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On The Nature Of The Secondary Structure 

of Single-Strand RNA 

.. Stanley Richard Jaskunas, Jr • 

. ABSTRACT 

xi 

Base stacking and base pairing in single-strand RNA 

have been investigated. The ultraviolet optical rotatory 

dispersion of tobacco mosaic virus RNA, F2 RNA, R17 RNA, 

and mixed ~ast tRNA have been measured in the presence and 

absence of salt at 25°C, pH 7. The optical rotatory 

dispersion of tobacco mosaic virus RNA has also been 

measured as·a function of temperature at four different 

ionic strengths. All of these optical rota-tion spectra 
~ 

have been compared with that expected for a random coil in 

which there is .no preferred orientation of neighboring 

bases and with that expected fo~ a single~strand helix'with 

stacked bases. The optical rotation spectra of all the RNA 

fsamples in the absence of salt are close to the calculated 

spectra of the stacked conformation. For tobacco mosaic 

vir:us RNA, agreement with these calculations has been found 

·at low ionic strengths and high temperatures 0 The lowest 

temperature for which there is agreement increases with 
.0 

increasing ionic strength. These results indicate that, in 

~ the absence of hydrogen-bonded.base pairs, the bases in 
• 

. , 
~ 

Single-strand RNA are stacked. The stacked conformation 

approaches a random coil as the temperature is increased . 
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-Nevertheless, the bases still have a preferreq orientation 

at ao°c. The deviations from the expected optical -rotatory 

dispersion of the stacked conformation at low temperature 

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

G-C base pairs. 

Attempts have been made to study the optical and 

thermodynamic sequential properties of double-strand RNA 

using specific 1:1 complexes of complementary oligoribo

nucleotides. Several pairs of complementary oligoribo .. 

nucleotides have been mixed under conditions favorable for 

intermolecular association. Interaction between GpGpC and 

GpCpC has been observed. Other pairs of complementary_, 

oligoribonucleotides have been mixed under similar conditions 

but no interaction has been observed.. These included ApCpU 

and ApGpU, ApGpC and GpCpU, and ApApApA and UpUpUpU. Self

aggregation has been observed with GpGpC and ApGpC. These 

results suggest the ribosome or tRNA structure ·must.helpto 

stabilize complexes between the-anticodon and mRNA. Calcu-

lation of the stability of triple-strand regions in tRNA 

like. (GpGPC)2: GpCpC indicate such' structures could exist. 

The sequential properties of double-strand RNA can also 

be studied with 1:1 complexes of complementary polyribo

nucleotides containing repeating sequences.' Poly rAG and 
,~ .-

poly rUG have been prepared by RNA :polymerase transcription 

of poly dAC:dTC, one strand at a time. Preliminary optical 

rotation and absorption properties of ~oly rAC at pH 7 
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indicate it has a stacked conformation. Poly rUG at pH 7, 

however, may ,contain U-G base pairs. 

. . 



INTRODUCTION 

Our abili t.y to control life for good or evil depends 

on our understanding of the forces that affect it and how 

they are applied. Scientists have found it useful to 

approximate the whole by the sum of the parts. Thus, we 

see life as a complex of matter and energy precisely 

organized in space and time and regulated by the same 

forces as affect inanimate matter. Understanding life in 

this context requires an understanding of the specificity 

of biological molecules and the reactions in which they 

participate. 

In a general way the work that is described in this 

I 

dissertation has as its goal an understanding of the speci-

ficity of tRNA. ~he actual goal is to aid in the under-

standing of the secondary structure of single-strand RNA, 

* including rRNA and mRNA as well as tRNA. Secondary 

structure refers to the relative spatial orientation of 

residues that are close to one another along the chain. 

For us, it shall refer to the stacking of adjacent bases 

and the base pairs that form when a polynucleotide chain folds 

back upon itself~ Tertiary structure shall refer to the 

relative orientation of the loops that are held together 

by these short double-strand helical regions. We justif.y 

* Abbreviations used in this dissertation can be found in 

Appendix A. 



our experiments as being particularly relevant for tRNA 

because the importance of structure for specificity is 

more clearly understood for tRNA than for mRNA or rRNA. 

2 

Every tRNA molecule is specific fora particular amino 

acid. l It will only accept that amino acid from an amino 

acyl synthetase and it will then transfer that amino acid 

to a growing polypeptide chain in an order dictated by 

mRNA. How does a tRNA mO,lecule distinguish between an 

amino acyl synthetase carrying that amino acid and enzymes 

carrying any other amino acid? How does the mRNA determine 

the order in which amino acids are transferred to a growing 

polypeptide chain? 

We already have a good understanding of how mRNA 

dictates the sequence of amino acids in a polypeptide. The 

genetic message of mRNA is read as a'sequence of no.nover-
2 3~5 lapping triplets starting from some beginning point to 

an end. 6 Transfer RNA molecules recognize, the triplet that 

corresponds to their amino acid. 5 The mechanism of 

recognition is thought to be the base pairs that form 

between the codon triplet and a special triplet on the tRNA 

called the anticodon or nodoc. According to the Wobble 

hypothesis of Crick,,7 the first two bases of the codon 

triplet" in the direction that the message is read,form 

normal Watson-Crick base pairs, A-U, G-C, and I-C, with two 

bases of the anticodon. The third base of the codon also' 

fo~ms a base pair with the third base of the anticodon. 

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

I 

I 

I 

\ 
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because of the wobble or additional freedom of the third 

base of th~ anticodon. Fuller and HOdgson8 have recently 

suggested a molecular bases for the wobble. In summary~ we 

have a good understanding of the molecular basis for the 

~ specific interaction of tRNAand mRNA. 

Bycontrast~ we have no satisfying explanation of the 

specificity in the reaction of tRNA and amino acyl synthetases. 

Experiments by Hayashi and Miura9 indicate that the amino 

acyl synthetase recognizes the anticodon. They found that 

oligoribonucleotides that are complementary to the codons 

for a particular amino acid competitively inhibit the inter-

action of the tRNA and amino acyl synthetase for that amino 

acid. The oligomer is presumably competing with the anti

codon of the tRNA for a site on the enzyme. Experiments 

with polynucleotides by DeutscherlO and Letendre et al. ll 

have not confirmed this hypothesis. They found that a 

polynucleotide complementary to the codon of some amino acid 

does not always inhibit the transfer of that amino acid more 

than other polynuc leotides. Letenqre et al. 11 found that 

poly G inhibits rno~e strongly than P61Y A~ poly C~ and 

poly Ufor all the transfer reactions that were studied. 

Perhaps the best experiment to determine whether the_anticodon 

is the recogniti6n site w6uld be with a homogeneous tRNA 

preparation in which only the anticodon has been modified. 

Unfortunately~ chemical or genetic methods are not yet 

available to selectively modify one or two residues in a 

tRNA. 



It appears that tRNAs differ from one another in 

their interaction with mRNA because they have different 

sequences of bases in a position on the molecule called 

4 

the anticodon. They may differ from one another in· their 

interaction with amino acyl synthetasesfor the same reason. 

In other words, the specificity of tRNA molecules may be 

determined directly by their primary structure. 

Nevertheless, ther~ is evidence that a correct three-

dimension structure of tRNA is essential for its biological 

functions. 
. 12-14 

Fresco and collaborators have trapped a 

leucine tRNA from yeast in.a structure that is inactive when 

assayed in~itr£ for leucine acceptance activity, terminal 

adehosine acceptance activity, and transfer of leucine to a 

growing polypeptide chain. Biologically active leucine tRNA 

is converted to the inactive or denatured state by heating 

at 60°C in the presence of EDTA. The transformation does 

not involve any change in the primary structure since it is 

reversible by heating at 60°C in the presence of excess 

ma:gne.sium ions. The sedimentation and viscosity properties 

of the native and denatured states show that the native 

state is more compact. The denatured tRNAapparentlyhas 

a shape that cannot be recognized by leucine amino acyl 

synthetase, the tRNA adenylyltran~ferase, and the ribosome

mRNA complex. An arginine tRNA from yeast has also been·· 

trapped in the denatured state. Also, tRNAs from E. coli 

for glutamine, histidine, tryptophan, glutamic acid, and 

possibly leucine have been caught in inactive structures. 



All of these tRNAs are inactive to amino acid acceptance 

when they are in the denatured state. Only leucine tRNA 

5 

from yeast has been assayed for its ability to transfer its 

amino acid to a growing polypeptide chain. Suioka and 

collaborators15a,,15b have found a tryptophan tRNA from 

~. col;h that can also be caught in an . inactive state. These 

experiment have· been sufficiently universal and unambiguous 

to convince us that a precise three-dimensional structure is 

essential for the biological activity" if not the speci

ficity" of tRNA. Thus"it is important that we know and 

understand the secondary and tertiary structure of tRNA 

molecules 0 

The sequence of an alanine tRNA from yeast was determined 

in 1965 by Holley et al. 16 . This was the first primary 

structure of a native RNA to be determined. From the 

sequence it can be seen that if the polynucleotide chain 

folds back upon i~self several A-U and G-C base pairs can 

form between the antiparallel chains. These base pairs would 

be analogous to the Watson-Crick base pairs in DNA. 

Depending on where the chain is folded" several patterns of 

base pairs are possible. The one considered to be the 
.' 

closest approximation to reality17,,18 is shown schematically 

in Figure 1. 19 There are three loops closed by short helical 
. 

regions. A fourth double-strand region forms from comple-

mentary residues near the ends of the molecule. For obvi6u~ 

reasons" this is termed the clover-leaf model of the 
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Figure 1. 
t-RNA. 

Possible secondary structure of year alanine 
The proposed anticodon is shown antiparallel 

and complementary to the messenger coding triplet 
(from JUkes19). 
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secondary structure of tRNA. An alanine codon is shown 

antiparallel and complementary to a possible anticodon 

triplet. A similar pattern of base pairs can be constructed 

for each of the four other tRNAs from yeast that has been 

20 20 sequenced, serine tRNA1 , serine tRNA11, phenylalanine 

tRNA,21 and tyrosinetRNA. 22 

Our experiments were designed to help us understand 
• 

RNA secondary structure in general and not the secondary 

structure of any particular RNA molecule. The three classes 

of RNA, tRNA, mRNA, and rRNA, differ by definition in their 

function. I ,23,24 Chemically, they are polymers of mainly 

the same subunits, A, U, C, and G. No other residues are 

found in mRNA. Ribosomal RNA from E. coli contains only a 

few percent methylated or other odd bases. 25 Transfer RNA 

-has .the highest composition of odd bases. Even for these 

RNAs most of the residues are one of the four common bases. 

Bulk tRNA from yeast contains 9% odd bases. 26 The principles 

describing the contribution of the four common bases to the 

secondary structure will presumably be the same for all 

classes of RNA. Therefore, our experiments, which have been 

done with mRNA and synthetic oligoribonucleotides of the 

four common bases, will be relevant to tRNA, rRNA, and mHNA. 

We ask, what is the nature of the secondary structure 

ofa polyribonucleotide composed of A, U, C, and G resid·ues? 

We shall strive to answer this question with a set of rules 

describing the interaction of the four common residues in RNA. 
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This is the approach of many physical biochemists who are 

striving to ascertain and evaluate the various forces that 

affect the structure of biological macromolecules. The goal 

is to be able to predict the correct secondary and tertiary 

structure of such a molecule from its primary structure. 

If for no other reason~ our attention is directedtotRNA 

because the primary structure of five of these molecules is ' 

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

rRNA. '. 2728 The sequences of two 58 RNAs are known ~ but their 

function is still obscure. Thus~ whatever we learn from 

our experiments can be applied ,directly to making specific 

predictions about the secondary structure of a particular 

tRNA molecule. These predictions can be tested since homo-

geneous preparations of the molecules are available. 

Our studies can be divided into three parts. In the 

first section we examine the nature of the secondary structure 

of single-strand 'RNA under conditions where it does not 

contain any intramolecular base pairs. Many1nvestigators 

have found eVidence for base pairs in RNA. Residues which 

are not base-paired have been considered to have a random 
29-31 conformation. In other words, there is no preferred 

orientation of the unpaired base with respect to its 

adjacent neighbors. Our experiments show that bases in RNA 

which are not hydrogen-bonded to other bases have an average 

preferred orientation called stacked. In this conformati6n 

the planes of neighboring bases are parallel to one another 
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and the bases are on top of one another. Furthermore, 

stacking is also important in determining the secondary 

structure of a single-strand RNA under conditions where 

base pairs.exist. 

Our conviction that information like this can be useful 

in elucidating the nature of the specificity of tRNA mole-

cules was confirmed in a recent communication by Fuller and 
8 Hodgson. They present a stereochemical basis for Crick's 

"wobble" hypothesis7 concerning the interaction of codon 

and anticodon. Their explanation of the hypothesis follows 

principally from the assumption that the number of stacked 

bases in the anticodon loop of the clover-leaf model should 

be a maximum. Of course, their proposed conformation of 

the anticodon loop has not been shown to be correct. Never-

theless, the results are veri encour.aging. 

Our measurements of single-strand RNA under conditions 

favorable for base pairs are consistent with the presence 

of A-U and G-C base pairs. But much more specific informa

tion is needed. Is it reasonable to expect helical regions 

as short as those proposed in the clover-leaf model? Even 

more to the point, is the base~pairing arrangement of the 

clover-leaf model correct? These questions can conceivably 

be answered b;y- studying the optical and thermodynamic 
. 

properties of double-strand RNA as a function of sequence 

and number of base pairs. One method of doing this is with 

1:1 complexes of cOlnplementary oligoribonucleotides. The 

preparation of suitable oligomers is described in the second 
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section of this dissertation. However, we found that the' 

1:1 complexes of these oligomers were so unstable that 

they could not be studied conveniently. A2:1 complex was 

observed to form between GpGpC and GpCpC. Estimates of the 

stability of double-strand regions in tRNA indicate that 

3 G-C base pairs is the minimum length. Thus, the helical 

regions in the clover-leaf model of tRNA are at least 

reasonable. However, triple-strand regions of2G:C base 

triplets are estimated to be just as stable. This suggests 

that there may be triple-strand regions in tRNA. 

In the last section we turn to complexes of synthetic 

complementary polyribonucleotides as a method of studying 

the sequential properties of double-strand RNA. Only the 

preparation of these model compounds is discussed in detail. 

Preliminary experiments concerning th~ optical properties 

of the polyribonucleotides are reported. The actual studies 

of the double-strand complexes await further experimentation. 
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PART I 

ELEMENTS OF SECONDARY STRUCTURE IN RNA 

Introduction 

The "clover-leaf" model of the secondary structure of 

tRNA shown in Figure 1 is a schematic representation of a 

possible pattern of base pairs. It says nothing about the 

conformation of the unpaired bases in the loops and between 

the helical regions. This reflects a general attitude that 

the stability of the DNA double-strand helix is due to 

hydrogen-bonded base pairs; therefore, the only important 

elements of secondary structure in nucleic acids are base 

pairs. 

There have been suggestions that the stability of the 

DNA helix is due to forces other than hydrogen bonds. The 

planes of neighboring bases in DNA are parallel, and the 

bases are as close to each other as van der Waals radii will 

permit. In other words, the bases are stacked. Theoretical 

calculations of the free energy in DNA resulting from 

dipole-dipole, dipole-induced dipole~ and London force inter

actions between the stacked bases have been made by DeVoe 

and Tinoco. 32 They found that these forces contribute up 

to-19.S kcal/base pair to the stability of the helix compared 

to separated .single-strand helices with unstacked bases •. 

The contribution from hydrogen bonds was estimated at 

o ± 1.5 kcal/hydrogen bond. These calculations indicated 

that the stability of the DNA helix is mainly due to the 



electrostatic interaction of stacked bases. Crothers and 
33 Zimm have also suggested that DNA is stabilized by 
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stacking. The conclusion is derived from their statistical 

treatment of the helix-coil transition of helical complexes 

of synthetic polydeoxyribonucleotides. However, Sinanoglu 

and Abdulner34 contend that the DNA helix is stable in 

water co~pared to the separated single strands because the 

surface area between water and the nucleic acid is less. 

These studies point out that there are forces other 

than hydrogen bonds that are important in determining the 

secondary structure of nucleic acids. There is some question 

as to the precise molecular origin of these forces. Actually, 

both. van der Waals interactions between aromatic bases and 

surface tension forces are probably operative. The 

important thing is that these forces are operative in the 

presence or absence of hydrogen bonds. ,The prediction is 

that the bases of single-'-strand nucleic acids are confined 

to geometries in which they are atieast partially stacked. 

The purpose of the experiments to be presented in Part I 

is to test whether this prediction is true for RNA. Evidence 

will be outline.d which indicates the bases of single-strand 

oligoribonucleotides and polyribonucleotides are stacked. 

With this in mind the evidence for base pairs in single-

strand RNA will be reviewed. Although some of the observa'

. tions could be interpreted as due to base stacking, the 

preponderance of the experiments can only be explained by 

base pairs. Cantor's semi-empirical method35 - 37 for 
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calculating the optical rotatory dispersion (ORD) of 

single-strand helices with stacked bases will be reviewed. 

It will be 'used to show that bases in TMV RNA~ F2 RNA~ 

Rl7 RNA~and mixed yeast tRNA are stacked under conditions 

that are unfavorable for the formation of base pairs. It 

will be argued that base stacking is also important under 

conditions where base pairs occur.Finally~ the ORD of 

single strand RNA under these conditions will verify the 

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

Base Stacking in Single-Strand Oligoribonucleotides 

and'Polyribonucleotides 

1.Oligoribonucleotides 

. 
One method of detecting the existence of stacked bases 

is with ultraviolet absorption spectroscopy. The molar 

absorption of an aggregate of stacked chromophores will be 

less than the aVerage for the constituent monomer chromo~ 
38-40 phores. This phenomenon is. called hypochromism if we 

compare the area of the absorption band and hypochromicity 

if we compare the absorption at a particular wavelength. 

The hypochromism of DNA was' at one time thought to be the 

result of hydrogen bonding. 42 This view stemmed from the 

observation that a sharp decrease in the hypochromicity 

paralells the helix-coil transition. Theories of hypo

. 38 39 
chromlsm~ ~ however~ show that it results from base . 

stacking and not hydrogen bonding. The theory predicts that 

stacked bases are hypochromic regardless of whether they 
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are hydrogen-bonded. Therefore, if base pairing can be 

ruled out, the existence of hypochromism or hypochromicity 

is evidence for a single-strand stacked structure. 

·Hypoc~romism has been observed for dinucleoside 

Phosphates,41,43,44,48 trinucleoside diphosphates~5,45,46,41 

and homo-oligonucleotides of adenine47 ,49 and cytidine. 50,51 

In all cases the solutions that were used to measure the 

absorption spectra were always dilute in nucleosides, approx

imately 10- 4 M. Warshaw and Tinoco43 showed that there is 

noaggregationofdinucleoside phosphates at this concen-

tration. They found that the molecular weight of GpC, as 

measured by sedimentation equilibrium, was that expected 

for the unaggregated dimer. We expect this dimer to aggregate 

morer~adily than most of the other oligomers because G-C 

base pairs could form. Therefore, we can assume there is 

no intermolecular aggregation in any of the solutions. 

The optical rotatory dispersion35 ,43-45,50,52-54 and 

circular dichromism51~55,92 of many of these oligomers are 

also different from the properties of the constituent 
56 monomers. Not only is the shape different, but the 

magnitude of the rotation is usually larger for the oligomer 

than the monomer. For example, the ORD of ApA43 ,52,57 is 

a double Cotton effect with the .long wavelength extremum 

having a positive rotation. The sum of the ORD of A and 

pA is a single Cotton curve with the long wavelength 

extremum having a negative rotation. These two curves are 
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shown in Figure 2. The magnitude of the peak-to-trough 

rotation is seven times larger for the dimer than for the 

monomer. If the oligomers are not aggregated, then this 

difference is probably the result of intramolecular inter-

action between the bases. 

The shape of the ORD of these oligomers is consistent 
58 with what is predicted by ORD theory.. A dimer of two 

identical chromophores in parallel planes is expected to 

have a double Cotton effect ORD. The central peak or 

trough will .occur at the same wavelength as the absorption 

maximum. The sign and magnitude of the curve depends on 

the details of the geometry of the stacked bases. The ORD 

of ApA has been calculated for the geometry of one strand 

of a DNA helix. 52 ,59 The shape of the calculated curve is 

----essentially identical to the experimental ORD. Thus, it was 

concluded that ApA forms the beginning of a right-handed 

single-strand helix with stacked bases perpendicular to the 

helix axis. 
.. 60 

The temperature·depertdence of hypochromism, . hypo-
.. 47-49 . 48 51 55 chromiclty, circular dichromism, , , and optical 

rotation50,53,54,60 of oligoribonucleotides has provided 

further insight into the nature of base stacking. The hypo

chromism, hypochromicity, rotational strength, and magnitude 

of rotation at the peak and trough decrease gradu~llyas 

the temperature is increased. The data have frequently been 

analyzed in terms of a two-state model. 47-49,53,55,60 The 

oligomer is assumed to be either completely stacked or 
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Figure 2. ORD of poly A at 22°C, 0.15 M KC1, pH7; Ap 
at 25°C, pH 5.9; andApA at 25°C, pH 5.9 .. The molar 
rotations per residue, [$], are in units of degrees 
milliliter/decimeter mole x 10-2 . Under these condi

tion~, poly A and ApA ar~ Single-strand helices .. 
(Taken from Holcomb and Tinoco. 57 ) 
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unstacked. The fully stacked structure is envisioned 

to be quite rigid. The enthalpy of stacking has been 

determined by choosing appropriate values for the rotation 

and hypoch:'onicity of the fully stacked and unstacked 

structure. 

A more realistic interp~etation of the temperature 

dependence is that the average relative orientation of ' 

neighboring bases becomes gradually more random as the 

temperature is increased. From the theory of hYPochromism38 

and optical rotatory dispersion we can see what types of 

changes in base stacking would result in the observed 

phenomenon. The magnitude of hypochromism depends on the 

distance bet\oieen the stacked bases. Therefore J a decrease 

in hypochromism or hypochromicity may reflect an increase 

.. in the average distance between ne~ghboring bases. Optical 

rotation also depends on this distance. But it also should 

be affected by relative rotational oscillations about ctn 

axis which is perpendicular to the plane of the stacked bases. 

The greater these oscillations and the less time spent in 

the preferred orientation the smaller the rotation. Mathe-

matical methods have been developed to analyze the temperature 
. . 61 62 

dependence of hypochromicity and opti~al rotation' in 

terms of these molecularm~chanisms.. Davis and Tinoco60 have 

applied them to the data for dinucleoside phosphates. 

We shall refer to the conformation of' Single-strand 

oligoribonucleotides and polyribonucleotides at all temper-

atures as stacked. In this context, stacking merely refers 

.. 
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to the existence of a preferred relative orientation of 

neighboring bases in which, on the average, the planes of 

the bases are parallel. We realize that the particular 

nature, of the stacking varies with temperature. Nevertheless 

our convention is realistic since Davis and Tinoco60 have 

shown that the bases in ApA are still stacked at 90°C. 

Other evidence for stacking has come from the work of 

63-67 Chan, Ts'o, and their colleagues. Using nuclear 

magnetic resonance (NMR) and vapor pressure osmometry, they 

have shown that nucleic acid bases and nucleosides associate 

in aqueous solution by stacking. Self-association of 

purines is greater than the self-association of pyrimidines. 

The interactions of purines and pyrimidines are intermediate. 

NMR techniques have also been used by Chan et al. 68 to 

show that the bases of the dideoxynucleoside phosphate, TpT, 

are stacked. Reference is made in the same report to more 

,extensive and unpbulished N~ffi studies of other dimers which 

indicate that the bases are -stacked in aqueous solution. 

2. Poly A 

There is good evidence that poly A at room temperature 

and pH 7 is a single-strand helix with stacked bases. Holcomb 

and Tinoco57 have presented ORD data as evidence for 'this 

structure. Poly A displays a double Cotton effect under· 

these conditions with a deep trough which occurs at the same 

wavelength as the absorption maximum. IJ.'his is the shape which 

is expected for a single-strand helix with stacked bases 
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perpendicular to the helix aXis. 116 If there are base pairs 

then the shape of the curve will probably be different. In 

fact, the shape of the ORD of the double-strand helix of 

poly A, which forms at low pHs, is different from the ORD 

of poly A at neutral pH. 57 

Furthermore, the ORD and hypochromism of neutral 

solutions of poly A at room temperature can essentially be 

derived from the ORD and hypochromism of ApA under the same 

conditions. As seen in Figure 2, the shape of the ORD for 

the two molecules is the same. However, the magnitude of 

the rotation per mole of residue is larger for the polymer 

than the dimer. Similarly, the hypochromism of poly A is 

greater than the hypochromism of ApA. These observations 

are not surprising, of course. In the first place, each 

base in the polymer is surrounded by two other bases instead 

of only one. Additional long-range interactions between 

bases vlhich are separated by one or more residues along the 

chain will further increase the magnitude of the rotation and 

hypochromism of the polymer compared to the dimer. The 

nearest-neighbor approximation assumes that these additional 

interactions are negligible. If the average dimer in the 

polymer has the same geometry as the averagedimer which is 

free in solution and the nearest-neighbor approximation is 

valid, then the rotation\and hypochromism of the polymer" will. 

be twice that of the dimer. What is found is that the 

hypochromism of the polymer is 2.9 times that of the dimer 

and the rotation at the trough is 2.5 times that of the dimer. 
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Holcomb and Tinoc057 point out that if~ instead of the 

nearest-neighbor approximation~ we assume that the inter-" 

action beti-leen bases depends only on the inverse cube of 

the distan~e between. bases~ then the hypochromism and 

rotation of the polymer will be 2.4 times that of the dimer. 

Being able to adequately account for the optical properties 

of the polymer' in this manner indicates that the relative 

orientation of neighboring bases is similar in the polymer 

and dimer. Since the bases in the dimer are stacked this 

implies that the bases are stacked in the polymer. 

There are three important conclusions from the paper by 

Holcomb and Tinoco. 57 The first is that poly A at pH 7 is 

a single-strand helix with stacked bases. Second~ the 

geometry of the polymer and dimer are similar. Poly A may 

be thought of as a poly ApA. The bases in the dimer are 

stacked so as to form the beginning of a right-handed single-

strand helix. The polymer is a continuation of this 

structure. Finally, as a result of this similarity~ we can 

calculat~ the optical properties of the dimer. 

Low angle x-ray scattering experiments on neutral 

solutions of poly A by Luzzati et al. 69 have also provided 

important evidence for a single-strand helix with stacked 

bases. They found that the number of bases per unit length 

of the molecule is one-half of that for the DNA double-

strand helix. They point out that the sa~e observation 

would be made if the pol~lucleotide chain is folded over and 

bases are intercalated. This seems unlikely, however. VIe 
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would expect that the ORD of such a structure would have 

a different shape than the ORD of ApA. 

McDonald and PhilliPs70 have measured the nuclear 

magnetic resonance of neutral solutions of poly A as a 

function of temperature. They conclude that the bases are 

partially stacked at room temperature. 

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

strand helix with stacked bases. Fasman et al. 71 have shown 

that the temperature dependence of the ORD of formylated 

poly C, which cannot form base pairs, is the same as for 

unformylated polyC. It has also been shown that the ORD 

of neutral solutions of poly C can be calculated from the 

ORD of CpC 36 in the same manner as the ORD of poly A was 

calculated from the ORD of ApA. 36 ,57 Once again the results 

indicate that the relative orientation of adjacent bases in 

the single-strand helix is similar to the geometry of the 

dimer. 

In summary, there is evid~nce that the bases in single-

strand oligomers and homopolymers are stacked. The ultra-

violet absorption and opt~cal rotation properties of these 

molecules are different from those of their constituent 

monomers. 43-57 The differences are consistent with the 

b b i t k d 38,39,52,58,59,116 ases e ng s ac e . The NMR properties 
. 68 70 

of the molecules also indicate that the bases are stacked. ' 

The strong tendency of nucleic acid bases to stack is alio 

63-67 seen in the stacking of nucleosides in aqueous solution. 
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Evidenc~ for Base Pairs in Single-Strand RNA 

The significance of base stacking as an element of 

secondary stracture of single:"'strand RNA and its properties 

have only recently become known. The basic concepts of the 

secondary stracture of tRNA which are embodied in the 

clover-l~af model in Figure 1 were originally proposed by 

- Doty~ Fresco~ and their colleagues29~42~72 before base 

stacking was generally acqepted. We would like to examine 

the evid~nce for base pairs in single-strand RNA in the light 

of our n~\'l inI---'ormation. Are there base pairs in single-

strand R:rA? Or ~ does the secondary structure of single-

strand RNA only involve base stacking? 

1. Hydrodyna:-:dc 

The radius-of gyration of TMV RNA was determined 

independently from viscosity and light scattering measure

ments. 73 LigI'"t scattering gives the radius of gyration 

directly and no assumption about the confi~lration is 

necessar;y-. HOHever~it is necessary to assume a model of 

the c onfigura-:ion for the purpose of calculating the radius 

of gyration from viscosity data. There is good agreement 

for the radius of gyration determined from each method if 

the molecule is assumed to have a random-coil configuration. 

Other evidence that the molecule behaves as a random coii 

comes from the molecular weight dependence of the light 

- scattering radius of gyration~ the sedimentation coeffiCient, 

and the intri~3ic viscosity.73 
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The existence of intramolecular contacts in the random 

coil has been inferred30~73~79 from the temperature and 

ionic strength dependence of v.arious hydrodynamic prop-

73-76 erties. TMV RNA expands when the temperature is 

increased as indicated by an increase in the radius of gyra

tion and viscosity. Decreasing the Na+ concentration from 

150 mM to 0.2 mM Na+ decreases the sedimentation coefficient 

73 
S20o~w from 28.2 S to 3.3 S. Clearly the configuration 

of the molecule changes from a compact one to a highly 

extended one whe"n the ionic strength is decreased just as 

it does when the temperature is increased. Of course~ a 

flexible polyelectrolyte would be expected to behave 

similarly. However~ Boedtker73 felt that the changes in 

sedimentation coefficient with ionic strength were too large 

and occurred over too narrow a range of ionic strength to 

be explicable only in terms of electrostatic repulsion. 

The change in S20o~w parallels the increase in absorption. 

Thus~ it was concluded that th~ change reflects the 

occurrence of a helix-coil transition. Cox and Littauer76 

came to a similar conclusion based on the.variation of the 

sedimentation coefficient of E. coli rRNA with ionic 

strength. 

The hydrodynamic properties show that single-strand RNA 

is a random coil which can assume a very compact configuration 

at low temperature and high ionic strength. The existence 

of the compact configuration implies that there are intra

molecular contacts. Therefore~ under these conditions the 
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secondary structure involves more than base stacking. 

However, the intranolecular contacts could be cation bridges 

or intercalation of the bases instead of hydrogen bonds. 

2. Reactivity 

Tne rate of reaction of RMV RNA with formaldehyde is 

19 fold greater at 45°C than at 2SoC. 42 The rate increases 

only 6 fold for the mononucleotides over the same temperature 

range. Similar observations have been made more recently 

for other mRNAs77 and mixed yeast tRNA. 77 ,78 

Furthermore, the rate of digestion of Single-strand RNA 

by pancreatic ribonuclease 42 or polynucleotide phosphoryl-
42 80. . ase ,. lncreases markedly as the temperature is increased. 

In the latter case,42 it was shown that there is no enhance-

ment of the rate for poly U, a polynucleotide considered 

to have no secondary structure. 

These observations could all be explained by a secondary 

structure involving base pairs. As the temperature is 

increased hydrogen bonds are broken and more residues are 

available for reaction for formaldehyde or enzymatic digestion. 

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

intercalation or possibly even base stacking as we shall see. 

3. Optical Evidence 

The·optical density of a neutral solution of TMV-RNA. 

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

° 0 l1.2 increased from 10 Cto 90 C. - A plot of optical density 
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versus temperature has an "S-shape" which is similar to 

the shape of the absorption change for the temperature induced 

helix-coil transition of DNA. However, for DNA tne trans-

41 ition occurs over a temperature range of a few degrees. 

The transition in TMV RNA Occurs over nearly the whole tempe

rature range between 10°C and 90°C. 

The helix-coil transition for DNA is obviously very 

cooperative. The theory of a cooperative phenomena for DNA 

by Crothers, Kallenback, and Zimm81 shows that the sharpness 

of the transition depends on the chain length of the coopera-

tive region. The shorter the chain length the broader the 

transition and the low~r the temperature at the midpoint of 

the transition (Tm). The Tm of the helix-coil transition of 

DNA is also known to vary with the base composition of DNA. 82 

Thus, the gradual change in the optical density of TMV RNA 

as a function Of temperature t>las interpreted as the summation 

of helix-coil transitions of many short helices with varying 

chain length and base composition. 

The temperature dependence of the optical rotation of 

TMV RNA at the sodium D line (548 m~) parallels the optical 
42 densi ty changes. . This was taken as evidence that the base 

pairs were collected into short helical regions and not 

randomly scattered throughout the molecule. Once again the 

decrease in the optical rotation with increasing temperature 

was interpreted as resulting from a decrease in the number 

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

estimated from the optical rotation at 548 m~.42,83 The 

specific rotations at this wavelength of poly (A+U), the 

acid helix of poly A, and the poly U aggregate that forms 

at low temperatures are all about the same, +30,0,°. At the 

opposite extreme, poly U at, room temperature has a specific 

rotation of _8°. A yardstick of the percent helix of 

polyribonucleotides was established from these values. A 

specific rotation of +30,0,° indicated 10,0% helix and no 

rotation indicated the absence of base pairs. The specific 

rotation of TMV RNA at room temperature is +180,°. Thus, it 

was estimated that the fraction of bases which are in 

helical regions is 60%. 

Urea was found to be as effective as heat in decreasing 

the hypochromicity of TMV RNA.42 A solution of 6Murea 

decreases the T of TMV RNA by about 25°. A similar effect , m 
has been Observed for DNA. Therefore, urea was considered 

a hydrogen bond-breaking,agent. This observation on TMV RNA 

substantiated the view that hypochromicity and high optical 

rotation resulted from hydrogen-bonded base pairs. 

As we now know, all of thes~ optical prope~ties could 

result simply from stacked bases rather than stacked base 

pairs. Both conformations are hypochromic and could have a 

large optical rotation. The temperature dependence of'these 

optical properties does not distinguish between these two 

possibilities. The gradual decrease in hypochromism and 

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

base stacking. Urea does not help either since it denatures 

helical structures by virtue of its effect on the structure 
. 84 

of water. 

In general~ we must be cautious in coming to any con

clusions about base pairs on the basis of the hydrodynamic~ 

reactivity~ and optical properties cited so far because of 

our experience with poly A.83~85 Similar observations were 

made for neutral solutions of poly A. It is 35% hypochromic 

t t t · 86 a room empera ure. The absorption increases gradually 

as the temperature is raised. Nearly the same increase is 

observed if the room temperature solution is made 7M in 

urea. The rate of reaction with formaldehyde increases 20-

fold over a 20° temperature r.ange. The sedimentation 

coefficient and intrinsic viscosity depend on molecular vleight 

in the fashion predicted for a random coil. However~ it was 

concluded that the variation was not typical for a poly-

electrolyte having such a high charge density. Furthermore, 

the reduced specific viscosity increases sharply as the salt 

concentration is reduced. All of these observations suggested 

that there were helical regions of A-A base pairs similar 

to those shown in Figure I for RNA. The specific rotation 

of poly A at the sodium D line is 155°. Therefore~it was 

concluded that 40-60% of the residues of poly A are base-

85 paired. 



Nevertheless, we are confident that there are no 

A-A base pairs in poly A at pH 7. But what about single

strand ffi{A? It is not possible that it has a secondary 

structure T~lhich only involves base stacking? 

Although such a structure can explain some of the 
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optical properties, it cannot account for all of them. The 

Tm of the helix-coil transition of T~W RNA is dependent on 

the ionic strength of the solution. 73 ,74 It decreases with 

d'ecreasing ionic strength. In other words, the absorption 

at any temperature increases with decreasing ionic strength. 

Also, the helical configuration is stabilized better by 

divalent cations like Mg++ than univalent ions like Na+. 73 

- - It -is-di-f.f~icul t to explain how these changes in the ionic 

environment of the solution could affect a helix-coil trans-

ition involving only the stacking and unstacking of 

neighboring residues. To the first approximation we expect 

stacking interactions to be independent of ionic strength. 

We will verify this assumption later with some experiments. 

Similar observations have been made for the Tm of DNA42 ,82,87 

and polynucleotide complexes. 41 The interpretation has 

always been that increasing the cation concentration decreases 

the effective charge on the phosphate groups and, .thus, 

decreases the electrostatic intrachain repulsion of the helix. 

Fresco measured the absorption of three homogeneous 

72 88 tRNAs from yoast as a function of temperature.' In each 

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

of the single transition of mixed yeast tRNA. Furthermore, 

the Tm of the separate transitions was different for each 

of the three tRNAs that were investigated. Vournakis and 

89 Scheraga have observed a similar biphasic melting curve 

for yeast alanine tRNA. These observations support the view 

that the broad helix-coil transition of single-strand RNA 

is the supposition of many cooperative transitions of short 

helical regions with different stabilities. It is difficult 

to rationalize a biphasic transition if the secondary structure 

oftRNA consists only of stacked bases. 

4. Tritium Exchange 

A different sort of measurement has been made by 

90 Englander and Englander. They have observed the time 

dependence of the exchange of normal hydrogen for tritium in 

tRNA which had been previously equilibrated with THO. An 

average of 77 hydrogens per ,tRNA molecule exchange slowly 

from a sample of mixed yeast tRNA. It had previously been 

shown that the slowly exchanging hydrogens in DNA are those 

involved in the hydrogen bonds. 91 Tl1us.;Englander and 

90 Englander concluded that the slowly exchanging hydrogens 

in tRNA were those involved in hydrogen-bonded base pairs. 

There have been suggestions there are hydrogen bonds 

between 2'-hydroxyl groups of RNA- and either the bases or 

h h t 50,51,92,93 P osp a e groups. If the hydrogen of every 

2'-hydroxyl in tRNA exchanges slowly, then that would account 



for virtually all the slowly exchanging hydrogens. The 

evidence for thiB hydrogen bond is rather circumstantial. 
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In fact, x-ray fiber studies of double-strand RNA do not show 

i t 1 h d b d · l' th 2'_hydroxyl.94,95 any n erna y rogen on lnvo vlng e 

We are inclined to think that the tritium exchange experiments 

reflect the existence of hydrogen-bonded base pairs in tRNA. 

5. X-ray Diffraction 

The most definitive evidence for Watson-Crick base 

pairs in single-strand RNA is an x-ray diffraction study of 

semi-crystalline fibers of fragmented yeast ribosomal RNA. 94 

Preliminary reports of this work were given several years 

ago. 96 At that time the RNA was thought to be tRNA. 'Since 

then it has been established that the sample is degraded 

rRNA. 97 The diffraction patterns are consistent with the 

existence of short double-strand helices of A-U and G-C base 

pairs. The details of the helical geometry are very similar 

to those of the totally double-stranded RNAs, reovirus RNA, 

wound tumor virus RNA, the replicative form of MS2 virus RNA, 

and rice dwarf virus RNA. (For a review, see navies. 98) The 

overall dimensions of trie RNA Watson-Crick double~strand helix 

are similar to the A-form of DJ:JA. 98 There are 10 or 11 base 

pairs per turn; they are tilted 10 to 15° from the perpendic

ular to the helix axis. 

The last evidence for base pairs in single-strand RNA 

that we would like to mention are the results of low angle 

x-ray scattering experiments. The measurement is made on 

solutions so the results apply to the structure of RNA in 
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solution. Witz, Hirth, and Luzzati 99 have determined the 

mass per unit length of TMV RNA, yeast rRNA and turnip 

yellow mosaic virus RNA in solution. It is similar for 

each RNA and also similar to that of DNA. Finally, the 
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radius of gyration of yeast tRNA, as determined by low angle 

x-ray scattering techniqUes,lOO eliminates the possibility 

that tRNA has a completely single-stranded secondary structure. 

Calculating Optical Properties of 

Single-Strand Helices 

Most of the evidence that has just been cited supports 

the view that the secondary structure of single-strand RNA 

consists of short double-strand regions similar to DNA. 

What has not been established is the importance and extent 

of base stacking. It has been suggested that the bases 

that are not base-pai~ed have a totaliy random orientation. 

We expect, however, that the bases in RNA are stacked in 

regions where there are no base pairs~ Furthermore, under 

conditions where there are no helical regions, we expect 

the bases are stacked. 

If the bases in RNA have a completely random conformation 

when there are no base pairs, then the optical properties of 

the polymer should equal the appropriate average of the 

optical properties of the monomers. This does not appear 

to be true. The optical rotation at the peak and trough of 

the Cotton effect is greater for formylated tRNA at 25°C 

78 than for the monomers. Formylatlon presu~ably prevents 
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the formation of base pairs. Therefore, this result indi-

cates that bases do not have a random conformation in the 

absence of base pairs. It has also been observed that RNA 

is still hypochromic at elevated temperatures where the change 

of absorption with increasing temperature has become nearly 
. 42 . 

level. Base pairs are prQbably not stable at these high 

temperatures. Therefore, whatever residual hypochromism is 

present must result from base stacking. 

These observations are strongly suggestive that the 

bases do have a preferred orientation even in the absence of 

base pairs. The nature of the preferred orientation has been 
. 57 

suggested by the work o'f Holcomb and Tinoco on poly A. 

The ability to calculate the optical properties of poly A from 

ApA implies that the stacking is similar in the polymer and 

dimer. We expect that the dimers in RNA also have the same 

geometry as when they are free in solution. If this is true 

and if interactions between nearest neighbors are the most 

important, then we should be able to calculate the optical 

properties of RNA, under conditions where there are no base 

pairs, from the optical properties of the dimers. The equations 

for making these nearest-neighbor calculations and fUrther 

evidence for the validity of the nearest-neighbor assumption 

are presented below. 

1. Trinucleoside Diphosphates 

Cantor and Tinoco35 ,37 have developed a formalism for 

calculating the optical properties of trinucleoside 
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diphosphates (trimers) from those of the dimers. They 

showed that if the nearest-neighbor approximation is valid, 

then the molar rotation of the trimer, IpJpK, per residue, 

[¢IJK( r..) J, ·ca:'1 be calculated from the following equation: 

The molar rotations per residue of dimer IpJ, dimer JpK, 

respectively. Agreement between experiment and calculation 

can only be expected if the stacked bases in the trimer have 

a similar geo~etry as they do in the dimers. Therefore, 

the optical rotation of the dimers and trimers should be 

measured under identical conditions of temperature, pH, 

ionic strength, and at a concentration where there is no 

intermolecular aggregation. 

An analo gous equation can be. used to calculate the 

absorption spectrum, EIJK(r..), or the extinction coefficient 

of trimer IpJpK. 

(2) 

All variables are defined in an analogous fashion a~ they 

are for Eq. (1). There are similar equations for the 

. oscillator strength arid hypochromism of the trimer. 

The·ORD, extinction coefficient at 260 m~, and the 

hypochromism of seven trimers were measured at three pHs at 

The optical properties of the dimers 

have been measured at the same pHs at room temperature by 
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43 44 Warshaw. ~ The expected optical properties of the 

trimers were calculated from the corresponding optical 

properties of the dimers. The agreements between the semi

empirical calculations and the experiments were excellent 

for all seven trimers at all three pHs. The ORD of four 

37 other trimers have been measured at pH.7. Once again the 

agreement between experiment and the nearest-neighbor calcu~ 

lation is good. 

Experiments which were identical to those done by Cantor 

and Tinoco35 have recently been reported for trimers of the 

form IpJpGp.45 The letters I and J stand for A~ C~ or U. 

The results are similar. The. agreement betvleenexperiment 

and calculation~ however~ is not always as good as found by 

Cantor and Tinoco. 35 

In general~ all of these results indicate that the 

nearest-neighbor assumption is valid for trimers and that the 

geometry of the bases in the trimer and dimer are similar. 

2. Polyribonucleotides 

The optical properties of a polymer can be calculated 

from the optical properties of the dimers with equations 

which are analogous to Eqs. (1) and (2). If end effects are 

ignored~ then the molar rotation per residue of a polymerJ 

[¢p(A)]~ is given by:36 

(3 ) 
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The equation is given for a polymer which contains only the 

four common bases. Clearly it can be extended to take into 

account any number of different residues. The mole fractions 

of dimer IpJ and· nucleoside I in the polymer are XIJ and , 

Xr They are equal to the number of times the dimer IpJ and 

nucleoside I occur in the p~lymer divided by the chain 

length. Of course) the mole fraction of each of the four 

nucleosides can be found from the base composition. The 

other variables are defined as they are for Eq. (1). 

A knowledge of the sequence of the polymer is required 

in order to calculate the mole fractions XIJ' The mole 

fraction of dimersin an RNA whose sequence is not known can 

be calculated from the base composition if the nearest-

neighbor frequencies are the most probable ones. 

(4) 

XI and XJ are defined as they were for Eq. (3). The frequency 

of the four dimers resulting from the pancreatic ribonuclease 

101 101 102 102 hydrolysis of yeast rRNA) MS2 RNA) F2 RNA) T4 mRNAJ 

and E. Coli rRNAl02 is close in each case to what would be 

calculated from Eq. (4). Thus) it is reasonable to assume 

that the frequency of nearest neighbors in large RNAs is 

random. We shall also assume that the frequency of nearest 

neighbors in a mixture of tRNAs is random. 

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

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

and the four nucleosides. 

[$RNA(l\)] 

.The absorption spectrum or extinction coefficient of the 

RNA can be calculated similarly. 

36 

(6) 

These equations can be greatly simplified·for the case 

of a homopolymer. The mole fractions of dimer IpJ and 

nucleoside I are both 1. Thus} the ORD of a polymer} poly N} 

is merely two times the ORDof dimer NpN minus the ORD of 

nucleoside N. 

(7 ) 

The ORD of poly A} poly C} and poly U have been calcu-

lated from the appropriate dimer and monomerORD data at 

2SoC} pH 7} according to Eq. (7).36 The calculations are 

compared with experiment in Figure 3. We have already men-

tioned the results for poly A and poly C. I!l general) there 

is good qualitative agreement between the calculated and" 

experimental curves. 

However} for poly A and poly C the quantitative agree-

ment is not as good as for the trimers. Furthermore} the 

experimental curve is shifted a few m~ to the blue of the 
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Figure 3. (a) ORD of poly A at neutral pH. --, E0-per-

·iment (Holcomb and Tinoco57 ); -.:..-, nearest-neighbor 

calculation. (b) ORD of poly C at neutral pH. 

Experiment; ---, nearest-neighbor calculation. 

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

(Sarkar and Yangl03 ); ---, nearest-neighbor calcu
lation. (Taken from Cantor, Jaskunas, and Tinoco. 36 ) 



calculated curve. Either of these discrepancies could 

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

slightly different geometry in the polymer and dimer. 

Neither of these possibilities would be surprising. 
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There are important differences between polymers and dimers 

that could affect the relative geometry of adjacent bases. 

~or instance, there is electrostatic repulsion between 

phosphates in a polymer that' are absent in a dinucleoside 

phosphate. This is not likely to result in a maj9r difference 

between the geometry bf the polymer and dimer because the 

,phosphate groups of the polymer wi'll not be much farther 

apart if the bases are completely unstacked. In addition, 

because of steric constraints the polymer may be more 

restricted to a few conformations. In other words, the 

relative stabilities of different conformations may be 

greater for a polymer than a dimer. All of these possibil

ities may be accentuated because of the regularity of the 

sequence of a homopolymer. The structure is probably very 

regular. This will make all the next nearest-neighbor 

effects additive. Thus, the overall effect may be quite 

large. 

The agreement between experiment and calculation is 

much better for poly U than for poly A or poly C. This may 

be because the residues in poly U are less rigidlyorierited 

than in the other two polynucleotides. The experiments by 

Warshaw and Tinoco43 ,44 indicated that uracil does not stack 
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as well as the other three common bases. In this case, 

the interaction between next nearest neighbors may be less 

important. 

Fo:r completeness sake, we have compared, in Figure 4., 

the ORD of poly Gl04 and its nearest-neighbor calculation. l05 

The agreement is poor, which is to be expected. The ORD of 

GpG has not been measured. The dimer ORD needed for the 

calculation of the ORD of poly G was obtained from the data 

for GpGpC and GpGpU using Eq. (1).105 Even more important, 

however, poly G is probably aggregated under the conditions 

of the measurement. l06 

Taken together, all of these results on trimers and 

homopolymers suggest that the ORD of an RNA calculated from 

Eq. (5) will agree reasonably well with the experimental 

ORD if there are no base pairs and if it has a conformation 

of a single-strand helix with stacked bases. The agreement 

between experiment and calculation will probably be inter-
\ 

mediate between what was observed for poly U and what was 

observed for poly A and poly C. We can expect, however, that 

the discrepancy will be much greater if there is an extensive 

amount of base pairing. Formation of the ordered complex 

poly (A+U) shifts the crossover of. the ORD9 ml-L to the blue 

of the crossover for the calculated single-strand polymers. 36 

The average difference bet~een the crossover of the experi-

mental and calculated curves in Figure 3 for poly A, poly C, 

and poly U is only 4 ml-L. 
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Materials and Methods 

1. Materials 

Tabacco mosaic virus RNA, F2 RNA, R17 RNA, poly rAU, 

and RF-MS2-RNA were gifts from Drs. S. Mandeles, M. Takanami, 

P. Kaesberg, M. Chamberlin, and H. Kamen, respectively. The 

TMV-RNA preparations were 70 to 80% h02ogeneous as estimated 

from the sharpness of the boundary in a sedimentation 

velocity experiment. Mixed yeast tRNA (lot No. 30449), 

ApA (lot No. 45564), and CpC (lot No. 4:5568) were obtained 

from the California Corporation for Biochemical Research. 

Poly C (controi No. 2938) was obtained from Miles Chemical 

Corporation. 

All buffers were prepared with twice distilled water. 

Buffel"s (1), (2)., and (3) contained 0.5 Iv! NaCl, 0.01 M EDTAj 

-4 -4 0.5 M NaC1, 10 'M EDTAj and 10 M ED~A, respectively. A 

3:1 ratio of tetrasodium and disodium EDTA was used to 

maintain the pH near 7~ 

10-4 M tetrasodium EDTA. 

Buffer (4) co!'.tained O. 5M NaCl and 

Buffer (5) contained 10- 3 M 

-4 Tris-HC1, 10 Mtetrasodium EDTA, pHS.2. 

2. '. Desalting Procedures 

Solutions of TMVRNA, R17 RNA, F2 RNA, and mixed yeast 

tRNA which were used for ORD studies at roor.: temperature

were dialized at 4°C for 1 day against bu~fer (1) and 3 days 

each ilc;alnst buffers (2) and (3). 107 ~:1e V'olu:-:1.e of the 

4 daily changes of buffer was always at least 100 times the 
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volume of the RNA solution. No bentonite was present during 

any of these dialyses. As a result, degradation cannot be 

ruled out. No infectivity tests were made. 

"Salt-free" solutions which were used for the optical 

studies at room temperature were actually equilibrated with 

buffer (3). For measurements at high salt concentration, 

KCl was added to bring the salt conc~ntration up to 0.15 M. 

The ORD of a TMV RNA solution prepared as above is the same, 

within experimental error, as that of an undialized sample 

to which salt had been added. This is evidence that 

extensive degradation of the RNA has not occurred during the 

dialysis procedure. 

A slightly different procedure was used to prepare the 

TMV RNA sample that was used to measure the ORD as a function 

of temperature and ionic strength. A solution of TMV RNA 

was dialyzed at 4°C for 1 day against buffer (1). This 

was followed by dialysis for 3 days against a buffer con

taining 0.5 M NaCl, '10-5 1M EDTA. The pH of this buffer was 

adjusted to 8.0 with 1 M NaOH. The final dialysis was for 

·three days against twice-distilled water. The volume of 

. the four daily changes of buffer was always ~t least 100 times 

the volume of the RNA solution. After dilution with water, 

solution: of TMV RNA had an absorbance at 260 m!-L of 2.0. , 

Aliquots of the solution were diluted 1:1 with a ·buffer of 

known ionic strength and ·pH. The four buffers used were: 

(a) "-4 -4 4 x 10 M NaOH plus 1 x 10 M Na4EDTA, adjusted to 
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pH 8 . .0 with Eel; (b) 4 x 1.0-4 M NaQH plus 2 x 1.0- 4 M 

Na4EDTA plus 5.8 x 1.0- 3 MNaCl adjusted to pH 8 • .0 with HCl; 

(c) 2 x 1.0- 4 N Na4EDTA plus 6.6 x 1.0- 2 M NaCl plus Perrin's 

O • .02 ionic -strength sodium phosphate buffer, pH 7.7 j (d) 2 x 

1.0-
4 M Na4 EDTA plus 2 • .0 M NaGl plus Perrin! s Q . .02 tonic 

strength sodi~m phosphate buffer, pH 7.6. The resultant 

concentrations of sodiumiorr after the 1:1 dilution were 

(a) 4 x 1.0-4 
Z'1 Na+; (b) 4 x 1.0- 3 M Na+; (c) 4 x 1.0- 2 M Na+; 

(d) 1 M Na+. The pHs of the RNA solutions were measured and 

found to be between pH 7.5 and pH 8.2. 

Poly C Vias desalted by dialyzing e. dilute solution in 

lQ-4 M tetrasodium EDTA against buffers (1), (4), and (5) 

for a total of 3 days. Dry NaCl was added to the desalted 

solution to make solutions of the desired salt concentration. 

We did dialyze a sample of poly C at pH 7 against a buffer 

. -4 in which the sodium ion concentration \'las only 1.0 M. -The 

QRD and ultraviolet spectrum of the resulting solution 

indicated that poly C exists in the double-strand structure 

under these conditions. This complex forms when one-half 

the residues are protonated. In order to insure that poly C 

was single-str>anded the final solution was equilibrated, 
. -3 

against e. puffer containing 1.0 M cation at pH 8.2. Under 

these conditions there. is no evidence of any double-strand 

format·ion . 

.one-half mg samples ofApA and CpC·were desalted 

separately on a 1 cm x 5.0 cm Bio-Gel P2 (coe.rse mesh) column 

by eluting l'Ji th twice distilled water. The pH of the eluent 
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was about 6. A preliminary column was run on a sample of 

blue dextran which contained KCl. The blue'dextran is ob

tained from Pharmacia (Piscatoway, New Jersey) and has a 

6 molecular weight of 2 x 10. The passage of a 1% blue 

dextran solution through the column can be followed by 

eye. It comes out at the void volume of the column because 

of its large size. The salt is retarded by the gel beads 

and comes out after the blue dextran. The position of the 

salt peak was determined from the turbidity of the solutions 

when a few drops of a AgN03 solution were dropped into each 

test tube. The dimers appeared almost as soon as the blue 

dextran but well before the salt peak. Their appearance was 

followed with a Gilson UV258 flow-through monitor. '.[he 

patterns of the blue dextran-KCl column and the ApA column 

are superimposed in Figure 5. We estimate that the concen

tration of NaCl in the solut:Lons of· ApA and CpCis less than 

10-4 M. 

3. Optical Measurements 

All ultraviolet spectra were measured at room temperature 

(25°C) with a Cary 15 spectrophotometer. ORD was measured 

on a Cary 60 spectropolarimeter. 

A standard strain-free cylindrical quartz cell was used 

for all the measurements discussed in this section.' The" patl;1 

length was 1. 0 cm and the volume was 3.2 m1. The cell was 

stoppered with a serum stopper for all measurements above 

room temperature. 
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All spectra were recorded on the recorders supplied 

with the instruments. The optical rotation signals of 

the baseline and samples were smoothed by drawing a line 

through the center of the noise as judged by eye. Subse

sequent ly, point s were picked off every 2,.5 mil- between 

232.5 and 350 ml-l and converted' to molar rotation. A more 
. 
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satisfactory method for smoothing the data will be disdussed 

in Part II. 

The molar rotation per residue, [<I>], is defined by 

the following equation: 

, 

where e is the difference between the rotation in degrees or 

the cell filled with the sample and the same cell filled 

with buffer. C is the concentration of~esidues (mono

nucleosides) in moles per liter and 1 ,is the path length 

in cm. The uncertainty. in the measuretient of [<1>] is 

estimated-to be t 0.1 x 104• 

A plot of the rotation of TMV RNA versus pH is shown,in 

Figure 8 (page 64) for 257 and.286 mil-. The reasons for and the 

conclusions from the experiment will be discussed later. 

Right now we wish to discuss the 'precision of the data. 

Points are shown for two entirely different preparations of 

TMV RNA. Measurements on each prepara:ion t'lere made on 

several different days. Thus, the scatter, which is typical, 

is not only indicative of the noise level but also our 

ability to reproduce a measurement from s~mple to sample 

and from day to day. 



47 

Bars indicating the size of the noise at each wave

length are given. The noise level is higher at 257. m~ than 

because the absorption of the solution is greater at this 

wavelength. The greater scatter of the points for 257 m~ 

can be part I;:,'" accounted for by the higher noise level. 

However, the scatter is greater than the uncertainty due to 

the noise. The uncertainty in the measurement is a reflec

tion of our inability to measure a baseline or sample twice 

and obtain precisely the same thing if the cell is emptied 

and refilled between runs. 

The differences apparen~ly occur because of our 

inability to precisely reposition the cell in the cell holder. 

Repetitive measurements of a baseline can be made with the 

same cell. If the cell is not touched between the measure

ments, then there is no difference between them. (A small 

but definite drift can sometimes be detected during the 

course of a day.) If the cell is taken out of the cell 

holder betvreen each run and replaced, then there are differ

ences between the various runs. The differences are called 

baseline shifts because they are nearly independent of wave

length and reflect a change in the position of zero rotation. 

It should be emphasized that the constancy of the shift 

with wavelength is not exact. 

We attempt to correct for baseline shifts by measurIng 

the rotation of the sample and baseline in the visible region 

of the spectr·\..~m, between 500 and 600 m~. The actual rotation 

of nucleic acids in this region, at the concentrations 
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generally used, is too small to be measured with the 

spectropolarimeter. Therefore, if there is any difference 

between the sample and baseline, it must be a baseline 

shift. The shift is averaged for several wavelengths in 

the visible region and applied as an additive constant to 

the rotation in the ultraviolet region. This procedure 

satisfactorily corrects for most of the shift. Part of 

the reason for the scatter in Figure 8 is that we assume 

the shift is independent of wavelength and this is not 

entirely correct. 

These problems might be eliminated if the cell holder 

were redesigned so that there.would be no leeway in 

positioning the cell. It should be kept in mind, however, 

that there is no need for more precise measurements of 

ORD than we are capable of now. We are looking for large 

differences between ORD curves and not small ones. The con-

clusionswe reach are general ones. Unlike x-ray crystallo-

graphy, optical rotation experiments cannot yet determine. 

interatomic distances or angles. The problem here is that 

the theory of optical rotation is not as well refined as 

the theory of x-ray crystallography. Later we will discuss 

methods of determining the exact number of base pairs in 

a tRNA from ORD. Of course, this question requires a precise 

answer and,therefore, a precise measurement of the ORD. 

However, at the present time the errors introduced in the 

form of assumptions are much larger than the scatter of 

the data in Figure 8. 

. ," . 

. ,r '" 
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4. Extinction Coefficients 

Extinction coefficients for solutions of RNA in buffer 

(3) were calculated by using Eq. (6). This equation is 

strictly true only if the RNA is single-stranded under these 

conditions. Evidence will be shown that at this low ionic 

strength RNA is primarily single-stranded. In any case) 

slight variations in the choice of extinction coefficients 

will not strongly affect any of the following results. The 

dinucleoside phosphate and monomer extinction coefficients 

necessary for the use of Eq. (6) were obtained from the 

thesis of Dr. M.Warshaw. l08 The calculated extinction per 

mole of nucleoside at 260 m~ for each of the four RNAs is 

as follows: TMV RNA; 10JOOO; R17 RNA; 9770; mixed yeast 

tRNAJ 9650; and F2 RNAJ 9700. The calculated extinction 

of TMV RNA agrees with the value determined experimentally 

f f 1· t· 75 or a salt- ree so u lone Solutions of RNA in moderate 

salt concentration were prepared by adding dry salt to a 

salt-free solution. The volume change is negligible. Thus) 

it was not necessary to know the extinction coefficient of 

the RNAs in the presence of salt to determine concentrations. 

However J an experimental extinction per mole of residue was 

used for TMV RNA in the presence of 0.15 M NaC1J 7260. 74 

Experimental extinction coefficients for ApA and. C~C 

at 260 m~ were taken from the studies of Warshaw. 108 They 

are 13)700 and 7)100) respectively. 

The extinction coefficient for single-stranded poly C 

36 was taken as 6220. 
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The concentrations of residues as determined from 

extinction coefficients were corrected for thermal expansion 

or contraction for ORD measurements at temperatures other 

5. Nearest-Neighbor Optical Rotatory 

Dispersion Calculations 

The molar rotation per residue of various RNAs was 

t d b Dr C C t . E ( 5 ) • 36 , 105 compu e . y . • an or uSlng q. As before, 

the dinucleoside phosphate and monomer data needed for 

these calculations came from the studies of Warshaw. l08 

These latter measurements were made at pH 7, 25°C. The 

ionic strength of the solutions was 0.1. Under these con-

ditions none of the bases are protonated. Thus, the calcu

lations should be equivalent to the ORD of unprotonated 

single-strand RNAs with stacked bases at 25°C. 

We have calculated the optical rotation ofTMV RNA as 

a function of temperature usiriS Eq. (5). In-this case, the 

temperature dependent dimer and monomer data at pH 7 were 

bt i d f D R D i " 109 Th t ti lIt d o a ne rom r. • av s. e ro a on was ca cu a e 

at a few wavelengths at 10° intervalsbetweenO°C and 100°C. 

The rotation of each of the dimers and monomers at these 

particular temperatures and wavelengths was obtained from 

a plot of rotation at that wavelength as a function of . 

temperature. 

Neither Dr. Davis nor Dr. Warshaw measured the ORD of 

GpG. The room temperature ORD of GpG has been calculated by 
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Dr. Cantor from the experimental ORD of both GpGpC and GpGpU 

using Eq. (1).105 The average has been taken by Dr. Cantor 

as the rOOM temperature ORD of GpG. This is the curve that 

has been us.ed for the contribution of GpG in calculating 

the ORD of ill'TAs at room temperature \'1i th Eq. (5). 

Glaubiger6l has developed a theory to explain the tempe-

rature dependence of the rotation of dimers. The theory pro-

vides a functional form· for the temperature dependence. 

,en [ q> ] = -2 kT + A 

*' 
where k is Boltzmann's constant, }f, is a force constant, T is 

the absolute temperature and A is a constant of integration. 

The ORD of any dimer can be calculated at any temperature if 

a force constant is known for the interaction of the two 

bases and the ORD of the dimer is known at anyone temperature. 

The latter information is needed to determine the constant 

of integratio~. Dr. Glaubiger6l has used the experimental 

temperature dependence of several dimers to determine the 

force constar~ts for each of them. The results are given in 

Table 1. 

We have taken the average of these force constants as 

the force constant for. GpG. Thus, the ORD of GpG was calcu

lated at temperatures between 0° and 100°C using the average 

forceconsta~t and the calculated ORD of GpG at room tempera-

ture. We realize that these estimates of the optical rotatory 

properties of GPG are very rough. HOvl8ver, they are probably 

a better estimate of these properties than zero rotation. 



Table 1 

Force Constants for Temperature Dependence 

of Rotation of Dinuc1eoside Phosphates. a 

Dinuc1eoside· Force Constant k 
Phosphate (erg/mole) 

ApA 1.37 x 10-14 

ApG 1.60 

ApC 1.98 

CpC 2.08 

ApU 2.50 

UpU 2.93 
Average 2~08 x 10-14 

. a. Taken from Ph.D. thesis of· 
G1aubiger. 61 
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Initially the lines through the experimental points 

for the rotation of the other dimers and monomers at the 

.wavelengths of interest were drawn by hand. Subsequently 

53 

a computer" program written by Dr. T. Mahan of the Lawrence 

Radiation Laboratory was used to draw the line through the 

experimental pOints. Lines It/ere similarly drawn through the 

calculated points for GpG. The program was set up to first' 

try to fit the experimental points ~ith a cubic function. 

The best cubic function was determined by the methods of 

least squares. The resulting equation was checked to see 

if any maximum or minimum occurred between O°C and 100°C. 

The theoretical treatments of the temperature dependence of 

the optical rotation of stacked dimers indicate that any 

such extrema are not real. Therefore, if extrema occurred 

in the best cubic function, then the experimental points 

were refit to the best quadratic function. If this equation 

had extrema, then the experimental points were fit to the best 

straight line. 

The result was a set of equations describing the 

temperature dependence of all 16 dimers and 4 monomers at 

every 2.5 m~ between 230 and 330 m~. The coefficients 

for the 820 polynomial equations are given in Appendix D. 

For the dimers,70% of the polynomials are cubic, 20% are 

quadratic and 10% are linear. .For the monomers, 53% are 

cubic, 21% are quadratic and 26% are linear. We have calcu

lated a standard deviation, 0, for each equation. 
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N 
~ (~<I>]ExPt (11

i ) - [<I>]Calc (Ti)]2 

N 
CJ = 

The experimental and calculated molar rotations at Ti 

are ~<I>]ExPt(Ti) and ~<I>]calc(Ti), respectively. The total 

number of temperatures at which ~¢]EXPt was determined is 

N. The average standard deviation for the dimers in units 

of molar rotation is 0.04 x 104 . For the monomers it is 
4 0.03 x 10 . 

These equations have been used in another program 

written by Dr. Mahan in order to calculate the ORD of TMV 

RNA from Eq. (5)., as a funct ion of tempera ture ~ The plot s 

of rotation versus temperature for the fevl wavelengths which 

have been calculated by hand agree very well with the com-

puter calculated plots. The deviation is greatest above 

75°C. Of course, it is not clear whether the computer cal

culation or hand calculation ~s the better approximation of 

reality in this temperature region. The ORD at 25 °c is nearly 

identical with theORD of TMV RNA which has been calculated 

by Dr. Cantor using Eq. (5) and the room temperature ORD 

data of the monomers and dimers measured by Dr. Warshaw. The 

two curves are shown in Figure 6. 

This program has also been used to calculate the average 

rotation of the monomers in TMV RNA at several temperatures. 
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temperature (Reference 36). 
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Base Stacki~in Single-Strand RNA 

The hypothesis we wish to verify is that under conditions 

where there are no base pairs in RNA there is still a pre-

ferred relative orientation of neighboring bases that is 

similar to the stacked conformation of bases in dinucleoside 

phosphates. We will consider the hypothesis verified if the 

ORD of the RNA under these conditions is similar to the ORD 

of the RNA that is calculated from the experimental optical 

rotation spectra of the dimers and monomers using Eq. (5). 

One of the conditions under which single-strand RNA 

probably has few base pairs is low ionic strength. It is well 

known that the stability of most double-strand nucleic acid 

complexes decrease with decreasing ionic strength. 4l ,87 The 

decreased ionic strength is thought to increase the electro-

static repulsion between phosphate groups on different strands. 

The only complexes that are stabilized by decreased ionic 

strength are the double-strand complexes of poly C and poly 

A. 110 The poly C complex is formed when one-half the residue 
. 112 

are protonated and is apparently stabilized by the electro-

static attraction between the positively charged"bases and 

the negatively charged phosphate backbone. The poly A complex 

is directly stabilized by bonds between the protonated bases 
III and the phosphates. 

Experimental observationB mentioned earlier confirm the 

prediction that RNA is primarily single-stranded at low ionic 

strength. Therefore, we were interested in measuring the ORD 

of Single-strand ~NA in the presence and absence of salt and 

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

The ORD dat~ of the dimers and monomers used for the 

calculation were obtained from solutions of 0.1 ionic 
108 strength. Strictly speaking the ORD calculated from these 

data should correspond to the ORD of the single-strand 

helix with stacked bases in a solution of 0.1 ionic strength. 

The question is, would this hypothetical Single-strand poly-

nucleotide have the same ORD at a lower ionic strength? We 

expect that the answer is yes. 

The nature of the stacking probably does not depend on 

ionic strength. It was noted earlier that stacked structures 

result because of the van der Waals interactions between the 

bases and in order to minimize the surface free energy of 

water. At concentrations of several molar, salt acts as a 

denaturing agent. At concentrations between 0.1 and 10-4 M 

it does not seem likely that any of these forces are affected. 

Furthermore, space filling models reveal· that the distance 

between neighboring phosphate groups is not significantly 

increased if the bases are completely unstacked.Thus, the 

nature of the stacking should not be affected by variation 

in the electrostatic potential between neighboring phosphates 

as a function of ionic· strength. Of course, the distances 

between phosphates separated by ooeor more residues should 

be sensitive to the salt concentration. But, these long 

range interactions should not affect the relative orientatiori 

of neighboring bases. These thoughts have received some 

support from the calculations of Schildkraut and Lifson.
87 
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They have been able to explain the ionic strength dependence 

of the Tm of DNA with a model which ignores changes" in"the 

stability of the single strands as a function of ionic 

strength. With these things in mind, we expect that the 

ORD of single-strand oligomers and polymers is independent 

of ionic strength. 

The ORD of CpC and ApA have been measured in salt-free 

solutions at pH 6. The only salt present were the counter

ions and some dissolved CO2. We have compared the results 

with the ORD of ApA and CpC measured in a solution of 0.1 

ionic strength. In both cases the agreement is well within 

experimental uncertainty. The results at the peaks and 

troughs are summarized in Table 2. The magnitude of the 

rotation of CpC and ApA at"their respective peaks and troughs 

are greater than most other dimers. Thus, the ORD of these 

dimers should be more sensitive than most cithers,to changes 

in the nature of the stacking brought on by changes in ionic 

strength. It seems certain that the ORD of dinucleoside 

phosphates are independent of ionic strength. 

Of course, a dinucleoside phosphate only has one phos-

phate. If interactions between neighboring phosphates were 

"important then there still might be an effect with longer 

"oligomers and polymers. The ORD of trinucleoside diphosphates, 

however, are also independent of changes in the ionic strength. 

'1"11(') OnD of five tl'imers measur'ed in the presence and absence 

36 of salt., by Dr. C~l"ntor arc also sumtnQr·i~ .. ed in '1'.'lblo 2. '1'ho 

pH of these solutions was about 6. Once again 

.': ~ ,.~ ~"( . '". -' ;', , 
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Table 2 

Salt Dependence of Optical Rotatory Dispersion 

of Oligonucleotides 

~ 

Molar Rotation Molar Rotation 

Compound Wavelength 
IX 10-4 X 10-4 

(m~) 0.1 Ionic Strength No Salt Added 

ApA 282 0.86 0.80 

ApA 260 -2.92 -2.80 

CpC 290 1. 88 1. 85 

CpC 267.5 -1. 92 -1.84 

ApApU 280 1.10 1. 09 

ApApU 260 -2.92 -2.95 

GpGpC 290 0.45 0.55 

GpGpC 250 -0.76 -0.72 

GpApU 280 0.79 0.88 

GpApU 260 -1.14 -1. 20 

ApGpU 290 0.17 0~21 

ApGpU 270 -0.65 -0.67 

ApGpU 250 0.13 0.30 

GpGpU 275 0.39 0.27 

GpGpU 250 -0.55 . -0.44 
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each of the particular wavelengths correspond to a maximum 

or minimum. 

Tne ORD of single-strand poly C and poly A show a small 

dependence on ionic strength. The rotation of poly C has 

been measured at pH 8.2 in a solution containing 10-3 M 
-4 . 

Tris-HCl, 10 . M EDTA and i.n the same solution to which KCl 

crystals had been added to a total concentration of 0.15 M. 

The two curves are shown in Figure 7. The rotation at the 

trough for the low salt solution is less than for the high 

salt solution. The opposite effect happens with poly A. 

Mr. B. Tom1insonl13 has found a6% increase in the rotation 

of the trough when the NaCl concentration is decreased from 

0.15 M to virtually salt-free. These changes in the rotation 

of stacked C and A residues with changes in the ionic st~ength 
.. 

may tend to cancel in an RNA. 

Fasman et al. 71 observed a more significant dependence 

of the ORD of poly C at pH 7 on the added salt concentration. 

This is probably due to a limited formation of the doub1e-

strand complex of poly C at the lower ionic strengths. The 

ORD and UV spectrum of poly C at pH 7 in a solution con-
, 

taining only 10-4 M Na+ definitely indicate that it is 

double-stranded under these conditions. 

The conclusion from these experiments is that the ORD 

of a single-strand RNA helix with stacked bases is insensitive 

to changes in the added salt concentration between 0.1 M~nd 

zero. The rotation of an RNA calculated from Eq.(5) with 

" ," ':'" 
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Figure 7. ORD of Poly C. 

, Experiment, 10-3. MTrix-HCl, 10- 4 M 
EDTA, pH 8.2. 

. -3 . 
----, Experiment, 0.15 M KCl, 10 M Tris-

-4 HCl, 10 M EDTA, pH 8.2. 

61 
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dimer and monomer data obtained from solutions of 0.1 ionic 

strength will apply to a totally single-strand RNA with 

stacked bases in a solution containing any amount of added 

univalnet cation up to a concentration of 0.15 M. 

2. pH Dependence of ORD of TMV RNA at Low Ionic Strength 

The observations that were made on poly C clearly show~d 

that a significant number of bases are protonated at pH 7 

in solutions· \vhich contain 10-4 M Na +. The pK of cytidine 

is 4.3112 and the pK of one-half the residues of poly C in 

a solution containing 0.1 M NaCl is 5.7. 112 The large shift 

in the pI\: occurs because the electrostatic attraction between 

the positively charged cytosine bases and the phosphate 

backbone stabilizes a double-strand helix. Therefore, it 

is reasonable to expect the pK of cytosine in poly C to be 

shifted even hig.~er as the i011ic strength is lowered. Similar 
. . 114 

results have been observed by Holcomb for poly A which 

forms a double-strand helix when all the residues are 

protonated. 

We were concerned that in virtually salt-free solutions 

a significant number of bases in a single-strand RNA would 

be protonated. The ORD of such an RNA could not be fairly 

compared with the c~lculated ORD f~om the dimers and monome~s. 

The optical rotation spectra of these latter compounds were 

all measured in solutions where they were not protonat~dr 

Twic~distilled water has enough CO2 dissolved in it to lower 
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the pH to at least 6. Of course, an RNA which is only 25% 

A and 25% C probably does not have many long stretches of 

A or C. Most of the A and C residues will not be able to 

form a helix as they do in the homopo1ymers when they become 

protonated. Thus, the pKs of A and C in an RNA are probably 
-

not as high as they are in poly A and poly C. But they are 

probably higher than they are for cytidy1ic acid and adenylic 

acid because the bases of an RNA are in a negative electro-

static field originating from the cloud of phosphates 

surrounding them. Therefore, it seemed desirable to determine 

whether many bases in an RNA would be protonated in a sa1t

free solution with a pH around 6. 
. . 

The ORD of TMV RNA has been measured at room temperature 

ina solution containing 10-4 M tetrasodium EDTA as a 

function of pH. The pH of the solution was adjusted with 

HC1. The concentration of Na+ was 4 x 10-4 M in all solutions. 

Molar rotation at the peak (286 mil) and trough (257 mil) are 

plotted in Figure 8 as a function of pH. Experimental points 

are shown for two entirely different preparations of the RNA. 

The position of the peak and trough remain unchanged through~ 

out the pH range between 5 and 10. However, the rotation 

at both the peak and trough decrease in magnitude as the pH 

is lowered below 7. There is essentially no change in the 

magnitude of the rotation betweeh pH 7 and pH 10. 

The interpretation of these observations is that at this 

ionic strength a significant number of residues are protonated 

below pH 7. Rtt, none are protonated between pH 7 and pH 10. 
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Figure 8. . + 
ORD of TMV RNA as a function of pH, Na = 4 x 
10- 4 M, 25 0 C . 

0, 286 ffi\.L; EJ, 257 lJlI..L. The solid circles 

and squares refer to a different preparation. 

';' ", ' .. ~, . . 



Significant in this context refers to the ability of the 

ionization to directly or indirectly a+ter the ORD ·of the 

RNA. Clearly the ORD of TMV RNA in a solution containing 
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-4 . + 
only 4 x 10 M Na must be measured at a pH of 7 or higher 

if it is to be characteristic of the unprotonated molecule. 

TMV RNA is probably represe.ntative of single-strand RNAs. 

Therefore, we have assumed the same conclusion for the other 

RNAs that have been investigated, R17 RNA, F2 RNA, and mixed 

yeast tRNA. 

The rotation at the trough and peak of a completely 

salt-free sample are included in Figure 8. The pH of the 

solution is 5.2. The rotation of this solution is not 

characteristic of an unprotonatedmolecule. The experimental 

pOints falloff the extrapolated line for the solution which 

contains 4 x 10-4 M Na+. They fall ort"the side which indi-

cates that more of the residues are protonated in a salt

free solution at pH 5.2 than in a solution which contains 
. + some added Na. This may indicate that the .pKs are shifted 

even higher in the complete absence of added cations. 

The pronounced dependence of the ORDon pH at this 

ionic strength is surprising. The acid pHs of A, C, and G 

nucleosides are 3.5, 4.2, andl.6,r~spectiv~ly.115 Uridine 

only has a basic pK. 115 The principal residues that become 

protonated between pH 5 and 7 are probably A and C. If we 

make certain simplifying assumptions, the fraction of these 

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

rotation at pH 7 is taken as the rotation of the totally 
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single-stranded unprotonated RNA. Zero rotation can be 

taken as the rotation of the fully protonated RNA. The 

absolute value of the rotation at both wavelengths will 

actually be greater than this. Taking zero as the rotation 

of the protonated form gives us a conservative estimate of 

the fraction protonated at pH 5. The result is the same 

at both wavelengths~ more than 75% of the A and C residues 

are protonated at pH 5. The pKs have been shifted as much 

as they are in poly A and poly C. 

Another interpretation of the data is that the rotation 

of the RNA at pH 7 is not characteristic of unprotonated 

single:"strand RNA. 'Rather} it may reflect the existence of 

some double-strand regions in the RNA. In \'rhi,ch case} the 

rotation .could be greater than if there were no double-strand 

regions. Such regions might become disrupted if only a 

small fraction of the residues became protonated. Therefore~ 

the plot of rotation versus pH is not equivalent to'a plot 

of hydrogen ions bound versus pH. The change in rotation 

with pH would reflect protonation and the loss of double

strand character. 

The experimental ORDburves that we intend to compare 

with the calculation' from the dimers have be~n measured in 

a solution containing 4 X'?;l~O-4 M Na +} pH 7. The experiment 

shown in Figure 8 indicates that under these conditions the 

RNA is unprotonated. If the RNA contains some double strands 

under these conditions} however} then the ORD at a lower pH 

may be more characteristic of single-strand unprotonated RNA. 

'.... .: ,~.: 
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·3. The ORD of Single-Strand RNA 

The ORD of TMV RNA, R17 RNA, F2 RNA, and mixed yeast 

tRNA have been measured at 25°C in a solution containing 

10-4 M EDTA, pH 7. The concentration of added Na+ in these 

solutions is 4 -4 x 10 M. The spectra are shown in Figures 

9-12. The ORD of the same solutions, to which crystalline 

KCl has been added to a final concentration of 0.15 M, are 

also shown. These two experimental curves are compared in 

the figures with the ORD of each of the RNAs calculated 

f:r:om dinucleoside phosphate data using Eq. (5). The calcu

lated curve is consistent with theoretical predictions of the 

ORD of a single~strand helix with stacked bases perpendicular 

to the helix axis. 116 

The ORD of the different RNAs under the same conditions 

are similar. In the presence of 0.15 M KCl the peak, 

crossover, and trough occur around 280, 265, and 250 m~, 

respectively. In the absence of KCl they occur around 286, 

272, and 258 m~. The calculated curves are also very similar 

in this respect. The magnitude of the rotation at the peak 

and trough for the different RNAs are similar for each 

experimental condition and for the calculation. It should 

also be added that the experimental ORD curves in Figures 

9-12 are similar to other measurements of the ORD of single

strand RNA. 78 ,127-l29,89,117 The conclusion is that the 

four RNAs which have been investigated have nearly identical 

optical rotation properties and are characteristic of slngle-

strand RNA in general. 
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The result of the comparison between experiment and 

calculation is also the 'same for each RNA. The ORD of the 

RNA in the presence of 10-4 M EDTA is more similar to the 

calculated curve than the ORD of the solution which also 

contains O~15 M KG1. Even in the absence of KG1, however, 

the agreement between the experimental and calculated 

curves is not perfect. 'The experimental curve is shifted 

about 4 ml-L to the blue of the calculated curve and the mag-

nitude of the rotation at the peak and trough is greater. 

The addition of KGl to the solution further shifts the 

position of the peak, crossover, and trough 6-7 ml-L to the 

blue. The magnitude of the rotation increases 'at the peak 

and decreases at the trough. 

It has already been shown that the ORD of stacked bases 

is independent of ionic strength. Thus, the change in the 

ORD of a single-strand RNA when KGl is added must result from 

intramolecular aggregation like hydrogen bonding. We elim-

inate intermolecular aggregaticin as a possible explanation 

since the molecular weight of TMV RNA, as determined from 

hydrodynamic properties'of solutions with concentrations 

equal to or greater than what we have used, indicates that the 

solutions are monodisperse. 73 ,74 Our results, are consistent 

with the variation of other physical properties of single

strand RNA with ionic strength. 30,3l,73 These experiments 

have always been interpreted as indicating art increase in 

base pairing with increasing ionic strength. 



The conformation of single-strand RNA in a solution 

of low ionic strength has been termed a random coil. 29- 31 

73 

If neighboring bases in a random coil have a completely 

random orientation relative to one another, then the ORD of 

the coil should be the same as· the average ORD of the con-

stituent monomers. The average ORD of the monomers in 

TMV RNA is given in Figure 9. The overall shape of the curve 

is similar to the experimental ORD of TMV RNA in the presence 

of 10-4 M EDTA. The measured magnitude of the rotation at 

the peak, however, is 6 times the rotation at the peak of 

the monomer curve. The rotation at the trough is more than 

3 times greater. By contrast, the ORD of TMV RNA calculated 

from the dimers agrees reasonably well with the experimental 

curve. The sum of the monomers for the other three RNAs would 

be similar to TMV RNA. The nearest-neighbor calculations 

for these RNAs also agree much better with the experimental 
. -4 

curves obtained in the presence of 10 M EDTA. Therefore, 

we conclude that the bases in single,...strand RNA are stacked 

in the absence of base pairing. Furthermore, neighboring 

bases are stacked similar to the way in which they are stacked 

in dinucleoside phosphates. The conformation can be visual

ized as a single-strand helix with stacked bases perpendicular 

to the helix axis. 
, . 

Similar results have been recently reported by Bush and 

Scheraga. 117 They have shown that the ORD of E. coli rRNA 

in a dilute sal solution is different from the ORD of a salt-



free solution. Furthermore, the ORD of the salt-free 

solution is almost iden~ica1 to the curve calculated from 

74 

the dimers. The agreement is much better than we have found. 

This is probably because the pH of the salt-free solution 

was less than 7. At pH 6.5 the experimental ORD of TMV RNA 
-4 . 

in the presence of 10 M EDTA is also nearly identical 

to the calculated curve. The calculated and experimental 

curves under these conditions are shown in Figure 13. The 

results of the preceding section clearly indicate that TMV RNA 

is slightly protonated at pH 6.5. Therefore, it is not· 

entirely correct to compare the experimental curve at pH 

6.5 with the curve calculated from the ORD of unprotonated 

dinuc1eoside phosphates. Nevertheless, the conclusions are 

still valid. Single-strand. RNA which does not contain any 

base pairs has an ordered conformation. 

But, is stacking an important element in the secondary 

structure of RNA under conditions .where base pairing occurs? 

It obviously is if it does not prevent the formation of 

base pairs. If it does then the question cannot be answered 

unless we know the relative stabilities of base stacking .and 

base pairing. 

The enthalpy of formation of an A-U base pair has been 
118 measured calorimetrically by Ross and Scruggs and 

others. 119,120 They found that the 6I{0 of formation is 

.,..5.95 kca1 per base pair. The tJP for the formation ofa' 

G~C base pair is probably greater, but of the same order 

·t d 32 or magnl u e. 
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The enthalpy of stacking has been determined from the 

temperature dependence of the optical properties of- dinu

cleoside phosphates~60~92 oligoribonucleotides,47~51~55j53 

and polyribonucleotides.47~55~51 The values range from -5 

to -10 kcal per mole depending on the particular property 

measured~ the bases involved~ the model used for the 

analysis~ and the investigator who does the analysis. The 

important conclusion is that the magnitude of the enthalpy 

of stacking is the same as for the formation of A-U and G-C 

base pairs. 

The entropy of formation of base pairs is 22 cal.jOC 

per mole of base pair formed.118J120~122 This number is the 

same for the average base pair in DNA122 and the A-U base 

pair in poly (A+U).118~120 The estimates of the entropy of 

stacking are of the same order of magnitude.47J60 

Therefore~ it can be concluded that the free energy of 

stacking and base pair formation are comparable. In other 

words~ stacking and base-pair formation are equally important 

elements in the secondary structure of single-strand RNA. The 

consequence of this is that base-paired helical regions cannot 

form randomly at the expense of base stacking. Loops which 

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

stacking interactions may not ~e stable. 

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

and Ionic Strength 

The agreement between the experimental ORD of RNA in the 
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_Lt 
presence of 10 ~ M EDTA and the ORD that has been calculated 

fo~ a single-strand helix with stacked bases is not as good 

as we might hope. There are several possible reasons for 

this. The. nature of stacking might be different in an RNA 

than the dinucleoside phosphates. Interactions between next 

-nearest neighbors may be important. . Any of .these explanations 

are plausible for the same reasons that we rationalized the· 

difference between experiment and calculation for single

strand poly A and poly C. The calculated magni:tude of 

rotation· at the peak and trough is closer to the experimental 

value for RNA than for poly A and poly C. The blue-shift of 

the experimental curve from tne calculated one is larger for 

RNA, however. 

Another possible explanation for the difference between 

experiment and calculation for RNA is that a small but sig-

nificaht amount of intramolecular aggregation still exists. 

This explanation·can be tested for experimentally. The ORD 

of the four RNAs have been measured. at 25°C. The calculated 

ORD.curves were done with the experimental ORD of the dimers 

and·monomersat 25°C~ If the resldualintramolecular aggre

gation is hydrogen bonding then it is .probably all "mel'ted

out" at.some higher te~perature. The ORD of the RNA at that 

temperature should be closer to the ORD calculated from the 

dimerS measured at that same temperature. 

The ORD of TNV RNA has been measured as a function of 

temperature at four different ionic strengthso The concen

trations of Na+ in the soluiions were 4 x 10-4 M, 4 x ~0-3 M, 



.' 

78 

-2 .. 
4 x 10 M, and 1.0 M. The pH of each solution was between 

7.5 and 8.2. An example of the results is shown in Figure 14 

for the solution which contains 4 x 10-2 M· Na+. 

The molar rotations at 255.0, 287.5, and 267.5 m~ are 

plotted versus temperature in Figures 15-17, respectively, 

for all four ionic strengths. The ORD of TMV RNA has been 

calculated as function of temperature using Eq. (5) and the' 

temperature dependence of the ORD of the dimers and monomers. 

The calculated rotations at 267.5, 287.5, and 255.0 m~ are 

also plotted in Figures 15-17. 

These three wavelengths have been chosen partly because 

they represent extremes in the ORD of TMV RNA. Wavelengths 

287.5 and 255.0 m~ are near the peak and trough. The cross-

over comes near 267.5 m~ ... Furthermore, the agreement between 

experiment and calculation is different at each wavelength. 

The rotation at 255.0 m~ decreases in absolute magnitude 

with increasing temperature for each case shown in Figure 15. 

The variation with temperature is graduaL There is no 

indication of a helix-coil transition even for the solution 

which contains 1.0 M Na+. The lines for the four ionic 

strengths and for the calculated rotation parallel one another. 

There appears to be a small shift in the position of the line 

with changes in the salt concentration, however. The-absolute 

magnitude of the rotation increases slightly with decreasing 

salt concentration. Nevertheless, this wavelength is re1a-· 

tively insensitive to the intramolecular aggregation. 
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The functional dependence of the rotation on temperature 

is predicted reasonably well by the calculation. Although, 

the calculated rotation agrees better with the rotation of 

the solution containing 1.0 M Na+ even at temperatures above 

70°C. There is probably no intramolecular aggregation at 

these elevated temperature~. Therefore, we cannot expect 

perfect agreement at this wavelength for the calculated and' 

experimental rotation of a single-strand helix. 

The situation is different for 287.5 and 267.5 m~. The 

experimental rotation for TMV RNA in the presence of 4 x 

-4 -3 -2· + 10 M, 4 x 10 M, and 4 x 10 M Na follows the calculated 

rotation only at elevated temperatures. The magnitude of 

the calculated 'rotation also agrees with the experimental 

rotation at these temperatures. At lower temperatures the 

experimental rotation departs from the calculated rotation 

and begins to level off. The,lowest temperature for which 

there is good agreement between experiment and calculation 

increases with increasing salt'concentration. Even at the 

highest temperature the rotation of the solution containing 

1.0 M Na + is not the same as the calculated rotation. 

The interpretation of these observations is that for the 

temperature regions where there isgobd qualitative and 

quantitative agreement between calculation and experiment 
. 

the RNA is completely single-stranded. By qualitative agree-

ment, we mean that the dependence of the experimental rotation 

on temperature should have the same functional form as the 

calculation. According to this criterioD J the lowest 
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temperature for which TMV RNA can be said to be single

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

10-4 MNa+, 50°C for solutions containing 4 x 10~3 M Na+, .and 

70°C for solutions containing 4 x 10-2 M Na+. In the presence 

of 1.0 M Na+ the RNA is not completely single-stranded at 

90°C. 

For each ionic strength base pairs are present below 

25°C. We expect that there is a base-paired structure of 

TMV RNA which contains as many base pairs as can possibly 

form. The conformation of the molecules presumably approaches 

this structure as the temperature is lowered. 

The temperature at the midpoint of the transition from· 

the base-paired structure to the stacked structure increases 

with increasing salt concentration. Thus, at any particular 

temperature ·the number of base pairs present increases with 

increasing ionic strength. The rotation of the base-paired 

structure is probably relatively independent of temperature. 

The rotation of the stacked structure depends on temr:e rature 

in the manner predicted by the calculation; it approaches zero 

with increasing temperature •. 

The rotation at 267.5 m~ for TMV RNA in the presence of 

4 x 10-4 M and 4 x 10- 3 M Na+ shown in Figure 17 is 

particularly illustrative of this picture. The rotation 

passes through a minimum. It decreases from 0° to 40°C' and 

then increases with further increases in the temperature: 

Apparently at this wavelength the rotatioh of the base-paired 

structure is positive; the rotation of the stacked structure 
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at low temperatures is negative; the rotation of the stacked 

structure at 90°C is intermediate. Thus, if the transition 

from base-paired to stacked structure occurs at a suffi-

ciently low temperature, then the rotation as a fUnction of 

temperature passes through a minimum. The magnitude and 

functional form of the calculated and experimental rotation 

agree remarkably well above the temperature where the minimum 

occurs. We infer from this that there are no base pairs 

in this temperature range. 

The question that was asked at the beginning of this 

section was whether the difference between the calculated 

and experimental ORD of TMV RNA in the presence of 4 x 10-4 

M Na+ at 25°C was due to base pairs or an incorrect calcu-

lation. The qualitative and quantitative agreement between 

experiment and calculation at 267.5 ml-l is better at higher. 

temperatures. Therefore, the difference that exists at 

roo~ temperature is at least partially the result of a 

residual amount of base pairing. 

It is of interest now to compare the entire calculated 

and experimental ORD curves under conditions where there are 

presumably no base pairs. The calculated and experimental 

-4 + ° ° ORD of TMV RNA, 4 x 10 M Na , pH 8, at 2.0 , 50.8 J and 

79.0° are given in Figures 18-20. The appropriate average 

of the ORDof the monomers is also given for each temperature. 

The experimental curve is shifted to the blue of the 

calculated curve for all three temperatures. The shift is 

greater at 2°C. A similar shift had been observed at room 
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temperature for TMV RNA, F2 RNA, R17 RNA,and mixed yeast 

tRNA in the presence of 0.15 M KCl. A blue-shift of the 
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crossover is apparently characteristic of the existence of 

base pairs, The magnitude of the rotation at the peak and 

trough of the experimental curve is different from the calcu

lated curve. Once again, the discrepancy is greater at the 

low temperature. 

From the temperature dependence of the rotation at 

267.5 m\-L we have concluded that there are no base pairs in 

TMV RNA in the presence of 4 x 10-4 M Na+ at 50.8° and 

79.0°C. The nearest-neighbor calculated ORD is close to 

the experimental curve at these temperatures. Clearly, the 

average of the dimers is a better approximatiort of the experi-

mental curve than the average of the monomers. Even at 

79.0°C the magnitude of the experimental rotation and the 

average of the dimers is larger than the average of the 

monomers. Thus, base stacking still exists at this high 

temperature. 

In summary, the ORD of single-strand RNA under conditions 

where it does not contain any base pairs can be calcul~ted 

from the ORD of dinucleoside phosphates with Eq. (5). 

Therefore, under these conditions the molecule has the 

conformation of a singl~-strand helix with stacked bases . 
. 

The relative geometry of the stacked bases is similar to that 

in the dimers at all temperatures. However, the preferr~d 

orientation becomes more random with increasing temperature. 
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Up to now we have directed our attention to the con

formation of single-strand RNA under conditions where it 

does not contain base pairs. At low ionic strength and 

elevated temperatures the ORD of single-strand RNA is equal. 

to the appropriate average of the ORD of the dinucleoside 

phosphates. At lower temperatures and in the presence of 

salt the ORD is different from this average •. The entire 

experimental ORD is shifted approximately 5 m~ to the blue 

of the calculated ORD. The magnitude of the rotation is 

greater at the peak and smaller at the trough than the cal

culated rotations. 

We have already cited evidence for the existence of 

base pairs in single-strand RNA. The geometry of stacked 

bases may be different when they are hydrogen-bonded to 

other bases. Even if they are not different~ there will be 

cross-chain interactions that will affect the ORD. Therefore, 

it is not surprising that we cannot calculate the ORD of RNA 

under conditions where base pairs exist. 

We would now like to show that the difference between 

calculated and experimental ORD of single-strand RNA at low 

temperature is consistent with the expected contribution of 

base palrs to the ORD of RNA. Thus~ we will have further 

evidence for the existence of base pairs in sin~le-strand 

RNA. Then, having shown that optical rotation is sensitive 



91 

to the existence of base pairs, we will explore methods 

for using it to determine the number and nature of the base 

pairs. 

1. Effect of Base Pairs on ORDofRNA 

We wish to show that the difference between the ORD of 

single-strand RNA under conditions where base pairs occur 

and the nearest-neighbor calculation is the result of base 

pairs. For this purpose it is useful to think of the ORD 

of the RNA as the sum of the rotation of the single-strand 

regions and the double-strand regions. Furthermore, let 

us equate the ORD of the double-strand regions to the sum 

of two other ORD curves. The first is the ORDthat the 

residues in the double strand would have if they were part 

of a single- strand' helix, 1. e., the average ORD of the dimers. 

The second is whatever remains of the ORD of double-strand 

RNA after subtracting off the ORD of the residues if they 

were in a single-strand helix. This remainder can be thought 

of as a perturbation on the ORD of the single-strand helix 

caused by the base pairs. We do not want to imply by this 

separation that the relative orientation of neighboring 

bases on the same chain is the same in the single- and 

double-strand helices.. The separation is' made for convenience. 

Now we can see that the observed ORD of RNA under any condi

t:Lons equals the ORD of the single-strand helix plus a 

pcrturbatlon cc".u:;ed by the base pairs. Of course, the pcr

turbation will depend on the number and nature of base pairs. 

We shall show that the observed perturbation is that expected 
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if there are A-U and G-C base pairs present in the RNA. 

This method of identifying the nature of the intramolecular 

aggregation in fu~A at low temperature was suggested by the 

work of Cantor that will be discussed at the end of this 

section. 

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

A-U and G-C. Fresco72 has suggested that the base pairs in 

tRNA and THV RNA are only A-Uand G-C. Therefore, the 

perturbation on the ORD of single-strand RNA caused by base 

pairs should be similar to the. difference between the ORD 

of the replicative form of NS2 RNA123 (RF-MS2 RNA) and the 

calculated ORD· of single-strand ~1S2 RNA. This completely 

double-strand molecule contains nearly an equal number of 

A-U and G-C base pairs. Tnerefore, the MS2 RNA difference 

curve is the perturbation for 100% A-U and G-C base pairing. 

The ORD of RF-MS2 RNA is shown in Figure 21. The ORD 

of single-strand MS2 RNA vihich has been calculated from the 

dimers and monomers at room temperature with Eq. (5) is also 

shown. The difference bet\'leen the two curves is compared 

in Figure 22 Hith the·difference of the ORD of TMV RNA in 

the presence of 0.15 M KCl and in the presence of 10- 4 M Na+ 

at 25°C, pH 7. The calculated rotation for single-strand 

TMV RNA at room temperature has also been subtracted from 

the ORDof Trill[ RNA is a solution of 0.15 M KC1 at 25°C . 

. The re suI tis also shmm in Figure 22. The shape of each of 

the three difference curves is similar. The most prominent 

feature is a positive peak at 267-269 mil. The magnitude of 
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this peak is greater for the MS2 RNA difference curve than 

for the T~W P~A difference curves. Furthermore, the magnitude 

of the TrW R;rA difference curve is greater when the calcu-:-

lated single-strand rotation is subtracted from the ORD of 

TMV RNA in the presence of salt than \'ihen the ORD in the 

presence of 10-4 M Na+ is subtracted. We conclude from 

these observations that the secondary structure of TMV RNA 

in the presence of 0.15 M ~Cl, 2SoC, pH 7, includes A-U and 

G-C base pairs. The effect of decreasing the salt. concen

tration from 0.15 rll K+ to 10-4 M Na + is to decrease the number 

of base pairs. Taking the magnitude of the peak at 268 m~ 

as a measure of the number of base pairs, we estimate that 

TMV RNA at 2SoC is 60% double-stranded in the presence of 

0.15 M KCl a:ld only 10% double-stranded in the presence of 

10-4 M Na+. 

The effect of salt is illustrated better in Figure 23. 

The nearest-neighbor calculated ORD of TMV RNA has been sub-

tractedfrom the experimental ORD of TrlW RNA at four different 

ionic strengths, all measured at 25°C. The magnitude of the 

·peak increases \'lith increasing salt concentration, indicating 

a greater number of A-U and G-C base pairs. 

A similar set of difference curves is obtained if the 

calculated ORD of TMV fu'.J'A is subtracted from the experimental 

ORD of TIvW R:'rA at four different temperatures, all measured 

at the same ionic strength. Changes in temperature appeir 

to have the same effect on the ORD of TlYIV RNA as changes in 

lonlc strcll,,;th. 
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-, ORD of RF-MS2RNA., 0.15 M KCl, 0.01 M phosphate buffer 
minus nearest-neighbor calculation for MS2 RNA. 

The nearest-neighbor calculated ORD for single--strand TMV 
RNA has been subtracted from the following ORD curves: 

ORD of TMV RNA, pH 8, 
. + 

1.0 M. ---, Na = 

, ORD of TMV RNA, pH 8, Na+ = 4 x 10-2 M. 

, ORD of TMV RNA, pH 8, Na+ = 4 x 10-3 M. 

, ORD of Ti'N RNA, pH 8, Na+ = 4 x 10- 4 M. 
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• 
The difference of the experimental ORD at 25°C for 

mixed yeast tRNA in the presence of 0.15 M KCl and the calcu-

lated single-strand ORD is shown in Figure 24 along with the 

MS2 RNA di~ference curve. As with TMV RNA, the perturbation 

on the single-strand ORD is similar to that expected for A-U 

and G...:C pairs. The magnitude of the rotation at the major 

peak is almost identical to that shown in Figure 22 for 

TMV RNA. The other· two RNAs that we investigated, R17 RNA 

and F2 RNA, have difference curves which are quantitatively 

identical to those of TrW RNA and mixed yeast· tRNA. Appar-

ently under identical conditions these single-strand RNAs 

have about the same number of A-U and G-C base pairs. This 

is not surprising since they have similar base compositions, 

approximately equimolar in the four common residues. 

In summary, the differences bet'w'leen the ORD curves of 

single-strand fu'JA and that expected if they have no base 

pairs are similar to the perturbation that would b~ intro

duced by the presence of A-U and G-C base pairs. As expected, 

the number of base pairs appears to increase with increaSing 

ionic strength and decreasing temperature. 

A different method of analysis of the ORDof TMV RNA 

as a function of temperature and ionic strength has provided 

further evidence for this interpretation. Matrix rank 

analysis has been applied by Dr. D. Md'Iullen124 to the entire 

body of data) a total of .sO ORD curves of TMV RNA at different 

temperatures and ionic stren~th. This method of analysis 
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, ORD of RF-MS2 RNA, 0.15 M KC1, 0.01 M phosphate 
buffer, pH 6.9, 26°C, minus nearest-neighbor 

calculation . 
... , ORD of mixed yeast tRNA, 0.15 M KC1,.0.Ol m 

phosphate buffer, pH 6.9, 26°C, minus nearest

neighbor calculation. 
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determines the minimum number of different ORD curves needed 

to describe the data. Only two curves are needed f·or the 

ORD of TMV RITA as a function of temperature and ionic strength. 

In other w'Jrds, any of the measured ORD curves can be equated 

to the vleig.l1ted sum of the same two ORD shapes. The CiS are 

[4>]THV RNA(A,T,fl).= CS(T,fl)(4>]S(i\) 

+ CD(T,fl)[4>]n(i\) (8) 

the weighting factors which are independent of wavelength. 

The ORD shapes are denoted by [4>]s(i\) and [4>]D(i\). 

The fixing of the two shapes is somewhat arbitrary. Any 

of the experimental curves can be taken as one shape. Then 

the other shape is determined by matrix rank analysis. The 

analysis showed that the ratio Cs(T,fl)/Cn(T,fl) is independent 

of temperature for each ionic strength at sufficiently high 

temperatures. This indicates that the shape of the measured 

ORD curves is the same in this temperature range. This shape 

turns out to be similar for each ionic strength and also . 

similar to the shape of the ORD curve calculated from the 

dinucleoside phosphates at room te~perature. 

A second shape, D, was. calculated from the data taking 

the common shape observed at high temperature as the first 

curve, S. This other shape, which has been c§ilculated ijith-

out any ·assumptions regarding the nature of the secondary 

structure, turns out to be nearly identical with the experi

mental ORD of double-strand MS2 RNA. This latter curve is 
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shown again in Figure 25. The ORD curve D~ which is also 

shown, has been normalized to the RF-MS2 RNA curve. The 

agreement is excellent. In fitting the entire body of data 

with the two curves, S and D~ it is found that increasing 

amounts of the second shape are needed with increasing ionic 

strength and decreasing temperature. 

The interpretation of these observations is that there· 

are two average environments for the bases in TMV RNA that 

have different optical rotation properties. The first is 

the environment experienced by a base that is part of a 

single-strand helix where the bases are stacked as they are 

in the dimers but not hydrogen-bonded to other bases. The 

other environment is that experienced. by a base that is p·art 

of a helical region of A-U and G-C base pairs. 

The single-strand helix environment does result in a 

constant ORD shape. The shape of the ORD for stacked bases 

is independent of ionic strength and temperature. We have 

already cited evidence for the former. Evidence for the 

latter comes from a comparison of the calculated ORD curves 

for TMV RNA as a function of temperature. The curves differ 

from each other only by a multiplicative constant. The cross

over shifts 3mI-L between 2° and 90°C. The nearest-neighbor 

calculated ORD of TMV RNA is shown in Figure 26 for several 

temperatures. 

The optical properties of hydrogen-bonded complexes ·of 

nucleic acids are usually independent of ionic strength and 

temperature below the helix-coil transition region. 4l The 
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.. 

(Taken from McMullen, Jaskunas, and 'l'inoco .124) . 
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Figure 26. The nearest-neighbor calculated ORD 

of TMV RNA as a function of temperature. 
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fact that the optical rotation of this second environment 

is nearly the same as the ORD of a double-strand RNA is 

evidence that similar helical regions of A-U and G-C base 

pairs exist in TMV RNA. 

2. Percent Double Strand in TMV RNA = 

We have just shown that the optical rotation of single

strand RNAs is sensitive to the existence of base pairs. It 

is of great interest to see if that sensitivity can be used 

to determine the number and nature of base pairs in single-

strand RNA. 

Methods have been developed for applying the ultraviolet 

spectral properties of RNA toward determining the number 'of 

base pairs in single-strand RNAs. 72 ,88,89,125,126 The methods 

have all involved fitting an experimental spectrum to a sum 

of two spectra which are representative of A-U and G-C pase 

pairs. The two library spectra are normalized with respect 

to the number of base pairs that they represent. Thus, the 

number or fraction of base pairs present in an RNA can be 

. determined. Optical rotation data maybe better for this 

purpose than absorption data because of its greater sensitivity 

to the existence of base pairs. The major advantage of 

optical rotation data, however, is its sens,tivity to sequence. 

Thus, it might be useful in determining precisely which 

residues in a tRNA are h.ydrogen-bonded to wllich other residues. 

We shall return to this possibility later. 
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124 . . . 
Dr. D. McMUllen has calculated the fraction of double 

strand in TMV RNA as a function of temperature and ionic 

strength by fitting the observed ORD to the sum of two appro

priately normalized library ORD curves. The two library 

curves were those which had been found by the methods of 

matrix rank analysis, Sand D. The first curve is represen-

tative of the single-strand stacked conformation and the 

second is proportional to the rotation of an average helical 

region of A-U and G-C base pairs. He has shown that any of 

the experimental ORb curves is the appropriate sum of these 

two curves. The structure of TMV RNA can thus be described 

as an equilibrium between double-strand and single-strand 

regions. The position of the equilibrium depends on the 

temperature and ionic strength and is reflected in the value 

of the-weighting factors. 

With this model in mind, Eq. (8) can be rewritten as 

follows: 

[<I>]TMV RNA (A,T,I-L) = fS(T,I-L)[s(T)·SJ + fD(T,I-L)[d·P] 
(9) 

The functional dependence of Sand D on wavelength is und~r

stood. The fraction of residues in a single-strand and double

strand region are denoted by fS(T,I-L) and fD(T,I-L). The constant 

d is a normalization factor making the ORD c'urve, d·D, the 

molar rotation per residue of a 100,% helical region of A-U 

and G-C base pairs. This normalized rotation is independent 

of temperature and ionic stre,ngth. By' contrast, the rotation· 
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of the single-strand conformation does depend on temperature. 

As mentioned before, at sufficiently high temperatures the 

shape of the ORD of TMV RNA is that expected for a single-

strand molecule containing no base pairs. The shape does 

not change with further increases in the temperature but the 

magnitude of the rotation qecreases. In this temperature 

region the molecule is probably 100% single-stranded. The 

decrease in the rotation is merely the temperature dependence 

of the optical rotation of stacked bases. The functions(T) 

provides the temperature dependence of the single-strand 

regions. 

The nearest~neighbor calculated ORD of TMV RNA as a 

function of temperature has been used to determine the 

function s(T). As indicated in Figures 15-17 the calculated 

rotation does predict the form of the temperature dependence 

very well. 

The constant d is found by making suitable use of the 

wavelengths for which the rotation of the single-strand or 

double-strand regions is zero. As it turns out, the product 

d·D is an ORD curve which is equivalent to the experimental 

ORD of double-strand MS2 RNA. 

The fraction of residues in the double strand can now 

be calculated as a function of temperature from Eq. (9) and 
. 

the fact that the sum of the fractions of doub1e- and single-

strand residues is unity. The results are shown in Figure 27 

for each of the four ionic strengths that were employed. At 

o 10-2 + t. 25 C and in a solution containing 4 x M Na , the frac lon 
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of residues in TMV RNA that are base-paired is approximately 

50%. This is consi~tent \'1i th other estimates of the percent 

double strand in TrW RNA. 77 

3. The Number and Nature of Base Pairs in tRNA 

Attempts have been made by Cantor36 ,105 to employ 

optical rotation data in determining the base pairing patte~n 

in the alanine tRNA from yeast. The general method is to com-

pare the calculated rotation of possible structures With the 

measured rotation of the molecule. Ideally the two ORD curves 

will coincide only when the correct structure is chosen. 

A reasonable pattern of base pairing has been constructed 

from the se~ence of bases in the polynucleotide. The 

criteria of reasonableness is a maximum amount of base 

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

in tRl'JA I 36,105 is similar to that shown in Figure 1. The 
a a 

. difference is that Cantor has postulated a few more base 

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

by forming some base pairs between the residues which are in 

the loops. 

The optical rotation of this structure has been calculated 

using tvlO curves which represent the perturbat ions of an A-U 

and G-C base pair on the rotation of a single-strand helix 

with stacked bases. Thus J the expectedORD is the sum ~f 

the curve calculated from the dimers [~]SS and the pertur-

battons introduced by the presence of base pairs. 
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(10) 

The perturbations of an A-U and G-C base pairs in units of 

molar rotation per base pair are PAU and PGC ' respectively. 

The mole fractions of bases in A-U and G-C pairs are XAU and 

XGC ' respectively. 

The optical rotation curves representating the pertur

bations have been determ'ined from the ORD of poly (A+U)103. 

and poly (G+c).130 

![<t>] 
2.. poly U (lla) 

(lIb) 

The ORD curves·of polyA,57 poly U,l03 and poly. C that were 

used were measured at 25°C under conditions where the poly-

nucleotides are single-stranded. The ORDof single-strand 

poly G was calculated with Eq. (7) using the caltulated ORD 

of GpG. The average of the two perturbations is compared 

in Figure 28 with the difference between the double- and 

single-strands ORD of MS2 RNA. The difference curve for MS2 

RNA is the same one shown in Figures 22-24. It is an average 

perturbation on single-strand rotation caused by A-U and G-C 

base pairs. This average perturbation does not have the 

double peak that is exhibited by the average perturbati?n 

calculated from the homopolymers. However, the two curves are 

otherwise quite similar in shape. Therefore, the perturbation 

calculated from the homopolymers will give reasonable estimates 
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Figure 28. Perturbation on ORD of single-strand RNA 

due to A-U and G-C base pairs. (Taken from Cantor, 

Jaskunas, and Tinoco. 36 ) 

--, ORD RF-MS2 RNA, 0.15 M KCl., 0.01 M phosphate 

buffer minus nearest-neighbor calculation for 

ORD of single-strand MS2 RNA. 
" . " ORD of poly (A+U)103 minus ORD of P91y A 57 

minus ORDof poly U103 plusORD of poly (G+C)130 

minus ORD of poly C minus calculated ORD of 
poly G. I05 
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of the contribution of A-U and G-C pairs to the rotation of 

single strands. 

To calculate the G-C difference curve, Cantor36 used the 

ORD of poly (G+C)130 as measured by Sarkar and Yang. Recently, 

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

Swan, and Michelsonl04 has been reported. The two measure-

ments are different. The two complexes have also been pre-. 

pared differently which might be the source of their ORD 

differences. The poly (G+C) used by Sarkar and Yang was 

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

Ulbrich et al. l06 mixed poly C and poly G to obtain the 1:1 

complex. The use of the ORD of the latter poly (G+C) to 

determine the G-C difference would not affect any of the 

results, however. 

The ORD of alanine tRNA as measured by SCheraga89 is 

given in Figure 29. The measurement was made at room tempera

ture in a solution containing 0.15 MKCl, 0.1 M phosphate 

buffer, pH 6.83. The calculated ORD curves of alanine tRNA 

are shown for a completely single-strand structure containing 

no base pairs and for one which has 7 A-U and 19 G-C base 

pairs. 36 The calculated rotation ofa structure containing 

base pairs compares more favorably with the experimental curve. 

This method of calculating the ORD of an RNA containing 

regions of single- and double-strand would' be rigorous1~ 

valid if th~ rotation of the stacked bases due to intrachain 

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

the single-strand helix. Furthermore, the only cross~chain 
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Figure 29. ORD of yeast alanine tRNA. (Taken from Cantor, 

Jaskunas, and Tinoco. 36 ) 
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, Calculation for structure contg.ining 7 A-U and 

19 G-C base pairs. 
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interactions which are important would have to be between 

the bases \'ihich are actually base-paired. 

The geometry of the stacked bases in the double-strand 

helix may not be the same as for the single-strand helix 

at 25°C. Even if the average geometries are the same, the 

time spent in that geometry is surely different. The rotation 

of a fully stacked single-strand helix is probably a better 

estimate of the rotation due to intrachain interactions in 

the double-strand helix. Single-strand helices would only 

have such a structure at very low temperatures. The dimer 

ApA is 100% stacked at -70°C in a solution of 7 M LiCl. 60 

Unfortunately the ORD of the single-strand helices of· poly A, 

poly U, and poly C have not been measured under such condi

tions. The perturbation calculation is also not entirely 

valid because diagonal interactions between the chains are 

probably important. We shall return to this point lat~r. 

Even if these arguments were wrong, the G-C perturbation 

is probably inaccurate because of the questionable validity 

of the ORD of poly G that ·VlaS used. Other inaccuracies 

were obviously introduced into the calcula~ion by approxi

mating the rotation of single-strand dimers involving odd 

bases with the rotation of one of the 16 common dimers. 

The error in calculating the rotation of the double-strand 

regions,. however, ~s probably greater than the error intro

duced with these approximations. 
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In conclusion, we cannot say whether the base-paired 

structure for which the ORD was calculated is correct. 

However, it seems clear that alanine tRNA under the conditions 

of the measurement is not completely si~gle-stranded. Its 

secondary structure involves some A-U and G-C base pairs. 

The same calculation of the ORD of yeast alanine tRNA 

was repeated for other patterns of base pairing. 36 ,105 Th~ 

agreement with experiment is not as good as shown in Figure 

29. The difference between calculated ORD curves for 
., 

structures that only differ by a few base pairs is greater 

than the uncertainty in the measurement. This gives us hope 

that the secondary structure of tRNAcan be determined if 

we use a better library for the rotation of double strands. 

Both intrachain and interchain interactions are important 

for the optical rotation of double strands. Actually there 

Will be no contribution to the rotation from interactions 

between the bases that are hyd~ogen-bonded if the base pair 

is planar. That is because the rotational strength is 

proportional to i o (u I X U II) .'58 The u I s are transition 

moments that are in the plane of each of the bases. If the 

base pair is planar, then the cross product of the transition 

moments is perpendicular to that plane. -+ 
The vector R joins 

the two transition moments and is in the plane of the base 

pair. Thus, the dot product is zero for planar base pairs. 

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

98 pair js not planar. The bases which.are hydrogen-bonded 
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are rotated a few degrees with respect to one another 

giving the base pair a propeller-like structure. For such 

a structure there can be a net rotational strength due to 

interacti9ns between hydrogen-bonded bases. 

Nearest~neighbor effects were found to be the most 

important for the optical rotation of a single-strand helix 

with stacked bases. If ,we think of the double-strand helix 

as stacks of base pairs, then we might expect that the only 

important interactions will be between base pairs that are 

adjacent. For Watson-Crick base pairs between anti

parallel strands, there are 10 distinct arrangements of 

stacked base pairs. 32 These are illustrated schematically 

in Figure 30. 

1 2 3 

A-U A-U U-A 
f 1 f ! T ! 
A-u U-A A-U 

" 4 5 6 

G-C G-C C-G 
f ! f ! f 1 
G-C C-G G--C 

7 8 9 10 
A~U G-C A-U C-G 
f ! f ! f ! T 1 
G-C A-U C-G A-U 

Figure 30. The Ten Distinct Double-Strand Interactions. 
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The ORD of each of these base~paired di~ers may be as 

different as the ORD of the sixteen dinucleoside phosphates. 

Some evidence of this is seen in the ORD of poly (A+U)103 

and poly rAU that are shown in Figure 31. The latter 

compound has an alternating sequence of A and U residues. 132 

It exists as a stable ordered complex under the conditions 

of the measurement. Presumably it is a douole-strand helix· 

of A-U base pairs that is similar to the poly (A+U) complex. 

The optical rotation of poly (A+U) is a measure of the ORD 

of the first double-strand interaction in FigLire 30. The 

ORD of poly rAU reflects the average of the ORD of double-

strand interactions 2 and 3. The ORD of the two complexes 

of A-U base pairs are strikingly different. 

If we knew the ORD of each of the 10 base-paired dimers 

in Figure 30: then we could calculate the ORD of double-

strand RNA in the same way that the ORD of single-strand 

RNA is calculated. 36 

(12) 

The molar rotation per residue·of the base paired dimer 

IpJ·and its antiparallel complement is ~CP~j]' The molar 

rotation per residue of a single base pair is (cprJ. For 

planar base pairs this will be the sum of the ORD Of the 

monomers. Xij and Xi are the mole fractions of dimer IpJ 

and monomer I. The summations are carried out over the 

sequence of only one of the two strands. Either strand can 

be used. 
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Assuming the optical rotation of double- and single

strand regions in tRNA could be calculated accurately., we 

might expect to be able to determine the base pairing 

arrangemen~-by comparing the calculated ORO of possible 

structures \'lith the experimental ORD. At the present time 

we cannot calculate the rotation of the double-strand 

regions since the ORD of only a few of the base-pairedc:limers 

in Figure 30 is known. The ORD of numbers I and 4 can be 

obtained fro~ the optical rotation of poly (A+U) and poly 

(G+C L 'respectively. Furthermore., the ORD of poly rAU is 

a measure of the average ORD for interactions 2 and 3. The 

others are not known. In addition there is the problem of 

calculating the ORD of the single-strand regions in tRNA 

containing odd bases. The'ORD of dinucleoside phosphates 

containing odd bases have not been reported. 

Both of these problems appear t6 be solvable. In the 

latte~ half of this dissertation we shall discuss pos~ible 

methods of deter~ining the ORD of the base-paired dimers. 

Mr. C. Formoso in our laboratory is working on the problem of 

measuring the ORD of dimers containing the odd bases. 

However., once this information is available there will 

,still be problems in determinihg the secondary structure of 

tRNA. \'Ie have tacitly assumed that the only base pairs in 

tRNA are for~ed betweenantiparallel chains and are anafogous 
'. 

to those in DNA. Without the rigid constrains of an 

infinitely long double helix we expect that other base-pairing 

arrangements are important. Indeed., many non-tVatson-Crick 
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base pairs and base triplets (three-stranded complexes) 

have been observed with various model compounds. 110 Experi

ments and calculations will be presented later which will 

poitit out the importance of considering the possibility 

of triple-strand regions. They may be very important in 

establishing a precise three-dimensional structure for tRNA. 

One other possible element of secondary structure in 
68 single-strand RNA is intercalation. Chan et ale have shown 

that purine intercalates between the bases of TpT. They 

have made similar observations in mor~ extensive studies of 

133 the phenomenon. Although it has not been demonstrated 

that intercalation occurs in structures of RNA, the possi-

bility should not be dismissed. 

Summary 

The basic conclusion of the experiments that have been 

described is that base stacking is an .important determinant 

of the secondary structure of single-strand RNA. Under 

conditions th~t are unfavorable for intramolecular double 

strands the ORD of Single-strand RNA is that expected for 

stacked bases. We have concluded from this that the bases 

in single-strand regions of RNA are stacked. Furthermore, 

at any temperature the geometry of the stadking is Similar 

to that of the dinucleoside phosphates at the same temperature. 

The orientation of the bases become more random with 

increasing temperature. However, even at 90°C the bases do 

not have a totally random conformation., 
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Under conditions which are favorable for intramolecular 

double strands the ORD of single-strand RNA is not that 

expected for stacked bases. The difference is consistent 

with the p~esence of double-strand regions of A-U and G-C 

base pairs. In particular~ the ORD of tRNA is consistent 

with the presence of A~U and G-C base pairs. 

Methods have been discussed for exploiting the sen$i- . 

tivity of optical rotation to base pairs in order to determine 

the number and nature of base pairs in single-strand RNA. 

The percent double strand in TMV RNA as a function of 

temperature and ionic strength was determined by fitting the 

experimental curves to a sum of two curves representing 

single-strand and double-strand RNA. The possibility of 

determining the structure of a tRNA by comparing its ORD with 

calculated curves for possible structures was discussed. At 

the present time~ we cannot calculate the ORD of double-strand 

RNA as a function of sequence with the same certainty that 

. we can for single-strand RNA. Therefore, we cannot reliably' 

test possible structures. The minimum information needed to 

do this includes the ORD of 10 base-paired dimers that are 

formed by DNA-like double-strand RNA. 
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Base pairing and base stacking are important elements 

of the secondary structure of tRNA. Evidence was presented' 

in Part I suggesting that the bases in the single-strand 

regions of·tRNA are stacked. The relative geometry of 

neighboring bases appears to be similar to the geometry of 

the bases in dinucleoside phosphates. On the average J they 

are probably stacked perpendicular to the single-strand 

helix axis. 

We would now like to direct our attention to the base 

pairs in tRNA. Several kinds of evidence point to their 

. t l2 J 90 J 126 eX1S ence. . Optical rotation experiments were 

described in Part I that are consistent with the existence 

of A-U and G-C base pairs. Other observations indicate the 

. 88 125 base pairs are organized into several short helical reglons. .J 

More specific information is needed, however, if we are to 

understand how the biological activity of tRNA molecules is 

dependent ona correct three-dimensional struct~re.12 We 

must knm·j vlhich bases are hydrogen-bonded to which other 

bases. 

A base-pairing pattern resembling a clover-leaf has been 

suggested as a possible model of the base pairing in tRNA 

molecules.16J20-22 In this model the polynucleotide chain 
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folds back upon itself forming loops that are held together 

by A-U and G-C base' pairs. Each molecule may contain 

several loops. An example of this structure is shown in 

'Figure 1 (page 3). for yeast alanine tRNA. 

The radius of gyration of mixed yeast tRNA, as determined 

by low-angle x-ray scattering, is consistent with the clover

leaf model. lOO The relative susceptibility of guanosine 

residues in tRNA to attack by Tl ribonucleose is also con

sistent with the model. Perhaps, the best evidence for the 

model is that a reasonable clover-leaf pattern of base pairs 

can be constructed for each of the tRNA molecules whose 

sequence is known. 16 ,20-22 

We are interested in finding more direct evidence for 

the existence of loops that are formed by 6nly a few base 

pairs. In particular, are these short regions of base pairs 

.sufficiently stable to endow the tRNA molecule with a unique 

secondary structure? The question can be tentatively answered 

if we know the equilibrium constant for the association of 

complementary oligoribonucleotides. The stability of a loop 

can then be estimated by taking into account the effect of 

tying the oli gomers together. 

We are also interested in developing a method to deter

mine precisely which residues are base-paired to which other 

residues. Ive have seen that the ORD of molecu1es containing 

base p:"lil~s is sellsi tive to the number and sequence of 

residues that are base-paired. The work described in this 

part was undertaken wi·th the intention of determining the 
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ORD of the ten base-paired dimers in Figure 31 (page 116). 

Using these curves as a library, we expect to be able to 

calculate que.nti tatively the ORD of double-strand regions 

in RNA as e. function of chain length and sequence. 

Cantor did not observe any specific interaction between 

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

molecular aggregation. 105,134 The highest total concentration 

of residues that he used was 5 x 10-3 M. We cannot conven-

iently measure the ORD of nucleotide solutions with a much 

higher concerltration. Therefore, it does not seem possible, 

at this time, to measure the ORD of base-paired dimers 

directly. 

However, we can still determine the ORD of base-paired 

dimers· by measuring the ORD of complexes of longer molecules 

of known sequence. Therefore, we have attempted to study 

complexes that form in aqueous solution between trinucleoside 

diphosphates (trimers) and tetranucleoside triphosphates 

(tetramers). Regions of base pairs in tRNA, in general, are 

presumed to only contain Watson-Crick base pairs, A-U and 

G-C, _ that form betvleen antiparallelchains. 88,16,20-22 Thus, 

at present we have directed our attention to complexes of 

this type. 

Complexes of trimers are especially interesting because 

of their close analogy to the source -of specificity for the 

interaction of tRNA with the mRNA-ribosome complex. The 

specificity is presumably the result of base pairs that form 

between a specific triplet of the tRNA and a complementary 
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trimer on the mRNA. 7 If the ribosome does not in anyway 

affect the binding of the tRNA to its codon then the equil-

ibrium constant for a complex of complementary trimers 

should be the same as for the interaction of tRNA and mRNA. 

A site for the unspecific binding of tRNA molecules to the 

ribosome has been suggested. 135 Such binding would increase 

the equilibrium constant for the interaction of codon and 

anti-codon as compared to trimers that are free in solution. 

It would not affect the specificlty~ however. 

ORD has been used to detect the existence of complexes 

of complementary oligomers. The ORD of each of the oligomers 

is first measured separately under identical conditions. The 

oligomers are mixed in a 1:1 mole ratio and the ORD of the 

mixture is compared with the sum of each measured separately. 

The change that will accompany base-pair formation can be 

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

on theORD of single strands. 36 In genera1 7 the formation 

of the base pairs will shift the peak, trough~ and crossover 

to shorter wavelengths. For trimers~ this shift may be 

5-10 m~. The magnitude of the rotation at the peak should 

also increase. We, therefore~ expect to be able to detect 

a complex of only 10% of the trimers. 

Conditions have been chosen that will favor complex 

formation. These include low temperature~ high concent~ation 

of nucleotide: and high ionic strength. Magnesium ions 

frequently result in the formation of triple strands. 136 ,137 

Double strands are more likely to form in the absence of 
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magnesium. The experiments to be described have generally 

been done in both the presence and absence of magnesium ions. 

These same conditions are also optimum for self

aggregation. It is important to detect these complexes 

because they may prevent the formation of the complementary 

complex. They are also int-eresting because they may be 

indicativ~ of non-Watson-Crick base pairs. Self-aggregatiori 

can be detected in the usual way by studying the rotation of 

the oligomers as a function of concentration. More simply, 

we can compare the measured ORDwith the nearest-n~ighbor 

calculation for an unaggregated 01igOmer. 35 Both methods 

have been employed. 

Materials and Methods --
Oligomers of known sequence and chain length can be 

prepared by several different methods. 138,139 The trimers 

used in this study were prepared by specific enzymatic 

cleavage of RNA or by synthesis with primer-dependent poly

nucleotide phosphorylase from Micrococcus -lysodeikticus. 

Only recently it has become possible to purchase oligo

ribonucleotides with a chain length greater than two. The 

tetramers ApApApA and UpUpUpU that were used in our studies 

were purchased from Miles Laboratories. A two-dimensi'onal 

map as described below indicated that the compounds were 

homogeneous, so they were used without further purificati6n. 
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1. Preparation of Oligomers by Specific 

Hydrolysis of RNA 

This general method has been used previously in this 
. ?f) .. 

laboratory. We have made modifications in the procedure 

that have resulted in higher yields and greater convenience. 

The procedure described here has been used routinely to 

isolate the trimers and tetramers that can be obtairied from 

RNA by specific enzymatic hydrolysis. 

a. ~re£aration of E~oli RNA 

As a source of RNA for specific enzymatic hydrolysis 7 

we have used a high molecular weight RNA from E. coli. The 

method of preparation, which is described in detail below, 

was suggested by Dr. S. Mandeles. He credits Tissieres 
140 . 

at ale as the original source of the basic procedure. 

The RNA is primarily ribosomal. Dr. Mandeles has informed 

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

refer to it as E.coli RNA. ------
i. Materials. -- Frozen E. coli cells} strain W7 ------. 

h~rvested in the late log phase} were obtained from General 

Biochemicals ~hagrin Falls} Ohio). 

Deoxyribonuclease I (3.1.4.5) was obtained from 

Worthington Biochemical Corporation (Freehold 7 New Jersey). 

We have always used the electrophoretically purified enzyme, 

code DPFF, which presumably contains no trace of ribonuclease 

activity. 
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The standard buffer contained in 1 liter, 10 ml of 1 M 

magnesium acetate, 10 ml of 1 M Tris-HCl, pH 7-8, 0.39 ml of 

1 M 2-mercaptoethanol, and 2.7 g of ammonium chloride. 

Mallinckrodt Chromatographic Grade phenol, containing 

88% phenol, 12% H20, and no preservative, has been used 

routinely. Generally, the liquid, as supplied by the manu--

facturer, \';as colorless. If the liquid had any trace of 

yellow or brown color it was distilled before use. 

We have received generous gifts of bentonite from 

Dr. Mandeles. It has been prepared according to the procedure 
141 of Fraenkel-Conratet al. The crude bentonite may be 

obtained from the International Minerals and Chemical 

Corporation (Skokie, Illinois). 

Macaloid has been obtained from the Baroid Division of 

the National Lead Company (Houston, Texas). It has been 
.. 142 prepared as described by Mande1es and· Bruenlng .. 

ii. Rupture of E. coIl Cells.-- The procedure to be 

described is for 10 g of frozen cells. We generally worked 

up four 10 g batches at once. This supplied enough RNA for 

the hydrolysis procedure that will .be described later. 

Ten grams of frozen E. coli were ruptured by forceful 

grinding with 25 g of alumina. The grinding was done in the 

cold room at 4°C until the mixture was pasty, approximately 

15 minutes. A precooled mortar and pestle were used. The 

ultimate yield of fu~A was primarily dependent on the vigor 

of the grinding. In wo~king up 40 g of cells we have found 

that it is better to do the grinding in four 10 g batches 



than in one 40 g batch. In either case, an hour of hard 

work must be done in the cold room. Because of the' dis-
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tastfulness of this, we. suggest that other methods of breaking 

open the cells be considered. Perhaps it could be done by 

homogenization in a blendor with glass beads. 

Fiveml of standard buffer were added to every 10 g 

of cells. After mixing well, 0.1 mg of deoxyribonuclease 

was added. A volume of standard buffer that equals the 

volume of the entire mixture, approximately 35 ml was added. 

The mixture was allowed to stand at room temperature for 

15 minutes and was then centrifuges for 10 minutes at 15,000 

RPM. The residue was discarded and the supernatant was taken 

for the RNA extraction. 

iii. RNA Extraction.-- Unless otherwise indicated, 

the ~mount of reagenti added will be per 50 ml of supernatant. 

Step 1. A 2.5 ml volume of 20% sodium dodecyl sulfate 

(SDS) and 1 teaspoon of the Macaloid preparation was added. 

The mixture was heated at 30°C fo:),:, 1 minute. and immediately 

cooled to 4°C in an ice bath while stirring. Cold 2 M 

Tris-HCl, PH 7.45,' was added while the solution was cooling 

until the final concentratiori of Tris-HCl in the solution 

was 0.1 M. When the temperature of the solution reached 4°C, 

50 ml of cold 80% phenol was added. The solution was stirred 

continuously for 10 minutes and then centrifuged for 10 

minutes at 1 or 2 thousand rpm. The Macaloid was at the 

interface. 
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Step 2. The upper layer (aqueous layer) was withdrawn 

with a suction pipet and kept cold in an ice bucket'. Approx

imately 1 mg (4 ml) of Bentonite was stirred in .. One teaspoon 

of Macaloid and 50 ml of cold 80% phenol were added. The 

stirring was continued for 10 minutes in the ice bath and 

the mixture was centrifuged again at 1 or 2 thousand RPM for 

10 minutes. The Bentonite stays in the aqueous layer, which 

gave the solution a cloudy appearance. 

Step 3. The upper layer was withdrawn. One teaspoon 

of Macaloid and 50 ml of cold 80% phenol were added. Stirring 

was continued for 10 minutes in the ice bath and the mixture 

was centrifuged at 1 or 2 tho~sand RPM for 10 minutes. 

Step 4. Dissolved phenol was removed from the aqueous 

layer by extraction with a volume of cold anhydrous ether 

equal to the total volume of the solution. The aqueous layer 

(lower layer) was saved. The extraction viaS repeated ·two 

more times fora total of three extractions. Excess ether 

was removed by evaporation under the reduced pressure 

de~eloped by an aspirator until the odor of ether could no 

longer be detected. The process was speeded up if the 

solution was stirred. Even so, it took an hour or more. 

Step 5. The solution was buffered by adding a volume 

of 1 M acetate buffer, pH 5, that equaled 1/5 the total 

volume of the solution. The buffer VIas prepared by titrating 

1 1\1 potassium acetate with glacial acetic acid to pH 5. The 

RNA was precipitated by adding a volume of cold 95% ethanol' 
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that equaled three times the total volume of the solu.tion. 

The addition of ethanol was made while the solution was 

being stirred in an ice bath. The stirring was continued for 

30 minutes· and/the solution \'las allowed to sit in the ice 

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

sit in the refrigerator overnight. 

Step 6. The RNA precipitate was recovered by centrifu

gation at 12,000 RPM for 30 minutes. The supernatant was dis

carded. The precipitate was taken up in H20 or an appro

priate buffer and recentrifuged at 12,000 RPM for 30 minutes. 

The Bentonite remained at the bottom as a fluffy translucent 

precipitate. The RNA solution was decanted. Since the RNA 

was subsequently used in an enzymatic hydrolysis, special 

care was taken to see that no Bentonite got into the RNA 

solution. . "More than one centrifugation was frequently 

necessary. The concentration of RNA was determined using an 

extinction coefficient of 25 optical density units at 260 m~ 

per mg of RNA. 

The RNA can be prepared ahead of time. However, -the 

Bentonite should not be removed until immediately before use. 

The solution should be stored frozen until the Bentonite is 

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

i. Hydrolysis.-- In a typical preparation, 300 mg of 

E. coli RN~ (4 mg/ml) was incubated with 30 mg of Worthington 

pancreatic ribonuclease (2.7.7.6), code R, at 40°C. The pH 

was adjusted to 7.5 and the reaction was followed to 

completion by adding 0.5 N KOH in order to keep the pH 

constant. The titration was done with a Radiometer TTT-l 

Titrimeter. At the completion of the reaction, the pH was 

adjusted to 8 with KOH and 6 mg of Worthington E. coli 

alkaline phosphatase (3.1.3.1), code BAPC, was added. 

Incubation was continued for 3 hours at 37°C. The solution 

Was then lyophilized to dryness and redissolved in a small 

volume of 7 N urea., 0.01 M Tris-Hel, pH. 7.5. 

A white precipitate usually formed when the phosphatase 

was added. Incubation of the precipitate with 0.1 N NaOH 

released nucleotides into the solution. Thus, the precipitate 

contained some RNA.' However, the incubations were repeated 

until no more nucleotides VIere released, and a white pre

cipitate still remained,. The nature of this precipitate is 

not known. 

11. Ion-Exchange Column Chromatography.-- The sample 

was applied to a DEAE.Sephadex A-25 column (2.5 x 90 cm) .. 

The oligomers were separated according to chain length143 by 

elution with a linear gradient from 7 M urea, 0.01 M Tris-CI, 
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pH 7.5, to 7 M NaCl, 0.01 M Tris-Cl, pH 7.5, in 15 liters. 

The flovl rate was 100 ml/hr. 20 ml fractions were collected. 

The trimer fraction was diluted to 5 times its original 

volume vIi ttl distilled water and washed onto a Dowex AOI x 2 

column (1. 5 x 80 cm). The column was washed with several 

volumes of 10-3 M HCl. A linear pH gradient was run from 

10-3 M HCl to 10- 2 M HCl, in 1 liter. The flow rate was 

40 ml/hr, and 10 ml fractions were collected. Trimer ApApC 

came off at the end of the gradient. The others came off in 

-2 2 a subsequent linear salt gradient from 10 M HCl to 10- M 

HCl, 0.4 M NaCl, in 2 liters. The order of appearance was 

the same as for the chromatography of trinucleotides by 
144 . 

Rushizky and Sober on DEAE cellulose. Trimers ApGpC and 

GpApC were not resolved but ApGpU and GpApU were. 

The trinucleotide GpGpCp was prepared by a similar 

procedure as described above. The alkaline phosphatase 

treatment was not done. The pH gradient for the Dowex column 

was eliminated. The salt gradient for this column was from 

7 M urea, HCl, pH 3, to 7 fiT urea, 0.3 M NaCl, HCl, pH 3, in 

three liters. 

We have also prepared dephosphorylatedpancreatic 

tetramers by the same procedure. The Dowex column was run 

the way it was for GpGpCp. In order to identify the peaks, 

aliquots were hydrolyzed to completion with 0.1 N KOH. The 

monomers were separated by electrophoresis on Whatmann 3 mm 

paper at pH 3.5. Quantitative identification of the spots 

was made spectrophotometrically. The order of· appearance 
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of the tetramers was the same as observed by Rushizky and 
144 Sober. However, our resolution was better. The sequence 

isomer peaks for (ApGpGp)C, (ApApGp)U, and (ApGpGp)U were 

cleanly resolved into doublets. The base sequence of the 

tetramers in these peaks cannot be determined by the alkaline 

hydrolysis procedure. Since we were interested in the 

GpGpGpC and GpGpGpU peaks, no further efforts were made to . 

identify these peaks. Since the sequence isomer peaks were 

resolved into doublets instead of triplets, we know that two 

of the isomers in each case have the same charge, which is 

slightly different from the third isomer. This can probably 

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

charge .. 

c. Desalting Procedures 

The salt has generally been removed from the oligomer 
. . 145 

fractions by the charcoal method of Mandeles and Kamen. 

The solution to be desalted wa$ acidified with a few drops 

of glacial acetic acid. Then 5 mgofacid·washed Norit A 

(100 mg/ml in 0.01 M p~osphate, 0.01 M pyrophosphate, pH 6.2) 

was added per O.D. unit. After standing for 1 minute, the 

solution was filtered through the 47 mm diameter type A 

glass fiber filters made by Gelman Instrument Company, (Ann 

Ar.bor, Michigan). The filter was held with theMillipore 

(Bedford, fvIassachusetts) pyrex filter holder. All filtrations 

were done with the aid of an aspirator. The charcoal was 

rinsed with five 20 ml fractions of H20. The nucleotide 

material was eluted from the charcoal with 300 ml of cold 
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60% ethanol: 40% 0.1 M NH3 . In order to keep the charcoal 

out of the filtrate, it was imperative that the charcoal 

was not allovledto go to dryness before all 300 ml of the 

solvent had gone through. If it did, then subsequent .addition 

of the solvent alvvays carried through some charcoal in the 

first few drops. The volume of the ethanol-ammonium filtrate, 

containing the nucleotide material, was reduced to 5 ml or . 

less with a rotary evaporator. The temperature in the water 

bath was kept near 40°C. The resulting solution was nearly 

always dark. The color was removed by filtering through 

Millipore HAHP cellulose filters. The solution was then 

lyophilized to dryness and the salt-free oligomer was stored 

at -10°C until needed. 

We have never been entirely satisfied with the charcoal 

method of desalting nucleotides. Only 50% of the starting 

nucleotide material could generally be recovered. The yield 

would be higher if it was not necessary to remove the 

charcoal at the end by filtering through the cellulose 

filters. Clearly, the charcoal which is retained by the 

filter J adsorbs some of' the nucleotide material. We tried 

adding more of the ethanol-ammonia solvent to the concentrated 

nucleotide sample" and refiltering through the glass filt.ers. 

But that did not remove all of the charcoal. The ethanol

ammonia solvent cannot be filtered through the cellulose 

filters because it elutes a W absorption impurity out of the 

filter. The charcoal appeared to get into the original ethanol

ammonia filtrate only during the first few drops of the elution. 
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Mandeles and Kamen145 did not find it necessary to filter 

the aqueous nucleotide solution containing charcoal" impurity 

through cellulose filters. Thus, their yields, approximately 

75%, are better than ours. 

The maximum starting amount of oligomer that should be 

desalted with the charcoal procedure described above is 50 

O.D. units. On one occasion, we desalted,lOO O.D. units of 

GpGpC. Unfortunately, the resulting sample was partially 

hydrolyzed to monomers. Presumably, this occurred because 

there was so much charcoal that the ethanol-ammonia filtrate 

warmed up before the elution was complete. At room tempera-

"ture,"the pH of this solution; approximately 9, may be high 

enough to catalyze some hydrolysis. If no more than 250 mg 

of charcoal are filtered, corresponding to 50 O.D. units of 

nucleotide, then the ethanol-ammonia elution is completed 

before the filtrate has a chance to warmup. The resulting 

"samples did not show any indication of hydrolysis. 

Starting with 350 mg of E. coli RNA, the yield of desalted 
" ," 

GpGpC was 70" O.D. units. ,This is more than twice the yield 

reported by Cantor when the desalting was done by dialyses. 

In order to find more satisfactory desalting methods, 

on one occasion we used the Amicon(Cambridge, Massachusetts) 

" Diaflo ultrafiltration apparatus with membrane UM-3 to desalt 

a GpGpC fraction. As judged by the index of refraction (see 

discussion of ultracentrifugation methods), the final solution 

was more salt-free and had a lower UV blank than when the char-

coal procedure was used. However, the oligomer was partially 
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hydrolyzed to monomers. The solution used in the u1tracen-

trifugation experiment contained only trimer, however, since 

the smaller molecules passed through the membrane. 146 Tener 

has used the Amicon Diaflo apparatus with membrane UM-1 to 

desalt solutions of tRNA. He apparently has no problem with 

hydrolysis. One difference between UM-l and membrane UM-3 is 

that the latter caries a net negative electrical charge while 

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

catalyzes the hydrolysis. 

2. Preparation of Oligomers with Polynucleotide 

Phosphory:lase 

a. Conditions for Sy:nthesis 

The trinucleoside diphosphates GpCpC, ApCpU, ApGpC, and 

GpCpU were synthesized with primer-dependent polynucleotide 

phosphorylase from Micrococcusly:sodeikticus (2.7.7.8). This 

enzyme catalyzes a reaction betweeh nucleoside diphosphates 

ppN and dimers LpM to give oligomers of the form LpM(PN)n.147,148 

The enzyme we used was isolated by Dr. Cantor according 

to the procedure of Singer and 0 1 Brien149 through stage VII. 

Subsequent to the synthesis of these oligomers we have 

replenished the enzyme supply. Basically, the procedure of 

Singer and 0lBrien149 was used. However, a new procedure 

150 for Step IV, suggested by Thanassi and Singer, was s1l.b-

stituted for the previously published procedure. We have also 

carried the preparation through to stage VIII, the final step 

in the procedure of Singer and 0'Brien. 149 The results for 

our purification are given in Appendix B. 
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For the synthesis of trinucleoside diphosphates J we 

have used incubation conditions similar to those suggested 

by Thach138 for the synthesis of tri- and tetra-oligomers. 

The reaction mixture contained 0.2 M glycine buffer pH 9.3 J 

0.1 ~MCuS04J 0.4 M NaCI J 10 mM dimer LpMJ 10 mM magnesium 

acetate J 20 mM ribonucleottde diphosphate NDP J 0.02 mg/ml 

ESA and 120 ~g/ml of polynucleo~ide phosphorylase J stage VII. 

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

b. Isolation of Oligomers 

The trimer LpMpN was first separated from unreacted 

LpM and ppN and oligomers with chain length greater than 3 

by descending paper chromatography on Whatmann 3 mm paper 

with a solvent containing equal volumes of 95% ethanol and 

1 M ammonium acetate. 148 A total reaction volume of 0.400 

ml was applied as a band 15 cm long to paper that was 

serrated at the bottom. The paper was allowe.d to equilibrate 

in a pre-equilibrated tank for at least 1 hour. Developing 

times of 20 hours resulted in excellent resolution of all· 

bands uP. to about a pentamer. The distances that the various 

bands in a GpC(pC)n synthesis moved from the origin are given 

in Table 3. 

Compound 

GpC 
CDP 
GpCpC 
GpCpCpC 
GpCpCpCpC 

Table 3 

Distance Moved 
from Origin (cm) 

26-28 
21-23 
17-18 
13-14 

8-9 
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Ammonium acetate was removed from the paper by soaking 
148 in absolute ethanol for-l hour. The paper was then soaked 

in absolute ether for 10 minutes and dried'. After eluting 

the nucleotide material with twice-distilled water, the 

volume was reduced to less than 50 ~l by lyophilization. 

The oligomers were fUrther purified with a two-dimensional 

map on Whatmann 3 MM paper. The first dimension was electro

phoresis, 36 v/cm, in 0.05 M formic acid at a pH between 2.4 

'and 3.5 for 2.5 hours. The pH was adjusted with concentrated 

ammonia to a value that will give maximum res.olution of olig

omers with various chain lengths. If pH 3.5 was used, as it 

was for GpC(pC)n syntheses, the concentration of formate was 

reduced to 0.025 M to decrease the current and the spreading 

of spots resulting from heating. The paper was first soaked 

with the electrophoresis buffer and equilibrated in the elec

trophoresis tan~ for 1 hour. Excess oil and buffer was 

removed from the area where the sample was to be applied by 

blotting with Whatmann 3 MM' paper.' The sample was then applied 

as a spot with a capillary pipet. The major advantage of the 

electrophoresis is that it removes any contamination from 

diphosphate. For example, CDP moves +34-36 cm from the origin 

while GpCpC moves +8-10 cm. 

The second dimension was descending chromatography with 

a solvent containing n-propanol, water, and concentrated 

ammonia in the volume ratio 55:35:10. This chromatography 

separates the oligomers according to chain length. Developing 

times of 20 hours resulted in movements from the origin 
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similar to that give~ in Table 3 for the ammonium acetate 

chromatography. The trimer spot was eluted with water, 

lyophilized to dryness, and stored at -10°C until needed. 

Frequently the two-dimension map is not necessary except to 

reassure the inv~stigator that he is working with a pure 

compound. The yield of GpCpC with respect to the amount of 

GpC used in the reaction mixture was 22%. 

We have made attempts to synthesize CpCpG with poly-

nucleotide phosphorylase by incubating in the presence of 

( ) 138 CpC, GDP, and T1 ribonuclease 2.7.7.26 . We could not 

detect any synthesis even using twice as much enzyme as 

indicated above. 

3. Optical Studies 

a. Preparation of Solutions 

Lyophilized oligomers were dissolved with twice-distilled 

water and the concentration adjusted so that the absorbance 

at 260 m~ was 200. To measure the concentration, 5'~1 of 

the, stock solution was dilut~d to 1.00 ml with a 0.1 ionic 
-3 '. -3 ' 

strength buffer; 5.55 x 10 M KH2P04, 4.80 x 10 M 

Na2HP04 , O. 080M KCl04 " pH 6.8. The concentration of this 

solution was determined spectrophotometrically at room 

temperature from th~ following molar residue extinction 
.' . 3 35 coefficients at 260 m~: GpGpC, 9.2 x .. lO; ApGpU, 1.13 x 

104 ;35 ApCpU, 1.00 x 104 ; ApApApA, 1.24 x 104 ; UpUpUpU, "9.75 

x 103 ; GpCpC, 8.10 x 103 ; ApGpC, 1.03 x 104; GpCpUi 8.80 x 

103 • Except for those taken from the literature, the 

extinction coefficients were calculated from the appropriate 
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dimer data. In the case of ApApApA we used ApApA data35 

instead of dimer data. -We assumed that the extinction 

coefficient of GpGpCp is the same as for GpGpC. 

The solution for optical studies were prepared by 

diluting the oligomer stock solution with an equal volume 

of the appropriate concentrated buffer. The resulting 

solutions generally contained either 0.5 M NaCl, 0.2 ionic 

strength sodium phosphate buffer, pH 7.0, or 0.01 M MgC1 2, 

0.1 ionic strength sodium phosphate buffer, pH 7.0. These 

solvents shall be referred to as the NaCl and MgC1 2 buffers, 

respectively. In some instances slightly different buffers 

have been used. These will be indicated in the text. The 

pH of a solution containing oligomers is assumed to be that 

of a solution prepared by diluting the concentrated buffer 

with an equal volume of twice-distilled water. The buffering 

capacity of every buffer was sufficiently high to ensure that 

this is a valid assumption. 

The absorbance of each'buffered nucleotide solution 

was about 100 at 260 mil. The ORD and ultraviolet spectrum 

of each solution was me-asured with a 0.125 mm path length 

quartz cell obtained from Opticell (Brentwood, Ma;ryland) and 

a specially designed cell holder. The volume of solution 
- . 

needed for each measurement was less than 7 -Ill. The path 

length of the cell was determinedspectrophotometrically with 

potassium chromate solution in 0.05 M KOH. Extinction 

coefficients for dilute solutions were obtained from the 
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. 151 
Handbook of Analytical Chemistry· and Beer's Law was 

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

b. Measurements 

All UV spectra were measured with a Cary Model 14 or 

Cary Model 15 spectrophotometer. Optical rotation was 

measured with a Cary Model 60 spectropolarimeter. 

Thermal stability was maintained by circulating an 

aqueous ethylene glycol solution through a specially designed 

cell block. Above room temperature, a Haake F bath was used 

to control the temperature of the circulating solution. A 

low temperature bath! designed by Dr. M. Warshaw., was used 

for temperatures below 25°C. 

Noise in the optical rotation signal was reduced by 

applying the smoothing procedures described by Savitzky 

and Golay.152 The wavelength and pen position of the spectro

polarimeter were recorded every 0.5 m~ on paper tape by a 

Datex(Monrovia, California) analog-to-digitalconverter. 

A least-square fit.to a 25 point cubic function was done 

with the coefficients o.f Savitzky and Golay.152 The computer 

program for the calculation is given in Appendix C. 

The smoothing program fits 12.5 m~intervals of the 

optical rotation curve to a cubic function. We have also 

tried smaller intervals. The results for 4.5, 7.5, and· 

12.5 m~ intervals (9, 15, and 25 point cubic functions} for 

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

respectively. The unsmoothed data is given in Figure 32a. 
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Even the 9 point cubic reduces the noise. Only the 25 point 

cubic~ however, reduces it to a level where a smooth curve 

can be drawn through the pOints. 

The only disadvantage of fitting 12.5 m~ intervals of 

an ORD curve to a cubic function is that it flattens the 

curve more than shorter intervals. The peak-to-trough 

rotation for the ORD in Figures 32b, 33~ and 34 is greatest 

for the 9 point smooth and smallest for the 25 point smooth. 

The difference, hO\,Iever~ for these two fUnctions is less 

than 0.1 x 104 molar rotation units. If you compare these 

results \'lith a hand calculation it is not clear which is 

actually correct. Therefore~ we have mainly used a 25 point 

function because it does a better job of reducing the noise. 

We have also tried taking points every 0.1 m~ and every 

0.2 m~ and then smoothing with the 25 point cubic function. 

The results are similar to those shown in Figure 32 where 

points were taken every 0.5 m~ and smoothed with a 9 point 

cubic function. 

Recently the Datex has beeri replaced with a Digital PDP 

8/S computer (Digital Equipment Corporation~, Maynard~ 

Massachusetts). In this case~ the computer finds the 

arithmetic average of 150 points taken every 0.5 m!-L. These 

d t . t b' tl ' d· Savitzky and Golay152 a a pOln s are su sequen y use In a 

13 point ,smoothing program for a cubic function. The latter 

two computer programs were written by Dr. M. Itzkowitz and 

,Mr. B. Tomlinson~ respectively. 
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Optical rotation data is expressed as molar rotation 

per residue J [~]J which'was defined in Part I. 

c. Nearest-Neighbor Calculations 

The nearest-neighbor calculated ORD curves were done 

according to Eq. (3). The necessary ORD' data of the dimers 

and monomers as a function of temperature were taken from 

th k f D R D . 109 e wor 0 r. ; aV1S. 

4. Ultracentrifugation 

All centrifuge experiments were done at 2°C with a 

Spinco ModelE ultracentrifuge equipped with an electronic 

speed controller designed by Hearst and Gray.153 Schlieren 

optics were used. Data for equilibrium experimentsJ in the 

form of photographic plates J were taken 24 to 36 hours after 

the start of the run. There was generally no difference from 

data taken 12 hours after the start of the run. Measurements 

on the photographic plates were made with the aid of. a 

Gaertner Toolmaker's Microscope (Gaertner Scientific Corpora

tionJ Chicago J Illinois). 

Weight-average molecular weights were determined 

according to Method I of Van Holde and Baldwin. 154 Assuming 

the derivatives with respect to concentration are zero J the 

weight-average molecular weightJ ~J can be equated to the 

refractive index gradient in the cell by the following 

equation: 
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(13) 

where b and a are distances in em of the. bottom of the 

cell and the meniscus, respectively, from the axis of 
. 

rotation. These were determined with the help of the known 

distances of reference holes in the rotor from the axis of. 

rotation. Anc is the difference between the. refractive 

index at the bottom of the cell and at the meniscus. 

Similarly, the refractive increment, n~, is the difference 

between the refractive index of the starting solution and 

the solvent. R is the gas constant, 8.314 x 107 ergs/oK! 

trio Ie , and T is the absolute temperature. The ·centrifugal 

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

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

have taken (1 - vp) to be 0.46~155 

The refractive increment was determined for a solution 

of poly A in the NaCl buffer from the area of the schlieren 

pattern that formed at the boundary between buffer and nucleo

tide solution. A double-sector Kel-F cell was used to 

establish this artificial boundary. The salt concentration 

of the poly A solution was adjusted by dialysis against 

buffer. There was excellent agreement with the refractive 

increment of one 2: 1 mixture of GpGpC and GpCpC in the s"ame 

buffer. Other solutions of GpGpC and GpCpC had refractive 

i:1CI'enents that \';ere higher. The GpGpC in the solution with 

the same refractive increment as poly A had been desalted with 
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the Amicon Diaflo apparatus. The samples of GpGpC in the 

other solutions had been desalted with the charcoal procedure. 

The greater refractive increments ~or these solutions is prob

ably the result of incomplete desalting. The residual salt in 

these solutions will not affect the equilibrium experiments, 

however, since the gradient will be negligible. We have always 

taken the refractive increment of poly A for the refractive 

increment of GpCpC, GpGpC, and mixtures of the two oligomers. 

The difference between the refractive index at the 

bottom of the cell and at the meniscus was determine~ by inte-

grating the schlieren pattern of the equilibrium run, using 

the Trapezoidal Rule. The refractive increment of poly A was 

also determined from the area of a schlieren pattern. These 

areas are proportional to the refractive index. From Eq. (13), 

it can be seen that the proportionality constants cancel. 

The z-average molecular weights were determined from plots 

of (l/r){dnc/dr) versus (nr-na ). This is Method II ·of Van 
. .. 154 

Holde and Baldwin. . The distance in cm from the axis of 

rotation to some point in the cell is r. dnc/dr at this' point 

was determined directly from the schlieren pattern of the 

equilibrium run. The difference between the refractive index 

at that point and the meniscus, (nr-na ), was determined by 

integration using the Trapezoidal Rule. The slope of the line 

connecting the pOints for the bottom of the cell and the 

meniscus is proportional to the z-average molecular weight, Mz ' 

1 
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(~ dnc) _ (!. dnc) 
dr b r dr a 

Anc 
{14} 

As with Eq. (13) we are assuming the derivatives with respect 

to concentration are zero. 

Results 

1. Evidence for Association 

The following pairs of complementary oligoribonucleo

tides were mixed in a 1:1 mole ratio: ApCpU and ApGpU, 

ApGpC and GpCpU, GpGpC and GpCpC, GpGpCp and GpCpC, and 

ApApApA and UpUpUpU. The total concentration of mononucleo-

side residues was between 5' and 10 mM in each case. The 

solutiops were buffered at pH 7 and contained either 0.5 M 

NaCl or 0.01 M MgC1 2 . The ORD of the solutions was measured 

at 1°C and compared with the average ORD of the oligomers 

measured separately under the same conditions. A signif.icant 

difference between the two curves was taken as evidence 

that specific intermolecular association occurs in the mixture. 

The experiment was also done at 26°C in several instances. 

The results are summarized in Table 4. Also included is 

whether any evidence was found for the self-aggregation' of . 

each oligomer. 
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Table 4 

Association of Oligoribonucleotidesa at pH 7 . 

0~5 M NaCl 0.01 M MgC1 2 
laC 26°C laC . 26°C 

ApCpU No No 
ApGpU No No 

ApCpU + ApGpU No No 

ApGpC Yes Yes 

GpCpU No No 

ApGpC + GpCpU Slight No 

GpGpC Yef? Yes Yes Yes 

GpCpC No No No No 

GpGpC + GpCpC Yes Yes Yes Yes 

GpGpCp Yes Yes 
GpGpCp + GpCpC Yes . Slight Slight 

"-ApApApA No No No No 
UpUpUpU' No No No No 

ApApApA + UpUpUpU No No No No 
= 

a. Total. concentration of residues between 5 and 10 mM. 
Yes and No indicate whether any optical, rotation 
evidence.for,aggregation was found. (- ) indicates 
the ORD of the oli-gomer(s) under these conditions 
was not measured. I 

I 

-,OJ" . :~,. 
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Specific interaction between GpGpC and GpCpC was 

observed. There was no evidence of specific interaction 

between any of the other pairs of complementary oligomers. 

However, there were indications of self-aggregation in 

solutions containing GpGpC, GpGpCp, and ApGpC. 

The evidence for these qualitative conclusions will 

be reviewed in greater detail in the follo~ing paragraphs. 

We will then return to the interaction between GpGpC and 

GpCpC and investigate the nature of the complex. 

a. AgCpU + ApGpU 

The ORD of ApCpU and ApGpU in the MgC1 2 buffer at 2°C 

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

nearest-neighbor calculated ORD. The calculated curves 

should correspond to the ORD of the unaggregated oligomer 

at 2°C. In both cases) the experimental curve is in close 

agreement with the semi-empirical calculation. We infer from 

this there is no self-aggregation of either trimer under 

these conditions. The same experimental curves are obtained 

at 2°C in the NaCl buffer. The ORD curves in Figures 35 and 

36 agree qualitatively with previous measurements of the 

ORD of ApCpu35 and ApGpU37 at room temperature in more dilute 

solutions. The magnitude of the rotation is greater for our 

curves, however. This presumably reflects the temperature 

dependence of the ORD of stacked bases. Our measurements 

agree, as well with the nearest-neighbor calculations for 

2°C as the room temperature measurements agree with the 

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

Experiment, 0.01 M MgC12 , 0.1 ionic strength 

sodium phosphate buffer, pH 7.0, 2°C, 6.7 x 
-3 10 M mononucleosides. 

Nearest-neighbor calculated ORD of unaggregated 

ApCpU at 2°C. 
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There is also no indication of any cross interaction 

in 1:1 mixtures of ApCpU and ApGpU at 2°C in either the 

NaCl or MgC1 2 buffer. The ORD of the mixture is identical, 

within the experimental uncertainty, to the average of each 

trimer measured separately. The experimental curve of the 

mixture in the MgC1 2 buffer. and that expected for no inter

action under these conditions are shown in Figure p7. Also' 

shown is an estimated curve for the ORD of the 100% 1:1 

complex. The perturbation of the base pairs on the ORD of 

the unaggregated trimers was approximated with the A-U and 

G-C difference curves calculated by Cantor. 36 As indicated 

in Part I, these difference curves are only rough estimates 

of the effect of A-U and G-C base pairs. Thus, the calculated 

ORD of the complex is only a rough estimate. It does g~ve 

us an idea, however, of the magnitude of the change we expect 

upon complex formation. 

b. ApGpC + GpCpU 

Some aggregation probably occurs in equimolar mixtUres 

of ApGpC and GpC'pU at2.oC in the presence of magnesium ions. 

The crossover in the ORD of the mixture occurs 2 m!-L to the 

blue of the crossover that is expected for no interaction. 

The two ORD curves are shown in Figure 38. This does not 

happen at 26°C as seen in Figure 39. Although the difference 

between the calculated and experimental curves at 2°C is 

small, it is significant and in the expected direction. It 

is too small to be useful for further studies, however. 
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pH 7.0, 2°C, 7.3 x 10-3 M mononucleosides. 

• . . Average .of ORDs of ApCpU and ApGpU measured separately under the same conditions. 

Estimated ORD of 100% 1:1 complex. 
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Figure 38. ORD of a 1:1 mixture ofoApGpCand GpCpU at 2°C. 

Experiment, 0.01 M MgC12 , 0.1 ionic strength 
sodium phosphate buffer, pH 7.0, 2°C, 9.4 x 

-3 0 

10 0 M mononuc1esides. 
• • . Average of ORDs of ApGpC and GpCpU measured 

o separately under the same conditions. 
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The situation is further complicated by the self

aggregation of ApGpC under these conditions. The ORD of 

ApGpC in the MgC1 2 buffer at +0.8°C and 26.6°C is compared 

in Figure 40 with the ORD of a more dilute solution of 

APGPCp37 at 26°C. The concentration of residues in the 

dilute solution is a factor of 100 smaller than that of the 

concentrated-solution. The peaks, troughs, and crossovers 

of the three curves occur at nearly the same wavelengths., 

However, the magnitudes of rotation at the peak and trough 

for the concentration solution are much larger than that 

of the dilute solution. The presence of a 3'-terminal phos

phate is not expected to affect the ORD of single-strand 

oligomers. In facti the ORD of ApGpCp is similar to the 

nearest-neighbor calculated,ORD of ApGpC. 37 Therefore, the 

ORD of ApGpCp is a fair measure of the ORD of un aggregated 

ApGpC. The'concentrat ed and dilute solutions also differ in 
, " 

that th~ concentrated solution contains MgC1 2. The presence 

of this salt should not affect the ORDof unaggregated olig

omers. Therefore~ the,larger magnitudes of rotation for-

concentrated solutions of ApGpC compared 1;0 dilute solutions 

of ApGpCp must be because of self-ag'gregation. 

In contrast to the case for ApGpC, there is apparently 

no self-aggregation in solutions of GpCpUunder similar 

conditions. The experimental 'and nearest-neighbor calculated 

ORD of GpCpU for our conditions are compared in Figure 41. 

There is good agreement. 
• 
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Figure 40. ORD of ApGpC and ApGpCp. 

Experimental ORD of ApGpC • 

..• Experimental ORD of ApGpCp. (r/2 is a symbol 

for ionic strength.) 
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The extent of specific association in solutions con

taining both ApGpC and GpCpU may not be accurately reflected 

in the difference between the experimental and calculated 

ORD of the mixture. The difference will be small if the ORD 

o·f the 1: 1 complex is similar to the 'ORD of the ApGpC aggregate. 

Furthermore, the concentration of ApGpC in the mixture is 

one-half the concentration in the solutions used to measure. 

its ORD. Thus, there may be less aggregation of ApGpC in 

the mixture. 

c. GpGpC + GpCpC 

A complex between GpGpC and GpCpC is formed in either 

the NaCl or MgC1 2 buffer at lOCo The ORD of a 1:1 mixture 

is compared in Figure 42 with the average ORD of the two 

oligomers measured separately in the same buffer. A second 

long wavelength peak occurs for the mixture and the cross-

6ver is blue-shifted 3 m~. A similar but smaller difference 

between experiment and calculation is obtained at 26°C in 

each buffer. 

The complex between GpGpC and GpCpC forms despite the 

self-aggregation of GpGpC. ORD curves for dilute and concen

trated solutions of GpGpC alone are shown in Figure 43. The 

magnitude of the rotation at the peak and trough is greater 

for the more concentrated solution. This is clearly ind.icative 

of some sort of association of GpGpC with itself. The 

aggregation also has a hypochromic effect on the absorption 

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

Experiment, 0.5 M NaCl, 0.2 ionic strength sodium 
o -3 phosphate buffer, pH 7.0, 1 C, 8.1 x 10 M 

mononucleosides. 
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Average of ORDs of GpGpC and GpCpC measured sep-
arately under the same conditions. 
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Figure 43. ORD of GpGpC aggregate. 
-5 . 

4.49 x 10 M mononucleosides, 0.5 M NaCl, 0.2 
ionic strength sodium phosphate buffer, pH 7.0, 
1°C. 

. -2 
1.00 x 10 M mononucleosides, 0.5 M NaCl, 0~2 
ionic strength sodium phosphate buffer, pH 7.0, 
1°C. 

.•. OP..D of GpGpCp, 7.1 x 10-3 M mononucleosides, 
0.5 M NaCl, 0.2 ionic strength sodium phosphate 
buffer, pH 7.0: 1°C. 
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increases from 7950 to. 9200 at 1°C in the MgC1 2 buffer as 

the concentration is decreased from 10-2 M to 10- 4 M. 

Equilibrium in concentrated GpGpC solutions is reached 

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

25°. This association and disassociation is faster than 

found for G oligomers by Lipsett l56 ,157 and for GpGpGpU 

and GpGpU by Dr. S. Podder l58 in this laboratory. 

The ORD of GpCpC under our conditions does not agree 

as well \vith the nearest-neighbor calculated curve as other 

trimers. The two curves for 2°C are· shown in Figure 44. 

However, the experimental curve in either buffer at 1°C or 

2 -4 26°C is not concentration dependent between 10- M and 10 M 

total residue concentration. The absorption spectrum also 

does not depend on concentration in this range. We conclude, 

therefore, there is no self-aggregation of GpCpC under 

conditions where specific interaction is observed between 

GpGpC and GpCpC. 

d. ApApApA + UpUpUpU 

There is no evidence that a complex forms between ApApApA 

and UpUpUpU in either buffer at lOC· or 26°C. For all four 

cases, the ORD of a 1:1 mixture is identical to the average 

of each measured separately. An example is shown in Figure 

45. 

Poly U is known to aggregate belo\v 4°C. l59 The ORD of 

this complex, as measured by Sarkar and Yang,103 is shown in 

Figure 46. The ORD of UpUpUpU that we obtained under similar 



165 

2.4 

2.0 

1.6 

1.2 

0.8 

0.4 
v 
I 0 0 
x I 
f~ -0.4 I 
'--' I \ 

I -0.8 
I GpCpC 

-1.2 I 2°C I 
- 1.6 I 

I 
/ 

-2.0 ./ 

-2.4 
240 260 280 300 320 

). (m,u) 

Figure 44. ORD of GpCpC. 

Experiment, 0.01 M MgC1 2, 0.1 ionic strength 
sodium phosphate buffer, pH 7.0, 2°C, 1.23 x 
10-2 M mononucleosides. 

Nearest-neighbor calCil1ated ORD of unaggregated 
GpCpC at 2°C. 
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Experiment~ 0.01 M MgC1 2, 0.1 ionic strength 
phosphate buffer, pH 7.0, 1°C, 8.5 x 10-3 M 
mononucleosides. 

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

ORD of poly U aggregate. (Reference 103). 
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conditions o~ temperature and ionic strength but at a 

lOO-fold hig:'1er residue concentration is also showh. The 

magnitude of the rotation of the poly U complex is much 

larger. I~ fact, the ORD of UpUpUpU is almost identical to 

its nearest-r-.eighbor calculated ORD, which is also shown in 

Figure 40. 

The ORD of ApApApA also agrees very well with the nearest-

neighbor calculation. The measurement in the presence of 

the NaCl buffer at room temperature is shown in Figure 47 

along with the curve calculated from the dimers. 

These are the first cases where the ORD of tetramers 

have been co~pared with their nearest-neighbor calculated 

ORD. The agreement is as good as reported for trimers. 

The agreement with calculation is much better for ApApApA 

than for poly A. 36 

Miles et al. 160 have obtained infrared evidence for a 

complex between UpUpUpU and ApApApA and between UpUpU and 

ApApA. The stoichiometry in both cases is 2U:IA. Their 

experiments i';ere done at a IO-fold higher concentration of 

mononucleosides than we used. They also used a higher con

centration of MgC1 2 , These differences presumably account 

for our inability to detect a complex between UpUpUpU and 

ApApApA . 

. 2, The Nature of the Com12lex Between G12G12C and GpCpQ, 

a. Stoichiometrl 

The stoichiometry of the complex between GpGpC and 
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GpCpC was determined by the continuous variation method of 

Job. 16l ,162 IIIe measured the ORD of mixtures at 1°C· con

taining equal total concentration of nucleoside by varying 

ratios of GpGpC and GpCpC. Molar rotations for two wave

lengths are plotted as a function of mole fraction of GpGpC 

for each buffer in Figures 48 and 49. Separate lines are 

drawn through points for solutions containing an excess of 

each of the components. For each wavelength and both buffers, 

the two lines intersect near 66% mole fraction GpGpC. Similar 

results are obtained at other wavelengths. Taking into 

account the u!1certainty of the data, we can say that the 

complex contains 66% ±:5% GpGpC.This indicates that the 

complex probably contains 2 moles of GpGpC for every mole of 

GpCpC. It does not necessarily indicate, however, that 

the complex contains only three trimers. 

The lines in Figures 48 and 49 intersect at pOints that 

should correspond to the rotation of the pure complex at 

tpat wavelength. The actual rotation of a solution containing 

a 2:1 ratio of GpGpC to GpCpC is different. This means that 

the fraction of trimers in the 2:1 complex is less than. one. 

The difference between the rotation at the intercept and. 

the experimental rotation can be· used to determine the 

percent complex formation. The scatter in the data is such· 

that it cannot be determined accurately. We estimate that 

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

buffer at 1°C. 
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Fi~e 48. Continuous variation experiment for 

mixtures of GpGpC and GpCpC in the MgC1 2 buffer. 
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b. Molecular Weight 

The number of trimers in the complex of GpGpC and 

GpCpC can be determined from its molecular weight. The 
/ 

weight-average and z-average molecular weights of the 

173 

species present in a 2:1 mixture of GpGpC and GpCpC in both 

the NaCl and MgC1 2 buffers at 2°C have been determined by 

equilibrium sedimentation. The same molecular weight 

averages have been determined for the GpGpC aggregate in 

both buffers and for GpCpC in the NaCl buffer. The results 

are given in Table 5. 

A plot of (l/r)(dnc/dr) versus (nr-na ) is shown in 

Figure 50 for a 2:1 mixture of GpGpC and GpCpC. The plot has 

a constant slope except near the bottom of the cell. The 

same was true- for each of the other solutions. Some of the 

curvature at the bottom of the cell is probably because of 

the concentration dependence of the aggregation. Even for 

a homogeneous solution we expect some curvature~ however~ 

because concentration terms have been neglected in writing 

down Eq. (14). We do not know the relative importance of 

these two contributions to the curvature. Furthermore~ points 

near the bottom of the ce~l cannot be determined accurately • 

. Therefore~ we have neglected the curvature introduced by 

these points.' We have calculated the z-average molecul~r 

weight of the solution from the constant slope. The z-average 

molecular weights for the species in the other solutions 

have been determined similarly. By not using the slope 
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Figure 50. Equilibrium sedimentation of 2:1 mixture'of 
. GpGpc. and GpCpC, 0.01 M MgC12 , O. 1 ionic strength 

sodium phosphate b~ffer, pH T.O, 2°C, 0.85 x 10- 2 
M mononucleosides. A z-average molecular weight, 
16,700, was calculated from Eq. (14) and the slope 
of the line drawn tangent to the curve. 



GpCpC 

GpGpC 

GpGpC+GpCpC ( 2: 1 ) 

Table 5 
. a .. 

Molecular Weights by Sedimentation Equilibrium. 

Sum of 
Atomic 
Weights 

891 

931 

.2753 

.0.5 M NaC1 

.0.2 Ionic Strength 
Phosphate Buffer, pH 7.0 

Bulk Residue Mz ~ Concentration 

0.96xlO...,2 M 2,400 1,200 

. -2 
1.27x10M 14,200 ·10,200 

1. 09x10- 2 M 9,500 6,500 

0.01 M MgC1 2 

0.1 Ionic Strength 
Phosphate Buffer, pH 7.0 

Bulk Residue Mz ~ Concentration 

0.93x10- 2 M 40,000 15,000 

-2 0.85xlO M 16,700 8,700 

a. The estimated uncertainty is ±5%. 

~ 
-4 
(Jl 



176 

of the line connecting the points for the bottom of the 

cell and the meniscus we are probably underestimating the 

z-average molecular weight. 

The z7average and weight-average molecular weights 

of unaggregated GpCpC should be 891. For the pure GpCpC 

solution, they are close to this. Some aggregation does 

occur, however. Neither the absorption spectrum nor the ORD 

showed any evidence of aggregation. Thus, the aggregation 

is probably nonspecific. 

Solutions of GpGpC in the two buffers are optically 

quite similar. Magnesium ions more effectively stabilize 

the aggregation, however, as seen by the higher molecular 

weights in the MgC1 2 buffer. The z-average molecular weight 

is 40,000 for the MgC1 2 buffer and 14,200 for the NaCl buffer. 

The molecular weight of the trimer is 931, so there are 

aggregates of more than 40 trimers in the solution containing 

magnesium ions. 

The molecular weights of the aggregates in the solutions 

containing 2:1 mixtures of GpGpC and GpCpC are less than 

those for the pure GpGpC solutions. They are greater than 

2750, however~ which is the molecular weight of a complex 

containing 2 molecules of 'GpGpC and 1 molecule of GpCpC. 

This is not surprising since the continuous variation experi

mentsindi6ated that the fraction of trimers in the 2:1 

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

tions include a 2:1 complex between GpGpC and GpCpC, GpGpC 



aggregate, and GpCpC aggregate. The molecular weight of 

the mixture is the average of-these different species. 

From the known weight-average molecular weight of 
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GpCpC, GpGpC, and the mixture of all three species, we can 

calculate the molecular weight of the 2:1 complex. We shall 

use the weight-average molecular weights in Table 5. The 

weight-average molecular weight of GpCpC was only determined 

for the NaClbuffer. There is no optical evidence for more 

aggregation in the MgC1 2, so we shall assume the same weight

average molecular weight for this buffer. 

The weight fraction, Wf(A), of a particular species, 

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

in that species. 

The molecular weight of A per trimer isM
A

, and the average 

molecular weight of a trimer in the solution is M. The 

molecular weight of the average trimer in solution and in 

the 2: 1 complex is 918.·· The fraction of molecules in the 

2:1 complex was estimated from the continuous variation 

experiment to be 0.75. The weight fractions of the 2:1 

complex, GpGpC and GpCpC are 0.75, 0.17, and 0.08, 

respectively. 

The molecul,ar weight of the 2:1 complex has been calcu

lated with these values of the weight fractions for both 

buffers. The results are shown in Table 6. From these 
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molecular weights and the molecular weight of the average 

trimer in the 2:1 complex, 918, we can calculate the number 

of trimers in the complex. These numbers are also given in 

Table 6. There are more than three trimers per complex in 

either buffer. The numbers are not a multiple of three, 

however. Therefore, the complex is not a.discrete entity. 

The calculations ··have also been done for other values 

of f. For the N-Cl buffer, the number of trimers in the 

complex varies from 5.4 to 7.1 for f between 0.33 and 0.95. 

For the MgC1 2 buffer, the number of trimers in the complex 

varies from 5.6 to 9.4 for the same range of f. This range 

of f is greater than the uncertainty in the determination of 

f.Thus, there does not seem to be any doubt that the complex 

contains more than two mo1~cu1es of GpGpC and one molecule of 

GpCpC. 

The number of trimers in the complex as calculated above 

is acually a lower limit. The weight-average molecular 

weight of the GpGpC aggregate will be lower in the mixture 

than in the pure GpGpC solution because of the dilution of 

molecules capable of aggregating. We have calculated the 

molecular weight of the 2:1 complex taking this dilution into 

account through the use of an approximate equilibrium constant 

for the self-aggregation of GpGpC. The determination of the 

equilibrium constant will be described in the Discussion. As 

expected, the molecular weight of the complex is greater than 

when the dilution is not considered. 

in Table 6. 

The results are given 

·1 



Fraction of . 
oligomers 
in complex 

(f) 

3/4 

3/4a . 

0.33-0.95, 

Table 6 

Molecular Weight of the Complex 2GpGpC:IGpCpC 

0.5 M NaCl, 0.1 M PO~ 

Molecular 
Weight of 

Complex 

6200 

7100 

500-6500 

pH 7.0 

n 
(number of 
trimers in 

complex) 

6.8 

7.7 

5.4-7.1 

0.01 M MgC12 , 0.05 M PO~ 

pH 7.0 

Molecular 
Weight of 

Complex 

8100 

5100-8700 

n 
(number of 
trimers in 

complex) . 

8.8 

5.6-9.4 

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

f-' 
-.;] 

t.O 
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c. Temperature Dependence 

The extent of aggregation in solutions of GpGpC decreases 

with increasing temperature. The ORD of GpGpC corresponds 

to that found in dilute solutions only above 40°C. The 

rotation of GpGpC in the NaCl buffer is plotted in Figure 51 

as a function of temperature for 250, 275, and 292 m~. 

In contrast to these results, the ORD of GpCpC is insen

sitive to changes in temperature. Molar rotation at 275, 292, 

and 265 m~ is plotted in Figure 52 as a function of temperature. 

The curvature at low temperatures may reflect the small amount 

of aggregation that was observed in the sedimentation equili

brium experiments. 

The molar rotation at 275 m~ of the 2:1 complex in the 

NaCl buffer is shown in Figure 53 as a function of temperature. 

Also shown is the' temperature dependence of the appropriate 

average of the molar rotation of GpGpC and GpCpC measured 

separately in the same buffer. The complex is completely 

"melted-out" above 40°C. Similar curves are obtained at 270 m~. 

There is no evidence of a biphasic transition in the 2:1 

mixture of GpGpC and GpCpC at either 275 or 270 m~. Taking 

0.75 as a fraction of complex formation and assuming the 

rotation of the 100% complex is independent of temperature, 

the Tm of the complex determined from Figure 53 is 13°C. 

The temperature-induced disassociation of the 2:1 complex 

appears to be more biphas.ic in the MgC1 2 buffer. The molar 

rotation of a 2:1 mixture at 292 m~ and 275 mu is shown in 

Figure 54 as a function of temperature. The sedimentation 
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E~re 53. Molar rotation of 2:1 mixture of GpGpC. 
. -2 

and GpCpC J 1.14 x 10 MJ at 275 m~ as function 

of temperature and (2:1) average molar rotation 

at 275 m~ of GpGpC and GpCpC measured separately 

as a function of temperature under the same 

conditions. 
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equilibrium experiments indicated that the molecular weight 

of the 2:1 complex is greater in the MgC1 2 buffer. The Tm 

of the complex also seems to be higher in this buffer than 

in the NaCl Quffer. 

d. pH Dependence 

The rot~tion of GpGpC) GpCpC) and the 2:1 mixture in 

the NaCl buffer at 1°C have been followed as a function of 

pH between 5.8 and 8.0. The results for GpCpC and the 2:1 

mixture are shm':n in Figures 55 and 56. For all three) no 

change occurs between 7.0 and 8.0. Below 7.0) the rotation of 

the 2: 1 mixL;.re at 275 and 270 mlJ. decreases. The ORD curves 

. of GpGpC and especially GpCpC are sensitive to pH changes in 

this region. The change in the calculated ORD for no inter

action) also shown in Figure 56) partially parallels the 

changes for the 2:1 complex. However) the fraction of trimers 

in the complex decreases from 0.75 at pH 7.0 to 0.31 at pH 

5.8. 

The cytosine residues are probably titrating in this· 

pH region. ?he pKa of Cpis 4.2. 115 This pKa is shifted up 

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

that forms when one-half the residues are protonated. 112 A 

similar phenomenon might occur for GpCpC. How.ever J there is 

no in~ication that a 60mplex is formed between pH 5.8 and 

8.0. 'l'he fr'a.ctiol1 of Cp p:::'otonated at pH 5.8 is only 5%. 

The fr~clion protonated in OpCpC solutions appears to be 

greater. The pI\: of C in GpCpC is apparently intermediate 
a 

between that for Cp and poly C. The important observation 



3.0 -2.5 

2.8 GpCpC 

2.6 
0 ___________ 

- 2.0 ':9:" 
2.4 "."" '--' V "" I\) 

I 

'" ~ 0 ..,/ 0 
x 2.2 x 

./ 
C\J / -1-1.5 0 en / 
~ 1.0 ./ I 

./ ~ 
-e- / '---' ./ 

1.8 tv 
./ 

./ 292 mp. 
/ 

1.61- -1- 1.0 

5.5 6.0 6.5 7.0 7.5 8.0 
pH 

Figure 55. -2 Molar rotation of GpCpC, 1.03 x 10 M mononucleosides, 
1°C, at 270 and 292 m~ as a function of pH. 

..... 
CD 
(j) 



v 
I 

0 

x 
,---, 
"9-

'--' 

Figure 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

5.5 

GpGpC + GpCpC (2: I) 
275 mp' 

-0--0---
.... _-o--·--o-- .... ----·------.r 

_. 

6.0 6.5 7.0 7.5 

pH 

8.0 

56. Molar rotation of 2:1 mixture of GpGpC and GpCpC, (---) , 1.08 x 
10-2 M mononucleosides, IOC, 0.5 M NaCl, 0.2 ionic stren~th sodium 
phosphate buffer, at 275 m~ as a function of pH and the (2:1) average 
molar rotation at 275 m~ of GpGpC and GpCpC measured separately, (---), 
as a function of pH under the same conditions. 

I-' 
co 
-.J 



188 

from the pH studies is that the 2:1 complex is destabilized 

by decreasing the pH. 

e. Ionic Strength Dependence 

The ORD of a 2:1 mixture of GpGpC and GpCpC has been 

measured at 1°C in a buffer that contains only a 0.1 M phos

phate buffer, pH 7.0, and no additional salt. As measured 

by the magnitude of the rotation at the peak, the aggrega

tion of GpGpC is less in this buffer than in a solution 

containing 0.5 M NaCl or 0.01 M MgC1 2 . The fraction of 

trimers in the GpGpC:GpCpC complex is also less than for a 

solution that contains salt. However, the position of the 

. peaks, troughs, and crossover in the ORD curve is the same. 

Thus, we infer that the 2:1 complex is present at this lower 

ionic strength, but the fraction of oligomer in the complex 

is less. 

f. Effect of Substituting GpGpCp for GpGpC 

The presence of a 3' phosphate on GpGpC decreases the 

fraction of trimers in the 2:1 complex to less than one-half 

of what it is with the dephosphorylated compound. The ORD 

of a 2:1 mixture of GpGpCp and GpCpC is compared in FigUre 

57 with the calculated curve for no interaction. The shoulder 

at 275 m~ for the mixture implies that some complex is 

present. The fraction of trimers in the complex is 30%·if 

the same rotation for the 100% corr.plex applies here. The 

complex might contain a 1:1 ratio of GpGpCp to GpCpC, however. 
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Experiment, 0.5 M NaCl, 0.2 ionic strength sodium 

. . . 

o -3 phosphate buffer, pH 7.0, 1.C, 7.5 x 10 M 
mononucleosides. 
Average of ORDs of GpGpCp and GpCpC measured 
separately under the same conditions. 
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Unfortunately the difference between the two curves at any 

wavelengths in Figure 57 is too small to be useful in a 

mixing experiment. 

The rotation of GpGpCp is slightly less than GpGpC. 

An ORD curve for GpGpCp in the NaCl buffer is included on 

Figure 43 (page 163). The mononucleoside concentration of 

the GpGpCp solution is less than the more concentrated 

GpGpC solution whose ORD is shown in the figure. The ORD 

of GpGpC for the conditions shown, however, is essentially 

invariant down to the nucleoside concentration used in the 

GpGpCp solution. The magnitude of the rotation of GpGpC in 

the absence of added salt is still smaller than for GpGpCp 

in the presence of O.5M NaCl. 

g. ORD of the 2:1 Complex 

We might examine the ORD of the 2:1 complex between 

GpGpC and GpC~C to see if it could reveal the nature of the 

aggregation. If 75% of the trimers are in the 2:1 complex 

than the measured rotation [~]MiS: 

(15 ) 

The molar rotation of the complex is r~]C .. and the rotation 
-

of the trimers not in the complex is [~ ]. The rotation of 

the 2:1 mixture calculated for no interaction will be 

equivalent to [~]. As in Part I, let us say the rotation 

of the complex is the sum of the rotation of the single 

strands, [¢]SJ and a perturbation, P. 
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The rotation of the single strands is the average ORD of 

dilute solutions of GpGpC and GpCpC. Solving the original 

equation for the perturbation we have: 

(17) 

The perturbation calculated from the ORD of the various sub

stances at 2°C is plotted in Figure 58 along with the change 

in the ORD when poly G and poly C form a 1:1 complex. 36 The 

two curves are qualitatively similar. This indicates there 

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

complex as in the poly G:poly C structure. 

Discussion 

Several pairs of antiparallel complementary oligomers 

have been mixed under conditions favorable for intermolecular 

association. Interaction between GpGpC and GpCpC has been 

observed at pH 7 in the presence of' 0.5 M NaCl or '0.01 M 

MgC1 2 between 1°C and 50°C. The total concentration of 

residues was 0.01 M. Other pairs of comp1ementaryoligomers 

were mixed under similar conditions but no intsraction was .. 

observed. These included ApCpU and ApGpU, ApGpC and GpCpU, 

and ApApApA and UpUpUpU. Self-aggregation has been observed 

wi th GpGpC and ApGpC. 

We shall first discuss the nature of the complexes -that 

have been observed. Then VIe shall consider ~\[hat the results 

reveal about the structure of tRNA and the specificity of 

the interaction of tRNA with the mRNA-ribosome complex. 
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1. The Complex of GpGgC and GpCpC 

The structure of the complex between GpGpC and GpCpC 

is not known. The following experimental observations 

should be kept in mind in considering possible structures: 

(1) The rqtio of GpGpC to GpCpC in the complex is approxi

mately 2:1. (2) There are more than three trimers per 

complex. (3) The complex becomes less stable in the absence 

of salt, at pH's less than 7, and if GpGpC carries a 3'-

terminal phosphate. 

The nature of the complex may be similar to the 

2_G:l_C72 ,106,156 aggregate that forms between G oligomers 

and poly C.' In which case, the complex might consist of 

GpGpC and GpCpC hydrogen-bonded to each other as they are 

in the RNA double-strand helix. 94,95 The second GpGpC 

molecule could be parallel to the first GpGpC molecule and 

bonded to it ~y hydrogen bonds between. the guanine bases. 

This possible 2:1 complex is shown as Structure I in Figure 

5'9. 

There would be two G2 :C base triplets of the type 

proposed by LiPsett 156 for the 2:1 complex of G oligomers 

and poly C. It is not obvious how the C residue of the 

second GpGpC molecule would fit into such a complex. Of 

course, it may-be excess baggage. The observation ther~ are 

more than three trimers per complex can be understood if the 

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

reasonable since they have large hydrophobic areas on either 

end. 
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Figure 59. Possible base-pairing pattern,in: I and II, 
2:1 complex of GpGpC and GpCpCj III, GpGpC aggre
gate; IV, ApGpC aggregate. 
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A second possible structure would have the second 

GpGpC molecule anti-parallel to the first GpGpC molecule. 

The G-G base pairs could bond these trimers together. This 

base pairing arrangement is shown in Figure 59 as Structure 

II. It could also aggregate end-to-end. 

All of the experiment~l observations can be explained 

by the structures that have just been outlined. There are 

probably other structures that are consistent with the 

experiments, however. 

In particular, the conformation about the glycosidic 

bonds for all of the residues in the above structures is 

anti. This is the conformation in most crystal structures. 

The conformation is syn for deoxyguanosine in a crystallin~ 

complex with 5-bromodeoxycytidine,163 however. There are 

other examples where the conformation is syn.164,165 Recent 

calculations by Haschemeyer and Rich l64 and by Davis and 

Tinoco60 indicate there may only be a small energy difference 

between the syn and anti-conformations of guanosine. There-

fore, structures of the complex might be considered in which 

all or some of the G residues have a·syn conformation. 

2. The GpGpC Aggregate 

The nature of the self~association product of GpGpC 

is quite obscure. 01igomers157 andpolYmers l06 

rich in G residues are known to readily aggregate. Poly G 

forms multistranded complexes that can only be disassociated 

106 with the most extreme conditions. Guanylic acid forms 

gels at sufficiently high concentration. X-ray studies 166 ,167 
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of these gels indicate that the 5 1 -nucleotide forms a super 

helix with 3.75 bases per helix turn. The 3 1 -nucleotides 

form stacks of planar structures. 167 Each layer contains 4 

guanylic acid residues hydrogen-bonded to each other. 

The GpGpC aggregate probably involves some vertical 

st~cking as well as intermolecular hydrogen bonding. If the 

aggregate is only vertical stacks of trimer molecules we 

might expect them to have the same conformation as they would 

in a single-strand polynucleotide of alternating triplet 

sequence. We have calculated the ORD of the infinite polymer 

(GPGpCp)n from the experimental ORD of GpGpC at 1°C in dilute 

nucleoside solutions and the ORD of CpG at 1°C. This is a 

possible model for the structure of the end-to-end aggregate 

of GpGpC. The result is c9mpared in Figure 60 with the 

experimental ORD of the GpGpC aggregate. The peak and trough 

of the calculat~d curve occur about 20 m~ to the red of those 

for the aggregate. In general., we can say that the .ORD of 

the GpGpC aggregate does not resemble at all what would be 

expected if the aggregate were only vertical stacks of GpGpC 

molecules. 

It is more likely that the aggregate involves some 

hydrogen bonds between G residues and between G and C residues. 

The ORD of poly (G:C)130 and the ORD of poly Gl04 are also 
. 

shown in Figure 60. Poly G is aggregated under the conditions 

used for the measurement. l06 Either of these curves is' 

qualitatively a better approximation of the ORD of GpGpC 
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and nearest-neighbor calculated ORD of poly (GpGpCp). 
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aggregate than the ORD of single-strand stacks. Thus, we 

feel the aggregation in concentrated solutions of GpGpC 

involves hydrogen-bonded base pairs. 

A pospible hydrogen-bonding scheme for the GpGpC aggregate 

is Structure III in Figure 59. The two GpGpC molecules are 

anti-parallel and translated one residue so that two Watson-

Crick G-C base pairs can form. A similar structure can be 

envisioned for the ApGpC aggregate. This is Structure IV 

in Figure 59. End-to-end aggregation of these structures 

might be stabilized by G-G and A-A base pairs. Additional 

stacking interactions would also aid end-to-end aggregation. 

A structure like III or IV in Figure 59 can be drawn 

for any trimer containing the sequence (GpC) or (CpG). 

We did not observe any aggregation for GpCpU and only a small 

amount for GpCpC, however. The additional stacking inter

action may not be great enough for these trimers, or the 

non-Wation-Crfck base pairs may not be able to form. 

The aggregation of GpGpC may be envisioned to occur by 

the following steps: 

(18) 

For the purpose of calculating an overall equilibrium constant 

K we assume 1\2 = Kn =K. Furthermore, we assume the aggre

gation is similar to the polymerization of bifunctional 
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monomer units. That is, each monomer unit GpGpC has two 

functional parts capable of reacting with another monomer 

unit. The ·fraction of functional parts p that has reacted 

can be calculated from the weight-average and z-average 

1 1 ight f th h t 1 t · 168 F mo ecu ar we s 0 e e erogeneous so u ~on. or 

the NaCl buffer p is 0.83 ~ 0.01. 

Let [M] be the concentration of all species. 

. . [ M] = [M
l

] + [ M
2

] + ( M
3

] + •.• [M ] + ... . n (19) 

An expression for the mole fraction of Ml , Xl' in terms of 

K can be derived directly from this equation. If there is 

no limit on the size of the aggregate 

168 In addition we have the following equalities: 

(20) 

(21) 

where MO is the initial total concentration of MloBy 

appropriate substitution of Eq. (21) into Eq. (20) we have 

P K = 
(1- P) 2MO 

The concentration of GpGpC in the solution for which p is 

known was 4.2 x 10-3 M. Therefore, the equilibrium constant 

for agc;rcr;ation of GpGpC in the HaCl buffer is G.8 x 103 

(moles/litel')-l. This number was used to calculate the 

weight-average molecular weight of GpGpC in a solution 
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containing the complex of GpGpC and GpCpC. The molecular 

weight of the complex that is obtained when this ~ for 

GpGpC is used is given in Table 6 (page 179). 

3. StabiI"ity of Codon-Anticodon Complex 

The mechanism for the translation of the genetic code 

is centered on the association of two complementary triplet?) 

the codon and anticodon. 7 Yet the equilibrium constant for 

the association of two complementary triplets that are 

divorced from the rest of the translation apparatus is so 

low that we were unable to observe the complex. It is not 

clear hoi'[ large the equilibrium constants must be to account 

for the translation mechanism. Nevertheless) it seems 

likely that the equilibrium constant for the interaction of 

~odon and anticodon is greater than for two complementary 

trimers that are free in solution. 

The greater stability of the codon-anticodon complex 

can be e~sily rationalized.. Part of it is surely the result 

of unspecific binding of tRNA to the ribosome. There are 

probably other reasons) however) since the stability of 

the complex of complementary triplets must be sufficiently 

great to provide specificity.· The environment for the inter-

action of the two complementary triplets on the ribosome is 

probably different from what is experienced in solution: The 

interaction may take place in a pocket on the ribosome 

similar to the cleft found in the cryst~l structures of 

169 lysozyme. The effective water activity and dielectric 
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constant may be lower in such a pocket than in the bulk 

solution. The phosphate charges of the codon and anticodon 

may be partially neutralized by positively charged amino 

acid- side chains. 
8 Fuller and Hodgson have shown that it is possible to 

construct models of the anticodon loop in yeast alanine tRNA 

so that the codon-antiqodon complex is part of an almost 

continuous double-strand helix. This should increase the 

stability of the complex between codon and anticodon and 

may be responsible for some of the specificity as well. 

4 •. Stability of Loops in tRNA 

Specific 1:1 complexes of complementary trimers are not 

stable under the conditions we have employed. It is of 

interest to see whether they could still stabilize loops 

in tRNA. Let us assume that a l:l·complex of three G-C base 

pairs is as stable as the 2:1 compiex of GpGpC and GpCpC. 

Similarly, we assume a 1:1 complex of 3 A-U base pairs is 

as stable as the 2:1 complex between ApApA and UpUpU as 

found by Miles et al. 160 Clearly these are upper limits 

for the stability of the actual 1:1 complexes. We want to 

calculate what fraction of loops would be closed by complexes 

with these stabilities if the complementary oligomers were 

tied together with a polynucleotide chain. 

One effect of the chain will be to increase the effective 

concentration of the complementary oligomers. This is 

equivalent l;O saylne; there will be less translational entropy 
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loss for loop closure than for association of oligomers 

that are not connected with a polynucleotide chain. If 

this is the' main effect then the fraction of oligomers com

plexed will be greater when they are connected with a chain. 

However, there will also be enthalpy effects that will tend 

to decrease the fraction of oligomers complexed. For shorter 

chains, loop closure probably results in the unstacking of 

some of the bases in the loop. Loops in the clover-leaf 

models for the tRNAs whose sequence is known contain many 

uridine residues. 16,20-22 This base does not stack as well 

as the other. 43 ,44 Therefore, we shall assume, for the time 

bein~, that enthalpy effects are small by comp~rison to the 

entropy effects. For this approximation, the equilibrium 

constant for loop closure by two complementary oligomers is 

directly proportional to the equilibrium constant for asso-

ciation of the same oligomers unconnected by the chain. The 

proportionality constan~ is the ratio of the probability of 

f~nding the oligomersnear each other in the two cases. 171 

Jacobson and Stockmayer170 have derived an equation for 

calculating this ratio which is designated J. If the end-to-

end distance of the loop has a Gaussian distribution as a 

function of chain length and the contour length is long 

compared to the mean end-to-end distance then they find 

3/2 

J ,; Cm~b2 ) (22) 
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where n is the number of units of length b in the loop. In 

the absence of information to the contrary we shall assume 

that j can be calculated with this equation for chain lengths 

of 10 or greater. Therefore, the fraction of oligomers 

bound in the loop, f l , can be .related to the fraction, f 2, 

bound in solution by the following equation: 

(23) 

where m is the initial concentration of each oligomer (moles 

of oligomer/liter) which leads to a fraction f2 bound in 

solution. The unit length b is measured in angstroms. 

For a solution of GpGpC and GpCpC with a concentration 

of 0.003 M trimer/liter the fraction of trimers in the 2:1 

complex is 75% at 1°C and 9% at 31°c. At a 10 fold higher 

concentration of oligomers Miles et al. 160 found that the 

fraction of ApApA and UpUpU in a U2:A complex is also 75% 

at lOC~ In analogy with the results for GpGpC and GpCpC of 

ApApA and UpUpU we shall. assume that the· fraction complexed 

at 37°C is 9%. Now we shall take these fractions as an upper 

limit of the fraction of oligomers bound in a double-strand 
--

complex at the same concentration of oligomer. The fraction 

of loops closed by double~strand complexes with these 

hypothetical stabilities has been calculated at 37°C for"n 

equal to 10, 20, and 100. The length of a monomer, 7 ~, ~ 

has been chosen for b. The results are given in Table 7. 

They indicate that a loop can -only be closed by 3 base pairs 
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at 37°C if they are all G-C base pairs. More than 3 A-U 

base pairs are needed to close the loop at this temperature. 

These -calculations have been for loops closed by double

strand complexes. However, it appears that triple-strand 

complexes of oligomers are more stable than the double-strand 

ones. We have been unable .to find conditions for a 1:1 

complex of GpGpC and GpCpC. Similarly, Pochon and Miche1sonl06 

were unable to find conditions for a 1:1 complex between 

oligo G and poly C, although Lipsett156 has succeeded. 

Aparently Miles et al. 160 have only observed a 2:1 complex 

between oligo A and oligo U. On the other hand, conditions 

have been found where the stoichiometry of the complex between 

poly G and poly C and between poly A and poly U is 1:1. 110 

The one other relevant observation here was given in a recent 

communication of Cassani and Bollum. 172 They have reported 

the T of complexes between poly d(pA) and oligo d(pT) and 
m" " 

between poly d(pT)" and oligo d(pA) as ~ function of the chain 

l~ngth.of the oligomer •. The stoichiometry of the complex 

between polY'd(pT) and oligo d(pA) is 2T:lA for oligomer 

chain lengths less·than 16 and IT:lA for chain" lengths 

greater than 16. The complex between poly d(pA) and oligo 

d(pT) was 1:1 for chain lengths of d(pT) greater than seven. 

It is possible that the shorter oligomers will give a 2T:lA 

stoichiometry. In summary, what is common to these observations 

is there'is a p~onounced tendency for short oligomers to form 

triple-strand complexes in preference to double-strand ones. 



Conversely, longer oligomers are more likely to form 

double-strand complexes. 
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Complementary regions in tRNA are probably rather short. 

Therefore, we should consider the possibility that loops in 

tRNA are closed by triple-strand complexes even at the 

expense of short double-strand regions. There are regions 

in each of the five tRNAs whose sequence is known16,20-22 

that can form triple strands instead of some of the double-

strand helical regions that have been. proposed. Such triple-

strand helical regions may be important in giving tRNA 

molecules precise three-dimensional structures. 

As in the case of double-strand loop closure, we must 

determine what effect the polynucleotide chain has on the 

equilibrium constant of the triple-strand complexes. Let f4 

be the fraction of oligomer in the triple-strand complex 

that forms in a solution of m moles of one oligomer and 2 m 

moles of its complement. Proceeding as before, we can relate 

the fraction f3 of double loop closed by a triple-strand 

complex to f4 and mby the following equation: 

(24) 

The number of units in the different loops are designated by 

nand n'. The lengths of these units are band b ' • 

The fraction f3 has been calculated at 37°C for n = n' = 

10, 20, and 100. The results are incllJ.ded in Table 7. The 



calculations indicate that double loops can be closed by 

a triple-strand complex like 2 GpGpC:GpCpC but not by 

2 UpUpU: ApAp."' .. 

206 



Table 7 

Formatibn of Double and Triple-Strand Loops 

No. of 
monomers 
in loops 

(n) 

10 

20 

100 

No. of 
monomers 
in each 

loop 
(n=n' ) 

10 

20 

100 

Fraction of loops closed 
(fl ) for b = 7 A 

m = 0.003 M m = 0.03 M 
(G-C) (A-U) 

Double Strand 

0.65 

0.39 

0.06 

0.16 

0.06 

0.01 

Fraction of double loopso 
closed (f3 ) for b= b' = 7 A 

m = 0.003 M 
(G-C) 

Triple-Strand Loops 

0.89 

0.51 

0.01 

m = 0.03 M 
(A-U) 

0.08 

0.01 

0.00 
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PART III 

SYNTHESIS OF POLYRIBONUCLEOTIDESOF ALTERNATING SEQUENCE 

Introduction 

In the previous section we explored methods of studying 

the optical and thermodyna~ic properties of double-strand 

RNA as a function of sequence and chain length with complexes 

of complementary oligoribonucleotides. The results indicate 

that this may not be a very useful method of studying double

strand RNA. A complex was observed to form between GpGpC 

ahd GpCpC. However, it is multi-stranded. Other complexes 

of complementary trimers are so unstable that they could 

not be studied conveniently. In general, our results with 

"GpGpC and GpCpC and the results of others I06 ,160,172 indicate 

that $hort oligomers are more likely to form multi-stranded 

complexes than double-strand ones. 

The problems of multi-strandedness and instability 

w:ould probably be eliminated if we could study complexes of 

longer oligomers. Unfortunately, suitable compounds are not 

readily available. The preparation of oligomers of known 

sequence with a chain length greater than three/or four is 

much more difficult. 

Another method of studying double-strand RNA is with 

the polyribonucleotides of repeating sequence that have been 

synthesized by Khorana and his colleagues. 2 They have 

prepared several complementary pairs of polymers with repeating 

dinucleotide, trinucleotide, and tetranucleotide sequences. 
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Two pertinent examples are poly rAC and poly rUC. These 

compounds contain alternating A and C residues and alternating 

U and G residues J respectively.174 

The origin of these polymers are short polydeoxyribo

nucleotides that have been chemically sy~thesizedJ 'd(AC)2_6 

() 175 
and d TG 2-6' The subscripts refer to different chain 

lengths. Mixtures of these complementary oligomers serve as 

templates for the DNA polymerase from Escherichia coli. 176 In 

the presence of the oligomers and the four triphosphates J TTP J 

dATP J dGTP J dCTP J the enzyme catalyzes the formation of a 

high molecular weight DNA-like polymerJ polydAC:dTG. This 

polymer has been characterized as having alternating A and 

C residues in one chain and alternating G and T residues in 

176 the other. Poly rAC and poly rUG are made by RNA 
'-

polymerase transcription of poly dAC:dTG, one strand at a time. 

Khorana and his col1eagues 2 have synthesized several 

complementary pairs of short polydeoxyribonucleotides 

with repeating di-J tri- J and tetranucleotide sequences. 

A list of them is given in Table 8. Most of these pairs 

have been shown to serv'e as templates for DNA polymerase. 

Specific 1:1 complexes of the complementary polyribonucleo-

tides made from the DNAs would be an excellent system for 

studying the sequential properties of double-strand RNA. 

Complexes of complementary polymers will be more ,stable 

than oligomer complexes. Thus J they can be 



Table 8 

Repeating Dinucleotide Sequences 

. d(AC )2-6 

d(TG)2_6 

Repeating Trinucleotide Sequences 

d(TTC)4 d(CCT)3_5 d(TAC)4_6 

d(AAG )4 d (GGA)3_5 d(TAG)4_6 

d(TTG)4_6 d (CGA)3_5 d(ATC)3_5 

d(CAA)4_6 d (CGT )3-5 d(ATG)3_5 

d (GGA)3_5 

d(GGT)3_5 

Re'peating Tetranucleotide Sequences 

d(TTTC)3" 

d(AAAG)3_4 

d(TATC)3 

d(TAGA)2 

d(TTAC)4 

ct(TAAG)2 

2 176 . Taken from Kh'orana et al., Wells et aI." 

and Byrd et aI. 177 

210 



211 

studied at nucleotide concentrations where multi-stranded-

ness and random aggregation will not be a problem. By 

contrast to homopolymers, many of these repeating polymers 

may not be able to form triple-strand complexes. In any 

case, it appears that polymers are less likely to form 

multi-stranded complexes than oligomers. 

The ORDs of the complexes will reflect various combin

ations of the ORDs of the ten base-paired dimers shown in 

Figure 30. Of course, these complexes would be an excellent 

system for testing our ability for calculating the optical 

and thermodynamic properties of double-strand RNA. 

With these thoughts in mind, we have collaborated with 

Dr. Michael Chamberlin in developing a procedure for the 

preparation of polyribonucleotides of repeating sequence,. 

suitable for optical studies, starting with a seed of the 

repeating DNA-like polymer. All. of the experiments to be 

described were carried out in Dr. Chamberlin's laboratory. 

He supplied us with a few optical density units of poly 

dAC:dTG and poly dAG:dTC and a generous supply of DNA 

polymerase and RNA polymerase. The conditions and methods 

that have been employed were his suggestions. 

The general scheme for preparing the RNAs from a small 

amount of DNA is essentially identical to that used by 

Khorana and his colleagues. 2 The first step is to prepare 

more of the DNA using DNA polymerase. The second is to 

use the product as a template for RNA polymerase. The method 
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is outlined schematically for poly rAe and poly rUG in 

Figure 61. 

We will describe in detail the procedure for preparing 

the se t\'lO complementary alternating polyribonuc leotides. 

Preliminary measurements of the ORD of poly rAC, poly rUG, 

poly dTG, and poly dACwill be reported. The results for 

poly rUG indicate that it may be aggregated. This is a 

particularly interesting result in view of the fact that 

U-G base pairs have been postulated to occur between codon 

and anticodon and in tRNA. 

He have also attempted to prepare poly rAG and poly rUC 

starting with poly dAG:dTC.However, the seed DNA was con-

taminated with poly dAT. In the absence of an effective way 

of separating poly dAT from poly dAG:dTC, the method outlined 

in Figure 61 cannot be used to prepare the desired polymers. 176 

. Replication of Poly dAC:dTG with DNA PolYmerase 

!. DNA P~erase Assay 

DNA polymerase actiVity is defined in terms of the 
14 . 

amount of a C label.in ATP that is incorporated into acid 

preCipitable poly dAT. The conditions we have used for the 
. 176 178 assay are similar to those used by others.' The pro-

cedure for recovering the incorporated r~dioactivity is 

basically the same as used by Josse and Kornberg179 for 

the assay of DNA glucosyltransferase. However, many of the 

details of both the conditions and the procedure are different. 



Poly dAC:d TG Seed 

dATP 
DNA TTP 

Polymerase dCTP 
dGTP 

• ... ·Ap CpApCpApCpApCpAp" ... 

II III II III II III II III ~ 
..... Tp Gp Tp Gp Tp Gp Tp Gp Tp ..... 

Poly rUG Poly rAe 

Pol y rUG: rAC 

Figure 61. Schematic outline for preparation of 

poly rUG:rAC from a poly dAC:dTG seed. 

213 



214' 

Thus" we have included a detailed descriptions of the entire 

assay procedure. 

The assay reaction mixture contained in 0.3 ml: 20 

~moles of potassium phosphate buffer" 'pH 7.4" 300 m~moles 

of 2-mercaptoethanol," 2 ~inolesof MgCIZ" 10 ~moles of 

'dATP_C14 (2000'cpm/~mol~), 10 m~moles of TTP, 10 ~moles 
of poly dAT and 0.5 to 1. 0 unit of DNA polymerase. The 

mixture was incubated at 37°C for 30 minutes. Synthesis 

was ·~topped by plunging that te~t tube.into ice and adding 

3 m1 of ice cold 3.5% perchloric acid (PCA). After st,anding 

for 15 'minutes" the solution was. filtered on a Whatman GF/C 

glass filter, 2.,4 cm diameter. Both the tube and filter 

were rinsed with three 3-ml volumes of cold 1 M HCl, 0.1 M 

pyrophosphate. The filter was dried under an IR lamp and 

placed in a vial. Ten mls of scintillation fluid were added' 

and the C14 radioactivity was counted in a scintillation 

counter. The scintillation fluid \'iasprepared by mixing in 

a, total volume of twolite"rs" 8 gm of scintillatlongrade 

2 ,,5-diphenyloxazole (pPO)" 6.2 gm of scintillation grade 

l,4-bis-2--(5-phenyloxazolyl)-benzene (POPOP) andtolune. 

2. Conditions for Synthesis·of Poly dAC:dTG. 

with DNA Polymerase 

Nearly 100optic~1 density units of poly dAC:dTC were . . . . . '. 

synthesized from, a few 'optical density units of the DNA by 

using the seed as ,a template fo·r DNA polymerase in the 

presence of the four deoxytriphosphates. The reaction . 

. ~ ., '" .' 
·.·.)·4: 



215 

mixture contained in 1 ml: 100 ~moles of potassium phos

phate buffer, pH 7.42, 12 ~moles of r.:gC12' 1 ~mole of 

2-mercaptoethanol, 500 m~moles of each of the four deoxytri

phosphates, 0.6 optical density units of poly dAC:dTG and 

25 units or Stage VII E. coli DNA polymerase. 178 The primer 

polydAC:dTG was first heated at 90°C for 10 minutes and 

then cooled in an ice bath before being added to the synthesis 

mixture. The synthesis mixture was incubated at 37°C. 

The optical density or the solution at 260 m~ is a sensi-
180 tive measure of the progress of the synthesis. As the 

synthesis progresses the 0.D. 260 decreases because of the 

hypochromism of the DNA that is synthesized. A small aliquot 

of the reaction mixture was incubated at 37°C in a 1 mm path 

length absorption cell that. was kept in the thermostated 

cell compartment or a Zeiss PMQ II spectrophotometer. The 

reading was usually blanked against an ATP solution that 
260 . . 

had anO.D. of approximately 1.2. After a period or time, 

the 0~D.260 levelled off and began to increase. The length 

of time until this occurred depended on the amount of primer 

and enzyme that had been used. For the amount of primer 

indicated above, the progress of three syntheses, with 

varying amounts of enzyme, is shown in Figure 62. As expected, 

the 0.D. 260 levelled off sooner when greater amounts of 

enzyme were used. The synthesis using the smallest amount 

of enzyme in Figure 62 corresponds to the amount that was 
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generally used for large scale syntheses of poly dAC:dTG. 

As indicated, maximum synthesis was reached in 80-100 

minutes. The exact time was variable. Thus, we found it 

necessary to monitor the progress of every synthesis. As 
260 soon as the O.D. levelled off, the reaction was stopped 

by adding an equal volume of 0.1 M EDTA, pH 8. 

The DNA polymerase was removed from the solution by 

phenol extraction. We used Mallinckrodt Chromatographic 

Grade phenol. This reagent contains no preservatives and is 

88% phenol, 12% water. The phenol is first neutralized by 

shaking with 0.1 M phosphate buffe~ pH 7. Equal volumes of 

phenol and the reaction mixture are shaken together at room 

temperature for 2 minutes in a test tube stoppered with a 

silicone rubber stopper. The aqueous and phenol layers are 

separated by centrifugation for 5 minutes at 2000 rpm at 

room temperature. The lower layer, which is the phenol layer, 

is removed With a capillary pipet and the extraction is 

~epeated. After removal of the reaction mixture, the second 

phenol aliquot is extracted with phosphate buffer and the 

aqueous. layer added to the reaction mixture. 

After the phenol extraction, excess triphosphates were 

removed by dialysis. 
181 

The apparatus described by Englander 

and Crowe was used for dialysis. Buffer 1 contained 1 M 

NaCl, 0.01 M Tris-HCl, pH 8, and 10-3 M EDTA, pH 8. 
. 

Buffer 2 

contained 0.01 M phosphate buffer, pH 7, and 10-4 M EDTA; 

The reaction mixture was dialyzed against three or four 

changes of buffer I, with at least two hours between changes. 
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It was then dialyzed similarly against three changes of 

buffer 2. The volume ratio of buffer to reaction mixture 

was always at least 100. The purpose of the high salt in 

the first buffer is to aid in the removal of the triphos-

phates. Apparently the dialysis membrane is negatively 

charged when in contact with aqueous solutions. If the buffer 

does not contain a large amount of salt, then it is very 

difficult to remove the triphosphates. 

The yield of poly dAC:dTG per ml of reaction mixture 

was approximately 4 0.D. 260 units. This included the 0.6 

O D 260 't' f ' .• 'unl s 0 prlmer. Thus, the synthesis was 7 fold. 

Large scale syntheses were done with 5 ml reaction mixtures. 

3. Characterization of the DNA Polymerase Product 

We were naturally interested in assuring ourselves that 

the product of the DNA polymerase synthesis was actually 

poly dAC:dTG. From'a poly dAC:dTG primer, the enzyme has been 

shown to synthesize more of the DNA';"like polymer accurately.176 
, , 

Thus, we were not concerned that the alternating sequence 

had been replicated faithfully. RC).ther, we were concerned 

about possible contamiriation from poly dAT. 

DNA polymerase shows a remarkable propensity for the 

synthesis for poly dAT. In the absence of any added primer, 

the enzyme will synthesize this perfectly alternating polymer 

from dATP and TTP. 180 Under conditions similar to those we 

used for the replication of poly dAC:dTG, this de novb 



219 

180 synthesis proceeds after a two-hour lag period. Thus, 

it seems unlikely that any de novo synthesis had taken place 

during the 90 minute primed synthsis of poly dAC:dTG. 

However, if our seed of poly dAC:dTG had been contaminated 

with even a small amount of poly dAT, then we might expect 

that the enzj1ne would replicate poly dAT in preference to 

poly dAC:dTG. The last possibility is that we had contaminated 

the synthesis in some way ",dth poly dAT. Since DNA polymerase 

is assayed with poly dAT, nearly all the glassware we used. 

had at one time or another been in contact with this polymer. 

If contamination occurs during the first stages of our 

replication of the poly dAC:ctTG seed, then successive gener-

ations of the product will be primarily poly dAT. 

We shall see that the product of the poly dAC:dTG repli-

cation does not contain any poly dAT. Nevertheless, our 

congern for this problem was justified with our experiences 

with poly dAG:dTC. We shall return to this matter later. 

a. Base Composition 

The base composition of the product was determined by 

degrading the DNA to nucleoside Sf-monophosphates by 
182 sequential treatment with p&ncreatic DNase and snake venom 

183 phosphodiesterase. The four nucleotides were separated 

by paper chromatography. The number of moles of each 

nucleotide was determined spectrophotometrically. 
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To 3.5 O.D. units of the poly dAC:dTG product in 2.5 

ml was added 1.0 ml of 7% ice cold PCA. After standing 

in ice for 10 minutes, the mixture was cent'rifuged for 

5 minutes at 10,000 RPM. The 0.D. 260 of the supernatant 

was 0.20. The precipitate was washed twice with ice cold 

water and centrifuged each time. Finally, the precipitate 

'was taken up in 0.15 ml of water and 0.03 ml of 0.10 M Tris~ 

HCl, pH 8.0. The pH of the solution was estimated with pH 

paper and adjusted to 7.5 with drops of 0.10 M NH40H. The 

solution was incubated for 3 hours at 37°C after adding 

0.02 ml of 0.05 M MgC1 2 and 0.03 ml of pancreatic DNase 

(0.5 mg/ml). 

After the completion of the DNase digestion, the pH was 

adjusted to 8.5 with O.lM NH40H. Approximately 0.01 ml is 

needed. Then, 20 units of snake venom phosphodiesterase were 

added and the solution was incubated for another three hours 

at 37°C. By definition, one unit of snake venom phospho

diesterase is the amount catalyzing the hydrolysis of one 

IJ.mole of p-nitrophenyl-thymidine-5 ' -monophosphate per hour 

at pH 8.9 and 37°C in 0.01 M Tris-HCl buffer. 183 

The 5 ' -nucleotides were separated from one another by 

paper chromatography on Schliecher and Scheull 589 Orange 

Ribbon C paper. The solution was first evaporated to dryness 

and then ,taken up in 0.05 ml of water. It was applied to 

the paper as a strip 2 or 3 cm long with a capillary. The 

chromatography solvent was prepared by mixing 80 ml of 
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saturated aqueous ammonium sulfate, 18 ml of 1.OM sodium 

acetate and 2 ml of isopropanol. Developing times of 15 

hours resolved the four nucleotides nicely. Each spot was 

cut out and soaked overnight in 2.0 ml of 0.01 M potassium 

phosphate buffer, pH 7.0. Four blank spots were also cut 

from the paper chromatogram at an equal distance from the 

origin as the four nucleotide spots. They were treated in 

the same way as the nucleotide spots. 

The identity of each nucleotide spot was established 
184 from the absorption spectrum. The order of the nucleotides~ 

in increasing mobility, was A, G, T, and C. The number of 

~moles of each nucleotide was also established spectro-

photometrically from the appropriate extinction coefficients 
184 at 260 m~. . The.results are as follows: 

5':"Nucleotide 

A 
·G 

T 

·C 

I:!:,moles 
0.021 

0.020 

0.020 
0.019 

They indicate that the product ·of the poly dAC:dTG synthesis 

contained an equimolar mixture of the four residues, as 

expected. 

b. Optical Properties 

The·absorpt1on spectrum of the poly dAC:dTG product· 

showed a maximum at 258 m~ and a minimum at 236 m~. Wells 
i 176 et ale found the maximum at 257 m~ and the minimum at 

231 m~L. It is not clear why there was a 5 m~ difference in 
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the position of the minimlJ.m. Nevertheless, in every other 

respect that we tested, our product had similar character-

istics to theirs. Thus, \'le have -discounted this observation. 

The Tm of the poly dAC:dTG product in a solution con-
-4 .. 

taining 0.01 M phosphate buffer, pH 7, 10 M EDTA,was 

70.SoC. The change in the optical density at 260 m~ with 

temperature is shO\'m in Figure 63. The helix-coil transition 

occurred over a very narrow temperature range, 1° or less. 

The absorption increased 26%. Most important, there was 

no indication of an increase in the absorption at 41°C, which 

is the temperature at which poly dAT would melt in this 

solvent. 185 Hells et al. 176 found the Tm of poly dAC: dTG to 

be 74°C in a buffer that had a slightly higher ionic 

strength than ours. They also observed that the absorption 

increased 26%. 

c. Strand Separation 

186 Doerfler and Rogness observ~d two bands when poly 

dAC:dTG is banded in a CsCl gradient at pH 13. It has also 

been shown that this DNA is denatured at P~ 13. 176 Thus, 

the two bands are presumably poly dAC and poly dTG. The 

heavier one is probably poly dTG since thi~s strand is ionized 

and will bind more cesium ions. We have repeated Doerfler 
186 . 

and Rogness's experiment with the product of· Our poly 

dAC: dTG primed DNA polymerase synthesis. \-Ie also observed 

two equally intense UV absorbing bands. 
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We have used this phenomenon as a method of separating 

the two strands. A solution containing 11 O.D. units of 

poly dAC:dTG was made pH 13 with NaOH. The density was 

adjusted to 1.71 with CsCl in a total volume of 3.0 mI. 

The solution was centrifuged in a cellulose acetate tube 

at 35.,000 RPJ;] for three days in a Spinco Nodel L preparative 

centrifuge using the swinging bucket rotor No. 39. At the 

end of that period., the rotor was brought down without the 

brake., and fractions were collected from a hole that was 

-punched in the bottom of the tube. The O. D. profile of the 

fractions is shown in Figure 64. There were two bands of 

UV absorbing material. The heavier band., which came out 

of the tube first, was tentatively identified as poly dTG. 

The other vIas presumably poly dAC. 

The fractions containing the two polymers were dialyzed 

separately against several changes of a 0.01 M phosphate 

buffer., pH 7. The absorption spectrum of the poly dAC showed 

a-maximum at 261 mil and a minimum at 232 mil. By contrast, 

the spectrum of poly dTG had a maximum at 255 mil, a shoulder 

at 270.,..280 mil, and a minimum at 230 mil. These spectra 

confirm the identity of the two polymers. He expect that 

compounds containing Gand T will exhibit a shoulder around 

280 mil and a maximum to the blue of 260 mil. We also ex~ect 

the maximum for a compound containing A and C to be to the red 

of 260 mil. 
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Replication of Poly dAG:dTC With DNA Polymerase 

By contrast to the results with poly dAC:dTG, all our 

observations on the replication of poly dAG:dTC with DNA 

polymerase indicated that the seed sample was contaminated 

'with poly dAT. These two DNA-like polymers must be separated 

before we can proceed toward th~ synthesis of poly rAG and 

poly rUC. In the presence of poly dAT, the enzyme will 

synthesize mainly poly dAT,. 

There were several observations that revealed the 

presence of p~ly dAT in the seed sample. As seen in Figure 

63, the product of the replication of the sample with DNA 

,polymerase had a Tm near 45°6. For the ionic strength of 

the buffer that was used, this is the temperature at which 

we expect poly dAT to melt. We expect the Tm of poly dAG:dTC 

in our buffer to be about 66°C. A small ~ncrease in the 

optical density did occur at that temperature. 

In addition, the absorption spectrum of the "product 

had a maximum at 261 mil, which is closer'to the 260 mil 

maximum of poly dAT than the 257 mil maximum of poly dAC:dTG. 

(No spectrum of poly dAG:dTC has been reported.) 

These tests have been confirmed by tests of the incor

poration of radioactive nucleotides into tne product. The 
14 results for C -AMP are given in Table 9. These experiments 

were performed in the same way as the assay for DNA polym-

erase. The concentrations of the various reagents, except 

where indicated, were the same as for the synthesis of 

poly dAC: dTG. 



Table 9 

Reaction No. 

1. Complete~ all four tri-
phosphates plus enzyme 
and primer. 

2. Complete~ except twice 
as much enzyme as for 
Reaction No. 1. 

3. Complete~ except NO GTP. . 
Same amount of enzyme as 

for Reaction No. 2. 

2~7 

14 mllmoles of C -AMP Incorporated 
per ml of Reaction 

Poly dAC :dTG 
primer 

3.3 

4.1 

0.4 

Poly dAG:dTG 
primer 

13.0 

17.7· 

·16.3. 
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The first two reactions contained all four triphos-

phates, primer, and enzyme. The second contained twice as 

much enzyme as the first.· For the third reaction, GTP was 

left out, and the same amount of enzyme was used as for 

Reaction 2. In the absence of one of the triphosphates 

there should be much less synthesis. The enzyme does not 
'. . 176 

seem to be capable of synthesizing only one strand. 

There will be some synthesis, however, because the enzyme 

will repair the ends of the DNA molecules with the available 

triphosphates. These expectations were confirmed when poly 
14 dAC:dTG was used as the primer. One-tenth as much C -AMP 

was incorporated when GTP was left out as when it was 

included. Similar results were found when we followed a 

H3 label in CTP. However, when the poly dAG:dTC seed was 

used as the.primer, there was almost no effect on the 
14 incorporation of C -AMP when GTP was left out. 

RNA POlymerase Synthesis of Pol~ rAC 

and Poly rUG from Poly dAC:dTG 

1. RNA PolYmerase Assaz 

The assay for RNA polymerase that we used was similar 

to the one described for DNA polymerase. The assay measured. 

the amount of radioactivity in ATP that became incorporated 

into an acid preCipitable polymer. 187 The inCUbation was 

generally done in the presence of poly dAT. Other DNAs can 

be used. However, the specific activity depends on the primer. 



We found that 10 poly dAT units equals 1 salmon sperm 

DNA unit. 

It was usually necessary to-dilute the stock enzyme 

solution .. The dilutions were done with a solution con-

taining 0.01 M Tris-HCl~ pH 8, 0.01 M MgC12~ 0.01 M 

2-mercaptoethanol and 5 x 10-5 M EDTA. This buffer is 

referred to later as the fu~A polymerase diluting buffer. 
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The assay mixture contained in 0.25 ml: 10 ~moles of 

Tris-HCl~ pH 8~ 1 ~mole of MgC12~ 0.25 ~moles of MnC1 2, 

3 ~moles of 2-mercaptoethanol~ 100 m~moles of ATP_C14 , 2000 

cpm/m~mole~ 100 m~moles of UTP~ 0.1 optical density 

units of poly dAT and 3 to 5 units of enzyme. The incubation 

was for 10 minutes at 37°C. The reaction was terminated by 

plunging the tube into ice and adding 4 ml of ice cold 

3.5% PCA. The radioactivity was recovered and counted in 

a manner identical to that described for the DNA polymerase 

assay. The solution was filtered. The tube and filter 

were rinsed ~'lith cold 1 M HCI, 0.1 M pyrophosphate. The 

filter was dried, and the radioactivity was counted in a 

liquid scintillation counter. One unit of activity is the 

~ncorporation of one m~mole of AMP per hour. 

2. Optimum Conditions for Synthesis 

The conditions used for the synthesis of poly rAC 

and poly rUG \I[ere simile.r to those used in the assay. There 

are three variables that we have juggled in an attempt to 

to find optimum conditions for the synthesis. These are the 
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amount of primer, poly dAC:dTG, the amount of enzyme, and 

the length of time of the incubation. Variations in all 

three are shown in Figure 65. Th,e ml!moles/ml of reaction 

mixture of C14 incorporated into an acid precipitable 

product are shown as a function of time for three different 

synthesis conditions for both poly rAC and poly rUG. Each 

reaction mixture contained in 0.25 ml: 10 I!moles of 

Tris-HCl, pH 8, 1 I!mole of MgC1 2, 0.25 I!mole of l,\1nC1 2, 3 I!moles 

of 2-mercaptoethanol,. poly dAC:dTG and RNA polymerase. The 
. 14 

syntheses of poly rAC contained 200 ml!moles of ATP-C , 

2000 cpm/mll-mole, and 200 mil-moles of CTP. The syntheses of 

14 I poly rUG contained 200 mil-moles of UTP-C J 2000 cpm mil-mole, 

and 200 mil-moles of GTP. The first reaction in both cases 
187 .. 

contained 300 units of Stage IV-enzyme and 0.03 O.D. units 

of poly dAC:dTG. The second reaction in both cases contained 

the same amount of DNA but twice as much enzyme. The third 

reaction in both cases contained 0.06 O.D. units of DNA and 

600 unit~ of enzyme. The incubation was at 37°C. The 

incorporation as, a function of time was determined by taking 

out 0.05 ml aliquots at various times. The incorporated 

radioactivity was determined in the same fashion as for the 

assay. 

The results indicate that the incorporation as a fUnction 

of time reaches a maximum in 60 minutes. Other assays of 

the incorporation of C14 -NiJP into poly rAC and C14 - UMP into 

poly rUG have confirmed this observation. Thus, ali the 
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#3 RNA Polymerase Synthesis of Poly rAC 
and Poly rUG from Poly dAC:dTG 

jPOIY 
rUG 

#3 _----,.-------------------j ~~~- . 
. --- . e/-- .POIY 
I· rAe 

I #2 --------------~------.-, .... ----.----------. . . , /'.AI ____________ .,.. _______ _ 'I. _--W" __ ------- r 
/1"'- v-
II" 
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I 
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Figure 65. The incorporation of CI4~UMP and CI4 _AMP into 

poly rUG and poly rAC, respectively, by RNA polymerase 
transcription of poly dAC:dTC •. For both the synthesio 
of poly rUG and the synthesis of poly rAC~ Reaction I 
contained 300 units of enzyme and 0.03 O.D. units of 
poly dAC:dTCj Reaction 2 contained· 600 units of enzyme 
and 0.03 O.D. units of poly dAG:dTGj Reaction 3 con
tained 600 units of enzyme and 0.06 O.D. units of poly 
dAC:dTG. Total volume in all cases was 0.25 mI. See 
text for concentration of other reagents. 



syntheses of poly rAC and poly rUG have been terminated 

after 60 minutes. 
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As expected, the data in Figure 65 indicates that 

increasing the DNA and enzyme concentration increases the 

yield of acid precipitable material. Of course the goal 

is to optimize the O.D. units of poly rAC and poly rUG 

synthesized per O.D. unit of DNA, per unit of enzyme, and 

per unit of time spent by the investigator. Thus, it is 

not always clear what the optimum conditions are. Note in 

Figure 65 that Reaction 3 for both poly rAC and poly rUG 

used twice as much DNA as Reaction 2. The yield was greater 

for Reaction 3. However, it was not twice as great. We 

had a fair amount of success in synthesizing poly dAC: dTG. 

Thus, in large scale syntheses of poly rAC and poly rUG 

we have used higher concentrations of DNA than even those 

used in Reaction 3. 

The: dependence of the yield on enzyme concentration is 

spown more explicitly in Figure 66. Except for the DNA 

and enzyme concentrations, the reaction conditions were 

identical to those for Figure 65. The concentration of poly 

dAC: dTG was 0.57 O. D.uni t simI. The concentration of RNA 

polymerase was as indicated in the figure .. The incubation 

was at 37°C for 60 minutes. 

Note that more poly rAC was synthesized than poly rUG 

for each of the reactions of Figure 66. The reverse was true 

in the previous figure. The discrepancy is definitely real 
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Figure 66. Synthesis of poly rAC and poly rUG by RNA 

polymerase transoription of poly dAC:d'rG as function 

of enzyme concentration. See text for concentrations 

of other reactants. 
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and the result of using different enzyme preparations. 

The results for poly rUG were identical for the two 

enzyme preparations. However, fqr unknown reasons, the 

enzyme that was used for the reactions in Figure 66 synthe

sized poly rAC much better than the other enzyme, preparation. 

Naturally, we used this second enzyme preparation most 

frequently because of the enhanced yield of poly rAC. 

The increasing yield with increasing enzyme concentra

tion levelled off at 0.40 mg/ml. For large scale syntheses 

we used enzyme concentrations around 0.5 mg/ml. Using more 

enzyme than this would increase the yield further, but the 

cost in terms of units of enzyme per O.D. unit of polymer 

synthesized would increase rapidly. 

We have varied some of the other conditions in an attempt 

to increase the yields. Compared to the results in Figure 

66, increasing or decreasing the MgC1 2 concentration by a 

factor of 2 did not significantly alter the yields. However, 

uping one-fifth the concentration of triphosphates or 

incubating at 45°C instead of 37°C decreased the net synthesis. 

The one trick we tried that did enhance the yields a small 

amount was to precipitate the RNA polymerase and redissolve 

it before adding it to the synthesis mixture. The enzyme 

was precipitated with an equal volume of room temperature 

saturated ammonium sulfate. After standing 15 minutes in 

ice the mixture was centrifuged at 4°C. The supernatant was 

removed with a pipet and the precipitate was taken up .in the 

RNA polymerase diluting buffer (see description of assay). 
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In fact, all the experiments shown in Figure 66 were done 

with enzyme that had been treated in this way. This 

treatment does not alter the diffe.rences between the two 

enzyme preparations that are mentioned above. 

In summary, for large scale synthes~sof poly rAC and 

poly rUG the concentrati~n of Tris-HCl buffer, pH 8, MgC1 2, 

MnC1 2, an? 2-mercaptoethanol were the same as used in the 

assay and as indicated for the reactions in Figures 65 and 

66. In addition, the reaction mixture contained the two 

appropriate ribotriphosphates, BOO mil-moles of each/ml, poly 

dAC:dTG, 0.57 O.D. uriits/ml, and Stage IV RNA pOlymerase,l87 

0.5 mg/ml (1.4 x 104 units/ml). The enzyme was precipitated 

and redissolved as described. The incubation was at 37°C. 

The synthesis was stopped after 60 minutes by adding an 

equal volume of cold 0.1 M EDTA, pH 8. The protein was 

removed by one phenol extraction. The phenol layer was 

washed with 0.1 M phosphate buffer" pH 7. Then, the' combined 

aqueous layers were dialyzed as indicated for poly dAC:dTG. 

For these conditions, 5 ml reactions yielded 7-10 O~D. 

units of poly rAC and 3-4 O.D. units of poly rUG. A total 

of 2.8 O.D. units of 29ly dAC:dTG were used per 5 ml reaction. 

Thus" there was a 2.5. to 3.5-fold synthesis of poly rAC 

and barely more than a I-fold synthesis of poly rUG. 

3. Separation of RNA from DNA 

The solutions of poly rAC and poly rUG, as prepared 

above, still contained the primer DNA, poly dAC:dTG. The RNA 
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was separated from the DNA by preparative equilibrium cen

trifugation in Cs 2S04 . 'The method is basically similar to 

that described for the separation of the DNA strands. How-
, 

ever, Cs 2S04 was used instead of CsCl because RNA is too 

dense to be banded in solutions of CsCl. The other major 

difference is that the ban~ing was done at neutral pH instead 

of alkaline pH. 

The solutions were made up to a density of 1.553 in 

3 mI. Previous work by Chamberlin188 indicated that this 

density would effect a good separation of RNA and DNA. The 

weight percent of Cs 2S04 in the solution, 44.5%, was deter

mined from the report of Wake and Baldwin. 189 

The results for poly rUG and poly rAC are shown in Fig

ures 67 and 68, respectively. The poly rAC solution con

tained a total of 14 O.D. units, including 2.8 O.D. units of 

poly dAC:dTG. The poly rUG solution contained a total of 4.7 

O.D. units, including the same amount of DNA. In both cases, 

after centrifugation for three'days, there was a visible 

band of precipitated material. The band was closer to the 

bottom of the tube for the solution containing poly rUG than 

for the solution containing poly rAC. We followed the prog-

ress of the bands during the collecting procedure. They came 

'out in the fractions labelled poly rAC and poly rUG in the 

figures.· The precipitates immediately disappeared upon the 

dilution of the fractions. 

There were three other bands of UV absorbing material in 

the poly rUG tube. The lightest one, on the right in the 
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Figure 68. Separation of poly rAC from poly dAC:dTG by 
preparative centrifugation. The absorbance at 260 
m~ is plotted for fractions collected from bottom 
of a test tube after centrifugation for three days. 
The solution contained 14 O.D. units of nucleic 
acid in a Cs 2S04 solutiop, density = 1.553. 
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figure, was presumably poly dAC:dTG. The next heaviest band 

was probably a DNA:RNA hybrid. In which case, the third 

unidentified band was poly dTG. 

There were only two extra bands in the poly rAC tube. 

The same species were probably present in this system as in 

the poly rUG system. If our identification of the bands 

in the poly rUG tube was probably single-strand DNA. It might 

have. been buried under the poly rAC peak. 

The fractions containing poly rAC and poly rUG were 

pooled and dialyzed against 0.01 M phosphate buffer, pH 7.5, 

-4 10 M EDTA. If there was a single-strand DNA contamination 

in the poly rAC sample, it probably amounted to less than 

10% of the UV absorbing material. A total of ·8.4 optical 

density units of poly rAC and 1.0 optical density units of 

poly rUG were recovered. Approximately 1.5 optical density 

units were recovered from each of the lightest bands. 

Preliminary Optical Properties of 

Poly rAC and P~ rUG 

The wavelengths of. the extrema in the optical rotation 

and absorption spectra of poly rAC, .poly rUG, poly dAC, 

and poly dTG are given in Table 10. The analogous absorption 

properties of poly dAC:dTG are also shown. 

1. Poly rAC 

The absorption spectrum of neutral solutions of poly 

rAC at 25°C is given in Figure 69. It is similar to the 



poly ·rAC 

poly rACc (calc) 

poly dAC 

poly rUG 

poly rUGc (calc) 

poly dTG 

poly dAC: dTG 

Table 10 

UV Spectrum 

a a ,/ 
. Amax Amin 280/260 

258 233 0.41 

261 232 0.48 

256 228 0.49 

255 ·230 0.63 

258 236 0.56 

240 

ORD 

285 272 258 

286 276 261 

290 279 259 

284 270 250 

290 282 272 

292 286 270 

a. Amax and Amin ' refer to the wavelengths of maximum and 

minimum absorption in the UV spectrum. 

b. Ap' AO' and At refer to the wavelengths of the peak, 

crossover, and trough, respectively, in the ORD. 

c. Nearest-neighbor calculated ORD. 
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Figul'e 69. Ultraviolet absorption spectrum of poly 
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spectrum of poly dAC. The maximum and minimum of the 

poly rAC speqtrum are at 258 m~ and 233 m~, respectively. 

The 280/260 ratio is 0.41. 

The optical density of poly rAC at the wavelength of 

maximum absorption is shown in Figure 70.as a function of 

temperature. There is a gradual increase in absorption with 

increasing temperature., There is no indication of any 

helix-coil transition. In this respect, the. absorption

temperature profile resembles that found for poly A~5 and 

poly C7l at pH 7. At this pH, these homopolymers have been 

characterized as single-strand helices with stacked bases~~7l 

We expect that poly rAC has a similar structure at pH 7. 

The gradual increase in optical density with increasing 

temperature presumably reflects a gradual change in the 

base stacking. 

The ORDS ofpoly rAG and poly dAC are shown in Figure 7l. 

The extinction coefficient of poly rAC was calculated with 

Eq. (6) and the known extinctions of ApC and CpA. I08 At 

260 m~ it is 9600. We assumed the same extinction coefficient 

for poly dAC. The difference between the ORDsof poly rAC 

and poly dAC is similar to that found for other pairs of 
190 ribo- and deoxyribo- polymers with analogous sequences. 

The magnitude of the rotation at the extrema of the ORD 

is generally larger for the polyribonucleotide. 

The nearest-neighbor calculated ORD of poly rAC is also 

shown in Figure 71. The three curves are qualitatively similar. 
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They each have a peak between 285 and 290 m~J a trough 

between 257 and 263 m~J a second peak near 225 m~, and a 

second trough (not shown) at 213' m~. From this standpoint, 

the ORD of poly rAC compares as well with the nearest-

neighbor calculation as do the ORDs of poly A, poly C, and 

poly U, shown in Figure 3 (page 37). The magnitudes of the 

rotation are not as close for poly rAC, however. This is 

probably partially due to the use of a calculated extinction 

coefficient. They are generally too high for the homopolymers 

by 10 or 20%. They may also be too high for repeatin~ polymers. 

The ORD of polyrAC at pH 7 has been measured at a few 

temperatures between 0 and 25°C. By suitable juggling of 

the ordinate, the rotation at 285 m~ can be made to fall 

on the line for the absorption of poly rAC as a function of 

temperature. 

These few measurements strongly suggest that poly rAC 

at pH 7 has the conformation ofa single-strand helix with 

s~acked bases. Poly dAC probably has a similar conformation. 

It will be interesting to see what kind of structures 

form at lower pHs. The constraints of a helix may prevent 

the formation of a structure in which C-H+-C base pairs 

alternate with A-H+-A base' pairs. The problem would be to 

fit both purine-purine base pairs and pyrimidine-pyrimidine 

base pairs into the same helix. Perhaps A-H+-C base pairs 

will occur~ Such base pairs have been postulated to occur 

in 1:1 mixtures of poly A and poly C at pH 5. 192 
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2. Poly rUG 

The absorption spectr:um of poly rUG is shown in Figure 

72. The maximum is at 256 m~ and the minimum is at 228 m~. 

There is no shoulder on the red side of the absorption peak 

for poly rUG. However, there isa pronounced shoulder near 

275 m~ for poly dTG. The 280/260 ratio is 0.49 for poly 

rUG and.0~63 for poly dTG. These differences probably 

reflect the dissimilarities of the optical properties of 

thymidine and uracil. The absorption maximum is at 267 m~ 

for thymidine and 262 for uridine. 

The most interesting result for poly rUG is its ORD, 

which is shown in Figure 73. The ORD of poly dTG and the 

nearest-neighbor calculated ORD of poly rUG are also shown. 

Once again,a calculated extinction coefficient at 260 m~, 

9900, has been used for both polymers. The ORD of poly dTG 

is qualitatively similar to the nearest-neighbor calculated 

ORD of poly rUG. However, the ORD of poly rUG is quite 

different from the calculated curve. In particular, the 

trough of the experimental curve occurs 22 mll to the blue 

of the trough of the calculated curve. The calculated curve 

actually has a peak near the wavelength where the experimental 

curve has a trough. 

The difference between experiment and calculation may 

be indicative of base pairs in poly rUG. This is a part iou

larly intriguing possibility since U-G base pairs 'may occur 

16 20-22 in the secondary s1.;ructureof tRNA' and in the interaction 
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Figure 72. Ultraviolet absorption spectrum of poly rUG, 
0.01 M ~odium phosphate buffer, pH·7.6, 10-4 M EDTA, 
2SoC. 
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Figure 73. ORD of poly rUG and poly dTG, 0.01 M sodium 
-4 phosphate buffer, pH 7.6, 10 M EDTA, 25°C. 

Experiment for poly rUG. 
Experiment for poly dTG. 

'0' . Nearest-neighbor calculated ORD of poly rUG 
for 25°C. 



of codon and anticodo~.7 There are no known examples of 

U-G base pairs, however.-

Summary 

249 

Procedures have been worked out for the preparation of 

poly rAC and poly rUG starting with a few optical density 

units of poly dAC:dTG and a generous supply of DNA polymeras.e 

and RNA polymerase. The first step involves the synthesis 

of more of the DNA-like polymer with DNA polymerase. Poly 

rAC and poly rUG have been synthesized independently by RNA 

polymerase transcription of poly dAC:dTG one strand at a 

time. A few optical density units of each of these pol;y-mers 

have been separated from the DNA. Preliminary reports of 

their optical properties indicate that poly rAC at pH 7 

is a single-strand helix with stacked bases, but under the 

same conditions, poly rUG may contain some base pairs. 
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APPENDIX A. 

Abbreviations 

Following is a list of some or the abbreviations and 

terms frequently used·in this dissertation: 

A 

U 

'C 

G 

T 

N 

dN 

Np 

NMP 

NDP 

NTP 

. NpN 

poly N 

poly dN 

poly rAC 

poly rUG 

poly rAU 

Adenosine 

Uridine 

Cytidine 

Guanosine 

Thymidine 

A. general nucleoside 

A general deoxynucleoside. In all terms 

referring to thymidine, the sugar is assumed 
to be deoxyribose and the small d is left off. 

3' (2' )'nucleotide 

5' nucleoside monophosphate 

5' nucleoside diphosphate 

5' nucleoside triphosphate 
.' . 

. 3' -5' dinucleoside phosphate. Longer oligomers 

are abbreviated similarly. 

Homopolymer of nucleoside N, the nucleosides 
are connected by 3'-5' phosphate bridges 

Homopolymer of deoxynucleoside dN. 

Polyribonucleotide of alternating A and C 

residues. 

Polyribonucleotide of alternating U and G 
residues. 

Polyribonucleotide of alternating A and U 

residues. 



poly dTG 

poly dAC:dTG 

poly 

poly 

RNA 

DNA 

TMV 

tRNA 

mRNA 

rRNA 

ORD 

CD 

O.D. 

O.D. 

A 

[ 4> J 
, r/2 

(A+U) 

(G+C) 

unit 

Polydeoxyribonucleotide of ,alternating A 
and C residues. 

Polydeoxyribonucleotide of alternating T 

and G residues. 

1:1 complex of poly dAC and poly dTG 

1:1 complex of poly A and poly U 

1:1 complex of poly G and poly 

Ribonucleic acid 

Deoxyribonucleic acid 

Tobacco mosaic virus 

Amino acyl transfer RNA 

Messenger RNA 

Ribosomal RNA 

Optical rota~ory dispersion 

Circular dichroism 

Optical density 

C 
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An amount which when dissolved in 1 ml, has 
an optical density at 260 m~ of 1 in a 1 cm 

, , 

path length cell. 

Wavelengt'h 

Molar rotation per residue 

Ionic strength where concentration is 
~xpressed in moles per liter: 



APPENDIX B 

Prepration of Po~ynucleotide Phosphorylase 

from Micrococcus lysodeikticus 

Polynucleotide phosphorylase has been purified from 

~icrococcus lysodeikticus according to the procedure of 

252 

149 150 Singer and O'Brien as modified by Thanassi and Singer. . 

Some of the details for all steps except IV and VIII are 
·105 given by Cantor. Our results are summarized in Table 11. 

The level of purification at all stages is similar to that 

d i d Si 150 reporte by Thanassan nger. 

The modification introduced by Thanassi and Singer150 

was to replace the protamine Steps IV and V with a DEAE

cellulose column. This new step is called IV in the modified 

procedure and there is no Step V. The purpose of the pro

tamine steps was to separate protein from nucleic acid, a 

must for a primer dependent enzyme. We, as well aE 

. 138 150 . others, ' have found. the reported results of these 
149 steps extremely difficult to reproduce. Furthermore, the 

results have seemed to vary from one lot of protamine 

sulfate to another. By contrast, the DEAE-cellulose column 

in our hands has worked very well. The large jump in the 

280/260 ratio from Step III to Step IV is evidence·of the 

removal of nucleic acid from the enzyme solution. We hAve 

also found the results reproducible. 

The only problem we encouhtered during the purification 

was with the concentration step after stage VIII. The stage 



Fractiona 

I. Crude extract 

II. (NH4)2S04 
(30 to 65%) 

III. (NH4)2S04 
(43 to 57%) 

IV. DEAE-cellulose 
pooled tubes 

VI. (NH4)2S04 
(40 to 60%) 
pH 6.3 

VII. Zinc-Sephadex G-75 
,Zinc supernatant' 

Pooled ~ubes from 
columns 

VIII. DEAE-cellulose 
pooled tubes from 
columnsd 

Final concentrated 
enzyme 

Table 11 

Protein 
(mg/ml) 

21 

21 

10 

26 

4.3 

0.64 

0.11 

0.6 to 
1.0 

Specificb Ac_tivity 
(u/ml) 

0.15 

0.17 

0.24 

0.33 

0.61 

2.3 

7.5 

5.3 

Totalb Units 

299 

157 

194 

147 

116 

129 

116 

253 

1.07 

1.16 

1. 60 

1. 78 

1.25 

a. Fractions refer to steps in the purification pro
cedure of Singer and 0'Brien149 as modified by Thanassi 
and Singer. 150 

b. 

c. 

d. ' 

e. 

The units refer to assays by the phosphorolysis of poly 
A. This assay is Assay A of ,Singer and 0'Brien. 149 It 
is also described by Cantor. l05 

The results are for the lysis Of three 20 gm batches of 
cells. Two of the lyses were pooled after Stage I .. The 
third lysis was pooled with the first two after Stage IV. 

The enzyme solution was divided into three equal portions 
and each portion was carried though Stages VII and VIII 
separately. 

This is the estimated recovery if the concentrating is 
done with Sephadex G-200 as described in the text. 
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VIII enzyme is too dilute for normal synthesis conditions. 
149 Singer and O'Brien have concentrated the enzyme by 

adsorbing it on a small DEAE-cellulose column and eluting 

it off in a small volume. They were able to concentrate 

the 'enzyme solution more than 10 fold and still recover 80% 

o'f the activity. However, on several attempts we were never 

able to recover more than 50% of the activity. An alternative 

procedure suggested by Mr. D. Lloyd has proved to be satis

factory. Up to 15 ml of the stage VIII enzyme was placed 

in dialysis tub~ng that had been heated for at least an hour 

in 7 M urea and thoroughly rinsed with twice-distilled H20. 

The water was removed from the dialysis bag by packing it in 

dry SephadexG-200 resin (Pharmacia,Piscataway, New Jersey). 

After 30 to 60 minutes the wet Sephadex was stripped away 

and replaced with dry Sephadex. After four changes the 

volume of the solution was one-fifth to one-tenth of the 

original volume. The solution was kept cold during the 

entire procedure by placing the shallow trough containing 

the dialysis bag and resin in ice. We were'able to recover 

7($ of the activity .• 

Thanassi and Singer150 have shown that both the stage 

VII and stage VIII en~yme when purified according to the 

modified procedure is primer dependent. We have not tested 

our preparation. However, our results so closely parallel 

theirs that it seems reasonable to presume that our concen

trated stage VIII enzyme is also primer dependent. However, 
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. 191 
there have been reports that this procedure results in 

a primer independent enzyme for certain lots of the bacterial 

cells purchased from Miles Laboratory. 

A recent report by Klee191 shows that primer dependency 

can be induced by treatment with trypsin. The use of this 

method should make the preparation of large quantities of 

primer dependent enzyme much easier than with the procedure' 

that has been used until now. 



APPENDIX C 

Fortran Program for Converting Raw Data of a 

Spectropolarimeter to an ORD Curve 
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The Fortran computer program presented in this Appendix, 

program DORD25S, was designed to convert. the raw data 

generated by the Cary Model 60 spectropolarimeter into ORD 

curves. ,The smoothing procedures of Savitzky and Golay152 

were used to reduce the noise in the signal. As indicated 

in the text, we found that the best procedure for reducing 

the noise without altering the signal. was to take points 

every 0.5 m~ and fit the~ to Savitzky and Golay's 25-point 

cubic function. 152 

The program was written in Chippewa Fortran for use 

with the Control Data 6600 ~omputer. The subroutine for 

the smoothing, subroutine SMOOTH, was taken from the paper 

by Savitzky and Golay.152 

The raw data were -recorded on punched paper tape in a 

Scientific Data System (SDS) code by a Datex analog-to-digital 

converter. An IBM 1401 Computer was used to convert the data 

to IBM code and transfer it to magnetic tape 'that was used 

for input. 

The pen position and wavelength of the spectropolarimeter 

were recorded in 10 character records. The first character 

was always a space. As indicated below, we have used this 

feature in developing a procedure for signaling the end of 

a spectrum and for changes. of the pen center control on the 
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machine. The second, third and fourth characters recorded 

the pen position from 0 to 999. If the pen position was 

greater than 1000, then a + was recorded in the second 

character and the other digits were recorded in the third 

and fourth character positions. The maximum value of the 

pen position was 1035. An analogous system was used for 

pen positions less than zero. In this case, a - was 

recorded in the second position. The minimum value of the 

pen position was -35. The wavelength in angstroms was 

recorded in characters 5 through 10. 

Besides the data recorded directly from the machine, 

a 10 character record could be entered on the paper tape 

manually through a control panel on the Datex. Any digit 

could be entered in any of the 10 .character pbsitions. We 

shall refer to these manual entries as parameter entries. 

For purposes of explaining the input data required by 

the program we shall outline the instructions for recording 

ar: optical rotation spectrum with the Datex.The input data 

consists of a series of parameter records entered manually 

and data records taken directly from the machine. Each 

record would correspond to one card if the input was with 

cards. The first record was a parameter entry recording the 

date and a four digit identification number for the spe~trum 

or baseline. The second record was the same as the first. 

We found it necessary to enter it twice since there were 

occasional.mispunches in the first record. The absorption 
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of the solution in the cell being used for the optical 

rotation measurement was recorded in the third record. The 

moiar extinction coeffiCient per residue at the same wave

length was also recorded in the third record. . Fora baseline 

the absorption was set to zero. The scale and pen center 

were ehtered in the next record. The baseline shift and 

specific rotation options, described below, were also made 

in this record. The pen positions and wavelength from the· 

spectropolarimeter were recorded in the succeeding records 

while scanhing from long wavelength to short wavelength. 

If during the scan it was neces.sary to change the pen center, 

then the scan was· stopped and a 1·· was entered in charac ter 

one of· a parameter entry. The new pen center and scale, 

although the scale was never changed during a scan, were 

then entered manually. After the entry of this record the 

scan was continued while recorcting the data. At the end of 

the· scan, a 1 was entered in character one of a parameter 

entry as before. The next rec'ord contained f:e·ros in the 

first three characters • 

. The.program was designed so that up to five baselines 

and eight sample scans could be run in any order. Each scan 

was stored in memory. After·the last scan and the ending 

parameter entries,zeros were recorded in characters 6 through 

10. This record was entered twice. Each succeeding record 

contained the identifications of a baseline and a sample scan 

that were to be used for calculating an ORD curve. The same 
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baseline could be used with more than one sample. Similarly, 

more than one baseline could be subtracted from the same 

sample spectra. After reco~d1ng,allthe desired pairs, a 

new group ~f baselines and samples could be run or the tape 

could be ended. 

The operator was given the option of checking for a 

baseline shift. The option was entered with the first 

recording of the pen position ~nd scale for a sample spectrum. 

If this option was chosen then any difference between the 

baseline and sample for the. first 100 pOints (50 m~) was 

assumed to be due to.a baseline shift. The arithmetic 

average of the differences for the 100 points, after the 

difference curve had been. smoothed, was taken as the magni-

tude of the baseline shift. Th:.ts shift was then applied 

as an additive constant to the entire remainder of the 

spectrum. 
( 

The resulting OIll curves were printed-out in units of 

molar rotation per residue. An option was provided ··for .the 

calculation of specific rotation. . This option was made in 

the same record as the baseline shift option. 

In addition to printed output, the final results were 

recorded on magnetic tape.. This tape was used for storage 

of all smoothed spectra~Control cards were used to space 

the tape forward to the end of the last spectrum recorded 

on the tape~ Similarly, the raw data was stored on another 

magnetic tape. 
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Another Fortran program was written to convert the 

raw data generated by the Cary Model 15 Spectrophotometer 

into absorption spectra. The program was very similar to 

the DORD25Sprogram presented here. 



PROGRA;'\ DORD25S (I r"":PUT ,C:';TPLiT, j,'\ Pi::: 1 ,T ;\?::2, T I'd'[3 1 

DIw::r,lSION DEG(800,8) ,:,'AVEL(8r:O,2·) ,rE~'~( lO,Cl) ,::<~[(,(8(jn,S" 
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1 . 6:/.A. V F. L ( 8 I) () , 5 ) ,rw T ( 8 0 0 ) ,;::, (!:. L E (l (') , 9 ) ,:·i t, r~ i< ( 1 0 , 0 ) ,P 1\ T H ( 1 n , 0 ) , 

2 J E N ~ ( 1 () , 9 , ,? H I ( 0 0 () ) ,S H ! F T ( 1 ° ~.) ,( C 2;~ ( lor, ) ,J ,.' ... ". ~ K ( 1 () , <) ) , 

C 

3 I';U ( q) ,i"lf) I\Y ( 0 ) , ,\i Y F t, R ( 9 ) , r '" r:: iH ( Q ) ,;i Sse r: , , r ;'·1 r ( 0. ), . 

4 F, S C.A L E ( 1 (I , S ) , p, P [r,j c 1 0, , 5 ) , J F I i': ( 0) , J:; :::;1::: ( 1;J , :;) ) ,J P,::- r, i'~ ( ~1 ) , 
5. B C '3 ) , I I I ( J 1 , C I D [1,1 T C 5 ) , K :'! ~\ V f L ( ~~.:":; , 8 ) 

INTEGfR WAVEL, GWAVEL, ~IDE~T 

FSCALE=o.n 

C STATD;ENTS 1000 UP TO 661'1 BEGIi; rr~PUT FO~ SERIES OF B/I.SELIi'~E 
C (i·iJ\'XI~~~ji·i O'F 5) /\:'!D St\:,iPLE S?~CT:~.:\ (;\~C.x:"','~';l OF 3). TH::: tDENt 
C RECURn IS RECORDED TWICE. AdSORPTION = 0 FOR A BASELINE. 
C IDENT = 0 SIGNALS THE END8F T~E SERIES OF SPE(TRA~ 

C t~ j'iOL.t;f\ EXT Ii'·jCT IOl'J (OEFFICrr:::-.. TIS ;\c(O;(.J::C) EV,:i'i IF 
C SPECIFIC ROTATION IS DES.iRE~. 

C 

( 

lOCO NL=l 
N=l 

50 READ IN?UT TAP~1,20nc 
2n~~ FOR~AT (2X,I21 
2002 r~[;\D INPUT T!\pr::l,2(~22,;':C(i'~J ,;·!Ci\Y(:'·;) ,'.;y;::\;:«(;\J) ,IC)i:;'~T(j~) 

2222 FaR~AT (312, 14) 
r F (r f) r: I'i T (. N) 1 q (') , 1 () 9 , 1 () 

10 J=1 
1=1 
~:!RrTE OUTPUT T.'\PE3,3,,··:C(~~J ,:<)l\y(;q ,>:y::"~:<c:":) ,Ii)~NT(i~) 

3 FORMAT (314,Y6) 
Rf.t.rJ INPUT Ti,PE:l ,51,M:;S(i"1) ,E>iP(::~) 

4 FOP'·: t\ T C F 6 • 3 , F fl • J ) 
iF (.:l::'.sci'-:)) 99,660,70 

C srATE;·;EiH:; 660 uP TO 70 i,\E .. \D Ii~ ~;'.:' :::;;\-;-:, FCi~ :_';\'sELU"E SPt.::::T~l'.,~ 
c PI~~iNT .T7-1;:;<, /\i\) r:~~cc;\J ·T~i.:::.: ;::t·~ T:-/E R:.,:::' ).:~\T;.'.. ,·i/I..G T.:\Pf:. :~, (r-;i\;«~E 

C r:'l Pcr,! (F.)dr:i~, JU;":P Y:l THE ;··",vE:U=:;·i(',;H, 0;"::; =:'\;1 ~)F SP::'::Tr~Ij:"! rs 
C 5IGi\j.!.'LLr:D:-';Y ;'.1 Ii,) CJL~.J,";i\ ~: .. ;i:. SC~L:: = 0 FC:< ::"i) JF SPC:(TG'~:.J:· .• 

. ( 

66~ BI~ENT(~L)=rOFNT(N) 

60 R El,;) Ui P ij T. T :d':; c: 1 ,6 1 , ~') ~ (;\ L E ( J , :\ L ! ,:: P E': ( J , :': L. ) 
6 1 FOP '.1.'1 T. ( F 3 • :::, F -y .• 0 ) 

IF (i..)<:'CJ\L;':(J,,'!LJ) (")"',45('1,62 
U 2 R t::' .;\ :) I :\!"P ~ T i r·., p. E 1 , 6 3 , i':Z , ~: ( : 1 • .:: ( 2. ) "; ( :. 1 ,:.:' .. ;. \,' :::: i... ( r ,i'l '- ) 
6:> F ::; [~ ~. ~ t .. T (I 1 , t. 1 ,~, 1 , I' 1 , r 6 ) 

JE(~f)~ (:1,340,::.)(21) rTr(2),:I~(::1 

5 / .. 0 FJr-:·::·T t[l,C:X.rlJ 
~;: (,}·(l)-lii+ 1 500,:)1~,::1'\~ 

r:=: (,: ( 1 ) - V: - ) :; ;' (I , ') " 1', ~'2 ,"'\ 
L~~G( I,~L)=ln0~+ln~[ IT (2)+!!;(?1 
r,() r;) ;60 
L: u :: ;. ( r ,.'.: L ) = - ( ] r: ,: I r r ( 2 ) + r t 1 ( 3 1 

5 2 r: ,) f.:_ C n Ii f" (1, ': '". C ~ ; ( .l ) 1 T! Ie: 1 
::; :) '1 F C w~ 1\ T (i 1 ) 



r 
'. 

RDEG(I.ML)=loo*rIIll)+ln*III(2)+TrII3) 
'S 60 CO rH r "I LJ[ 

IF.IN.?) 9C),64,SO 
64 T =) + 1 

GO TO 62 
80 J3Ef'O(J,NL) = I-I 

.J= J+ 1 

.GO TO'6n 
4 5 0 N !)N = r - 1 

J(~FIi\l(NL)=J-l 

PRINT 81, i·lo(r\),i·mL\Y(I\),r<YF.;\~(I\l) 

81 FORMAT (lHl,5QX, lOHDATF= , [3,{3,[3,///) 
82 PRINT 83, {DENTIN) 
83 FOR~AT 131H TrlE RAW DATA FO~ nAsELIN~ NO. 

1 lOH FOLLO"'S. ,II) 
f~= J-l 
DJ 47". J=l,K 
J;<'=~J-l 
r·j=JHEND (J ,:':L) 
r F . ( J-l I 1.,71 ,.471, L,7 2 

t .. 71 L=l 
GO TO if 73 

472 L=JH[N)(JK,NL)~l 
473 ?f~UU 84, GSC;\L::IJ,t'l!L) ,PPi:;'dJ,~1L) 
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8 '. F J R :': ,1\ T . ( L> X, Ii,. H F U L L ~ /, f': G t:= ,F 3 • 2, 5 () X" 1 3 H PEN C F.:i'H E i~ = 
1 F3.~';/) 

r R I ~IT 8:', ( 3 'c'.:..\ VEL ( I ,N L ) ,~n E c. ( I ,i-lL ) " : = L , ;,; ) 
8? FOR r,: i\ T (1 ('\ ( I 7, F:;. n ) ) 

';;RITE. (jI.JTPiJT TAPf:::3, 5,G::'("L~(J,j':L) ,~-jPF.';(J,r.L) 

5 FOR~AT (F4.2,~4.0) 

:': K I H: O!) T ::l '_: T T 1\ P C 3 , 6, (i G ':' !\ 'i ~~ L ( ! , [,~ L ) ,'~, ') E::i ( [ ,i 'IL ) ) , r = L , :'; ) 
6 rO~··j!\i (It''{lX,i6,F~.('j} 

':.! r~ r TEO '..J T P :J T 
7.=,,)R:,i:\i (Il) 

470 cctn {~.~I)F.. 
;·:RIT::: uUTP'_:j 'j.:\PE3,12,FSC~,L~ 

12 FOR·;t·T (F3.2) 
::: :.;D F ! L r~ 3 
f'!L = ~;L+ 1 
-:;,0' TO 50 

c ~·TAT~:'~E::iH:l 70 j'v 73 r~;:~::> !i'; r:"<t,.';: ;)'\T:\ r=,y,\ S: .. :,,?LE SrECTR .. ~\, 
C ?1~Ii" .. T TI'IEi.'" .i\;·'0 j~LCU~C) Tr=:t"; J:-~ THt~ ~j\, .. t O;:~,T/~ j-~/·.0 iA?c.. CH.~,NGES 

( 

c s·rG~,!.l·,ll:[);;S ir.E'I ,,\:~:[ F::':~: ·-'\:;·[LIi·.l~ :;?::=T;:~.''''. :,~.\.<:~ = .j F·'~JR TI"',E 
( f),!~ . .sELr;\~~: Sl'"IIFT vPT!C'j,~, ~'~j':;:' J'i;'\l~~r~:: 4 ~C~< T~j::: .stJ~r:r~-rc ?\')T,~TI'JI\ 

('" CPTICi':.· ,.. 
'-

70 :'';:::::'" j T ;; P '-.J T T /. F ~ 1, -: 1, :~, CJ, V: ( J , I~), P t:: .. ; ( J , • , ) "'~.?:< ( J ~ " ) .' 
·1 J;: /t f? i~ ( J , r j ) t ;') ;":, T H ( J , .\; , 

7 1 F ~J ;< ': I" T (F ? • 2, r:- :3 • J, I J, I 1, :-- 2 • l 1 
jF (SC,L:::(J,i:) I Q'),7f,,-": 

7 2 i~:': r [; '. i ;,j~) l) T T /' iJ 
[ 1 , : 3: , ,\~ Z .• ~: r 1 ) ,::3 ( 2 ) ,i~ ( :3 ) , ' .~ '.'::::" \ ! ,;\; 1 

73 r-' 0 D;' :\ T ! I 1 , :, 1 , ;", 1 , I'. 1 , r I) ) 

L,.i;:: c r:':; r. (.J.:,:, :; ' • .J , :;, ( 2 )) I r t ( ? ) , i r ! ( ~"l, ) 



r 
'~ 

5540 FOR~AT e[l,OX,Il) 
IF ~A(l)-lH+ ) 5500,5510,550" 

5500 IF (R(l)-lH- ) 552n,5530,552n' 
5510 D I: G ( T ,N ) = 1 ':" 0 0 + 1 0 '.' r I I ( 2) + I I T ( '3 ) 

GO TO 5:>60 
5 ~ 30 j) E (i ( r', N ) = - ( .1 ()".} I I I ( 2 )+ I T I ( 3 ) ) 

GO TG, 5560 
5520 OE(ODF (i,5550,G(1)) IrI(l) 
5551) F()P.~!.~ T ! T l) 

DES(T,N)=1~O*IrI(1)+lo*rrI(2)+I!r(3) 
556(l (ONT r r-,IJE 

IF (r--L~) 99,74,75 
74 1=1+1 

GO TO 72 
75 J::NDeJ,N)=r-l 

J=J+l 
GO TO 70 

761\IN=I-l 
. J r I N ( f\! ) = J ~ 1 
PRINT 142', 1·!O(t'!I,r·:[).l\Y(;·~) ,~"YEr,R(N) 

. '. 

142 FOR~":\T (1Hl, 5nXd()H Di\TE= '[3,r'3,r~,/I/l 

PRINT 77, TDENT(N) 
77 FORMAT (27H THE RA~ DATA FOR ORD NO. 

1 1 Oil F 0 L L 0 ','. S ., I I ) 
K=J-l 
DO 77'0 J=l,K 
JK=J-l 
ivl = J :=: N 1) ( J , r',l I 
IF(J-ll 65,65,66 

65 L=l· 
GO Tn 69 

h~L=JENn(JK,R)+l 

6 q P ~ r iH 7 q, S ( r, L::: ( J , N) ,;.J:::: i.; ( J , N ) 
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79 ~-··;.;I",,·'i'..T (lrl:j,l?X,l~~H FULL i;:\I··jGE= , F 3 .2 , :; 0 X, 1'3:..J P E i": C E in i:: R= 
1 F3.r"'//1 

P R I NT' q 0, ( \.: ,t', VEL ( r ,i'i ), ') F. (, ( r , i'~ I ), I = L , ;'i ) 
9 ('\ FOR : .. ~ 1\ T (1 ~ ( I 7, F 5 • ('I ) I 

"'RITF:' OUTPI,JT TAPC::3,8,.SCi\l::(J,i'~1 ,PFj,(J,r\) ,,'!i/\~«J,j~), 
1 J \~ II ~ K. ( J , ;~) ,P.: T H ( J , ,': ) 

p FOR~AT (F5.2,~5.0,r3,r~,F5.2l 

\':R I T E OU T P :_' T TIl P E 3 , ,), « ':' ,\ V r: L ( I , i'll, D:::' c~ ( r , ;.] ) ) , r = L , :'i ) 
. <) FORi':t,,:,.r 1-: (IX, i6,FL~.r) 1 . 

1;'RrTf:' QIJiP:._:T T~Pt:3,11,f:? 

1] F:Jr,·~'.t,T (r 1 ) 
7 7 a ((,>'.j T I ;"') [ 

'.: r~ r T r:: 0 I I T P : .IT ',j P E 3 , 1 3 , F 0:: (: t. L f. 
1 '3 F \; ') '-"'. T( F '3 • 2 l 

c:;': f) F r U: 3 
,\; = N.+ 1 
G·) T.)S/") 

7P. cn:r I ~"J[ 

( F[~,'J~·: .!~ ~:'·.5~L !i\;[ SP;:~CT.<:..!:': /~.f<D Sl\;\'~PL[ ~;:,r:·CTr·~L:·:, ST,\T~:';E~\jS 7<.; UP TO 
r 1~9 (C)I-·~r:~;~CT F~ ... ~:~:!\ h/\5f:LTI\E Sr"fJ,=r (7F ;;~:~~,;:~;F.I:) ,CiJ'·:~:,jT~: \'()Ll\f~ ~)~ 

C Sr;c.(IFIC 1-';~0Ti\i:();'~' Si<0:J·i~·~ 1rit: F:~:Sl..Jt..7I:'J(, C'~::::\J~=, PI~I:'~T T!·!i~: =·},.,\T.!~ 
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C FOR.THESMOOTHED CURVE, A~) RECORD THE~ O~ THE S~OOTrlSPECTRA 

C Ivl A G' TAP E • 
( 

DO 143 N=I,8 
IF (TDENT(N)-NS) 143,144,lh3 

14':3 (ON T (l'lUE 
PRII'H 147 

147 FOR:4AT (95HINO SPECTRUN HAS THE IDENT NUMJER YOU r0NCHED AT THE 
1 END. CHECK YOUR TAPE LISTING. 

GO TO 99 
144 NS=N 

DO 145 NL=1,5 
IF (UIDENT(~L)-Nb) 145,]46,145 

145 CO fn rr..:u F 
pr~ I ~n 148 

1 4 8 FUR i'i A T (9 5 H li~ 0 s P E C T R !J;-: . H i\ S THE 
1 END. tHECK YOUR TAPE LISTING. 

GO TO 99 
146 Nb=,"\L 

BSHIFT=O. 
L=1 
N=l 
J= 1 
K=l 
I = 1 

I [) E i'i T i'l U f'!t3 E R Y () U P U i'~ C H [D /\ T THE 
) 

q5 IF (8WAVELcr,Nq)-~AVEL(K,NS» 20n,1nl,~0n 

300 I=I+l 
GO TO 95 

20('1 :<=:<+1 
\;8 TO 95 

1 () 1 "j:; T = K . 
IST=! 
TF(J-~) 9 0 ,102,131 

1 0 2 -r:) D 1'; = In .' * C j:) E i ': ( J , r\i S ) - n ;:> :::: i< ( L , :; C' ) ) 
( F (:·1/1 R K ( 1 ,N S ) - 5) 1 8 6 , 1.~, ·:3 , l S 6 

108 \1= 1 
~'j=K+CC. 

DO 13n K=NSr,X',[ 
I=I:-.T+(:<'-NST) 
\~=l+('<-~IST) 

!.: (=.'.!:\ ~- 2 4 
C t, L L .c;, <) C P-i C ;.j!::' r~ , C·: r~ " , ::::-: , S :-: r F T ) 
)0 14(1 I=1.70 
~<, I'~ T F T = "', ri ~ F T ( : J + 3:; H r r T 

14() ('Jr': T I'~ !E 
f' .';.I-j r F T = f: .'~.H r r T / 7 f,. 

12:6 c)r~1 P::Jr:: 
rF CJFrN(~S)-!) 141,60n0,1~1 

! /~ 1 J.J = J f- If.: C ;.: '", ) - 1 
ry) 1',f',0 -1= 1 .JJ 
J t: :: J r~ ,'.: rJ ( J • :' : c~ ) 

I F (C '01". V ,:- L ( J ''. , i-; C 1 .:., ..• ,~, V"'· L ( J ;', + ] , i; :, , 1 - ? ::' 1 f:, n'~ , ~,(' ') , .l ~n 



( 

6('1('1 CO~lT Y ~·!UE 
6 0 ()./ CON r I r-,I U F:, 

J=l 
K=N.5T 
I=IST 
GO TO' 131 

17CJ 'J=J+l, 
, K=JK+i 

GO TO 95 
1 3 1 ;\ I) D '" = 1 !'l • * ( PEN ( J , i\! S ) - e, p t 1\ ( L , i'; i.) ) ) + B S ~~ r F T 
120 ROT (N) = ( ( ( (DF.r. (K,NS )-A!)C'N )-;::,i)::::G( T ,r':8, , ·:~S(t',LC (f,~!S ,') 

1 /(1t')"000.·*M~S(N.s)) )'::'('-I'.iP(NS)' 
K ~.! A VEL ( N ,I\j S ) = :.; A V [L ( !( , I,; s ) 
IF (JFTN(NS)-J) 114,114,l,('I~ 

114 IF (JGF[N(NR)-L) 115,115,105 
10C: IF (J1FTN(NG)-L) 117,117,103 
103 IF (J~ND(J,~SI-K) In4,ln4,111 
III IF(J~E~O(L,NB)-I) lQ6,]06,11n 
110 f=I+l 

N=N+l 
K=K+J 
GO T:) 120 

106 L=l+1 
!\!=N+l 
r=I+l 
:<'=1<.+1 
GO TO· 131 

104 IF (J~END(L,Nr:;)";'!) 107,11)7,112 
112 ~~=K+l 

i\!=N+l 
J=J+l 
! = r + 1 
('0 TO 131 

107 t.=L+l 
J=J+l 
:<'=:<+1 
N= ;'1+ 1 
! = ! +1 
GO TO 131 

103 !F (J9END(L,N~)-I) 116,116.113 
113!f; (J~j'li)(J,I'-lS)-<) 15C,1:'0,l1~ 

116 !F (J~ND(J,HS)-~' 150,~~~,lns 
1 1 5 ! F (J r- ,\J ~I( J , ~,! 5 , -;<, 1 5 0 , 1 :;; f'\ , 1 1,.~ 
1103 !F (J,::q::::41:(l,f.!~,)-!) 1:'0.150,lln 
1 1 7 T r: (y;-.y ;'! 1:>( L , i\; [:, , - I) 1 ') n , : 5 '" , 11 r:; 
1 1, c: .! F (J f iW ( J , \ S ) - ~:., 1 1 2 , 1, : ? , " 1 -: 

";=f\~-;U. 

16') C;\LL 5'~8()TH (:'.;':,r;>OT,':,::1:'iT, 
T r: (y,' -\ r:~ K ( 1 ,,\: '='" ) - Lf) 1 ~~, So , (:; i" ~, , ~ ,), 5 

BOt') 00 ~~-)'"' j\1=1 . .. :.' 
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c SP::(IFIC f~~..JT!~TI';J;·1/1.'~':~)0 f::' ~.':~LC: ... ;L.L\it:"!) F;~J'·;~ ···:,~,'L!\R ;:::C:T;\Tlt>",1/l0n.t:0 
( f.', '( , !' r·t ::':;',1:\ l' r ,y! OF' 111 r ~: l~'f;' ',' 

( p ~ i I ( .\:, = 1. r 0 r.' ;:;); II (,\; ) 1': 



C 
C 

r 
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WHERE M IS THE MOLECULA~ WEIGHT OF THE MATERIAL'. 

350 corH I "'UE 
185 ~,: R I TEO ~ T PUT TAP E 2 , 1 6 I ,i·; 0 ( N S) ,;.;; '):\' Y ( N S) ,i:~ Y E l\ R ( r ~ S) , IDE;\j T ( i'-l S ) 
161 FOR~AT(312, 14) . 

261 

17() 

I'! R In:' 0 U T? U T TAP E 2 , 2 6 1 ,P, r D F N T ( i\ ~ 1 , I D ~ iH ( N S ) , 
F C P V;\ T (I 4 , I 4 ) 
~RrTEO~TPUT TAPE2, 170,A~S(NS),EMP(NS) 

FCRM~T (F6.3,F6.0) 

162 
\'/ R I TEO U T P J T T /\ P F. 2, 1 6 2, « K ~"! " VEL ( I + 1 2) , PHI ( r , ), I = 1 , :·1 , 
~ 0 R "i fo, T (1 I) ( I 6 , F 6 • :5 1 ) 

180 corn r "!UE 
163 PRrNT 164, [<OeNS) ,i!;Df\y(i':S) ,:'·jYE!\R(i'lS) ,:OEr'lT(i',:S) , 
1 6 4 FOR Vjt.., T (1 ('\ i-! 1 i):\ T ~> , 13, I;., r 3, 5 0 X, 1 2 I-I :. x PT. NO. 

1 14,/1l 
P2INT 264, BI~ENT(Nf) 

264 FORI,,~t-\T (45HOTHE tJ/\SELI,\!E FOR THIS SPECTR!)i'l; Ht\S rD[,'H ~\;). 

1 IS,//) 
PRI~T 460, E~P(NS1,ASS(~S) 

460 F0R~~T (25HnEXTINCTIO~ COEFFICI~NT= ,F6.(),5~X, 

1 13H fI,RSORPTIO:'-!= ,F6.3,//) 
I F (~V" R K ( 1 , i'-! S ) - ') 8 6 2 , R 6 '; , ~ 6 ~ 

,'361) 8SHIFT=GSHIFT/ll"'()O. 
PRINT 363, 8SHIFT 

863 FOR~AT (5I"'X,2SH THE BASEL!~E SHIFT JS 
862 IF (JMAR~(1,NS)-4) 440,?6~,440 

8 6 0 CON T I f'.~ U E 
pI? I ~,: T 864 

864 FOmll\T (50X,6 I '!LM';8[')/\ ,3X, 
1 36H SPECIFIC ROT~T!GN P~R GRA~ / 1000 

GO T''::' 16S 
440 Pf)T'H 165 
1~5 FOR~AT (5~X,5HLAMciDA ,3X,12HPHI / 10,001 
168 ~'!~':f,V::::L=:<"'l\V~L( I),NS)/2 

['F (N~~VEL-(K~AV~L(6,~S)/21-2) 99,166,167 
166 LliG=14 

GO TO 169 
167 L2G=13 
16q "~=r·'+l~ 

rKOL='t./5 
IF «~(OL+1)/2-NCUL/2) an,lB3,187 

187 ~CCL ~ N(Cl-l 
12P, C:)NTP!",'::: 

r,I.S T(,P = l~G+ ;"COL 

, 1// 1 

'!11l 

183 Pi<!iIT lSI, «(<"i:WElIL,:':';:) ,?HI (L..-12», L=l'>:.,.:,J'~(OL) 

181 f'OR'·'A.T (5(T15, FlO.:'» 
U~G= L ':0+.2 
IF (L~~-~STO~) 18J,153,1?~ 

IH'+ (O~:T~r-~!,;:: . 
r::wt:' I L ~ 2 

c ST;\Tf::,"i~~~i'!T 199 r\EI\,)~~ ii~ r')i:.;~TS Of '=.i;',SC:LT:~~ L,:'U S:\i~PI_::' S>=';:~C;::;", 

( Fi~0"~ \4'~'1rCf'! ::l;'~ C.)f.~~I) (1;;;,\,/= rs ~l.) ;3~: Cr~LCi)L~\Tr~:-". TL!f:'~;"= ;~i.t·';J~~S .;:;:~f: 

eRe C C;f? ~'i i:. r~ r~~ T T! J:~ L ;'~ r'l C~.. :' S :.: i\ I'r: S :) F .:)P:-~ (:: T r.:. :', ~,:', -, /\ f:' T ~ ~~ T 1;:: T 1'.'0 
.. 

I ~ .:::. .,', 

, 
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C N B = () /\ ND N SIS NOT EO' J j\ L T 0 ~. TOE.x I T r I f\: ALL Y :'W - () MJ 0 
C ~.: s = n. 
( 

C 
C 

c 

199 READ INPUT TAPEl, 201, N~,~s 
201 FOR~AT (lX,I4,lX~I4) 

IF ("~B) 7 9 , 29 () ,78 
2 0!c) .t F ('" S ) H' "I') , C) <) , 11) n (' 

<)0 ENDF!LE 2 
[NDF!Lr:: 3 
STor 
ENO 

5~BROUTtNE S~OOTH (N,ODATA,M,~ATA) 

D I >1 ~ N S rON 0 D.4 L\ ( 80 ()) ,).'. T f\'( 90(' ) ,P ( 2 5 ) 

C THIS ~U3ROUTINE S~OOTHES TrlE RAW UAT~ SY FrTTI~G IT TO A 2S 
C POP!T CUc3!C EO:PI,TIO,\l. HIE COf.::FFICIEiHSt .. ,\[) F'JrnrV,!",j PR')GRt,:·i A.RE 
C FRO~SAVITZKY AND GOLAY, A~ALYTJCAL CHE~ Vel 36, 1627 (1~64). 
( 

''''=f\!-24 
. DO 10 1=2,25 

J=l-l 
1 (I P( I) =CDI\ Hd J) 

00 20" 1= hi-I 
J = 1+ 2'~ 
DO 11 K=I,24 
Kt\= '<+1 

11 P(K):::P(Kt\) 
P ( 2 5 ) = 0 ~) ,\ Tt>. ( J 1 
.s Ij j':, = 4 I) 7 • l:· p ( 1 3 ) + 4 6 2 • ~. ( P ( 1 2 ) + r ( 1 t+) ) 

1 + 4 4 7 • ~- ( P ( 11 ) +P ( 15 1 ) + 422. Ok (p ( In 1 + P ( 16 1 ) + 3 S 7.0;- ( P ( q 1 + P ( 1 7) 1 
2 +322. i :-(P(81+P( 18) )+237.-:QP( 7)+P(ICJ) )+2?2.{:-(P(5H,P(2(') I 
3. + 1 47 • ,~- ( P ( 5 ) + P ( 2 1 1 1 + h 2 • ;<-.( P ( t+ ) + P ( 2 2 1 1 - 3 3 • * ( P : 3 ) + P ( 2 :3 I ) 
4 . - . ~ 1 38. -;:- ( P ( 2 ) + P ( 21+) ) - 2 S 3 • l:· ( P ( 1 ) + P ( 2 5 ) ) 

9:\1 A ( I ) = S!J i··j / :'> 1 75 • 
20') . CO~H P·:UE 

oE TUI)I\~ 
OlD 



APPENDIX D 

Coefficients for Calculating ORD of 

Dinucleoside Phosphates and Nucleotides 

as a Function of Temperature. 

268 

For several wavelengths the temperature dependence of 

the molar rotation per residue of each of the 16 dinucleo~ 

side phos'phates and 4 monomers of A, U, C, and G has been 

fit to a polynomial of the highest power up to a cubic 

that would not give any maxima or minima between OOCand 

100°C. The experimental data of Dr. R. Davisl09 have been 

used for all compounds except GpG, where a calculated 

temperature dependence of the ORD has been used. See text 

for details of this calculation. The polynomial has the 

following form: 

where T is the temperature in °C. The coefficients A, B, 

C, and D for a least-squares fit are given in the following 

pages for every 2.5 m~ between 230 and 330 m~ for all 20 

compounds. The average standard deviation as defined in 

the text for all wavelengths of all 16 dimers in units of 

molar rotation is 0.04 x 104 . For the monomers it is 
. 4 

0.03 x 10 • 



A B c D 

.. 321.5 fAA ... _._ •. 1.28 :!lJC'tE- 0 I. -3.J 50 5268 E-OL. 4. 5111l31E~0~ .. -2." 359512E- C1 . 

... 325.0 .. AA _.-, .. _._I.J325f3<iE-Cl.-Z.6Z928eOE-03 __ 2.700497'tE-05.-1.4043785E-01. 

_J~2 .• 5_AA, ___ I.JJt06UE=-0.L::2!L5QH6J.3.E=....0.L.Z.--3.6.ct.65tJ.6.f::C!L=J .• H5.7~50E::O.7 _ 

_ ~ CC.O ..... AA ___ l."CiC ~Cj91E- C 1..:-2 .1ge 31 eOE-Ol._ 2. 7Ci59]96E-05_.-1.55 j) 161E-O? . 

_ 317.5 __ AA ____ 1.51329«;0£-0 1 .-2 .4291l't6E-OJ_l.J421609E-05 _ ~.4 .92588 33E-08. 

_31 '_a C_AA=-__ 1. •. 6.e 5~ 8.6 5 E- 0.L::2 .• JB.9.3 H.5.E.::.OJ._h1.1 E C.5 BE.=.O.5-=..6 .•. l1Z52 01.£::0.8_ 

· 312.5. __ AA . 1.1!356C31E-OL:-3.11B22EOE~Ol_l. Ci81601'tE~OL~.7.24 749 JOE-OB .. 

· 310.0 ... AA :. __ 2.002333:!E-0 1 .-3.750 18~ 4E-0.L_l. 43 E1103£-05 .. - 1.85190 13E-07_ . 
_3(1.5_"A __ -",-Z •. 2.266Cj7eE=..C.L::.L54E.41t6E::O.L-It.J!t...B.55.8£::.Q£=1. •. 653.1.4.91E::..OL 

· 3(5.0._ AA . __ ';'.565e582E-CL=-5.C;96315BE-Cl_l.231658ZE~05.:.4.1281551E:-07._ 

· 3C2. 5 ._.AA ___ J.012a334E~.Cl~6 .• C04C;402E:-03_". ZOJ1916E~05-=1.2515928E=-OL 

_lCO--<' __ A.A'--____ 3 .6Ua.iU.E-tL=-4...Jt'l_0.H.5~.E.::.OJ -3. C e2lZUE::.05 ,.5Ci21800E-Ol 

· H7.5 _AA 4.39tOe54E-oL~1.603292IE-.03_J.2Cie9882E-:C5_0. __ _ 

~Z ~ <. •. L-J\.A"-_____ ~E.u.E_llH.z..eE::..C..l....::k.2..6J.5 75 5 E- 02 5. 7120lt.UE.::.C ..... 5<--..><O .... ____ _ 

· ZH.O. __ .AA 8 .2611856£-.C L::l.5967'tl.e E-=OZ-_.l. 2979lt llE-:QL_C •. ______ .. ____ 

_ Hl.!L. __ AA ____ l.0Ite6284E.CiC~Z.C2eC158E":"C'_9 .• H36322E~OL ... C •. _ .......... _. _ 

_ 2.l~ .• L-!.A,,--___ 1L.>.ill.HLIl.E.!..t...<L::.3...LQ...6.3..Llil.E-02 2. §l41.J2IE-04 -8. 9 3¢'~3.8..E=...QL 

: 2E 2 .5 ._.AA .. ___ I. 58 4 3 n EE +. CO-=.3 .• 3 9 2!: 12_~ E-=02_ .. 3 .• 0.H 92 31E::04_-: 1. 5 2 H 215E- 06 ... 

_ 4 H .• 5_A A. ___ .....,I •. 0.21e 31.1 E..!.0.<L::..2....9.z..3.16J.J.E..::.O.LJ.JftO.5..9_5.E-04 -1.77 {O.l.llE::...ClI_ 

.. 215 ~0 .. __ .AA. ___ .3.091Z9J3E~.OL,::1 .• 31q21 ~6E.-:02.-,-1 •. UJ87Z2E .. :.O!t-=-1.12191 J.8E-::.06 _ 

_ 2 n. 5. _ .. AA ___ ~.1.18 C 18 8 OE-O 1_7..81 0.360.1 E=-0.3-=:3 .• 89.2.;1.1t25~_05._0 .... __ _ 

· 2~5 .C-':..._AA_-"....;;-:.3.'-lU.3.0.S_UHO"O_6_ •. 't.1i.86.«t!.!.E::.O.2-=-J....s_U.553.5.E-O" 3 .•. 0.2.1~.ge~E.-:.08_ 

.~t~~~~~~A~A _____ -~ •• ~5~6~115~5£+QC 8.JUUl~~~JJ-02 .-6.1825453£-04 1.~1'41'4F-n~ 
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. \ 
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A B c D 
_ .. - ' ----,-

26C.~ _. A~ '-~ __ ,-..~ .1131,52 EE +oe_.8 .a9132'ieE-..C2~~. 10C;0906E-C4_ .-e.195021'H~08 

2 51.5._ .. U ___ :-:~ .!e, 33e IE + CC 1.411'i4 11E-02:3. 25 E5160E-04 .,-:-2.5202011 E-01 

2 ~(.(j U:...-__ -~3.1052e 11 E~ C 1_._l.C86·cjl 40E:-02--=9.) 15109S£-05 2.1926 172E-0 1._ 

7.41~.P5'H-CI -1.1t4144HE-C2 2.C092988E-04 -1.39S4952E-Cl6 

2H .0_, ._. U ___ .1.3213921E + CC._,:" 1." 71 C;517E-02 __ ~9. C;55421lE,:,,05_1.·~935248E-06_ 

2~2.5 AA ____ l.621C1HE+ao _~ 1.6416aC5E-02:2. E2~2106E-.CS_ 4.2311608E-01 

\' 

231. 5 __ U'---__ ,I.S4SC41lE .. CO...:....::.3 .6el C;3!:2~:..03--=3 •. 1661635E-:0,!_3 .• 0615128E,:,,06 

2:?~.G U __ _ 1.11 nSf 5E" 0 C: I.E: C l1C;(6 E~03.-':9. 4H9160E,:,,05._ 0. 

2.3 2 .=..5_-:;A;...:.A'---__ -=«i:...::.-=.e..=.s, e 6!i I.!!J-O 1 -4. E 61 E1 C;5 E:-03 -'t. 13160 12E-C5 C. 

HC .Cl_AU __ ;....-5.e713113E::C3_1.2 e.49365E:-_OL=..1 .• 291!t555E-C5 -3.1320814E-Cl6 

-=-=-'---=-=-___ --"-6.(412052E-C3 1.3eOCU3E-03 -1. 16t6255E-C5 -E.886;3_CU_IE-9JL. .. 

, ___ -.1.26C4C;41E:-.C.3_1.616782 2 E~~3--=1~ 2ce610.ClE.:-.0~-=-I .. 1 09" 161E-07_ 

"__,_-_-1.8«iCe70 lE-..03~J,. 71525.:?4E.-:.03-=-~. 6143.425E~06_-..1. 53 E5a()9E-0~_ 

~_:::."-. ___ --,-J.t:5H34 C;E-a" 1.6]23251£-03 -2.Ci169101E-06 -2 .2S6~9"?Q.E-OL 

___ I .0I35902£-C2_1.5123751 E:-03-,-~. Cj440127E-..Ol_-..2.18335C4E-07 _ 

____ 2.2ge905Ee-..C2 __ 1.255E2CjlE-..03 __ 4.5643S99E-06 -3.0895928£-07 

'!.-__ ~4~.02"C12e~-C2~ .. ,HcQ.HJ.e-04 ~.!J1J.nC!OE-C5 -4._~8Cj,~I . .66E-Q..L 

___ 5.979188 lE-02.: 1.264 BCOE~()~_3. C028190e-05 -4. 7C94605E-07 

1.336 H" CE- (2 2.6515 e 2 1 e-04 __ 1.59 31533E-OS . .:' 3.8 151911E-01 

"--_____ -1.002.511.2E:-:.Q.L:J !4,~0.i6.nE_-:9.L-!~.!8£q.lHlE-05 -3. 151A_9.~gE.::Q.L 

3(2. 5 __ .. -'U ______ 1.26111 HE- C 1 . -1.13346~4E-04_. ". 21e2909E-06_ -2 .11142"SE-01_. 

I. 5E 43~4 tE- C 1 .-2 .E2 Hie lE-04 _~ I. Clte0973E-05.~ 1.25457 a9E-07_ . 

. 2Cjl .• ~._~ "''--__ 1.8426 C4 qE=-OJ_7_._4.~1~ U_4.e-04 ~ 5. 4154..R~E-C!.LL._U~!t'!.~'~..e=-()L 

H'.O AU ___ ~. n4HO 1E-C 1 1.21918 44E~C)_::e. 511 ~9.62E:-05_ .. 4.5~402~.5J.::0.7._ 

H;t.5 AU ~ __ 2.65 79214E-0 1 2<014661 CO E-Ol._.-1.3SCj6170E-Cit 8.8551567E::,01._ 

~5~.~J,j,--__ hJl8_C4 71.2.E::_C 1..-=!t .• J9_~_6.58.E-03 -2.1!4e.30,-"5~1",.E-_C"-,6,,---,,C,-,,. _____ _ 

2f1.5 AU ____ o\.6t:4066EE-01 -6.51.0'i5Cj2E::,03 __ 1 .. 50170"'.~E=-C:5 __ 0. ____ _ 

2 E5.C AU. ____ 6.360(; 880E:-.C 1 ..:: 1.0<;25'0 l.e.::!J2~. 2322J.0.0~.::.C~_O.~ 
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A B . C 
.. _.' ~- .-" "j 

D .. 
... -------~--

2fe .0._.6U ___ !j .ee26093E-Ol_,:" 1.8H 52·26£-OZ_7.0351257E-05_0. 

Hl.5_,6U __ ~. 'i.6 719126E-Cl .:,I.H329~3E-OL .. l.1H2219E-C5 _0. __ ._. __ . __ _ 

2..1~ .• Q---.J .... u ___ l •. U 10.41.5E::.U.-=.l..6't610.53.E::.02 5. 42..6.36..5.5.E-C5 Q.o _____ _ 

2i(.5 _.,6U. __ ._It.2310H 5E-CL~e.0303519E~OL:-_9. E847101tE-05_.1.009Z628E~06_ 

21C .0._.6U. __ -'.· 2.6991lt 4E-02 _~1.1666132 E~03 ...=:.1 •. 6115818E~05._3.'9't6092E~.O.7 __ 
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