloud of the aromatic rinvs. 

Rough drawings of four of the eight approximate dinucleosida phos-

phate conformations of ApG are shown in Figure 5. The four conformations 

not shown are qualitatively similar in appearance.. It can be. seen that 

the .amiles between the bases, as measured by the angle between the two 

- glycosidic CNT bonds, are different in the four cases; but since a wide. 

range of anlcs is posslble for each of ttce confomitions, no irrmc-

diate conclusion can be drawn from this. Photoraehs of the Courtauld 

models for ApA are shown in Figure '6. A typical conformation with un-

stacked bases is s1hown in Figure 6a. Note that the bases can get ver'v 

far away from one another when the sugar phosphate chain is extcndsd. . . . 

The right handed stacked conformation with both bases anti is shown in 

Figure 6h. For coriparlsoi., a piiotograh of t'2'e rint irindod conforiatiori 

in which both bases are syn was published by \an1,io1de, Brahms, and.. 

Michelson. 246  It seems unlikely to us that (MU) is a ssitivc enough 

method to decide which of the eight possible confônnations of a dinucico-

side p'iosp"ate actually cx4.sts in solution. It may be very helpful 

thougii in narro?'lg down the cAloices • Such an approacTa would probably 

have to be accompanied by a study of suitable dertvatics in ihith sonr 

of the conformations are impossible. 	" 
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ZN-5375 

Fig. 6. Photographs of Courtauld models of ApA. 
(a) Typical unstacked conformation. 
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ZN- 5374 

Fig. 6. Photographs of Courtauld models of ApA. 
(b) Stacked conformation, right hand helix, 
both bases anti to ribose. 



-136- 

To resolve the problem of which dinucleoside phosphate. confer-

mations exist in solution, more, powerful methods will have to he em-

ployd. NMR has shown great promise in the past in determining quali-

tatively, and in some cases quantitatively, the equilibrium population 

of rotarners around a single bond. From temperature depenncc studies, 

even the relative energies of various rotamers can he determined. 160 

• However, because of the large number of protons involved in the confor-

national changes of a dinucleosidc phosphate, methods may have to he 

developed which will produce a variety of deuterated. derivatives. 

kiother method of approach which should prova useful is X-ray 

diffraction. Thus far. the crystal structure of only one dinucleoside 

phosphate has been reported. 203  Unfortunately, it was the 2 1 -5' isomer 

of ApU instead of the natural 35 1  isomer, but the results are still 

of interest even though no direct comparison can he made. 1oth bases 

were found to be in trio anti coifornation, though the torsional angle 

of U wasan extreme value. The two bases are stacked, and the base ' 

lancs are .rerj nearly parallel, cieviating by only ic ° . The distance 

of closest apiloacn octeoi t oscs is 3.4 angstrons. As in all X-ray 

crystal stuics, we irc' rlQ1 .Cacod iith the difficult extripolition froi 

the crystal w itJi all of its lattice forces to the solution Macre hydro-

phobic interactions will be more important. '  At the present there is , 

no way to predict the solution conformation given that in the crystal. 

For want of a better assumption, we shall assume in the remainder of 

this work that the right hand anti-anti conformation is the favored 

conformation in 'solution. This is n;cvr,' only a working hypothesis. 
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7. F,erircnti1 Resu1t.--O) 

The ORD of seven trinucleoside diphospliates at three. H' s. is. shown in 

Figures 7 through 21. From the experimental curves it is 'seen that ORD 

is an excellent method for identifying the distinguishing the trinuclee-

side diphosphates we have studied 0  The calculated curves, also shown 

in most of these figures, will be discussed later Values for the 

molar rotation per rcsidçic of selected peaks and troughs atthree pIPs 

may he found in Table I • The ORI) curves at p:t 7 differ both in magnitude 

and shape for each of the trinucleoside diphophates studied. These re- 
757 ,r4 

suits, as well as the studies of 15 dinucleoside phosphates 	"' show 

that differences in ORE) anong oligonucleosides are much more marked than 
I 

differences in their UV spectra. 

The major feature of the ORE) of ApApA, ApApC, ApAptJ, GpApU, and 

ApGpU at pt1 7 is a double Cotton effect centered for the first foir com-

pounds at about 20 miA and for the last at 270 mi (see Figures 11-15). 

Similar ORD curves have been observed for poly A, 95  poly U, and sRNA, 136  

ApA, ApU., ApC, 24  and many other dinucleoside phosphates.. 252  This 

double Cotton effect arises from interaction between neighboring bascs, 26  

and suggests that these molecules contain stacked bases.253  One may 

question whether the strong double Cotton effect observed for dinuclec-

side phosphates and trinucleosido diphosphatos arises solely from intra-

molecular interactions. ixperiments discussed in the next chapter show 

that there is no concentration dependence of the ORE) of two dinucleosidc 

phosphates. In addition, unpublished work by Vournaks, Schoraga, 

Rushizky, and Sober indicates that the ORD of ApApcp is concentration ., 

independent over the range of concentrations usually employed in optical 
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studies on oliaonucleotidcs. 240  Thusit seems unlikely that intermo-

lecular interactions are responsible for the ORD of trimers observed 

under our experimental conditions. 

In the case of trimers containing several different bes ,• the ORD 

results from the combination of many double Cotton effects. Most of 

these are due to the interaction of transition moments on a given base 

with nearby transitions on neigiboring bases.. Additional contributions 

to the rotation come from the rotational strengths of the bases them-

selves due to perturbation by the asymmetry of the ribose phosphate 

backbone. To a good approximation, this should resemble the monomer 

rotation. In trimers l.ke ApApA, which contain only one type of base, 

the double Cotton effect arises from the so-called degenerate inter-

action of transition moments corresponding to absorption bands which 

have been split due to exciton interaction 25  The most striking thing 

about the ORD of most of the trinucleoside diphosphates at p11 7 is how 

different it is from the sum of the rotation of the monomers. This 

shows that the major contribution must come from base-base interactions. 

Thus we feel that all of these trimers have stacked bases at p11 7. 

The ORD of ApApC and ApApU is an order of magnitude weaker at pi 1 

than H 7, and is almost identical with the sum of the molar rotations 

of the constituent mononucleotidcs (Figures 7 and 8). Therefore, we 

think that at pd 1 AApC and AApJ have an ecsenti'dly rindom conror-

mation. Since the bases A and C have a positive charge at this pI,  the 

charge repulsion will counteract the stacking energy. This same effect 

has been found in the dinucicoside phosphates ApA, ApC, and many others. 252  

It is now known., however, at what pH the bases A and C become protonated 

in a trinuclooside diphosphate. 
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GpCpC and GpGpU have more complicated ORD curves (Figures 20 and 

• 

	

	 21) This is to be expected since C has at least two absorption bands 

in the 260 mu region. The rotatory disporion of these two trinucleo- 

	

• . . 	side diphosphates at pH 1 is qualitatively verj similar and closely resem- 

bios that of GpC and GpU at this p1!. But the 01W of CpGpU and GpGpC at 

this p1-i is very different from the sum of the rotations of their cpo-. 

nont mononucleotidos. This indicates that the major part of the ORB is 

probably duo to base-base interaction, and suggests that those compounds,' '0 

are stacked at p1-I 1. In contrast, the ORB of CpCpU and GpCpC at pH 7 is' H. 

roughly a single Cotton effect with a cross-over at 266 mu for the latter.
'  

and 259 mu for the former. This is certainly, however, a greatly over-

stmplified picture of the OR!) of these compounds. 

At p11 11.5, the OR!) of ApApC and ApApU is almost exactly the same 

as at p11 7, which indicates that those trinucleosido diphosphatos are 

still stacked at this p!1 (Figures 16 and 17). The ORB of Gp&pU and 

ApCpU at p11 11.5 is very small, and shows a broad trougS centered at •. 

about 255-260 inu'(Pigures 18 and 19). This suggests that these corn-

pounds are mostly unstacl¼ed at p11 11.5, since the charactertstic double 

Cotton effect, present at j*L 7, has disappeared. At p11 115 0  the OR!) of 

Gp(pU and GpCpC is almost identical to the sum of the ORB of the ros1oc 

tive mononucleotides. Therefore we suggest that the bases of these • 	

0, 

0 , 	compounds are not stacked at this p11,  

	

0 	 • 	The ORD of GpApU and ApOpU at pH 7 'are very different (FIgures 14 .., 

	

• 	and 15). The former has a cross-over at 269 mu and a trough at. 258 mu,. 

while the latter has a trough at 269 mu and a crosg-over at 259 mu. 

Thus an unknown mixture of the two of them could easily be quantitat1vo1) 

'" 	.__.., 	- 	"• 	•, 	0 
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• 	 analyzed. This shows that the OID is inded dependent on the base 5 

quenco. Later in this chapter it is shown that it. is possible to doter 

mine the sequence of a trinuccoside diphosphate of known base composi- 

• 	 tion justby measuring its ORD. At p11 1 the OPJ) of the two sequence 

isomers is also veiy different. That of Ap(pU very closely resembles 

the ORD of CpU at 111 1, while the ORI) of CpApIJ is approximately the sum 

of the OR!) of its mononuclootide components (Figures 9 and 10). Thus 

CpApU is unstacked at p11 1. The conformation, of ApCpU at this pi Is 

probably partially stacKed. 

• 	 In all of the abovo cases the conformatIon predicted from a measure- 

mont of the OR!) of the trinu1coside diphosphates is fairly cohsistent 

with the conformation predicted for their component dinucleoside phos-

phates from the ORI) and absorption of the latter, 24  

The maximum difference that occurs In. the range of 240 Tint to 350 mv. ,  

bettecn the molar rotation per, residue of each of the tririucleoside di-

posphatos studied and the average of the rttios  of the mononucleosides 

it contains is shovn in Jablo I as 1JT 	Similar data have aeon 

obtained for 16 dinucleosido phosphates, 254  The distribution of the values 

of this maximum difference in rotation for these dimers and trimers is as 

follows' 

11 	- 	io 4 	0-0.2, 0.2-0,4, 0.4O6, 006-0.8, 0,8-1.0, >1.0 

Number 	1hmers 	7 	11 	7 	10 	1 	12 
of 

compounds 	irimors 3 	3 	3 	4 	1 	5 

Thus the values of the icremont in rotation seem to fall into three croups 

This distribution suggests that the ORD is arising from three different 

kinds of conforrirttions. Cantor .  and Tinoco originally sugosted that the 
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compounds with differences in rotation greater than 1.0 x 10 4  had 

stacked conformations. Those with differences less than 0.4 x 10 

were probably unstacked, and those with intermediate values were pro-

bably partially stacked. 25  These predictions of the confonation of 

the trinucleoside diphosphate are shown in Table III. 	 ' 

The above treatment is open to question on svoral grounds. While 

it is a good first approximation, it ignores the possibility that large 

rotational bands may cancel, leaving a small net rotation which is not 

very different from the monomers even though the conformation may be 

stacked. Thus while the above distribution suggests that CpGpC and 

GpGpU are unstacked at pU 7, we believe that their small rotation does 

arise from the cancelling of bands, and thus think that they are actuaily 

stacked at this 

A second and more perfu1 objection to the above simple analysis 

is that it assumes that the rotational strengths of the fully stacked' " 

dimers and trimers are all about the same magnitude. This assumption 	' 

may be very far from the truth, and recent data by Davis suggests that 

• In fact, dimcrs containing U may be as stacked as those without U, oven 

though the molaz rotatioi of nany of them is very similar to that of 

the monomers. 37  It is fair to say that, while the presence of a strong 

OR1) d.fferent from CLXC momiolriors is indicative of a stacked contormition, 

tho lack of this rotation does not necessaily mean that the oligomor 

is uns tacked. Once the dirners have been studied at low temperature, and 

the rotation of the presumably fully stacked conformation metsured, this 

uncertunty can be roverc.orio. 
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One last objection to the above oversimplificationds that we have 

ignored the possibility, of equilibria among the various possible diffe-

rent stacked confonnations, which may have very different. rotationxtl 

strengths. The data at present do not seem to warrant coi ections to 

account for those added complications, but they should he kept in mind., 

8. Experimental Results--UV Specta 	 , 

The absorption spectra of 1pCpU and CpApU at 3 pH's are shown in 

Figures 22 through 27, along with calculated curves, which will be ex-, 

plained later, and ctrves which were the sum of the monomer absorption. 

For brevity, only the absorption curves for those two trimers are shown, 

since the spectra of all eight pancreatic ribonuclease trinuleotides 

are available in the thesis of Stanley. 222 	levant spectral data for 

the trinucleosido diphosphates obtained in our laboratory are summarized 

in Table tI. The absorption ¶pcctra of the nucleotidos tised below were 

obtained from 1arshaw. 251  

From the absorption curves shown in Figures 22 and 23, it can be 

seen that the absorption curve at 911 1 is.slightly broader and loss in-

tense in the trinucleosides than in the sun of their component monomers. 

This is true to a greater extent on the spectra at pH 7, shown in Fires 

24 and 25, and the p11 11.5 spectra of Fi'ures 76 and 27. The changes in 

aborhanco at the three pu's seem to be much less spectacular than the 

correspondi?lg changes in ORD, although we have not made the properc quanti- 

tative comparisons. Furthermore, the thfferences in UV spectra are mostly 

qualitative, whereas the ORI) of the trimors in somo cases bears absolutely 

no resemblince to the mo'oricr rotation. Thus ORD seems to be a much 
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better method of typing oligonucleotides than absorption spectra. This 

point is further illustrated by Figures 28 and 29. Here it can be seen 

that at pI 7, ApGpU and GpApJ have entirely different ORI) but almost 

Idonti cal absorption spectra. 

The hypochromism of the seven trinucleoside diphosphates studied 

is shown in Table II • it was computed using the equation 

it 	1,._ApBoC 

fA + pB + pC 

• where £ is the oscillator strength. The values of' H obtained. {n this way 

are more meaningful than just using the decrease in extinction at one 

wavelength, since they take into account any spectal, shifts as well as 

the dianges in the shape of the absorption band. It should be noted 

that the above equation for the hypochromism is approximate, since it 

is not obvious wnich monomer spectra should be correctly comnared with 

the trinuclooside d.iphosphate. The nucleotide at pH 7, for oxirnple, has 

two negative charge5 and a very slightly, different spectrum from the 

nucleoside which is uncharged at that pTl. Neither of these two is 

identical with the spectrum of a base surrounded by two secondary phos 

phates with one charge each ljkc pBp of the above trimer, 'If the iN 

spectra of the various species A, AppA, pAp, etc, were very different, 

we would be in serious trouble unless we could obtain the IN spectrum 

of a trinucleosicle diphosphate in which two of the bases had been re-

moved. Fortunately, the IN spectra of the monomers seems to be very 

insensitive to the 'typo (If any) of phosphate attached to the sugar. Thus 

for simplicity we used the monomers shown in the above equation. 
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To coute Fl for an isolated abs brption band, one would integrate 

over the entire band to obtain the various osdilator strengths . Since' 

the long wavelength band is not well resolved from the next one for any 

of the oligonucleosides 'or rnonónucleosldes we have studied; we decided, 

as discussed before, to use an arbitrtrryshort wavelength cut-off. , By 	' 

choosing 232.5 mu for spectra at pH lwe essentially consider only the ' 

longest wavelength absorption band of. C,, A, and U, and the two long 	,. 

wavelength bands of C. At pH 7 we. used a 230 mu cutoff which there-fl " 

fore includes the secortd absorption band of,C as well as all those  

cluded at pH 1. The 232.5 mp cut-off cfiosen for the pH 11.5 spectra 

included all the bands used for calculating the pH 7 oscillator strengths 

as well as part of tne second longest wavelength band of U. These 

choices are consistent within each ph, hut they make comparison of 

hypochromisms measured at different pH's loss meaningful. These choices 

of cut-offs were chosen to try to include most of the long wavelength 	'H 

bands of all of the trinuclooside diphosphates, dinucleoside phosphates 

and mononucleosides studied, and thus represent a compromise from the 

most reasonable cut-off for a given compound i  

tf we consider the dlstrxbution of iypoc-omism of the trinucico-

side daphosphates ind the thriucleoside phosphates, the range of hypo-

chromism measured is from -5,6 to "13.0% The distribution of the 

values of the hypochromlsm for the 39 compounds and p11's discussed pre-

viously is as follows: 

4, 1-2 0  2-3 0  3.4k0 	 6-7, >' 

Number 	Damors 16 	7 	7 	0 	5 	3 	4 	6 
of 

Compounds 	Trimers 3 	2 	2 	1 	1 	1 	2 	7 
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• 	Thus it can be seen that the values of H seem to fall into two main 

groups, with a few compounds having hypochrortisris between 3 10 and 6%. 

Since base stacking would be expected to cause hypochronmc spectra 

relative to the monomer absorption, we feel that these data indicate 

that oligonucleositloS having greater than 6% hypochromlsm have a con-

formation in which the bases are stacked. Compounds that have less 

than 3% hypochrornism have uns tacked bases, and compounds with H between 

3% and 6% are probably partially stacked. This division into three 

types of conformations is similar to that do'io before fron the ORT) data. 

It suffers from many of tao sano assumptions, reinforced by great ex-

perimental inaccui acy. However, in using hypochromism as a criterion 

of stacking, we are on firmer ground in some respects. Since almost : 

all of the intense absoiption in the bands lumped into the 260 transi-

tions in nucleotide oases are thought to be ir-i, we expect that contri-

butions from different bands should have more of a tondertcr to add rather 

than cancel in the long wavelength part of the spectrum. Thus CpCpC 

whose rotation is very like the monomers shows the largest hypochromism 

of any trimer, 13%. Since the oases all have relatively similar polari-

zabilities, 4°  we can epoct that the nypochromisri of a rompletely stacked 

oligomor will depend muci loss on the particular bases involved than 

the CR1). 

Predictions of the conformations based on the above interpretation 

of the hypochrortlsm data are shown in Table III • In almost all cases 

the conformation obtained from the hypochromism agrees with that obtained 

from the' ORD. This lends additional credence to our general picture of 

the conformation of the oligonucleosides. The only serious exceptions 
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TABLE XII 

Conforration of the Trinuclooside Diphosphates 

pHi. 	. 

ApikpA ApApC ApApU GpApU AiCpU GpGpC GpGpU 

Predicted 	U U U U U. S S 	* 

OD 	- U U U 

Absorbarice 	- U U S U 3s u 

p1! 7 

ApApA ApApC ApApU GpU ApUpU CpCpC GpGpU 

Predicted 	S S 4s S 

OR!) 	S S S 4s U U 

Absorbance 	S S S ALS S 

pH li e s 

AtApA ApApC ApApU CpApU ApCpU CpGpC GpGpU 

Predicted 	S S 4s u u u u 
OID 	- S S U U U 

Ahsorbnce 	- S S U U S U 

U 	untacked 

............. . .. 

S 	stacked 

partially stacked 
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ais GpGpC at p11 11. S, and GpApU and CpGpD at pH 1. The confoxinations 

predicted for the trinuclooside cU.phosphates using the known conform 

mations of their component dinuclooside phosphates 254  are also shown 

in Table UI. As can be seen, the agreement among the three different 

methods is generally very good. The excellent agreement at pH 7 gtvós 

support to the working hypothesis that neutral A. C and C stack, but : 

U does not. This is reinforced by the hydrodynamic data of Richards, 

Flessel, and Fresco, 182  which shows that poly U behaves very much like 

a random coil. It should be stressed that the divisIon of conformations 

into three classes in Table III is certainly an oversimplificatIon. 

There is certainly a continuum of conformations depending on the tem 

poraturo and p11. 

If the hypochromicity at 260 mij is used, 

AjypK(26O) 
11(260) - 1--- A1 (260) + A260) + APK(260) 

the same qualitative conclusions arc obtained in most cases, but since 

spectral shifts do occur in going from the monomers to the trinucleoside 

diphosphates, 11(260) is not as good a measure of the conformation of 

theso compounds as H. In defining the hypochroinicity in the above 

fashion, we have made the same approximations we discussed in reference 

to hypochromisni. 

In fable IV, the hypochromicity at 260 m, which we obtained for 

six trinucleosxde diphosphatos, is compared with values found by other 

workers for the same compounds, 2190151 and the values found by W.  

ley, Jr. 222  for the hypochromicity of the corresponding trinuclootides.. 
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TABLE IV 

% !ypçchromicity at 260 mu 

cthnpoun& pH f1vrk 	tbe1InW tioy kicheisonww 	Lalculatea 

ApApC 1 45 2.0 0.1 

ApApU 1 5.6 5.8 1.0 

GpCpC 1 1.0 4.7 

• 	

CpApU 1 7.9 5.2 3.9 

ApGpU' 	•.: 1 4.4 3.3 •,: 5.2 

GpGpU 1 1.8 5,4 

ApGpC 1 1.1 4 9 6 

CpApC 1 3.0 2.8 

ApApA 7 16.9 15111 

ApApC 7 19.9 	15.5 18.6 J8 0 9 11.1 

ApApU •. 	7 16.4 	12.1 15.5 12.0 

CpCpC 7 9.8 	6.5 7.9 	• 

CpApU 7 10.6 	7.7 9.5 l0 e l' 8.3 

•ApGpU 
7 

7.9 	8.2 6.7 5.7 

GpGpU 7 .  4.4 	4.2 6.0. ••• ••• 

ApCpC 7 103 9.6 9.8 

CpApC 7 10.9 10.8 10.3 

ApApC 11.5 17.6 18.4 14.2 

ApApU U.S. 14.8 11.9 11.4 

GpGpC 11.5 5.7 2.3 

I, 	 GpApU 11.5 6.6 4.9 6.6 

ApGpU 11.5 2.3 2.6 5 0 8 

Cp(pU 11.5 .3.Q -5, 

ApGpC 11.5 6.1 5,8 

GpApC 11.5 8.4 10,7 

(Cont.) 
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Table TV (Cont.) 	 '. 

*Reference 219. 

222. These compounds contained a 3' terminal phosphate, 

***Referonce 151. 

tContajns mixed (2-S') and (3'uS') phosphates. 

The calculated values will be discussed later. It can be seen, by com'." 

paring the work of Stanley with the other results, that the addition of 

a 3' terminal phosphate does not substantially change the hypochromicity 	.' 

of a trinucleoside dtphosphate. 4easuromonts on AppAp and ApiA38 	'. 

show that those compounds have almost the same OR!), which further sug' 

gests that the effect of a terminal phosphate on the optical properties 

of trinucleoside diphosphates is small. But data obtained in our 

laboratory by S. Davis show that a dinucleoside phosphate can have sub' 

• stantially different ORD than the corresponding dinucleotide.38 	' 

The finding that the terminal phosphate may not affect the confor' .': 

mation of a trinucleotide is interesting ii the light of the observation 
0 

of Nirenberg and Leder that the presence of a terminal phosphate, either' •0 

5' or 3 1 , can cause marked differences in the messenger activity of 

trinuclootides, 163  Perhaps, as they suggest,, this difforence is due 	
' 	

0 

to a special role for Uie terminal phosphate in 'binding the messenger •: 

• to the ribosome, and not the' result of a change in the conformation of 

the messenger. 
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9. Nearest NeigJbor Calculations.*Princtples 

Now, that experimental data are available for several of the opti 

cal properties of trinucleosido diphosrhates and diriucleosido phosphates, 

we shall see whether it is possible to explain the properties of the 

former in terms of the pioperties of the latter. If we are successful, 

we shall then try to extend the argument to plynucleotideso 

In an attempt to explain the OR!) and hypothromism of the trinucleo. 

side diphosphates, we have developed a simple scheme for calculating 

the optical properties of polynucleotides from the optical properties 

of their constituent dinucleoside phosphates. There are two assumptions ' 

implicit in the following calculations. First, we assume that the opti" 

cal properties can be 'accounted for completely by nearest neighbor inter, 

actions between the bases • The second assumption is that the reLative 

conformation of any two bases is the same in the dinuclooside phosphate . .' 

as it is if the two bases were nearest neighbors in a longer oligonucleoe 

tide. 

!or any dinucleosido phosphate we can write that. 
 

• (o(x)] 4 	 + N13(X) 	 (1) 

where 	is the molar rotation of the dinucleoside phosphate !pJ, 

is the molar rotation of the mononucleoside J or the mononucloo 

tide pJ,  and N13 (X), defined by this equation, is the nearest neighbor 

• interaction contribution to the ORD. In principle, [s()] should be 

the molar rotation of the dinucleosido phsphate with one base romoved;':"' 

ribose(3 1 i.S')pJ, and 	would be the rotation of the corresponding 
.4, 
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compound, Ip(3'.5 1 )riboso. 	We have not yet been able to measure the 

optical properties of any of those compounds, but we expect that they 

would have properties very similar to the mononucleotidos or ,  mononuc1eo 

sides, since the perturbing effect of the second ribose will be small 

because of its relatively laige distance from the baso, and the absence 

of a direct covalent link. 	We are not sure whether a mononucleotide or 

mononucleoside is the better model, sante the former has a primary 

phosphate which has two negative charges at pH 7 instead of only the 

one charge present on the secondary phosphate of the dinucleoside phos. 

phate. 	But the mononucleosido has no phosphate at all. 	In practice, 

we usually employ the average of mononucleoside and tnononucleotide 

properties for the above equation. 	In general, the molar rotations of 

the monoriucleoside and tio mononucleoside phosphates are very similar, 127  

and small compared to the molar rotation of the dinucleoside phosphate. 252  

Thus it does not matter wucJi one is chosen for the above equation, 	This 

separation of the molar rotation into three contributions may or may not 

have any physical significance, but mathematically it is always possible 

to do this 

For any trinuclooside diphosphate we can write 'that 

+ Ee(A)] 	(k(An • M1 O) + 	 (2) IK 

where (GjJK()] is the molar rotation of the trinucleoside diphosphato, 	' 

and Mu(X) and M(A) are the nearest neighbor intert&ctions of those 

bases as they exist in trinucleoside diphosphates. 	M(X) is thecontri IK 

bution due to nextnearest neighbor interaction. 	Our first assumption 

is that 	- 0, the effects of next-nearest neighbor interactions 
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where xIJ is the mole fraction of dintc1eoside phosphate IpJ,.and 

is the mole fraction of nucleosida I. Ui tk sequence of the polymer 

is random then the molar rotation per residue becomes 

(ORNA(A)] - 	X1 

 2 J-1 ( 	

XJ ($JJ(X))). 1o(A)1 
}. 

(13) 

1=1  

Analagous expressions hold for the other optical properties.' 

10. Nearest Neighbor Calculations--Results 

Using equation (5) we have calculated the ORD of ApApA, ApApC, ApApU, 

CpApU, and ApCpU at various pH's. The dimer data needed for these calcu-

lations were obtained from Warshaw. 252  The monomer data are the average 

of the mononucleosides38 ' 264  and mononucleotides. 252  The original cal. 

cülations 

 

were done by hand, but more recently we have used the computer 

program discussed in Appendix 2. Th, calcul.ated curves are compared with 

experiments in Figures 7 through 19. We have not yet been able to per-

form these calculations for GpCpC end GpGpU, since we do not know the 

molar rotation of GpG. The agreement between experimental and calculated 

curves is excellent. This suggests that the major contribution to the 

ORD of the trinuclooside diphosphates conies from the rotation of their 

dinuclooside phosphates. It also is a strong argument for similar con-

formations of bases in dinucleoside phosphates and trinucleoside cU.phos. 

phates. Thus it is possible, by very simple calculations, to predict tIi 

ORD of oligonuclootidos from their constituent dinucleoside phosphates. 
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• 
From 'a comparison of the experimental and calculated curves for 

ApApA. ApApC, and ApApIJ it can be seen that there is. a consistent disu. 

crepancy in the predicted height of the peak in the 'reagion of 230 in 

at pH 7. In each case, for a trinucleoside diphosphate containing ApA 

the nearest neighbor calculations predict a graster molar rotation than 

is actually observed in this region, although the' details of the shape 

of the cruve are quite accurately predicted. This error in magnitude 

is also present for the ORL) of ApApC and ApApU at pH 11.5. It may  

possibly be duo to the influence of the lazer wavelength Cotton effect '. 

centered at about 215 mp in ApA at pH 7 or U.S. since the error is 

much more pronounceC at the snort wavelength side of the 260 mu Cotton 

effect than at longer wavelengths • In general, of course, one cannot. 	•• . 

expect the ORD to be solely duo to nearest neighbor interactions • For 

example, the shape of the ORD of poly A cannot be calculated exactly 

from ApA since its long wavelength trough is at 256 mu at pH 7, while 

the corresponding trough of the dinucleoside phosphate is at 260 mu at 

this pH. Evidence of this shift is already present in ApApA, whore the . . 

trough is at about 2S8.5 mu. 

From a comparison of the calculated and experiiental OR]) curves for 

GpApU and ApGpU it can be seen that,' not only is OR]) sequence dependent, 

• 	 but also that the base sequence can be determined from an OR]) measuro , 

• 	mont. In principle, this can be done by measuring the base composition • 

using any of the standard methods, calculating the OR]) for each of the 

possible sequences consistent with the base composition, and comparing 

the experimental curve with the calculated ones. The accuracy to which: 

this can be done will depend on the differences among the OR]) of the 16 
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; 	dinucleoside phosphates and the precision of the calculations. Thus 

far the OR!) of 15 of the 16 possible dinucleoside phosphates has been 

measured in our laboratory, and each of thorn has an OR!) curve signifi. 

cantly different from any of the OthOlS. 252  . . 

If all of the 16 dinucleoside phosphates have sufficiently diffo 

rent OR!), then by measuring the OR!) of an oligonucleotide of arbitrary 

length and known base composition one could determine the number of times 

each of the 16 nearest neighbor base pairs appeared. But this is not 

enough information to be able to assure the determination of the base 

• 	 sequence. The fraction of all of the possible oligomors of a given 	: 

chain length whose sequence would be completely specified by a knowledge 

of the frequency of all nearest neighbor pairs and the basó composition 

is as follows (see Appendix 4): 

chain length 	3 	4 	5 	 6 

Fraction with determine 	64/64 	232/256 	796/1024 	2176/4096 
able sequence 

iach information could still be obtained about the sequence of those oh-

gomers whose sequence is not completely determined by nearest neighbor 

data. rurthor discussion of the usefulness of OR!) for determining se 

quence is found in Appendix 40 

While OR!) is certainly not the most infallible method for determining 

the sequence of oligonucleotidos, its simplicity and the fact that it does 

not degrade the molecule being studied, certainly warrant its strong con-

sideration as an adjunct to the methods already in use. It should be 

most useful for trinucleotides and totranuclootides, since differences 
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among the OR!) of longer sequence isoimrs may become vanishingly small. 

Another great advantage of OR!) is that 0.7 ml of a 0.7 absorbano so. 

lution is all that is needed to make the measurement, 

The absorption spectra of ApGpU and CpApU have been calculated 

• from equation (7) and are shown in Figures 22 through 27 along with ihe 

experimental curves and the sum of the monomer absorption. In four of 

the eases the agreement between experimental and calculated curves is 

excellent. This is very pleasing, since a small, error inoxti,nction 

coefficient could easily have erased most of the differences between 

monomer and trimer absorption spectra. In two 'cases, CpApU at pH 1 

and ApCpU at pH 11.5, the agreement is loss than desirable. The GpApU 

data could easily be explained if there was an error (experimental or, 

calculated) in the extinction coefficient. The ApcpU data at pH 11.5 

is a little more puzzling since there is excellent agreement between 

calculated and experimental curves at long wavelength, oven though the 

monomer spectrum is very different from either. For brevity, the other 

absorption spectra are not shown, but the extent of the agreement is 

about the smte. Results of calculations of spectral ratios are dis-

cussed later. 	 . 

• 	The hypochromism of ApApC, ApApU, ApApA, A,GpU and GpApU has been '" •,, • 

calculated from equations (6) and (10) for. equation (8)), and the results 

are 5hown in Table II • The calculations are in pretty good agreement 

with experiment. It should be noted that the experimental hypochromism 

is at most accurate to + 1% since it is a small difference bet'son two 

large numbers. l3xcept in the case of ApCpU at pH 1 and 7, the estimate 
41 

of the conformation made from the experimental hypochromism are consis . 



•181. 
I 

tent with those that would be predicted from the calculated values. 

Again, since CpG has not yet been measured in our laboratory, we are 

unable to calculate the hypochromism of GpCpCand Gt5GPU. The calcu-

lated hypochromism in general agrees better with the experimental 	.' 

values than the calculatod hypochrouiicity at 260 mu does with the corrós 

ponding experimental data shown in Table IV. This is to be expected 

since spectral shifts do occur in going from the dinucleos Ida phosphates 

to the trinuclooside diphosphates, and those would affect the integrated 

measurement imich less than the change in extinction coefficient at a 

single wavelength. Extinction coefficients calculated from equation (7) 

are shown in Table II, 

The agreement between the calculatodhypochromicit' shown in Table IV 
• with the experimental values obtained in various labs seems to show no 

preference for any researcher. This is encouraging since it suggests 

that the agreement between our experiments and calculations is not due 

to any experimental idiosyncracios. :. 

Thus we have shown that the OR!) and absorption spectra in solution. 

of socren trinucleoside diphosphates can be fairly well accounted for In 

terms of the corresponding . dinucleosido phosphate pioperties. This in-

dicates that our assumptions may be correct. Thus, we are fairly certain 

that the conformation of trinucleoside liphosphatos in solution is very 

similar to the cpnformation of their component dinucleoside phosphates.. 

Furthermore, it shows that, at least for small oiigcmers j nearest neighbor: 

interactions are sufficieit to account for most of the observed optical 

properties. Whether or not our approach is generally valid awaits the 

study of many more of those compounds. From these preliminary results, ;: 
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ough, we think that one will be able to learn much about the sequence 

and conformation of larger oligonucleotides and RNA's from a study of 

thoir OR]) and absorbanco in solution. Thus we have been encouraged to 

try to extend these results to the optical properties of polymers. 

This will be discussed in Chapter IV. 

ii. Prodictod OR]) of 64 Trimers 

Encouraged by our success in calculating the OR]) and other optical 

properties of the sovon trinucleosido diphosphates we had studied ex-

perimentally, we decided to calculate the optical properties of all 64 

trimers, This compilation of data can be useful in several ways. First 

of all, we hope it will provide an inducement for experimenters who have 

synthesized many of the trinucleoside diphosphatos to measure their ORD.: 

This will greatly facilitate the testing of the assumptions which under-

lie our nearest neighbor calculations, At the moment we have no intention 

of synthesizing all 64 trimers, but a1mot all of them are available in 

one laboratory or another, albeit in small quantities. The summary of : 

calculated ORI) data for trirners at pH 7, shcn in Table V, makes It very 

apparent that OR]) is a far better method of Identifying and characterizing 

trinucleoside diphosphates than the corresponding absorption spectra. 

Note, also, the experimental comparisons shown in Figures 28 and 290 

Yet until now only the latter very insensitive method has been used In 

identifying triniers. We have only calculated data at pH 7, since this 

is by far the most useful pH for workers interested in the biological 

properties of these compounds, While the greatest differences in ab 

sOrption spectra of mixtures of monomers apparently occur at pH 12, 124  

we feel that this will not be true for the OR]). of oligomers. 
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We have also tabulated calculated results for the extinction Co. 

efficients and hypochromicitios for the 64 trirnors. Thest' are shown 

in Table VI, Up till now the most widely used method of guesstng at 

the extinction coeCficieitt for an oligornor has been to add up the mono 

mor absorption spectra. As our previous results have shown, nearest 

neighbor calculations usually do far better. Thus, this table of ex*, 

tinction coefficients should be of great assistance to the experimenta- 

list who needs to knw the amount of material he is using, but does not: 

have enough trinucleoside diphosphate to determine its extinction co-

efficient by hydrolysis. 

Several assumptions had to be made to obtain the results shown in 

Tables V and VI. All of our previous calculations involved an oliomer 

with either A or G as the middle base, but we do not see why this should 

effect the applicability of the calculations. The more serious problem 

is that only 15 of the 16 dinucleoside phosphates have been measured 

by Warshaw. 252  Since we had no experimental ORD for CpG we had to cal-

culate it, and this was done by using our experimental data for the 

trinucleoside diphosphates GpGpC and Gp(pU. The ORD of CpG is given 

by either of the following two equations. 

' 123GpCpC + 

1123 tGpGpU + 	- 2 t 1 CpU 

There are significant differences in the ORD estimated for GpC by those A 

two methods, and so we decided to average the two results. Whether this 
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TABLE VI 

Calctslated Tesidue ExtinctIon and Uypochromicity at 260 my for 
64 Trinucleoside Diphohates 

Coound 26O  x i0 of c260  x i0 % H(260) 
of monomers 

ApApA 394 4.62 14.7 
ApApU 3.60 4.07 11.5 	H 

• 	
.. 	IpApC 3.30 3.80 13.2 

ApApG 3.70 4.23 12,5 
ApIJpA 3.87 4,07 4,9 
ApUpU 3.37 3.52 4.3 	H 	H 
ApUpC 3.13 3.25 3.7 
ApUpG :3.41 .368 7.3 
ApCpA :3.48 3180 	.. 8,4 
ApCpU 3.00 3.25 	 . 7.7  

ApCpC • 	 2.80 . 	 . 	 2.98 	. 6.0 
ApCpG 3.16 3.41 7.3 
ApGpA . 	 3.87 4.23 8.5 
ApGpU 3.47 	. 3.68 	. . 	 5.7 
ApGpC. 3.09 3.41 9,4 
ApGpG 351 3.84 	. 8.6 
UpApA 3.66 4.07 .10.1 
UpApU 3.32 3.52 5.7 
UpApC 3.02 3,25k 1 7 1 	.. 
UpApG .3.42 3.68 . 	 7.1 

• 	 . 	UpIjpA 3.43 3.52 	. 2,6 
UpUpU 	. 2.93 . 	 2.97 	• 1.3 
UpUpC . 2.69 2.70 	..... 0.4 

• 	 .IJpUpG 2,97 	•. - 	 3,13 5.1 
UpcpA 3.10 	• • 	 .25 	........$ 4.6 

•,UpCpU 0.2,62 .2.70 300 
1JpCpL 2.42.... . 	 .2.43 	- -0.4 

• 	
- 	 UpCpG 2,73 2,86 	,.• 2.8 

UpGpA . 3..37 3.68 8.4 
UpGpU 2.97 3.13 5.1 

UpGpC 2,59 . 	 2.86 9.4 
UpGpG 3.01 	. 3.29 	•'... 	. 8 1 5 

• 	
.. 	 CpApA 3.30 3,80 	. 	•. 	 . 13,2 

CpApU 2.96 . 	 3.25 	•. 8.9 

• 	
. 	 pApC • 2.66 	. • 	 . 	 2.98 	• 	• 10.7 

CpApG 3.06 3,41 10.3 
CpUpA 3.09 3.25 4.' 
CpUpU 2.59 2.70 4.1 
CpUpC 2.35 	• • 0 	 2.43 • 3.3 
CpUpG 2.63 2.86. 8.0 
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TABLE VI font.) 

Compound e260 X : 	
u . of 	x10 4  % 11(260) 

-. 	of monomers 	- 

cppA. 2.80 2 4 8 6.0 	1 
CpCpU 2.32 2.43 4.5 
CpCpC 2.12 2016 1.9 
CpCpG 2.48 2.59 	- 4.2 
CpCpA 3 4 15 3.41 	. .7.6 

• . 	 CpGpU 2.75 . 	 2,86 3.8 
CpGpC 2.37 2.59 8.• 5 
CpGpG 2.79 3.02 	- 7.6 
Gp4ApA 3.72 4,23 	• 12.1 

.GpApU 3.38 '3,68 8 0 2 

CpApC 3.08 3.41 	.' - 	9,7 
GpApG 3,48 3.84 9.4. 	.... 
GpUpA 3.59 3.68 	. 2.4 
GpIJpU 3.09 3.13 	•. 1,3 
cpIJpC 2.85 . 	 . 	 2.86 0,3 
GpUpG 3.13 3.29 4,9 
GpCpA 3.12 	•. 3.41. - 8.5 , 

GpCp1J 2.64 . 	 2.86 7.7 
• GpcpC 2.44 2.59 5.8 

• 	 CpCpG 2.80 3.02 	: 73 

CpGpA . 	3.53 . 	 3,84 	•.. -: 8.1 
GpCpU .3.13 3 1 29 4.9 
GpGpC 2.75 3.02 8.9 
GpGpG 3.17 • 	 3.45. 8.]. 

,• , •-•, 

discrepancy is due to experimental error is not knn. But we are 

fairly certain that oven if GpG wore experimentally available, its 

ORD might be substantially different from the result. calculated by 

the above method. This is due to the fact that the homo-oligomers 

containing several G' s aggregate in solution even at low concentra-

tion. 1759132  Even GpG apparently exists as a high molecular weight 

aggregate at optical coi,contrations, 14  Thus  a measurement of the 

'I 
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OR!) of CpG in solution would yield the properties of the aggregate. 

But several C's in a larger oligomer will probably cause little aggro-. 

gation. Thus we need to know, the OR!) of unaggregated CpC to predict 

the contribution of GpG to the ORD of a trimer such as Cp(pA. 

For the ORD on the other 15 dinuclooside phosphates we used the 

data of Warshaw. 252  The ORD data used for the monomers were the ave-

rage of the nucleoside and nucleotide properties cited previously. 

All of these calcul4cions were performed by the computer program disw 

cussed in Appendix 2. The data tabulatod lists only major peaks and 

troughs. Small si.ou1dors and wiggles are omitted. 

We assume, for the moment, that the OR!) calculated for the 64 

triniors at p11 7 is as Clobo to all of the experimental curves as it 

was to the seven we measured. In principle, all of the trinucleoside 

cliphosphates should have different OR!) curves, but in practice how many 

of the trimors could we distinguish from, say, their sequence isomers? . 

Qualitatively, we can attempt to answer this question by looking at 	: 

the ORD curves for various sequence isomers, but this is not very satis 

factory. The 64 trimors can be divided into 20 different compositions, 

Four of these, the homotrimers contiin only one oligomer. Four more 

comprise those trimers in which no two bases are the same. Each of 

those has six sequence isomers. The 12 rertaining groups of type A 2B 

have three sequence isomers each, how many of those groups contain 

isomers which can be distinguished by an OR!) measurement? To answer 

this question we have used a Ynethod worked out by Leo, McMullen, grown, 

and Stokes for the analysis of mixtures of monomers?24 
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1!hether we can identify an oligomfr by measuring its OPJ) is analo-

gous to whether we can quantitatively analyze for its presence in a 

mixture of all the isomers being considered. Obviously, if we can do 

	

• 	the latter we can also do the former. The more direct question to ask 

is whether we can quantitatively analyze the presence of an oligomer. 

• 	. 	in all the possible mixtures which contain it plus one other 
sequence 

isomer. But thus far our approach has been 13.ru.tod to the first typo 

of analysis) 4  This sets a lower limit on our ability to distinguish 

a trimer. Experimental inaccuracy is considered by comparing our abil-

ity to analyze the oligomer in a mixture with our ability to determine 

its concentration when it is pure. We shall suuunarizc the theory in 

the form that has recently been used. 

Assume there is ann component mixture with concentrations cj, whore 

3 1 to n. We make r measurements at wavelength x (1 1 to r) of an '. 

	

• 	optical property, 0j (3 	1 to a; i 1 to r), that obeys Beer's law. 

The property of the mixture is just- 

E. 

 

cej  , or in matrix notation, 

To solve these equations, we first multiply by the transpose, 	
so that 

OU is a square matrix. We then multiply both sides by the inverse of 

. The result is 

_l •E' 
• () 	, or C3 • 

where m3j  is defined by this equation. Lee et al. show that if there 

the sane experimental error at every wavelength , OE. the error in noaSU 
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ing the jth component is given by124  ' 

- 	where Pj  _( 	1/2 (mjj) 2)  

If there is only a single component, we know that cj - Fj/ejj, aid thus 

(n -1/2 .  

This will give the minimum possible value of the error. 

The quantity of interest is the ratio, 1, of the error in ant1yzing 

an oligomor in a mixture to the error in analyzing the pure oligomor. 

R - 

The magnitude of R is an indication of the distinguishability of the 

oligomer. If R is 1 9  the oligomer spectra or ORD are completely resolved 

from one another. If R is , the oligomer properties are either identi' 

cal or linearly dependent, Lee Ct al. ,uso a value of R of about 10 as 

the limit of when a mixture can be analyzed4 124  Recent work suggests 

that this is too pessimistic. 138  

Using a computer program, Tirtoco calculated the value of P. for each 

of the mixtures of trimors discussed above. 238  The input for this program 

was the nearest neighbor ORD calculations, The results are shown in 

Table VII. Using the arbitrary and very conservative estimate that an R 

of 5 is the limit of resolution 1  we find that a total of 43 tritners can 

be resolved from a mixture of their sequence isomers. The remai.ning 21 

have an average P. greater than S. Raising the level of permitted P. to 10 

would lead to a total of 49 distinguishable triinors out of the 64. But 



Mixture 	Component ,. Xw •. 

' 	 • UcG 	 JC 
CGU 6. 
UGC 7 
CCII. 8 
ucc 9• 

CUG 	.10 
average 8 

A2U 	' 	 AUA 4 
UAA 10 
A/dJ 	-12 

• 	
,. 	average, 9 	. 

6. JUC 	 AIJI 
WA'. 6' 
CAtJ 12 

• 	 . 	 TJAC 14 
UCA 14 	• 

AcU. 16 
• 	 .. 	 . 	

. 	 average 11 
Uc-2 	 CUC 

•CCU'. 
fl 
16 

UCC 17 
averae 15 

u2c'. 	uu 
• 	 ucu 13' 

cuu: 21 
avera,gç., 15 

Mixture Component R* 

• CAC 2 
AGC 2 
averajo 2 

eGi. CCC 
CCC 

.2 
2 

COG 2 
• average 2 

UW 
CCII 2' 

• 	 . 

. 	 UCO 2 
average 2 

UP Uti 
iJUG 

1. 
3. 

GUU 3 
average 	. . 	 2 

GAA 	. 2, 
MC 4 
average 3 

• 	 C2G CCG 
CCC. 4 

• ccc S 
average 4 

•ACG AGC 
CGA 3 
CAC,.. .4' 
ACC S 

• GAC '5 
• OCR 6' 

average,  
AC 

CAR S 
AAC 6. 
average S 

• 	 ' 'UUA 
• 	 UAU S 

• AUU  
average .5 

AUG  
.NJG S 
UGA S 
UAG 6 
AGU 6 
CAU 7' 
average •. 	S 

ACC' 7 

0R is the ratio of the ease of 
analyzing for a component alone 
to analyzing for its presence 
in a mixture. 
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in view of the uncertainty in our calculated values, it is best in this 

prolininaz7 study to be fairly consewative. 

To show how the calculated values of ft compare with our intuition, 

we have reproced the OR]) cuos of several, sets of sequence isors in 

Figures 30 through 33.. Figure 30 shows the set of isomers U2G, which 

have an average ft of 2 and thus can be easily distinguished. But the 

sot of three isomers U 2A, shown in Figure 31., are difficult to distinguish... ' 

• . 	It can be seon that they have very similar shapes, and ApUpU and UpUpA. 

appear to be close to linearly dependent. The average ft for thiSystem 

is 9, which confirms our suspicions. The OR]) curvec shown in Figures 32 

and 33 ropresont the sets of 6 sequence isomers AUG and ACC respectively. 

• 

	

	 In both of these cases, each of thó curves seems to be reasonably diffe 

rent from any of the others • The values of ft for those two systems are 

- . S and 4, and thus we can expect that both sets of isomers could easily 

be distinguishàd by measuring the ORI). Thus we can expect ORD in prac-

tice to be quito a powerful tool in determining the sequence of oligo-

nuclootides.  

12. Predicted Spectral Ratios of Trimers 

The most common way of characterizing oligonucleotides has been the 

use of ratios of absorbanco at various wavelengths. This may be a prac-. 

tice inherited from the biochemist, who is interested in separating 

mixtures of various types of components. Thus, the most conmionly used 

ratio, A280/A260, is the same used by the biochemist ktO determine how 

-much nucleic acid is contaminating his protein, or vice versa. But 

there is no particular reason why this spectral ratio or any of the ' 
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lated by nearest neighbor methods. 	Three soquence isomers 

of composition U2G. 
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other .  popular ones, 20/260, 	270/260 	and 290/260 should be particu' 

larly useful in dicriminating among the various possible oligonucleo 

tides. 	In fact, it is our personal opinion that the wavelengths 

traditionally cho5efl are not the most use1.zl ones. 	Nevertheless, since 

there is a large body of spectral ratios in the literature, we felt it 

would be worthwhile to calculate these ratios by the nearest neighbor 

methods outlined previously. 

For a really accurate comparison of calculated and experimental 

values, we should have used the averages of several sets of dimer 

spectra, but only one determination of the extinction of these wave' 

lengths was conveniently available to us, 252 	The values for the mono'' 

mers were taken from Pabst circular oi.10,166  and fortunately, these 

spectral ratios do not change nuach from nucleoside to nuclootide. 

Experimental values for the 250/260, 	280/260, and 290/260 ratios 

of various trinucleoside diphosphatos or trinucleotides are compared 

with the calculated values at three pH's in Table VIII. 	1Ihile there 

are some values for other wavelengths in the literature, we decided to 

confine our attention to these three, since they are the most frequently 

reported. 	A brief perusal of the values shown in Table VIII should 

leave one with several qualitative conclusions • 	The accuracy of deters 

mining these ratios loaves much to be desired; large deviations are oba 

served from one worker to the next. 	The agreement between experimental 

and calculated curves is usually fairly good, and in a majority of cases 

is better than the agreement between experimental values and the sum 

of the monomers. 
'1 
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• 	 It is possible to put the above 4ualitative conclusions on a 

more quantitative basis. The average difference of experimental 

values of ratios from the average experimental value is tabulated 	:. 

below for three spectral ratios. This should be compared.with the 

average differences between the experimental ratios and those cal-

culated by nearest neighbor methods or by summing the monomer spectra 0  

• 	 It can be seen that one does significantly bettor by using nearest 

neighbor calculations than by simply adding the monomers. In light 

of the experimental inaccuracy, however, it is doubtful whether this 

is worth the effort, in most cases. 

250/260 	' . 280/260 	I  290/260 

Average experimental error 	.012 	1018 	.012 

Average 2ifference betwcen 

	

• 	 calculated and experiment 	1 019 	 4 032 	.019 

Average difference between 

	

• 	 monomer sum and experiment 	.028 	.038 	.029 

Looking only at the experimental curves, one can see that the 

range of 250/260 spectral ratios is very small, and thus is of almost 

no use in typing oligomors. The 280/260 ratios differ more, but the 

290/260 ratio especially at pH 1 seems to be the most useful In dis-

tinguishing various oligomors. - 	 • 

One conclusion which can be drawn from Table VIII is that there 	: 

will often be very poor agreement between experimental spectral ratios • 

and those calculated from a sum of the monomer spectra. In this light 

it is interesting to note that Lane has stated that the 250/2600 
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280/26(), and 290/260 spectral ratios of his 2 1 0methy1 trinucleoti1os 

correspond very closely to the values calculated from the sum of the 

117 'I normal monondcleotide 	io of the oh garners he studied are AxpGxpCp 

.O- and GxpAxpUp (where x means 2'mothyl). From Table VIII it can be 

seen that overal of the spectral ratios 1  particularly 290/260 9  for the 

corresponding normal ohigoiners, differ from the ratios calculated from 

a sum of the monomers by much more than the average experimental error 

discussed above. Tnus, for example, the 280/260 ratio of OpApU at al 

kaline p11 averages • 419 among three determinations, and the sum of 

the monomers predicts only .353 for an average difference of .066. 

The experimental 290/260 ratio of ApGpC at pF! 1 is .440, while the 

sum of the monomers prediCts .500. Thus, if we can assume that Lane 

used the same frame of referonco in deciding that his spectral ratios 

agreed well with the monomers, we can say that his trimers resemble the 

monomers much more than the normal trimers do. Is this reasonable? 

We think it is, since the extra methyl groups can restrict the number of 

possible conformations of the ribose phosphate backbone which permit 

stacking. Thus, the AS of stacking should be more negative, and these 

inethylated trimers should be less stacked than in the normal analogues. 

This agrees with the above spectral evidence, though we will feel much 

more comfortable when ORI) data fpr the methylated oligomers becomes 

available. 

13. Other. AplicatiOflS of Nearest Neighbor Calculation!. 

In this section we shall discuss several additional ways in which 

nearest neighbor calculations can help us to analyze oligonuCleOtides. 
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Previous examples have all dealt with measurements made on systems 

with tire independent behavior. But 01W measurements can also be of 

use in following the kinetics of reactions. For example, consider 

the hydrolysis of a tetranucleotido by venom phosphodiesterase, The 

two sequence isomers ApUppA and ApApUpA are expected to have the 

same 01W and other optical properties, since they have the same types ' 

• 	of nearest.nighbors; but tf..we allow exoenzyme degradation to occur,  

the intermediates in the reaction are different. For example, after 

one bond is broken we would have 

ApApUpA -.- 	y ApApU • A 

ApIJpApA 	ip 4ApUpA + A 

Once the reáctión has gone to completion, the OR!) of the two reaction. • 1 

• 	, ,. . 	mixtures should be the same, sincà the products in both cases are 

A • 2pA + pU. Thus, if we measure the OR!) as a function of time 	: 

can expect that at intermediate times in the reaction it will be diffe 

rent, depending on which tetramer we have. 	 . 	, 	.. 

The concentrations of intermediate chain length cligomers in an 	•', :. 

exoenzyme digest can easily be calculated using the methods worked out 

in Ciapter II. By combining those results with the OR!) of each of the 

termed!, calculated by the methods described in this chapter, we 

can compute the OR!) as a function of time. The time dependence of the 

OR!) at 260 mu is compared fr two choices of kinetic parameters, in 

Figures 34 and 35. The steady state case of the random model was used 

to calculate the 01W of ApApUpA and ApUpApA reaction mixtures, shown 
• 	 . 

in rigure 34. It can be scan that the time dependence of the OR!) is 
S 	 . 

0 	 . 	 . 	 . 	 . 
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Figuxi2r 34. Time dependence of the optical rotation at 260 iina of a 

tetranucleotide in the presence of venom phosphodiesteraso. c 	, 

Calculated by nearest neighbor methods using the steady 

state case of the random enzyme model discussed in 

Giapter II. 
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very different for the two oligomers, 	Thus we can determine sequence 

by measuring the kinetics of exoenzyme degradation without having to 

perform an analysis of the monomer released.' This is a great advantage, 

since the problems of sampling are avoided. 	Calculations for the same 

two oligomers using the optimal case of the random model are shown in 

Figure 35. 	As expected, the differences between the two sequence 

isomers are even larger here. 	thus it should be very easy to distin 

guish between sequence isomers in this manner. 	And while the oligomer 

'would be degraded, the amount of matcial needed is much less than in 

other methods. 

One complication could arise which might make the above method 

of sequencing difficult. 	There is much evidence that when nucleotides 

are mixed with nucleasos substantial spectral changes occur. 5 ' 	If this 

happens with exoenzymes • and if the spectral changes are accompanied 
by large changes in ORD, the analysis will become much more complicated. 

It is impossible to say whether the result will lead to more or less 

precision in sequence determination, 	But it will certainly lead to a 

powerful tool for studying the properties of these enzymes. 

If polynucleotido phosphorylase is used as an exonuclease • the 

above analysis must be modified. 	When highly pure, this enzyme cannot 

degrade dinucleoside phosphates • 	Thus the ORD of the final reaction 
mixture will be different for two sequence isomers such as ApApUpA and 

ApUpApA, since in the former case ApA will remain while in the latter 

ApU is undegraded. 	This will provide additional information, and should 

make terminal sequence determination by these enzymes more useful. 

Kinetic changes in ORD will certainly help to determine the sequence of 

many oligomers which have identical nearest neighbor pairs. 
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Endoenzyme degradation can not,4 f:'n genoral, be used to help deter. 

mine the sequence of oligomers in whjch the same nearest neighbors can 

give rise to several sequences. For example, complete hydrolysis of 

CpGpCpC with Ti RNAase will yield the dimer CpG as well as the monomer 

G. Treatment of the sequence isomer CpCpGpG will yield the same final 

products if terminal phosphates are ignored. Likewise, treatment of : 

both tetramers with pancreatic RNAase will yield GpC and C. 
l 
 Thus, there 

is no additional optical Information to be gained by performing an 

endoenzymo hydrolysis. 

The change in the 01W of a polyrtucleotide upon endoonzyme degra-

dation can provide some sequence information. 238  For example., if an 

RMA is dijested to completion with Ti RNAase, the OR!) change for this 

process should be proportional to the number of CpA, CpU, CpC, and GpC 

bonds broken. Thus, measuring this change will tell us what fraction 

• 

	

	 of the resulting oligomers end in 5' Al  U, or C. In practice, great 

sensitivity may be needed to be able to detect this change accurately, 

• 	 since for an average 1NA it can represent at most 1/4 of the OR!) of 

• 	an average polymer. 

• 	 Thus far, all of the 01W measurements we have discussed have been 

made at room temperature. Current oxeriments by Davis will soon prod 

vide us with a knowledge of the temperature dependence of the OR!) and 

absorpti5n of all 16 dinuclooside phosphates and the four monomers. 37  

It will be of great interest to see how well nearest neighbor calcu 

lations can predict the temperature dependence of the optical proper. 

• ties of oligonuclootides. We certainly expect that at high temperature' 

the ORI) of all oligomers should resemble the monomers, and this is the: 

case for the systems already studied. Although calculated and cxperl. 
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mental results may agree at high and low temperature, there is no guaran. 

tee that the shape of the temperature transition of diners is the same 

as trimors. It 15 possible that next-nearest neighbor interactions may 

be more important for thermodynamic propertiôs than they are for ORD or 

absorption. But if we are confident that the ORD can be predicted for 

a given conformation from the diners, analysis of discrepancies between,; 

experimental results and calculations at intermediate temperatures can 

• 	provide clearer thermodynamic inforrnation 	. 	 : 

Other tochniquos such as solvent perturbation and spoctrophotometric 

titrations have yet to be studied in detail using the ORD of oligonucleoe : 

tides. This should provide a fertile field for futhre work. It will be • 

of great interest to learn just how general is the nearest neighbor 

treatment of oligonucleotides. 

In summary, we have developed a method by which the optical proper -

ties of oligonucleotides can be easily predicted. We have shown that 

• 	the conformation of bases in trinucleoside diphosphates in solution. is  

the same as the conformation of thesö bases in the component dinucleoside 

phosphates. This is an important first step in understanding the con- 

formation of polynucleotides in solution. 	. 
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IV, OPTICAL PROPERTII3S OP POLYNUCLEOTIDES 

•1. Conoral Considerations of .  RNA Stnicture 

In the past chapter we intentionally confined our attention to the 

• 	optical properties of single stranded oligonucleotides. Now we shall 

treat the complications which arise when an RNA strand has the capability 

of forming conformations which include double or multiple stranded sec 

tions. As in the past, our general approach will be to try and under-

stand the pioperties of polynuclootides in terms of the properties of 

olgonuclootides. 

It has been known since tho.lato 1950's that a single strand is a 

poor model for the conformation of a natural RNA in solution. Even TWA 

molecules which were proven to be one continuous strand showed proper.' 

tics which indicated a complex secondary and tertiary structure. 217  

In this section we shall review much of the evidence that has Led to 

our current conceptions of the conformation of TWA in solution. Dis'-  - 

cussion of some recent papers which are especially pertinent to the can 

formation of 1W IWA and sRNA is postponed to later sections, 

X.ray diffraction techniques provided the clue to the understanding 

• 	of the conformation of DNA. 255  But attempts to apply this method to 

• 	• 	• • structure determination of RNA have not progressed at as fast a rate. • 	f 

The problem is that most 1NA structures are not as regular as DNA, and 

thus the diffraction patterns are more blurred, and their analysis more 

difficult. Novertheless, good fiber patterns have been obtained from 

some RNA' a, and approximate structures have been determined. The most 
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• 	 well understood RNA is obtainod from reovirus, and has a molecular 

weight of about io, Langridgo and Gomatos 118  have shown that at 

least Sot of this RUA is a double strand 1  and their data are consis. 

tent with 90 to 100% double strands in the fiber, but the patterns are 

too blurred to be sure. The structure resembles the A form of DNA 
a 

(low humidity) with a 30 A helix repeat and 10 residues per turn. The 

planes of the base pairs are tilted 75 to 80 degrees to the helix axis. 

But unlike DNA, when the humidity is raised there is no structure 

iransition to a. conformation in which the base planes are perpendicular 

to the helix axis • The difference between the X.ray fiber structure of 

double strand RNA and DNA is probably not due to the replacement of T 

by U, because Langridge and Marmur have shown that PSB2 DNA, which 	0 

contains U instead of T, has the same three dimensional structure as 

normal DNA. 119  Thus the difference between DNA and PNA can only be 

attributed to the presence of the 2' QI group in the latter. This is 

supported by the fact that very large differences are observed between 

the properties-of poly dA and po]y A 28  

Studies by Tomita and Rich have lead to the conclusion that fibers. 

of 'fl1V RNA, disoriented Wound Tumor Virus, ribosomal TNA and a random 

copolymer of A and U (1:1) all have small double stranded segments. 239  

In addition, the undenatured Wound Tumor Virus RNA shows a well resolved 

• 	

0 	 X-ray fiber pattern similar to reovirus.. Fibers of the acid form of 

poly A have been shcin to consist of double strands in which both strands, 

are parallel, unlike DNA. 181  Intensive efforts have resulted in the 

• 

	

	 preparation of only one crystalline RNA, and this has a dubious pod!- 

gree. 216  This RNA, which was originally thought to be sRNA, has now 
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been shown to be degraded rRNA. While' X-ray results on this low 

molecular weight R4A are not clear, they indicate that it consists 

of small double strand sections with a structure similar to reovirus, 

Thus all the X-ray results agree that under some conditions RNA can 

be partially double .tranded. 	
/ 

Reovirus RNA contains two complementary double strands, and thus 

is unlike most of the other RNM which have been studied. It is 

interesting to note had similar the properties of this double strand 

are to the more familiar DNA. The melting curve of roovirus RNA is 

very sharp. 78  J(rug, Gomatos and Twrcm have recently shown that this 

RNA will act as a template for DNA primed RNA polymerase. 113  By analy' 

zing the nearest neighbor frequencies of the product formed they have 

been able to show that the two strands of reovirus RNA are antiparall,l. 

This received a strong confirmation when the same workers shoi'ed that 

the R'A will also act as a template for tA polymerase, resulting in 

the synthesis of double stranded antiparallel DNA. 77  This loads us to 

suspect that in solution this RA must have a structure extremely close 

to that of DNA. In contrast to reovirus RNA, most RNAs are very poor 

templates for polymerases ,76  Thus they are probably not nearly as 

perfect double strands as reoviris. 

Of course, one must always be careful in oxtrapolating the results 

of fiber or crystal structures to predict the structure of a polymer in 

solution. Fortunately, there have been several studies of the small 

angle X-ray scattering of RNA solutions, and these are fairly consis-

tent with the more detailed information available from fibers. Witz, 	( 

Hirth and Luzzati have looked at rRNA, T'W RNA, and TYMV RNA at salt 
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concentrations which range from O.1S to 10 3 molar. 9  All three are 

quite similar and show a mass per unit length similar to DNA In solu 

tion. But those molecules are not as rigid, and are more compact. 	
'4 

The structures suggest that the base planes are close to perpendicular 

to the helix axis • These results are interesting since, as Wttz, UiTth 

and Luzzati point out, TIMV PNA can have a maximum of 78% Watson-Cuick 

base pairs. But it appears to be just as ordered as 111V RNA, which Is 

potentially capable of forming more A-U and C-C hydrogen bonds than 

• 

	

	 TYMV PNA. Thus the authors suggested that other types of base pairs 

must play an important role in stabilizing R?Ut double strands. 

The other double strand RNA which has been studied by small angle 

X-ray methods Is the acid form of pôly A. 	It was óttnd that the 

mass per unit length is slightly less than DNA. This agrees with the 

fiber studies discussed earlier. 18' Thus there Is much evidence that 

double stran&d INA occurs in solution. It is hoped that those studies 

will soon be extended to other ordered polynucleotides. 

Some of the earliest evidence that RNA could form double strands 

cime from the study of the 1W spectra of mixtures of synthetic polynu-

cleotides. Solutions of mixtures of poly A and poly U show sharp 

'meltlnZ transitions at 11 7224  Mixing experiments have led to the 

idea that a 1 to 1 double strand complex is stable in the absence of 

magnesium Ion. If Mg is added, the triple, strand poly (A+2U) becomes: 

the stable form under the range of concentrations studied. 224  However, 

the interpretation of UV mixing curves is not always clear. Drobnik 

and Kloinwachter, have shown that the results can strongly depend on 

the choice of wavelength. 46  Also, mixing curves cannot distinguish 

30  among helicos of the type MBa, where n has any integral value. 



Fresco has clained that poly (A'U) is not the equilibrium form 

of a 1 to 1 mixture of poly A and poly U oven at as low salt conccn 

tratims as 0.1 molar, 66 	Fortunately, the discrepancy between his 

interpretation and the earlier results of. Sterner and Beers has been 

partally clarified by the recent work of 9iles and Frazier. 153  i 	They 

have used IR spectroscopy. which has the advantage that the absorption 

peaks corresponding to all of the expected components in a mixture of 

poly A and poly U are well resolved. 	Thus the composition of each 

mixture can be clearly determined. 	Miles and Frazier show that at 

neutral p1l in 0.1 M Na', poly (A+U) is the stable complex in mixtures 

containing less than 0.5 mole fraction U. 	Under these conditions, 

poly (A+2U) is stable above 0.67 mole fraction U. 	At intermediate 

compositions, both forms are in equilibrium. 	The addition of 	has 

no effect except around 06 mole fraction u. 153 	By an extension of 

this work, Miles now suspects that in the triple strand complex the 

two strands of poly U are parallel to each other and antiparallel to 

poly A?52  

It has been more difficult to obtain satisfactory reu1ts with 

mixtures of p01)' C and poly G. 	In the past, satisfactory preparations 

of poly C have been hard to come by. 	But tcent work by Pochon and 

Michelson has shown that poly C and poly C form a stible 1:1 complex 
1A 

at room temperature in 0.1 molar salt.L1+ 	This complex is very stable 
/ 

and in 0.002 M Na' shows no hyperchrondc change up to 100 °C. 	If short 

chains of C are used instead, one obserred a 2G + C triple strand. 174  

This seems to explain the earlier results of Fresco, 66 	Thus, G.0 and 

A.0 pairs can exist in polyribonucleotides in solution. 	But these 

experiments do not prove that these are th  e only possibilities. 
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A third regular polyribonucleotiáo which hits been studied in 

solution is poly r(MJ), a copolymer of alternating sequence. 29 	This 

polymer shows a sharp melting transition which occurs at a higher 

terperaturo than the Co .rresponding poly d(AT) • 	The molting transition 

is reversible, even when measured by viscometry, which indicates that 

poly r(A)J) is pronably a single strand. 	The secondary structure arises 

from the strand folding baik on itself to form a double strand. 

The above experiments indicate that A41 and G-C pairs are iniper. 

tant in RMA structure at neutral p11, 	when the pil is' lowered, there is 

a tendency for these pairs to be broken apart and others to' bo formed 

between the protonated bases. 	This is readily obsewod by studying 

the titration of the homopolymers. 	Poly A in 0.1 M KC1 picks up 1/2 

an equivalent of protons absuptly at pH 5.9 to form a double strand 

helix with A-A base pairs. 	Unlike flA, this helix ts destabilized by 

salt. 	Thus in 0.01 Msalt, the transition occurs at pH 6.3. 224 	I1art 

man and Rich have found similar results for poly C. 	At pH 5.7, this 

I polynucleotide takes up 1/2 equivalent of H' 	and forms a double strand 

with C.0 base pairs. 85 	These transitions of poly A and poly C are 

accompanied by large changes in the ORD. 54 ' 95 	Thus, it should be kept 

in mind that to explain the optical properties of RNA at pH's lower 

than neutrality one may Aiave to consider conformations involving prod 

tonated bases. 

Thus far, most of the experiments which we have been discussing 

are concerned with what is conventionally called secondary structure, 

The recent review by Spirin cites much evidence that RNA has tertiary ,  ' 

structure as well. 217 	Electron riicrographs of ThV flNA or B. coij rRNA 
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deposited from solutions of low ionic'strertgth show that 'these mole. 

cubs are long rods.. Under those conditions fl1'f RNA is found to have 

a diameter of 30 A and a. length of up to 2500 A. This is ,a thicker 

rdd than would be cxpcctcd for a simple double strand helix. These 

results are confusing, and it is possible that they represent experi. 

mental artifacts. Other data reported by Spirin suggests' that simple 

double strands are an oversimplified picture of RNA conformation. The 

dichroism of the 260 absorption band of RNA ôrieiited: in an electric 

field is positive. RNA is expected to. orient with the long axis parallel 

to the field. Since the, transitions responsible for the 260 transItion 

are irn, polarized-tn the plane of the bases, this means that the 

base pianos are parallel to the long axis of the moi'ecubo. To explain 

thIs unexpected result, Spirin has proposed the structure shown below, 

a rod caTiposed of small parallel helices. 27  Mother possibility exists 

if one allows, the presence of hydrogen bonded base pairs .betwben parallel• 

.RNA strands. Then it is.posslble to,.'form a helix with a large diameter 

containing base pairs parallel to the helix axis. This structure s  which 

would also show positive dlch.roism, is shown below for comparison. 

I 	'I 	•', 	,: 

small helices 	. . 	 large II helix 
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• 	 At the present time both of these stiuctures can be regarded as 

highly speculative. In most of this chapter we will restrict our 

selves to considerations of RNA secondary structure, for which there 

is much more conclusive evidence, 

2. EvIdence for A-ti and C-C Pairs 

Much of the past evidence for the details of RNA COnfoinat1on 

comes from the study of the temperature dependence of UV spectra. - 

Intorprotation of 1NA melting curves is complicated-by the fact that 

• 

	

	 both single and double strand confonnations change with increasing 

temperature. Since HNA melting curves tend to be sharper than transi 
• 	

tions expected for pure single strands, there has been a tendency to 

ascribe all of the effects observed to the breaking of hydrogen bonds. 66  

This error should be kept in mind whilo evaluating the results pro. 

sented below. 

RNA molting profiles are not so sharp as DNA. This le"d to the 

idea that RNA is composed of short dounle helical segments spaced by 

more random conformations. The breadth of the inciting profile is 

thought to arise from the continual melting of segments of different 

length and stability. 1ecently, Fresco has shown that some purified 

sRNA's have a two phase melting curve. 66  Each is much sharper than 

the reiativel broad melting one sees in unfractionated yeast sRNA, 

• This strongly suggests that sRNA contains double (or multiple) stranded_  

sections, since these are expected to have a much sharper melting trans. 

sition than single strands. 
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There has been much detailed analysis of nelting transitions in 

an attempt to resolve some of the details of RNA conformation. Fresco 

and his collaborators have analyzed their data in three different ways 

to provide evidence on the types of base pairing in RNA. The first 

approach is to compare Tm  (the temperature at which half of the possible 

change in absorbanco has occured) with the base composition of a set of,  

RNA's. Fresco claims thatXgXc XaX,j s etc., where X is mole fraction, 

correspond to the probability of each type of base pair occuring, and 

thus he plotted all of these possible products against T ms'94  'Good corre* 

lation occurs only between T. and XaXu  or XgXce  But there are many sRNA's 

among the 10 RNA' s ho considered, and the above plot is only true for 

infinite polymer. To correct this, Fresco alsb sought correlatiois be* 

tweon Tm  and XgXc / (XgX + XaXi). These correlations occur, but all 

that this can tell one is that interactions between G and C are stronger 

than interactions between A and U. It would be interesting to see a 

plot' of the ininimuin value of X. or X, against Tm,' since this corresponds 

to the maxiimim possible number of i'nteractions of a given type, but 

Fresco does not plot this directly. Thus, the above evidence suffers 

from the weakness that the correct plots were not made. What one really 

would like to know is the average number of interactions expected for a 

given base composition in a finite polymer. This could then be compared 

with Tm. Unfortunately, to compute this average, some assumptions have 

to be made about the nature of the interactions. But it is clear 'that 

the average will involve both terms of the type XG or X(  minimum, and 

XgXco At present, it can be concluded from these data only that AeU and 

C-C pairs may have some importance. 
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The second method used by Fresco 'and his collaborators to explore 

PNA secondary structure is the analysis of difference spectra. 68  They ,  

attempt to decompose the spectral change upon heating Into contributions 

from A-U and GC pairs i.ising Oie,  following equation, 

- XA(A) + 	cc (A) 

whore A is the absorbance, C is the concentration, and X IS the mole 

fraction of base pair. At and Aer  JW 	C  are hypothetical 
changes In ex' 

tinction for forming an A-ti or G-C pair. Fresco obtained Ae from 	 V  

the spectral change upon forming poly(A+U) from poly A and poly U. But 

for Ac Fresco and his collaborators use the change in extinction upon 

heating poly GC (48t52). randorncopolyvier. Thi s  is a very had choice, 

since it Ignores the fact that this copolymor may have (',-C and CC as 
V• 

well as C,-C pairs. Thus, while it Is possible, to fit the change in 	V 

absorbanco of an flNA using Fresco' s AAU and hew, one cannot interpret 	V 

a good fit as meaning that there are only A-U and C-C pal's. Pelsonfeld 

and Cantoni have tried to correct for the above error in Ae by using 

the change in extinction upon forming oligo G poly C pa1r. 56  But there 

is still one error left in this method, since it assumes that the inter' 

actions leading to hypochromicity coma from interstrand Interaction 

only, In fact, there are also major contributions from Intrastrand 

stacking. By including nearest neighbor interactions in their analysis 

of DNA spectra, Polsenfold and Hirschman have shown that quadratic terms 

will apDear in the above equations.57  At some wavelcngth5 those can be 
V 	 V 	 V  

cone large. We hope that this more complete treatment can soon be ex- 
- 	

V 	 V 	
V,Vj:V 	

V 	 V 

tended to RNA spectra. Until then one cannot be completely satisfied with 

the conclusion that difference spectra show only A-ti and C-C pairs. 
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The third method used by Fresco to analyze n1ting curvos is to 

plot T against wavelength. 66  This turns out to show a •miniimim T. at 

the wavelengths where the A-U difference spectrum is largest. This 

shows that A-U pairs are weaker than other interactions, but it still 

is not conclusive evidence for the existence of only A-U and C-C pairs' 

inRNA. 

One 'of the most directs methods for studying hydrogen banded inter. 

actions is hydrogen cxchange,. While this mehoJwac long plagued by 

uncertainties, recent technical improvements have led to new respectã-• 

bility and the ability to, study exchange reactions with much shorter 

half lives. ' In their recent study .  of hydrogen exchange in DNA. Printz 

and v Hipple assume that all non hydrogen bortded exchangeable protons 

have half lives too short to permit observation. 171  This 'permits the 

decay curves to be extrapolated to zero time and yield an estimate' of 

the number of hydrogen bonds. 'Iliese , extrapolated results for calf 

thymus and T4 DNA are within 5% of the nuner of hydrogen bonds calcu 

lated for completely complomontaiy DNA iAth known base composition. 	' 

Thus one can fool confident that the exchange one is observing is really 

due to hydrogen bonacd 'atoms. In natIve DNA, the kinetics of exchange 

are simple 1st order, which suggest that all the hydrogen" bonds, are 

approximatolyoquivalont. In denatured DNA, the decay curves are more ' 

complex, and extrapolation to zero time implies that only 54% of the 

hydrogen bonds remain. Sinco the hypochromicity of this denatured DNA 

is 75 111, of the nativo value, estimates of helicity based on hypochronism 

• ' '. 	are new open to question. The discrepancy between these two values 

'presumably comes from the contribution of single strand conformations 

to the hypochromicity. 
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The concurrent studies of Baglander and Bnglnnder on RNA provide 

an interesting comparison with the tA results. 53  These authors pro-

pose that echango can occur only when the hydrogen bonded pair breaks 

and swings out of the helix, and this is the. rate limiting step. Extra-

polation to zero time for the sRNA' a .they studied show about 1.1 hydrogen 

bond per nucleotide pair. The rate of ext±ango is very sensitive to . 

Mg concentration. If Mg is present, the exchange rates are inde' 

• . 

	

	péndent of salt coiicentration. But in the absence of Mg, strong 

dependence on salt concentration is observed. Englander and trtglander 

conclude that sRA is highly helical but does not have a static 

structure. 

We are now ready to state the postulates about RNA' structure which 

• . 

	

	most workers take for granted. As the above discussion Indicates, we 

are by no means convinced that those postulates are valid. But they '. 

r.  form an effective working hypothesis. Most attenpts to understand the 

conformation of RNA have been based on these six assumptions of Fresco, 

Alberts and Doty. 67  

1, Only A-U and G-C pairs are iinportnnt. 	. 

At 25°C and moderate ionic strength, the minimum stable 

double strand helix is about 4 residues long. 	. 

Double strands are formed by hairpin turns which contain 

a non hydrogen bonded loop of at least 3 residues. 

Looping out of additional bases can occur to enable more, 

hydrogen bonds to be formed. Without looping out, one 

can expect that only 20% of the residues of a random chain 

are capable of forming A-U and C-C pairs, within the 	• • 

above restrictions. 
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Most stable regions involve ihteractions between adjacent 

sections of the polynucleotide chain. Tnteractions be-

tween distant residues restrict the entropy of the inter-

mediate chain. 

All double .trands are antiparallol, like those in DNA. 

It should be realized that most of these postulates are untested. We hav 

cast doubt on postulate learlier in this chapter. Postulates 2, 3, and 4 

are, at best, approximations. Since stacking energy will be lostwhen a 

hairpin turn is made the length of astable hairpin may well depend on 

the sequence of non hydrogen bonded residues. The only consideration that 

should be made in deciding the conformation of flNA is to minimize the free 

energy of the solution. Thus, under some circumstancesit Is quite possi-

ble for distant sections, of the polymer chain to interact. The last pos-

tulate is true in long double strand reovirus RNA, but we see no reason 	= 

why it is necessary for short double strand segments. We hope that the 

methods we shall describe later in this chapter will eventually be used 

to test the validity of these postulates. Until such time, we will not 

let them restrict our conception of the possible conformations of an RNA 

strand in solution. 

3. Interactions Between Oligonucleotides and Polymers 

To understand the properties of double strand RNA it will first be 

helpful to study small oligomers which are capable of forming double 

strand complexes. Since the difficulty of preparing an oligonucleotide , 

greatly increases with chain length, it is desirable to find the smalle 

compounds which can still form double strand complexes like longer poly- 
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• mers. In this section we shall revies some of the experimental eitidonce: 

for interaction between oligonuclootides or between oligomers and poly. 

mers. 

There is muci evidence that at sufficiontly high concentration 

mononucloosideS or mononuclotides will interact in so.ution. But much 

of this evidence, discussed in the last chapter, indicates that these 

• interactions are vertical stacking and thus correspond to single strand 

polymers. One exception is pG, which forms a gel which contains hydro 

gen bonded complexes of C as well as stacked rings. 70  But there seems 

to be no well established evidence that purineg will specifically inter. 

act with pyrimidinos in aqueous solution to fore hydrogen bonded pairs. 

On the contrary, the recent N1R evidence of Sthweizer, Chan and Ta o 

suggests that purinos interact with pyrinildines in solution by vertical 

ring stacking. The interaction between two purinos seems to belightly 

stronger than between a pyrimidino and a purine. 200  Thus to find evidence 

for double strand interactions in solution, the dimer is the shortest 

V 	- 	chain length worthwhile considering. 

In crystals, the interaction between bases or nucleosides to form 

complementary pairs is well established. Haschemeyor and Sbo11 hay 

found that a crystal grown from a 1 • 1 mixture of dG and S.bromo dC in 

aqueouc solvent contains pairs of bases in which each G forms three 

hydrogen bonds with a C just as in WA, 88  The same hydrogen bonds have 

been found for mixed crystals of derivatives of the bases C and C. In 

all cases, hydrogen bonded base pairs are reported. Mixed crystals of 

• 	 adcnosine and S-broinouridino also contains hydrogen bonded pairs, as do 	
V 

other derivatives of these bases or nucleosides. But in this case, the 
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A4J pairs are not always hydrogen bonded as in DNA. 87  In some cases th 

the amino group and the imidazole nitrogen. U pairs with the A through  

Thus, in this case, the A-U pair resembles the interaction between poly A 

and the second strand of poly U in poly(A+2U). Whether the occurence of 

this unusual hydrogen bonding is due to lattice forces is not known. 

But it is encouraging that purino pyrimidino interactions seem to be 

quite frequent in the solid state. Only one dinucleoside phosphate has 

been studied by the methods of X-ray crystallograpy. 203  This is 

Adenylyl(2 1 45 1 )Uridiflo, which in principle could form an antiparallel 

double strand complex with two A-U pairs. But this was not observed in 

the crystal. 

Interaction between oligomers on a chromatographic column might 

represent a situation halfway between the s',lid state and olution. 

Tuppy and Kuchior have bound bases covalently to a resin and used this 

to separate mixtures of other bases. They find that the base coinpie- 

mentary to the one bound on the coltnnrt is always retarded. Thus, through 

the magnification of chromatography, it has been possible to demonstrate 

that single bases can interact with each other to favor complementary 

pairs. 244  The polynuclootide cellulose columns devised by GiTham repre-

sent an extension of this idea4 The success of these columns indicates 

that fairly specific interactions can cur between oligonucleotidos 

and short homopolymorS bound to a resin. 73  

There Is much evidence that oligomers will interact with homopolymers 

in solution to form double or triple strand complexes. Most of this 

evidence comes from the study of UV spectra, though recently the mothods 

d stability of the of IR spectroscopY have also been used. The nature an  
S 	 S. 	 - 
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complexes formed depeds, in gene, 'on the concentration of the reac-

tants, the composition of their mixture, the salt concentration, the •  .' 

absence or presence of Mg, and the 01. In Table I we have atteiipted 

to summarize the currently available data for. oligomer-polymer complexes. 

It can be soon that in most cases complexes occur at concentrations not 

much higher than those ordinarily used for UV spectroscopy. The complex 

becomes more stabl&as the chain length of the oligomer is increased. 

Lipsett, Heppol and J3radley have studied the interaction of adonylic 

acid oligomors with poly U under a variety of cond.itions) 33 ' 134  In 

general, they find that with chaiTi lengths of A greater than three, the 

presence of Mg strongly stabilizes the triple strand A+2tJ complex. 	. 

The double strand formed in the absence of Mg' has a Tm  twenty degrees, 

lower. The presence of a non-complementary base in oligomers such as 

p(Ap) 3U lowers the molting temperature considerably. The presence of a 

terminal phosphate seems to have almost no effect. Thus it appears that.:, . 

the behavior of these oligomer-polymor complexes is a good model for the 

interaction between polymers. As Lipsott, Iloppel and Bradley point out, 

one must view melting temperatures below 10 °C with suspicion since it is 

known that here poly U begins to form .a double strand. complex itself. 134 0
129  

The effect of non-complementary bases on the interaction between 

oligoiners and poly U has been studied recently in more detail by Bauta 

and Bautz. 6  They find that a terminal C in an oligomer of the type 

(Jp)X does not &%Stabilizd the double or triple strand complexes formed 

nearly as much as a terminal G or U. However random poly (AC) forms the 

weakCst complex with poly U. This should servo to caution us that extra' 

polations from oligomer interactions to polymer interactions must be don' 

cautiously. 
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The interactions between oligomers containing C and poly C are 

slightly more complex than those we have described above. Depondin 

on the conditions used, Lipsett has found that it is possible to form 

either a 1:1 complex or either of the possible 2:1 complexes. 131  From 

the data shown in Table I it is readily apparent that complexes between 

C oligomers and poly C have naich higher Tm's  than complexes betWeen the 

same chain lengths of A and poly U. This is consistent with the evidence 

presented earlier that the C-C pair is stronger than the A-U pair. 1!ow 

ard, Frazier., Lipsett and Mile's have studied some of those interactions 

and, in addition, found that the mononucleotide d(pG) could form a double 

strand complex with poly C. 10°  No similar interaction has been published 

for poly U and A. It would be interesting to see whether complexes be-

tween oligo C and poly C. or complexes between oligo U and poly A are 

very different from the complementary complexes discussed here. Unfor-

tunately, we know of no published studies of this type. 

4. Oligomer-Oligomr Interactions 	 S.  

In the past section we discussed'some of the extensive evidence for ..• 

the interaction between oligonucleotides and homopolymers in aqueous so-

lution. But there is very little published data on the interaction of 

ollgomers with oligomors. Most of the experiments which have been re-

ported treat the aggregation of oligomers containing large amounts of 0. 
to aggregate 

It is not clear whether the strong tendency. of C containing oligomorsis. 

pertinent to the structure of RNA in solution. As we mentioned previous* 

most workers assume that only A-U and C-C pairs are important contributors 

to flNP conformation. But we feel that the effect of C-C pairs cannot, be 

assumed to be negligible. 
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The only systematic study, of the aggregation of C. containing 

oligonuclooticlos has been car*iecl out by Lipsott, 130  She I finds that 

the aggregates are formed extremely slowly in solution, thus suggesting 

that they have very high molecular weight. The stability of the aggre-

gates is very sensitive to the concentration of oligomer, and not so 

sensitive to tho. chain length, the ph,  or salt conccntat1on. These 

results are summarized in Table I I • CpGpG readily aggregates at normal 

optical concentrations, and GpG shows a melting temperatu'e of about 20°C 

at ar. 0 .D4. of only 6. : Interactions of oligomors containing sovoral C's 

are often observed in chromatographic systems. 180  Thus, interactions 

between sequences containing 2 or more C's may play an important role 	•., 

in RNA structure. But. those runs of C should occur fairly infrequently 

in a random RNA. Thus Watson-Crick. type base pairing is probably more 

irnportnt. '  
The only information onthe possibility of A-U hydrogen bonded 

pairs in oligomors in solution comes from the recent work of Thach and 

Sundararaj an 2 	They report that U (pU) 5  (pA) 2  has no hypochromicity in. 

the range of 7°  to 50 ° , but the oligonuclootide U(pU) 6 (pA) 4  shows a 

temperature transition with a Tm  of about 8° . The temptation is to say 

that this is due to the formation of a hairpin loop with 3 or 4 A-U 

hydrogen bonded pairs. But since studies of T. against concentration 

have not been reported, we do not know whether this is due to inter or 

intramolecular effects. 	 . 

• 	From the above dearth of experimental evidence, it is obvious that 

a study of the interaction of oligonucleotides in solution is very 

worthwhile. This is one of the most direct approaches to ascertaining 	. 

In 
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• 	 the types of interactions that are important for RNA structure* Thus, 

It is of interest to determine what chain lengths are necessary. beforo. • 

, complementary oligomors can form a stable double strand complex. ' 

• 	It Is to the experimenter's advantage to work with the shortest chain 

lengths feasiblo, since those are easier to prepare. In addition, 

intramolecular effects are less likely to confuse the analysis of inter. 

• 	actions between, say, trimors or totramers. 

• 	 Since there was no experimental evidence fôr:tho interaction of 

complementary dinucleotidos or trinucleotide, we decided to try and 

estimate the degree of association of those compounds at concentrations 

which can be conveniently reached oxperimentafly, ConsIder the reaction •' 

• 	between two dimers to form a double strand with two hydrogen bonded 

pairs. The all for this process arises from two typos of interactions. 

£}I 'comes from the increased stacking interaction between the bases on 

the same strand. We define Alis  to contain the sum of single strand 

• • 	interactions of both strands • Thus, for the dimerlzation of oligoners. 

containing ii bases, there is a change in enthalpy of (n.l)&U 3 4 The se 

cond interaction, 11b is due to the interactions of bases on one strand 

with bases on the othor. This may include both hydrogen bond enthalpy 

and additional stacking between bases on one strand with bases on the 

other. As before, Allb contains contributions from both strands. Thus, 

for an oligomer of chain length it we shall assume that there is a change 

in enthalpy of n% Won interaction. This. is certainly an: approximatIon, 

but we are only interested in obtaining a crude estinate of the inter 

action between short oligomers, ihus we 'shall also assume that aH5  
— •o ' 	

• 	
- 	 This is probably not a bad first assumption, and has been 
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from the calculations of Magoo, Gibbs and Zimmtthat 	'3.91 per 

mole base pair) 40  This gives Hr % 2.2 kcalper mole. Thus, for an 

infinito polymer, one would estthate'a total AR of about ..;4 • 4 kcal per 

base pair. This is a reasonable value, but smaller than the experi. 

mental results of ROss and Scruggs for the interactln of poly A and 

poly U?84  A second possible choice of 811 comes from the work of 

pplequist and Damlo, 3  Using th9ir "staggoring zipper" model to fit 

the unpublished results. of Fresco, Blake and Doty, they estimate a AH 

of about -8 kcal for the formation of double strand oligo A's. This 

would load to a1r  of about -4 kcal per mole. This, coincidently, 

seems to be a good upper ostimato for the r  of forming double stranded 

Watson-Crick base pairs. Thus we shall estimate the Tm  for the inter-

action of dinucleotides using both values of Alir. 	 :- 	 ( 

To obtain a value for 8Sr,  we must estimate the equilibrium constant 

for the interaction of ApA and poly U from the experimentally available 

melting temperature. As a first approximation, the binding of dimors 

onto a polymer can be looked upon as a simple Ising problem. 93  We 

shall assume that the types of interactions between oligomers and oligo.': 

mers are the same as the oligomer polymer case. We find that each dimer 

gains 2 Mb and 1 8115  when it binds to the polymor. The loss in ontroy 

15 2 r  per dimer. But, in addition, the dimers bound to the polymer 

can interact with each other through vertical stacking. The strength 

of this interaction should be Mira It is ihown by Hill that for N par. 

tides bound onto an.Xsirig lattice containing M sites 

• 	(N ) (N  ) 	-w/kt 	- 

-J 	

I'0lJ 
	 4 
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Now we are roady to calculate T. for two dimors interacting. From the 

• 	 results shown in Table I, we see that ApA and poly U show a Tm  of about 

280 °K. We shall asurno that ,the poly A contained approximately 100 

residues. Hagee, Cjbbs and Newell have shown the results are rather 

• 	

0 	
insensitive to the chain length of the polymer) 39  The total concon 

tra'cion of poly U plus ApA was .06 x 10 molar in nucloosides. Thus 

the initial concentration of ApA is 1.5 x10 5  molar. When half of the 

direr is bound (at Tm)  the concentration of free JpA is thus .75 x 10 

molar. Using equation (6), we calculate K and find that 8F/Trm  

Using the experimental result for Tm  loads to the following equation. 

• 	 H 	(1036)(280) 	• 	 : 0 

As 	- 	 eu , 	 (7) 
(280) 	 •• 

We have shown that AFI 200 air. Thus, by using our two limiting values 

of AH r  in equation (7), we have two possible values for AS. We find 

-2.2 kcal 	4.78 eu 

-4 0 0 kcal 	17.74 eu 

These values probably represent reasonable ectremes for the thermody-

nazuics of the interactions. 	I  

Using equation (2) we can compute the values of J( at the melting 

temperature for the interaction of two dimers. Those are then combined 

with the result that AF 3AIlr Tm 2Sri The calculated Tm's for 

several concentrations, and our two choices of AHr,  are shown on the 

following page. 
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£Hr  

Concentration 	 '2.2 kcal 	-4.0 kcal 

(A)"(B) 	10' 	molar 	224°K 	2l7°K 

10-3  molar 	265°K 	237°K 

101 2  molar 	316°K 	260 01( 

since concentrations of 10' 2  molar are within range of optical measure 

ments, this means that it is worthwhile to look for the interaction 

between two dinucleoside phosphates. 	The values in the above table 

can only be considered a rough approximation since we have used the 

same value of 	H over a temperature rance of from 40 to 90 degrees. 

It is interesting to compare the above calculations with those of.  

Applequist and Damle for the interaction of oligo A's. 	They find that 

ApA should have a Tm  of 210 °K at 2 x iO 	molar concentration 3 	This 

is in good agreement with the ibove values, 	If &H per residue is -7.S 

kcal, Applequist and Damle predict that a change in concentration by a 

factor of 10 will shift Tm  by 14 degrees. 	'or a 	11 per residue of 

.4.4 kcal, the shift will be 26 degrees. 	These are smaller than our 

above values of about 20 and 40 degrees, respectively. 	If we pessi- 

misticly assume an average shift in T 	of about 20 degrees per tenfold 

incrdasc in concentration, this still means that formation of double 

strands by clinucleoside phosphates should be observable at temperatures 

around 0°C. 	We have chosen the interaction of ApA with poly U as a 

model for the above estimates, since this is expected to be one of the 

weakest possible interactions. 	Thus the above results are encouraging. 

Applequist and Damle have shown that increasing the chain length of 
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oligomers strongly stabilizes their interaction Thus for chain lengths 

of 2, 3 0  4, and S -they find TM's of -60°C, .25 °C, 0°C, and +l0 °C, res-

pectivoly, for interactions of A oligomers at less thanl0 4  molar 

concentration. 3  

The one disturbing feature of the estimates discussed in this 

chapter ,  is that they lead to the prediction that if dimers will inter-

act to form double strands, the double strands will then, probably, 

aggregate. Since tl-.j tendency to aggregate should not increase with 

chain length, while the Tm  certainly will, this Is an argument for 

• 

	

	studying trimers or tetraners rather than dimers. But at the time 

this work was started, we had no complementary trinuclooside diphos 

phatos at our disposal. Thus we decided to look for the interaction of 

complementary dinucleoside phosphates.• 	
-. 	 0 

There are ten possible sets of dinucleoside phosphates which are 

complementary, if. it is assumed: that antiparallel interaction occurs in 

oligonucleotidcs. Four of these, GpC, CpG,. ApU, and UpA, are self- 	
. 0 

• complementary. The remaining 12 dlnucloosido phosphates can form one 

pair each. Wo wore unsure whether by ORD or tJV Spectra we could dis. 

tinguish complementary interaction from just random stacking. and other, 

• 	•. 	Interactions which may not depend on sequence. Thus we decided to avOid: 

studying self-complementary oligomers. Instead, we wanted to measure . 

the optical properties of two oligOmors, separately, and then in a 1:1 
O 

	

	mixture. Only if changes which occured in the latter were not observed • 

in the pure components, would we be able to say that some kind of corn- :: 0 

• 

	

	plementary interaction might be taking place. For this same reason we 

wanted to avoid the use of oligomers which contained 2 G's. These oh-' 
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gomers are known to interact strongly with themselves (see Table II) 

Thus, if we saw optical changes as -a function of temperature and con• 

centration, we would not be sure whether the C's were interacting with 

themselves or their complements. Of course, if there were no spectral 

changes in the pure solution of CpG, we would be sate; but evidence 

• 	presented bofore seems to indicate that intcraction.s between C's are 

at least as strong as what we can expect for a C-C pair. But we wanted 

to have at least one C-C pair in our direr complex, since evidence 

cited previously and theoretical .estimates show that CC pairs are 

more strongly bound than A-li. 158.. 

Consideration of the above concjitLoiis leads to the result that 

the following direr interactiois are desirable for study: 

ApC with GpU 	CpA with UpC 

ApG with CpU 	CpA with UpC 

At the time our experIments wero, started, we hid a dependable supply of 

• 	all of the above dinucleoside phosphates except UpG and CpA. Thus our 

choice finally fell on the interaction of ApC with CpU. 

In the future we plan to study the interactioru of trinucleoside 

diphosphates with their complements. The constraints mentioned above 

suggest that it is preferable to study sets of compounds of the follow 

ing types, where X is A or U and Y is complementary to X: 

XpGpY with XpCpY 	XpGpX with YpCpY 

CpXpC with CpYpC 	CpXpC withCpYpC 

GpCpX with YpGpC 	CpGpX with YpCpG 
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These arguments can easily be extended to provide suggestions for 

studying the interactions of higher oligomers, It seems to us. ad. 

visable to avoid oligomers containing runs of C and to especially 

avoid oligoiners which are sel f- complementary. 	Of course, if oligomers 

react to form parallel double strands, then no oligomer is selfl. 

complementary. 

5. 	Diner Interactions--Experimental Methods 

(a) Solutions of Dinuclooside Phosphates 

Lyophilized CpU was obtained from Dr. Warshaw, 	The sample used 

in these experiments was nuiiber 22D.'63 	ApC was obtained from the 

California Biochemical Corp. (lot #4556S) • 	Subsequent work has shown 

that this lot of ApC contains a few percent of an impurity which is 

probably a mononucleoside, 	0.01 M phosphate buffer was prepared, as 

described in Chapter II • 	The pit was % 	and NaC1 was added to make 

the solution 0.5 molar in salt. 	This salticoncentration was chosen to 

try to stabilize intermolecular interactions. 134 	The dry dinucleoside 

phosphates were dissolved in buffer to make a concentration of about 

2 mg per ml. 	This is about one half as concentrated as we would like. 

But preLuninary work shotcd that CpU will not dissolve to the extent 

of 3,4 mg per ml at room temperature, 	The solutions were stored in 
fI 

the refrigerator for a few hours to make sure that no dinuclooside 
4 

phosphate would precipitate when the temperature was lowered. 

Aliquots of the above two solutions were diluted 1:100 using a 

microsyringo, and the absorption-spectra were measured. 	Using extinction, 
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coefficients at 260 m 	for ApC (1005 x 10 	per residue) and CpU 

(1,06 x I.O 	per residue) we wore able to deterinethe concentration 

of the initial solution. 82 	These concentrations were then adjusted 

by adding buffer to make the final concentrations of, ApC 5.02 x io 

moles of residue per liter, and CpU 5.14 x 10 	'noles of residue per 

liter. 	A 1:1 mixture of ApC and CpU was prepared by mixing .400 ml 

of the ApC solution with .385 ml of the CpU solution. 	Thus the mixture 

of the two dinucleoside phosphates contained 2.56 x 10' 	molar (per 

residue) ApC and 2.52 x 10 3  molar (per residue) CpU. 	This and all of 

the following dilutions were performed with long tipped measuring pi- 

pettes. 

Three serial dilutions of 1:10 with buffer were made from each of 

the above solutions. 	This resulted in solutions of apt)roxilnately 

'.s x 10130  5 x io, S x 10, and S x 10 	molar per residue of 	pC, 

CpU, and a 1:1 mixture. 	The pipettirg was checked by weighing, and 

the largest errors were of the order of one part in 300. 	Thus, these 

errors are ignored in the following Vreattnant • 	The concentrations of 

oligomors in each of the solutions were computed from the knwn concen• 

tration of samples which gave O.D.'s of approximately .5 in a 1 cm cell. 

4 
Thus an error in extinction coefficient would merely multiply all con e 	4 

centrations by a constant. 	Solutions were stored frozen in glass 

stoppered bottles until an hour before measurement. 	Then the samples 

were thawed and allowed to sit in an ice bath until we wore ready to 

use them. 	In one experiment, solid MgC1 2  was added to a solution to 

bring the concentration of Mg 	up to 005 molar. 
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These experiments consumed a total of about 2 mg of each dinucico. 	• 

side phosphate. (In our opinion, using standard cells, it would be 

impossible to use very much less material.) With OR!) microcells, which 

we obtained after the conclusion of these experiments, it is now possible 

to perform an experiment like the above using only about 0.4 to 0.7 mg 

of each dinucleosido phosphate. Of course, the quantities needed are 

no problem in the case of dirners which are now commercially available, 

Those comments are included for those who may wish to extend this work 

to higher oligomers. 

(b) Calibration of Cells 

All cells were cleaned with chromic acid cleaning solution and 

rinsed 1020 times with distilled water before use, The relative path 

Lengths of a series of cells were determined using a method described 

by Brode.21  A standard solution ofKCr04  in 0,05 M KC!V, was made to have 

an optical density of approximately 0.5 in a 0.1 mm (nominal) cell. 

Serial dilutions of this solution were made, each time diluting 10,0 ml 

to 100 ml. The spectrum of each dilution was measured in a cell of the 

appropriate path length, and l3eers law was assumed to hold over the 

range of concentrations used. All spectra were run against air, and 

then a blank containing 005 M 1(011 was run in the same cell. The two 

• 	readings at 373 mp were subacted, and the difference was used as an 

• 	
S .  indication of path length. The results are shown on the following 	• : 

page; the path lengths given are relative to cell #A3. 

i 
71, 
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Cell 	Nominal Path Length 	00.373-B1nk 	Path Length 

Al. 	10. 	mm 	 .485 	9.98 	nun 

A3 	 10. 	nun 	 .486 	 10,00 	nun 

B2 	 1.0 iim 	 .491 	 1.010 mm 

Bi 	 1.0 	 .497 	1.027 nun 

X 	 0.1 mm 	 .610 	0.1255mm 

E2 	100. 	nun 	 .461 	98.8 	mm 

Note the good agreement between cell Al and A3. 	This is an indica- 

tion that it is not too foolhardy to neglect cell calibration for 1 an 

cells. 	The very bad results for cell E2 are probably duo to absorption 

of the sample onto the walls of the container. 	Almost all of our spectra 

run in the 10 cm cell have absorbances which are too low, and we have 

discarded all of these results. 	The path length of cell X, which we had 

borrowd from the Laboratoi) of Chemical Biodynamics, has been indepen- 

dently checked by other workers. 198 	They reported a path length of 

0,125 mm, using a method which does not assume Beers law. 	This result 

is in excellent agreement with the one reported above, and thus indicates 

that our path lengths reported relative to cell A3 are probably within 1% 

of the true path length. 

(c) Optical Measurements 

All optical measurements were performed as described in Chapter III, 

with the following exceptions. 	All UV spectra were measured against ait 

and the solvent blank was run in the same cell and then subtracted point 
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by point. Measurements made at 2 °C were done using a thermostated 

cell holder. The temperature of a cell containing water was measured 

with a thenoouple, and the cooling time was calibrated... Thereafter, 

no direct temperature measurements were made. At least two times the 

necessary cooling time was used in all cases. Reproducibility and 	' 

time dependence were theked by measuring sore spectra in duplicate 

after letting the solution sit at the temperature being used for about 

one hour. No time depcndoncô was observed in any of our UV spectra oft 

ORD curves, Glass stoppored or teflon stoppered cells were used in all: 

cases • The cells used in the experiments reported in the next section 

are A3. B2, and X. 	 . 	 ••. 

(d) Treatment of Optical Data 

The optical data was treated as described in Chapter III. Al]. Mo.  

suits described in this and the following sections are expressed in 

units per nucleoside rosidue. 

6, Dimer Interactioris--brperimontal Results 

The ORD of Ap, CpU, and a 1:1 mixtur, at 2 °C, tjsshown In Figures 

1, 2 and 3. In each case the results at three concontrtions are shown, 

Those concentrations are nominally S x 10, 5 x 10, and S x iO molar; 

the exact values .werc given in the last .soétion. We had difficulty. ' 

maintaining a constant base line using the 1. cm cell, since it is very 

difficult to place this cell reproducibly into, the tharmostated1 tempera-

ture block. Thus, base line corrections have been made with the 1 cm. 

data. These consisted of adding the same constant faètor to the curve 
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at every wavelength. This correction was chosen to make the curves 

taken in a 1 cm cell coincide at long wavelengths with the data o1,. 

tamed with shorter and longer path lengths. The, correction factor is 

2 x 	molar rotation for CpU, and 4 x iO molar rotation for the 

1:1 mixture. We are sure that this correction is simply to overcome 

experimental artifacts, and dees not mask any differences between the 

ORD at various concentrations. 

• 	 Within the rano of experimental eTror, the curves in Figures 1. 

through 3 show no systematic change as s function of concentration. 

The only possible exception to this are the discrepancies at vow short 

wavelength among the three different concentrations of the 1:1 mixture. 

We feel that these results are negative; in fact, the excellent agrcee ,  

rent between data at various concentrations could almost serve as a 

test of the reproducibility of our spectropolarimeter. Thus, if there 

are any intermolecular interactions between dinucleoside phosphates 

under our experimental conditions, these interactions do not affect the 

ORD. Of course, another interpretation would be that the dimers are 

• 	 aggregated throughout our concentration range. But if these dimers are 

ccmtpletely aggregated at lO molar concentration, then crtainly GpC 

will also be an aggregate. But evi.Jonce cited in thaptortll shows 

that this is not the case for solutions of 10 molar GpC.. 

The IJY spectra of ApC, CpU, and a 1:1 mIxture at room temperature,, 

are sho.i Figures 4, 5 and 6. Those are the same solutions whose 

ORD is shown in Figures lthrough 3 We have also rneasured the UV spectra 

of most of these solutions at 2 °C. These results are not shown hero 

graphically since they are very similar to the room temperature results.. 
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Values, at selected wavelengths can be found in Table III for spectra 

taken at both temperatures. The signal to noise is much higher for UV• 

spectra than ORD, and it is possible to observe a small temperature 

dependence for the spectra of ApC, CPU, and a 1:1 mixture. If there. 

had been a corresponding change in the ORD' of this order of magnitude, 

we would not have been able to see it. The largest change in extinction 

at the absorption peak occurs in AC + CpU (1:1), where a 4% decrease is 

observed as the concontration is iricreaspd from S x 10 to S x 10 03 molar. 

The percentago change is iarer at smaller wavelength, but that region of 

the spectrum is often very sensitive to impurities. One would have to be 

cautious about making an estimate of the order of magnitude of this 

effect from data at 220 or 230 mis.' Over the same concentration range, 

the maximum extinctiOn of ApC changes by 3.1/2%, and the change in CpU 

is about 3%. In each case, the absorbance decreases as the' concentration 

increases. There is also Some evidence for an increase in extinction at ;. 

long wavelengths for CpU and the mixture as. the. concontration is raised, 

The effect in ApC is the opposite, but is sufficiently small to be cx' 

plainablo by a small crror in setting the starting wavelength of the 

scan. It should be mentioned that although these câncentration effects 

are very small they are larger than our volumetric error. 

Since the extinction coefficients we observe are good to one percent, 

we can calculate the expected spectrum of a mixture of two dinucleoside' 

phosphates to that degree of accuracy. To do this, we shall assume that 

the optical properties do not change more than 1 91,1  over the two fold range ' 

of concentration between our spectra of pure dimer and dimer in a 1:1 

mixture. The equation used is 	, . 	. 	• 	 •' ., 

cmixt(X) 	' 0.4973 C.ApC(1) + 0.5026 Lou() . 	 ( 7) 
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Exactly the same equation is used for ORD, where extinction per residue 

is replaced by molar rotation per residue. This equation takes into 

account the slight difference in concentrati'n between ApC and CpU in 

the mixture • The calculated and experimental OR!) curves for the nomi-

nally 1:1 mixture are shown in Figures 7 and 8 for data taken in cells 

of 0.1 and 1.0 mm, respectively. The agreement of the two OR!) curves at 

concentrations of S x io molar is within xperimenta1 error. The 

0 	 agreement between calculated and oxporimeta1 mixtures at s x 0 3  molar.': 

is not as good. Differences at long wavelength and in the region from 

240 to 250 mp fall outside the normal range of experimental error. Dut 

we think it would be unwise to attach any great significance to these 

differences. The long wavelength differences could easily be explained 

by a small base line shift. And the discrepancy at shorter wavelength 

reappears for data taken at lower concentrations than are shown here. 

Numerical values for the amplitude ( [+ p] (rl 1) of the long wavelength 

Cotton effect of the 1:1 mixture of ApC and GpU are shown in Table III 

along with values calculated for a 1:1 mixture • The agreement between 

calculation and experiment for this quantity, which is base line depen-

dent, is excellent. Using the above equation, we have also calculated 

the UV spectra expected for a 1:1 mixture of pC and CpU. These results 

are not &iown graphically because agreement between experiment and cal-

culation is so good that most of the small differences observed would 

not be visible on a graph. From these results it may be concluded that 

although some concentration dependence of UV spectra is observed, this 

cannot be attributed to a selective interaction between ApC and CpU. 

More likely, it represents some kind of, random aggregation • The qu&sti 
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WhiCh remains unanswered is why this aggregation does not cause measurable 

Changes in the ORD. We can only conclude that the aggregation might lead 

to Interactions whose contributions to the ORD cancel. if ., for example, 

vertically stacked dimet interactions occur, with no preferential orôn-

tation of one diner above the next, the changes in the ORI) could be very 

small. In this case, there would still be a hypochroinic effect. 

In a further attempt to promote aggregation or any other ir.teraction 

of dinucleoside phosphates, we added Mg ion to a sample of S x 

molar 1:1 mixture and reran the absorption curve. We had originally  

avoided the use of Mg', since it is known to favor triple strand inter 

actions, and we wanted to study double strands But the addition of Mg 

produced absolutely no change in the absorption spectrum. Thus we have 

yet one more negative result. 

Faced with such disappointing results, we feel entitled to ask the 

question: if base pairing or some kind of specific vertical stacking 

aggregation had occurod, could we have seen it under our experimental 

conditions' Suppose that diners aggregate to form tetramers, In which 

the aggregate resembled the conformation the diners would have if they 

were joined by a phosphodioster bond. This may not be the most realistic 

model for a diner aggregate, but we have chosen it because it is very,  

easy to predict the ORI) of such a conformation. The reaction we shall 

consider corresponds to the reaction 

pure ApC: 	ApC + ApC - pCpApC 

pure Cpu: 	GpU + GpU 	GptJpGpU 

11 Ini.xt.: 	ApC + CpU - 1/4 ApCpApC + 1/4 CpUpCpU + S 

1/4 ApCpCpU + 1/4 CpUpApC. 



The ORB of each of the products of th above reactions was calculated 

using the methods discussed in Chapter III. Thus, for example, for 

ApCpApC, 

[] 	'114 	+2CpA 	' 	 (9) 

Unfortunately, we need to know the molar rotation of each of the dimers 

involved in the above calculation at 2 °C. But we have data only for ApC 

and CpU at this temperature. So we have used 2 °C molar rotation for 

those two dimers, and room temperature data for the other four which are 

needed, But since each of the dimers w'iich appear when the aggregate is 

formed contributes only about 1/3 of the rotation, the errors are small. 

The OR!) calculated for stacked dimer aggregates (using data at S x lO 

molar) is compared with the experirerta1 data at S x 10 molar cortcen 

tration in riguros 9, 10 and 11. While the differences between calculated 

and experimental curves are still small, the differences are clearly out 

side experimental error. They are much larger than any, of the differences 

among ORB taken at different once . Thus, we can conclude that 

if 50% or more of the di.mers had aggregated in the way we described above, 

we should have observed this. 

A more reasonable guess for theconformation of dinucleosade phot4.  

phate aggregates would be to assume that all of the possible ways in 

which two dimers can stack are equallyprobable. Thus ApC would form 

aggregates of the type ApC-ApC, ApC'CpA, CpA-ApC, and CpA-CpA. If each 

of these aggregates 7roferred the same confomation as the corresponding 

tetramer we would again be able to calculate the ORB change expected for 

this process, But qualitatively, this should be similar to the simpler 

model we have already treated. The average result will still be to have 
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3/2 as much nearest neighbor interaction in the aggregate than in the 

dimer. But it is our feeling that the most logical guess for aggregate 

conformations would be to say that they are very random. in this case 

we cannot calculate the ORD of the aggregate, but it would be expected 

to be almost the same as the unaggregated diners. 

Sumnoso ApC and CpU had really interacted to form a double stranded 

diner. Would we have been able to observe this by measuring the ORD? 

We cannot answer this question with as much confidence as our guesses 

for vertical aggregates. But methods which will be described in later 

sections permit us to make a rough estimate of the change in Ofli) upon 

forming an A-U or C-C pair. Since the double strand complex of ApC and 

CpU would have one of oath, the 01W change expected can be approximated 

by the average for an A-U and a C-C pair. We cannot jump ahead to explain 

how this can be estimated, but we would like to include the result here. 

Figure 12 shows the ORI) expected for double strand ApC/UpC. It is easily 

seen that if double strand formation had occurod to any appreciable ox 

tent we should have seen it. Thus we must conclude that, in our hands, 

ApC and CpU do not interact to form a double strand 1  

7. ORD of Single Strand Homopolyinors 

Up till now we have limited our discussion to the optical properties 

of oligonuclootides. In this and the succeeding sections we shall extend 

the methods explaincd in Chapter III to polymers. In this section we will 

treat the 01W of single stranded polymers. The complications which ensue . 

when double strands can be formed will be considered in later sections. 	. 
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Evidence cited in Chapter III ie&ls to the conclusion that poly A, 

poly U and poly C are single strands at p1l 7 and room temperature. Thus 

if our nearest neighbor calculations are to hold any promise for predic. 

ting the ORI) of RNA' s they should give a reasonable approximation to the 

OflD of a homopolymer. To calculate the ORD of a homopolymer, equation (12) 

of Chapter III reduces to the simple form 

111 poly N 	' 	2  1NpN 	• tG]N(A) . 	 (10) 

We have used this equation and the dinuclooside phosphate data and monomer 

data described in Chapter III to calculate the 	of poly A, poly C, 

poly U, and poly G. Those results are shown in Figures 13, 14, 15, and 

16, respectively. The experimental curve of poly A was taken from the 

data of Holcomb and Tinoco. 95  It was run at p1-I 60 and 0.15 M KC1, cone 

ditions very similar to those used for the dinucleoside phosphates. The 

poly U experimental curve had been cigitized from the data of Sarkar and 

Yang) 95 ' 251  The experimental conditions used were 0.15 , KF, pH 7.5. 

We think that these are still close enough to the conditions.of our dimer 

data to permit a fair comparison. The data for poly C were obtained fr(im 

Warshaw. 251  They are from a commercial sample of poly C (Miles Labora-. 

tory) run under the same conditions used for most of our dinucleosido 

phosphates. There are considerable discrepancies among the ORD results 

reported for poly C by various wor4ers. 54 9
196  However, data obtained in 

our laboratory for poly C prepared by Chamberlin are in excellent agree 

mont with the ORD shown in Figure 14. 135  Thus, we feel that differences 

among published experimental OR]) curves for poly C primarily represent 

different choices of extinction coofficients. The value used for the 

results shown in Figure 14 is c 268  a 0,622 x 10. 
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• 	 The experimental curve used for poly C had to be obtained in an 

Indirect way, Sarkar and Yang report the OR!) of a mixturo of poly C 

and poly C before and aftor.heating' to 956C.196  Pochcm and Michelson 

have shown that at around neutral pH poly C has an extremely stable 

secondary structure) 74. Thus the renatured' data. of Sarkar and Yang 

a1most certainly represent poly C and poly C aggregate. By subtracting 

• 

	

	 the known OR!) of poly C we can make an ostimateof the OR!) of poly C as 

it exists in 0.1 molar tris, pH 7.5. 

• 	The agreement between the experimental and calculated OR]) of, poly 'C, 

• 	 poly A arid poly U is qualitatively very gc'od.The correct shape of the 

• 	multiple Cotton effects are reproduced in each case. But in'all three 

polymers, the trough in region of 260 mu is shifted several mu to short 

• 	wavelength from the value predicted from the dimors. In addition, the • 

rotation' of poly A and poly C is consi4rably more intense at wavelengths' 

above 250 than predicted from our calculations. The opposite occurs in 

poly U.  whose rotation is smaller than one would predict from the dimors. 

In all three curves the longest wavelength crossoer is shifted to the 

blue relative to the calculated value. This shift' is 6.2 mp in poly A,: , 

4,7 mU in poly C o  and 1.8 mu in poly U, The average of these shifts is 

4 mi and, as we shall see, this • is very much smaller than changes which 

occur when double strands are formed. 

The less than perfect agreement between experimental and calculated 

• • results for poly A, C, and U can be tracod to the breakdown of some of , 

the assumptions used to perform the calculations. The polymer has elecit  

trostatic and geometric constraints which are absent an the dinucleoside 

phosphate. Those would tend to make the polymer a more rigid rod than 
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one would expect from studying dinuc1oside phosphates. In addition, 

it is possible that the strticture of homopolymers in solution is very 

regular. In this case, next-nearest neighbor interactions would 'always 

be additive, and this could result in the discrepancies we have observed. 

Fortunately, for an RNA with a more random base sequence, we might ox-' 

pect far loss regularity, and thus next-nearest neighbor interactions 

should at least partially cancel. It has been pointed out to us that a 

better approximation than the one we have used would be to use the molar 

rotation of dinucleoside phosphates as they occur in one polymer to pre-

dict the rotation: of other flNA's. 9' This would correct for differences 

in conformation between dimers ina polymer and dimors surrounded by 

solution. It would also take care of exciton interactions present in 

• the polymer but absent in the dimor. Unfortunately, we do not have 

sufficient information yet to extract the rotation of more than a Low 

dimers from polymers. But in the future this will be a valuable .approach. 

However, it is worthwhile to keep in mind that the conformation (and 

• ••' 	electronic environment) of a dinucleosido phosphate contained in a 

single strand polymer may well depend on the typos of residues which 

surround it. To answer this and related questions, it is most dosirabje 

to study polymers or large oligorners of known sequence. Attempts in 

this direction are 3ust beginning in our laboratory. 

The agreement between the experimental ORJ) curve for poly C shown 
Oo 

in Figure 16 and the curve calculated by nearest neighbor methods is iil. 

We feel fairly certain that this is not due to an inadequacy of our 

methods, It is well known that poly C is an aggregate which is at least 

double stranded. Since our calculations are for single strand poly C, 
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we should be encouraged by the fact that there is no agreement. This 

moans that large optical changes can occur upon going from single to 

doubl6 strand C' a. It is interesting to note that the ORD of aggregated 

poly G shown in Figure 16 is qualitatively similar to the ORD of the pG 

aggregate. 197  This may reflect similarity in structure between the two 

aggregates. Both of those aggregate spectra are very different from 

any other ORD observed for compounds containing only the bases A, U,. C,. 

and C. Only in the aggregate spectra is the long wavelength Cotton 

effoctnegativç. 

We are encouraged by the extent of agreement botween calculated 

and experimental OR1) of polymers which are known to be single strands. 

We can be confident that a calculated OR!) for an RNA single strand will 

be close to the experimental valuesi Thus we cannow use OR!) as a 

probe to see if RNA' a are single strands under various conditions. 

84 Randomness of Sqience in RNA 

To calculate the ORB of an RNA, one would like to be able to use 

equation (12) of Uiaptor III. But in order to do this one would have to 

know the number of times each ncarot neighbor pair appears in the poly. 

mer. While this is not as much infoiination as knowing the sequence of 

the RNA, we know of no way of obtaining noaret neighbor frequencies 

accurately for most natural single strand RNA's, 	DNA, the precursors 

dATP, dGPT, dTTP, and dCP are selective enough so that these may be 

radioactivoly labeled, fed one at a time to an organism, and the DNA 

isolated. Then the DNA is cleaved to give 3' dooxynucleotides. The 
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location of the radioactivity in these fragments clearly gives all of 

the nearest neighbor frequencies. But there are no good •  specific pre- 

cursors for in vivo RNA synthesis, since the ribonucleosido triphosphates 

very actively participate in the intermediary metabolism of the coil, tnd 

thus the labeling is rapidly randomized. flNA nearest neighbor frequert. 

cies have been determined for PNA synthesized in vitro by RNA polymerase. 113 

But for most PNA' s, the only accurate way we have to learn nearest neighbor 

froquenèies is to determine the base sequence. Thus far this has only 

been accomplished in the case of the alanine sPNA. 97  For other PNA's, 

we shall have to be content with approximations. 

If we mal<e the assumption that the sequence of RNA is random, we can 

use equation (13). of Chapter III. to calculate the ORD of PNA. By random 

• 	. 	sequence, we mean only that the equation Xab XaXb  (X is mole fraction) 

is as accurate as our experimental data. We feel that a 5-10' deviation 

in Xj, would have no measurable effect on our ORD calculations. We would 

iiko to stress that the assumption of a random sequence in RNA does not ••.•, 

contradict the fact that this molecule is carrying information. In fact, 

a raridcxn sequence can, 4 in principle, contain as much information as my 

other sequence. Thus the assumption of random sequence is not a very 

treat restriction. But is it valid? 	.. 	 . 	
. .: 

There is much experimental data which can be analyzed to give some 

evidence on the randoirness of various PNA' a.: . The quantitative analysis. 

• 	of fragments isolated from a native RNA will permit the frequency of 

certain sequences to &be  asortainod. For,  example, the base composition . '• 

of mixtures of diners through tetramors isolathd from pancreatic RMAaso 

digestion of 1U7 RNA is in reasonable accord with what one expects from •:. 



-275 

a random sequence 213  . 	But in the monomer peak U/C was 1.38. This ratio 

in the whole INNA is known to be only 1404. However, Sinha, Fujimura and 

Kaesborg found that by their isolation procedure the total amounts of Ti 

and C contained in all of their fragments had a ratic of 1627. This is 

presumably duo to deanwiation of c to u. 213  We give this example to show 

that one must be cautious in interpreting some of the data reported for 

randomness of sequence. 	 4 

In Table IVa we have collected some of the more recent data on the 

occurrence of several fragments in pancreatic PNAase digests of RNA's. 

The values shown in the table represent the amount of ,  fragment isolated 

experimentally divid by whdt is expected if the seqounce i random. 

It is seen that the monoiiiers and dimors occur in very close to random 

frequencies • These results break down when the analysis of trinucleosides 

prepared by pancreatic RNAase digestion is considered. IIowevr, it is not 

known whothor ,  to interpret large deviations in the amount trimer as aris. 

ing from deviations in nearest neighbor frequencies, It could be that 

these frequencies are still quite random, but there is a strong preference 

for certain dimers to occur in sequence. Th is would have no effect on 

nearest neighbor calculations but, of course,wou1d 1 groat1y effect the 

message coded on the RNA, 	¶ 

It is possible to cneck the long distance randomness of RNA's by 

comparing the distribution of chain lengths isolated from a pancreatic 

flNAase digestion with the distribution calculated from random R'A. 

riers, Lepoutre and Vandendriosache find that there is a large deviation 

between the amount of monomer found and epccted from a digest of yeast 
61- This deviation rapidly goes to zero as the chain length is 
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TABLEW 

Evidence in Favor of Random Sequences in P24A 

Pancreatic Rf4Mse Digestion 

1NA Roference 	Amount of O1igner roundrnunt Lected from 
Random Sequence 

C 	U 	AC 	Au CC 	ai 

MS2 58 	1609 	0.98 	1.07' 	0.87 0.89 	0,93 

P2 8 	1,05 	1.01 	1.04, 	1,02 1.00 	0.85 

Yeast 58 	1.30 	1.14 	1.03 	0.86 1.17 	0.69 	' 

T4 mNA 8 	0,94 	1.01 	0.86 	1.03 1,11 	0,87 

E,colI riNA 	8 	1 4 03 	0.97 	0.94 	0,72 1.05. 	0,91 

TMVt 186 	0.23 	0.87 	0.86 	0.78 0.87 	r 	0.93 

Evidence in Favor of Non Random. Sequences in RNA ' 

Results Adapted from MiuraiSS  

Nearest Neighbors Found/Calculated from Random Sequence 
Sequence* 

S  high M.W. yeast RNA 	Yeast sRNA 	1W RNA Rat Liver rRNA .. 

G 
• 

0 1 88 	 1.02 	0.96 0.66 ' 	
S 

• Gu+c 0.86 	 0.90 	1.10 0.83 

S 	 S 	 Ga  1.37 	 1,80 	1.24 2,07 

S 	 Cg  0.74 	 0,84 	0.67 0.82 

Cu+cS 1.0]. 	 1,10 	. 	0,98 0.94 	• 	S  

S 	 Ca 1.25 	 . 1.58 	1.32 1,49 

Ug  0074 	 0.97 . 	0.78 0.99 	. 	S 

1.02 	 0.90 	1.101 0.82 

Ua 1.25 	 1.88 	1,30 1.48 

means G at!rg, etc. 	
SS 

S 
5 

S 

	

tWe conuted the values shown from the base composition of Ref. M. 	
5 
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increased. Similar experiments with MS2 RNA 5uggest that the deviation, 

though smaller, is periodic with chain length. This may represent idlo- 	: 	•.: 

syncracies in the genetic code. Much better agreement bewéen calculated 

and experimental chain length distributions have been found by Sinha and 

his coworkers for R17 213  and M12212  RNA. In our laboratory, Yolles has 

found that the deviations from randomness in T1W RNA are also small, 264  

Thus' there is a large body of results which Indicates that the nearest 

neighbor frequencies of RNA'.s are close to random. 

A challenge to the above results comes from the work of Miura,'55  

which is summarized by Egami,.Takahashi, and UchidaiSi  The methods used 

by Miura should, inprinciple, give most of the nearest nôighbor frequen4.... 

des of an RNA. The procedure is as follows, The RNA is hydrolyzed to 

completion with Ti R4Mse • The amount of G isolated as monomer must 

have all occurod alter C ut the sequence. Thus, in Miura's notation, we 
have determined Cg, the G after g. By pormitting simultaneous digestion 

of the RNA by pancreatic and Ti R'Aaseg, we liberate all of the G except 

that which occurs after A in the sequence. Thus this permits us to ob- 

tain Ga.  We then use the equation that' G g  4 Gc + 	+ Ga equals the ............................... 
total amount of G in the polymer. This permits calculation of 

Clu 

Similar experiments led to other frequencies, such as C, 	CA, OtC, 

The experimental results of Miuta are compared with calculations in 

Table fl/b, The numbers shown represent the ratio of nearest neighbor,  

frequency found divided by the value calculated, for a random RNA. It 

can be seen that in every case, A is found after C, U, or C more than 

would be expected from a random sequence, In all cases but one, there 

is less C observed after G, U, or C than would be found in a random so- 
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• 	 quence, If the results shown in Table IVb are correct, it will be very 

inaccurate to assume that sequences in RNA are random. In addition, it 

is very, hard to reconcile the results shown in Table IVb with those in 

IVa. We find it hard to believe that the results of Miura represent the 

true nearest neighbor frequenciese More likely, they arose from a system 

matic experimental error. 14andeles has found that under normal reaction 

conditions, it is extremely unlikely that Ti flNAase can digest an RNA to 

coriplotion) 43  Since this enzyme is at least partially specific for sin', 

pie strands, the large double stranded sections which probably occur at 

random in a, large RNA will be invulnerable to enzyme attack. If this 

occurs, one would always expect the results of 11a. Ca, and  Ca  to be high. 

Contrastingly, the results for Gg . Cg , and Ug  will be lower than the true ' 

values • Sinco this is exactly the way Miura's results turn out, we sus- 

poct that his digestions did not go to completion. Thus, though we shall. : 

ignore his results, we fool that with suitable modification his method 

is still useful for determining nearest neighbor frequencies. 

We shall assume in the following sections that the sequences of all 

RNA's except alaxune s1NA are random. 

9. OflD of Single Strand INA 

• 	 We have calculated the CR1) of many single strand RNA's using cqua- 

tion (13) of Chapter III. These computations were performed on an IBM 1H 

7094 digital computer using the program shown in Appendix 2 0  There is 
• : 	 no point in presenting most of the data here, since there are very few 

• 	experiments available for comparison. And, wider most conditions, we do 

not expect RNA to be single stranded. But our calculated data is still 

of great use for the following reasons. The ORJ) of an RNA in solution 
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willarise from interactions among baes on the same strand, and between 

bases on opposite strands. This means that to analyze an exprimenta1 

RNA OR]) curve, a fa.rly large number of parameters would be needed. T3ut 

it can be assumed that the sipglo strdnd Contributions to the OR]) do not 

strongly change when the single strands form a double strand. In this 

as, our ability to compUte the OR]) of single strands will be very usea 

ful. For we shall be able to subtract the single strand contribution from 

the OR]) in solution. This will permit a simpler analysis of the data 

which remains. Of course, under some conditions RNA is almost certainly 

a single strand. If these conditIons do not change the single strand 

stacking, a direct comparison between experiment and calculations will 

be possible. However, it will not be possible to compare RNA data in 

urea or ethanol solutions with dimer data in water, since the bases are 

unstackod in the former two, but stacked in the latter. 38  

Some of the OR]) curves we have calculated are shown in Figures 17 

through 19. Those have been selected to illustrate certain features of 

single strand RNA OR]). Values of selected peaks and troughs are shown 

for a wider selection of lNA's in Table V. In Figure 17, we have plotted 

the OR]) expected for three RNMs of random sequence. The first contains 

only a 11 ratio of A to U. Mother is a hypotheticalRMA with a random 

sequence and only a 1'1 ratio of C and C. The last is random RNA equi 

molar in the four normal bases. These three curves show the effect of 

change in base composition on the ORD of RNA. It is easily seen that if .  

RNA contained A=U and G=C, as occtlrs in D'IA, it would be possible to 

determine base composition by measuring 0RD One would use the same 

57  analysis that has been applied to DNA by Felsenfeld and Hirs1wan. 	The 
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equality of A and U and G and C does apply in the case of double strand 

PNA' s like reovirus, but the bD curves we"have calculated are for single 

strands. As we.sha1l show later, the approx±ination that A=U and .GC is 

not a bad one for most RNA' s, tuid thus the Curves shown in Figure 17 re-

present fairly good approximations for a typical sing1d strand RNA. 

It is of much, more interest to the exporimentalist to see a curve 

calculated for a real RNA than the hypothetica1 base cbmposi'cions shown 

above. Thus, in Figure 18, we have plotted the ORB of three RNA' s: 

TYMV, NV, and R17. It is easily seen that the OR]) cuives of these 

three RNA's are reasonably different. The resu'lts for TYMV are strongly 

influenced by the fact that it contains 38% C, more than any other known 

RNA. 259  For TMV RNA we have used the base comnositionc!iven in I1arci 

•82 To calculate the ORB of R17 RNA, the base composition reported. 

by Simha, Fujimura, and Kaesborg was used. 213  The base composition of 

R17 RNA is close to oquimolar in the four bases, while TMV RNAhas 

slightly more A and U than C and G. From Figure 18 it can be seen that 

• 	 ORB is reasonably sensitive to the changes in base composition among 

natural RNA's. Uâwever, the shape of the curve is fairly similar for 

most RNA's; the differences among them are mostly quantitative. Since we 

cannot trust the quantitative details of OR]) curves calculated by nearest 

neighbor methods to botter than 10%, oven under close to idoal circumstan-

ces, it would be unwise at this time to try- to determine base composttion 
• 

	

	of an RNA by measuring its ORD. But this•• approach should prove useful 

in the future. 

ORD is, in principle, able to discriminate differences in sequence. 

The assumptions we have made above will wa'h out any of these effects. 

But for a long RNA, in most cases, differences between sequences will 
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affect the OR!) by minisëule amounts. An. exception occurs 'in the case of 

RNA's of regularly alternating sequence. These can be compared with ran-

dom copolymers, and, in the extreme case block copolyinors • Since the 

single' strand contribution to the CR1) of alternating copolymers will be 

of' use in understanding the OR!) observed by double strand complexes of 

these molecules, we have calculated the ORD for all of the alternating 

copolymers which are likely to be studied in the near future. These in 

dude poly (AU), p01/ (GC), poly (AC), poly (AG), poly (CU), and poly (UG). 

The rotation at selected peaks and troughs for these polymers -is given in 

Tabê V. 'In addition, the 01W of poly alternating (AU) is compared with 

the CR1) expected for random poly AU, in Figure 19. From these results 

one can see that the sequence of a po.ymer can, in extreme COSCS, sub' 	' 

stantially effect its ORD. Larger effects can be expected in shorter 

polymers where, large £luctations from random e6quence might be possible. 

But measuring the ORD of most large RNA' s cannot supply any direct infor-

mation on their base sequence. 

10. Effect of Double Strands on OR!) 

In this section we would like to review briefly some of the OR!) and 

CD data which have been obtained by other workers for single and double 

strand homopolymors, and for natural RNA' s. The purpose of' this review 

is to convince the reader that the formatioii of double or triple strands 

has a marked effect on optical properties1 With this background, we will 

then attempt to analyze the 01W of several RNA's in more detail. 

Brahms and Moirmiaerts have measured the CD of yeast 'rRNA, yeast sL 

liver sRNA, TMV RNA, and roovirus RNA, 96  In all of these cases, they 
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TABLEV 

Calculated Ofli) of Some Single Strand PolyxucleotidCs at pH 7 r 

Substance I Long Wavelength Short Wavelength 

J x13 (] 10 [ct] 10 (1j 

R-17 RNA 289 .97 277 261.5 4.62 235 226 .36 
NVRNA 288.5 .88 276 261.5 -1.66 238 226.5 .41 
1-4 mRIIA 287.5 .89 275.5 261.5 1.85 241 227 .46 
Ala-sRNA' 291 .97 279 263 -1.10 230 227 .12 
Ala-sRNAf 291 .97 278 262.5 -1.14 231 227.5 .18 

• 	 MS2 RNA• 	. 289.5 .96 277 262 -1.60 235 226 	. 1,36 
Yeast-sRNA 290 .99 277 261.5 4.55 233.5 22.5 ,34 
TY'W Wk 290 ,32 278 262.5 -2.04 233.5 22605• .43 
F2 RNA '290. 1.01 277. 262.5 -1.63. 234 226.5 	: •35 
Poly A 282.5.. 2.07 274.. 260 -5.80 249 239 2.67 

•......oly U 	. 285 .1,16 276 201,5 -2,08. . 	28.5 . 228 	•. .44 
Poly C 292 3.12 281.5 275 r3.40 226 -.08 
Poly C 	' 271 .98 259,5 250 -1.30 233 '. 228 .14 

• 	
. 	 Po1yAU) 278 .79 270 261 -1.49 246 ' 229 .50 
Poly (GC)t 293.5 1.05 '21.,5 . 260 . -1.02 228..5 . 218.5 • 55 

Poly(AC)t , 288 .28 277.. 267.5 . 	 -.89 246.5, 240 .18 
'Po1yUG)t " 291.5 .42 282 272,5 -.60 264 256 .64 

• 	

S 	 Po1y(AC) 	" 287 1.60 277 . 	 263 -3.23 237 , 	 227.5 	. 1.68 
Poly(tJC)t 289 1.97 277.5 261.5 -2.43 - 229 -.10 

Poly(ftJJCC)tt.  

04.0:10:10 292.5 .1.31 '281 256, -1.10 227 225 ' 	 .06 
1:1:9:9 292 1.24 280 0 5 260 -1.14 229. ' 226 	•. . 	 .13 

2:2:88 291.5 1.16 279.5 . 262.5 -1.26 ., 	230.5, 226 .' . 	 .18 
3:3:7:7. 291 1.09 278.5 . 262.5 -1.39 231.5 226 	. 	•• ' 	 .25 
4:4:6:6 290.5 1.03 278 262 -1,54 , 233 	. 226. 5 ,.32 

5:5:5:5 289.5 .96 277 261.5, -1.70 '236 	. 226,5 ,. .39 
6:6:4:4 

, 

288 .94 276 251.5 1,86 240 •,. 226.5 • 	 .46 
286 , .93 275.5.. 261,5: -2.03 ." . 	242.5 226.5 .53 

' 8:8:2:2 . 284 ., 	,95 274.5 • 	 260 .1.23 •. 	245 	• 227 	• .60 
(1 	9'l'l 28 1,03 27,5 61 -246 24 227.5 0 67 
10:10:0:0 283 ': 	1.12 272.5 251 	".. -2.71 247 '. 	237.5 	• .88 

*Calculated by assuriinr the base sequence is random. 
iUtemating sequence. 

ttRandom squonco. •.• . ' 

I 
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obsorve a single dichroic band with a 'maximum at 265 mp, This would 

correspond to an ORD consisting of a positive Cotton effect with a cross-

over at 265 nw. All of the RNA' S measured h'id about the same rotational 

strength. Since reovirus is known to be double stranded, this implies 

that the other RNA's are probably mostly double strands under the condi-

tions in which these experiments were performed. Other workers have 

measured the ORD of mixed sRNA' s under equivalent conditions, and their. 

findings are consistent with the above rcsults. 16 ' 55 ' 105  In addition. 

Lamborg and Zamscnik have found a much stronger Cotton effect centered 
115 around 198 mii in E. coli sRNA. 	The OPJ) found by Sainejima and Yang 

for yeast RA is also consistent with those results, although they did 

not penetrate quite as far into the UV. 192  It is of interest to note 

from the work of Sarnejima and Yang that the ORD of R?SA (presumably mostly' .  

double stranded) is very different from the ORI) of native 1'A. 192  Whether 

this is due to different double strand conformations or to the effect of::. 

the extra ussymmetry of the riboso sugar is not known. But recent work 

of Jaskunas has shown that the ORD of poly r(AU) is quite, different from 

the results observed by Same) ima and Yang for ,  poly d (AT). 105  

Brahms has studied the CD ofpoly A, poly U and various complexes, 18  

One of his more interesting results is that the CD of poly AU random coi.  

polymer is a little smaller than poly (A+U) . . This may be due to more ' 

• 

	

	double strands in the lattor than the former,.: Some of those results are 

summarized below. Except for double strand poly:A, the conditions are 

• 	pH 74 0  0.1 M NaCl, at temperatures between 2 and 14 °C. The rotational 

• 	strength, %a'  is defined by the following equation, 237  where in this 	g 

case the integration is carried out over the longest wavelength CD band. 
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and 	are the extinction coeficients of left and right hand cfrcu 

larly polarized light. 

ba 	2,295 X 1039J [(c L - 

18 Circular Dichroism of Polynucleotides 

Compound 	 x 10 40cgs 

poly (MU) 	 23 

poly AU (l'l) 	 20 

poly AU (21) 	 17 

poly A + poly U separate, 3 °C 	 32 

poly (A+2U) 	 19 

poly A + 2 poly U separate, 3 °C 	 28 

poly A alone 	 33 

double strand poly A 	 54 

From these data, one can conclude that as a general rule multistrand 

helices with different bases have relatively low rotational strengths. 

The opposite effect is observed upon forming double strand poiy A. 	In 

any case, the CD shows substantial changes upon changing from single to 

double strand polynucleotides. 

Similar effects have been observed by Sarkar and Yang in their study 

of the ORD of poly A, poly U, and mixtures of the two,' 	They, find that 

upon mixing poly A and poly U in equal amounts there is a marked shift to 

the blue of the long wavelength Cotton effect, 	A slight further shift 

and broadening is oservcd when a socond strand of U is added to make the 

triple strand poly (A+2U). 	Similar studies have been carried out on 



poly C and poly G. 196  Sarkar and Ynnj started with a 1:1 complex of 

poly. G and poly. C synthcsized by Haselkorn. 90  This presumably contains 

short strings of G bound to a longer strand of poly C. Upon heating to 
• 	

95 °  C, a very large change occurs in the ORI) which is maintained after re' 

cooling to room temperature. We have discussed this previously, and 

attributed the effect to the formation of single strand poly C and aggre 

• 

	

	 gated poly C. Sarkar and Yang have found that the poly (I+C) complex 

shows a strong peak at 254 m1 not present in either single strand. 

Similar effects have been observed in poly (A+I) and poly (31) relative •. 

to their single strands. 196 . This all suggests that ORB is very sensitive 

• 	 to the formation of multiple strand helices. 

At low ph,  both poly A and p01)' C form double strand helicos. 1101i 

comb and Tinoco have shown that at pH 4,5 the ORB of poly A is very 

different from that at p11 7,95  The long wavelength trough shifts to 

shorter wavelength. Similtr studies by rasman, Lindblow and Grossman 

have shown that there Is a very large change in the ORD ofpoly C when 

the pH is lowered to s. 	In this case the ORI) change is accompanied by 

a substantial change in UV spectm, since the absotion curve of protoa. •',. 

natod C is quite different from the uncharged base. Unlike poly A. the 

trough of double strand poly C is shifted to the red when compared with 

the single strand. 

11. Ipcndonce of the ORD of RNA on Salt Concentration 

To obtain experimental data to compare with our calculated OR!) for 

single strands, we had to find conditions under which RNA was likely to 

• 	: 	exist as a single strand. But these conditions must not be too strongly 
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denaturing lest they unstack the bases of the single strand formed. One 

possibility was to study RNA' S at elovated temperatures in the hope that 

a temperature could be found which would break hydrogen bonds but leave 

single strands still relatively stacked. Such experiments are now in 

progress in our laboratory. 105  In order to interpret them, one will have,. 

to know the temperature dependence of the ORD of all 16 dinucleoside phos-

phates and the four rnonoimrs. These data wore not available to us at the 

time this work commenced. 37  

Mother poss1bL1ity is to measure the ORI) of PNA in the limit of low 

salt conceritraions. This will presumably favor single strads. over 	
: 

double strands because of the coulombic repulsion between the phosphates 

on opposite strands. Shildkraut and Iafson have studied the salt depen-

denco of the tempelature transition of 1YA. 199  They find that at low 

ionic strength (0.01 to 0.20 molar KC1 or NaCl) T. is given approxirate1y 

by the equation below. 

Tm 	16.6 log (M) + 0.41 (C.C) + 81,5 

• •; 	 (M) is the molar concentration of salt. (C-C) is the mole fractiOn of 

C-C pairs. This takes into account the dependence of T. on base compo-

sition. A model which takes into account only interaction of charges on 

phosphates on opposite strthlds gives fairly good agreement with the above 

empirical equation. Thus Shildkraut and Lifson indicate that ionic H •: 

• 	. 	strength effects on single strands are much smaller than double strands. 

This seems reasonable since in most single strand confonations the dis-

tance between neighboiing phospnates remains the same. 199  Thus the cou 

lombic interaction can effect only next-nearest neighbor and more distant 

interactions, 	. 	. 	 . 	. 
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• 	Before we can interpret ORD data'taken at low salt concentrations, 

we must be sure that there are no major salt effects on the 01W of sin-

gle strands • Jaskunas has shown that the 01W of ApA and CpC in the 

absence of salt (salt was removed by a Bio-Rad P-2 colunn) at most wav& 

lengths Is identical with the OR!) measured by Warshaw for dimers at 0.1 

ionic strength. 252 ' 105  This is in agreement with our results on the ORD 

of trinucleoside diphosphatos. The molar rotation of several trimers at 

• selected peaks and troughs is summarized in Table VI • The data in salt 

- were obtained as described in Chapter III, The salt free data wore from 

sunplcs which had been dialyzed continuously against water for two days, 

lyophilized, redissolved in water, redialyzed, lyophilized, and then 

taken up in water at about i/S the volume they started at. 'The 01W data 

for the salt free solutions is not quite so accurate as our normal ORD, 

since these curves were rui on a less sensitive scale. But we think it 

) 

quite fair to conclude from thedata in Table VI that there is no salt 

dependence of the 01W of trinucleoside diphosphates.. Tomlinson has studied 

the salt dependence of the 01W pf poly A at p1-I 7•240  He finds that there 

is a. 5-1/2% increase In the magnitude of the long wavelength trough upon 

going from 0.15 molar s4ilt to salt free solution. But there is no change 

in the shape of the ORB curve. This is a reative1y small effect, and we 

shall assume it represents an upper limit to the type of salt effects 

expected with single stranded RNA. 	 . 

The properties of TMV RNA are known to be, strongly dependent on the 

salt concentration. Boedtker has shown that at ionic strengths of below 

0.06 this RNA behaves as a tightly coiled highly flexible polymer chain.;16 . 

The viscosity and radius of gyration from light scattering measurements 
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TABLE VI 

Salt Dopendcnce of Optical Rotatory Dispersion of Trinucleoside 
Diphostthates 

CoripounsJ Wavelength Molar Rotation x 10 4 Molar Rotation x 104.  
-- mu 0.1 ionic strength No salt aided 

ApApU 780 1,10 

ApApU 260 -2.92 -2.95 

GpGpC 290 0 45 .55 

GpGpC 250 -.76 -.72 

CDApU 280 .79 .88 

GpApU 260 .1.14 .1.20 

ApGpTJ 290 .17 621 

ApGpU 270 -.65 -.67 

J\pGpU 250 .13 .30 

GpGpU 275 .39 .27 

GpGpU 
1-. 

250 -.55 -.44 



show st'ong dependence on ionic strength. But above 0.06 ionic strength, 

the properties of TMV RNA seem to become relatively inc1ependnt of ionic 

strength. In a later paper, l3oedtker concluded that the hydrodynainic 

behavior of PNA suggests that it is essentially a random coil. 17  The Tm  

is very dependent on ionic strength, and sedimentation changes coincide 

with hypochromicity. This suggests that when secondary structure is 

formed there are large changes in the spatial arrangement of the molecule. 

Boedtkor emphasizes that with the range of conditions studied JNA is 

neither completely helical nor completely disordered. 17  Most of her re 

suits seeni to be consistent with the idea that TMV PJA consists of rela'; 

tively ordered regions spaced by random ones.. 

Boedtker found that Mg 44  was extremely effective in stabilizing the 

secondary structure of TMV RNA, She estimated that it is 25 0000 times 

more potent than NaCl. But Mg is not necessary for the formation of 

secondary stnicture) 7  If RJA is a loosely stacked helix at very low 

ionic strength, and a compact helix with double strand hairpin loops at 

high ionic strength, most of the data of Boedtker can be explained. A 

flexible stacked helix would hydrodynamically behave like a stiff coil. 

And, if single strands must fold back on one another to foml,,a double 

strand, the optical properties will be closely linked to the hyc 1rody-

namic observables. 

It has previously been shown that metal ions can have pronounced 

effects on the long wavelength optical rotation of 7v1V flNA. 89  The re-

suits of Boodtkor just described encouraged us to study the ORD of TW 

PNA as a function of salt concentration. 'A11bf the .experimertts with 	. 

ThV RNA described in this section were performed by Jaskunas. 1PS our 



-203- 

contribution is to the analysis of the results, We shall outline the; 

experimental methods used when they are substantially different from 

the procedures already described. NV R'JA was a present from Dr. Man-

de3.es , We are very grateful for samples from some of his highest purity 

preparations. 143  Salt was removed by,a complex dialysis procedure which 

was designed to make sure that Mg was removed. Thus frequent dialysis 

was carried out against various concentrations of EDTA before most of 

the EDTA was removed by dialysis against dilute solutions. The final 

result, which we shall call salt free TM'! RNA, had been equilibrated 

against 4 x 10 molar EDTA. This had a pH of 6.3. This represents a 

compromise between lower salt concentrations and the fact that it would 

have been difficult to lower the salt concentration further without also 

decreasing the pH. Solut[ons at h.gher salt concentrations were made by 

adding salt to the salt free solution. The dialysis procedure apparently' 

had no deleterious effects on the RNA, since measurements made before 

and after in the same salt concentration were quite similar) 05  Concen-

trations were determined by using the extinction coefficient per residue 

of 1.00 x 10 4  in salt free solution, 89  and 0.73 x io in the salt so 

lution. 16  The OR]) measurements described here were made at room tempera' 

ture. Recently these results were extended to a broad range of condi-

tions. 105  Studies by Jaskunas suggest .tha.' the conditions used here 

represent close to fully structured .RNA (in salt), and close to the 

minimum amount of double strand obtainable (no salt) 

The OR]) of TM'! RNA in no salt (4 x 10 M EDTA) at pH 6.3 is compared 

with the results obtained for this RNA at p11 6 4 5 in the presence of 0415 

KC1 (+ 10 4  M LDTA) in Figure 20. It is obvious that salt has a marked 
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effect on the ORI) of. NV RNA. The crossover in the presence of salt is 

shifted many mu to the blue. In addition, similar shifts are noted for 

the long wavelength peak and trough. Thus we can conclude that the cone 

formation of NV flNA is very dependent on the salt concentration. 

The ORD of TIV 1NA was calculated from the dirners and monomers by 

the methods described earlier in this :hnptor. This result is shown in 

Figure 20 along with the two experimental curves. The agreement between 

calculation and the salt free data is excellent at most wavelengths. 13x-

cept for very short wavelengths, the calculated curve is iiuch closer to 

the no salt data than the ORI) of NV RMA in salt. Thus we feel that NV 

RNA is probably mostly a single strand stacked helix in the absence of 

salt. The quantitative agreement between NV R?& and the calculated 

curve is difficult to assess. But we are very ploased that the shape of 

the 01W curve in the absence of salt is reproduced so well by nearest 

neighbor methods. 	 . . 	 .. 

Similar irosults hávøbeen obtairtod for several other R1NA 1 s. 105  The 

agreement between calculations and experiments are best for NV RNA, but 

the other cases are comparable. It is certainly fair to expect that 

some, if not most, RNA's will still maintain some double helical segments 

oven at the lowest salt concentrations we can reach. We are afraid to 

lower the pH any more lest A-A and C.0 hydrOgen bonded pairs start to 

form. This will have an unpredictable effect on the 01W, since each 

tends to shift the curves in the opposite direction. 
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12. ORI) Difference Curves 

We suspected that the change in the ORD of NV RNA uon adding salt 

was due to the formation of A-U and G-C.pairs. These would arise from 

folding of the polynucieotido chain into complementary double stranded 

sections. Thus we would like to be able to estimate the ORD change ex- 

• pected for the formation of a double strand. In principle, this can be 

done by using nearest neighbor calculations analogous to those doscribed 

for single strands in Chapter III • For double ,strands, the Interaction. S  

we must consider consists of two effects,. The first is any interaction' 

between the two hydrogn bonded bases, Since they are in the same plane, 

this interaction woull be small. Most of the caitribution to the ORD of 

a double strand will cone from the interaction of vertically stacked base 

pairs. We know how to account for the interaction of stacked bases in 

the sane strand, but we have very little information of the effect of 

stacking of one base with adjacent bases on the other strand. If we lump 

all of these contributions together, there are ten basic interactions 

which must be determined before the ORI) of a double strand can be calcu' 

lated,. They are 

A-U 	A-U 	U-A 

	

1. 	2, 	• .3. 	4 	
' 

A-U 	• 	U-A. 	A-U 

C-C 	• 	C-C 	C-C' 

	

4. 	 S. 	 6. t4 
(,-C 	C-G 	C-C 

A-U 	C-C 	A-U 	C-C 
7

. 

C-C 	A-U 	C-C 	A-U 
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where arrows indicate the direction of the polynucleotide chains, and 

lines represent hydrogen bonded interactions. Eich of these interactions 

could be determined in principle by measuring the OR!) of a suitably tho-

sen oligomer complex or double strand flNA. Matters can be simplified 

somewhat if we subtract the contribution from single strands. Then we 

can write that the ORD of a double strand is equ'al to the OR!) of its 

single strands plus contributions from the interactions. One would need 

to know the frequency of each double strand interaction in order to 

specify the OR!). 

At the present time the approach outlined above is beyond our means.. 

There are simply not enough OR!) data available on compounds of well de-

fined sequence. Thus we cannot yet compute most of tho"changcs which 

should occur when double strands are formed. But Sarkar and Yang have ..... 

studied the OR!) of poly (MU), poly A and poly U. 195  Thus, from their 

results, we can estimate the OR!) change upon forming an A-U base pair. 

(This corresponds to interaction 1 in the above list.) 

At']AU) 	11poly (A+U) 	1'2 	1 polv A + tlpØ]y 	. (11) 

Sarkar and Yang have also studied the OR!) of double strand poly (C+C) 252 

We have mentioned ORD data for single strand poly C previously. And while 

no experimental curves exist for single strand poly C, we have calculated: 

its molar rotation as described previously. Thus we can compute the ORD 

change for forming a G-C pair according to interaction number 4. 

ARIGCM 	Npoiy (G+C) 1/2 t 1pO1y c ' ' 1 poiy CO 	(12) 

A[IAU  and 1GC are plotted in Figure 210 
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To calculate the ORD of double strand 1i'1V !NA using equations (11) 

and (12), we have to assume that equation (11) is representative of the 

average ORD change upon forming an A-U pair, and equation (12) is the 

average 'ORI) change for forming a C-C pair. These are relatively gross 	'. 

assumptions, but it is the very best we can do at present. Very recent 

data have shown that the ORD change for interaction 1 is the same as for 

the average of 2 and 3•105  This lends credence to our above assumption, 

but we would still like to obtain more experimental data. 

Even with the above assumption, we cannot calculate the ORD of NV : 

RNA unless we know the number' of A-U and C-C pairs. There are more A's 

and U's in NV RNA than G's and C's. 256  This would tend to' favor the 

formation of more A-U pairs, but results we have presented earlier suggest 

that the ('C interaction is stronger. Thus, it is a reasonable assumption 

that 1W RNA has roughly as 'many A-U, as C-C pairs. But this still does 	.' 

not tell us how many there are. We think it would, be foolish to guess 

at this figure. . So, instead, we will compare the change in 0117) upon 

forming an average base pair with the changes that occur in the ORD of 

NV RNA when salt is added. The ORD change for an average base pair will 

be just the average of 	and 	This is plotted in riire 22 

along with the difference between, the ORD of NV 'RNA in salt and the cal'. 

culated single strand 01W. In addition, the change in the observed 0111) 

of NV RMA when salt is added is shown at the bottom of Figure 22. The 

similarity in shape among all three curves Is evidence that, in the 

presence of 0.15 molar salt, TMV RNA is partially double stranded. The 

differences in magiutudo between the two bottom curves in Fiiure 22 sug-

gests that even under our low salt conditions. NV RNA has still formed,: " 

some double strand segments. 
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22. 01W difference curves for the formation of base paired 

double stranded RNA from single strand flNA. Details are 

explained in the text, 

measured OR]) of 1W RNA in salt - measured OR]) 
in the absence of salt 

measured OR]) of Thy RNA in salt - calculated 01W • 	
of single - strand NV RNA 	S  

- - - - -average 01W change upon forming a completely 
- S 	double strand RNA with an equal number of A-U 

-- and G-C pairs. This is the average of the two •-. 

•-, 	curves shown in Figure 21, 	 -,' 
A. 
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It will'bo very interesting, once the structure of R'4A in solution. 

is botter understood, to see whether the rough approximations we have 

used in this section have any validity. For example, we have ignored 	:.. 

the effect of C'G interactions, even though they hnvo been demonstrate4 

to be of great importance in small oligomers. And we have assumed that 

double strands are formed in RNA, but no triple strands were considered. 

We have restricted ourselves to A-U and C-C pairs at pH's which are den-

gerously close to the pK'sof poly A and poly C in low salt, although a 

study of ORD versus pH indicates that we are probably still safely close 

to pH 7105  Lastly, we have ignored the fact that if double strands are 

formed by hairpin loops there must be a loss in stacking for bases in the. 

hairpin6 We list, all of these omissions to avoid giving the impression 

that we have clearly demonstrated that rLiV PSNA contains segments forming 

double strands in high salt, but not at low salt. Our data is consistent' 

with such an interpretation, but by no means prows it. 

13. Base Composition of RNA 

The success we have had in predicting the ORD of 1W RNA encouraged 

us to calculate the ORD of many single strand polynuclootides. Some of 

the attempts to do this have already been discussed. We wanted to be 

able to prepare a table of values which would approximate the ORD of any 

given RWA. But, in order to do this, we were faced with a serious prob' 

lam. Unlike DNA, where AU and G=C. RNA is usually thought to have no 

such regularities in base composition. Thus to define the base composi-

tion of RNA, there are four variables and only one constraint. This inets 

• 	that it is impossible to prepare a convenient table of values without 
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calculating an uncomfortably large nuther of curves, Thus we decided. 

to collect a large body.of base composition data to see if, there were 

any accidental correLition.s which would simplify our task, 

The base composition for 112 RMA's is collected in Table VIII. These 

were determined by many different workers using t variety of methods. '• 	 ': 
The precision of the data varies from better than a few percent, 12. to 

values in which only one or two determinations wore made. The accuracy, 

as always, is suspect since very few results agree from laboratory to 

laboratory. We have tried to, use the most recent data available for most 

of these RA's. The purity of the PNiVs in Table VII varies from over 	.' 

90% to tnknown and undetermined. We have tried to be as objective, as . 

possible in collecting this set of data from the literature. This list 

is by no means a complete survey of the available.data. Instead,.it 

represents what we hope was a random sampling. We include 27 sRNA's, '. 

21 rRNA's, 33 nRNA's or viral RA's, 3 nuclear NA's, and 28 whole cell 

1NA's. This distribution was dictated by chance, rather than design, 

but it is fairly random 

To see if there were any systematic relationships governing the 

base composition of BNA, we plotted the mole fraction of one base against 

the mole fraction of another base. tourof these plots are shown in 

Figures 23 through 26. In addition, we tried plotting mole fraction of 

two bases against the sum of the mole fractions of two other bases, using 

triangle paper. These plots are illustrative, but the same conclusions 

can be drawn from the data reproduced in this chapter. If the base com-

position of RNA was strictly random we would expect a great deal of 

scatter in the plots shown in Figures 23 through 26. This is observed. 



TABLfl VII 

Base Composition of Various RNA's 

RNA Ut C 	. Reference 

 

S 	 - 

Yeast alanirto sRNA . 	 .106 .200 

-5-- 

-.306 .386 97 
 Mixed yeast sNA . 	 .211 .220 .264 .307 104 
 1T 	 .. . 	 .289 .277 .191 .243 256 
 1U7 .231 .253 .249 .263 	. 213 

S. MS2.. .228 	'- .252 .249 .271 . 	 226 
 T4 mItNA 	. .313 .302 0177 .20.8 8 
 Wheat Germ sRNA 	- . 	 .228 .218 .236 .316 75 

F. Micat Germ 	ih M.W.RNA .266 .282 .182 .269 75 
C' TYMV 	S  .230 .220 .380 .170 259- 

10. UcLa cell nuclear. RNA 6196 .137 .353 .314 84 
11. Calf thymus primed .279 .291 .218 .213 . 	 102 
12. M.lyseodeikticus primed .150 .150 .343 .357 102 

13. Yea;t serine sRNA .208 .225 .277 .2871 191 
14. F2 ,. .222 . 	 .251 .268 .259 	.. '12 
15. PR 	 ., 	.- .249 .,27 .243 .271 	,. . 	 12 
lb. 70S ribosomes 	. .255 .. .218 .219 .308. 	.' 12 
17.. ('hinese cabbage 4S 	. .169 .199 .328 . 	 .308 143 
13. Chinese cabbage 165 	. . 	 .190 .263 .220 .325'. . 	 .148 
19..Chinese cabbage 24S . .201 ....207-..248 •347 	'::,. 148 
20. Cucumber virus' .260: 30fl .190 .260. 263 
21. Polio virus 	. .300 .270 	": .190 .260 263 
22. SI3M'I .260 .250 .230 .260 263 
23. Z1l/1 virus 	. .236 .283: .242 .239 12 
24. ZJ/1 virus .243 .282 .237 .238 12 

25. Z6 virus 	. 	. .251 .237 	. .240 . 	 .274 12 
• 	26. ZS/3 virus 	. 	 .. , .248 .234 .238 ,280 . 	 12 

27. Z1/3 virus . 0248 .234 .249 269 12 
28. a iS virus .247 	. .240-, .250 .263 " 	 12 
29. Tobacco necrosis virus . 	 .280 .249 .221 .250 . 	 .172 

• 	30. Tomato virus 	. . 	 .275 .245 .204 .275 .  -.172 
 7S virus 	 . .238 .258 • 256 .246 176 
 iv'virus 	'. .273 .253 235 '- 	.35 	. ' 	 176 
 Roovirus-3 	. . 	.297 . .305' . 	 .j93 .205 ....... .... ..i76 
 C1f liver .195 .164 .291 .35') 172 

35..Calf Pancreas 	. .141 . 	 .134 .237 .487 '-172 
36 Rat Liver 	. 	.. , 	 , 	 .191 .208 .266.. 33 17- 

 Carp Muscle 	. 	.. .164 	.- . .180., 311 344 172' 
 Sea Urchin eggs - 	 .223 .207 .274 .296 172 
 Clostridium perfringes ' .260 .193 	' .245 .302 	. " 	 .'.- 172 
 Bakers yeast . 	. .264 . 	 '.237 .193 .301 172 
 Brewers yeast .255 .245 .235 .265 172 
 Punian liver .fl5 .126 .316 •441.. . 	 172 
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TALLE VT! (Cont.) / 

INA U' •. 	C.  Reference 

43. Ox liver 	. 	. .171 .217 .339 .273 52 
44. Ox kidney .197 .202 .334 .267 52 
45. Rat kidney. .194 .204 .307 .295 52 
46, Sea Urchin embryo 	. .226 .203 .272 .294 52 

• 	. 	47. Yeast .254 .274 .226 .246 52 
43. S. marescens .203 .241 .243 .312 52 
49. E, coil 	V  .253 .212 .247 .288 52 
50. M. •phloi. 	 . 	. .209 .213 •' 	.271 .308 52 
51. T2 specific mRNA .280 .350 .160 .210 82 
52, T2 specific sRNA 	.. .270 .350 .160 .220 82 

3. Rat liver nuclear RNA .180 .270 .330 .220. 82 
54. Rat liver sPNA 	. .200 .220 . 	.290 .290 82 
55, Rat liver rRNA . 1190 .200 . .290 . .320 . 	32 	V 

56. E. coil rPflA. .250 .210 .230 .310 82 
Si. E. co1iRI'A 	. .200 .190 .290 .310 32 
58. Rabbit iwer .193 ,199 	. .282 .326 .106 
59. •• 	V Sheep liver .204 .144 .258 394. 

V 

.106 
60. 

V 

Sarcina Lutea 	V 	
V  .167 

V 	
.220 	. .329 .284 V 106 V 

61. Potato X virus 	.. .344 .214 .228 214, 106 	
V 	

V 

62. Turnip crinkle virus . .276 .223 .246 .256 146 - 

V 	 63. Gramlcidin S mRNA .224 .192 .301 .283 . 201 
64. 13.egaterluin membrane 0 244 .228 .214 .314 266 V  

V 	

• 	 65. 13.megatcrium sRNA 	.. .185 .241 .262 .312 266 	 V 

V 

 Rous Sarcoma 6 4 S RNA 	.. .251 	. .224 .242 
V 

. 	.283 V V 	183 
Rous Sarcoma 45 RNA 	. .213 .193 .266 .328 13 

V 	68 Chick 285 RNA 	.. .172. .161 . 	.307 .360 13 	V . 
69. Chick 185 RNA .218 0 207 V .264 .311 V183 	V 
70.Chick 45 RNIA 	. 	. .187 .200 .282 .331 183 

 B.stearothermophilu 	rRNA .259 .175, .220 .345 V 	145 
 B. stear. purified'.RMA .205 .211 .261 .315 

V 	
145 

 Rat liver 28S RNA 	V .173 .170 .320 .330 V 	223 
 Rat liver 185 RNt .198 .180 .298 .324 223 

V 	 75. E. coil 235 RNA 	V .242. .213 .223, .321 V 	223 
76. i. coli 185 RNA 	. .255 .210 .210 .325 223 

 Rabbit re ticulocyte  rVRNA .196 .156 	. .295 .353 23 
 Rabbit: reticu1ccyto mRNA .280 .182 .275 .240 

V 
" 23 

 Pseudomonas 	. .219 .217 .281 .283 V 	iiS 
• 	•. 	 80. Newcastle disease virus .238 .294 .230 .238 47 

81. Histone bound RNA V  . .316 .427 4 104 .153 . 	101 
V 	82. i Tyrosne 	RNA-J3ro .212 .31 

V 
.274 .283 22  

83..E. .coli high pH heavy RNPt .238 .204 .274 	. .283 31 
84. E. coil high p1l16S RL& .249 .209 .270 .272 V 81 
85. E. coil high p11 lOS RNA .289 .220 .251 .246 81 
86. P!V small RNA .255 .246 .203 .296 V15 
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TABLE VII (Cont.)  

NA Ut C &t Reference 

87. PW rndiurn flNA .252 .263 .205 .280 15 
88. 114V large MNA .282 .254 .194 .270 15 
89. Rntcortex low.sAt 4198 .198 .283 .322., .142 
QO, Rat cortex high 	a1l 90 17' ..3C4 32 142 
91. Rat cortex high tcrap. 	. .174 173 .02,..:..350 142 

• 	92. Rat cortex high temp.rRNA .181 .175 .311 .333 .142 
934 Rat cortex high salt rENA. .186 .137 .314 .313 

•. . 	142 
94. Cord.cal neurs .192 .190 .341 .276 . 	142 
95.,Deiters ruc1ei .227. .194 .314 .265 142 	... 
96. Glia-deitors 	. .262 .189 .254 .270 .. 	 . 142 

.97 Cortex sPNA .198 .197 .283. •.322 142 
98.. Brain inicrosomal RNA 	, .181 ,197 .297 . .325 142 

99. (uinea Pc lIver sPM .162 .222 4270 • 297 22 
100. Trout S1NA 	' . 195 .213 .300 .292 22 
101. Eu1ena s!NA .178 .196 .292 .312 22 
102.'T)ea seed1in' sRA .193 .209 .301 297 22 
103. T.pyriformi; sRNA 	. .186 . .210 .289 .302 ' ., 	 •' 	 22 
104. Blowfly larva sRNA .178 .214. .302 .294 .: 	

.. 	 22 	. 
105. Valine sfl-Tada 	" .206 .216 . 	.278 	. .280 22 
106. Alanine sRNA-Tada .197 .231 .269 . .289 22 
107. Glycine s1NA-Zachmi. .I9 .239 .258 .292 . 	22 
108. Loucine sRNA-Zachj 	. .205 .237 .249 .294 22 . 

109. Tyr.+Ser. sRNA-Zachau .209 .255 	. .236 .284 .' 	 22. 
110. Va1e sNA-11o11ey 	. .191 .239. .275 .295 22 

111 Tyrosino sflNA-lblley .217 .215 .267 .302. . 	22 
112. Valine sRMA-Zaineiik .196. 	. .222, .251. .331 •; 	 ,. 	 22, 
. 

• 	 * Including methVl A 

•. - 

• 

: 

• 

tlncludirig T, dihydro U, ' 	• •: 

1 Inc1uding I, methyl. I t  methyl C, dinethy1 G • 
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• It indicates that there is. more than one paraiieter governing the mole 

fraction of nucleotide in an IRMA. Similar plots for DNA would show all 

of the points formed into fairly neat lines. If the base composition 

of RNA is purely dictated by chance, then the data should correlate in 

the following way. Let P a  represent the probability of having an A. 

is the probability of hwing anything other than A. Since there are 

three possibilities other than A,.each of these should be equally probable 

given any value of A. Thus  we would expect that Pb This 

means that plots of mole fraction A versus, mole fraction B should have 	 S  

points clustered along lines of negative slope. This is what we observe 

in Figures 23 and 24 for plots of XA  versus X and X versus X 

The, scatter is not overly bad. By comparison, the plots of XA  versus X, 

and XG versus XC  shown in Figures 25 and 26 show imich horse scatter. But 

there is a definite tendency for the points to lie in a distribution with 

positive slope. fhis is just the opposite of what oio expects for random 

statistics. Thus the more A an RNA has the more U it tends to have. The 

same is truo for G and C. Poturn to Figures 23 and 24 and note that the 

best lines one could draw through the distribution of points in these two 

graphs would have a slope of -1. But the above discussion of random 

probability predicts that the slope should be u1/3, Thus there are defi-

nite deviations from random base composition in %1MA, Similar results 

have been noticed proviousi> by Elson and chargaff, but they attributed 

this effect as arising from the imiurity of the RM's in their sample 189  

Most of the RNA data in Figures 23 through 26 comes from purified RMA. 

Thus this explanation is no longer valid. 
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We think the evidence shown in Figures 23 through 26 means that 

• 	 RNA's have a definite tendency to have DNA like base composition. :tf. 

flNA is synthesized fro'n both strands of DNA, this might be easy to ro 

concilo. But many experiments have led to the idea that only one strand. 

of RNA. is copied in .vio. Bautz and Ball showed that the base composi-

tion of T4 messenger RNA is not like the DNA. 7  Later work by Bautz and 

• lleding suggest that RNA is copied from DNA in an antiparallel fashion. 8  

Finally, work described by Watson indicates that each and every flNA is 

copied from the sane strand of DNA. 255  These elegant experiments were 

performed in the following way. The two complementary strands of SP8 

• 	 virus can be easily scpaiated since they have very different base compo- 	•, 

stion. Each strand of DNA is annealed spcarately with flNA synthesized 

by this phago. Complexes between PNA and DNA are observed to form only 

with one of the two DNA strands.. These complexes can only occur when 

much of the sequence of the RNA is complementary to the DNA. Therefore, 

SP8 RNA is 'synthesized from one strand of the DNA. 255 	 ' 

A second possthle explanation of the above base composition data is 

that RNA (or, at lc4st most RNA) is intentionally designed to be able to 

form many intramolecular hydrogen bonds • The number of canonical A-U 

and G.0 hydrogen bonds which can be formed will aproach a maximum value 

when AU and C=C. -frty should RNA tend to form double stranded segments? 

There appear to be two possibilities. PA may prefer to ho partially 

double stranded to facilitate carrying out its biological role. For 

example, it might be efficient for sRNA to have a single stranded anti 

codon but to have most of the remaining bases double stranded. This will 

56  decrease the possibility of copying errors. 	Similarly, the ribosomo 
: 	 / 	 .. 	 . 	 .. 	 • 	 ' 
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may be designed such that rRNA is mostly double stranded, except near 

portions of the polynucleotldo strand which serve to bind the messenger 

or SIINA. A second possibility is simply that it is more efficient for 

flNA to have mny double stranded sections. There are nucleasos present 

in most cells and a certain percentage of .  the PNA which is synthesized 

probably falls prey to them before it can serve any useful function. 

Most nucleases have a-much higher actIvity towards single strands,. and 

thus double stranded NA is much less likely to he degraded by nucloases. 

Since evolution usually favors efficiency, it is possible that genes have 

been selectod which produce partially RMAase-resistant RNA. However, we 

must not carry this argument too far, since a perfect double, strand RNA 

is probably useless as a messenger. For whatever reasons, 1NA's have 

apparently been designed to have more than an average number of A-U and 

C-C pairs. 

14. Evidence for the Conformation of the Alanine sRNA 

The last questio'i to which we shall address ourselves is the confor-

mation of the yeast alanino sRNA. This Is the only RNA of known sequence, 

and It is reasonably small, containing only 77 nucleotides. 9  Thus it Is. 

a logical candidte for applying the methods we have developed in this 

chapter. Before we begin speculating on how the alanine sPNA is coiled .•, 

up to form its conformation, we would do well to ask just how certain is 

the sequence determined by Holley and his coworkers • For . among all of, 
 

the, sequence dependent properties we have mentioned, none Is more sensi-

tive than the double strands which an RMA might form. Tecent iork by 

Shapiro and his coworkers questions the validity of Hnlleys proposed 



-313- 

sequence. 202  They point out that there are several discrepancies be. 

tween Holloy's sequence and the experimental data. In fact, there are 

'several sequences which fit more of Holley' s data than his proposed 

sequence if all of the data is considered equivalent. But Halley has 

'.replied that some of his data are more conclusive than other of his ox-, 

periments. 96  And we are inclined to agree with, Halley's conclusions. 

Even if Holley were wrong and one of the sequences proposed by Shapiro 

Ct al. were right, this would not greatly affect the following discussion, 

Most of the proposals for correcting buoy' s sequence involve removing 

a C from one part of the chain and replacing 'it with a G somewhere else. 

It turns out' that the location of the residues in question prevents 

them from having any major effects on any of the probable conformations. 

Before we discuss some of the detailed proposals for the confor-

mation of the yeast alanino sPNA, we shall review some of the experimental, 

data on the conformation of sRNA' s • Most studies of sRNA physical pro-. , 

perties have employed mixed yeast sRNA rather, than a purified component. 

Thus we must be sure that all sRNA's are very similar if we are to apply , ' 

data on mixtures to the pure alanine sRNA. Lindahi, Henley, and Fresco 

have shown that the molecular weight distribution of mixed yeast R?Ais. 

very narrow,'28  The number average molecular weight obtained from os-

motic pressure data is 26,500 + 300. The weight average molecular wei'ht 

from sedimentation equilibrium is 26,150 + 300. The molecular weight of 

pure yeast alanine sflNA calculated from the base coinr,osition is 26,600. 

All of these three values are in excellent agreement. Therefore, it 

appears that all sRMA's have almost exactly the same molecular weight. 

The range of chain lengths determined by Lindahi, Henley and Fresco fron 
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analysis of the sedimentation equilibrium of the mixture is from 74 to 

78. 128  The base composition of many of the purified sRNA's is very 

similar. Most of them have approximately as much A. as U,and as much C 

as C. In most cases the ratio of A+U to G+C is about 2:3, (see Table VII). 

Thus we can conclude that there are great similarities among the compon-

ents in mixed yeast sINA, 	 / 

From their study of hydrogert exchange in mixed RNA, Englander and 

Englander conclude that there are 70 hydrogen bonded hydrogerts per 70 

nucleotides. 53  (They were apparently under. the impression that sRNA had 

this degree of polymerization.) If we correct this value in the light 

of the more recent data by Lindahi, Henley and Fresco, we find that an 

average of 77 hydrogons are expected to be hydrogen bonded in sRNA. 

Englander and Englandor estimate that this is 89% of the hydrogens avail-

able for hydrogen bonding. Thus sflNA is a highly helicalmolecule. Eng-

lander and Englander interpret their results as suggesting that most of 

the unusual and mothylated bases found S in sPJ4A are on single strand 
S. 	

loops.. They cite evidence that methylation is not necessary for blob- 

gical competence initro. 53  This may mean that the methylating enzymes. 

recognize their specific substrates by the fact that they. are located in' 
• 	'. 	

single stranded regions of the chain. This would suggest that the Con- 

S 	formation of sRNA does not strongly depend on mothylation.  

• Nihei and Cantoni have studied the digestion of sR'A by venom phos 

phodiostcrase.'62  They find that a 40% digestion leads toa loss of 90% 

of the hypochromicity of the polymer. This evidence is very hard to 

• reconcile with' any of the structures we will discuss later. It is also 

in disagreement with our results on the hypothroinicity of trinucloosido 
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diphosphates. For even if partial enzymatic digestion did break all 

of the double strand sections, the remaining single strands should 

still show a hypochronu.city of around 20 to 30%. Since the hypochromi-

city of an sRNA is less thin 50%, it is hard to see how half of an sRNA 

could have a hypochromicity of loss than 10 to 15%4 But the results of,  

Nihei and Cantoni indicate that only 40% digestion reduces the hypochro. 

micity to 5%. If their results are true, •there nest be soous cli- 

• 	 cations which this argument igncres. 	S  

Fresco has reported the melting curves of several purified sRNA's. 66  

He finds that the alanine sR"4A has a biphasic melting curve in 015 M 

Na4  at Ni 7. The two transitions have Tm's  of around 40 °C and greater 

than 80 °C. There is still some temperature dependence below 20 °C. Va-

line and tyrosinc sRNA show similar melting curves. But their extinction 

at 280 mi.' reaches a steady plateau as the solution is cooled to room 

temperature • Felsenfold and Cantoni have performed a detailed analysis 

of the temperature dependence of the UV spectrum of the serine sPNA. 56  

The methods they used have been described earlier in this chapter. 

They predict three double strand regi.on in the serine sRNA. In order 

of stability these contain 4 A-U and 2 C-C pairs, 7 A-U and 7 C-C pairs, 

and no A-U and 7 C-C pairs. Unfortunately, the base sequence of the 

serine stNA is not yet known, so these results cannot yet be used to 

construct a detailed model of the conformation. We would hesitate in 

applying these data directly to the alanine sRNA, since it would assume 

an unwarrcLntod sirttlarity among the structtlre5 of the sRNA's. 

Fasman, Lindblow, and Seaman have measured the tomperaturo transi 
5 	

- 

tion of mixed yeast sRNA by both ORD and UV spoctra. 	They find that 
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the two melting curves do notcoincide.' The extinction at 260 nui shows 

no changes at temperatures below about 50 °C, while the ORD at the trough 

shows a marked dependence on temperature in this range. One possibility 

is that this simply represents the flexibility of the secondary structure. 

Glaub:i ge.r has shown that oscillations of neighboring bases can produce 

large changes in OR]) and only small changes in the absorption spectrum. 74 ' 

But in the case of sRNA, it is possiblo that the difference in melting 

curves between UV and OR]) measurements may represent a complex reshuffling 

of conformations. 

Sarin and Zamecnik have noted that the OR]) of sRNA changes when a 

polypeptide is attached to the CpCpA end. 14  They find that the ampli-

tude of the long wavelength Cotton effect in an sBNA which is charged 

with 21 amino acids is 82% that of the free RNA. This change in con-

formation may well have biological importance. It is interesting that' 

this change in conformation does not alter the tJV spectrum. Thus it 

may represent a very subtle alteration. 

The very recent hydrodynarftic data of Henley, Lindahi, and Fresco 

offer some additional insights into the conformation of mixed yeast 

sRNA. 92  They compute that the axial ratio of sRNA lies between 4 and 

7 0  though they admit that this value is not very accurate • Henley, 

Lindahi and Fresco report that the temperature dependence of the con- 

formation SRNA occurs in two phases. The first, at temperatures less '• 

than 40°C, contains a substantial conformational change as measured by 

viscnetry and sedimentation, but almost no change in secondary structure 

as measured by hypochroinicity. At temperatures above 40 ° C, both the hy 

drodynanic and optical properties change together. This suggests that 
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the low temperature transition represents loss of tertiary. structure 

with little breakage of double helical. segments. At higher temperatures 	
0 

the double helicos come apart and the bases in the single strands unstack. 

The last experimental data' on the alanino sRNA comes from the wi-

published ORB results of Voumakis and Sche.raga. 247  These were kindly 

made available to us. They show that the ORD of alanine sR'JA is almost 

the saw with or without the presence of Mg'. The changes in the ORB 

upon heating are quite reversible. In addition, the shape of the ORB 

curve suggests that the RNA contains a large percentage of double strand. 

This will be discussed in more detail in the next section. 

15. Models for the Conformation of the' Alanine sRNA 

Along with their published sequence of the yeast a'lanine sPNA, 	: 

liolley and his coworkers presented several proposals for the conforma- 

tion of this molecule in solution. 97  These were presumably devised 

with the 'intent to maximize the number of A-U and (-C pairs consistent'' 

with the postulates of Fresco, Alberts and Doty. 67  These are shown in 

Figure 27. In an attempt to find more possible conformations, we con-

structed a throe thmensxonal model of the alarn.ne sRNA. We wanted to 

take into account both the stacking of bases on a single strand and the 

possibility of base pairing. Thus we used strong springs to connect 

bases which we believe are stacked, and thtorlockin rings to connect 

unstacked bases. The latter permit relatively free rotation of linked 

residues. The former will attempt to keep stacked sections rigid. For 

the bases we used metal blocks of different sizes to account for the 
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Fi gural 27. Several models for the conformation of the alanino sRNA 

which have been proposed by }iolley and his collaborators. 
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larger vo1umeof purines. This is an approximate scale model. With 

this model we were freed from the constraints of having to think in 

two dimensions. Thus we were able to find that it is possible to con-

struct conformations for the alanine .sRNA which have considerably more 

hydrogen bonds than the models proposed by buoy. At the same time 

the construction of the model automatically took the additional con- 

straints of base stacking into account. In Figure 28 is shown a photo" 

graph Of the model we have built in the conformation which contains the • • 

maximum possible number of hydrogen bonded pairs consistent with stack-

ing. The color code is as follows: C-blue, C-green, A-yellow, U-orange, 

and any other bases-red. 	 : 

The following rules were used to se1et this conformation. We 

assumed that U does not stack as strongly as the other bases, and thus 

connected all U's by rings instead of springs. In addition, we assumed 

that the stacking of bases similar to U (T, dihydro U, and ). is also 

small. We assumed that methylated purines and I all stack strongly. We 

were also willing to consider hydrogen bond pairs in which one base was 

i t  T or dihydro U. And we did not exclude the possibility of, methylatod 

bases being able to form hydrogen bonds, although we would expect these 

to be weaker than base pairs containing normal bases. The model shown 

in Figure 28 has several interesting features. Note that almost all 

loops or bends in the polynucloosido strand occur at U, T, dthydro U or 

p. In the model shown in Figure 28 we have violated one of the postu-

lates described by Fresco, Alborts and Doty, since we form several 

hydrogen bonded pairs between sections of the chain which are far apart 

But observation of the three dimensional models shows that these resi- H 
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Fig. 28. Photograph of a model of the alanine sRNA which contains 
26 base pairs. The details of this model are discussed in the 
text. 



-321- 
/ 

dues are not far apart once some of the other base pairs in the structure 

have been formed. In an attempt to draw our model in two dimensions, 

Jukos has uncoupled these base pairs. He also wanted to free a possible 

anticodon, which we had formedinto a double strand. his variation on 

our niodel is shown in Figure 29. 107  To change this dradng in our three 

dimensional model, one should form base pairs between residues 19 and 58, 

20 and 57, 37 and 76, and 38 and 75, and let residue 47 bond to 67 in-

stead of S. (We begin counting from the 5' end of the chain,) We sus-

pect that the first four base pairs are probably the weakest in the 

molecule, and probably come apart at about room temperature. This 

type of unfolding is consistent with the results observed for mixed 

sRNA by Henley, Lindani and Fresco. 92  The axial ratio for the model 

shown in Figure 28 ranges from 3.7 to 71, depending on how closely 

the double strand segments are allowed to approach. .This is in:eice1lent 

agreement with the hydrodynamic data. 92  

A simnary of various properties of the five models we have discussed 

for the alanine sRNA is given in Table Viii. It can he seen that our 

model shown in Figure 28 has more hydrogen bonded pairs than any other 

model. We form hydrogen bonds containing a total of 71 hydrogens. This 

is i surprising1y good agreement with the value of 77 which would be 

predicted by Englandor and Englander for an sRNA containing 77 nucleo-

tides. fhus our model is in fairly good agreement with almost all of 

the data presented thus far. 

The one method we have not yet exploi. ed is to conpare the 3RD of 

the alanine sRNA with values predicted for various conformations. In 

order to do this we must first compute the 3RD of the single strand. 
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This was done using the methods we have described earlier in this chap-

ter. The following approximations had to be made. We assumed that the 

contribution of unusual bases was the same as the normal bases they re-

senle. Thus we replaced I, Mel ,... MeG and DiMeG by C, and T by U. 

Since dihydro U. does not corttain chromaphore which absorbs in the 

260 mu region of the spectrum, we assumed it was a blank. Thus, opti-. . 

cally, we treat the alanine sR'A as a mixture of three single strands. 

We expect that these approximations are not very severe, but until the . 

OR!) of oligomers containing strange bases is measured we will have no 

assurance. The 010 calculated for single strand alanine sRNA is co'pared , 

with the experimental curve of Vournakis and Scheraga in Figure 30.2 47 

In this case, as in NV RNA, the experimental curve (pH 6 • 83, 0.1  M phos-

phate, 0 0 15 M KC1) is shifted far tc the blue of the values calculated 

for a single strand. 	 . 

Since we have definite ideas for the conformation of the alanino sP.MA 

we can use the methods described earlier to make an estimate of the effects 

of hydrogen bonding on the ORD of, tho RNA, . To calculate the OR!) difference 

curve for forming double strands from a singl.e strand RNA, we hed tO 

know the fraction of residues forming A-U and C-C pairs. In the case of.  

NV RNA, we could make no detailed g1ess. But here we have five possible 

guesses. We have c..ticulated the ORB difference curves for each of the 

five models using the c4uation below, where X is the mole fraction of 

base paired residue. 

A-U + XGCG_C 

These results are shown in Figure 31. They are very encouraging since 
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they suggest that small differences in the) number and type of base pairs 

may be observable by measuring the CR1). In addition, we have not taken 

into account that for some of Flolley' s models there mest be a decrease 

in stacking in order to form short loops in the middle of double strands, 

This will provide extra contributions to the CR1) difference curves. 

Finally, in Figure 30 we have included the calculated ORD of double 

stranded alanino sRNA, if it has the conformation shown in Figur 28 

This was computed by adding the ORB difference curve to the calculated 

curve for the single stranded poleT. The agreement in the shapes of 

the experimental and calculated double strand ORD curves is excellent. 

By adding in the coiitribut ens of base pairs we are able to shift the 

single strand calculations until they have almost the same peak, trough, 

and cross-over as the experimental CR1). "he magnitude of the calculated 

curve is less satisfactory since it is larger than the observed OR]). 

It is possible that this may be duo to the choice of extinction coeffi-

cient. But a much more likely explanation is that the methods we have 

used here are very aproximate. There are undoubtably errors in our 

calculation of the ORB of the double strand, since we have used only 

two of the ton contributing interactions • In addition, our model ror 

the conformation may be far from the truth. The assuitq,tions we made to 

count the contribution of unusual bases are also open to question. Thus, 

we are pleased that the agreoniont between calculation and experiment is 

as good as it is. Wnether or not it is fortuitous remains to be seen. 

But we have shown in tiiis chapter that CR1) is potentially a very powerful 

tool for studying the intimate details of the conformation of RNA in 

solution, 
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APPENDIX 1. P0gTRAN PROGRAMS TO CALCULATE I(IMETICS OP EXONUCLEASE 

AION 

These two programs calculate the kinetics of the liberation of 

monomeric units by exoenzyme degradation of a polymer. Both programs 

compute results for the random model of enzyme attack. The, first, 

called 'exonuclease action', uses equation (12) of chapter ii • The 

second,:.called 'exonucloase action:steady state', employs equation (19) 

of Chapter II.. It is shown in the text that these results can also he 

used for the optimal case of the random model, and for the to cases 

of the tight binding model. 

The input for both programs should include the three rate con-, 

stants, k k1L, k2 , and k3, the initial concentration of enzyme 

substrate complex (usually set equal to zero), and the range of chain 

lengths covered by the degradation. In addition, the desired time 

increments and assymptotic values of the concentrations of each base 

must be specified.  

The listing of the two programs is shown of the following pages, 

along with a sample of the output fozmat. 
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EXCNUCI_EASE ACTION  

00iENSIaN R(lO),R2(10),R3(10),XO(10),DLFACT(252),BM(10)T1 
1),IN(10),NAX(10) 	 .. 

• 	 PRINT 102 
• 	 1C2 FCIWAT.(29H 	 EXONUCLFAS ACTION///) 

• 	 CALCULATION CF LOG FACTORIAL  
TLLGX 	0.0 
DLFCT(l.) 	C.0 
DC 11 K = 2 9 252 	 . . 
AK = K-i. 	 . 	. 	. 
PLCGX =LOGF(I'K) 	. 	 . 	. 	 . 
TLCGX = TLCGX + PLOGX  

• 	 'DLACT(K) 	TLGGX 
ii CCTINUE 	 . 	 . 

READ 1C4,NR 	 . 
104 F0RAT •(I2) 

D 	40OJ1,NR 	 . 	 . 
• 	READ ICO.,R(J) ,R2(J),R3(J) ,.XO(J) ,8MAX(J) ,TINcR(J),NMIN ( J ), NM A X ( J )  
160 FC'AT (6FI0.0,215) 	 . 

 1. 

PRINT 105 	 . 	.- 
1C50FCR'AT 	(85H 	K 	(lE 	 1(2 	 1(3 	 X1(C) 

• 	 1 	(T) VAX 	. DELTA I 	71) 

PRINT 106 ,11 (J),R2(,J),R3(J),X0(J)9 8 MAX(J ),T.fl .  

j 	• 	106 FORMAT (IH 1P6E14.5) 	• 	. 	 .' 	
, 1 

RR(J) 
R2=R2(J) 	 .. 	 •• 
R3=R3(J) 
X0=X0(J) 
BX!BMAX(J) . • 
TIf\CRTINCR(J) 
NMINNIN(J) 	 - 

• H 	..... NMAX=NAX(J) 	• 	• • 	. 	 • . 	• 	• 	 • 
RR 0.5 * SQRTF(R **2+R2**2+R3**2+2.*RR22.,*R*R3+2.*R 2 *R 3 ) 

	

1-0.5*(R+R2+R3)+RR 	 • • . 	•, 	: 

• 

	

	A2=-0.5*(R+R2+R3) - RR 	. 	. . 	.' 	. 	....•,, 	• .. 	S  
no 400 N=NMIN,NMAX  
PRINT 1100 

110 FOIWAT (4H0N 14) 
PRINT 119 

119 FOR?'AT (21H 	TIME 	BASE ) 
1=0.000001 

300 Cl=EXPF(A1*T) 
E2=EXPFCA2*T) 	• • 	• 	. 	.• 	. 	. 	I. 
SUt'1 = 0.0 
SUt2l.O 
SGN 1= 1. 
SCN2=(_1.)**N 
AN=N 	. 	. 	. 	 •. 

DC 200 I=0,NN 
AI=I 

• 	• 	. • NIPN+I 	 • 	
• 	 :. 

NIN- I . 	 ' I S 	 S 	 • 

)_0LFACT S 1M) CSUl_SUMl+SGNI*FXPF(0LFACT)_0T 0hl) 
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E XCNUC I E AS C ACTION: 	 0 

ODIt'ENSION R(10.),R2(10),R3(10),X0(10),DLFACT(252),BMAX(10),TINCR(1 0  

1) ,NMIN(1O) ,:NMAx( 10) 
PRINr 102 	 : 

• 	 102 FClMAT ( 2 9 H 	.. 	.EX0NUCLEAS 	ACTION//I) 	 •. , 

C 	C'LCULATI1JN'CF LOG FACTURIAL  

DLFflCT(1) = 0.0 	 n 	 , 

• 	 DC U 1< 	2,252 
AK= K-i 	 ' 
PLCGX =L(JGF(AK) 

• 	 TLCGX = TLCGX + •PLOGX 
DLFACT(K) 	TLCGX 	 . 

• 	 11 CONTINUE 
REIC 1C4,NR 

1Ct FOiAT (I?) 
• 	 DC 400 J=1,NR 

RFAC 1CO,R.(J),R2(J),R3(J),XQ(J),MAX(J),TINCR(J),flMIN(J),NMAX(J) 

PRINT 105' 
• 	1d50FCP'AT 	(851-1 	K 	KTE 	 K2 	 K3 	'. 	X1(C) 

1 	P(I) MAX 	'. DELTA T 	1/) 
P'RINT1C6,R(J),R2(J),R3(J),X0(J)MAX.(J),TINCR(J). 

106 FORMAT (ifi 1PoEI4..5) 	 ' 	

0 • 	 0 

- 	R(i) 
R?=R2(J) 
R3=R3(J) 	 0 

X0=X0J) 	 0 	 • 	
0.0 

• 	

0 	
AXBMAX(J) 	; 	

0 	 0 	

•:. 

• ' 	
0 	 TINCR=TINCR(J) 0 	

0 	 ' 	
• 	

0 '  •' 	 '• 

NMINNMIN(J) ' 	 : 	 •' 	
0 	 ' 	

,0 

•0 	 NMAX=NMAX(J) 	0 • 	 ', 	
•. 	 : 	 0 

• 	
RR=0.5I*SQRTF(R**2+R2**2+R3**2+2.*R*R2.2.1R,R3+2.*R2*R3,) 

• 	
0 	 A1=+0.5*(R+R2+R3)+RR 	

0 	
0 

A2-0.5*(R+R2+R3)-RR . 	 , 	 0 	 •• 
• 	

0 

DO 400' N=NMIN,NMAX  

• 	. PRINT 110,N 	 . 	 •' . 
110 FCi.MAT (4H0N 	14) 

PRINT 119 
11 	FCt.MAT (2111 	TIME 	BASE 	) 

T=O.00COOl 
300 CONI,INI.E_______________________________________________________________ 

s u V 	_0.  

NN=N-1 
DO 200 I=0,NN 

• 	• 	AII 	 0 	 ' 	 - 	 . 	
•• 	 • 	 • 	 . 	 •• 	

0, 

SUM3=SUM3+EXPF(AI*LCGF(T)-DLFACT(I+1)) 
200 	CONTINUE  

PRINT 120T,8 	0 	 ' 	
• 	 :, 	 • 	

: 0 	 • 

120 FORMAT (1H F10.2, F10.4) 
IF(-1WAX) 205,2059400 

205 T=T+TINCR 
GC TO 300 

- .-.•------ .............______ 	 -. 00 	 • 0 	 .... 
'CO CCTINUE 

CALL EXIT 
,O ENOC 1,1,O,0,0,Q,0,O,O,0,0,0,0,0y 
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APPENDIX 2. FORTRAN PROGRAMS TO CALCULATE THE OPTICAL ROTATORY 

DISPEP3 ION OF 

OLIGONUCLEOTIDLS AND POLYNUCLEOTIDES 

These two prograns can calculate the molar rotation of either 

oligo- or polynucleotides. Both contain an algorithm which automa-

tically selects Whether to use equations similar to equations (5) or 

(12) of chapter III, if the following instructions are obeyed. To 

specify an oligomer in either of these two programs, it is necessary 

to include as input the number of timas each possible dimer sequence: 	: 

appears. Also needed is the number of times each monomer aprears, 

except the two terminal residues. Thus, to specify ApGpC, one needs 

one AG, one GC, and one G. To specify a polymer, the number of times 

each sequence appears ±5 replaced by the mole fraction of direr in the 

polymer. Also needed to calculate polymer OR!) is the mole fraction of 

each monomer. The dimer and monomer ORD data needed to perform those 

calculations are described in chapter III. These results appear an a 

library at the beginning of the data deck of each program. 

The first program can calculate the ORD of a single monomer or 

polymer. It automatically computes the molar rotation at 2.5 mp in-

tervals from 332.5 to 215.0 mp The second program can calculate the 

ORD of mixtures of oligomers or polymers which contain up to ten 

different components. Each component is specified by the rules des-

cribed above. Additional input includes the composition of the mix- 
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Po1ymerORD 	 . 	 . 

C PROGRAM TO CALCULATh POLYMER oao 	 .. 
DIMENSION 	FD(16),FM(4),PHID(1.00916),PMIM(10 0 9 4 ) , PH 

............ 
C DIMER AND MONOMR DATA FROM 215.0 TO 332.5 	IN 2.5 	INcREMENTs: 

READ 	5,(PHI0(K,I),K2,49),I1,.16) 	. 	. 	.. 	 .• 	 ... 

5 FORMAT 	(12F62) 
READ 	6,((PHIM(K,J)1K2,49),J1,4) 

6 FORMAT 	(12F6.2) 
ORDER OF. .DIMLRS AA AU AC AG UAUU UC UG CA CU CC, CG GA GU GC GG 

C ORDER 	OF 	MONO71FRS 	A U 	C G 	.. 	 .. 
• 	 . . 	55 READ 	89 	(.SPOT(M),M1912) 	. 	 . 	. 	. 

8 FORMAT 	(12A6) 	 •• 
iBi1J?) 	 \.. 	 . .IJ9i.  

• 	. 
. 	9 FORMAT 	(IH1,.I0X,12A6//I) 	 . 

PRINT 	99 	. 	 . 	 . 	 . 
• 99 . FORMAT 	(51X,18HDIMER 	COMPOSITION/I) 	. 

PRINT 	100 	 . 	. . 

100 FORMAT 	(ItOH 	AA 	AU 	AC 	AG 	UA 	UU 	UC 

CU 	CC 	CG 	GA 	GU 	GC 	GG//) 

READ 	18,FD 	 . 
18 FORMAT 	(8F7.3) 	 . 

PRINT 	19 1 FD 	 . 	 . 
• . 	

. 
. 

19 FORMAT 	(16F7.371/) 	. 	 . 	 . 

PRINT 	199 	 . 	 . 

FORMAT. ( . 5,q. x ..p_2.0#nQNQMf  
• 	 . PRINT 200 .• 

200 FORMAT 	(42X927H 	A 	1 	U 	C 	. 	• 	.G 	.1/) . 

READ 	239 	FM 	. 	.. 	 . 	. 	 .• 	 .• 	 . 	. 

23 ,.. 	 S  FORMAT 	(4F7.3) 	 • 	. 
PRINT 24, 	FM 

L4LX_kF7.3///L_.__  _.FORMAT 
5 .  . 

4LAM(1)335.0 	. 5 	 . 	•• 	 . 	:.. 	 . 

SUM1O.0 
DO 	101 	1=1,16 

101 SUM1=SUMI+FD(I) 
SUM?=0..O 

102 J=1,4_ - _00 
102 SUM2SUM2+FM(J) 	 . 	. 	. 	 • 

CNORM2.*SUM1SUM2 
00 473 K2949 
'S1(K)0.0 
00 	15 	1=1,16 

15 S1(K)S1(K)+2.*FD(I)*PHID(Ki1) 	• 	
.5 . 

• 	. S2(K)0.O 	S 	 . 	 • 	• 

00 	16 	J=194 	 •' 	• 	. 

16 S2(K)=S2(K)+FM(J)*PHIM(K,J) 
PHIP(K)=(St(K)-S2(K))/CNORM 

473 ALAM(K) 	= 	ALAM(K-1) 	-25 	. 	
5 . , 	 . 	. • .• 	

5 •• 	. 	• 	 • 

'•.PRINT299_,__, 	 5 

299 FORMAT 	(34HLAMBDA 	MOLAR ROTATION X 1/10,000/I)  

PRINT 	300 9 (ALAM(K),PHIP(K),K2,49) 	S 	 . 	',• 

• 300 FORMAT 	(F6.19F16.3) 	 .• 	 ' 	'. 	
. 	.; 	 • 	,' 

GQ TQ5± 
C ' ORDER 	OF 	DATA 	IS 	PHID,PHIM,SPOT,FD,FM. .......• 

• . '. . 
CALL 	EXIT 	 . 	 , 	. 	

S 	
•:. 

STOP 	 - 

ND  
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RANDOM EQUIMOLAR RI'A 

DIMER COMPOSITION 
• .. 7. 

AA AU 	AC AG 	UA UU UC 	' UG 	'--- 

0.062 0.062 	6.000 6.000 	0.062 0.062 	0.062 0.062 

CA CU 	CC CGG\ GU. GC GG 

O.0620.0620.0620.062 0.062 0.0620.062 0.062 

MONOMER COMPOSITION 

A 	U •C G 

0.250 	0.250 0.250 0.250 

LAM BDA 	- ..MQL L.RQIATJ0J1 X 1L,00  0 

3325 0.044. .•. 

• .330.0 0.054 
327.5 0.064. 
325.0 0.074 

- _0-.084________________________ 
1 320.0 . 	 0.090 

• 	 I 317.5 0.095 
• 315.0 • 	 01110 

312.5 0.126 
310.0 0.141 

: 

307.5  
• 

• 

305.0 0.202 
302.5 0.243 •. 

• 	 H 300.0 0.329 	. • 

297.5 . 	 0.400 . . 

• 295.0 . 	 • 	0.491 •• 	• . • 

• 	

. 292.5 0.554 • 

290.0 	•. 0.596 
• . 	 • 	 287.5 . 	 •. 	0.578. . 

• 	
. 285.0 0.478 • 	 •• ••. 

28205 00299 
280.0 0.097 

• • 	 277.5 • 	 -0.247 .. 	 .•• 

275.0 0.687 . 
• 

272.5 . 	 -1.050 	•. • .•• 
. 	 • •i 	 • 

270.0 -1.281 . 

267.5 . -1.443 •. 	 • 	 • . 

• 

• 	 265s0 • 	 1451 ,• 

• 	 • ...... • 

I . 2625 1.326 • 	 . • 

-1.156 . •. 	 . 	 ... 

- 	 • 	257.5. -0.915. •.' • 
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1ixture 	ORD 	

- 

C 	SYNTHESIS OF ORD OF MIXTURES 	. 

DI ,~iENSION . pHlo(loo 9 l6) g PHIM(10014)#SPOT(12)pFD(109 16 )PFM(lOv 4 )tKLA  
IM( 100) ,CNORM( 10) ,FMIX( 10, 10) , SC 100) 
READ 1,KDEL,KMIN,KMAX 

1' FORMAT (315) 	 •.' 	 .. 

KM=(KMAX-KMIN)/KDEL+2 	 . 	 . 

• 	00 2 1=1,16 	 . 	 .• 

.2 READ 3,(PHID(K 9 I),K2,KM) 	 .. 	 . 

3 FORMAT (12F6.2) 	 . 	 . . 

DO 4 1=1,4 	 ,. 

4 READ 5,(PHIM(K,I),K=2,KM) 
5 FORMAT (12F6.2) 	 .. 	 .• . 	 • 

27 READ 6,(SPOT(M),M1912) . 	 . 

6FORMAT (1246) . . 	 . 

PRINT 7,(SPOT(M),M=1,12) 	 . 	 . 

READ 8 9 NMIX,NCOM 	. 	 . 	
. 	 . 	 .. . 

.8 FORMAT (213)  

IF(NMIX) 10091009101 	. 	 . 

101 DO 9 J=1000M 	 . 	 . 	 ... 	 •. 	 . 

... 

READ 10,(FD(J,I),I1,1.6) 	. 	 . 	 . 	 .. 

10 FORMAT (8F7.3)  

9 READ 11,(FM(J,I),I=1,4) -, 

11 FORMAT (4F7.3) 	 . 	 ., 	 .. 	 . 	 . ..- 	 . 	 .. .. 

KLAM( 1.) =KMAX+KDEL  

DO 12 N=1,NMIX 	.. 	 . 	 . 	 .. 	 . 	 •. 	 . 	 . 	 •. 	 .. . 

12 READ 13,(FMIX(N,J),J1,NCOM) 	. 	 . 	

.5 .. .. - 

IYFORMAT F1OF7.31 
00 14 J=1,NCOM 	 . . . 	 . 	 . . 	 . 

SUM1O.0 
DO 15 1=1 9 16 

15 SUM1SUMI+FD(J,I) 	. . 	 ,,. 	 . . 	
.; 	 . 	 . . . 	 .. 	 .. 

SUM20.0  

DO 6T=174 	 - 

16 SUM2=SUM2+FM(J,I) 
14 CNORM(J)=2.*SUM1-SUM2 	. 	 .. 	 . .. . ... 	 . 	

. 

DO 17 N1,NMIX 	. 	 . 	 .. 	 . 	 . 	 ; 	 .. 

DO 19 K=2,KM 	.. 	 . 	
. 	

:. 

___S10.0  

DO 22 J=1 1 NCOM 	 . . 	 . 	 . 	 . 	 . 	

:. 	
.. . 

DO 	21 	1=1,16 	 . . 	

.5 	 .. ..,.... 	
. 	

. ( 

21S1S142.PHID(K,I)*1,*FM1x,jCN0RM) 	. 

DO 22 1=1,4 	 :. 

	

22 S2=S2+PHIM(K, I )*FM(J,I )*FMIX(N,J)/CNORM(J) 	: 

20SFKS1-S2 	. .....
. 5  

19 KLAM(K)KLAM(K-1)KOEL 
PRINT 23 	 . 	

. 

23 FORMAT (109H 44 	AU 	AC 	AG 	UA 	UU 	UC 	UG 	CA 	CU 	C. 

IC 	CG 	GA 	GU 	GC 	GG 	A 	U 	C 	G 	FRACTION/) 

PRINT 

24 FORMAT 	20F5.2,F7.3) . 	 .• . 	
.5. 

PRINT 25 
25FORMAT(34HL4M804 	MOLAR ROTATION X 1/10 . P.PP!J_ 
17 PRINT 26,(KLAM(K),S(K),K=2,KM)  

26 FORMAT (15,F16.3) 	. 	 . . 	 .. 	 S.  

GOTO27, 	 S...  
C . 

ORDER OF DATA=KDEL,KMIN,KMAX_PH1D(16)_PH1M()_SP0TMtOM 0 U 

C 	6-fEt'1(4).-FM1X(NMtX) 	. 	 . 	 . 

C 	TO END USE_BLANK CARD PLUS 0 IN COLUMES 3 AND 6  

LooM 	fl 
• STOP 	 S. 	 • 	 S 	 S 
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APPENDIX 3. FORTRAN PROGRAM TO OEThRMIiE THE BASE COMPOSITION 

OF AN UNDECRAJDI3D OLIGOMER 

We are in the process of developing a method which can, deter- 

mine the base composition of an oligoinor without having to degrade 

it to monomers. 	This approach is based on the assumption that 

there exist conditionS under which the UV spectrum of the oligomer 

is the  sum of the spectra of its monomer components. 	
Such is the 

case in solutions of dimers and trimers in seven molar urea, at 

pH 1.5, 7, and 	
143 	Thus, we would like a simple way of compar 

ing the spectra of a pure oligomer with the sum of the spectra of 

its monomers. 	The program reproduced in this section solves this 

problem in a very simple manner. 	It computes the UV spectrum of 

every possible base composition for a given chain length, and com- 

pares each of the spectra with experimental results. 	The compari- 

son is done by computing the sum of the squares of the deviations 

at 96 wavelengths, which range from 325 mu to 220 mp In 1 mu inter- 

vals. 	The resulting sums of deviations are grouped in increasing 

order, and appear as output along with their corresponding base 

composition. 	Thus, if one h4is a pure oligomer, it is possible to 

determine the base compos].tlO't in this manner. 	A typical set of 

results is shown at the end of the program listing. 	From these re- 

suits it can be seen that if unknown #2 is a pure dimer, it almost 

certainly contains one A and one G. 	In fact, unknown 92 turned 

out to be ApG. 
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C 	COMPARISON OF UNKNCtJN SPECTRUM WITH CLIGOMERS CF LENGTH NN 

• 	DIMENSION F0(56,),F(10,4),0(23,4),T3(35,4),T4(56,4),P(56P4)I 
8) ,EXTI( 140,4) , IEXT2( 14094) vEXT31 140,4) ,UNKI( 140) ,UNK2( 140) ,UNK3(1 

Tt ) 	 6),S'02(56  
READ 1,KDEL,KMIN,KMAX 

I FCRMF (315) 
K=(F(iAX-KMIN)/KflEL +1 

• • K26=(KMAX-2600)/KDEL +1 
READ 2,NMAX 

2 FCRMAT (12) 
• NLM=NMAX+3 
NFACT(1)1 
DC 3 K=2NM 

.3 NFACt(K)=NF&CT(K-1)*K 
• 	DATA (F(I,J),J=1,4)/1.C,30./  

.DAT 	(F(3,J),J1,4)/20.,1.0,0./ 
DATA (F(4,J),J1,4)/3C.,1.0f 
DC 11 •11,4 	H 	 • 

DC 1.1 	 •• 
• 	11D(1,J)=F(1,J)+F(r,J) 	 • 

DC 13 J=1,' 
13 D(I,J)F(2,J)+F(i-3,J) 	 .1 

• 	DO 15 1=8,9 	
/ 	,• 

DC 15 J=1,4 
15 D(1,J)=F(3,J)±F(15J) 	• 	 • 

17o(tC,J)(4,+F(49 	 •:.. 	
• 

• 	IF(NMAX-2) 42,42,18 	 •. 	 ••••, 	 • 

18 DO 19 1=1,10 
DO 19 J=1,4 

19T3(1,J)=.F(1,J)+D(I,J) 	
•. 	 • ' 

• • 	DO 	2r 	i=11,t 	• 	 •. 	.• .• 	; 	•.•' 

DC 21 J=1,4 
21 T3( I,J)=F(2,J)+D(1'-6,J) 

DO 23 1=17,19 
DO 23 J=1,4 

23 T3(1,4)F(3,J)+D(19,J) 
UU 25J T4 

25 T3(2C,J)-F(4,J)+0(10,J) 
IF(AX-3) 99t42t26 

26 DO 27 1=1,20 	 • 	•• 	 •• 
DO 27 J=1,4 

27 T4(1,J)=F(1,J)+T3(I,J)  
30 7 - 

• 	DO 29 J=1,4 	 - 	 • • 	•• 	• 

29 T4(1 9 J)F(2,J)+T3(110,J). 	 •. 	 •.. 

DO 31 1=1,34 
00 31 J=1,4 	 • 	

7 

31 T4(1,J)F(3,J)+T3(114,J)  
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00 	33 	J=1,4 	. 	 . 	 . 	 . 	 . 	 . 	 -. 
33 T4(35,J)F(4,'J)+T3(20,J)  

1F(NMAX—) 	99,4204 	 . 	. 

34 D.0 	35 1=1,35  
00 	35 	J1,'i  

35 P(1,J)=F(1,J)41'4(1,J) 	 ' 
,.DU 37 	1=36,50 	' 	 .. 	 . 	 . 	 . 

• 	

. 00 	37 	J=1 9 4 	 . 

• 	37 P(.1',J)=E(2,J)+14(i-15,J) 	. 	 . 

DO 	39 	.1=51,55 	 . 	 V 

• 	 V 	 ' 	
- 	T0 9Vj1_,_4 

35 P(1,J)F(3,J)+14(I-20,J) 
DC) 	41 	'J1,4 	 • 	 ' 	 . 	 . 	 , 

41 P(56,J)=F(4,J)4-T4.(35,J) 	 •' 
42 RFAD 	58,NhXTl(K,J),K1,KM),J194) 

RI-SAL) 	60,((EX17(K,J),K1,KM),J1,4) 

6C FORMSAT 	(12F6.3)  
.•PSEAD 62,NEXT3(K,J),K1,)(M),J1,4) 	 ' 

• 	 . 	 '• 	 142 READ 43.,NN,NOUT  

43 FORMSAT 	(213) 	 H 	 ' 	.•• 	 . 	 •• 	 .' 	 " 

IF(NN) 	99,55,44 
• 	. 	44; NNN=NFA.CT(NN4-3)/(NFA'CT(NN)*NFACT(3)) 	' ' '; •. 	 V  

144 READ 	45,(SP0T(1),I1,i2) 	•• 	 • 	'' 
5rTRcAT 	(12,S6) 	 ' 	 ' 	 V 

READ 	73,(UNK1(K),K=1,K 	 , 	, 	 :. 	 • 	 V  

73 FORMAT 	(12F6.3) 	• 	. 	 • 	 ', 	 ' 	 • 	 . 	 • 	 ' 	 • 	 ' 

RFVAO 	74,(UNK2(K) 	,K1,Kt') 	. 	' 	' 	 ' 	 ' 	 . 	 , 	 • 	 : 	
' 

74 FORMAT 	(12F6.3) 	' 	 . 	' 	..; 	 .' 	 •• 

H READ 	75,(UNK3(K),K1,KM) ' 	•;• 

) 	 ' 

UNIST=UNK1(K26) 	 • 	• 	, 	' 	V . 	 , 	 • 	 • 	 . 	 • 	 ' 	 . 	 ; 

• UN2ST=UNK2(K26) 	' 	' 	 • 	 ' 	 ' 	' 	'' 
'.." UN3STUNK3(K26) 	

•V ' ..; 	• 	 ' 	 ' 	

. 	 V  

DO 	16 K=1,KM 
V  UN.K1(KUNK1(K)/UN1ST 	S 	 ' 	 ,' 	

• 	 1.. 	• 

UNK2I?= UNK2TK3-7UNV2T - 

76 • 	
' ': 	' 	 , UNK3(K)=UNK3(K)S/tN3ST 	• 	' 	 ' 	 , ' 	 • 	. ' V 

GOTO 	(46,48,50,52,54),NN 
4600 47 	I=l,NNN 	

' 	 ' V 	 • 	 . 	

••. •• 	 ; 	 ' 
V 

00 	47 	J=1,4 	 V 	 , 	 ' 	 . 	/ 	 . • 	 , 	

• 

47'Ffl(1,J)F(1,J) • 	 V 	 • 	 • 	 , 	•: 	
• 

V 
V • 	 *SV*_V 	

0 	 ' 	 • 

'46 ' , 	 ' 	 • 00 	49 	!1 = 1,NNN 	 " 	V 	 ' 
V 

DO 	49.J1,4 	 V 	•., 	 • 	 VV, 	
• 	 V 	 V.  

45F0(1,J)=D(I,J) 
GO 	TO 	56 	. 	

• 	 V 	 , 	
; 	 ,,V 	

, 	 ••; 

___ 	SC DC 	51 	I=1,NNN 	 V 	' 	 ' 	
0 	 ' 	 • 	 ' 	 ' 	 "•' 	 ' 
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DO 51 J1,A 
.51 FG(IJ)T3(F,J) 	 . 	. 

GO TO 56 	 . 	 .. 	. 

5200 53 I=1,NNN  
DO 53J=1,'s 

• 	. 	53 FO(I,J)T's(J,J) 	. 	 . 	 . . 
G(JTO5Ô 	 . 

• 54 00 .55 .119NNN 	 . 

DO 55 J=1,4 
55 FC(hJ)P(1.,J) 	 . 	 . 	. 

• 56 DO 79 11,NNN 	 •. 	 • 	 • 

ABST1=0.O 	 . 	• 	. 
• ABST.2=0.0 	 • 
AST3=0.0 . 	 . 	 . 	• 

	

• 	 ••. •' 	SSQ1([)=0.O 	 • 
• 	SS02(1)C.0 	 • 

• SSQ3( i )O.0 	 S 	 - 	 • 

• 	DO ill J1,4 	 . 	 . 
• 	ABST1=IthST1+EXT1(K26,J)*FO.(I,J) 	

-•- • 	 • 

• 	 AOsT2=i\flst2+EXT2(K26,J)FC(I,J) 	 . 	• 	 • 	• 
111 AST3=M3ST3+EXT3(K26,J)*F0(I,J) 	. 	. 

• 	 DC 77 K=1,KM 	- 	 • 

	

• 	 usioT.o 	 .• 	 - 	 .•• 	 •••• 

48S2=0.0 	 • S 	 - 	 . 

• 	 ABS30.0 	 • 	 S  

• 	DO 67 J=1,4 	 • 	 S 	

• 

A8S1=ABS1+EXT1(K,J)*F0(I,J) 	 • 

• 	.. 	• 	 4BS2=AS2+EXT2(K,J)*FO(I,J) 	• 	• 	•'- 	 •• 	• 

	

• 	 :• 	 • 

• 	 AF3SI=ABSI/ABST1 	• 	 •• 	• .• 	.• 
• 	•. 	. 	 AeS2=ABS2/AST2 	 . 	••• • 	•.. 	 • S 

	

• 	. 	 /4BS3AS3/ABST3 	 • 	 • 	 . • • 
SSQ1(I)=SSQI(I)+(UNK1(K)—ABS1)**2 	•• . 	 •.,.••. 

• 	SSQ!2(1)=SSQ2(1)+(UNK2(K)_ABS2).**2 	 • 	 . 	• 

• 	flS1TS 	Tfl4- 	1flBST) * * 2 	. 	•. . • 	.. 	. 
• 	SSQ(I)=SSQ1(I)+SSQ2(I)+SSO3(I) • 	. • 	•.-..:: 	.• 

S 	
79 RsQ(I)SSQ(I)'*.5 	. 	. 	 . 

• 	N1=NNN-1 	 . 	 . 	.•••., 	S ... 
DO 85 I=1 1 NM1 

• 	• 	iii+i 	 S 	 •.• 	

5,. 	
• 	• 	• 	. 

DO&5KiPi,NN 	- 
IF(SSQ( I )—SSQ(K) ) 85,85,83 

83 TEMPSSQ(I). 	
5. 	

•. 	. 	 .• 

SSQ(t)=SSQ(X) 
SSQ(K)=TEMP 

• 	
s 	 • 	DO 	82. J,4 	S 	 S 	 • 	 • 	

S 

FC(I,J)=F0(K,J) 
• 	:' 	• 	• 	82 	FCL,J)=TEMP 	. . 	5 	 • 	 •, • 	 •. 	 . 	 S 	 • 	 • 	 • 	 , 

TEMP=SSQ1(I) 
SSQ(I)=SSQ1(K)  

S SS01(K)=TEMP • 	 S 	 • 	 . 	
• 

-. 	 S. 	 ' 	 • 	 ' 	 -5S----S-. 	 • 	 • 	 _ 	
f ___ • I ,SSjS  l'; -  _ 
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TI-P=SS0?(I) 
SSQ2(I)=SSQ2(K) 
SSQ2(K)=TLMP 
TEMP=SS03(I) 	 - 
SS(3(I)SS3(K) . 

SS ( 3(!)=TEMP 
TEMp=rSQ( I ) . 

RSQ(I)=RSQ(K) 	 . 
.kSQ(K)=TEMP 	 - 

85 CCNTINUE  
PRINT 	OT( fl,i1,1) S  

86 	FORMAT 	( IHI,1OX, 12A6///) 
• 	 PRINT 	88 . 

• 

88 	FORMAT 	(14HKMIN 	KMX 	KOEL//) 
• 	 PR.INT90,KMIN,KMX,KDEL 

90 	FORMAT 	(315///) 
PRINT 	87 	. 	S  

• 	 87 	FORMAT 	(69H 	SSQ 	R S Q SSQPHI 	SSQPH7 SSOPH11 

1A 	.0 	C 	Gil)' •.• 

• 189 	PRINT 	89 9 (SSQ(I.),RSQ(1),SSQ1(I),SSC2(1),SSQ3(I),(FO(1,J),J1? 4 ), 

11,NOUT) 

89' FCRMT 	(5F1O.5,4F5O) 
• 	 GO 	TO 	142 
C 	WAVELENGTH DATA 	FRCM KMAX -TO KMIN 

• C 	ORDER OF.OATA.NMAX,,KM1 .,KMAX,KDEL,,EXT1,EXT2,EXT3,,NN,N 0UT ,, SPOT ,  

• 

C 	9 LNK1,UNK2,UNK3 
99 CALL 	EXIT  

• STOP .. 

• 	 END 	 •• 	•• • 

UNKNOWN 2 	JUNF 16 	AS OIMER  

KMTN KMAX KOEI 

2250 	3'00 	10  - 

Selo 	RSQ 	SSOPH] 	SSQPH7 SSOPHI1 	A U C G 

0.28299 	0.53197 	0.0604 	0.09560' 0.12135 	'10 00 0. . 

0.99640 	0.99820 . 	0.25130 	0.31624 0.42886 	0.'..  
- 	

- 7.744791.65'74O.95?981.3283O0.46350 	1,  0T0. 

3.1.1096 	1.76379 	1.11783 	.1.31011 • 0.68303 	0.  0. 0. 

3.69(37 	1.92103 	1.24128. 	1.34413 1.1.0497 	0.... 0. 0. 2. 

.860S7'•• 	1.96483 	1.01938 	1.67488 1.16630 	2. 1 	• 0. . 00 

• 	 5.00700 	2.23652 	3.83648 	0.77802. 0.38751 	1.' 0.  

Sc 17.38797 	4.16979 	9.76045 	2.89168. 4.73084 	0.  

3.95084 4.2r539. ___ 0._• 0. 	1. i7 
• . 	 .S• 	 •• 	115.1679? 	10.73163 • 	 83.87040 	15.39795 • 15.89957 	• 	0.0. 2. 0. 
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APPENDIX 4, SEQUENCE STATISTICS OF SINGLE STR4ND RNA 

(a) Oligomers Obtained by Degradation of RA 

In Chapter III, we discussed several ways in which 6lironucleo-

tides can be prepared by enzymatic or chemical degradation of RMA. 

In deciding which method to use to prepare a desired, oligomer, two 

factors must to taken into account. First is the theoretical yield 

of the oligomer. This will depend on the typo of degradation chosen, 

and on the chain length. In addition, it is ucful to know how many. 

other oligomors of the same chain length will be present in the reac-

tion mixture. Since oligomers can usually be separated according to 

base composition, it is helpful to know how many possible compositions 

there are for each chain length. All of these quantities can be esti-

mated if the RNA chosen for degradation is assumed to have ranc1oi se-

quence. The validity of this assumption has been discussed in Chap - 

terlV. 	 . 	 . 

In the case of the base hydrolysis of PNA 1  it is impossible to 

predict the yield of oligomers unless the extent of the partial hy -

drolysis is known. But, if we assume that all bonds are broken at 

the same rate, we can expect that every possible sequence isomer is 

present at most stages of the reaction. For oligomers of chain length 

i, we find that there are 4 possible sequence isomers, and (i+3) I / 

(1)! (3)1 possible compositions. 

Consider the total pancreatic RNAase hydrolysis of an RNA which 

contained X, >, mole fraction pyrimidinos, and 	mole fraction purines. 
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For oligorners of chain length 1, we wuld like to knot the following 

two quantities. 

X1 is the number of moles of i-nr per total number of moles of 

oligomers. B1 is the number of moles of monomer residues as i-mer 

per total number of monomer residues found in the reaction miture, 

We find: 

There are 2 possible sequences of chain length i 

There are 21 possible compositions. ith chain length . 

Xi 	xp  

B1 	iX>,X11 

Those equations have been evaluated for chain lencths from one to ten 

for the degradation products from a hypothetical RUA of, infinite chain 

length which contains equal amounts of A, U, C, and G. These results, 

shown in Table Ia, are convenient for ostimatinc the yields of oligo-

rers produced by 1NAase degradation of RA. We hzve also found them 

useful in determining, from the elution pattern of chromatograpluc se-

parations, whether the enzyme digestion has gone to completion. 

To determine the frigmentation pttcrn of an Th\A digested with Ti 

RNAaso, we must consider Xg , the mole fraction of guanosine, and X,,, 

the mole fraction or ,uicleosides other t'an guanosine. For oligoriers 

of chain length i, we can write, in analogy with the abow results, 

that for Tl RAase digestion 

There are 31 seiueflCCS with cnain length i 

There are (i+l)' / (i-i) I (2) 1 compositions with chain length i 
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Xj 	XgX 

B1 	iXX 1  

These results have been evaluated for chain lengths from one to ten 

for the conditions described above. The results are tabulated in 

Table lb. It is easy to see from the numerical results that Ti c 

gestion of PNA produces many more lone chain length oligomers than 

pancreatic RNAasc digestion, 	 . . 

(b) Relation Between Nearest Neighbor Frequencies 

and Sequence 	. 

In Chapter III, we showed that nearest neighbor interactions are 

sufficient to account for the optical propertied of.oligonucleotides. 

This means that, in principle, an analysis of the ORD of an unknown 

oligomor should permit one to determine the types and quantities of 

nearest neighbor pairs it contains. Unfortunately, this does not mean 

that the sequence can be determined by measuring optical prooertles. 

For example, we would predict that ApUpApA and AppUpA should have 

identical spectra and ORD, yet they have different nucleotide sequen- 

ces. It is of interest to determine how often a 1iowlodge of the noar, 

est neibor frequencies will permit awdque reconstruction of the base 

sequence. Some results of this type have already been discussed in 

Chapter III. Here we would like to present more details. Of special 

interest are oligomers obtained from pancreatic RNAase or Ti PNAase 
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TABLEI 

Results of Enzymatic.Digestion of Infinite, Random, Eqimo1r RNA 

(a) Pancreatic RNAase 

Chain Length Number of Sequences X B1  

1 2 1/2 .2500 
2 4 1/4 .2500. 
3 8 1/8 .1875 

• 	16 1/16 .1250 
5 32 1/32 .0781 
6 .64 1/64 .0469 	S  
7 S 	128 1/128 .0273 
8 . 	 256 1/256 .0156 
9 	. 512 	 . 1/512 .0088 

10 1024 	•. 1/1024 .0049' 

Fraction of oligolner3 with chain . 	 .' 
length. of 10 or less .9941 

(b) Ti RNAase 

Chain Length Number of Sequences X 

• 	 . 	

. 	 .1•• . 	 . 	 •. .2500. 0625 
2 . 	 . .1875 .0938 . 	• 
3 	. 	 . .. 	 . 	 9 	. .1406 	•. .1055 .  
4. 	. . 	 27 	. 1 1055 0

1055 
S 	•. 81 .0791 .. .0989 
6 	. 	 . . . 	 243 .0593 .0890 
7. 729 	. 	• .0445 .0779 

. 	

. 	 8., • 	 • 	 2187 	•' 	. • • .0334 . 	 .0667: 
9 	. 	. 	 . • 	 6561 	.: 	• .0250 .0563 

10 	•. 	. : 	
19,683 	 '• 	. .0188 	. '.0469. 

Fraction of oligoinórs w1th.chain ".............. . • 	 . 	 . 	 . 

length of 10 or less . .8029 
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• 	 digestion, since these are frequently encountered by workers inte- .. .. 

rested in the determination of nucleic acid sequence. 

Unfortunately, we have not been able to fInd concise'algebraic 

expressions which relate the number of sequence isonrs to the num-

ber of isomers which are uniquely specified .by nearest neighbor fre- 

• . 	. 	•quencies . For oligomers obtained by random fragm2ntation of NA, the 

• 	best approach we have found is to onumerate the various t,ossibie kinds 

• 	 of oligomers which cannot be distinguished by nearest neighbor frc- 

quendes . These are shown as a function of chain length and composi-

tion in Table II. It can basi1y be seen thatthonurnber of Indistin- •... 

.•.. 

	

	guishahie sequenceS rapidly approaches a majority of the possible 

sequences.  

For the simpler case of oligomers obtained by digestion of RA 

with SpeCifiC nucleases, it is easier to find the number of oliomers 

of a given chain length which have 'a unique set of nearest neighbor 

frequencies. It is also possible to determine the number of nearest 

• 	.. . . neighbor categories for a given chain length. This is the number of 	-. 

different possible sets of nearest neighbor frequencies which are 

consistent with the constraints of base composition and chain length, 

These results are shown in Table lila for oligomers from pancreatic 

RNAase digestion, and in Table Ilib for oligomers from Ti RNAase di- .: . • 

gestion. By inspection of the values in Table lila, it is noted that 

the number of nea.rest neighbor categories for chain lcnth n cm be 

generated by the expression 

N(n) 	N(n-l) + 4(n-2) N 	3 	 41, 



Chain 	Base 	'kirther o sequenceI a given base composition 
Length Compositiont which do not have unime nearest nehbor frequencies 

3 	A3 	 0 
A2B 	 . 	•. 	0 
ABC 	 . 	 0 
Total 	 0 

4 	A 	 0.. 	.. 
A3B 	 . 	. 	 24 
A2B2 	 0. 

	

0 	 . 
AICD 	. 	. 	. 	 0. 
Total 	 H 	 24 	. 

S 	A5 	 0. 
A4B 	 36 

.A3J1 	 . 	 72  
A3BC 	 120 
A2B,C 	. 	 0 
A2BcD 	 0 
Total 	. 	.. 	. 	. 	 228 

6 	A6 	., 	 0 
A5B 	 . 	48 .  
A4 132 	 144 	. 	. 	. 
A4BC 	 288 	 • 
A3133 	 . 	 144 
AB7C 	 1104 	. 	. . . 
A3BCD 	 192 	 • , 

A2 2C, 	 . 	 / 	0 
A2B2 C 	 . 	 0 	. .. 
Total 	 . 	1920 	 .2 

	

.-.. 	 , . 	 .. 	 .. . 

tA can be all.y of the four common bases A, U, C O  ancl G. 13 	any bae 
different from A; C is any base different from A and B; 1) is any base 

	

different fran A. 17, and C. 	. 
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TABLP III 

Nearest Neighbor Frequencies of Oligonucleotides 
I 

(a) Obtained From 1'ancreatic P3Ae Dgectc 

Serucn ccc w, th Number of 
Chain Length Number of Sequences 	unique nearest neighbor ;nearest neighbor 

frequencies categories 

1 2 	 2 2 
.2 4 	 . 	. 	 4 

.':. 

3 .. 	8 	.. 	 8.' 	.: . 

4 16 	 16 16 
5 . 	 . 	32 	 •24 	 ': 28 	.•. 
6 64 	 28 44 

32 	. •:. 	
: 	64 

8 256 	 36 88 

(b) Obtained from Ti RNAase diots 

Sequences with Number of 
Chain Length. Number of Sequences 	unique nearest neighbor nearest neighbor 

frequencies catcgories 

1 1 	 1 1 
'12 .3. 	0 	 . 3 
3 0 	9 	 9 :. 	9. 40  

27. 	 . 	 27 	.. . 	27 
5 . 	 81 	:. 	 69. 	. .. 	 : 	 : 

•0 	

0, 	
6 	. 	0 

. 	 243 	 .. 	+ 	 135 	. 	0  0.186 
•0 	 7 .  729 	•' 	 . 	

. 	 207. , 0 	 417 . 
•0 

2187 	. 	. , < 909 	. 

0 	 •+ 

0 	 . 	 + 	. 	. 	. 	. 	 . 	......... 0 
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Similarly, the number of oligomers with unique nearest neighbor fre-

quencios is given by 
S - 

N(n) 	N(n-i) + 4 

We have not been able to find similar expressions to generate the 

statistics of Ti JNAase oligomers. 

The results shown in Table III suggest that ORD will be an ox-

tremely useful tool for determining the sequence of short oligomers 

from enzyme digests of RNA. The usefulness of OR!) is greater for 

Ti RNAase oligomers, since the possibility of three nucloosides at•. 

each position in the chain loads to many more possible nearest neigh-

bor categories. 
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APPENDIX S. OLICONiJCLEOTIDI3S WHICI CAN INTERACT WITh ThEiSELVES 

TO FOR\4 DOUBLE STRANDED SECTTONS 

(a) Intermolecular Interactions - 

Antiparallel Strands 

One way to study the optical properties of double strand RNA is 	 •• 

to determine the concentration dependence of the ORI) of .oligorners 

which can interact in solution to form double strand section. The 

simplest possible case occurs when an oligoiner is cornplenentary to 

itself. Thus, if antiparallel strand formation can occur, we might 

expect GpC to form the double strand CjC/CG, where the arrows indi-

cate the direction of the sugir phosphate diait. If we pick an oh-

gomor at random, what is the probability that it is t perfect self-

coriônont for antiparallol interaction? This can occur only if the 

oligomer has an even chain ligth. By 1nspectic, we find that for 

a chain leng 1 tiere are 41/2 th  self-complementaryL oligomers, and 4 

possible sequences. thus the probability of picking a self-complement 

is 	ror long oli,gomors, t:iis is a rare occuirence. 

It is hoped that future experiments can determine the minimum 

number of hydrogen bonded interactions necessary to nold two oligomers 

together. The woaos t condition at all re isenable is that two near-

est neighboring hydrogen bond pairs might be sufficient to hold two 

small oligomers togetner. Thus, it is ofinterest to know how many 

of the possible oligomers of a given c 1 lai.il length can form two near- 
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est neighboring hydro.en bonds with themselves through intermolecular 

• 	interaction in the antiparallel mode. This can always occur if the 

• 	oligomer has two nearest neighbors which are complementary. Define 

N(i) as the number of oligonucleotides of chain length i which con-

tain at least two adjacent complementary bases • We find 

N(i) 	4(412 + 3/4 N(il)),, N(l) 	0 

All oligomers which are perfect self-omp1ements rmist, of course1 con 

tain at least one set of adjacent complementary bases • In addition1 

• it is possible for oligomers which have no nearest neighbor comple-

ments to form double strands with two or more adjacent hydrogen bonded 

• 	pairs. This can occur for chain lengths of five or greater. A typi. 

cal example is the oligomer ApApCpUpU, which can form four hydrogen 

bond pairs by an antiparallel interaction. A sumnary of the above re 

suits is shown in Table Ta for chain lengths from one to six. 

For short oligomers, it is impossible for an oligomer to be able 

• 	to form three adjacent hydrogen bond pairs by antiparallol interaction 

with another oligomer of the same sequence. Thus, tho next possibility 

is to consider oligoers which can form four adjacent base pairs when 

they interact in an antiparallol fashion. A typical complex formed 
- 	 •.+ would be IpCpGpU/UpGpCpA. The number of oligomers which can form such 

complexes is shown in Table lb as a function of chain length. 13y com-

paring these results with the ones shown in Table Ia, one can see that 

it is far more likely for an oligomer to be able to form two adjacent 

base pairs with itself than four. 
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• 	 (b) Intermolecular Interactions 

Parallel Strands 

While evidence scorns to favor antiparallel interaction between 

oligomers, the possibility of parallel interaction still remains 

open. Thus, it is of interest to examine the probability that an 

oligonucleotido chosen at random can interact in solution with ano-

ther oligomer of the same sequence to form a double strand complex 

in which both strands are parallel. It is easily shown that no oh-

gornor can be perfectlY complementary to itself if interaction occurs 

in a parallel mode. The closest one can come is the interaction of 

oligomers of alternating sequence. Thus, ApUpApU... can, in princi 

pie, form the parallel double strand complex shown below. 

ApUpApUpAp..... 

ApUpApUpAp..... 

In this complex there will stihl be two tzipai±ed bases, one at each 

end. We shall assume, as we did for the case of intiparahlei inter 

action, that at least two adjacent basa pairs are necessary to form 

a double strand parallel complex. It is of interest to determine 

the number of ohigomcrs of a given chain length which meet the mini. 

mum requirement that two parallel base pairs can be formed between 

two molecules of the same ohigomor in solution. This condition is 

equivalent to asking that the sequence ABA occur at least once in the 

molecule, where A is complementary to B. We have been able to solve 

this problem for cnain lengths of up to eight, for a given type of 
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stagger, The stagger is the number of residues one oligomer must be 

moved relative to the other until two or more adjacent base pairs 

can be formed. Thus, the example shown on the previous page has a 

stagger of one. What one would like to knQw is thj probability that 

an oligomer can form any one of these possible types of staggered 

interactions. But we have determined only the nutthers of wiys of 

forming each single interaction. These results are shown in Table II. 

The sim of the number of ways of forming each stagger for a given 

chain length will give some indication of the chance that an oligo-

mer can interact with itself. This is an overestimate, since we have 

counted those oligomers which can interact in more than one way once 

for each type of interaction they undergo. By comparing the results 

shown in Tabo II and Table Ia, one can see that an oligomer chosen 

at random is more likely, in principle, to be able to form complexes 

with antiparallel strands than parallel strands. 



4-,  
o U S.  

t/ c' 
CC $.4 
p: 

5 .  

C) •U) 
U CO 
C) U 

Cd 

H 
VC) 

• 

4J 0 
'C 

C) 
- 

C)CC 
.oU 

N • 	. 
•N• 

• .5 

•,-4 4-3 • 
5, 

CC 

.-4 0)4-' 
•uu. • 

ti: 

C) C) 

C .  0 
CC • r'4 C 0 'C ('4 Cl Co 'C .00 N 'C CC) 00 'C 

o 4 ,-4 'C .0 CO 'C C N - N •'::• 'C 
44 ,—a t • - 	ti 	t- 	C). (3 ,-4 	-1 C) 
0CC ')C'4r'4,-1 

U . 

r-4 0.0 
-4 C u 5. 

CC 
5.4 

-, 

S . 

('4 r N N N 	. N ('4 t 	 'C 

4-' - 

0) 

.5 
S 

II 
0 
C) 

U 

0 

•r 
p-4 
0 

C) 

cc 

U 

U 
• 	 •• 

tr 
C) 

I— .< 
1-4 .r4 

CA 

4.) 

4.) 

c;S 
'-4 

U 
C) 

4-1 

4-1 

1,4 

4-,  



361- 

APPENDIX 6, PREPARATION OF 11113 POLYNIJCLEOTIDE PHOSPIJORYLASE 

FROM M. LYSODEI1CICtJS 

The procedure we have used to prepare the polynuclootide phos. 

phoylase from N. lyspdeikticus is that published by Steiner and 

Beers , for the lysis; Singer and Guss ,A4  for ammonium sulfate and 

prota3nine sulfate fractionation; and Singer and OvBrien,AS  for Sepha- 

• 

	

	 dcx chromatography. The exact conditions we have used are reproduced 

here as a convenience to anyone who wishes to prepare this enzyme. 

• 

	

	 The Yeagants used are shown in Table I. The only change we have made 

in the"above procedures is to omit the DEAI3-cellulose fractionation 

coended by Singer and O'Brien. This step is necessary if enzyme 

of highest purity is desired, but•it causes a loss of about 80% of 

• 	the total activity of the preparation. 

The enzyme is assayed according to the procedure of Singer and 

AS • 	 O'Brien, 	We. found that the assay solution is unstable and should 

be made up just before using. We used K 211P3204  of, approximately 

50,000 cpm per micromol. The assay mixture (totalvolume 0.1 ml) 

should contain about 0.01 to 0.04 units of enzyme, 0.1 M tris-11C1, 

p11 ( 8.2, 5 imM MgCl2 , 0,01 M up32o4 , 1 mM FDTA, and 1 imM poly A. Where 

necessary, BSA is added to make the total protein concentration above 

four micrograms per ml. After incubation at 37 °C for 15 minutes, the 

reaction is stopped by adding 1 ml of acid wished nDrlt in 2.5% 11C1046  

The mixture is stirred occasionally for about ten minutes, then washed 

onto a millipore filter (HA 0.45 microns, 25  inn diameter), The wet 
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1 

TABLE I 

Reagents Used to Prepare Polynucleotide Phosphorylase 

latei - redistilled with a Iarnes still. 

• 	M. Lysodeikticus cells--acetone dried--Miles cJemica1 Corp., Lots #36 and #38. 

.Lysozrte--Ibrthington Muraimidase, Lot #LY 636. 	 . 	.• 

Lminonium Su1fate-Mann #1946, Lot 0N2183. 

ProtUninc &zlfate-4itritional Biochemicals. N.B.Cal. Biochem. protamine 

	

sulfate is completely unsatisfactory.. 	 . 

Tris--Eastrnan 4833 9  Lot #12A. 	 : 

2-Mercaptoethanol--Cal. l3iochem. 414, Lot 053428. 

ZnC1 2 -7Mal1inckrod 8780. 	. 	
• 

M9C1 2-'-Mallinckrodt 5958, Lot #JHY. 	 •. . 	 •• •. 

Poly A--Miles Chemical Corp. Lot #111321. 

143P3204 --ob 	ntaincd fro the Laboratory of Cherica1.,I3iQdynmics 

Bacterial Alkaline Phosphatase--Worthington Lot #6136. 

Bovine Senvi jUbumin--Pentcx, Inc. 

UDP, sodium salt--P-L Biochemicals, Lot #1116. 	 .. . 

ApC--Cal. T3iochcm. Lot #45565. 	. . 	. 	 .. 

Glycine--Nutritional Biochernicals Corp., Lot #7306. 

Phenol Reagent (Folin t' Ciocalteu)--Van Waters Rogors Lot #10-202. 

Bluc TJextran 2000--Phaflttcia. 	. • 

Sephadex G-75--Pharmacia. 	. 
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filter is attached, charcoal sidedown, to a planchet with four drops 

of Duco cement, dried under an IR lamp (for One minute) and counted 

(usually for five minutes) in a thin window gas flow tube with a 

Baird Atomic Model 123 Scaler. 

Protein was do errwied by a modification of Folin test. -Ill This 

is a slight variation of the method developed by Lowry at al. 

which had been used in the general.rcferences mentioned above. 

Reagent A. 2% Na 2 CO3  + 0.02% sodium tartrate, in 0.10 M NaOH 

Reagent B: 0.5% CuSO4•51I20 

Reagent C: 50 volumes of A. + 1 volume of B. Make up fresh daily,  

Reagent E: Phenol reagent (Folin Ciocalteu), diluted with water 

until it is 1 N in acid 	. 

The test is perfornd by adding 1 nil of reagent C to 0.2. ml of a pro-

tein solution which contains about 100 to 250 micrograms of protein per 

ml. The mixture is allowed to stand ten minutes, and then 0.1 ml of 

reagent C is added very rapidly with stirring. The mixture is then 

allpwed to stand for 30 minutes, and the absorbonce at 750. mt is read 

against an apropriato blank. Standards of Bovine Serum •  Albumin were 

used to calibrate the test. These were run every time an unknown was 

tested. Since we are unsure of the purity of the BSA sample used, 

all of our protein concentrations have relative accuracy only. 

Fraction 1 

Measure 200 ml of 0.5% NaCl into a 400 ml beaker. Add 20 gin of 

dried M. lysodeikticus cells slowly, and stir until an even suspension 
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is obtained. Bring the pH up to 8.0 to 8.1 by adding 1 N NaOH drop 

wise. The p11 will drift rapidly after this initial titration 1  and more 

NaOH usually has to be added until the rate of drift sls to less than 

.01 pH unit per minute. Bring temperature of the bcteria1 suspension 

up to 37 °C. Add 50 mg Lysozyme (EC 3,2.1,17). dissolved. in. 2 ml 1120, 

and mix rapidly for a few seconds. Maintain teiw,erature at 37 °C. . 

Test the consistency of the suspension occasionally with a glass stir .., 

ring rod. After about 10 minutes the suspension will sot like a cus- 

tard. Continue stirring for about one minute, until the custard starts. . . 

to pull away from the walls and looks oily. Tnmediately add 100 ml of 	' 

cold saturated ammonium sulfate, and stir to break up the clotted sus-'; .H 
pension. Let stand 10 minutes, then centrifuge for 30 minutes at 

20 0 000 g. Discard precipitate and measure volume of supernatant (Frac. 

tion 1). If this is not between 200 and 225 ml, discard and start , 

again. A smalL-sample of the supernatant can be dialyzed overnight 	. .. . 

against severa1 changes of distilled water,. This is assayed to find 	, 

the activity of Fraction 1.  
H. 

Fraction 2 

Weigh out 22.3 gin of amnonium sulfate per 100 ml of rraction 16 

Add this over a period of one hour to Fraction 1, either in the cold 

room or in an ice bath, with continuous slow magnetic stirring. Let 

stand one hour in the cold room, and centrifuge for 30 minutes at 

20 0000 g. Pour off supernatant and store, or discard. Dissolve pre-

cipitate in 20 ml of 0.1 M tris-UC1, pH 8.1. This takes about one 

hour and must be performed in the cold room. Dialyze against three 
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changes (two hours each, ormore) of one to two liters of distilled 

water. The result is Fraction 2, 

FractiOn 3 

Detennine the protein, concentration of Fraction 2, Dilute it to 

10 mg protein per ml, and make final soluton 0.1 molar in tris}IC1, 

pU 8.1 by addi.nt 1.0 M tris pH 8.1, and then distilled water. Add, 

over a period of one hour, 24.4 gm of ammonium sulfate per 100 ml of 

diluted rraction 2. Use magnetic stirrer and ice bath as before. Let 

stand for ono hour in cold room, and centrifuge for 30 minutes at 

20,000 g. Collect supernatant and measure volume. Add, over a period 

of 45 minutes, 8.6 gm ammonium sulfate per 100 nil of supernatant, with 

stirring, in an ice bath. Let stand for one hour in cold room, and 

centrifuge at 20,000 g for 30 minutes. Collect precipitate and dis-

solve in 10 ml of 0.1 M tris-IIC1, p1-i 8.1. Precipitate dissolves 

easily. Dialyze against three changes (each for two hours or more) of 

0.1 M tris-IIC1, PH 8.1 containing 0.001 M flDTA. The result is 

Fraction 3. 

Fractions 4 endS 

Measure protein concentration of Fraction 3, and dilute to 4.3 rig 

of protein per ml with cold distilled water. Cool in an icc bath. 

'Measure 14.4 ml of 0.5% protanu.ne sulfate in water (freshly made every 

two weeks) per 100 ml of diluted Fraction 3. Add this over a period 

of one hour to the rapidly stirred diluted Fraction 3. This addition 

is conveniently performed if the protainine sulfate solution is placed 

in a large syringe fitted with a small bore teflon needle. Stir for 
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one hour after the addition, and keep the solution at 0 °C. Centrifuge 

for 10 minutes at 7000 g, and collect the precipitate. Carefully sus-

pond the precipitate in 20 ml of 0.5 M tris-HC1 per 100 ml of diluted 

Fraction 3. Cool in aji ice bath, and- stir for one hour. Ceitrifuge 

for 10 minutes at 7000 g, and collect supernatant. Dialyze in batches 

containing 15 ml or 1055 agaist 100 volumes of 0.01 M tris-J-ICI p1 8.1 

containing 0.001 M 2-mercaptoethanol. change dialysis liquid after 

one houi', and dialyze for one and one half more hours. If any preci-

pitate forms, remove by centrifuging at 7000 g for 10 minutes, The 

supérnatant is Fraction S.  

Fraction 6 

Measure voluinoof Fraction S and adjust the solution to p1-1,6.3 

(+ 0.1) by adding 1 M acetic acid. If overtitration occurs, adjust 

by adding 1 N P2I 401i. Keep Solution at 0 °C. Weig!i out 22.6 gin of 	" 

annonium sulfate per 100 ml of adjusted Fraction 5. Add this over 

a period of one hour while keeping the p11 of the solution within the 

above range by adding either acetic acid or ammonium hdyroxide, as 

needed.. Stir for 20 minutes, centrifuge forlO min1tes at 10,000 

and collect supornatant. Measure volume of supernatant, and cool in 

an ice bath. Add, with stirring, 12 gofaznmonium sulfate per 100 ml 

of supoatant ovor a period of a1out45minutos. Lot stand for one 

hour in cold room, and centrifuge for 10 minutes at 10,000 g. Collect 

precipitate and dissolve in 1/10 the original volume of Fraction 5 of 

0.5 M tris-1IC1, p11 8.1. Dialyze against three changes of 700 volumes 

of 0 1 01 M tris-LIC1 0  p'1  8.1, containing 0,001 M EDTA and 0.001 M 2- 
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mercaptoethanol. The first two dialyses are for one hour, and the 

third is for one half hour. 

FractIon 7 

Measure protein concentration of Fraction 6. Dilute Fraction 6 

to 10 mg per nil of protein by adding cold distilled water. At this- 

point 

 

it is necessary to do a preliminary test before proceeding. 

Take four 0 • 1 ml samples of diluted Fraction 6 • Add, respectively, 

30, 20 0  10, and 5 microliters of 0,1 M ZnC1 2  to which a small "amount 

o1 MCi has been added to dissolve any Zn0C1 precipitate .AS iet' stand 

for 15 minutes in the cold room, and centrifuge at 10,000 g for 10  

minutes. Collect supematant and measure specific activity. Inter- •: 

polate among the results to choose the amount of ZnCl 2 . which should 	: 

be added to give a high specific activity co'-tsistent with recovery of ,  

most of the total activity.' Frequently, additional preliminary tests 

will have to be done to narrow in on the correct value. Ropeat the 

above steps using all of rraction 6 that remains, using the quantity 

of ZnC12  per 0.1 ml determined by the preliminary titrationwi Cdllect 

the supernatant  as before. I'laco this on a 39 x 38 cm G-75 §aphadox 

column1which has been washed with 400 mi of 0.01 M tris-HC1 contain-

ing 0.001 M EDTA, 0.001 M 2-inorcaptoethanol, and 0.25 M NaCl. Eluto 

with the same buffer, protein starts to appear at the void volume 

(determined with blue dextran). Most of the activity will appear in 

the first 18 ml of the protein peak. The enzyme in any stage from 

Fraction 1 to Fraction 7 can be stored frozen. Typical activities 

and concentrations of the various fractions are shown in Table II. 



H - 

5- 

.4) 
.4-,  

4-, 

C,) 

C,) 
. 5 

C) 
U 

• C) 
•r4 S 

U . 4 ' 
•r4 C.) 

-. .4 • 

C) 0 
•rl 4) 

o C) 4) 

0 
C.) 

• C.) 
44 0•• 

H 
Cl) 

o 
o 

('4 44 .41 tf 
0'03 41) 

C) 
t4 0 0 

'ti c - • 
4.) -4 .4.3 •-4 

5 .  

IC IC L, 
(C 

C) 

>.' 

C) 

0 

0 

0 
4) 

U 

• 	0 

4-4 

'.0 4C .0 
H . 4. .* 

ri.) C- 
00 03 a LO '.0 

. S e • S 

03 

>' 

41 * 
S  (C 

00 00 4- 
03 .f) 41') 4 . 

.5  
S • I 	 • S. .5. •• 

C '0 4- 

•( 	4) 

.r0 IC (C 
(C IC 

C'3 o P. t"l C-. C C 4- 

I I 
P) 

I 
C 

S • 	I 
'.0 

I 
o C .0 C 

.e44J 
Ur4 

- f14 
• 

.: 

4-,  
"-4 

4C 4c to' 
•.x •x 

+J 	.) cm C t1l t— C-. 
U 	4 Q 00 C-11 03 tn 

'-4 

'--4'—,  

4-,  

4 (C 
49 • -I-- 

00 r-4 (71 C '0 
o . . .• I 

C C— "0 C-- C 
•C-4 ,-4 '-4 



-369- 

Synthesis of Oligonucleotidos 

Thus far we have only very preliminary results, In an attempt to 

prepare the trimer ApCpU we followed the troceduro of Ledor, Singer and 

Brimacombo.cxpliëit1y, but the products of the reaction included only.... 

long polymer, and unreacted monome? and diner. When we attempted the 

same reaction, using the vroccdure of Thach and Doty,M  we obtained as 

nroducts four additional substances which should correspond to ApCpIJ, 

ApCpUplI, ApCpUptJpU, and ApCpuptJpupti. Xone of these has been fully 

characterized yet, but tie UV spectra and O'D of the fraction which 

should be 	 cr CpU correspond very well iith reporte' 2  and calculated 

values. We are at a loss to explain why, in our hands, one proceduro 

works while the other does not, but at this juncture, it is fair to 

say that we have iisufficicntly tested both methods. 
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