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The Circular Dichroism Study of Nin~ Species of 

Transfer Ribonucleic Acid 

Arlene Diane Blum 

Abstract 

A detailed CD study of nine species of tRNA was 

undertaken to see how much information about the struc­

ture of these molecul~s could be obtained frpm th~ir 
CD spectra. The purification of three of these tRNAs 

• 
'is described. Accurate extinction coefficients are 

measured for all nine tRNAs. 

Methods for calculating the CD o~ single and double 

stranded regions of tRNA are discussed. The thange in 

the characteristics of calculated CD spectra of RNA 

with changes in bas~ composition, sequence, and per 

cent double strand are shown.' CD spectra are calculated 

from sums of mononucleotides, dinucleoside monophos-

phates, and double strand polynucleotide spectra and 

compared with experimental tRNA spectra. 

Single stranded tRNA is prepared by dialysing 

tRNA solutions until the concentration 6f magnesium is 

less than 10- 5 M, and heating to 40°C. Temperature­

absorbance profiles show that at 40°C the dialysed tRNA 

is single stranded while tRNA in the presence of 1 mM 

magnesium is native. Comparison of the CD of this 

single stranded tRNA with appropriate sums of dinucleo-

side monophosphate spectra shows that the CD of the 

II 



( 

\ , J 

-, 
"',,,' 

viii' 

dinucleoside monophosphates is not a good model for 

the CD of ~ingle stranded tRNA. 

-The CD' of nativetRNA at 40°C may be calculated, 

wi th .~easonab Ie accuracy using the experimental single 

strand spectrum to represent the CD of the single 

stranded region~of the tRNA, and double stranded 

pairing interaction spectra based upon polymer spectra 
. . 

to r~presertt- the double strand regions. No CD contri-

b~tions for/tertiary structure were used. The approx-
, , 

imatlons necessary for this calculation are discussed 

in some detail. Quantitative comparisons between 

calculated and experim~ntal spectr~ fo~ native tRN~ 

were made assuming various m'odels' for the structure. 

For ~ost tRNAsabout three base pairing interactions 

in addition to those due to the cloverleaf secondary 
- --

stru~ture of the molecule aresug~ested.' 

The difference between the CD of native and de­

natured tRNALeu an~ tRNATryp are compared with sums of' 

pairing interactions correspading to the opening of 

the various double~str~nd regions of these tRNAs. This 

comparison suggests the native to denatured transition' 
, . 

for tRNALeu involves the loss of about four bas~ pairing 

interactions and for tRNATr~p ~ome sort Of major re. 
'. ~ '1' ; " .~; • 

arrangement. A arid B forms of 58 RNA exhibit similar 

CD behavio~ to that of native and denatured forms of 

tRNATryp . 

A new model.for t~e tertiarystr~cture oftRNA is 

~ -. I'" ; 
. , 

I 
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proposed based on the extensive published work in 

addition to the present CD work. This model consists 

of a continuous stack from the ACC end to the T~C 

loop w:th the dihydrouridine loop interacting with 
, . 

the T~C loop, and the anticodon helix parallel to the 

T~C helix. It is similar to other recent models. 
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CHAPTER I 

INTRODUCTION 

"The, time has come," the Walrus said, 
"To talk of many things: 
Of shoes--and ships--and sealing wax-­
Of cabbages and kings--
And why the sea is boiling hot-­
And whether pigs have wings." (1) 

1 

For a better understanding of caQbages, kings, and 

whether pigs have wings, we study DNA, RNA, and pro-

teins. What is their structure, their function, and 

most important, how do the molecular structure and 

biological function of these macromolecules influence 

each other? 

The structure of DNA is regular and may be simply 

and elegantly related to many of the biological 

functions of this macromolecule. The secondary and 

tertiary structure of protein molecules is much more 

complex, and has not in most cases yet been clearly 

correlated with protein function, although it is 

known that function is very senstive to secondary 

and tertiary protein structure. The RNAs share 

characteristics of both the regularity of DNA and 

the complexity of proteins. 

The many roles of the various types of RNA in 

protein syntheses are well-known, but the phy~lcal 

details of the way in which these processes occur will 

probably remain unknOwn until the three-dimensional 

structure of these molecules is understood. The 
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relatively small tRNA molecules are a goodpl~ce ,to 

begin,the st~dY of the reiatio'n betwe'en the biological 
, ' ,'.. ',' , ' ""/ 

function and molecular structure of RNA. ,The ultimate, 

goal of such' a study is' to propose a reasonable model' 
, ' , 

for the secondary arid te~tiary structure" of tRNAand, 

~ " 

use it to explain hOw tRNA functions in protein synth~-

sis. 

1. Transfer 'RNA Has a Complex Life History' 

T~ansfer RNA molecules are of central impottanc~' 

in the transfer of informati9n from the nucleic 

acids to the proteins. In order ror successful protein 

synthesis to occur,tRNA must intercactwith great 

specificity with the other components dfthe prot~in 

synthesizing system. 

Transfer RNA has a complex and intriguing life 

history. The precursor tRNA (2) is synthesized in a 

chain of about 120 nucleotides with a lengthy 5' 

segment, that might be responsible fo.r regulating the 

amount of tRNA in the cell. This precursor tRNA 

contains, no modified bases but does contain the ~equence 

ACC at the 3' end. It has been suggested that the 

precursor has a similar structure to the fun~ti6~al 

tRNA. EndonucleaseB remove theext~a nucleotides 

resulting in a chain about 76 nucl~osides long. Then 

about 10% of the bases are modified by methylases and 

other enzymes. For example, there are enzymes that 

III 

., .. ' 
'0 

... . . 

" 
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convert urac:il to pseudouracil. 

Detailed explanations of the processes that are 

summarized very briefly here may be found in Reference 

(3). The tRNA interacts with the aminoacyl synthetase 

which adds the correct amino acid to the 3' OH terminal 

adenosine. The tRNA is then "charged." The specificity 

of this step is extremely high, with errors thought to 

occur less than one time in 10 3 (4). The question of 

how the synthetase recognizes the correct tRNA and 

d~scriminates against all others is an important un-

solve~ problem central to molecular biology (3). 

The tRNA then interacts with various transfer 

factors. In E. coli, charged tRNA, the tr-ansfer fac­

tor Tu ' and GTP form a complex in all cases except that 

of tRNAF . Met . 

~he complex migrates to the aminoacyl site (A) of 

the ribosome, and the 3 nucleotides of the anticodon 

bind to the messenger RNA. The first two anticodon 

nucleotides bind to their complementary bases, but the 

third nucleotide may "wobble" allowing one tRNA to bind 

to more than one type of triplet (5). This step prov~des 

for the specificity of information transfer from the 

messenger RNA to the polypeptide. 

~hen the growing polypeptide chain is transferred 

from the peptidyl site (P) to the (A) site where it is 

joined to the amino acid on the tRNA, and then the tRNA 

moves from the (A) site to the (P) site. The poly-

peptide is removed and the deacylated tRNA is released. 
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ThistHNA may be charged again and take part in pro":' 

tein 'synthesis many times before i tis,. degraded. 
. . -. . . 

A knowledge of .thecorrect three dimensional 

~truct~re of tRNA ~hould help explaih ~he~hysical 
. . 

details of all these processes. .Iti$ quitepossibl~ 

thattRNA exhibits different structures at different 

times in its life history. 

2. A Model Building Study Suggests PossibleCoriforma~ 

tions of tRNA 

A. Different Species of tRNA Have Similar Unique 

. Secondary Structure' .. 

'. . . 
Presently the ~rimary structure, orseqtience of 

the nucleotides, in at least 25 species of tRNAare 

known. Several review articles discuss the striking 

similarity between these sequences (6-8). There are 
,,' 

16 positions 

of tRNA that 

that 
" 

have 

contain same base in all tbespecies 

been sequenced. These homologous 

nucleotides are mostly located in single strand regions 

of the molecule. 

The secondary structure of tRNA is defined by 

.. the base paired double helinal regions of the molecule. 

The cloverleaf secondary structure was proposed by 
\... ' 

Holley when he determined the first known tRNA primary 

sequence (9). This structure was -designed to maximize 

base pairing according to the Watson and Crick rule 

that guanine pairs with cytosine and that adenine pairs' 

, I 
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with uracil. All known tRNA sequences can be fitted 

into the Holley cloverleaf stru~ture. 

Figures 1-1 to 1-3 show the primary and likely 

secondary structure of the nine species of tRNA being 

studie~ in this work. There are obvious similarities 

between these nine tRNA structures. At the 3' end 

of each molecule is the ACC which provides the attach-

ment site for the amino acid through the hydroxyl 

group on the terminal adenosine residue. Then there 

is a helix consisting of 12 base pairs and a loop 

which contains the sequence T~C. This loop is .often 

called the T~C loop as this sequence has been found 

in this position in all known tRNA primary structures. 

It has been suggested that this sequence is necessary 

for r~bosomal binding (10). Next to the T~C loop there 

is a variable length region consisting of from 5 to 12 

nucleotides. Across from the T~C loop in the figures 

is the anticodon loop, so called since its middle 

three bases pair with the codon of the messenger RNA 

on the ribosome. This loop is always closed with five 

base pairs. Then there is a single base and then 

another double strand region of three of four base 

pairs. These pairs close a loop which consists of 

n1~e to 12 nucleotides and usually contains one or 

more dihydrouridine residues. It is commonly referred 

to as the D loop. Thus each tRNA molecule consists of 

three large loops, three double stranded helical regions, 
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, ,Figures 1-1 to, 1-3. Nucleotide sequences of the nine 

species of tRNA studied in this work. The sources and 

Ii 

sequences of these tRNAs are listed in Table 2-1. ' I 

structures of modified nucleotides are shown in 

FigurE:? 3""4. 

n, 
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and a variable length region. 

In addition to this secondary structure, it has 

been s~own that tRNA has a three-dimensional sDructure 

that iR more compact and stable than would rasult from 

merely an unordered combination of these -helical regions 

(11). This is called the tertiary structure of tRNA. 

Evidence for~ertiary structure is provided by a large 

change in the sedimentation coefficient of the molec~le 

below the temperature where secondary structure is lost 

(}~). Also the small radius of gyration (13-15) of 

tRKA and its stabil~ty to phosphorolysis (16).s~ggest 

a compact definedstrucutre. The integrity. of this 

tertiary structura is requisite for the proper function 

oftRNA (17). 

B. A Plausible Structure for tRNA Resem~les 

an H 

A molecular model building study was used to 

gkirt insights into the nature of r~asonab1e tertiary 

stru6tures for tRNA. Corey, Pauling, and Koltun 

spacAfillingmodels were tised to construct a mole~ular 

model of tRNAPhe (Yeast) as shown in Fig. 1~2. The 

primary structure of this .molecule was put togethar 

by students in Biochemistry 206 at Berkeley during 

t.he. winter of 1968-. , 

The tRNA was oriented in a manner that would maxi-

mizethe length of the helical double strand regions 

'[ 

.. r-
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and the amount of stacking in the single strand regions. 

Assumjng the secondary structure proposed by Holley, 

we looked for a tertiary structure that would apply 

equally well to all the tRNAs whose primary sequence 

was known. We tried to make the molecule as compact 

as possible with a constant distance bet~een the anti-

codon and the amino acid. 

Furthermore, we used results of X-ray studies on 

reovirus RNA which suggest that double strand regions 

are composed of an 12-fo ld double helix consisting of 

Watson Crick base pairs (18). The plane of the base 

pairs was tilted from the helix axis. 

This model building study suggested that tRNA 

might be stable in a conformation resembling an H. 

This model consists of two long parallel helical regions 

as is shown in Figs. ~ 1-4 and 1-5. The anticodon loop 

is across from the T~C loop and the D loop is across 

from the ACC terminus . This is a preliminary model 

of the tertiary structure which may be altered to agree 

with experimental observations on the strubture of 

tRNA. 

c. Many Models for tRNA Structure Have Been 

Suggested 
f 

I 
Since our model building study, numerous other 

models for the three dimensiona l structure of tRNA 

have been proposed. Six of these models were recently 
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reviewed by Arnott (8). He compares the models pro­

posed by Cramer (19), Levitt (20), Connors (21), 

Ful~er (22), Ninio (23), and Melher (24) with a 

number of experimental results and structural require-

ments. Arnott concludes that the model that best fits 

these requirements is the model of Arnott which 

consists of a long helix from the ACC to the T~C loop. 

Coaxial with this is the anticodon helix. Only the 

D and anticodon loops are excluded from the stack. 

In a similar review by Cramer, the same models 

and evidence of the same sort are examined . (11). The con-

clusion is quite differe~t. Cramer concludes that 

the best model is that of Cramer ~hich consists of a 

continuous double strand heli x from the anticodon 

through to the CCA end with the T~C and D IDops bent 

toward the CCA and forming add itional base pairs with 

each other and with the CCA. 

Danchin recently s uggested an imaginative dynamic 

model for the structure of tRNA (25). He suggests that 

charged and uncharged forms of tRNA have different 

structures and proposed that the D loop forms a sort 

of "slip-knot" around the main helix during movement 

between the two structures. 

In summary, it should be noted that model building 

studies may provide an unlimited number of possible 

structure s for tRNA, but experiments are nece ssary to 

show whether these structures are correct. 
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3. Transfer RNA Structure Has Been Studied by Diverse 

f'echniques 

There have been an incredible number of studies 

of tRNA structure in the past few years. For example, 

Reference 26 contains a bibliography of 712 items 

giving "recent resul'ts of tRNA research." To thoroughly 

review all the literature on the structure of tRNA 

is neither plausible nor interesting. In this work, 

only a few appropriate experiments will be discussed. 

For further information, there are a large number of 

review articles that may be consulted (6-8, 12, 27-29). 

A. Crystallography 

Eventually, crystallographic studies should pro-

vide reasonably exact information about tRNA structure 

in a crystalline lattice. Many investigators have 
f 

succeeded in crystallizing tRNA (30~33). Resolution of 

the X ray patterns varies from no better than 20 lt in 

most cases to as low as 3 lt in some cases (8). 

Some qualitative results have emerged from these 

studies. Doctor et al. find evidence that the helices 

within each tRNA molecule are more nearly parallel to 

each other than perpendicular. They "favor an H-type 

model for tRNATyr (~. coli) in which the stem to which 

the amino acid is attached is stacked to the T\jJC arm 

and the anticodon arm is stacked on the arm which in 

tRNAs usually contains D residues" (34). The 
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cryst~llization of mixed yeast tRNA by Fresco (35) 

suggest that all species of tRNA do have a similar 

tertiary structure. Of course, it is not known 

whether the crystalline structure oftRNA is the same 

as its structure in the cell or in solution. This ~s 

ihe maj or obj ection to results. obtained on crystalline 

tRNA.· To learn· moredirectl'yaboutthe structure of 

tRNA in solution other physical and chemical techniques 

are employed. , 

B. Chemical Studies of tRNA Structure 
'\ 

Artumber of structural investigations have involved 
. I . 

reacting tRNA with reagents that are specific for cer.-

tain bases. Information is obtained conce~ningwhat 
. . 

parts of the tRNAa~e accessible to these reagents. 

The inaccessible regions are assumed to be ;involved in 

or shielded by the tertiary structure of the tRNA. 

FUrthermore, the ability of th{smodified tRNA'to 

car:r;>y out· its normal functions should provide clues 

concerning what parts of the molecule are involved in , . 

these functions. 

Kethoxal was found to interact with Gin tRNAPhe 

(y~a~t) a~ positiqns ?P ~nd 3U, thereby 4~sirqy~ng 

acceptor activity (36). Radioactive carbodiimides 

react with most single strand bases th~t are outside 

th~ T~C loop (37). It is found to destroy acceptor 

activity but not ribosome binding (38). The conversion 
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of C to U by' b\isulphi te' treatment is fo\rnd ndt to 

destroy the ab~lity of tRNA to accept an amino acid 

(39). Other studie~ involving N-bromosuccinimide 

(40) and nitrous acid (40"D indicate that the T~C 

loop is least accessibi~ to modification. 

A covalent bond may be formed between the 4tU 

in position 8 and the C in position 13 by UV irradiation 

at 335 mu of several species of tRNA (42,43). This 

modified tRNA is capable of participating in all 

phases of protein synthes~s although its affinity for 
, 

the aminoacyl synthetase is decreased somewhat (44,45). 

The objection that may be raised to some of 

studies is that the addition of bulky reagents or the 

fo~mation of covalent bonds within the molecule may 

greatly alter the structure of the tRNA. The modified 

tRNA nay have an entirely different structure from 

that of the native tRNA. 

For this reason, physical measurements which 

perturb the system less should prove more satisfactory. 

Physical Studies 

Examples of some physical techniques that have been 

used to study the structure of tRNA and the sort of 

information that may be derived from them will be given. 

Equilibrium dialysis has been used to deter-

mine the availability of the various regionS of several 

species of tRNA for binding complementary oligonucleo-
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tides (47).' 'Only the four.3' ,terminal bases, the 

5 base~ onthe'5' side 6i the a~ti~?d6n loop, several' 

bases on the 3' ,or 5 ! side' of the '1;) loop" anctpart of the 

variable 'length'r~gion would pind complementary racHo~ 

active oligomers. Oligomers ,would not bind to' t-he 

double strand regions or to the T~C loop. Binding of 

oligomers to one part of the tRNA is shown not to 

arfec~ binding,to other parts, suggesting that the 

tertiary structure of the moleculS is not greatly 

~lteredby the binding ofoligomers. Thus a good model 
.' '.' , 

for the tertiary structure of tRNA should have the 
I 

T~C loop protected and allow Cor the accessibility of' 

those regions that will bind complementary oligomers. 

Most ultraviolei spectral studies have in~olved 

analysis of the change in the UV spectru~ upon thermal 

denaturation of th~ tRNA.A detailed investigation of 
" Phe,' ,', 

the melting behavior of tRNA (Yeast} ~n solutlons 

containing various amoun~s of Mg++ ~ndK+ iridica~es : 

, ++ the Mg ions are essential for the n~tive structure 

of tRNA (48). Using differential melting and tempera­

ture jump t~chniques three conformatibn transition of 

tRNAAla .(Yeast),and five transitions of tRNAPhe 

(Yeast) ~ave been characterizied (49,50). The dlffer-
. . ~. 

ence in the UV spectra of the native and denatured fdrms 

. Leu ( ') , of tRNA Yeast have been compared with spectra for 
I 

the formation of A:U and G:C base pairs. This compari­

sen ~uggests that denatured tRNA contains 3 or 4 le~s 



I 

19 

base pairs than does native tRNA (51). 

Infrared spectroscopy has been used to deter-

mine the fractions of A:U and G:C base pairs in partly 

double helical RNAs in solution (52). The relative 

, F.Met ) 
intensi ties of the IR bands of tRNA (:§.. coli 

in solution agree with those predicted by the Holley 

coverleaf model (53). 

Fluorescenoe measurements utilizing the fluores­

cent base adjacent to ,the anticodon in tRNAPhe (Yeast) 
I 

o 
indicate that the anticodon is more than 40 A away from 

the CGA end of this molecule (54). Fluorescence may 

also ~e used to monitor the interaction between the 

amino acyl synthetase and the tRNA (55). 

Nuclear magnetic resonance is most useful in 

studying the modified bases as the four major nucleo-

sides in tRNA all exhibit similar chemical shifts. 

Rece~tly, high resolution PMR studies at 220 MHZ have 

shown that the protons of most of the minor bases may 

be distinguished (56). The resistance of areas con-

taining these nucleosides to solvent denaturation in 

~imethylsulfoxide has been investigated. Segments 

contRin1ng T and CMe were found to be most resistant 

(57). 

Other physical techniques that provide some infor-

mation include electron paramagnetic resonance of 

~in labelled tRNA (58), and electron microscopy (59). 

The varied physical' techniques just discussed 

pr07ide different ways of probing the structure of 
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tRNA artd co~plem~nt one another to some extent. How­

eve;, there is on~ ~hYSiC~l technique that is very 

sensi tive to molecular c'ohformation that has not yet 

been mentioned~ 

4. What can ,Circular Dichroism Spectroscopy Tell U,s 

About the Structure of tRNA? 

CD spectroscopy is a tool with gr~at potential 

for the, study of the structure of nucleic acids. It 

is a solution measurement so that pH, temperatu~e,and 

salt concentration may be varied cont~nuously to 

observe conformation changes dependent on small changeis 

in the'environment.Only very small amourttsof sample 
'\ 

,I 

are ~ec~ssari to obtain a CD spectrum. 

The CD spectrum of a nucleic acid is ~uch more 
. .. ,..., ..... 

sensitive to small conformatiorial changes than is 
. . 

theUV spectrum. Most of the intensity of UV absorp-

tion bands is a result of .transitions within one 
( 

b~se. Interactions with transitions 6n,neighboring 

bases will perturb the UV absorption, but are not 

responsible for most of its intensity. The intensity 

ofa CD spectrum is directly dependent upon the-

asymmetry of its environment. For example, nUcleo-

tides have a very' small CD due to the asymmetric. 

suga~, but quite cOnsiderable UV absorption. Thus r 

CD spectra are much,more sensitive to chahges in the 

geometry of adjacent bases than are UV spectra. 
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A. Past CD and ORn Studies of tRNA structure 

ORD spectra have been reported for tRNAAla and 
'l'yr . . Asp Gly tRNA from yeast (61), and·tRNA ,tRNA ,and 

tRNALys from yeast (62), a~, have the CD spectra of 

tRNAVet1 anel tHNAF . Met from ~. coli (63), two species 

of tRNA~la (Yeast), mixed yeast tRNA (64), and tRNAPhe , 

(65), tRNAJ\rg , and tRNAGly from ~. coli (66). ORD 

specLI'<l lIlay ue conv8rted to (;Dusing the KY'onig Kramers 

transform «(,0), which shoul d allow quaIl taU. ve comparl·· 

son of these spectra. In general, though, careful 

comparison of these spectra is difficult as these 

spectra were measured in variotls buffers. Moreover, 

some of the values used for molar extinction coeffici-

ents (s) are questionable. Some authors (63) 

incorrectly state that all spe~ies of tRNA have the 

same value of £ = 7.5 x 10- 3 i.n a given buffer. . In 

other papers (64), values of £ as lOw as 5.56 x 10- 3 

have been used under similar conditions. Thus a 

reliable set of CD or ORD spectra of tRNAs is not avail-

able. 

C~ has been used for a number of specialized 

st\ldies of tRNA structure. CD studies of charged and 

\-Hlc!'~argqq purifiE;d t}1NAs have shown that there is no 

large structural change when tRNA is charged (63,67). 

Also, it has been shown that tRNA structure is very 

sensitive to magnesium conqentration as there is a 

large chan~e in"the CD spectrum when Mg++ is removed 

(1.18,6/1 , (, 6 ) . 

rrl1e bclse li· .. thi.ourJeHne (/ltD) found in several 
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spec~es, of tRNA re~ultsin ~ CD band at,about 335 ~p. 
" ., 

CD studies (66,68) of the base 4tu in ~urified tRNA 

have been carri~d out uSing quite cQrtceptrated tRNA 

so:ut~ons(A260 ~ 40). The variability of these 

spectr~ sugge~ts that 4tU 1s in f~irly different 

environments Jnthe different species of tRNA. A 

study of the CD Df4tU in charged and uncharged 

tRNA'F .Met (~. coli) indicates conformation 'changes 

upOn chargirig of this tRNA {6g). $ince thS CD of 

this ~olecule as a whole is ~otgreatl~ altered, the 

site of change is localized to the vicinity of the 

4tu' rdsid~e.' It'is in studies of small structural 

changes of nucleic acids such as this that CD has the, 
, " 

greatest pot~ntial. 

B. Approach to be Used in this Study 

. .: . . 

The goal of this study is to determine how much 

structural information may be ob~aihed from a thorough 
, . 

'analysis of the CD spectra of different species, of 

tRNA between 210 and 310mp. We will 'study nine tRNAs 

f~om three organisms that are specific for six differ­

ent amino acids. It will be possible to compare the 

spectra of-the same tRNA from ~ifferent Organisms as 

well as different tRNAs from the same organism. 

F~rst, me~hods for calculating the CD of single 

and double strand regions of tRNA from the CD of 

simpler nucleic acids will be discussed. Examples 

shoWing, the change in the characteristics of RNA CD 

.' " ; ~ . 
• . ' . :" 'l-

\' ' 
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spectra with base composition, sequence, and percent 

double strand will be given. 

It is assumed that the CD of native tRNA may be 

represented by a sum of contributions from the single 

strand ~egions, the dofible strand regions, arid the ter-

tiarystructure of the molecule. Although tertiary 

structure probably does contribute to the CD spectrum, 

we presently have no knowledge of the details and will 

aS$um~ that the contribution of tertiary structure is 

negligible. Then, experimental spectra of the native 

tRNAs will be qualitatively discussed and compared with 

spectra constructed from simpler nucleic acids. A 

similar discussion and comparison will be carried out 

for single stranded tRNA and sums of dimer spectra. 

This should provide a good test for the "nearest 

neighbor" approximation. 

A number of previous studies of the CD of tRNA 

involved analysis of the difference between the confor­

mation of the tRNA in the presence and absence of mag-

nesium at room temperature. We will show that room 

temperature corresponds to an arbitrary point in the 

helix-coil transition of the tRNA and therefore does 

n?tcorrespond to a well defined conformation of the 

tRNA molecule in the absence of magnesium. A tempera-

turewhere the tRNA molecule is totally single stranded 

can be determined from the temperature-absorbance pro-

ftle. We will study the difference between the spectra 

of tRNA in the presence and absence of magnesium at 
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t'}lis temperature, which shouJ,d cerrespond to. the 
, . . 

fermatien ef the secendary and perhap~ tertia~y struc~ 

ture' of ' the melecule. This difference will be shewn 

te,agree fairly well with a sum ef the CD'spectra 

cer-res,pending to. the fermatien ef the base pairing 

'inier~ctiens of the struct~res in Figs. 1-1 to. 1-3. 
, . .'. . 

Thus the.usefulness ef CD as an:artalytic teel 

fer previding infermatien en the secendary and • 

tertiary st~ucture ef tRN~s will be 1rivestigated. 

A judicieus summing ef experimeritaland calculated 

spectra)will allewquite accuratecalculatien ef the 

CD efnative,tRNA. 

Examples of the applicatienof these techniques 

to. ar. analysis ef the difference between native and 

de~atured tRNAs and also. 58 RNA will-be *iven. It­

will be shewn that the sensitivityef tD to. details' 
-

ef RNA structure may be expleited to. previde fairly 

accurate infe~matien ce~cerning cenfermatienal change 

in nucleic acids. 

. I 

, I 
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CHAPTER II 

'MATERIALS AND METHODS 

1. ,Preparation of Crude Aminoacyl-tRNA Synthetases 

A. B.Coli Synthetase 

"In a ~ypical E.-Coli ~ynthetase preparation {I), 

one part frozen ~. Coli B cells (Grain Processing) 
. , 

were gro~rid with one and a half parts aluminum oxide 

(Baker) and a pinch of Macaloid (Barr-oid) ina mortar 

and pestle at 46 c until lysis (about 10 minutes)., Two 

parts gr~nding buffer (.01 M Tris buffer, pH 7.4, 

.01 M MgC1 2 ,. 05 M NH4Cl, and 5 mm S-mercaptol .ethanol) 

and one-half mg electrophoretically pure pahcreatic 

DNa~e(Worthington) w~readded to the paste. The 

mixture was allowed to react tor 15 min at 4°C, and' 

then the debris was spun out in ~ Sorvall RC2-B centri~ 

fuge at 30,000 g. Ribosomes were pelleted at 100,000g 

fo~ 3 hrs ~n a Beckman Model L ult~acentrifuge. Th~ 

top three quarters of the supernatant was carefully 

remoyed and gradually brought to 67% saturation with 

solid ammonium sulfate (4.36 g/IO cc) while stirring 

at 4°c. The precipitated protein was spun at 15iOOO g 

for 20 minutes. The pellet was dissolved i~ a sm~ll 

volume of grinding, buffer. and dialysed overnigh~ versus 

grind.ing bufferin .. 3M'ammonium chloride. The synthe­

tase mixture was then assayed for its ability to charge 

tRNAs. Usually 1 ~l of enzyme would £ully charge an ' 

" 
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A
260 

unit of mixed E. coli tRNA under assay conditions 

described below. The synthetase was frozen in small 

aliquots at -20°C . 

B. Yeast Synthetase 

Yeast synthetase was purified in a manner similar 

to that described by Morris and Herbert (2). 

One-half lb. crumbled cake yeast from Virginia 

Bakery, Berkeley, was added to 750 ml toluene cooled 

to -40°C in a dry ice-acetone bath. The yeast was 

allowed to freeze for three hrs with occasional stirr-

ing. Toluene was poured off through cheesecloth and 

the frozen cells thawed for 8 hrs. One hundred ml of 

1 M Tris HCl, .5 M HCl, (pH about 8), was added and 

the cells were allowed to autolyze until enzyme activ­

ity was maximized. For charging of tRNAPhe (yeast), 

11 hrs autolysis time was found to be optimal. After 

this time, solution was spun at 15,000 g for 20 

minutes two times to remove debris. The pellet and 

lipidS floating on the top surface were discarded. 

The solution was then spun in the Beckman Model L 

ultracentrifuge at 100,000 g for two hrs to remove 

ribosomes. 

Ammonium sulfate was added to preCipitate the 

protein as before. The solution was ppun at 15,000 g 

for ?O min, the pellet dissolved in 10 mM KH
2

P0 4 

( -4 pH 7.5), 10 M EDTA, and dialysed overnight against 
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thisso.lvent. The yield was, about 40 ml of. e,nzyme 

~ith anA 280 = 88, and an A260/A28~=i.3.ih~ syhthe­

tase mixture was st~~e~in40%',glycerol~~ -20~~. 

2. Assay for Amino Acid Acceptor Activiti .of tRNA. ' 

A typical assay mixt~re consisted of about 2 muMoles 

of mix~d tRNA or .04 mpMolesof purifi~d tRNA~ .05 uCuries 

of L- [14C J amino acid. ("specific actiyi ty= 50 C/tYI), : 

several ul of synthetase mixture and enough distilled, 
.." . , . " 

water to bring the total volu~eof' the assay mixture 

to 50 ul in a s~lution of .1 M Tris HCl (pH 7. 4), . 

10 mM MgC1 2 , .5 mM 8-mercaptoethanol,; and 2 mM ATP 

(sodium salt).(l). 

The. reaction mixture was tricubated for ten min at 

37~C, stopped with 3 ml df ice~601d 5% trichloro­

acetic ~cid (TCA);and the precipitated tRNA collected 

on'a millipo~e filter (HA.4511) which had been soaked 

in cold TCA. The filters were rinsed with 3 mlmore' 

TCA, and dried under an infrared lamp. The amount of 

14 ' 
L-[ C J amino acid inco~porated was determined "by 

counting in 5 ml of toluene based PPO-POPOP scintilla-

tion fluid (Amershan ,Searle), in a Beckman LS-250 

liquid scintillation counter. Counting efficiency was 

found to be 93% by counting a kno~riam6unt of t14CJ 

amino acid~ The incre~se in specitic a6tivity . 

(cpm/OD Ul) upon purification was compared with pub­

lished estimates of the "relative amounts of different 

"" 

" 
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tRNAs in mixed tRNA (3,4). Most tRNAs were assayed 

for biological activity before and after optical 

measurements to verify that degradation had not 

occurred. 

The amount of charged tRNA in column fractions 

was simply determined by precipitating a volume of 

the column fraction corresponding to about .05 A260 

units of tRNA in cold TCA, filtering on a Millipore 

filter, and counting. 

3. Purification of tRNAs 

A. ~. coli Tryptophan tRNA 

E. coli tryptophan tRNA was purified in a manner 

similar to that developed by Maxwell et al. (5) for 

the purification of yeast tryptophan tRNA. First the 

fracr.ion of the mixed tRNA that elutes from benzoy-

lated DEAE (BD) cellulose only in ethanol was separa-

ted on a 200 ml column. Most of the other species of 

tRNA had already been eluted with 1 M NaCl. This 

resulted in a six-fold enrichment for tryptophan tRNA. 

A 50 ml column was packed with BD cellulose, washed 

with 2 M NaCl, and equilibrated with 1 M NaCI, .01 M 

MgC1 2 , and .01 M NaAcetate, 'CpH 4.5). 

The enriched fraction was loaded with L_[14C] 

tryptophan (Schwartz) using a scaled up version of the 

assay conditions described in Section 2. The charged 

t~NA was precipitated with ice-cold ethanol, dissolved 



, .. ; 

"'. 

.. 

,.,' 

Figure 2-1 . . Purification oftl1.NATrYP (E. coli). 

Absorbance ( .... -----) and specifi(~ activity (x) of 

fractions eluted from a BD cellulose co:lumn with 

a gradient of ethanol (0-20% v/v). Peak I is 

tRNA TI'YP (E •. coIl) and peak II is other tRNAs. -- " 

34' 

Three successive columns were run as shown in (a), 

(b )':" and (c) re suIt ing in highly p'urlfied tRNATryp • 

. " 
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in .J. M NaCl, . and applied, to the column .. 'The column 

was wa&h~d with 1. M'Nicl until the ~aterial being , , .. 

. eluted had 'a very low ODe 'Then the sample was eluted 
'.- .'. . 

with a linear graciientof ethanol v'arying from 0% to 
. . 

20% ,EtOH (v/v). in 1M NaCl .( 800 ml total volume) . The 

flow :roate was 30 ml an hour and 5 inlaliquots'were, 

collected. 

The absorbance and acceptor activity of the c61u~n 

fraction~ is shown in Fig. 2~la. The fractions of 

fuighe~t specifica6ti~ity (tubes 52 to 80) were pooled, 

diluted with 1 M NaCl to reduce ethanol concentration 

~Y. a factor of3br 4,' and reapplied to the column. 

This time separation was better as shown in Figure 

2~lb .. The fractions of ~ighest specific activity 

weI'e ',pqoled, dlluted ,and chromatographed under the 
" , 

same con~itions a third time as shown in Figure 2~lc . 

. ThetRNA was de~6ylat~d by incubation at pH g.O in 
. '. 

Tris-Cl buffer for 20 min at 37°C. The tRNA was then 

assajed and found tobe at least gO~fold purified 

relative to the mixed E. coli tRNA. Since ~ryp is 

about 1% of mixed tRNA, this' corresponds to a purity 

of about gO% (4). 

B. Yeast Phenylalanine and Tyrosine tRNAs. 

Two grams of mixed Baker's yeast tRNA (Plenum 

Laboratories) were dissolved in 60 ml of water. A 

300,ml column (3.5 cm by 32 em) w~s. packed with BD 

" . . 
. . 

" 
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cellulose in 2 M NaCl and then equilibrated with .4 M 

NaCl. The sample was applied and the column washed 

with .4 M NaCl. The eluted material was enriched for 

methibnine tRNA. Elution was continued with .7 M 

NaCl resulting in a fraction enriched for tryptophan 

tRNA. Next a tyrosine enriched fraction was obtained 

by eluting with 1 M NaCl. Finally the column was 

eluted with 10% ethanol resulting in a fraction con­

Phe taining mostly tRNA . 

The fractions were each concentrated by ultra-

filtration in a Diaflo apparatus (Amicon Corporation, 

Cambridge, Massachusetts) using a UM~3 membrane. They 

were then assayed for Phe and Tyr acceptor activity. 

The ethanol fraction was found to be 12 fold enriched 

f\)r tRNAPhe , and the 1 M NaCl fraction was 2 fold 

enriched -for tRNATyr . 

Yeast tRNA Phe was further purified in a manner 

s~milar to that described by Litt (6}. The fraction 

that- eluted in ethanol was charged with L_C 14C] phenyl­

alanine (Schwartz Stanistar) using standard assay 

conditions. This tRNA was applied to a 50 ml BD 

cellulose column equilibrated with .9 M NaCl. Then 

the column was eluted with 150 ml of a gradient from 

.8M to 1 M NaCl in 15% ethanol, followed by 350 ml 

of 1 M NaCl in 15% ethanol. The fractions were counted 

and those of highest specific activity were pooled and 

rechromatographed with a similar gradient. The frac-

tion3 of highest specific activity were concentrated 
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byultraflltration, deacylated, and assayed for amino-
, ' " Phe ' 

acylacceptor~activity. ThetRNA was found to'be 

17-foldpurifled which corresponds to a purity of 

about 95% (7) '. 

Then the fraction of the tRNA which had been 
I " 

enr1chedfortyrosinewas ch~rged with L_C 14C] tyro-

sine (Schwartz), and loaded on a BD cellulose colUmn 
-' . 

, fol.lowing the, method "of Maxwell et' 8.1. (5). It was 

eluted with,a one liter linear gradient from 0% to 

10% (v/v) ethanol in 1 M NaCl.' Most of the tyrosine-

activity was found to elute between 5 and 8% ethanol. 

These fractions were pooled and deacylated by incuba­

tion at pI! 8 .1 for 20 minutes at 37°C. The deacylated 
", ' 

tRNA was ethanol precipitated and rechromatographed 

onBD cellulose in a gradient from .4 M tol.l ,M NaCl 

(600 ml total volume),.' The tubes, of highest activity 

were pooled, concentrated,and assayed. The tRNATyr 

, was 25-fold enriched, corresponding to a purityo~ about 

90% (5). 

I;l." Sources of Other tRNAs Used in This Work/ 

As can be seen f~om Table 2-1; three of the tRNAs 

be~ng stu4ie4 were p~rtfi@d ~s na~~ of t~iswork, and 

th6 ether six were gifts from Oak Ridge National 

Laboratory, Dr. Olke Uhlenbeck~ Dr. J. Fresco, artd 

Dr. B. S. Dudock. The 5S RNA was a gift from Dr. Jim 

Lewis. The source of the sequences shown in Figures 
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tRNA 

F. Met (~.coli) 

Leu (Yeast) 

Phe(~. coli} 

Phe (Wheat) 

Phe (Yeast) 

Tryp (!i. coli ) 

Tyr (!i. coli) 

Tyr (Yeast) 

Val (!i. c.o11 ) 

Table 2-1 

Source of tRNA 

Gift, Oak Ridge National Laboratory 

Gift, J. Fresco, Princeton University 

Gift, O. Uhlenbeck, University of Illinois 

Gift, B. S. Dudock, State University of New 
York, Stonybrook, New York 

This work 

This work 

Gift, O. Uhlenbeck, University of Illinois 

This work 

Gift, Oak Ridge National Laboratory 

• 

Sequence 

S. K. Dube, et al. (8) 

J. Fresco (9) 

., 

B. G. Barrell and F. Sanger (10) 

B. S. Dudock, et ale (11) 

U. L. RaJBhandary et ale (12.) 

D. Hirsh (13) 

H. Mw Goodman et ale (14) 

J. T. Madison et ale (15) 

M. Yaniv and B. G. Barrell (16) 

W 
'-0 

r­,-,,., 

.~, 

..... 
>-

r 
,""," 

f ...,. 

-......: 

\ ... ",. .. 

"-' 

c:; 
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l~l to 1-3 are also listed. 

'" 

5.' S6urcesofDi~ers 

The CD ~f 16 dimers and 4 monome~s were measured 

at 40 c c in io mM Tr:j..s:-HCl (pH 7.8),lmMMgC1 2:- The 

GG was purchased from Nutritional Biochemi6als, and 
, , , 

the other 15 dimers from Calbiochem and Amersham 
. . 

Searle. Purity was ~hecked by spotting 2 ~l bf each 
.' , . 

dimer on'paper and chromatographing overnighi in:70% 

EtOH, 30% NH 4Ac. 

6. Extinction Coefficients and Concentration Determina-

tions 

In collaboration with Dr. Marc Maestre; extin6tion 

coefficients for all nine species of purified tRNA 

were det~rmiri~d ~Y degra~irig the tRNAs"to nucleo~ 

t~de8and using the known nucle~t~de e~~inction' 

c6efficients (17). The UV Spectra~of stock solution~ 

of tRNA (1 OD uni t/ml) in 10 mMTris-HCl (~H 7.8), : 
, ' 

1 mMMgC1 2 were recorded. 30 ~lof 5 M NaOH was added 

to 'duplicate' blanks and samplesof,the 9 species of 

tRNAeach of volume .5 mI. Tubes were weigh~d after. 

the addition of each solution, incubated for 24 hrs 

at 37°C, heated ~o 60°C for 2 min to insure degradation, 
, ' 

incubated 12 more hours at 37°C and reweighed. The 

samples andblahks were neut~alized with 30 ~l of 5 mM 

HCl ~nd 20 ~l of 1 M Tris-HCl, pH 7.8. Volumes of 

each ~olution added were calculated from their density 

.. 
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(g/cc). The OD at 258 m~ of th~ degraded tRNA was 

obtained and corrected for dilution. 

The initial extinction coefficient could then 

be dalculated from: 

EtRNA -
Vnucleosides 

VtRNA A258 tRNA 
x x E 1 'd 

A258 nucleosides· nuc eotl es 

(2-1) 

where £ is the extinction coefficient at 258 mp in 10 

mM Tris-HCl and 1 mM MgC1 2 , V is the volume of the 

solution, and A258 is the absorbance at 258 m~. Agree­

ment between duplicate samples was within 1%. The 

extinction coefficients so determined are listed in 

Table 2-2. 

Table 2-2 

Extinction Coefficients of Nine tRNAs in 

.01 M Tris-HCl (pH 7.8) 

tRNA f.258 x 10- 3 

F. Met (~. coli) 7.06 

Leu (Yeast) 7.37 

Phe (~. coli) 7.15 

Phe (Wheat) 7.42 

Phe (Yeast) 6.63 

Tryp (~. coli) 6.71 

Tyr (~ . coli) 7.40 

Tyr (Yeast) 7.11 

Val (~ . coli) 7.52 
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T .. ',·· At.ornic· Absorption ,Measurements' .'.; 

Mag~esium conc~ntrat{ons were measured with ~ 
':'. 

Perkin Elmer Model 303 Atomic Absorpt~on Spectro-
, . 

. photometer eq~ipped .wi th a West:inghouse hollow· cathode 

lamp .. An air acetylene flame was use'd and the absorpt­

ion vvas monitored at ··285ml1. Standard solutions con...;. 

taining between .1 and 1 ppm of MgC1 2 were measured 

and a·linear plot of absorbance versus concentration 

was made before each run. About l·cc ofOsolution 

was, used for each measurement. The per cent absorption 

of the standards and samples was measured at least 

three times unless there wa~an insufficient amount 

of.sample to allow this. Error was less than 10% 

except in ~ery dil~te solution. 

8. Desalting Procedure~ , 

, ++ 
. ·Exten~ive dialysis~was used to remove as much Mg 

and other salts from tRNA solutions. The f611o~ing 

buff~rs were prepared usin~ twice distilled water: 

(a) O~'5 M NaCl, 10 mM EDTA pH 7.5; (b) 0.2 M NaC1, 

1 mM EDTA pH 7.5; (c)lmMEDTA pH 7.5;· (d).OlmM 

EDTA pH 8.5. Solutions were dialysed for about 6 hours 

at 4°c against~four chang~s each of buffers (a), (b),. 

and (c), and again~t 8 changes of buffer (d). After 
. ++ 

desalting, the concentration of Mg was measured by 

++' atonic absorption, and found to be about 1 Mg per 

tRNA molecule. Spectral measurements of low salttRNA 

'! ' 
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were made in 10- 5 M EDTA which is about 1 EDTA per 

++ . ++ Mg . , and should ensure there is no more than 1 Mg . 

bound to each tRNA molecule. 

9. Optical Measurements 

A. Cells and Solutions 

All CD measurements were made using a standard 

strain-free cylindrical fused quartz cell (Opticel) 

of 1.0 cm pathlength and about .6 ml volume. Cells 

were frequently washed in ch~omic-sulfuric acid 

clean~ng solution and rinsed at least 20 times with 

glaRs distilled water. Cells to be used for measure-

ments in very low salt were soaked in dilute EDTA 

and then thoroughly rinsed with glass distilled 

water. The concentration of Mg++ ~n the distilled 

water was periodically checked using atomic absorption 

and found to be less than 10- 5 M. 

For all measurements above room temperature, 

cells were closed with ground glass stoppernwrapped 

in Teflon tape to assure a tight seal. Cells were 

~eighed before and after high temperature measurements 

to verify that no evaporation had occurred. 

UV measurements were either made in the CD cell 

or in rectangular quartz stoppered cells of 1 cm path-

length and 1 ml volume (Pyrocel). 

"Native" RNA spectra were measured in solutions 

of 10- 2 M Tris-HCl (pH 7.5), 10-3 M MgC1 2 . There was 
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fbund to be no change in the magnitud~ of absorption 

or CD'in this buffer between pHT. 0 and pH 9.0. 

Sp~ctra,of "single stranded" RNA in low ,salt were 

obt~ined in 10-5 M EDTAadjusted to pH 8.5. The EDTA 

'., ," ++ 
was u6~d to iniure the absence of Mg bound to the 

tRNA as atomic absorption measurements had indicated 

a Mg++ concentration of about 10-5 . No additional 
, 

buffer was added to avoid adding divalent cation 

imptirities. The pH of these sblutions was checked 

after optical measurements with a Beckman. Expandomatic 

pH. m~ter equipped with a microelect~9de to verify 

that,it had riot dropped below 7.0. 

',Samples used in optical stUdies hadA 260 's at 

260m~ betweeri.5 and 1.0. 

B. Absorption and CD Measurements 

"All UV absorption spe~tra were measured at rOom 

tem~erature (25°C) on a Cary 15 spectrophotometer. 

Absorption spectra were recorded for all solutions 

prior to CD stUdies. 

The change in ab~orbanc~ with temperature at 

260 m~ was recorded between 10°C, and. 95°C using a 

modified Beckman DU spectrophotometer on a Gilford' 

Model 2000 multiple sample absorbarice r~corder. Tempera­

t~re was increased at a rate of about 20oC/h~ By 
means of a temperature programmer connected to a: Haake 

Model I circulating bath. Absorbance and temperature 

~, 
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were recorded very two minutes. Three samples and 

one blank were run simultaneously. 

CD measurements were made using a Cary Model 60 

spectropolarimeter equipped with a circular dichroism 

attachment (Model 6001). Temperatune was controlled 

u~ing a circulating water bath and electronic cell 

block designed by Dr. Donald Gray (18). Control could 

be maintained to + O.loC with an accuracy of.± 0.5°C. 

The Cary 60 was operated at a scan rate of about 

3 m~ per minute, a pen time constant of 0.3 seconds 

and a full range ~cale ·of 0.04. Spectra were measured 

between 35q and 205 m~. Base line spectra of the 
\ 

solvent in the same cell were obtained before and 

after each set of CD spectra. 
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CHAPTER III 

,CALCULATION OF CD SBECTRA AND DATA ANALYSIS 

1. CbSpectra Maybe Used to Characterize RNAs 

The positions, magnitudes, and shapes.of the ban9s 

in a CD spectrurri of an RNA provide inf_ormation about 

the struciure of this ~olecule.· It is informative to 

consider the gene~al characteristics of some CD spectra 

of RNA that have'been calculated by summing appropri­

ate .spectra of simpler RNAs. The nature of this calc,u-

lationwil.l be ,discussed ih detail lat,er. in this chapter . 

Figure3-lshows some typical CD spectra or an 

RNA ihat is ~quimolar in A,U~C, and G calctilated as 

a function of the percent of the nucleosides that are 

in hydrogen-bonded,double strand regions~ There are 

several characteri~ticsof these spectra that are of 

,special ihterest. 

Scahning from high wavelength, the first feature 

of note is a small negative CD band centered around 

295 mll. This band wasf,irst observed '. by Sarkar et al. 

(1) who noted that it is more sensitiye to melting of' 

secondary structure of RNAsthanis the large positive 

band around 270 mll. Upon heating ,the tRNA, this'band 

disappears at lower temperature than those necessary' 

to melt .the secondary struct~re of ihe polyme~s. This 

implies that the 295 mll bana corresponds to some sort 

of structure othe~than secondary, perhaps to ~ertiary 

i.,: 

.. 

.. ' 
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struet·ure. 

Calcula.ted spectra.. in Fig. 3-1 show that the .band 

at 295~~ decreases in ma~nitude with an increase 

in the single strand character of the RNA . Figure 3-6 
.. ~ . . 

shows that fo~ double strand~d'RNA, thebapd decreases I 

with an increase in the perceni of G:C pairing inter-

actions. 

The' next feature of the spectrum is a l,arge pos.i-

tive p~ak S~tweeri 260 and 280 mp which is caused by 

several tt-n* transitions. This large CD is ther~sult 

of interactions between the 260 m~ transitions of one 

base with the electronic transitionS of its neighbor 

bases (2,3). The magnitude of this peak is quite 

sensitive to the pairing and stacking interactions 

of the bases in the RNA. As shown in Fig. 3-1, its 

position will shift to the red with a decrease in the 
\ 

numbe~ of hydrogen-bonded 6ases in the molecule. A 

change in the type of bases that are paired also 

produces a change in,this'spectrum, as shown i~Flg. 

3~6. 

The position of the crossover wav~length in the 

vicinity of 240 mU will al~o vary with the type and 

amount of hydrogen-bonding in the molecule. There~ 

may be a small negative band centered around 235m~, 

Finally, there> is a. small posi tive band around 220 m~; 

this band is particularly sensitiVe to the base composi~ 

tion of the single strand RNA a~ ~ho~n in Fig. 3-5. 

. : 
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Mest past CD studies of tRNA structure have 

involved tabulation of the positions and magnitudes 

of ext~ema and of crossovers. In,this work, computer 

data analysis makes it possible to study the entire 

spectral curve of each RNA; This allows a maximal 

amount of structural information to be extracted from 

the CD spectra. 

In order to calculate the spectra of nati~e 

tRNA, it is necessary to calculate the single strand 

and double strand contributions to the CD. Each of 

~hese,will be considered separately and in some detail. 

2. The OpticalPropertie~ of Trinucleoside Diphosphates 

artd Homopolynucleotides May be Calculated from 

Those of Dinucleoside Monophosphates. 

The optical properties of some RNAs have been 

derived from those of oligomers with qualitative 

success (4,5). These calculations are based upon the 

spectra of dinucleoside monophosphates (dimers) and 

mononucleosides (monomers) and two assumptions. First, 

it is as~umed that base stacking and geometry are 

similar in dimers and in longer RNA molecules. Second, 

it is assumed that all of the optical properties 

observed are caused by interactions among nearest 

neignbors. This latter aSBumption is called the 

nearest neighbor approximation. 

·For example, consider some optical property of the 
~ .. 

trinucleoside diphosphates (trimer)XYZ, such as [8J, 
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-the mea~ m61a~ ellipt~city perresidu~~ ,[8J can be 

approximated at each wavelength by: 

·(XYZ) = -~(2 (XY) + 2 (YZ )'- ,CY ») (3-1) 

~here the mean molar ellipticity of the trimer XYZ, 
'.; . . .: . 

thedimers XYand YZ, and the monomer Ya~e given by 

(XYZ), (XY), (YZ), and (ij ~~spectively at each wave­

length. In this work, parentheses () will denote 

experimental CD spectra. 

Equation 3-1 has been u~edto calculate the ORD 
, ' 

of several trimers (4). CD and ORD are related by 

the Kronig-Kramers transform and may be used almost 

interchangeably (6)~ In most cases good agreemeritis 

found between measured trimer spectra and those based 

on nearest neighbor calculatioris. Figure 3~2shows 

this agreement for theORD of the trimers A
3

, AAC" 
, , . 

AAU,GAU, and AGU as measured by Cantor and Tinoco (4). 

It should be noted that in the first three bf these 

trimers, the calculated spectra are shifted to slightly 

higher wavelengths than th~ experimental spect~a. 

Similarly, optical properties of homopolyribonucleo~ 

tides (homopolymers) may be calculated from the, neare.st .. · 

qelghbor approximatlon! 

(poly X) = 2(XX) -(X) (3-2) 

The ellipticity of poly X is thus simply two times the 
, " 

ellipticity of the dimer XX minus the ellipticity of 

the monomer X. 

'1 
1 

.. 

'I 

I 

i 

~.. ·1 
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Figure 3-2. A comparison of the measured ORD of 

some trimers (.-----) and the .ORD calculated 

from the nearest neighbor approximation (-----). 

These spectra were obtained by C. R. Cantor and 

I. Tin oc 0 , Jr. ( 4 ) • 
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The ORD of· the homopolymers of the four common 

RNA bases (5) and the CD of poly I (7)1 have been 

compared with the nearest neighbor calculation using 

Equation 3-2. The calculated and experimental spectra 

of poly rA~, poly rU, poly rC, and poly rG are shown 

in Fig. u 3- 3. 

Qualitative agreement is fairly good, though less 

so than in the case of trimer calculations. The 

agreement is best in th~ case,of poly rU and worst 
(, 

for poly rG, whiCh is probab~ aggregated (5). Again 

the calculated spectra are Shifted to higher wavelengths 

relative to the experimental spectra. This shift is 

much larger for polymers than for trimers. 

This discrepancy suggests that dimers and polymers 

have different spectral properties. This could be 

caused either by a difference in polymer geonetry ~r 

by long range interactions in the polymer. The fact 

that'poly rU, which is the least stacked polymer, 

agrees best with the nearest neighbor approximation 

suggests that long range symmetry of similarly stacked 

bases might alter the optical properties of the homo­

polymers. Another possibility is that intrastrand 

phosphate repulsion could change the orientation of the 

baspS in the polymer. 

It should be noted that dtmers are a better model 

for trimers than for homopolymers. 
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Figure 3-3. The expe~imental ORD of four homopolymers 

at r.eutra1 pH ( ) is compared with the nearest 
r 

neighbor calculation (-----). (a) poly A, (b) poly C, 

(c) poly U, and (d ) poly G. These curves were taken 

from S~ R. Jaskunas (5). 
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.3. The CD of ;Single • Strand tRNAMaybe' Approximat,ed 

by a Sum of Dinucle'oside MonophosphateBasls,· .. 

Spectra. 

Ignoring' end':ef'fects:, .. ' the,CD,'ofany single' strafl:d RNA 

of ~nownne~~est heighbor, fre~u~ncy fuay be~calculat~d in a 

manrier similar to that described for trimers'and homo-
.. 

polyfuers using the nearest neig~borapproximation: 

N N N 
(:r~NA ) = I 2: 2F (XY) - L Fx(X) xy (3-3) 

x=l y=l x=l 

where the RNA consists of N different types of bases. 

Fxyand Fx are the number of times that the dimer 

XY and the monomer Xoccur'divided by the total 

numbe~ of'bases fn the RNA, and (XY) and (X) are their 

re~pe~tive CD spectra. The mole fractions are ~btained 

by counting the number of times an interaction occurs' 

in the polymer and dividing by the total number 

of:1.nteractions·p~esent'in the RNA. 

A .. Single Strand Basis ~pectra 

For ease in calculating the CD of larg~ RNAs it is 

convenient to define a basis spectrum corresponding 

to the contribution ~of the CD of the dimer XY. to the 

CD of an RNA: 

, 1 . 1 
[XY] = 2(XY) - ~ (X) - ~ (Y) , (3~4) 

. , 

where the quantities are as, previously defined and [XY] 

. . 

. . 
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is a single strand basis spect~um. 

Then, to calculate a spectrum it is neces~ary to 

merely count the number of each type of nearest 

neighbor interactions present and add a term for the 

two monomers at the end of the chain. For example, 

consid~r'the oligomer ABCDE: 

~(ABCDE) = [AB] + [BC] + [CD] 
1 + [DE] + "2 (A) 

The single strand basis spectra of the four common 

bases at 25°C were obtained from 16- dimer and 4 monomer 

spectra' of Cantor, et al. (10). Single strand basis 

spectra at 40°C w~re also needed for this study. The 

CD spectra of the 16 dimers and 4 monomers were measured 

'at 40°C and are listed in Appendix 1 along with four 

spectra of dimers containing dihydrouridine measured 

by Dr. Carl Formoso (11) . 

. The dimer spectra at 40°C have the same shapes 

and positions of extrema as at 25°C. However, the 

magnltudes of many of the peaks and troughs are 

decreased at 40°C. Different buffers were used for 

the 25°C and 40°C dimer measurements. Since the CD 

of the dimers is not very sensitive to salt concentra­

tion (8)" the difference between thes~two sets of 

spectra is attributable to unstacking due to tempera-

ture, rather than to solvent effects. 
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B. MOdified Nuc~eo~ide Ap~roXimations 

In addition to thefour'tisual nticlebsides ~,U;C, 

and .0, nearly all species of tRNA contain anav~rage. 

of 10% of·· modified bases, corrimonly referred to as 

minor or "odd" bases. Figure 3-4. show,s the structures 

of most of. theseunusualnucleosideS along with the 

abb~eviationsthat will be Used to repres~nt them in 

this work. The freq~ency with whichth~y occur in the 

sing~e and double strand regions of the nine sp~cies 

of tRNA being studied here is listed in Table 3-1. 

A. ane X are bases whose. structures are presently 

unknown. 

The function of these minor bases in the activi-

ties of tRNA is one of the irttrigu~rig mysteries 

sur~ounding this molecule. It is reasonable to assume 

that they influerice the structure or have some definite 

rol~!n the fu~ct{on of tRNA. If the unusual bases 

have no function it seems likely that they would 

disappear, thereby saving the cell the unnecessary work 

of synthesizing the enzimes to modify the precursor 

tRNA (7) 1 

It should be noted that 91% of the modified bases 

in these tRNAsare tound in single strand regions' of 

the molecule (Table 3-1)~ TheN2-dimethyl, I-methyl 

or greatly modified purines, D, 4tU and 3-methyl C will 

not form proper Watson-Crick base pairs .. This suggests 

that at least som.e of the odd bases function to pre-

. . 

. ; , 
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inosine 
I 

1-methyl inosine 

z,.. 

HOC~se 

l;-&H3 
2~meth" nucleoside 
(A,C,G or U)OMe 

Some of the .modified nuc1eosides found in tRNA and 
abbreviations used to represent them. (R = ribose). 
Taken from C. J. Formoso (7). 
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Table. 3-1 

Frequen'cy of Modified Nucleosldesin Nine tRNAs 

Adenine 

AM' " e 
A " , 

msi 
A, 

i 
A* 

Uracil 

D 

T 

1jJ 

4tu 

Cytosi:'1e 

GMe 
C OMe 

Guanine, 

x 

~ 

Single Strand Regions Double 'Strand ,Regions 

4· 
2 

1 

3 

19 
9 

13 

5 

2 

3 ,,' 

9 

3 

3 
1 

1 

80 

6 

2 

~ .' . 

8 

• JI 



vent thetRNA from assuming an incor~ect secondary 

structure. 

Dr. Carl Formoso carried out a study of the 

optical properties of two of the minor nuc1eosides, 

63 

I and C (7). .. His CD spectra of AD, DA, GD, DD, and 

D at 40 o C,and 25°C are used in this work. The extrema 

of the dimerScorttaining D are smaller and different 

in shape from those of their U-containing counterparts. 

Of the 28 nearest neighbor interactions involving D 

in these nine tRNAs, 20 are either DA, AD, GD, or DD. 

The remaining interactions invb1ving D are assumed to 

have the same CD spectrum as DD,which consists of only 

a small peak and trough below 240 m~. This is better 

than assuming these dimers have the same spectral 

properties as the ana10gus dimers coritaining U since 

D is notaromatf.c":and does.n't atlsorb at 260 "m~ . The 

CD of the 4 dlmers'contain1ng D at 40°C are also tabu-

1ated'inAppendix 1. 

It would be very useful to have data on the opti­

cal properties of ~ which accounts for 22% of the 

modifications in these tRNAs and 16% of the total 

number of U's present. Only the CD of the dimers A~ 

and ~A have been studied (12). They exhibit a CD 

spectr~m of opposite sign but similar shape to those 

of AU and UA. To see if this was also the case for 

the ~ in the sequence T~CG, the CD of this sequence 

was calculated using the nearest neighbor approximation 

and assuming that~~] = - [UU] and that [~CJ = - [UC]~ 
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Agreement with the.experimental,TljJCG CD;~pectruiTI 

measured by Dr. Carl 'Formoso (7) w~s very poor'(Fig. 3-5·). 

Thus it was not vali~i6~ss~~e that, dime~s9ontainirig 
1jJ exhibit the negative CDbehavio~of anal'ogous,dimers 

containing U. 1jJ does beh~v; like. U in that it forms 

stable ba~ep~ir~-~ith A. Until more information is 

available, it is assumed that U and 1jJ have the same 

optical properties. 

One,..third of the modifications in these tRNAs 

involve only the addition'of one or two methyl groups 

. to a base. This should nOtcau,se a great change in 

the CD of the nucleotide, and it is valid to assume 

that 'th'e. spect~~i properties of methY,latedbases 
. . 

approximate those of their unmethylated counterparts. 

in this study, it is assumed that the CD spectral 

propertles ot the other odd bases i~ tRNA are also .' 

the same as those of the unmodified bases. Thernore 

exotic bases, especially the heavily modified purine~ 

usually found 6n the 3' end of the anticodon, will 

probably have different CD spectra, (12)~Howevef~'until 

the optical properties of 'these bases have been studied, 

it must be assumed that they too :resemble their 

unmodified counterparts. S,ince about 2% of the bases 

in the tRNAs, are· of this sort, only a small' amount of 

error is introduced into the nearest ,neighbor calcula-

ticns by this assumption. 
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C ,Single StrandRNA'Spectr,a are .!?,ensi ti ve',to,' 
.. ~ .' 

... Base Composi tian and ,Sequence 

To obtain some feeling fO,r the meaning of. changes 

in the. CD spectra 'of single strand RNAs it. is useful 

to calculate the spectra as afuncti9ri of base composi­

t16n. It is assumed that Gandie arepresentinrqUal' 

amounts as are A andU, and, that otherwise nearest 

ne~ghborinteractions are random. The CD ~f single' 

strand. RNA between 0% and 100% GC may be calculated 

using Equation 3-3 and the single strand basis spectra 

as defined in Equation 3-4 ; 
4 4 2 

(RNA) L ~. F xy[XY] + 1 L F '(X) (3,-6 ) = "2 .. x 
x=l y=l x=l 

where all terms areas previously define~ and the 

second sum is taken over the two end nucleosides. 

The result is shown in Fig. 3-t?for polymers where 

end effects are ignored. 

It should be not~d that the peak at 221 m~ is. 

particularly ~ensit1ve to the. base composition and 

shows an almost.linear decrease in magnitude'with an 

in6rease fri. the p~rcent of G and C present~ A similar 

. effect has been observed in DNA (13') . 

. rrhe magnitude of the large peak also decreases 

with increasing G and C until 80% GC, when'it begins 

to increase again; The position of this peak shifts to 

higher wavelengths while the crossover shifts to lower 

. , 
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wavelengths 'with increasing Gand C. 
• b • 

There is a large. negative trO.ugh at about 2 50 m~ : 

in RNA that is comp.ased of :a11 A's and U's .. " This 

band decreases with a.n increase in the percent G and 
'. ,\, 

C and completely disappears' in the sample tha.t is all' 

G's and C's. There is no band observed around 295m~ 

in any of. the single strand RNAs~ 

The CD of an RNA 1salso quite sensitive to 

sequence effScts~ Tci better understand this, we 

consid~ra some~hat extreme example of sequence .v~ri~ 

ation. The ~alculated CD 6ffour equ1molarRNAs 

of different sequence are shown.iti Fig. 3-7. These 

R~A~ each contain onl~ four of th~ 16 possible 

nearest neighbor interactions. Although this example 
I 

is somewhat artificial" it shCiws. that CD spectra will 

.varY,with sequence. 

-," Thus it is ~een that CD spectra are quite s~ns~-
/ 

tive to base composition" and to seq~enc~. The CD 

spectrum could plausibly be used as an analytic tDol 

to obtain some measure of the composition of an 

unknown s1.ngre' strand RNA. 

<, 
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Figure 3-7. CD ofequimolar single strand RNAs of 
var-ying sequence calculated using Equation 3-6 and 
assuming only certain nearest neighbor interactions 
are pre sent. ' 

o 
~---------'-----------r----------~----------T---------~'-

0 
:::> 
'"d 
I:: 
Cd 

" :::> 
(,) 

"' c::r: 
e:J 

r. 

e:J 
<..t! 

, ~~ 
.!'If~' . 

",.. . 
~.,. . 

..,1* - . 
/~' .' 

~/, .... ' .,,, . 
/ { 

( " . 
\ ' . \ ....... . " ........ " '..... '.......... ... ....... -:- . 

............................ -.:.. ... 
.................... . -................ ... ........ --. 

e:J 0 e:J 
:::> e:J eJ 

'"d 'd 'd 
I:: I:: I:: 
Cd Cd Cd 

" 
., .. 

:::> e:J 0 
e:J 0 0 .. .. ., 
c::r: c::r: :::> --0 :::> :::> --., ., ., ,,-
0 :::> c::r: I . 
c::r: c::r: c::r: ..... - : ---I .......... -:-:-

I 

lJ) 
N 

M 
N 

-N 

3.00 2.00 1.00 0 -1.00 -2.00 

[8J x 10.4 

(f) 
z. c 
~ 
u -t: -..J 
..J -t: 
Z. -a: o 
~ a: 
..J 



,. 
i .. 

. ." 70 

D. Variation in Nearest Ne~ghbo~ Freq~encies 

". 
of Nine tRNAs .. 

From the sequences of the nine tRNAs the frequency 

of each of 20 nearest neighborirtteractions is tabu-

lated in Table 3-2. As previously discussed, it 
. . . 

was ass~med that the minor n~cleosidesother th~n 

D had the same CD as their unmodified counterparts.' 

Thert the calculated CD of these tRNAs was found 

by snmming the basis'spectra corresponding to these 

neal'est neighbor frequencies using Equation 3-6. The 

r~sults of these calculation~ are tabulated and com-

pared with the experimental CD of these single strand 

tRNAs in the next chapt~r. 

4~ The CD of Double Strand Regions of RNA May be 

Approximated by a Sum of Doubl~ Strand Polymer 

Spectra. 

The 'CD of the double strand regions of tRNA 

may be calculated similarly to the method used for 

sihglestrand RNA. To do this, it. is necessary to 

know the spectra corresponding to the ten possible 

doubia strand polymer interactions: 

.' 



Table :3-2 

Vari~tion in Nearest Neighbor Frequencies of Nine tRNAs, 

M- AU AQ Ali YA :ml l& J& .QA Q!l gQ QQ. GA ill!. 

F. Met (E. coll) 5 2 2 4 1 1 -- 7 2 5 :3 9 9 2 5 

Leu (Yeast) 6 4, 2 8 :3 6 6 4, 7 4 4, 5 5 5 

Phe (E. coll) :3 4 1 6 1 4, 6 :3 4 2 9 6 5 4, - --
Phe (Wheat) 4, :3 4, 6 1 1 6 :3 6 4 :3 7 7 :3 

Phe (Yeast) 4 4, :3 7 1 4, 5 5 6 4, :3 4 8 :3 

Tryp (~. coll) 4 0 .:3 6 2 :3 7 2 :3 4 8 5 :3 7 

Tyr (~ • .2.2ll) 6 :3 4 5 1 4 8 :3 6 4 11 6 6 5 

Tyr (Yeast) 5 1 :3 6 2 2 5 2 :3 5 6 7 6 :3 

Val (~ • .2.2ll) 1 :3 4 6 2 :3 7 1 7 :3 8 4 5 4, 

/' 
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Then,at each wavelength, the CD of a double strand 

RNA is given by: 

10 ' 

(RNA) = I F P (P) 

P::=l 

(3-7) 

where Fp is the frequency of the interaction P and the 

sum is taken over 10 interactions listed abov~. 

Work is in'progress in this laboratory to obtain 
" , 

th~ optical propertie~ of all 10 of these interactions 

from a set of double-strand RNA oligomers (14). How-

ever:, this information is not yet available, and the 

ealculationsin this work are based on thes:pectra of 

five RNA double strand polymers and ~everal approxi~a-

tions. 

A. Double Strand Polymer Approximations' 

The polymer ,spectra which have been measured in 

this laboratory by Dr. Donald Gray and Dr. Dana ~arroll 

a~e listed in Appendix 2. These poly~ers ~re 

poly A: poly U ~ poly G: poly C, poly AU: poly AU, 

poly GC:poly GC, and poly CA:polyGU. In order to' 

approximate the double strand regions 6f tRNAusing 

only these polymer speetra, a number of approximations 

are necessary: 

'" 

. , 

.!, I 
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(i) It was assumed that the following inter-

actions were the same: 

--. - .... .... - ...- .... ....,... 
AU UA 
uA - AU 

GC CG = cn GC 
AC 
UG 

CA = GU 
UC CU 
AG GA. . (3-8) 

~ ~ - ~ - .-..- ~ -..-

Thisassu~ption will be valid if either the spectra 

of the two interactions are similar or there a~e 

nearly the same number of each of a pair of interactions. 

We have no information about the former assumption but 

the validity of the latter for the nine speci~s of 

tRNA being studied can be determined from Table 3-3 

which lists the frequency of each of the 10 inter-

actions for the nine tRNAs being studied. 

(ii), The CD spectrum of the double strand ribo-

polymer poly GA:poly CU h~s not been measured. It 

is approximated using the observation that this polymer 

conslsts of one strand of purines and another of 

pyrimidines. Sw~tching every second base from one 

chain to the oth~r would result in the poly GU:poly CA 

whose optical properties are known. Since a similar 
~ - ~ ~ 

AA AU GG . GC 
llternation would change UU to UA and CC to CG it was 

~ --.. - -assurr.ed that 

...- .... - - -) GA GU l~ AU + GG _ GC (3-9) CU CA = 2" UU UA CC CG' - -+ - ~ -
Spectra corresponding to several other methods 

of approximating this interaction were tried. How-

ever, this method was chosen as it gave the best agree-

ment with experimental results. 
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(iii) Since there are no polymer 'spectra av a it' .... , 
. . . . , 

abh~ to ,represent lnte'ractions involving the. G: U. base 

pairs which are occasionally found in tRNA, these 

inte~a~tions are approximated by the average of the 

corresponding interactions involving G:C and A:U base 

pairs. For example; it is assumed that 

.@XGU)= ~AG)+ ~AA) +~' GU. + .~.' AU)' UUA 2 UC 2 UU 2 CA 2 UA - (3-10) 

(iv) Odd base approximations are not nearly so 

important in the calculation of double strand regions 

oftRNA as in single strand regions. Since only 1% 

of the nUGleosides in double strand regions of tRNA 

are modified, the aBsumption that their spectra are 

the same as of the unmodified nucleosides should not 

greatly affect the validity of the calcuiation of the 

CD.ofdoublestrand regions of tRNA. 

B. Double Strand RNA Spectra Vary with Type of 

Base Pairs Present 

Figure 3-8 shows the change in the CD spectra ofe 

random double strand RNA.as the rela~ive percent of 

A:U Dnd G:C base pairs present varies. TheBe curve~ 

wereaa16ulated using Equation 3-7, five experimental 

double strand RNA polymer spectra and approximation 

_(il) discussed above. for the unknown polymer spectrum. 

Again there is a linear variatiori in the magnitude 

of the band at 220 m~ with percent of G:C pairs. There 
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Double strand RNA spectra were calculated from 
sums of polymer spectra using Equation 3-7. 
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isa similar change in the 260 m~ b~nd~ which~l~Q 

shifts t~ slightly higher wavelengths with an increa.se 

in G:C. At the same time, the crossoVer around 

240 m~ shifts to lower wavelengths. The trough at , 

295 m~ increases with increasing percent G:C inter­

actions. 

c. Variation ,of DOUble Strand Interaction 

Frequencies in Nine tRNAs 

The double strand regions of tRNA may be thought 

of as three helical regions. The first helix, which 

contains 11 double strand interactibns~ extends from 

the AGCX to the T~C loop~ The second helix of four 

interactions closes the antic.odon loop. The third 

helix contains two or three double strand interactions 

and is adjacent to the D loop. 

The number of each of the 10 possible double 

strand interactions in each of these three helical 

regions were counted for each tRNA and are listed in 

Table 3-3. It can be seen that there is considerable 

variation in interaction frequencies among the tRNAs 

being studied though in general these regions are 

much more rich in GC interactions than in AU inter-· 

actions. 
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Table 3-3 

Variation in Polymer Tnteraction Frequencies of Nine tRNAE 

+- +- +- +- +- +- +- ~ 

AA GG AU UA GC GG GU UG 
UU CC UA AU CG GC CA AC - - - - - - - -

F. met (E • .£Q14.) 0 15 0 0 5 6 1 0 

Leu (yeast) 5 6 2 3 3 1 5 2 

Phe (E • .£.Qll.) 2 14 0 0 4 3 2 1 

Phe (Wheat) 0 4 0 0 6 4 3 5 

Phe (yeast) 6 6 2 0 4 2 2 6 

Tryp (E. :coli) 1 14 0 0 3 4 3 0 -.-
Tyr (E. coli) 2 16 0 0 2 0 4 4 

Tyr (Yeast)· 2 12 0 0 4 4 0 3 

Val (E. coli) 0 2 2 0 3 2 3 4 

+- +-

GA AG 
CU UC - -

5 l?' 

6 7 

7 4 

8 6 

8 6 

5 6 

5 4 

5 4 

7 4 

--;j 
--;j 
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5. The CD Spectra of· Native tRNA May be Approximated 

by a Sum of CD Spectra of Simpler RNAs. 

A; Calculation of tRNA at 25°C from Dimer and 

Polymer Sum 

The CD spectrum of a native tRNAat 25°C can 

be considered as the sum of contributions from the 

Sin~le strand,parts of the molecule,'thedouble strand 

parts,and the tertiary structure: 

5 5 
(tRNA) = L 2 Fxy[XY] + (T) 

x=l y=l 

(3-11) 

[XY] is a dimer basis spectrum and the sum is taken 

, over the bases A~U,C,G, and D, (P) is a polymer spec-

trum and the sum is taken over the six double strand 

poly~ers, (M) is the CD of the monomers at the ends 

of the RNA chain, and (T) is the contribution of the 

tertiary structure to the CD of tRNA. 

Ways of approximating all of th~se quantities 

except the tertiary structure have been discussed. 

For the present the tertiary. structure contributidn to 

the CD spectrum of the tRNA will be ignored, and (T) 

will be set equal to zero. 

End effects between singl~ and double strand 

regions are accounted for by including these nucleo­

sides.in both the single an~ double strand regions. 
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This method can be better understood by considering 

in~~tail the interactions present in one loop of a 

tRNA molecule. 

For example, let us consider the T~C leop of 

tRNA Phe (Yeast) which contains 17 nucleosides: 

(loop) = 1 ~f(~x) + 2x 2@) + \~) + [GU] + [UU] 

+ [UC] + [CG] + [GA] + [AU] + [UC] 

+ [CC] + ~ (C) + ~ (G} ( 3-l2J 

Square brackets denote single strand basis spectra, 

terms such as (~) are double strand polymer CD 

spectra and (C) and (G) are monomer CD spectra. 

It should be noted that the CD of the interactions 

involving T, ~, and UMe are assumed to be the same as 

those involving U. Tertiary structure is not con-

sidered in this calculation. It is assumed that 

the spectra of the bases in a loop is the same as 

that of the bases in single stranded RNA. 
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~. Calculation of tRNA CD:Spect~aat 40°C 

from a Sum of Single Strand tRNA and_ 

Base Pairing Interaction Basis~pectra 

An alternate method for approximating-the 

loop above is as the sum of the CD of the 

CD 

single stranded loop and the CD from the formation 

the appropriate base pair interactions. 

80 

of 

of 

6 

(RNA,N)T = (RNA,SS)T + -L Fp {p} 

P=l 
(3-13) 

where (RNA,N)T is the CD of the native RNA at some 

temperature T, (RNA, SS)T is the CD of the RNA in a 

single stranded form a~T, Fp i~ the ~requency of the 

base'pairing interaction {p} at T, and the sum is 

ta~en over the six polymer pairing interactions. 

As will be shown in Chapter IV, temperatures of 

about 40°C and very low salt are needed for the forma­

tioh of single stranded tRNA. Therefore, it is 

ne~essary to construct a set of double strand basis 

spectra corre~ponding to the formation of base pairs 

at ~OoC; that is, the difference ,between the single 

stranded and double stranded polymers. The approxi-:- . 

mations previously discussed were used along with 

the five experimental spectra for the double strand 

poly~ers. The single strand polymers were approxima-

ted using the nearest neighbor approximation and the 

dimer and monomer spectra at 40°C Its ted in 
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Appendix 1. Since the spectra of both the dimers and 

the polymers approach those 'of the monomers at high 

temperatures, it is likely that the dimers at 40°C 

provide a better model for the single strand polymers 

at th~s temperature than do the dimers at 25°C for 

the polymers at 25°C. 

A base pairing interaction basis spectrum is 

defined as: 

X Y X Y 
-+-- (-~ (~}= ~' l' 1 1 

- ~[XY] - ~[YX] - ~[X'Y'] - ![Y'X'] 

(3-14) 

where square brackets, [], denote dimer basis spectra 

which according to the nearest neighbor approximation 

represent the single strand polymer spectra, and 

curly brackets, {I, represent the double strand 

pairing basis spectrum of the poly rXY:poly rX'Y', 

and, as usual, curved brackets, (), represent an 

experimental CD spectrum~ 

Using these basis spectra, we may approximate 

the CD of the aboveT¢C loop in a second manner: 

(loop,N)40o = l~~(lOOP'SS)4QO +2{~~2X~~2{~}) 
(3-15) 

where the terms are as previously defined. 
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C. Change .i~~~alcul~ted tRNA Spect~um with Base 

Composition 

According to the Holley model, about one-half 

of the nucileotides in a tRNA molecule are in double 

stranded regions. Therefore , ,it 'is of interest to 

consider the eff~ct of base composition upon an RNA 

th~t is 50% double strand and 50% single strand. 

ASSUMing that the amounts of G and C are equal and 
, , , 

the amounts of A and U are also equal, curves may 

be calculated corr~sponding to the CD spectra as a 

function of percent G and C. A set of such curves 

are shown in Fig. 3-9. With an increase in percent, 

GC, both peaksde~rease,the crossover shifts to lower 

wavelengths, and the peak at 295 mjJincreases in 

magnitude. The shifts in the position of the large 

maximum observed in the cases of single strand and 

double strand RNA considered separately seem t6 cancel 

each other, so this peak does not move much. 

The position and magnitude of the maxima of 

the calculated curves as a, function of percent GC for 

100%, 50% and 0% double strand RNA are tabulated in 

Table 3-4. 

6. COIl!putersar~ ,Used'toR~,GbPd an4, Analyze Data 

,A. Data is Recorded by an On-Line Computer 

CD data were recorded by a Digital Equipment 
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Spectra were calculated using Equation 3-11 
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Table 3-4 

Position and Magnitud: of CD Maximum in Calculated RNA Spectra 

50% Single Strand 
100% Single Strand RNA and~O% Double Strand 100% Double Strand " ... 

). [9])(10- 4 A [9])(10-4 A [9])(10- 4 X [9])(10-4 A . [9])(10-4 ' A .'. [9]X10~4 
~ax- ~ax- ···~ax-. '. ~ax- ---max- . . . ~ax- '. . 

270 2.54 219 1.51 268 2.47 220 .91 260 3.12 224 .46 

~72 2.30 219 1.05 268 2" 12 220 .36 260 2.84' 225· '.31 

274 2.14 219 .62 268 1.85 221 .01 260 2.54 225 .10 ' 

276 2.06 . 219 .22 268 1.67 221 -.14 261 2.24 225 -.16 

279 2.05 220 -.13 268 .' 1.57 222 -.12 264 
" 

1.99 ' 225 . -:.~8 

281 '.2 .09 221 ' .;..45 268 1.47 222 -.67 266 1.86 224 -.85, '. 

~ 
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~. ::. 

.,' 

co 
. .J::" 
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Corporation pbp 8/s computer. SUPERSPECT~UM, a pro-

gran written by Dr. B. L. Tomlinson, was used to 

calc~late data points from the average .of about 300 

points taken over 1 m~ (15). The CD data, expressed 

as molar ellipticity per residue was calculated from: 

data = (spectrum - baseline) *E/OD (3-16 ) 

where E is the extinction coefficient at 258 m~ .as 

previously discussed. The CD data,was punched onto 

a paper tape following the recording of each spectrum. 

Data points were recorded every 1 m~. For the 

analytic procedures, 100 data points between 310 and 

210 m~ were used. 

B. Further Analysis is Carried out by a CDC 6600 

The paper tapes are converted to cards using 

BAKER, a program written by Dr. Martin Itzkowitz. 

The spectra are then plotted by a program entitled 

* GLACER, which also corrects for baseline shifts and 

provides the opportunity to change the values of E and 

OD that were originally used to calculate the data 

points. This program and those that will be subse­

quently discussed are listed in Appendix 3 . 
f 

The data plots are examined by eye for obviously 

bad points due to mispunched tapes or errors in 

recording the spectra. These points are replaced with values 

* . . -- .. --
Titles of tfie '6600 computer are limited- to six letters 
and names of mountains are therefore abbreviated. 
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interpolated from 'the points' adjacen:t to the bad:P9:iJilt'." 
, ' 

The data is then read intoth~ program TAHOMA 
'. f 

which~its IJdata points with a cubic which reduces 

the noise level of the data (16)~ The smoothed data 

for each of two or three similar scans is then 

averaged at each wavelength by RANIER. The experi-, 

mental tRNA spectra being studied are thus the average 

of several smoothed ~pectra taken at different times. 

STHLNS was used to obtain difference spectra 

b~tween sets of experimental or between calculated 

and experimental spectra at 100 wavelengths. 

c. Calculation of Spectra fro~ Basis Spectra, 

CD spectra for tRNA were calculated from dimer 

and polymer basis spectra u~ing SHASTA which is ba~ed 

,upon Equation 3-11. Double strand pairing inter­

actions were calculated using MTADMS which is 

based on Equation 3-12. Both of the~e programs were, 

adopted from NNPOLY which was written by Mr. Phil 
-

Borer (17). Single strand basis spectra were calcu~ 

lated using LASSEN, and double, strarid pairing 

interactions were c~lculated from a slightly modified 

version bf SHASTA. Another version of SHASTA called 

TINA was used to generate sets of CD curves as ,a 

function of base composition and percent single 

strand such as Figures 3~6 to 3-8.· 

Calculated and experimental spectra were compared 

by MTHOOD, which calculated the root mean square 
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, deviation between the two spectra and normalizes by 

dividing by the square of the experimental values: 

1/2 

Fit = (3-17) 

where Ei is the value of the experimental curve at 

the i-th wavelength, Ci is the value of the calculated 

CD curve at this same wavelength, and the sum is taken 

over N wavelengths. Thus "Fit" is a measure of how 

well two curves agree. Values of "Fit" will be later 

tabulated comparing experimental and calculated CD 

spectra. 

The relationship of the programs just described 

is shown in Ji1ig. 3-10. Listings of these programs and 

a discussion. of their use is to be found in Appendix 3 • 
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CHAPTER IV. 

RESULTS 

1. TheUVAbsorption of tRNA in the Presence and 

Absence of Magnesium is Quite Different 

The temperature dependence of the 260 mlJ absor­

bance of nine speciesoi tRNA in 10~5 M EDTA and 1 mM 

MgC1 2 (pH 7.8) is shown in Figs. 4~1 to 4-9. The two 

curves shown in each figure were obtained flt'om one 

sample of tRNA that was first heated in the absence of 

.. ++ .. ++ 
Mg ,cooled, and then reheated in the presence of Mg . 

There is qualitative similarity between the tempera-

ture versus absorption curves for these nine tRNAs. 

In the absence of Mg++, there is a gradual increase in 

absorption with temperature which is nearly complete 

at 40°C. The addition of 10- 3 M Mg++, which is about 

++ 10 Mg ions per tRNA nucleotide, cauSes th~ curve to 

become much steeper and to shift to higher temperatures. 

The peculiar looking decrease irt absorption around 50°C 

in the curves for tRNA Leu (Fig. 4-2) and tRNATryp 

- ++ (Fig. 4-6) in the presence of Mg is due to the exis-

pence of two stable forms of these tRNAs which are 

called native and denatured. This phenomenon will be 

discussed in detail later in this chapter. 
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Figures 4-1 to 4-9. The change in absorption of the 

nine species of tRNA with temperature. The curve on 
. -5 . . 

the·· left was mea,suredin 10 M EDTAat pH 8.5 after 

sample had been dialysed to remove as much salLas 

possible. The curve on the right was measured in 

1 roM lVIgC12 , 10 mM trisHC1, pH 7.8. These conditions 

were also used for· the measurement ·of single strand 

and native CD spectra shown in Figures 4-10 to 4-27. 
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. A. .Choice df a Temperature at Wh~ch to Stu4y , 
The Differences betweenNativ~ and Single 

I: 

Stranded tRNA 
.. t_ 

These nirie sets of curves (Figs:~4~1 to 4-9) 

in the presence and absence of Mg++ were obtained in· 

order to find a· tempera ture at whi ch . the' low salt form 

of th~ tRNA is mostly single stranded and the sir~cture . . 
of the native molecule is still ,;intact~. At this tempera-

ture the differenc~ in properties between the native 

and single strand forms of the tRNA are attributed to 

the fo~m~tion of secondary and tertiaty structure. 

Figures 4-1 to 4-9 shdwthat most of the change 

in absorption of the single stran~ tRNA haS occurred 

by 40°C. In the case of tRNAF .Met (§.. coli), which 

contains an unusually large number of G:C base pairs; 

the c6rresponding temperature is 50 0 C. The absorption. 

++ 
of the native tRNA molecule in the presence o~Mg 

has not yet begun to increase at this temperature in 

any case. 

For several of the single strand melting curves 

there is some change in the:abso~ption abbv~.~OoC. , .. 

However, this change is less than 10% of the total 

absorption change an~ may be attributed to unstacking 

or the breaking of a very few base pairs. At400 c 

(or 50 0 C for tRNAF . Met ), the properties 6f the.tRNAs 

lnlO- 5 M EDTA are those of a molecule that is mostly 

• J 
i 

.. 
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single stranded, and the properties of the tRNA in 

l~M Mg++ are those of the native molecule. 
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B. Parameters Describing Changes in Absorption 

with Temperatuir'e 

Curves showing the change in absorption of a 

nucleic acid with temperature are called melting curves. 

The bases in RNA have strong absorption bands in the 

UV near 260 m}.!. The magnitude of this absorption 

depends upon the local environment of the bases. The 

extinction coefficient of a free nucleotide in solution 

is greater than that of a nucleotide in RNA. Absorption 

of the base in a polymer will increase with temperature 

or other denaturing conditions, and will approach that 

of the free nucleotides at high temperatures. Breaking 

of hydrogen bonds in double strand regions, unstacking 

of the bases, and alteration of the tertiary structure 

cause the observed change in the absorption of the RNA. 

The melting tempe~ature (Tm) of a nucleic acid is 

defined as the temperature at which half the total change 

between the low and high temperature limits of the 

melting curves has occurred. The low temperature limit 

f t 1 i f RNA i t f Mg++ o' . he me t ng curve 0 t n he presence 0 

is well defined. However, the high temperature limit , 

for several species of tRNA is difficult to determine. 

Ther8 is probably some magnesium catalysed hydrolysis 

of the tRNA at temperatures above 70°C (1). The Tm of 
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several of the nat~ve,tRNAs must be approximated fro~ 

the 'shape of the melting' curve. ,The ,melting temperatures., 
, " ++ 

of the ni~e specie~ of tRNA in 1 mM Mg' vary between 

73° and 90°C as listed in Table 4-1. 

In the absence of Mg ++, the high temperature, 
. " 

limits may be obtained readily, but the low temperattir~ 

limits are not well rlefined. Thus the melting tempera­

++ 
t,ures in the absence of Mg listed in Table 4-1 are 

only approximate. However, it should be noted that 

upon the addition of Mg++ there is an increase of 

at least 50°C in the melting temperature of all the 

species of tRNA being studied. This change reflects 

a major structural change in the molecule. 

It should be noted that for most of the tRNAs 
, , '++ 

studied here, the melting curve in the absence of Mg 

has a greater upper limit, than does the melting curve' 

++ 
"in 1 mM Mg . This difference may also be observed 

in the melting curves of mixed yeast tRNA obtained by 

Fried (1). It stiggests that even at quite high tempera-

tures there is 
, ' '++ 

interaction between Mg, and the tRNA. 

Appa.rently the ++ 
Mg somewhat alters the geometry of the 

bases or the overall structure of the tRNA, even at 

90°C. It would be interesting to compare~he u~~er 

limit for the melting of single strand and double 
~ , ++ 

strand oligo~ers in the presence and absence ofMg 

to see if their structure is also sensitive to Mg++ 

at high temperatures, and to see,if any of the optical 

properties of monomers change in the presence of magnesium. 

, 
i 

, ! 
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Melti.ng behaviqr is further characterized by the 
. . , . . 

hyp~rchromiclty ~~ ~h~ increase in absorpti~n u~on . ., , . 

melting relative to the low temperature absorption 

limit. Hyperchromicity may be ca16ulated from: 

% h = (:: -1) 100 (4-1) 

where Am is the absorption limit at high temperatures~ 

~nd Ap is the polynucleotide absorption at low tempera­

tu~e limit. The percenthype~chromicity of the tRNAs 

++ ' in the p~esence of Mg are listed in Table 4-1. 

There is a large change in the melting behavior 

of all nine tRNAs upon the addition of Mg++. The 

shape and position of these curves are differertt for 

diff~rent species'of tRNA. Wo~k is in progress in this 

laboratory to relate the characteristics of the melting 

cufves of various tRNAs to the sequence of these RNAs (12). 

2. CD Spectra of Native tRNAs at 25°C 

A. Different Species of tRNA Hav~Different 

CD Spectra 

Althotigh .it was shown that 40~C was a better temper­

ature tostudi tRNA than 25c C, ~ost other studies have 

been carried out at 25°C, s6 we will begin by presenting 

our results at 25°C.' 

. The CD spectra of nine tRNAs at 25°C are ~hown in 

Flgs. 3-10 to 3-12. The extrema and .crossovers of these 

sp~ctra are tabulated fun Table 4-2. The first 

observation that may be made on tbebasis of these 

spectra is that different species of'tRNA do exhibit 
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Table 4-2 
C~~ 

COIIIp:irison ,of CD of Experimental and Ga1culated Nati"e tRNA at 25°C 
=, 

[9)mln [9) [9]max ... ,,,,~ 

\nln \nax 
max 

?C ?max Fit ~j' 

(x 10-4 ) (x 10-4) (x 10-4 ) 
C; 

exp 295 -.17 267 2.31 245 226 -.41 
F. Met (1 • .£2!!.) cal 299 -.10 270 1.76 250 221 -.04 .395 ,-

~~-

exp 263 2.58 242 222 -.16 "-I. 
Leu (yeast) cal 300 -.08 268 1.63 249 221 +.10 .465 

" ,:,:. \"'"<>' 

exp 297 -.01 262 2.32 239 226 -.05 , 
'V.:.-

'Phe (!. ~) cal 299 -.10 269 1.55 248 221 -.02 .542 
,. .... "-; 

exp 296 -.15 264 1.98 245 227 -.50 
'h1\~_ Phe (Wheat) cal 298 -.17 268 1.55 248 221 +.13 .411 

'!, 
exp 295 -.19 263 2.19 246 ' 226 -.31 

Phe (yeast) cal 300 -.13 268 1.64 248 221 +.16 .397 

exp 299 -.04 265 2.02 242 225 ;".43 
Tryp (~. cou) cal' 299 -.10 270 1.61 247 235 -.44 .410 ' 

exp 264 2.28 243 224 -.16 
Tyr (~. ~) cal 301 -.06 271 1.86 249 221 +.03 .452 

exp 264 2.04 239 225 +.04 
Tyr (yeast) .489 ~ 

cal 298 -.11 270 1.53 250 221 +.04 0 
-..J 

exp 301 -.04 267 2.13 243 226 -.40 
Val (!. cou) cal 300 -.10 269 1.59 245 . 221 -.08 .291 
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different CD behavior. 

This study includes tRNA Phe from three organisms, 

and tRNATyr from two. If a common tertiary structure 

is assumed for tRNAs from these organisms, the observed 

differences in the CD spectra of the tRNAs may be 

explained by vari~tion in the primary and secondary 

structure. Ftgure 4-12 shows the CD of tRNATyr from 

yeast and §,. coli. The shape and crossovers of these 

two ~pectra are similar although their magnitudes are 

somewhat differemt. The larger magnitude of the peak 

at 264 m~ and smaller magnitude at 225 m~ observed in 

tRNATyr (§,. coli) may be attributed to additional base 

pairing in the variable length region of this tRNA 

(Fig. 1~3). The spectra of tRNAPhe from wheat germ 
\ 

and yeast are also quite similar as shown in Fig. 4-11. 

The larger magnitude of tRNA Phe (yeast) is probably' 

due to the larger number of A:U pairing interactions 

in this tRNA. tRNAPhe (§,. coli) has a fairly differ-

ent primary sequence and CD spectrum from the other 

two Phe tRNAs. 

In Figure 4-10 the spectra of tRNAF . Met ~nd 

tRNAPhe from §,. coli are quite different from each 

other, reflecting differences in percent A:U and G:C 

interactions in these tRNAs. The same species of tRNA 

f~om different organisms can have quite similar CD and 
\ 

different species of tRNA from the same organism may 

have relatively large differences in their CD spectra. 
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Th~se similarities ahadiffer~n~e~ m~yqualitatively .. . 

be related to the 'sequence and pairing' interactions' 

ot the tRNA. T~us the observatiorithat tRNAs from 

different organIsms have similar structure·is confirmed 

by CD spectra. 

B. Comparisort of Calculated and-Exp~rimental 

tRNASp~ctra at ,25°C 

The experimental spectra of ~ativ~tRNA at 25°8 

may be approximated by sums of monomer, dimer, and 

double strand polymer spectra using Equation 3-11 and 

setting (T) equal to zero. The extrema of these 

calculated spectra and the "Fit" with the experimental 

spectra are listed in Table 4-2. "Fit" is a measure of 

the normalized root mean square deviation between t~e 

two'curves as defined in Equqtion 3-:17. This gives a 

quantiative measure of how well ca.lculated and experi­

mental s~ectra agree. The calculated and experimerttal 

spedtra at 25°C for the three specie~ of tRNA that 

were 'purified as part of this work are ,shown in Figs 

4-13 'to 4-15. 

Agreement between the calculated and experimental 

spectra is qualitative only. The main peak and cross...; 

over of the calculated spectra are shifted about 5 ~~ 

to higher wavel~ngths than those experimentall~ observed. 

Also, the magnitude of ~his large positive pe~k is 

dec~eased in the calcul~tedspectra. Examination of 

I 

.. 
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Figures 4-13 to 4-15. Comparison of experimental 

native CD spectra of three tRNAs at 25°C and spectra 

calculated from sum of dimer basis spectra and 

double strand polymer spectra using Equation 3-11. 
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Fig. 3-1 shows that this sort of change corresponds 

to more single strand character in an RNA. This 

suggests that the native structure of tRNA may have 

more paired bases than is predicted by the Holley 

cloverleaf. These could be part of the tertiary 

structure of the molecule. 

Other possible causes of this discrepancy are 

that the single strand basis spectra, the double 

strand polymers, or both are not good models for the 

micleotides in tRNA. To investigate this, we will 

consider separately how well the dimers basis spectra 

and double strand polymers spectra will fit exper'i­

mental CD data. 

3. CD Spectra of Single Stranded tRNA at 40°C 

Single stranded tRNA was prepared, by dialysing 

++ the tRNA to reduce Mg concentration to less than 

10- 5 M and heating'to 40°C in the presence of 10- 5 M 

EDTA. Examination of the melting curves in Figs~ 3-1 

to 3-9 shows that at this temperature most of the 

secondary structure has melted. The extrema of the 

CD of the experimental single strand spectra are 

tabulated in Table 4-3. The band at 295 mp has completely 

disappeared and the large peak is shifted to the red 

and diminished in magnitude relative to the native 

According to the nearest ne~ghbor approximation, 
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these' experimentai spectrashouid be similar to an 
- -

appropriate sum ,of dimer basis spectra. Single strand 
. 

spectra for the ninetRNAs were calculated from Equa~ 

tion3-6 tising the 20 dimer and 5 monomer spectra 

listed in Appendix 1, and the nearest neighbor fre-

quencle~ listed in Table 3-2. Extrema of these spectra 

are~abulated in Table 4-3. The experimental and 

calculated single strand spectra are compared fo~ 

three species of tRNA in Figs. ,4-16 to 4-18. The 

calculated s~ectra are shifted to the red relative to 

the eXperimental single strand spectra. The position 

of' the low wavelength peak is accurately predicted i~ 

all cases. However, the magnitude of the calculated 

spectra is usually too low. "Fit" values are slightly 

larger than··those for native tRNA at 25°C indicating 

a ,somewhat worse agreement between ~xperimental and 

calculated CD. 

As previously discusSed, about 2% of the bases in 

these tRNAs are modified bases whose spectral properties 

are not known. These bases may be responsible for 

part of the discrepancy observed. An attempt was' 

made to improve the "Fit" by using an experimental 

spectrum of T~CG measured by Dr. Carl Formoso (2) at 

40°C in the place of the dimers. Unfortunately, this 

did ~ot result in any better agreement. 

Figure 3-3 shows that when calculated ORD of 

homopolymers is compared with the experimental spectra, 

". 
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Table 4-3 

Comparison of CD of ExperImental and Calculated Single Strand tRNA at 400 e 
C 

;-:-, 
; ..... .1,,' 

}.max 

[elmax 
}.c }.mIn 

[e1mIn 
\tax 

[8]max 
FIt C (x 10-4 ) (x 10-4 ) (x 10-4 ) 

r~ 

exp 2,74 1.37 254 237 -.46 222 -.12 ,,-
F. Met (! . .!1.2ll.) - .372 cal 217 1.31 259 241 -.82 221 +.11 

'"~ 
exp 271 1.58 252 237 -.33 221 +.17 ,', 

Leu (Yeast) cal 275 1.22 260 246 ';'.80 220 +.17 .582 
........ 
'-

exp 276 1.13 245 231 -.31 222 -.04 ... 
Phe (!. £.2ll) 276 259 241 -.74 221 +.09 .639 ~.'t. 

cal 1.17 

" 'l:o.~' 

exp 271 1.38 250 235 -.43 221 -.18 
Phe (Wheat) cal 275 1.12 260 242 -.80 220 +.16 .613 t;. 

.,. . 
exp 274 1.08 252 237 -.40 219 -.08 \J~ 

Phe(Yeast) cal 275 1.14 260 244 -.79 220 +.16 .576 

exp 274 1.37 . 250 233 -.43 219 -.08 
Tryp (L. coll). cal 277 1.21 260 241 -.79 219 +.14 .511 

exp 271 1.75 249 235 -.3 221 +.18 
Tyr (I . .2.2!!) cal 276 1.45 259 241 -.85 . 221 +.16 .561 

exp 273 1.27 249 237 -.22 221 +.14 
Tyr (Yeast) cal 276 1.14' 260 242 -.76 219 +.15 .638 

f-,l 

I-' 
exp 273 1.73 247 236 -.32 221 +.15. to 

Val (! . .2.2!!) cal 276 1.20 259 240 -.93 221 +.04 .598 
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Figuraes 4-lE> to 4-18. Spectra of "single stranded" 

tRNAat 40°C in 10-5 M EDTA are compared with sums 

of 20 dimer spectra calculated using Equation 3-6. 
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there is a s±milar red shift of theb~lculated ~~D. 

This lack of agreement was originally "thought to be 

due' to long range symmetry -in homopolymers (3)." Obser­

vation of a similar shift for all nine tRNAs suggests 

that dimers are not a good model for polymers. 

We must conclude that the nearest.neighbor 

approximation is only qualitatively useful in predict­

inK the spectra of single strand tRNAs.· 

4. CD Spectra of Native tRNAs at 40 0 c 

A. There is a Large Difference between the CD 

or Native and Single Stranded tRNA at ~OoC 

++ . 
The addition of 1 mM Mg' to single stranded tRNA 

result.s in a large change in th.eCD spectra as shown 

in Figs. 3-19 to 3-21. The addition of 1 Mg++ for 

each two bases is sufficient to produce thi~ change (4). 

The position of the ~aximum shifts about'lO m~ to lower 

wavelengths and its magnitude increases markedly. -For 

some tRNAs there is now a band at 295 m~. These 

large. changes parallel the 20% decreases in absorption 

shown in Figs. 4-1 to 4-9. 

The difference spectra ~orrespondirigtci this change 

were calculated for the tRNAs and their extrema are 

tabulated in. Table 4-4. The.spectra for the three 

species of tRNA that were pu~ified as part of this 

work are shown (Figs. 3-22 to 3~24) to provide examples 

of· the sorts of spectra obtained. These difference -

-. 
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Table 4-4 

'Comparison of Difference Between CD of Native and, Single ,Strand 

tRNA with the Sum of DOllb1e Strand Pairing Interactions at ,40°C 

\.in 

[eJmin 
}.c 

[el
max 

}.c Fit 
(x 10-4 ) 

}., , 

max (x 10-4 ) 

exp 286 ".58 276 261 1.26 229 
F. Met Cli. ~) cal 285 -.51 274 264 .65 -234 .401 

exp 286 -.39 275 258 1.73 233 
Leu (Yeast) cal 288 -.11 277 257 ,1.15 223 .357 

PIle (li. ~) 
exp 265 -.48 275 260 1.66 223 
cal 265 -.36 275 ,258 .80 233, .455 

--' 

exp 286 -.52 274 259 1.19 238 
Phe (Wheat) cal 285 -.30 275 260 .99 ,237 .252 

, ' 

exp 290 -.56 ,I 276 260 1.58 242 
Phe (Yeast) cal 285 , -.14 276 258 1.11 222 .406 

exp 285 -.46 274 260 1.23 237 
Tryp C§.. coll) , cal 265 -.36 275 258 .80' 233 .307 

exp 281 -.45 272 258 1.17 240 
Tyr (li. coli) cal 285 -.25 276 257 .80 232 .441 ", 

,exp 286 '-.35 275 259 1.02 227 ',,~ 

Tyr (yeast) cal 285 -.41 275 260 .80 234 .197 M 
CX> 

exp 285 -.48 274 259 1.03 242 
Val (li. coll) cal 284 -.29 275 257 .89 232 .455 
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Figures 4-22 to 4-24. ~ comparison of the differ­

ence between native and single strand tRNA CD 

spectra at 40° with a sum of double strand pairing 

129 

interactions as defined in Equation 3-14 corresponding 

to the double strand regions shown in Figures 1-1 

to 1-3. 
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spectra correspond to the change in the structure of 

molecule upon the formation of secondary and tertiary 

structure. 

This change was approximated with a sum of polymer 
e 

pairing basis spectra as defined by Equation 3-14. 

The spectral properties and "Fit" of these calculated 

difference spectra are also listed in Table 4-4. Agree-

ment is falrly good. "Fit" is seen to be better than 

in either of the previous cases. Still the magnitude 

of the experimental curve is greater than that of the 

calculated curve. 

This difference is probably due to the double 

strand polymers not being a really good model for the 

short double strand regions in tRNA. Another possi­

bility is that more double strand interactions are 

needed to fit the data. Several models for the ter-

tiary structure of tRNA suggest additional base pairs. 

B. Calculation of Native tRNA Spectra at 40°C 

The agreement between calculated and experimental 
-' 

CD spectra of double strand regions of tRNA is better 

than for single strand regions. Thus, the major source 

of the large errpr in the oalcul~tion of native tRNA 

at 25°C appears to lie in the nearest neighbor 

approximation that the dimers,are good models for 

single strand tRNA. 

To avoid this difficUlty, the experimental single 

strand at 40°C may be used to calculate the CD spectra 
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of native tBNA at 40°C: 

6 

(tRNA,native)40 o = (tRNA, single strand)40o + I Fp{P} 

P=l 
• 

(4-2) 

where Fp is the frequency of the double strand pairing 

interaction {p} defined by Equation·3-14 and the sum 

is taken over the ~ix polymers in Appendix 2. 

the ~xtrema of thes~ c~lculated curve~ are' com­

pared with the experimental spectra in Table 4-5. 

Figur~s 4-25 to 4-27 show examples of relatively bad, 

average, and good agreement . The "Fit" is much improved 

from that involving the dimers instead of the experi-

mental single strand spectra. In general positions 

and magnitudes agree reasonab~well with the experi-

mental curves. 

The reason for this fit may be qualitatively 

unde~stood by comparing the base composition and CD 

curves of some of th~se tRNAs with the calculated' 

curves in Chapter III. 

The position of the'maximum of the large positive 

band of the native tRNA varies from 262 to 267 mu. 

There is some correlation between the position of this 

band and the base composition of the tRNAs. Table 4-6 

lists the base composition, percent A and U, arid per~ 

cent G and C in these tRNAs. With the exception Of 

tBNAPhe (~. coli) which has a very low A ,the .posi-max 

. I 



Table 4-5 C; 

Comparison of CD of ExperImental Native tRNA at· 4.0°C and Single 
~ 

Strand Plus Base Pa.1rIng I,nteractions at 40°C ; ... ~. 

[o]mIn [oJ
max 

[a] , (:.r,. 
>-min >-max >-c >-max 

max FH 
(x 10-4 ) (x 10-4 ) (x 10-4 ) 

('~ 
"',..,. 

exp 297 -.12 267 2.19 244 230 -.37 
(." F. Met (!.. £Ql!) cal 298 -.05 268 1.77 242 222 -.33 .244 , 

exp 263 2.57 242 223 -.16 
Leu (Yeast) cal 266 2.14 243 221 +.11 .216 .... 

\-.,:. 

263 2.26 239 226 -.08 
r 

exp oci .... 

Phe (!.. ~) cal 300 -.02 268 1.60 238 222 -.20 .315 

'" v 

exp 296 -.15 264 2.07 244 226 -.40 r;· .... 

Pile (Wheat) .139 ..... 
cal 300 -.04 265 2.05 244 222 -.23 

C,.;· 
exp 295 -.19 263 2.15 246 226 -.35 

Phe (Yeast) cal 265 1.69 244 218 -.11 .276 

exp 299 -.02 265 1.95 243 226 -.41 
Tryp(!.. ~) cal 268 1.83 240 219 -.29 .177 

exp 264 2.20 244 224 -.22 
Tyr (!.. ~) cal 268 2.21 239 221 +.01 .209 

exp 299 -.04 265 1.83 242 236 -.19 f-J 
Tyr (Yeast) cal 298 -.02 267 L80 239 221 -.02 .103 CfI 

(J1 

exp 298 -.06 267 2.16 243 225 -.46 
V~l (!.. coli) cal 268 2.15 240 222 +.03 .217 



Figures 4-25 to 4-27. A comparison of CD spectra 

of native tRNAs at 40°C with a sum of experimental 

single strand spectra and double strand pairing 

interaction spectra as defined in Equation 3-13. 
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Table 4-6 
~, 

Base Compositiorior Nine Species of tRNA 

Total Number 
A U C G D of Bases 

F. Met (~. coli) 14 11 26 25 ,1 77 

Leu (Yeast) 21 19 2'0 23 2 85 

Phe (~. _ coli) 15 12 23 24 2 76 

Phe (Wheat) 18 12 ' 20 24 2 76 
I 

Phe '(Yeast) 19 15 17 - 23 2 76 

Tryp (~. coli) 15 14 21 23 -3 76 

Tyr (~., coli) 19 16 28 22 85 

Tyr (Yeast) - 17 12 21 22 6 78 

Val (~. coli) 16 13 .23 23 1 76 

-, 

% A~ 

34 

49 \.. 

37 

42' 

47 

42 

41 

45 

40 

~C 

66 

51 

63 

58 

53 

58 

59 

55 

66 

• ... 

, I'-' 
-l::' 
o 
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tionof Amax decreases with a decrease in pBrcent G 

and C~ This is the result that would be predicted from 

examination of Figs. 3-5 and 3-6. 

The negative band at about 298 m~ is a variable 

feature that is found in six of the nine species of 

tRNA. The absence of this band in the two species 
I 

of tRNATyr , and in tRNALeu can be explained by differ-

ences in the sequence or the structure of these three 

species of tRNA. Examination of double strand 

interaction frequencies in Table 3-2 shows that these 

. (AA) three tRNAs contain more of the interaction. UU 

than do most of the other tRNAs. Figure 3-6 indicates 

th~t the magnitude of the band at 295 m~ decreases with 

an increase in A:U pairing interactions. 

The double strand polymers are a fairly good 

model for the double strand regions intRNA in spite of 

the many approximations discussed in Chapter III. 

Thus, the CD of tRNA at 40°C may be calculated from a 

sum of double strand polymer intBractions and the 

spectrum of the single strand tRNA at this temperature. 

5. Applications 

Examples of the SDrts of information about the 

structure of RNA that maybe obtained from RNA CD 

sp~ctra will be given. 
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A. Native and Denatured tRNAs 

Certain ,species of'tRNA exist in two conformatrons 

that are stable at 'room temperature, only one of 

which is biologically.active (5-9). It is customary 

to call the form t~at will accept the correct amino 

acid the native form, (N), and the inactive form, the" 
,. , 

denatured form" (D). To denature the native form of 

these tRNAs, it is necessary to heat it to some temper-

ature T in the presence of 1 mM EDTA for 10 minutes 

and then cool it. This denatured tRNA is stable until 

heated to T £or 10 minutes in the pres~nce of 10 mM 

M ++ g . This process results in the renatur~tion of the 

fully active tRNA: 

EDTA, 'To 
Nati ve lIi!'<,,",.=======:O!!'" Denatured (4-3) 

Two of the nine tRNAs being~tudi~~ in this 

work, tRNALeu (Yeast) and tRNATryp (~. coli), exist 

in two such forms. The temperature forinterconversion 

of forms is 50°C for tRNATryp and 60 0 2 fortRNALeu . 

As long as the temperature is kept below 40°C there will 

be no interconversion and both forms will be 'stable in 

the same solvent. It is of interest to consider what 

sort of structural difference in these two forms is 

responsible for the loss of biological activity of the 

den~tured molecule. This shou~d provide some irisight 

into the nature of the specificity of the, recognition 
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of the tRNA by the aminoacyl synthetase. 

A number of studies have probed this difference in 

structure between the native and denatured forms of 

these tRNAs. Hydrodynamic studies on tRNALeu suggest 

that the denatured form has a volume about 25% larger 

than does the native form (7). Also, the denatured 

form is much more sensitive to pancreatic RNase (8). 

From the increase in UV absorption in the denatured 

moletule relative to the native, it has been suggested 

that the structural change between the two forms 

involves a loss in about four base pairs in the de-

natured molecule (7). 

It is of interest to see if this result is also 

obtained from an analysis of the CD spectra of the 

two forms. Since CD is more sensitive than UV to 

molecular conformation, it should be able to provide 

more information, about the nature of this change. 

CD spectra of the native and denatured forms of tRNArrryp 

and tRNALeu are shown in Figs. 4-28 and 4-29. For 

each tRNA the spectra of the native and denatured forms 

were measured in the Cary 6001 consecutively without 

moving the cell. First the spectrum of the denatured 

tRNA in the presence of 10 mM Mg++ was recorded. Then 

the sample was heated to 50'or60oCfbr 10 minute~~ 

cooled, and the spectrum of the native form was 

recorded. Doing the measurement without moving the 

cell allowed the difference spectra for the change 
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between the two forms tobe determined with consider-· 

able accuracy. 

The extrema of these spect~a are listed in Table 

4;6 along with the UV extincti6n coefficients. The 
. . 

.. ... .." Leu·" .." . . . 
denaturation of tRNA results·in an increase in 

absorption and a .decrease in the magnitude of the CD 

maximum accompanied by a red ~hift of 2 m~. All these 

changes suggest the loss of base pairing interactions. 

For iRNATryp , denaturation is also accompanied by an 

increase in absorption, and a slight red shift of the 

CD m~ximum. However, the magnitude of the CD iricreases 
. 

upondenatu~ation.This result is somewhat surprising 

and seems contradittory at first. However, the change 

from 60 io 100% single strand RNA in Fig. 3-1 provides' . . , 

a model for this sort of phenomena. In that ~ase, 

there is also an increase in absorption a~c6mpanied by 

an increase in the magnitude of the CD maximum. 

The difference spectra between the native and 

denatured tRNAs, N-D, are shown in Figs. ~-30 and 4~31. 

Using the double strand pairing spectra at 25°C, the 

change inCD .. accompanying the opening up of the various 

double strand regions in thesetRNAs may be approxi~ 

mated. This comparison is shown in Figs .4-30 and 4- 31.-

The CD of the four regions are in both cases quite 

different, and theoretically we should be able to dis­

tinguish between the various double strand regiona of 

thetRNA. There is fairly good agreement between the 
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Figures .4-30 and 4-31. Comparison of difference 
I 

between the CD of native and denatured tRNALeu (yeast) 

andtRNATryp (E. coli) with sum of double strand 

pairing interactions corresponding to various helical 

regions of the H model shown in Figs. 1-1 to 1-3. Ex-

perimental difference spectrum (---). Base pairs 

in D helix ( ••••• ). Base pairs in anticodon helix 

(-------). Base pairs in ACChe lix (----). Base 

pairs in T'I/IC helix (--~. 
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difference spectrum for tRNALeu and the opening of 

the hSli~-th~tclos~s-the ~hticodQn'loop- (Flg~ 

4-30). Comparison of the difference; spectra for tRNALeu 

with average double strand spectra corresponding to 

different numbers of base pairs indicates that_the 

difference between native and denatured tRNA corresponds 

to the loss of four base pairing interactions or five 

base pairs. 

Tryp Similar comparisons involving tRNA do not work 

so well (Fig. ~-~l). The somewhat anomalous increase 

in the CD upon denaturation leads to a differen6e 

spectrum with the crossover shifted so far to the blue 

that it will not fit well with any combination-of double 

strand polymers. This suggests a structural rearrange­

ment upon denaturation of tR~ATryp that is different 

form than observed in tRNALeu . It should be noted that 

the native to denatured change occurs at bemperatures 

lower than the T - of the tRNAs (Figs. 4-2 and 4-6). - m 

There is evidencS that the change in denatured 

tRNATryP does involve base pairing in the helix of the 

D loop. A supressor tRNATryP (~. coli) has beSn iso­

lated and seq~enced which does pot exist in a denatured 

form (13). The only sequence difference between this 

tRNA and the wild type is that a mismatched G ih a G:U 

base pair in the D loop helix is changed to an A 

resulting in an A:U base pair that stabilizes the double 

strandregj.on. It is possible that this change is also .. .... 
... ", (~ 

'. 

'-
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involved in tertiary structure in some manner, but 

it is strongly suggested that the helix of the D loop 

is impl~cated in the change. However, the CD change 

upon the loss of these base pairs is quite different 

from the observed native-denatured difference (Fig. 

~-31). 

B. The A and B Forms of 5S RNA 

Two forms of E. coli 5S RNA which are similar in 

some respects to the native and denatured forms of tRNA 

have been observed (10). The forms, called the A 

form and the B forms, may be separated from one another 

QY chromatography on Sephadex G-IOO or methylated albumin 

silicic acid. The B form doeS not bind te the 5S RNA 

binding site on the 50S ribos~e subunit. B form can 

be converted by heating in the presence of Mg++ to a 

form that will bind to the ribosome and has the same 

optical and chromatographic properties as the A form. 

The optical properties of these two forms have 

been studied (11), and found to be different. A has 

a slightly larger hyperchromism than B suggesting that 

B contains fewe~ base pairs than A. The magnitude of 

the CD maximumris much greater for the B form, which 

suggests greater stacking. Dr. Jim Lewis gave us the 

samples of 5S RNA whose CD spectra are shown in. Fig. 

4-32. The maximum of the B forms is shifted about 2 m~ 

to higher wavelengths relative to the A form as would 
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be expected upon the loss of double strand regions. 

However, there isa large increase in magnitude. This 

behavior is similar to that observed during the native 

to denatured tr~nsition in E.coli T tRNA
Tryp 

(E. c61i). 
'. - --

The experimental CD of both forms of 5S RNA were 

compared with a series of calculated curves of RNAs 

with the same base composition as E. coli 5S RNA. 

These comparisons suggest that the A form is about 50% 

double stranded and the B form is about 60% double 

stranded. This result does not agree with the greater 

hyperchromicity of the A form. Further study of the 

physical differences between these two forms of 5S RNA 

should be interesting as it might help explain the 

anomalous optical properties of ~. coli 5S RNA. 

Dr. C. R. Cantor suggested that native 5S RNA was 

about 70% double stranded baseq on comparison of experi­

mental and calculated ORD and UV curves (.14). The 

discrepancy between our result and his result is 

probably due to the different basis spectra used in 

these two studies. Also the properties of the A form 

of 5S RNA are somewhat different from those of the 

native molecule (11). 
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CHAPTER V 

DISCUSSION AND SUMMARY 

"If. seven maids with seven mops 
Swept it for half a year 
Do you suppose the Walrus said 
That they could get it clear?" 
"I! <ioubt it," said the carpenter. 
And sheti a bitter tear." (l-) 
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1. Calculated RNA Spectra Provide Models for Inter­

preting Changes in tRNASpectra 

In Chapter III, spectra are calculated that show the 

variation of the CD of RNAs with base composition, 

sequence, and percent double strand. Methods for 

obtaining these spectra are presented. Single strand 

regions are calculated using the near~st neighbor 

approximation and the spectra of 20 d:;_IIlers. It is 

assumed that the spectra,of the unusual nucleosides 

that account for about 10 percent of the bases in the 

tRNA are the same as those of the ana:.ogous unmodified 

nucleosides. 

The CD of the double strand regions is calculated 

using 5 double strand polymer spectra. Since there 

are 10 double strand interactions, a number of approxi-

mations are necessary. Still, this calculation should 

be more accurate than previous ones which were based 

on only two double strand spectra, those of G:C and 

A:]J (2,3). 

It is assumed that the CD spectrum of tRNA may \ 
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be divid~d into contributions from base~ in single 

strand 3 and double strand regions 3 and .from tertiary 

structure. M~thod~ of calculating these contributions 

are discussed in some detail. Examples of the vari-

atiori of -single and double strand RNA CD spectra with 

percent AU ahd GC, andcwith sequence of equimolar 

single strand RNA show the sensitivitv\of CD to 

primary structure of RNA. Changes in the spectrum of 

equimolar RNA as ltchanges from ~ll 3ingle st~anded 

to all double stranded show how CD is affected by 

second~ry structure of~tRNA. These changes may be 

used to help understand changes in the experi~ental 

spectra of tRNAs. 

2. Experimental CD of Native tRNAs May be Fit Fairly· 

Well with Appropriate Sums of Other RNA Spectra 

In Chapter lV, we corisidered the manner in which 

the eXperimental spec~ra of nine native tRNAs cotild 

best befit by calculated spectra. First we compared 

the spectra of the native tRNA at 25°C with a sum of 

dimer and mOnomer CD repre~enting the single strand 
. . 

regions and polymer CD representing the double strand 
. . 

regions. Tertiary structure was set equal to zero. 

The~it was only qualitative. 

Then we asked if the poo~ fit was due to lack of 

agreement between calculated and experimental spectra 

in single or "double strand region:,.. The spectrum of 
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tRNA under salt and temperature conditions such that 

it was single stranded was compared with a sum of 

single strand basis spectra. Agreement was not very 

good. Then the change in the CD upon the formation 

of base pairs was compared with a sum of double strand 

pairing basis spectra. Agreement was much better in 
I 

the latter case than in the former suggesting that 

the source of error in the original attempt to fit 

the spectra of native tRNA at 25°C was mostly in the 

calculation of the single strand regions. The conclu-

sian that the CD of dimers is only a qualitative model 

for polymer CD agrees with previous comparisons between 

the ORD of dimers and polymers (2). 

The experimental spectra of the native tRNAs at 

40°C was then compared with a sum of the experimental 

single strand spectrum and double strand base pairing 

spectra. Agreement was quite good in most cases 

suggesting that double strand polymers are a fairly 

good model for the short double strand regions of the 

tRNAs. Much of the CD of the tRNAs could be accounted 

for on the basis of the double strand polymers although 

in most cases the calculated spectra were lower in 

magnitude than the ~xperimental spectra. 

3. Suggestions for Improvement 

The agreement between the experimental and calcu­

lated CD is much better for some tRNAs such as tRNATyr 
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(Yeast) than for others such ai tRNAPhe(Y~ast) as 

shown- in Figs. 4~27 and 4-25. At pre~ent we do not 

know if this difference indicates structural variation 

between the two tRNAs or, merely poor calculated spe6tra. 

The leasf valid of the many approximations used in the 

calculation of the tRNA spectra was probably the con­

struction of the spectrum of poly rGA:poly rCU. Since. 

the double strand regions of tRNAPhe-'(Yeast) contain 

more of this. interaction than of any other (see Table 
. . 

3-3), the calculated spectrum for thi:; tRNA is certainly 

open to doubt. A good experimental CD spectrum of 

poly rAG:rUC should improve all of the tRNA calculated 

spectra, particularly that of tRNA Phe (Yeast). 

In general, the' calculated spectra have somewhat 

lower magnitude than the experimental spectra. This 

might be because the double ~trand polymers are not 

goodmodeis for the short helical regions of tRNA. 

Presently, work is in progress in thir laboratory to 

o~tain a library of CD spectra of the 10 double strand 

interactions based upon the CD of a SE.'t of RNA olii'0mers. 

AA 
A preliminary . result is the CD of the interact---.ion UU 

which was obtained by Mr. Phil Borer (4). Figure 
~ 

5-1 compares this spectrum wi ththe sl ·ectrum of 

poly rA:poly rU which was used to repI'esent the. inter-

action in this work. The oligomer spEctrum i~ seen to 

have considerably greater magnitude th~n the polymer 

spectrum. The reason for this is,pres2ntly unknown. 
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If this were' a g~neral phenomena, applicable to the 

other dou~l~ strand polymers~ it migh~ expl~i~the 

difference betwe~ri the calculatea and experimental CD~ 

When the CD of the 10 double strand interaetions are 

available, it should be possible. to calculate the 

CD of the double strand regions of tRNA with greater 

accuracy and fewer approximations. 

Single strand spectra calculated from a sum of 

dimer basis spectra are not a very good model for 

single strand tRNA or single strand homopolymers. To 

avoid this problem, we used the experimental tRNA 

single strand in our calculations. However', it would 

be very useful to have a sui table model fOI' the single 

strand regions of tRNA. Such single .strand basis 

spectra could be const'ructed from an appropriate set 

of polymer and oligomer spectra . 

. It would also be quite Useful to have a library 

of the 4 single strand homopolymers and the 8 alternat­

ing polymers at 40°C to be used in calculating the . 
double strand pairing interaction in Equation 3~14~· 

The base ~ accounts for 2% of the nucleotides 

in tRNA. Knowledge of the CD behavior of ~ and some 

of the other more exotic basis such as 4tU and A. 
l 

would be very useful. CD spectra of the dirners A$~ AAi 

and ~iA have been measured.and found to be q~ite 

different from those of their unmodified analogues (5). 

The CD of A~ is opposite in sign from that of ApU. 

This work suggests that this is n'otgenerally true for 
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Further information could also be obtained by 

measuring both basis spectra and experimental spectra 

between 185 and 350 m~ rather than between 210 and 

310 as was done in this work. For e~ample, using tRNA 

solutions of A260 = 30 in .5 mm pathJength cells, CD 

spectra have ~een obtained down to 200 m~ (6). How-

eve~~ it is likely that the tRNA is aggregated at this 

concentration (7). The 4tU CD preser,t in many E. coli 

tRNAs at about 335 m~ may also be stldied using concen-

trated solutions in a 1 cm pathlengtt cell. This base 

is in a region of the molecule that may change conforma­

tion upon charging of the tRNA (8), and a detailed 

study of its CD should prove interesting. 

Another reason why the magnitude of the calculated 

CD is lower than that of the experimental spectrum may 

be that the native molecule has extra base pairs that 

stabilize the tertiary structure of the tRNA in addi-

tionto those predicted by the Holley model. This has 

been suggested in many of the models f~r the tertiary 

structure of tRNA that were discussed in Chapter I. 

It is of interest to calculate the spectra of the 

tRNAs including the extra base pairs stabilizing tertiary 

st~ucture to see if the CD predicted for these struc-

tures fits the experimental spectra any better than 

does the H model. Unfortunately, this procedure is not 

straightforward as many of the proposed interactions 

are triple strand or involve non-Watson-Crick base 
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" ' . 
pairs such as A:A and G:A. Thete is presently ho 

model for the CD of the~e ~orts Qf interactions. 

Furthe~more, many of th~ suggeste6 interaction~ involve 

only one or two conse~utiVe base pairs, and as the 

method of calculating being-~ed courits interactions 

rather than base pairs, it is difficult to properly 

represent these very short regions. Still it is 

possible to roughly approximate the contribution of 

extra base pairs required by the tertiary structure 

models proposed by Levitt (9) and Cramer (10). The 

"Fit"of these models with'the experimental CD spectrum 

of native tRNAat 40°C are compared with that of the 

H model in Table 5-1. 

The model of Levitt is approxi~ated as involving 

three additional double strand pairing interactions, 

and that of' Cramer as having six more such interaction~. 

Thus, in cases where the calculated CD is too low 

assuming only the double strand regions predicted by 

the H model, both these models give improved agreement. 

Unfortunately, it is not presently known if the double 

strand-pairing interactions predicted from polymers 

are too low in magnitude as suggested by Fig. 5-1. 

Thus, on the basis of comparison of these calculated 

CD spectra we teritatively suggest that the correct 

structure of tRNA contains more double strand iriter-
( 

actions than are predicted by the H model. The 

number of additional base pairs needed for a better 



Table 5-1 

• "Fit" of CD Spectra of Native tRNAs 
with CD Spectra Calculated Assuming 
Various Models for Tertiary Structure 

of the tRNAs 

H Levitt Cramer 
model model model 

F. Met (E. £E1!) .244 .176 .130 

Leu (Yeast) .216 .178 .129 

Phe (E. coli) .315 . .248 .193 

Phe (Wheat) .139 .156 .173 

Phe (Yeast) .276 .251 .225 

Tryp (E. coli) .177 .148 .143 

Tyr (E. coli) .209 .213 .216 

Tyr (Yeast) .103 .106 .170 

Val (E. coli) .217 .234 .. 253 

N 

2 • i=l Fit = 
N 

2 (E ) 2 
i 
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where Ei is the value of the experimental curve at 

the i-th wavelength, Ci is the value of the calcu­

lated CD curve at this same wavelength, and the 

sum is taken over N wavelengths. 
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value of "Fit" varies for the different tRNAs. In 

"~~neral, though, the-experimental CD agrees b~st with 

a calculated spectr~m containing from two to four more 

base pairing interactions than are prcdictE,d by the 

H model. 

4. What CD Has Told Us about the Structure of.tHNA 

In this work, a large difference between the opti-

calproperti~s o£ nine purified specie~ of tRNA in the 

++ presence and absence of~Mg at 40°C has been observed. 

The difference between the CD spectra of these two forms 

may be fit with a sum of t~e base pairing interaction 

spectra based on the H model shown in Figs. 1-1 to 1-3. 

An additional three or four base pairing interactions 

will improve this fit. The comparison of calculated 

~nd experimental spectra was made quantitatively at 

many wavelengths, rather than by just considering the 

e~trema of the CD curves. 

The general shape of the CD curves of the native 

and single stranded tRNA suggest that the bases of 

these two forms may have dif.ferent relative geometry. 

X-ray studieS of RNA fibers show doubl~ stranded RNA to 

be similar to the A form of DNA with bases tilted from 

the helix axis (11). It is lik~ly that bases in the' 

dollble strand regions' oftRNA are also in this A form. 

This is substantiated by comparing native and single 

strand RNA spectra as shown in Figs. 4-19 to 4-21 with 

\ 

, 

I 
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I 
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CD spectra of DNA films in the A and B forms that have 

been measured by Schneider and Maestre (12,13). It 

is seen that the CD of DNA in the A form is qualitative­

ly similar to that of native tRNA. When the relative 

humidity of the film is increased the DNA assumes the 

B conformation with its bases perpendicular to the 

helix axis. The CD of the B form of DNA i; qualitative-

ly similar to that of single strand tqNA. This' 

suggests that in the absence of Mg++ the Eingle strand 

form has bases that are stacked are nearly planar. 

Furthermore, the change in the band at 220 m~ in 

single strand RNA with percent A and U, and G and C 

is very similar to that observed in DNA in the B form. 

The sensitivity of CD to small cha~ges in confor­

mation makes it quite useful in studying such pheno-

mena as the change between the native and denatured 

conformations of some tRNAs. Our studies suggest 

that the transition between the native and denatured 

forms of tRNALeu (Yeast) involves the loss of about . . 

four base pairs. The change in tRNATryp (~. coli) 

seems to involve something more. Perhaps the struc-

ture of the whole molecule is being rearranged or 

the tertiary structure is changing. This same sort 

6f CD behavior was observed for the native and de-

natured forms of 5S RNA. 

Thus we see that CD studies can provide informa-

tion about the structure of tRNA. Presently, CD is 
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most useful for investigation of confo~mational change. 
:,'1 ',' 

, . Better basis spectra should lead to better fit agre~-

ment between calculated and experimental CD, spectra. 

By subtracting spectra calculated on the basis of the 

primary and secondary structure of'the tRNAs from the 

exp~rimental spectra, a constant difference spectrum 

might be obtained. This differenc~ should cdrrespond 

to the cO of the tertiary structure bf the tRNA. 

Another way of obtaining some measure of the 

contribution of tertiary structure to the CD of tRNA 

wotild be from the difference between the CD of native 

tRNA and fragments such as two half ~olecules. In any 
" , 

case, our work has shown that the contribution of 

tertiary structure t:o the CD of tRNA is not large. 

5. Yet Another Model, for the Tertiary Structure of tRNA 

Presently only tentative conclusions may be drawn 

from' our CD results due to the many approximations ',' 

nedessary for the calculation of the eXperimental 

spectra as previously discussed.' Nevertheless, having 

used CD to study the conformation'of tRNA, I would 

like to suggest yet another model for the structure of 

tRNA. 

,On the basis of evidence summarized in the intro-:-

duction and presented her~, preli~iriary conclusions 

about the tertiary structure of tRNA may be drawn. A 

good model should have a long continuous helical region 

from the ACC to the TljJC loop, and the'other helices 

, , 
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Figure 5-2. Regions of two tRNAs which will bind com­
plementary radioactive oligomers (-----) (from Refer­
ence 14). Areas in solid circles are assumed to inter­
act as described in text in proposed model 'for the 
tertiary structure o~ tRNA. 
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parallel br nearly so to this helix~ The ~~C 10bp 

shOuld belnvolved in. tertiary structure ill a: mann~r 
. 

that makes it unavailable for chemical mod:.fication· or 

oligomer binding, perhaps by hydrogen bond~.hg of some 

. sort with the bases in the part of the D loop. Resi-

dues 8 and 13 should be in close proximity. Our CD 

results suggest that a good model should hc~ve about 

three base pairing interactions in addition to those 

due to the cloverleaf secondary structure. 

Most of the models that have been proJ'osed for 

the tertiary structure of tRNA do not agreE! with the 

oligomer binding results of Uhlenbeck (14) and the 

methoxyamine reaction results of Cashmore Clnd Brown 

(15) as to which bases offue tRNAs are proiected. 

Dotted circles in Fig. 5-2 show the areas jn two tRNAs 

that will bind radioacti~e Oligomers. It.is assume~ 

that these areas are not di~ectly involved :i,n the 

tertiary structure of the tRNA. 

A refinement of the H model for the tc~rtiary 

structure of tRNA presented in Chapter I that does 

agree with these results is also shown in.Fig. 5-2. 

The areas enc losedwi th solid lines are pOf;tulated to 

interact with the other areas tb which they are connec-

ted. The D loop bends over the T~C loop and the bases 

AGC in theD loop interact with the bases~CG in the 

T~C loop. The TG in the TWC loop interacts with the 

UU o~ the GU in the single strand region between the 

stem and the D helix further. stabilizing this inter-

action. This results in about three additional base 
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pairing interactions as suggested by the CD spectra. 

With minor modification, this model will apply to all 

the species of tRNA whose sequences are presently 

known. The overall structure of this model is some-

what similar to that of Levitt (9). 

As for more than speculation as to the tertiary 

structure of tRNA, and how this molecule carries out 

its many functions with such great specificity: 

"We dance round in a ring and suppose 
But the secret sits in the middle and knows." 

Robert Frost 
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Appendix 1 

Single Strand CD Basis Spectra 

Basis spectra for 20 nearest. neighbor interactions 

at 40°C are listed betweeH 310 and 210 m~. Ellipticity 
. -4 

values listed are times 10 . These spectra were 

calculated from dimer and monomer spectra using Equa-

tion 3-4. The first 16 of these spectra were measured 

as part of this work in 1 mM MgCl,lO mM tris HCl, 

pH 7.8. The last four dimer spectra involving D were 

measured by Dr. Carl Formoso. These 20 basis spectra 

were used to calculate the CD of single strand tRNA 

and double strand pairing interactions at 40°C. 
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AA [JlPE~'I4t:'lOjral SPfCT~u'" AT .., OfG C 

WAVEL.ENGTH '(l..l1PT I C lTV W'AVELEN(;T'4 !l.lIPTlC!TY waYEI.E"'GT'4 EI.LIDTtCITV 
:J18 .n~.~ ;>76 2.311 li" Z'Z -,.11:"" 30 .OlQ9 ;>1S 2.S".,6 ' 24' -I.~"CI. Jilli .O!!;" ;>1. l.109;> 240 -l.;>Q)o; 301 • otl I' 21] 2.1112(111 230 -t.oc;3Q l06 .0061 ;072 2. 906:> t!38 -.lIi9? 3C1S .0.0<'. ;>71 2.918" 237 -.11"", 30. -.00 71 ,;>70 2.·23' 2)6 -.":>7 303 -.ill?1 ",6. 2.86.,. US -.3,<,1 302 -.11100 ;>68 2.14311 234 -.10;57 301 -.11,339 ;061 2.5396 233 -.n4S6 300 - • .(1'2'9 ;>66 l.l'~51 232 ,,,'61 299 -.0309 ;>6S 1.8901 2.3' .01(19 298 -.0,-,51 :>64 1 .... 31 230 .1521. 2'7 -.OS65 263 .9194 no .:>:>6:. 296 -.0325 262 ''''3i 228 .3"'20 19S -.0~01 1'61 -.~6" 221 .5-.81 294 -.O~l1 260 -" 9'5 226 .1,,89 293 -.0312 .. " -1.416" 221 i .1131l 2.2 -.0263 258 -1.·945 22' 1.!;tl8i1 291 -.0158 ;051 -2."60 223 1.9017 290 .0009 256 -2 •• '8t 2ZP. 2.2"8:> 28. .0500 ?S5 -3.29'1 221 l.51144 2811 .1221 ~S4 -3.5856 220 2.6709 281 .1915 01'53 -3.7845 219 2.1I~46 286 .3029 252 -3.85t6 218 2.2'41l 285 .42"54 2!H -3. 8462 211 1.51186 284 .5911 250 -3.8095 216 ;, 11-94 283 .7198 249 -3.69211 215 -.;>,!!3~ 282 1.00111 Z.8 -3.5205 214 -t. H 'n 281 1.2280 ~41 -3.3089 213 -2.259, 280, 1 •• 861 246 -3.0'78 2lZ -1.6619 219 1.1i60 24S -2.7403 211 "fI.~56' 218 1.9410 264 -2."37 r I 211 t'.l'S, 243 -2.1220 1 1 

AU, EXPERIMENTal. SPEcTRUM AT 40 DF-G C 

ELUPTlCUV WAVELENGTH ELLIPTICITY WA~EI.£NSTH EI.L1PTICITY WAVELENGTH 
it16 .11393 242 -i.O,7Q 310 -.0216 

2.1 -.9'19. 309 -.0311 l1S .9866 
240 •• 8qO~ 308 -.~l6 21' 1.122' 23' -.11;061) 101 -.0611 it 13 1.24" 
2]8 -.7.69 -.O~18 i12 1.336ft 306 

211 1.:i85, 231 -.661n 105 -.01:i4 
236 -.5996 304 -.0113 !?10 1.4146 
2" -.,5,151 '101' -'0.849 269 104168 
2_ -.41'~ -,0138 268 1.18 l1i 102 

it61 102936 23' -.3951 301 -.0197 
31)0 -.0827 266 1.1801 232 -.10;;02 

!l1 -.21199 299 -.099,15 !?65 1.0361 
ZlO -.j!!" 298 -.10'2 ,64 .8526 
229 -.li941 291 -.120. l63 .6n1 
28 -.On ll \ 296 -.12~' 162 .,96' 
2f' .111111 295 -.1!11 261 .1111 
226 .",,15 260 -.e585 294 -.i2S1 

293 -.1266 159 oO\o'03n 225 .~Ol)" 
Z14 .,911) 292 -.1192 l5f1 -.1214 
223 .59~1) 291 -.'1183 ' "1i7 -.1:290 

'~f" 290 -.lll' 156 -.11888 222 .6118;0 
211r, -.1195 l5S -1.0161) 221 .7i'.ZI 

.~:'51 220 288 -.12l0 lS' ",.121111 
219 .9\;0" 281 -.1260 l53 -,.2161 
218 .1l'l9t! 286 -.1130 ZS2 ';1.281ti 
211 .1 ... 9 285 -.093A ;00;, -1.,4411 
216 .0;,n4 284 -.0531 ,0;0 -1.3856 
211 .,?"A 283 -.000' ;>49 -103531 

28t! .0"76 ,,8 -1.1496 11' .31111) 
1.47 - .. 3338 213 .n .. r. ... 281 .1'1'12 

212 -,"18r. 2110 .2133 it'6 -1.319A 
211 -.A,86 l19 .3A9e; ;>,5 "1.265, 

( I 218 .5;>'1 "44 -1.1 9211 
271 .61116 ;0O -1.104" 1 t 
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AC EVEI'IIMEIIITAL SPfCTIW,", AT 40 OEG C 

IIf'VElENGTH ELL! PT I r: ITY UV!;LE"'GTH n.LIPTtCtTY IIfAVf'lE'IGTH ELU ".T 1 C lTv 
JI0 -.0483 ?71!> 2.'Sn1 242 .,.~"Qo 
J09 -.0<;R7 ;>75 2.5?11'1 241 -I.Qn'· 
JOR -.0<;94 ;>74 2.49,,;> 240 -l. Qnll c:. 
l('7 -.(lb2~ ;>13 2. 4 12<; 2]9 -,.FlQ5r 
3el!> -.00;]7 ;>12 l.301!>'l ;»8 -,.RA]4 
lOS -.0455 ;>7, 2.,721> 23 7 -,.'I44! 
l04 -.0405 ;>7(1 l.nl"." ~36 -,.7"7! 
JOJ -.rJb;> ;>6" I. R471l 235 -1.!'!71 Q 

302 -.017!'! ;>IIR 1.6l7~ 2H -1.<;110" 
301 -.0169 ;>67 1.)'101 233 -I"<;I? 
10n .0012 ""6 i.1234 212 -1.J1l4 
299 .0125 ;>"5 .R6JQ 2JI -1.149 , 
29R .n3711 ;>1'14 .572!'! ;»0 -.~"n .. 
297 .0621 261 .19611 229 •• 70;'3 .. 
296 .1049 ;>62 .• 0 199 228 -."'14Q 
295 .1601 ?I'II -.2511 227 -.;0611 
294 .2147 ;>60 ·.49117 226' .1'464 
293 .J1l5 259 •• 726n 225 • ]l40' 
292 '.4109 ?S8 -.9121 224 .6n41l 
291 .5221 257 -1.0755 . 223 .R:?OI 
290 .6486' ;>56 -1.2235 222 1.0385 
2119 .• 7640· ?55 -1.329, 221 , • 1l'1li:0 
28R .9081 ;is. -1.438R 220 1.2n55 
287 1.0429 ?53 -1.5137 21 9 1.1?"9 
286 l.t755 ;'52 -1. 5974 21 8 .'IQ44 
285 1.1115 251 .1.628 217 . .1779 
284 1.4595 750 -1.713i 216 .5434 
28] 1.6082 249 .1. 7649 215 • I "')8 
282 1.7865 248 -1. 8025 214 -.13211 
281 1.952n 247 -1.824) 213 ·.lis4 
280 2.1118 246 -1.8.54 212 ·.55511 
279 2.2584 1'45 -1.8416 21t ·.84(1;> 
278 2.3115 ~4. -1.8668 I I 
217 2.4658 H] -108663 I I 

f 

AG !XltERII4ENUL SPECfRUf'! AT .0 DEG C 

WAVELENGTH ElLI PT I c lTV WlVELENGTH ELLIPTICITY WAVELENGTH ELLIPTICITY 
110 -.0.,90 2.,6 .6780 2.2 -.5ljlQ 
]09 -.0605 275 .5003 241 -.5\50; 
308 -. 0424 274 .3078 Z40 ·.4764 
107 -.0387 273 • Ii 817 239 -.4;75 
306 · ... 0351 272 -.162~ U8 -.31411 
305 -.0366 271 -'.4101 2]" -.364;> 
304 -.0417 170 -.6740 236 • ... 1." 
303 -.0535 269 -.946~ 235 -.~';"8 
302 -.0694 268 -102096 234 -.2""~ 
301 -.0142 267 -1.463i 2:13 ·.2f>61! 
300 -.0531 ,266 -1.6968 212 ·.244n 
299 -.026'4 ;065 . -1. 899 , Ul -.2157 
2911 -.0133 ?64' -2.;;630 no • ... ,.,57 
297 .0124 ?63 -2.2190 22' -.2;>nn 
296 '.0885 262 -Z.1121 . 228 -.IA69 
295 .1270 ?61 -2.3979 22" -.i!!16 
294 .1959 1'60 ·Z.4179 226 -.I?S4 
29) .2446 ?59 -Z.393i 225 -.071111 
292 .2948 ?58 -2.lCtt9 224 ·.nI94 
291 .)655 ?0;7 -2.1 96;0 223 -.ilIl1~ 

'290 .4149 ,,56 - 2.0115 222 .n A511 ~ . 
289 • ;001 ?55 -1.9335 221 .11>;0' 
21!8 ~5116f1 ;>54 .1. 7.499 220 .2"61l 
287 .662;0 :053 -1.6021 21 9 .3153 
286 .1218 ~52 -1.4416 2111 .4431 
21)5 .7916 ;J'il -1.2/19n 217 .64li 
284 .8588 750 .\..1 615 216 '''':0411 
2111 .8921 ?49 -1.0357 215 .JII)9 
2112 .9287 . "411 ·.9094 214 • ?'J11 
281 .934 1 ;>47 •• 799) 211 • nl13 
28n .9]42 ,,46 -.6939 212 • n4/>1 
219 .9221 '45 -.62.,1 211 -2.0]';1 
278 .117116 ,,44 -.5830 r I 
271 • .,844 ;>43 -.562? r I 
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UA EK§Eql~ENTAL SPECTqU" AT ~O DFG~ 

WAVELENGTH ELLIPTICITV WAVELENGT04 ELL IPTJCITY wAVELE'IIShl ELLlDTttlTY 
3111 -.01l7~ ?76 .~S\1 ?2 -.7914 
304 -.n661 ;>15 .5531'0 lAI -.1'!'?4 
308 -.0510 ;>7A .640A ;>AO -.1"?7 
301 -.05lJ <,13 .6'i9A l39 -.71<'" 
306 -.05 75 712 .7'13" 23!! -.1Al1 
305 -.o11n 1'11 .~6"? 231 -.176. 
311A -.09 19 ;>10 .409A 236 -.1150 
303 -01 05? 1'69 .93n 235 -.7'11'" 
302 -.lZ,A ;>68 .93!1A ;?3' -.14;>;> 
31\1 -.1058 7,,7 .9Z7n 233 -.1A,9 
,300 -.09 01 ;>66 .8715 232 -.7"51 

299 -.oA52 26!> .8565 231 -.7 I11 p 
2911 -.0814 ?6A .17311 llO -.1. '5 
297 -.070A <>63 .6813 . 229 -.1161 
296 -.0638 ('62 .5760 22e -.611157 
295 -.06AS ?61 .ASI7 227 - .... 111 •• 
294 -.0755 ;>60 .368, 226 -.7100 
293 -.0731) <>59 .2316 225 -.6446 
292 -.06e .. 1'58 .10'" 22' -.70;3" 
291 -.OUt ~1J7 -.0539 221 -.715;:1 
290 -.0566 256 -.1 89 0 Z2? -.6$5R 
289 -.0461 . ?55 _.289?, 221 -.5104 
288 -.0492 ;>54 -.A251 ' 220 -"~19 
281 -.0500 1'53 - •• 921 219 -.2907. 
286 -.03lA 252 -.51OA 21 8 -.1127 
285 .0001 1.51 .-.6157 217 -.~:H9 
284 .02i7 ?50 -.6714 2.16 -.0016 
2e3 .06 4 1'49 -.1049 215 -.2?90 
282 .1000 248 -.nSA 214 -.i.3Z 
281 .1492 241 -.12 0 213 -.31112. 

180 .2p5 ci46 -.1526 212 -.!l558 
T9 .2 11 7.45 _.1764 211 -1.2121) 

218 .3291 244 -.7594 I I 
211 .4058 243 -.1'666 I I 

I 

UU IXPERIMENTAL SPECT~UM AT AO DEG C 

WAVELENGTH ELLIPTICITY W'VELENGTH ELLIPTICITV w,vELENGTH ELLIPTICITY 
310 -.01O~ 276 1.1252 242 -.9455 
309 -.018 215 1.11206 2A1 -.9922 
308 -.0291 17. 1.8944 240 -.9"A2 
301 -'0335 213 10 92911 U9 -.9"il 
306 -.0310 272 1.9398 238 -.9ti86 
J05. -'0437 t"Pl 10 9212 237 -.1~18 
304 -.0465 2'10 1. 1182, 236 -.14218 
303 -.0486 P69 1.816n 235 -.162'! 
302 -.0465 268 1. 7261 234 -.7';'33 
301 -.045. 261 1.605l.' 233 -.61111:! 
300 -.0416 266 1.4566 232 -.6'1'2 
299 -.0388 ~65 1.3191 2lt -."'31 
298 -.0329 264 1.1611 230 -.5620 
297 -.0310 1'63 .9956 229 -.5169 
296 -.0313 262 .8223 22" - •• 11S 
295 -.0131 261 .6587 221 -.1116" 
294 .0038 l60 .4781 226 -.3n'R 
293 .0301 259 .1'89" 2P5 -.,.19 
~92 .0683 258 .tl76 224 -.2"56 
291 • 11 nil 257 -.017., 223 -.149" 
290 .1589 "56 -.1673 22'! -.12511 
289 .2188 255 -.321, 221 -.1203 
288 .2990 2'54 -.4656 220 -.1713 
28'1 .3919 ,53 -.'589 , 219 -.211'51i 
286 •• 963 252 -.1058 21 8 -.\151 
285 .6059 ,,'n -.820n 211 -.1 111 6" 
284 .73n" "'0 -. 11973 21 6 -.,,,91 
283 .8592 ~49 -.9428 215 -.PH." 
282 .9980 248 -.9910; 214 -.lli3" 
281 1. \l8S 247 -\tOlll 2t3 -.;>31111 
280 1.273S 246 -1001A~ 212 -.'51211 
279 1.4004 ... 5 °1.0247 2t1 -"~64 
27A 1.5092 1'44 -\t~25o; I r 
217 1."261 ;tAl -1.nU'l 1 t 
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iJC (XOEAT~EIIIUI. ~"ECTIUJM AT '0 OF:G C 

wAVELENGTH ELdp_TtClTY WAVELENGT04 EL.L I'PHC) TY ,IIAI/ELE!lj3TH ELLTDTTCtTY 

ns :g~~~ 116 
~15 

~'lj67 ' • t •• ~U ," -.47" 
-.4~PII 

lOA .n;!':;? ~14 Z.01l6?, Z411 -.;;II!>'" .. ~ 
107 '0244' ?73 2.n431 ?3~ -.40,,, 
106 .0~OI , ~12 '1.'f8t1? 238 -,'''70; 
105 .0 !t.o ?1\ I.A9"", ,,31 -.4178 
304 .0097 710 1.83117 236 -.47111 
303 .001'5 ,69 \.1350; ,Z35 -.. "~,, .-
302 .n125 768 1.6\87 234 - •• ,,0; 

,',301 .02" ,61 1.·9n 733 -.~7?i 
300 .03'52 766 1.3'551> "3~ -.3/11\2 
2'f9 .0525, ' ?65 1.2119 231 -""" 298 '.0187' ' 764 le0639 230 _.\A4S 
297 .1006 ;>63 .9246 229 -.10;61 
296- .1375 ;062 .8fi!4 2211 -,0934 
295 .1 891 ;otH .1101, 227 -.(1"103 
294 .2558 ' ;060 .6063 226 -.li4;oO 
293 .333'2 ?59,' .,4968 225' -.(10;4,. 
292 .4220 ;ol§8 .4\69 224 -.1\3l" 
291 .527., 251 .'155' 223 -.1"4, 
290 .6711' ?56 ',' .23~' Zit2 -.iA95 
289·, .8105 255 • .ll16 221 -.3eiI4 
288, .9582 254 .0513 220 -.:"'S 
281 1.0966 ;0'53 -.6.283 219 -.4l'li 

,286 1.2150 ,252 -.1189 21B -.6(11 i 
285 1.3115' lI51 -.1 61A 211 -.1130 
284 1.5056 250 -.2271 216 -.1'163 
283 106225 249, -.275'; 215 -.6<;44 
282 1.1582 248_ -.3036 214 -.6A22 
281 1.1637 ;41 -.3556 213 -.77l'5 
2BO 1.9100 146 -.404) 212 -.5102 
219 2.0210 ,.45 - -.419] 21.1 " -.S7]l 
218 2.0812 244' -.4497 t: I 
217 

" 
2.10B2 24l -.4584 I,,: I 

UG EXPEA I I4E,NTAL SPECTRU14 AT 40 OEG C 

WAVELENGTH ELLIPTICITY WaVELENGTH ELLIPTIctT'f - WaVELE'4GTH ELLloTICITY 
310 .024B 276 .6003 242 -.0014 
309 .01,60 215 .50B7 241 -.on31 
308 '0095 214 .41.9, 240 -'Oi78 
301 ' .0034 213 .349;- 239 -'0285 
306 .0119 212 .25 06 238 -.~31] 
305 '0100 271 ~ 148 1' ,237 ,-"0408 
304 '01~6 218 .0594 236 -.O"2~ 303 .01 6 26 -.037ft 235 -.064, 
302 '0218 26ft -.1021 234 -.~48'!i 
301 .0433 261 -.2017 233 -.n"'19 i 
300 .0510 266 ' -.2907 232 -.0724 I 
299 .011B 265 -.3159 231 -.00:;32 j 298 .0925 264 -.4424 230 -.1i0;92 
291 .1047 1'63 -.5021 229 -.0410 1 
296 .\346 262 -.5396 228 -.,;,9\ 1 
295 ~1188 1'61 -.55(15 227 • ill A? _i 
294 .2214 260 .-.553'3 226 .';<;911 j' 
29] .2682 ?'!i9 -.5490; 225 .nAIIII, I 292 .3230 25B ' -.5015 224 .;'7914 
29 1 .3718 257 -.466n 223 .lri51J I 290 .4435 lOS6 -.396#1 222 .1,.34 
289 .4980; ,55 -.154? 221 .n792 t-
288 .5541 ?54 '·.2788 220 ."42] i 
281 .6136 ,53 -.2611§ 219 .,,4Zo; I 2116 .664;1 252 ... 2124 218 .Q9411 
285 -.7184 251 -.1

'
13 217 .11450 

284 .1632 2'10 -.1455 216 -.';417 I 
I 

283 .7893 ,.9 -.104n 215 -,"i]~ I 

282 .8095 ~4A -.1I64A 214 .,,0;35 
281 .8151 ,.41 -.11421 213 .7731 
2110 .8122 246 .001n 212 -.5755 
279 .1744 245 -.0113 211 .1"49 
27ft .7217 144 -.0025 t I 
217 .669,. 1'43 .0054 t t 

I 
.~ I 
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CA £X~EqtMlNT'L SP£CT~UM AT 40 OFG C 

WAIIEL(Nf.TM ELLlI>Ttr.tTY ·-VfLF."'GTM ELL IPTtClTY IIIAIIELE'II:;r,.. ELUDTlr.IH 
llo -.3331 ,7b 1. AfllIa 242 
309 -.3456 

-'.3,,*,0; 
:?1~ 1.9 19 ) Z4' 30/1 -.)4'in ?h 1.9"44 

-,.4:>1'05 

301 •• 1414 1 ,,13 
240 -1.49/,9 

1. 9 30e; n 9 -,.0;0;0" 
, . J06 -.3547 ;>72 1. A98 n 238 -,.1'1199 . 305 -.3<;<;3 ;>71 1. 11 064 231 -,.1'1711 304, -.3411 ~70 1. 7169' 236 -1.7115 303 -.349" ,,!t9 1.Sflb9 2]5 -1.7445 

302 -.3i'3P ,ftB 1.3
'

06 2J4 -1.7111, 
301 -.3117 .. f17 1.1 1911 <,3] -1.7"12 300 -.;>RJIt ~66 .11 931 232 -1.70;50 299 -.2725 26'S .1941 23\ -i.7'2<; 

2911 -,,,466 ;t64 .5994 230 Z91 -.2296 263 .4098 229 
-1.61160 

296 -.1 936 -1.5"50 
262 .2060 228 -1.46114 

295 -.1504 ;>61 .li143 221 -,.3in 294 -.1125 ;60 -.1155 226 -1.l"'l~ 293 -.0411 259 -.339A 225 -.9430 192 .0450 ,58 -.4585 224 -.7"91\ 
291 .1354 ,57 -.5817 223 -.5,111 
290 .<,516 ~'i6 -.1211 2U -.~777 289 .3644 :?5,5 -.1945 221 -.2,,111 288 .4902 ~54 -.8444 220 -.21157 287 .6158 253 -.88511 219 -.3"13 
2i!6 .7455 ?'i2 -. 94OJ 218 -.5,no 285 .8612 251 -.963] 217 -.7123 ,84 .9911 250 -1.';395 216 -1.rii16 
283 1.1092 249 -1.,!651 215 -i.U36 282 1.2443 248 -1.0991 214 -1.~()3A 
2'H 1.3110 241 -1.1267 213 -2.407~ 280 1.5026 246 -1.1426 21Z -2.9260 211) 1.6055 245 -1.1864 211 -2.~13n 
218 1.1122 244 -1.2696 I ! 217 1.7892 243 -1.2967 I ! 

CU El'ERt~ENTAL SPECTRUM AT 40 DEG C 

WAVELENGTH ELLIPTIcITy IlAVElENGTH ELLIPTICITY IlIAVELENBTH ELLIPTiCITY 
310 .0,,7 216 2.14511 242 -.9231 
309 .0218 275' 2.1'416 241 -.9,,12 
308 .0169 214 2.1018 240 -1.0006 
301 .0200 273 2.6323 239 -1.n423 
306 '0261 272 2.5226 238 -1.1i677 
]05 '021'8 211 2.,916 231 -1'0.66 
304 '0277 210 2.2495 236 -1.1;'65 
'03 '0357 269 2.G11'7 235 -1.n91'ci 
302 .048S 268 1.81 41 234 -1.015j' 
301 '0610 267 1.619n 233 -,.n429 
300 .0160 266 1.41'12 23Z -.9A59 
299 .0891 265 1.~8\ 231 -.';'11 
298 <1195 264 1.0629 2'0 -.8'591 
291 .1484 ,,6) .8946 229 -.7149 
296 .1959 262 .1''!'" 228 -.678n 
295 .268<; ,,61 .5e1, 221 -.5114\ 
294 .3518 260 .451] 226 -.si'" 
293 .4624 259 .33",. US -.411n 

~92 :.g~~ jI''i8 'f179 U~ -.3074 
91 251' • 019 -.21)62 

ii9~ .9263 <,56 -.iH~2 n2 -. I OS1 
28 1.1017 255 -.11 n 221 -.1 \ 6 

i ll8 l:n82 ;t54 -'1891' ne -.1l69 
81 "S3 -. 1, -.1461 

286 1.61'92 ~S2 -.388] 21 8 -.2 .. '" 
285 1.8581 ,,51 -.4594 211 -.~79" 

284 2.0280 2'S0 -.523? 21 6 -.4n79 
2133 2.1 11 011 ?49 -.!H?6 US -.6~4f11 

282 2.326] ;>48 -.6268 214 -.1",6 
2Al 2.4601 241' -.6898 2tJ -.11160; 
2Ao 2.5606 ;046 ',,-.1299 212 -,0\1)02 
219 2.638A "45 -.1967 211 ... S91i 
2111 2.1nOIl 744 -."469 t I 
'Z17 2.n15" ;t43 -.8924 I 1 



178 

. CC EU f:IIIM[>jUL SP[CT"UM AT .0 OfG C 

"'lVEUNGTH ELLIPTIClTv W'vELf''''GT~ ELLlPTTCnV wAVELE>jGTH ELLIPTICITY 

J~8 .0)~9 H" V;6P 242 -.I'RJ .03 n ?1!> ' .40 :3 l41 -.iJ~ 
3011 .0312 774 l.ll3A 248 -.]I;t~ 
307 .0407 71'3 ]eo134 23 -.]191 
3011 .0500 ?1Z Z. 1856 238 -.4.,69 
305 .0503 ,,71 l.5l3., Z31 -.!l161 
304 .06'07 ?70 2.21»11 236 -.""4" 301 .(\116. ,,69 2.0041 235 -."?21 
302 .1167 ?611 1. 7566' 23. -.69HI 
301 .1561 267 1.5255 233 -""02 3011 .2087 266 1.3254 232 -,,1995 
199 .2127 265 1.1·13 231 -.'IiH 
298 .3707, " .... .9757 230 -.!loRl 
297 .4788 763 ~8333 229 -.70:;99 
296 ' .6l64 262 .1(18l' 228 ·.6'hl! 
295 .8.U ?6t .6095 227 , -.";92 
294 1.n7h ""'0 .52(16 2?6 ·.5'47 
293 1.ll1.3 ;059 .441';' ll5 ·.4"05 
292 1.S82l io58 .3900 ll4 • •• .,0;0 
29 1 1.856\ ;057 .3611 213 ·.:'923 
290 2.1·04 256 .3393 2Zl -.3'156 
289 2,'232 "Oj5 .3109 III -.'''"'-288 2.681l ' 254 .3011 220 -.5563 
281 2.9132 253 .2840 , 2\'9 ·.5696 

28,. 3.1290 2'52 .25\7 21'1 ·.7116 
285, 3.3133 251 .2,403 217 •• 7960 
284 3.4995 . ~so .22\ • 21 6 •• 8i6~ 
21t~ 3.6401 249 .1 998 215 -.975n 
282 3.1409 248 .1113 214 -1.1i746 
281 3.7891 l47 .1341 213 -1.0.15 
2'10 3.8037 P46 .0965 212 -.6639 
279 3.1851 245 .0386 211 •• nil 
218 3.7511 244 ~.0156 , t 
217 3.6780 243 -.:i89" 1 I 

J CG £Uf:II'ME.NTAL SPECTRUM AT 40 DEG C 

WAVELENGTH ELLIPTICITY WAVELf!JtGTH ELLIPTIC,ITY , WAVELENGTH ELLIPTICity 

US ::gU~ 216 1.8579 J 2.2 •• 6539 
z7S • 484 241 -.651\ 

Jg, ::8133 In :91:8 n8 •• 67aa ' 
·.611 II 

306 
305 

·.01,8 
·.00 5 27f 27 :U3t 23' 23 

-.6I1g3 
·.67 4 

U1 :89U in :1tA~ n~ ··t ... 4i -. 31 

3°f 30 
.Ol90 
.0 10 

268 
<'61 .2~~? .1 4 

2~4 2 3 •• 6~g!l 
·.6 6 

300 .1235 266 .0935 232 -.650ii 
299 .1613 ?6S, .0237 231 ·.6494 
298 
291 .2153 

.2 73 
264 
;063 

-.0371 
-.111)2 

233 22 
•• 634l 
·.6::03 

i:t .3378 l62 -.1 751 228 ·.62l6 
•• 301 161 ·.2347 227 -.6133 

294 .529'" L'6,O •• 1922 226 -.!495 
293 .6470 159 -.3449 2Z! -.509;; 
292 .1170 .158 -.3866 224 -.471Z 
291 .9014 <,57 -.'272 223 -.4.,4i 
290 1.03,69 156 -.5071 222 -.3941' 
289 \.\5]4 155 ·.5460 221 •• 30;12 
288 1.2537 ~54 -.5599 l20 ·.3'19., 
281 1.3419 <,53 -.601'" 219 •• 41611 
286 1.4..,8? l52 -.6365 21 8 ·.5::059 
2115 1.4401 2"11 ,-.6551 217 ·.CiQS;; 
2"4 1.4558 ?CiO -.6716 ll6 -.67\" 
2113 1.4663 ~49 -.6766 21 5 -.79,,9 
2f12 1.4567 148 -.687,. 21· -.9"in' 
2111 1.4296 ~47 -.6571\ 213 -'.030" ns 1.~91~ 146 -.6297 212 -.55~9 

1.1.0 145 -.62\1 211 ·".311 1 
I 

218 1.2454 lI4' ·.6449 1 I 217 1.1530 ;043 -.64OS I , 
r 
" 
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GA EltlllERI"EIIIUL .SPF.CUUN AT 40 Of'G C 

w,vELENClTH ELLIPTIcITy WAVFLF.NGTI4 ElLIPTICITY .,AvELEIIIGTI4 ELLlDT!CITY 
llO -.03111 ;:016 .0200 ,,4(' •• -;~"'7 
lO'l -. 0]70 ,,15 .1.hl 241 -.t;~1] 
lO~ -.0424 ;014 .,,81 4 7.40 -.,0;15 
ln1 -.0523 ~1J .4281 210 -,'1 45 
J06 -·0611 ,,12 .S·T3n nil -.141, 
l05 -.0682 ;>11 .69 00; 23 1 -.1164 
J04 -.(1125 ""0 ."2]1'> 236 -.3~]O 
JoJ -'084'1 ,,69 .'1214 23S -.;:01n4 
302 -.(leu!" ;>611 .98;n 234 -.?364 
l(ll -.1/194 ;061 l.nS4S ,,33 -.:>3"A 
300 -.1189 ~66 1.053" 232 -.;t"!:'4 
299 -,1296 lO65 1.0SS2 231 -.104Ii 
298 -, 1491 lO64 l.!!Z4, Uo -.2013 291 -,IS 8 ;063 1.0060 229 -,1116 
296 -'1 166 lO62 ,9S*~ ~28 -.1781 295 -·1919 ;>61 .8·~ 21 -,142;:0 
0194 ::~~U 268 .1ag6 i~' -.1035 29J lOS .5 I -,0100 
2'12 -,~89~ ?58 .4692 In -. 0542 291 -, 42 257 .3181 -.n)6 
290 -.J950 256 ,1646 222 .0016 289 -,4498 255 .0657 221 -.(1,96 
288 -.5069 254 -.0565 220 -.01l5n 
287 -.5601 253 -.1'723 2i9 -.10,,15 
286 -.6057 ?52 -.2550 2111 -.1609 
285 -.6,96 251 -.J008 217 -.liM!! 
284 . -.6465 Z50 -,'!i87 21 6 .ci41~ 
28J -.6'33 .. 49 -.4?65 215 -.0081 
282 -.5'43 ~48 -.4928 214 .ii)69 
281 -.U87 ;:047 -.51,65 2tJ -. i 594 
280 -.4.41 246 -.5:'13 212 .61138 
279 -.J535 ~45 -,5'.115 2ll -.5901 
278 -.2H8 244 -.6,,89 1 I 
217 -.U28 ,,43 -.5~15" r t 

GU EXPERIMENTAL SP[C"iAUM AT 40 DEG C 

."vELENGTH ELLIPTIciTY "AVELENGTH ELLl~TrClTY W,VELEIIIGTH ELLIPTICITY 

310 -.0088 276 .2123 2U .i~80 
309 -.009S ,,75 .1929 241 .11" 
308 -.0050 ,,14 .171ft 240 '0996 
J07 -'0092 ,,73 .11515 !39 ·1J753 
306 -.0057 ,,72 .1324 238 .,.563 
305 -'0118 ~71 .1059 237 .",,6" 
304 -'0210 ?70 .0806 236 .Oii91 
303 -.0352 ?69 .018/i 235 .004" 
302 -.0434 ~68 .0783 234 .0OI! 
301 -,03155 i!67 .0761 233 .Ii03~ 
JOO -.oJ5~ i!66 .10n 232 ,0056 
299 -.029i! ,,65 .148t. 231 .0"05 
298 -.0256 264 .1912 230 .0428 
297 -'0221 ~6l .2367 229 ."55" 
296 -.0127 ~62 .27n 229 .lti21 
295 -.0079 lO61 .303.9 227 .iiS" 
294 .0008 260 .339~ 226 .1;48 
29J .0164 259 .3495 225 .1,74 
292 .0263 ?58 .34.8'5 224 .,.8'1 
291 .03111 ?57 • 37!J" P.23 .I'1S" 
290 .0499 lOS6 .~8S~ 22~ .~444 
2119 ,060~ ?55 .4101 221 .?1I1? 
288 .';7!1 ?54 .463,. 220 .349" 
287 ,0903 ~S3 .4llll! 21' .1""'1 
2"6 .1020 ?0j2 • 4236 21" ,.,,9 • 
285 .1114 ?51 .4253 211 .5,74 
2114 ,1320 :>50 .4081 216 .53'~ 
28] .ll5! .,49 .3946 215 .61)41 
28i! .1591 .. 48 .3500 214 .11'1 4] 
281 .1IJ14 ;:047 .3271 213 .6,,?1 
2110 .1995 ;46 .1834 212 _,""1 1 
279 .2110 ,,45 .,.469 211 _,n"i1)9 
278 ,2107 :;>44 .2245 I 1 
277 ,2079 <,43 •. I86n r r 
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BC ElPEq'ME~TIL S~ECTRUM AT 40 OEG C 

IIIAY£LENllr ... ELLIPftClTY WAIIELENGJ04 ELLIPTtClTY WIIIELE~GT" ELLlpTl ct TY 

HS -.(l43~ ?7~ .998'J ' 242 ::~~~: -.(I.Z 77 l.n290 24\ 
308 -.0338 ('14 1. n494 248 -.1~24 

307 -.0263 ;073 ,I. n8)!> 23 ·.I?4? 
306 ·.0182 212 1.1012 238 -.1176 
305 ·.01~5 771 1.1191 n 7 ·.~l'~ 
304 -.02:'" '70 1.129i 136 • ... 93. 
303 -.0117 269 1. \39) 23!1 ·.1'HIA 
302 -.014(1 '68 \ e\ 478 234 -.~ll· 
301 -.0007 20"1 10 1251 233 -.4;,A 
300 .01 40 "66 '1.105\ 23? - •• A3!! 
299 .0341 ,,"5 1.0622 231 ·.5226 
298 .0566 264 1.0155 230 -.S'55 
291 "0853 ;o6J .954, 229 ·.526n: 
296 .1278 ""2 .8753 228 -.S1?? 
295 .1715 ?61 .8169 227 • •• 97:l 
294 .2204 ,,60 .1336 226 ••• ;67 
293 .2816 ,59 .657; 225 -"i3!1 
292 .3484 251i .59~" 224 ·.348" 
,291 .4056· 251 .5197 223 ·.~n2C; 
290 .4689 256 .'281 222 ·.2Hi 
289 .515' 255 .3390 221 ·.2"1' 
288 .5625 ,'54 .2130 220 -.2019 
281 .6107 253 .1662 219 ·.1,,16 

28" .6490 252 .0919 21 8 -.2169 
2B5 .6801 251 .0739 217 ·.33114 
284 .7114 2!10 .05,. 216 ·.1974 
283 .7520 "49 .6696 215 -.3351 
282 .7809 248 .1)70' 214 ·.59!19 
281 .8280 247 .,,915 213 -.s7il" 
280 .8662 246 .1121 212 -.5e09 
279 .8963 ".!I .1125 211 -01,80 
278 .9404 244 .0877 I I 
277 .9612 243 .05!17' t t 

GG EXPERJI4[NTAL SPECTRUM AT 40 DEG C 

wAVELENGTH ELLJPTICITY WAVELENGTH ELLIPTICITY III.IIELE.J\IGTH El.lIIIT! ctTY 

U8 ::tru JJI -.158a -.703 1'2 41 ·~·]1!1a . •• 4"0 
308 
307 

-.0884 
-.0206 

274 
273 

-.8118 
-.1 04 

248 23 
-2. 4544 
-2.,,8 8 

306 -.0106 212 -.1822 238 ·l.'~I? 
305 -.0144 ?11 -.8010 231 -2.ti472 
304 
303 -.0184 

-00 56 "8 26 
... 6986 
"05'10 ~36 )5 

-1.8964 
-1.6?64 

302 -.0958 l68 -04274 234 -i.3~3' 
31)1 "01336 267 -.2106 233 -.91)72 
300 -01698 266 -.1082 232 -.5126 
299 -.1310 26!1 01542 231 -.0688 
298· -.0826 264 .2980 230 , .015] 
297 '-.06.8 263 .5136 ' 229 .0,82 
296, .0624 262 .5942 22~ ."821, 
295 00868 ,hI 0676~ 221 .ln2~ 
294 .0876 fZ60 06728 226 .1~1l9 
293 .1442 1259 .7506 22!1 .1679 
292 .2060 258 0611ft 224 ~1987 
291 .3502 Z51 .513" 223 .227\ 
290 .3516 1'56 .503' 222 ' .tiS2~ 

, 
I ... ~ 

289 .3214 2'55 .6036 22\ .~r.66 
2118 ' .2626 256 .05611 ?20 .)]54 
287 .1546 ,53 -.1466 219 .3'§44 
286 .0888 252 -0524'" 21 8 .]66] 
2115 -.0}66 251 -.628), 211 .,n9& 
2114 -.0938 250 '-.11008 21" "i76 
283 -.3082 l69 -1.,,650 21 5 • :37i] 
2112 -.423. 248 -1.'3311' ,21 4 .""6" 
281 -04426 "47 -1.55711 213 .1"')9 , 
280 -.6562 246 -1. 929" 212 ·Z'§\6 

l . 
279 -.506'(1 "65 -2.0186 211· -.1632 i 
2711 -.6116 1'44 -2,'11944 J t I 
211 -.6978 "63 -2.?884 I t ~ 

r 
" 

f 
I , 
1 
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00 EXPEQI~E~T'L SPECTqu~ AT _0 OFG C 

w'VELENr.T~ ELLIPTICITy wAVF'LE~GT04 F:LLIPTTCITy WAVELF"'GTH ELLlPTr~ITY, 
lIS .011A ?7ft .Ol~i' 212 -.0"'5 30 ',"-16 1'75 .Ol90; 2'" -.nllo? 
lOA .OJl6 711 .,,5_'7 210 -.O?!'oll l07 .on~2 :013 .0123 239 -.1I 1nl 
106 -.0101 712 .OBOI 2311 -.n Oll ll 
lo~ ~.t)I'1I ;071 • flAilS 2)7 -.nAfI/I 
10' -.Olln ;070 .~77ft 236 -.nA40 
101 -.(lZIO ;o6~ .~tI.i' Z15 -.n"~~ 10Z -.OZlft i'ftB .01191 Zl' -.n Il6j 101 -.OZ"" ?ft7 .11·ft Z)3 -.n'Hi' loa -.(\179 ;066 .121" 23Z -.0 7A o Z99 -.Ollli ;0"5 .1'50 211 -.0"711 2~1I -.nl511 ;0 .... .15'2 210 -.n Q;06 297 -.0070 <>61 .1'3;' 2Z11 -.~7111 
2~6 -.021? ?62 .1'Z1 Z211 295 -.Of21 <>61 .1,161 221 

-.~AI~ 

29. -.OZOO 
-.nA21 

?60 .OB56 22,6 -.(96) 
293 -.0068 ?59 .0559 225 -.001116 Z9Z -.0023 1'58 .0022 2Z' - ."'132 -291 -.0061 ?57 -.0225 223 -.n982 
290 .0035 l56 -.0·61 222 -.\,,58 289 -.0018 ?55 -.05.1 221 -.~98" 288 .0015 251 -.0650 220 -."7,,, 281 .0089 253 -.0653 219 -.1518 
286 .00611 ?52 -.0810 21 8 -.i2t. 2B5 .(1199 ?51 -.!O90 211 -.lZ22 28. .0320 ?SO -,'0959 216 -.127n 
283 ,0]16 24' -,1114 21 5 
282 .0418 218 

-.1149 
-,1191 214 -.1102 

181 .O~l 241 -,1228 213 -.2iB6 80 ,0, 1 "46 -.1291 212 -.21199 
219 .0392 ~.s -.111 i 211 -.22!1i 218 .0126 214 -.1009 I r 
271 ,0106 243 -,08n r I 

AD EXPERIMENTAl. S~CTAUM AT 40, DEG C 

""VEI.ENGTH ELLIPTICITY ""Y[LENGT" ELLIPTICITY ""VEL.E"'GTH ELLIPTICITY 

310 .0833 276 -1.1'S~ 2.2 -,"046 
309 .0.86 275 -1,2141 241 -.5".7 
30B ,0502 21' -1.3535 210 -"4811 
301 .0245 ~13 -1.4713 239 ·.]554 
306 -,0103 212 .1.5492 238 -.1';29 
305 -.0548 271 -105917 231 ·,~"1!1 

30' •• 0123 270 -10 658 1 236 -.1'''4 
303 -.oB29 269 -1.1319 235 -.12·6 
302 -,0931 268 -1. 72'" 234 -.~]22 
301 -.0939 261 -1.776\ 233 .0"B4 
300 -.0101 "66 -1.B7'3 232 .UII 
299 -.OB!it6 265 -1. 882. 2]1 .2713 
2911 -.0984 26• -1.9575 230 .1~7i 
297 -.07" !63 -10969" 22' ,'''11 
296 -.0835 262 -1.9292 228 .4,86 
!95 -.1012 "I'll -1.9191 227 .4"'111 
29. ·.13'2 ~60 .1.9316 226 .4.111 
293 -01643 ... 59 -1.935~ 2 ... 5 •• 166 
292 -.1774 258 -1.9115 224 .4'2;' 
291 ·.1914 251 -1.9081 223 .4110] 
29il -~1901 ,,56 -1.11321 222 .... "51) 
289 ·,1961 255 -1.9394 221 -1"12n 
288 -.2(172 ~5' -1.8222 UO 1.1)3011 
281 -.2240 253 .1.7364 21 9 2.1I~411 

286 • ... 623 l52 -1.615. 2t 8 3."' .. 0; 

285 - • .,969 .,51 -1.'1964 217 1.3926 
2B4 -.3162 ,,50 -1.···,. 21 6 4.5'796 
.. 83 -.3920 249 -1,'030 inS 1. ni'62 
282 -.4101 ?48 -1.3'0'1 214 4.2111 
281 -,5171 247 -1.2201 213 4.1~Jo; 

280 -.6589 ?46 -1.0992 212 4. n48 

279 -.7,,3' 245 -.996" 211 3.1,,39 
2714 -.8151 .... -.8355 r r 
211 -.9960 243 -.1209 r t 

'-
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. 
DA [IO[RTicE~TlL SPtCTRUM AT 40 Of:G'C . , 

"-
WAV!:LENGTM ELLIPTICITy .AVEL£NGT~ ,H.LIPTIcITY IIAV[(.E~G'14 [LLtPTtCITV 

:=n~ ~:f l:aQ:~ 
. .;. 

US .1~81 H~ .7 44 
30A .7.86 .. H • ""'15, " .. S .9521 
307 .7501 ?73 1. ,n2bn 2] .~,7. 

306 • H"" 1'72 1.1F' 238 • 1111 nil 
305 • H211 ;:071 1.1 ''.'1 1'37 .A4t1s 

)04 • H13 ~I8 1·?1 115 "36 .!llIl" 
03 .733 .248, 235 .n 2 

302 • 13i!l ::>,,8 1.2b4 ) j!34 ."1151\ 
301 .73 II ~"7 1.2b25 "3] .1>;>,4 
300 ."37 <,66 1.2391' ' U2 .r;s]\ 
2';9 ".7600 ?6S 1.223, ' Ul ' .50111 
298 .78.5 ;:064 1. t 914 230 .478\ ' 
297 .8178 ,63 1.1 814 229 .4601i; 
296 .8\90 ,262 1.\850 226 ••• ]!! 

/ 
2QS .8202 ?61 1.\71M 227 .41117 
294 .800~ ,,60 1.1881 226 .4154 ' 
293 ' .184 ;:059 1.19~5 22'.'1 .:11144 
292 .7654 i?s8 1.~994 224 .?/t1l8 
29\ • 74·2 <,OS7 10 Ul 223 .n95'5 
290 .7281 1'56 1.2194 222 -.0706 
2119 .1283 1''55 ' 1.2051' 22\ -'. '944 
288 .7300 254 1.1712 220 -.5?"7 
'287 .7344 ~53 1.1516 21 9 -~7~211 
286 .7413 252, 1.1212 21 8 -."569 
285 .1506 251 1.\098 211 -.9j!84 
284 .1579 250 1.0844 216 ,-.9932 
21t] .7558 249 1.0

'
02 215 -1.';471 

282 .7465 248 100653 214 -.919<; 
281 .7338 1'47 100626 213 -.9iiill 
280' .1283 ~"6 1.0640 212 -.5138 
219 .1214 ;?45 1.~13ci 211 -.!I?l? 

278 .7350 244 100621 I I 

271 .1748 243' 1.04119 I I. 

, J 

GO EXPERtlil£NTAl SPECTRUM U 40 DEG C' 

WAVELENGTH ELLIPTrCITv WAVELENGTH ELLIPTICITY WAVEL.EN,GTI4 ELLIPTICITY 

US -.0508 na -_;188 ~:r -.\7~2 -.02 0 -. 49 -.n'" 0 
308 .0086 214 -.5336 248 .0533 301 .01 8 213 -.5Ufl l!3 .1"2n 306 '0198 272 -.528l! U8 .2n92 
305 '0202 271 -.5099 237 .,0;35 '304 ' '01 80 278 -.5033' 236 .:ii 4a 303 -.01 92 26 -.5201 ,235 .1668 ' 
302 -'0950; 1'68 -.533~ 234 ",i18 301 -.1145 1'67 -.5394 23] •• 762 
3110 -.1573 ~66 -.5534 232 .'~]6 
299 -.15.,: ~65 -.529] 231 .5th 298 -.1629 26' -.5Z5n 230 .6514 297 -.1364 ;t63 -.463" ' 229 .750i 
296 -.1321 262 -.4766 228 .40;io Z95 -.1566 261 -.4688 227 .S78" 294 ".1150; ,.60 -.4761 226 .967i 
293 -.2011 ,,59 -.'183 225 ~9702 292 -.2387 ?SA -.4350 224 .911144 
291 -.2869, 257 - •• S7n 22] .9626 
290 -.3210 ,.56 -.48611 222 .8"36 289 -.n9'7 ?55 -.5133 221 • 74311 
288 -.3606 ",54 ~.S2]S 2,0 .49 01 287 '-.3928 ;oS] -.471? 21 9 .2'709 
186 -.4151 ,,52 -.4080 21A • pi4 2115 -.3~29 ,51 -.3374 217 '-.~4)9 
284 - •• 16'5 ;:>'50 -.322n 216 -.lOII7A 
283 -.4547 ;:>49 -.7.879 215 .1)11"1 
282 -,,72" ;:>48 -.256:> 214 .1434 
2111 -.5251) 1'47 -.2177. 213 .91)92 

,280 -.5769 246 -.212) 212 .911'79 219 -.5"85 ;>45 -.200" 211 .9668 
278 -.'516'! ;t44 _.1 94'7 , t 217 •• 4986 ;:>43 _.2124 I - I 
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Appendix II 

Double Strand Polymer CD 

CD spectra of six polymers at 25°C are listed 

between 310 and 210 m~. Ellipticity values are times 

-4 10 . The poly A:poly U spectrum was measu~ed by 

Dr. Dana Carroll; the poly G:poly C, poly AU:poly AU, 

poly GC:poly GC, and poly GU:poly CA were measured by 

Dr. Donald Grey. The poly GA:poly CU spectrum was 

constructed as described in the text. These polymer 

spectra were u~ed to calculate basis spectra for double 

strand regions of tRNA. 
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po,"" U POL" UJ EIPfAI04EI>jTllL SPECTQU" AT ;>0; OEG 
.'l. 

wlYElENGT ... ELL IPT I C \ Tv' 'UYf'Lf.,N'GT>4 f.L.U P' I C"IT Y WAYf.LE"GI ... ELUI)TlCITY 

lin 0.' ?T/o ' 7.,,140 "",i' ·,.'flfIo.1 
,30 9 o. ;>15 Z.t~?21 7.4\ ·\ •• 7:ln 
lOA o. 774 : 2.9t.3_ ;t40 ·I ... "'''? ' 
301 n. ;>13 3.11) I II no .'.I\C;Q. 
30'" O. ;>1~ 3.'JII, ill" ··.~"PI~ " loS o. ?1\ 303 7 \1 231 ·."1An 
l04 .00(10;, ;010 3.4""" ;»6 -.'in'H 
3D3 -.0013 ;0,,9 3.6001- n5 ' •• "',Ao; 
3N! -.(l05Z ;>"'A 3./01167 ;>34 -.(,472 
301 -.0083 .,."'T 3.10;00 2ll ' -."~4 
300 -.n010 ;>"'6 l.79\4 Zl:! -.(\1:\4n 
Z99 -.0006 ;>65 3.800" Zll .0:06'" 
Z08 .000", i>b4 3.71\~ ;>3,0 , .l~n 
291 .OZ43 263 3.1000; :!29 .1 19. 
296 .0462 ;>b2 3.0;9'19 22" .?""" 
295 .0782 761 3.4446 n7 .3<;0:0 
2q4 .\230 lO60 3.253;> 226 .4".n 
29l .1830 / ;>1l9 l.0141 225 .5184 
292 .2585 ;>58 Z.T2,96 224 • !lOST 
291 .l486 lO51 2.4010; 223 .IIn16 
290 .4542 lOll" 2.0267 222 .~til1 
289 .5714 ;>55 1.6054 221 .9"35 
2A8 .7192 ;>1l4 1 ~ '431 22!i .910/1 
287 .81~l . 2i3 .648ti 210 .0"1" 
286 1.03 1 ? 2 .llS) 21B .A,4 

~1l5 l:nn ;>~l .~~~68 n: .6400 
, 84 2 0 •• 211 .3600 
283 1.5503 " 249 -1.2429 215 n. 
282 .7223 ;>48 -1.5762 214 •••• ·on 
281 1.8914 l47 -1.8177 213 -.800n 
2110 2.0540 '-46 -1.9fi6A 212 -1.6/100 
219 2.2105 i45 -1.9"44 211 -2.6nnO 
278 2.3649, ,,44 -1.9·.7n t I 
21~ 2.5204 l43 f -1. 111,903 t I 

" 

POLY GG POl-YCC 'E.P£AIMe:~TAL SPECTRUM' AT. 25 DEG 

:WAVELENGTH EL.LIPTlCIfY WAYELENGTi04 ELLIPTICITY WAVELEt4GlH EL.LIPTICITy 

US 8: j76 t:na~ Uf .4148 
75 .i!!046 

308' O. i74 1.4124 24n • i!84 307 O. 173 1.5109 239 .0~1l(, 
306 o. 272 1~591l 238 -.j~27 
305 o. in 1.6488 ~31 -.~~ .. 
304 -.0029 270 1.6'799 236 -.ll!6 
303 -.0098 269 10"28 US -.44ni!' 

.' 302 -.'C)I75 i!'68 106553 234 -.5'lci9 
301 -.0214 267 1.6000 233 -.6069 
300 -.0407 ,,66 1.529~ 232 -.6669 
299 -.0544 265 1.4S04 nl -.11~i 
29A -'0628 264 1.3162 230 -.141~ 
297 -.0616 ?63 1.3162 229 -.7761 
296 ~~.04h 262 1.2149 228 -.!I~11 
295 .: -.0193 ?61 1.i!!S29 227 -.A~6i 

./ 

294 r t .0198 1'#10 1.2483 226 ';.11<;4,' 
203 .0667 ?59 1.2S6n 220; •• 'UIOO 
292 .1199 158 loi119 224 -.9146 
291 .1773 ;oS1 I ~28o;, . 223 ·.911117 
290 .2351 lOS6 1.3023 In ·i.~"oll 
.~~.9 ; 2'H! I) ,,55 1.307e; 221 ·1.11 9r, 
21lA .3329 ;'054 1.3013 2e~ ·1.IO?1 287 .3727 ;053 1.3040 21 0 -1.;>11/11) 
2116 .4093 252 1.2977 i!!11I ·\.3"00 285 .44], ;o'H 1.2849 217 -I.~.O~ 

284 .478A 258 1.1599 21 6 ·I.o;:o~o 283 .5227 '4 1.2111\ 21 5 ·1,"10~ 
2112 .5776 ;o4A 1.1564 214 -1.6111)1) 
2111 .6457 ;047 1.0147 213 -1.7"01) 

2AO .7284 ·,.6 .9711 212 -i.ll"oO 219 •. 8253 145 ~A545 211 -1.9900 
27A .9J51) ;044 .7Z119 I .I 
217 1.0533 ;043 .57116 I I 
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POLYAU PnLYAU EIP£Al"ENTA~ SPECTAu~ AT ~~ UEG 

WAY!:LENr.Tt4 ELL IPTtCITY IUYFLF.NGTII FLLlPTICtTY wAHLE'!:;'" ELL tPTtCITY 
310 O. ~7" .51S;o 242 • , '" r"1 
309 O. 170, .657, 241 .;>'49 
3e8 o. ;>74 .74Sn 240 • ;>71011 
301 O. ,11 .1139, n 9 .J4fot, 
30£, O. 212 .93!l3 23'1 .,,7n 
30C; O. ~71 1.~404 il3? .,,,,7 
304 .0038 <,10 1.1441 2]6 .0;.71 
303 .0035 ,,,9 1.7~6, n5 ."'n70; 
302 -.0003 ,"8 1.3d)5 :»4 .",95 
lOI -.0062 ?,,7 1.531" <'3J .,.11., 
300 -.0125 <'fiE. 1. 7U20 212 .7~"C; 
299 -.0192 1'65 1.'I9\n 231 .7n27 
291:1 -.0213 264 2.n961 23S .,.S5t 291 -.036A ;>63 2.31 7,. 21' .6.9 
296" -. O49l ,,62 2.5417 "2~ .c;95~ 
295 -.065 '61 2.1754 22 .... '3 
29., -.0833 260 2.988j. 226 •• ,6i§ 
293 -.09'16 ;>59 3.16411' no; '~'''5'' 
292 -.1111 ;>58 3.2833 U4 .2,73 
291 -.1221 ,51 ).lli'8 223 .1](19 
290 -.1306 256 3.3001 222 -.11106 
289 -'.1325 "55 3.1743 ' 221 -.1336 
288 -.1247 io54 2.9558 220 -.lS22 
281 -.1066 ,,0;3 Z.65i9 219 -.]"nll 
286 -.0769 252 2.2854 218 -.'''04 
285 -00345 ;00;1 1~8883 217 -.5'H!1) 
284 0017) 250 1.4883 216 -.S18" 
283 ,0748 ;>49 1.1143 215 -'''1Ii10 
282 .1317 ~48 .7911 214 -.598n 
281 02060 ",7 05291 211 -.""011 
280 02774 io46 .3369 212 -.61100 
279 03495 ;>45 .215A 211 -.1700 
278 .4221 .. ,' .1549 t t 
217 04971 2'3 01426 I 1 

POLY GC POLY GC EXPERIMENTAL SPECTRUM AT 25 OEG 
I 
~ 

( WAVELENGTH ELLIPTICITy WAVELENGTH ELLIPTIcITY I"VELENGTH ELLIPTICITY 
310 -01000 276 -oi946 242 -"388 
309 -01080 275 00735 241 -.3iis 
308 -0\320 ~74 03674 24" -.3935' 
307 -01736 ;>73 .67." 239 -.ui8 
306 -02352 ~72 09823 238 -.sui 
305 -03000 l71 102152 237 -.6"47 
304 -03507 270 105408 236 -.7538 
303 -04217 269 10170? 235 -.818, 
30r 30 

-04966 
-.5741 

~611 
267 109a28 

2.0 5 n; -.9p~ -.9 3 

188 ::9iU 22' " I:~:U In -1.&\311 
-. ?3 

298 
297 -0'1°7 

-08 11 
264 
263 '02571 .2284 23S 22 

-1.03p 
-t.Ol 0; 

296 -094ge 262 101649 218 -.9114'1 
295 -09A 7 ~61 .0707 2 7 -.9,114 
29, -100241 260 1.949n 226 -.Alll\ 
293 -100463 '59 108025 225 -.8190 

I:' -to0560 iS8 1063Zo; 224 -.7<!1n'!! 
- 0055, :057 1044 9 223 -.7,?3 

290 -1.0464 256 \02483 221 -.6R4~ 

289 -1.0321 255 l.n44; 221 -.61194 
288 -10n143 ZS4 .842" 2211 -.146'1 
2117 -09934 ,53 .6539 219 -.11"7,, 
286 -09735 ~t;2 .485:0 218 -l.nr;"" 
285 -.9582 ,,51 034\9 217 -1.3'74n 
284 -0946] ,,'iO 02272 21 6 -I.II~"~ 
28) -09)48 '49 01387 21 5 -2.]"no 
2112 -09174 :0411 0072'1 214 -3.nIl6" 
2111 -0111144 241 0022n 213 -).91)00 
281) -08277 ;>46 -.1)22n 212 -1.91100 
279 -07379 Z45 -.il66? 211 -5."1100 
278 -0604" ?4' -.l16n I I 
277 -04229 ;>'3 -,17)9 I I 
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; ,. ~ 

pnL'!' UG POLY Ca E_pEql"'EIIITAL, SPECUUH AT C''!I UEG 

waVEI-ENGT .. ELI.lPflClTy WAVfLf.III('jf" ELL JPT I CITY WAVELE'''';;TH EL.LlPTIC-ITY 
310 -.0500 ;>76 .5TIII, ?AZ -.~~AC' 
3011 -.('ft.,., ?7~ .6'14 Z,A\ -d711~ 
3U8 -.01160' ;>H .72S? 240 -.3'" 
3117 - .1116 ;>13 ' .A284 n 9 -.40;"0; 
306, -olt .. ;? ;>1Z .II5~S nil -."'~7, 
lOS -.2000 ;>71 l.ii'i"~ 217 -.577111 
30A -.2170 . ;>10 1.257A l36 .. "'"~" 
303 -,i'4!;? ;>,,11 10 424, 235 -.0;",111 
302 -.?6I1A ;>6A 1.5891 234 -.S,A" 
3UI -.2I1SA ?67 1. TAS6 ;>33 -.4C;&' 
300 -.211 4A ",,6 1. lI tt3S 232 -.1~Ofl 

21111 -.2Q81 ,-,"5 Z.O~ol 23\ -.2'1A'I 
,29A -.2980 ?~4 2.119611 ?31) -.219n, 
291, -.2942 ?63 2.1 713 2211 -;,4/111 
296 -.21123 ?62 2.2293 228 -.n,,64 
2115 -.2595 ?6.1 Z.271'9 22' .~';18 
294 -.2282 ?60 2.3033 226 • n" 11-
293 -.19211 ?59, 2.3196 Z2S .ln6A 
292 -.-156Z ?SII 2.31AII 224 .n43 
291 -.11115 ;>57 2.28~II 22J .1450; 
290 -.0835 ?56 2.2391 222 .IA44 
289 -.0469 ?5S 2,.1193 221 .'345 
288, -.0077 254 ' 2.1021 . 220 .1137 
281, .0332 253 1.9911 219 .010111 
286 .0131 252 1.8629 218 .0104 , 
285 .1123 251 1.1045 217 -.o,An 
284 , .1552 ?50 1.SU4 21 6 -.1320 , 

,283 .2043 249 ' 1.3522 US -.2Son 
282 .2569 ?48 1.1656 214 -.311211 
281 ' .30114 ;>47 .9720 213, -.4sno 
280 .3618 '46 .7701 ' 21Z ~.S,!OQ 
279 .4136 ;>45 .56,411 211 -.6100 
218 .4634 244 .3662 J I 
211, .5138 243 .178'; 1 I 

POLY Ga POLY CU ; 'El,lAI",ENTaL SPECTqu", AT 250EG 

WAVELENGTH ELLIPTICITy WAVELENGTH ELL IPtl ci Ty waVELE~GTH ELLIPTIcITY 
310 O. 216 2.3069 2.2 ·.583. 
309 ·.0100 215 2.3.il66 2.1 •• 7;99 
308 ·.0200 2'4 2."611 2.0 -.81;9 
301 ".0308 213 2.3111 239 •• 9~§6 
306 ·'0.,36 272 2.·019 238 ·.9,119 
305 -.0500 211 2.·506 231 •• 93

'
0 

lOA -.0448 218 2.5120 236 ·.90·0 
303 ·.0417 l6 2.5 26 235 • ... 483 
302 ·.0311 l68 2.S910 2]4 ·.1156 
301 ·.0135 ?61 2.6075 ,233 ·.6 .. 66 
300 .01·3 ~66 2.5959 232 ·.5848 
299 .0506 265 2.5510 231 ·.476" 
299 .09 .. ;64 2 •• 93\ 230 ·.3&7" 
297 .1461 263 2.4066 229 ·.~!i58 
296 .2121 ~62 2.1054 228 ·.1403 
295 .2911 P61 2.1976 22' ·.;;;'43 
2114 .3969 ::060 2.ii855 226 • .;A84 
293 '.50.4 ;>'19 1.91n 22'1 .1 Ill' , 292 .6165 258 . l.stS7p 224 '~"IS 
291 .1322 ?'51 1.1426 223 .30;56 
2110 .8.96 1'56 1.6)00 222 .4172 
2"9 •968 1 '55 1.526<; 221 .4,,82 
ZA8 1.0818 1'54 1.42114 220 .5,,63 
287 1.2072 .,53 1.32011 219 • Ij;> 14 
2116 1.32Z6 2<;2 10 19., 211) .5292 285 '1 •• 339 2S1 1.1)485 217 .'\15" 
2"4 1.54"2 '50 ."812 216 • 4A OI) 
283 1.670st 1'49 .1133 215 .4,50 
2A2 1.11167 ?48 .5239 214 .10;00 
2111 1.9111 ?47 .3247 213 .S)5" 
2"" 2.01'''1 246 .1211 212 ·.oioo 2711 2.12S7 ,,5 ".n19I1, 211 .21100 
218 2.20 .. ;u ,-,,,661 I t 
217 2.2635 .,.3 .... 32? J .J t 
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Appendix 3 

Computer PTograms 

Th.e following programs, written in Fortran IV. 

for use on a CDC 6600 computer, perform simple 

ari thmetic operations on CD spectra.. The ~'.ubroutines 

PRNPLT and PLSCAL which are repeatedly usee; by these 

programs were wri tten by Dr. Marty Itzkowi 1.z, and are 

listed at the end of this Appendix. NNFOLv, which 

was written by Phil Borer, 'served as the bcsis for 

MTADMS and SHASTA. 

All the programs to be listed are quite similar 

in their input and output. To begin,it is useful to 

d~fine the sorts of cards that repeatedly occur in 

the Input and Output of these programs, and the usual 

order in which they occur. 

(1) IDEXP or IDCAL card contains a 72 cha~acter 

identification of the spectrum. 

(2) Control card contains an 8 character ID and 6 

controls. In order, the controls are starting 

wavelength (ml-tl , ending wavelength (mlJ-), wavelength 
o 

increment between data points (A), wavelength 

interval during which .pen is to be averaged for 

each, point (A), OD
2 

58' and extinction coefficient. 

(3) Data cards contain 10 data points per card in a 

10F8.4 format. 

(4) * card contains * in all 80 columns. This type 

of card is useful in separating sets of data cards. 

(5) IPUNPR card may precede all the sets of spectra. 
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It specifies whether punched data and a plot cif 

the spectrum are desired YES is colwnns 1 to 3 

indicated that data is to be. punched. YES'in 

.. colwnns4 to 6 indicates that a plot of the 

spectrum is desired. 

Paper tapes. from the PDP 81s are converted to cards by 

BAKER. The output deck consists of a series of spectra 

each of which begins with an '* card, followed by a· 

Control card, the data cards, and ends with 'another 

* card. The * card preced:eng each set of data is 

replaced by an IDEXP card. The spectra are then 

run through GLACER which corrects for baseline shifts, 

TAHOMA which smooths the spectra, RANIER which averages 

several spectra, and STHLNS which obtains difference 

spectra. 

The Input ,and Output for all these programs is 

quite similar:;":': IDEXP ,card, Control card, data cards, 

* card. All'the data cards in the Input of GLACER 

and TAHOMA are preceded by an IPUNPR card. The end 

of the deck of input spectra for each of these p:rograms 

is signalled by two blank cards. The punched output 

has a similar format except.there is no IPUNPR card. 

The printed output in all cases consists of a listing 

and plot of the spectra. 'The Input for RANTER begins 

with a card telling. how many spectra are to be averaged 

in an 14 format. Data for STHLNS,which calculates 

difference spectra, is arranged in sets of two spectra 

and the second spectrum is subtracted from the first. 
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The difference spectrum is then punched, listed, and 

plot~ed. Parameters specified when c'alling PRNPLT 

in all these cases determine the scale of the abscissa 

of the plotted spectrum. 
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PROGRAM GLACERIl~PUT.OUTPUT,PUNCH' , 
DIMENSlON CONrRlI61, CO(2001, IPUNPR,31, XWAVE'1200), IDEXPI12' 
CONTROLS AREll', LAMBDA MAX, fl' LAM~OA MIN, (3' A PER POINT, f~'DD 
161 IS EXTINCTIO:~ COEFFIECIENT ( 
IPUNP~ INDICATES WHETHER PUNCHED DATA AND A PLOT OF THE SPECTRUM 

'ARE DESIRED 131 [NDICAH:S WHETHER eo IS TO OE CALCULATED 
BLANK CARO AT END OF DATA SIGNALS STOP 
AVERAGE IS -TAKEN BETWEEN 345 AND 325 MU FOR BASELINE CORRECTION 
FORMATIIOf8.4, 
FORMATI3Al' 
FCR~AT'A8,2X,4'F8.3,2XI.2'EI3.6,2XI' 
FORMAT(~IE13.6.2X)I 
FORMATI'lSPECTRUM IDa *.A8~20X,*BASELtNE CO~RECTION=*,EI3.4~lO~, 

S*USil-lG*. nt' * POINTS*I 
FORMATIIX) 
FORMATIIHl) 
F'CRMAT(SO(lK*I) 
~ORMATIJ(13X,f6.0.3X,F13;411 
FORMATl12A61 ' 
FORMAT(7F8.41 
FORM4TII/ .3'15X,.LAMBDA.~3X,*ELLIPTICITY.',//) 
FORMAf '*1.) , 
FCRMATIF8.41 
READ 5Ql, f{PUNPRIII, 1= 1.31 
PRINT 912 
CONTINUE 
READ 909~ IOEXP, 
AEAD 902,ID,CONTRL 
IFIIO.EQ.8H ISTOP 
XMAX=CONTRL(1) , 
XINC=CONTR~(3)/I0. • 
NPTS2ICC~TRLCl'-CONT~L(2)1·10./COHTRLe3) 
REAO 500,(CO(I),I~I,NPTS) 
READ 905 

NPTAV=Q 
SUM-O 
AVERAG~ IS TA~EN BETWE~N LIMITS OF ~O LOOP BELOW 

00 3 1= 11,30 
NPTAV a NP1AV+1 ' 

3 SUM = SUM+COeJ) 
CRCN =- SUM/NPTAV 
PRINT 904,10. tRCN, NPT.V 
PPINT909, IIOfXPCII, 1=1,121 
DO 5I=1,NPTS 
XWAVEIII=CONTRLfl,-fLOATfl-11*CONTRlC3'/10. 
IF(lPUNPRe31.EQ.3HYES)2,4 

2, COfl) =COfl)*10. 
GO TO 5 

It COf 1 I =C.O,I 1 )-CRCN 
5 CONT mue , 

,9 

IF (lPUNPRC1'.EQ.3HYES)8,9 
8 PUNCH 909,(IDEXP(II, 1~1,121 

PUNCH 902,ID.CUNTRL ' 
PUNCH SOO.fCoC I I, J=l,NPTS) 
PUNCH 907 . 
CONTINUf 
PRINT 910 
II_NPTS/3.+1. 
DO 20 1= 1,11 
J=I+Il 

20 ~;~~~I90!h XWAVffU. COli., XWAVEfJ', COlJI,XWAVElKIt COlK) 
PRINT 9J4,IO,CRCN,NPTAV 

'NUM = NPTS-40. 
XMAX=X~AX-40. , 
IF(IPUNOR(21.~Q.3HV~SI 7,302 " 

,7'CALL PK~PlTIX~AVEl4l)~CO(41),XMAX,XINC,2.5'.1,OtO'NUM) 
GO TO '302 
END 

- . f 

, '..-

,r t' 
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PROGRAM TAHOMACINPUT,OUTPUT,PUNCH) 
DIMENSION CONTRLI6), celleo" IPUNPR(3), XWAVEllOO). IDEXPI1l).rCl 

13), RIlOQ, . 
PROGRAM APPLIES A 13 POINr SMOOTH 'CUBICI TO I~PUT DATA. 
CONT~OLS AREll) LA~BOA MAX, 12) LAMHOA MIN, 131 A PER POINT, (SIOD 
161. IS f;;XTlNCTION tOEFFIECIENr 
IPUNPR INDICATES WHetHER PUNCHED DATA AND A PLOT OF nil: SPECTlUJM 
ARE DESIRED 
BLANK CARD AT END Of DATA SIGNALS STOP 
FORMATe·l·' .. 
FORMATIX,A8,2X,~IF8.3,ZXI,2IE13.6,2X'1 
FORMATl2A3' 
FORMATIA8,2X,le-IF8.3,2X',2IE13 •• ,2X" 
FORMAT112A6' 
FORMATI1X) 
FORMAT( IHlJ 
FORMA TC 80 11H*, ) 
FORMATI3113X,F6.0,3X.F13.Ie-" 
FORMAT( *1*,1246' 
FORMAT(7F8.Ie-' 
FORMAT. UOF8 .• ~) 
FORMAT( 1/ ,31 15X, *LAMBDA* ,3X'.':LLlPTICI TY.) ,1/) 
FORMATIF8.Ie-' . 
READ 501, ClPUNPRCI', 1= 1,2) 
PRINT 9.00 
CONTINUE 
READ 904, IDEXP 
READ 902.ID,CDNTRL 
IFIID.EQ.8H )STOP 
PRINT 909, CIOEXPI 1), 1=1,12' 
XMAX .. CONTRL 11) 
XINC"CU~TRLI]"IO. 
NPTS-ICoNTRLIII-CONTRL(Z)'.10./CoNJRLI3) 
READ 500.(RII,.l c l,NPTS, 
READ 905 . 
R=UNSMOOTHED DATA, 
N ,. NPTS - 12 
DO 10 1 .. 2,13 
Ja 1-1 

C02 SMOOTHED DATA, T- TEMPORARY STORAGE 

10 TC It = R(J) 
DO 200 .-l,N 
J - 1+12 
00 11 K- 1012 
KK - K+1 

11 TlK) = TCKK) 
T1l3) -RIJ) 
SUM = 25.*T(" + 24.*IT(6)+TI8)' + 21 •• ITI5,+ rI9" +16 •• ('14)+111 

10)) + 9 •• "C3'+T( 11t) - 11.1"11+"13" 
L '" 1+6 
COIU"SUM/143. 

200 CONTINUE 
PRINT 903, 10, CONTRL 
NSMTH=NPTS-6 
DO 21 1-1,6 

21 COll'=RII) 
DO 22 I- "SMTH,NPTS 



22 COl""'RCII 
DO 5 l-l,NPTS' 

5 XWAVEll,.cnNTRlll'-flCAT~t-1'.CONTRLI3"10. 
If lIPUNPRll'.EQ.3HYESIS.9 

8 PUNCH 909,IIDEXPIII, 1=1.12' 
PUNCH ~02,10,CONTRl 
PUNCH 5JO,ICOll),1=1.NPTS' 
PUNCH 907 

.9 CONT INUE 
PRINT 910 . 
II=NPTS/3.+1. 
DO 201" lell 
JaI+1I 
K=J+11 

192 

j " 

20 PRINT 90S, XWA~ECI', COlI'. XWAVEIJ', COCJ,. XWAVElKI. COIK) 
NUM ,. NPTS-40. 
XMAX=XMAX-40. , 
PRINT 909,IIDEXPII'. 1=1,12' 
IfIIPUNPRI2'.EQ.3HYES' 7,302 

1 CALL PRNPlTrXWAVEI41',CO(41"XMAX.XINC,2.5 •• 1,O.O,NUM' 
GO TO 302 
END 

~. 

: .. 
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PROGRAM MANI~RI INPUT,OUTPUT,PUNCH) 
DIMENSION CONTRl(6), C01200, lC),XWAVEI2001,IOENelZI,CDAV(2001 

C THIS PROGRAM AVERAGES SETS OF NAV SPECTRA 
C CONTROLS ARE'l) LAMHDA MAX, I~) LA~BOA MIN, (3) A PER POJNT, (5)00 
C (6) IS EXTINCTION COEFrlfCIENJ 
C NPTS IS THE NUMBER Of WAVELENGTHS 
C BLANK CARO AT END Of DATA SIGNALS STOP 

900 ~ORMAt 112A6) 
.901 FORMAT(4) 
90ZFORMATIX,AS,2X,41f8.3.2X),2IE13.6.ZX)1 
903 FORMATIIOf8.4) 
904 FORMATI*1.,lZA6,14,. SPECTRA AVERAGEO-) 
905 FORMATIX.A8.2X,4IF8.3,2X),2IE13.6,ZX ) ) 
906 FORI1ATIIHl) 
907 FORMATlSOlIH*) 
908 FORHATI31l3X.F6.l,3X,F13.51) 
909 FORMATl.l •• 14, -SPECTRA AVERAGED-) 
910 fORMATl / ,3115X •• LAMBDA-,3X,.ELLIPTICITY*I,/) 
911 FOR~ATI~/,. 10 LA~BOA MAX LAMOA MIN A PTS AV 

t 00 EXT COEFFICIENT.I 
91ZFORMATlX, 12A6) 
915 fORMAT( *1*) 

PRINT 915 
READ 901, NAV 

302 CONTINUE 
PRINT 909, NAV 
PRINT 911 
DO 1 J=l,NAV 
READ 900, [DEN 
IFIIOEN.EQ.6HSTOP )STOP 
NPTS =100 
READ 90J,ICDII,J),I=1,NPTS, 
PR INT 912, IOEN 

1 CONTINUE 
X/IIAX=310. 
XINC-l.0 
DO 2 I-1,NPTS 
XWAVEII)= 310. -FLOATII-l' 
SUM =0. 
DO 3 J-l,NAV 

3 SUM a SUM+CDII,JI 
2 CDAVIII-SUM/NAV 

II-NPTS/3.+1. 
PRINT 910 
00 20 1= 1, II 
J=I+I I 
KaJ+I I 

20 PRINT 908~ XWAVEIII,CDAVCI1, XWAVEIJI, CDAVCJ1, XWAVEIK1. CDAVIKI 
PRINT 906 
PRINT .904, fDEN.NAV 
NUM-NPTS 
PUNCH 91Z,IDf.N 
PUNCH 90S. 10, CONTRL 
PUNCH 903, (eDAV( I I. l=l.NPTS) 
PUNCH 901 

7 c~lip~NPLTIXWAVE( l),CDAVl 1),XMAX,XINC,2.5,.1,O,O.NUM' 

GO TO 302 
END 
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PROGRAM STHlNSIINPUT.OUTPUT,PUNCH' 
OI~eNSION CCNTHLI6'. COllOO'. XWAVEI200', AIZOO', BI20G"IOIFIIZ" 

1,IDENAI12,-,IDf.~8112' , 
C HHS tlKOGR4MCALCULATES D tFFt=RENCE SPECTRA 'AI I .-8 11 L 
C ~PTS IS THE NUMB~R CFWAV~LENGTHS 
CCONTROLS AREll' LAMBDA MAX, Il' LAMBDA MIN, (3' A PEl POINT, 15)00 
C (6) IS EXTINCTION COEFFIECIENT 
C BLANK CARD AT END OF DATA SIGNALS STOP 

900 FORMATI12A4, 
902 'FORMAT( X,AB.2X.1t1 F8.3.lX, ,2 IEll-.6.2X)' 
903 FORMATIIOF8.4' 
906 FORMA T I IH1' 
907 FORMATI8011H." 
908 FORMATI3113X.F6.1,3X,F13.5)' 
910 FbRMATI ';3(15X,.LAMBDA*,3X,*ELLIPTICITY.),/) , 
911 FORMATe I,. - '10 LAMBDA MAXLAMOAHIN A PTS AV 

SOD EXT COEFFICIENT.' 
912 FORMATI/,X,12A4.* MINUS., 12A4) 
913 FORMAT(12A4 •• MINUS., 12A4, 
915 FORMAT(*l.) , 

PRINT 915 
302 CONTINUE 

READ 900, IDENA 
IFIIDENA.EQ.4H )STOP 
READ 902.1D.CONTRL 
PRINT 915 
PRINT 911 
PRINT 902, ID~ CONTRL 
XMAXaCONTRLt l' 
XINC=CONTRLI3'/I0. 
NPTS=ICONTRLll)~CONTRLI2".10./CONTRLI3' 
READ 903, IAI I., 1=I.NPTS) 
READ 906' 
READ 900. WENS 
READ 902.ID.CONTRL 
PRINT 902.ID.CONTRL 
REAO 903, IBII),I=l.NPTS) 
READ 906 
'DO 2 I:l.NPTS 
XWAVE ( I ,cCONTRL C i)-FLOAT( I-I) *CCNTRL f3 ./10. 

2 CDII'= 4(1)-BII) 
PUNCH 913.IOEN4,IOEN8 
PUNCH 902. IO.CONTRa:. 
PUNCH 903. ICOIU- , l-l.NPTS, 
PUNCH 907 
II-NPTS/3.+1.. 
PRINT 912. tDENA,lDENB 
PRINT 910 
00 20 I=- 1. II 
Jal+I1 
KaJ+lI 

20 PRINT 908, XWAVE(J', COil). XWAVECJ), CDIJ). XWAVEIK). CDIK) 
NUM-NPTS-40. ' 
XMAX=-XMAX-40. 
PRINT 915 
PRINT QI~. JnFNA. ,nFHA 
CALL P~NPlT(XWAVEI41),CO(41),XMAXtXINC,l 0 04 0 0 HUM' PRINT 915 ' ••• •• ~ , 
GO TO 302 
END 
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MTHOOD compares a set of calculated spectra with 

an experimental spectrum to see how well they fit. 

The first data card tells at how many wavelengths the 

fit is to be computed in an 14 format. The input 

consists next of a set of calculated spectra. Each 

of these spectra consists of 12 cards: an IDeAL card, 
I 

10 data cards, and an * card. The end of the set of 

calculated spectra is signalled by STOP in the first 

four columns of an IDeAL card. The program then goes 

on to read the experimental spectra which will be com-

pared with these calculated spectra. These experi-

mental spectra are arranged in·the same manner pre-

viously described: an IDEXP card, a contr~l card, 

data cards, and an * card. The end of the set of 

experimental spectra is signalled.by two blank cards. 

IDeAL, IDEXP, the fit between the two spectra being 

compared as defined in Equation 3-17, and the numerator 

and denominator of this equation are printed out for 

each set of spectra being compared. 
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PROGRAM MTHOOOIINPUT.OUTPUT, 
biMENS10N CONT~L'61, CDCALC20C,18', COEXP( ZOO I, ~WAVEI2001, 
10IFFI2~QI,IDE~PI12"lnCAlI25,131 

C THIS PROGRAM CALCULATtS HOW WELL AN EXPERI MENTAL, CO SPECTRUM .ISFIT' RY A 
C SERIES OF CALCULATED CD SPECTRA 
C M IS THE NUMBER OF WAVELENGTHS AT WHICH RMS DE~ I~ COMPUTED 8EGI~NING 
C WitH 310 AND CONTINUING EVERY 1 MU 
C N}'TS (S THI': NUI'41~ER OF WAVELENGTHS 
C PUT A CARD SAYING STJP AT THE END OF THE CALCULATED SPECTRA 
C PUT A BLANK CARD AFTER EACH SET OF CALCULATED SPECTRA 
C PUT TWO OLANK CARDS AT THE END OF THE DATA 
C FITNESS =RMS nEVIATION BTN CALCANO EXP SPECTRUMDIVIDED BY RMS OF 
C EXP SPECTRUM CALC AT ~ WAVELt:N~HTS9 

900 FO~MAT 112A61 
901. FORMAT 1 141 
90Z FORMAT( X,A8,2X,4IFS'.3,ZX) ,ZrElJ.6.2X" 
903 FORMATIIOF8.41 . . 
904 FORMAT'.l., 12A6,.EXPERIMENTAL SPECTRUM TO BE FIT*' 
905 FORMATI*l*" 
907 FORMATI//,* FIT ~ITH., 12A6, *CALCuLAteD SPECTRUM.) 
911 FORMATfll,. 10*) 
912 FORMAT(/,.FITNESS EQUALS*,F1.31* DIVIDED 8Y*,F7.3,*EQUALS*,F1.3 

1, 'I) 
915 FORMAT( II. 12A6,* CALCULATED SPECTRUM.), 
920 FORMAT IIHll 

READ 901, M 
K=l 

4 READ 900, (IOCALfK,LI. L=l.lZ) 
PRINT 900 , rIDCAl(K,L),L-l,lZ) 
IF(IDCALIK,ll.EQ.6HSTOP IGO TO 1 
RE40 903, ICoCAlIJ,KI. J'"'1,100 
READ 9Z0 
K",K+1 
GO TO 4 

1 KISS=K-l 
300 .CQNTlNUE 

READ 900. 10EXP 
IFfIDEXP.EQ.6H 'STOP 
PRINT 904. IoEXP 
READ 902~ 10, CONTR~ 
PRINT 911 
PRINT .02, 10, CONTRL 
~MAX.CONTRL( 11 
XINC·CONTRL(3'/I0. 
NPTS=(CONTRLl1)-CONTRLC211*10./CONTRLI3' 
READ 903, (COOP ( I) , 1= 1 ,NPTS) 
READ 905 
DO 2 l=l.NPTS . 

2 XWAVerI).CONTRLIII-FlOAT(I-ll*CONTRLI3'/lO. 
DO 6 JO-l.KlSS . 

. PRINT 915, IlDCALlJO,L), L-l,12), 
SUMDIF=O. 
SUMEXP=O. 
00 5 K-1,M 
J-K 
1-40+1( 

DIFF(K).(CDCAL(J,JO )-CDEXPII)I·*Z 
SUMOIF:SUMDIF+DIFFIK) 

5 SUMEXP:SUMEXP+ICoEXP(,I'.·ZI 
EXP-SQR TC SUMEXP) 
DIFSQ=SCRTISUMOlfl 
fIT=OIFSQ/EXP 
PRINT 912. DlfSQ,EXP.FIT 

6 CONTINUE 
GO TO 300 
END 

• • 
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SHASTA, which is used to calculate sums of mon()mer, 

dimer, and polymer spectra, and MTADMS, which calcuates 

double strand pairing interaction sums, are quite 

similar. The Input deck for SHASTA begins with a cllrd 

specifying the number of output spectra, the number 

of input spectra, and the number of wavelengths at 1Jhich 

the CD is to be calculated per spectrum in a 3I4 format. 

This is followed by 20 single strand basis spectra, 

6 double strand basis spectra, 4 monomer basis spectra, 

a possible T'l/-CG basis spectrum, and a zero baSis spE'ctrum. 

Each basis spectrum consisted of 12 cards: an ID ccrd, 

10 data cards, and an * card or blank card. 

Following the basis, spectra are groups of four 

cards, each corresponding to a spectrum to be calcu~ated. 

The first of "these cards specifies FNAME, an 80 chal'-

acter identification for the calculated spectrum. The 

second card lists the number of times each of the 20 

nearest neighbor interactions occurs in the single Etrand 

regions of the RNA in a 20F2.0 format. The third cErd 

lists how many times each of the 6 double strand inter-

actions occurs in hydrogen bonded regions of the moJecule 

in a 6F3.0 format. The fourth card specifies the 

monomers at either end of the RNA in a 4F2.0 format. 

After these sets of four cards, there is a final card 

specifying the maximum wavelength and the interval 

between data points in mj..Lin a 2FIO.3 format. 
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P·AOGRAp;. SHASTA( INPUT,OUTPUT,PUtICH I 
C NN= NUMRER Of OUTPUT SPECTRA 
C N~ NUMCER Of INPUT SP~CTRA 
C M= NUMbER OF WAVElENGT8S p~a SPECTRUM 
C NS~ = NU~BER Of NUCLEOTIOES IN NUCLEIC ACID . 
C C(l.KI IS THE fREQUENCY OF THE KTH COMPONENT fOR ~HE JTH POLYMER 

OIMENS[ON EN~(35.1001.CI35,35"EPOLY(35,10DI,ENATIVE(lOJI ,NSH:35 
II, FNAME(25,25' ,10(81 

COMMON N.JDl.M,JD2,ENN,EPOlY,03(25,25,,04125,25I,05(25,251.C, NSM 
1 ,FNAMI:: 

. 100 FORMAT(~Fj.OI 
102 FORMATI2Df2.0' 
201 FORMAI(6F1.O)· 
103 fORMATIIOf8.~1-
104 FORMATI314" 
108 FORMAT(lX, lOF6.~)· 
109 FORMATISAI0) 
901 fORMAT(. *,SAIO) 
110 FORMATlX,I21 
501 FORMAH" . 
502 FORMA".I*' 

99 FORMA T ( lHl' 
READ 10lt,NN,N,M 
PRINT 502 
DO 98 1=1.32 
READ 109,(10(11,[al.8 ) 
READ 103, l~NN(l,J).J=l,~~ 
PRINT 9J1,lIDII),I-l,S I 
PR INT 501-
READ 99 

98 CONTINliE 
PRINT 502 
00 S I:l,NN 
READ 109,j(FNAMEII ,JI, J a l,8» 

C .REAo COEFFICIENTS OF SINGLE STRANO NN INTERACnO"S 
R.EAO 102, (CU,K»' Ka 1,20) . .... . 

C· . READ COEFFICIENTS OF DOUBLE STRAND POLYMER INTERACTIONS 
READ-IOO,' lCl I,K" K;"21,26) . . 

C READ COEFFICIENTS OF MONOMER SPECTRA, ~SCG,. AND 2 FOR EAOCH -C( 1,'0 
READ 202, (Cll,K), K-27.32) 
007 K=l,16 
CII,K)=(Cll,K'*l.) 

7 CONTINUE 
DO 9 K=31,32 
Cll.K)alC(I,K'*2.1 

9 CONTINUE 
8 CONTINUE 

DO 107 I-l,NN 
NSMlI' =0.' 
DO 107 Ka 1,N 
NSMU) = C(I,K) + NS"CI) 

107 CONTINUE 
. DO 6 1= l,NN 
NSMlI)=NSMl[)/2 

6 CONTINUE 
DO 105 l=l,NN 
DO lOS I(·I,N 
C'I,K) =ClI,K1/2~ 

105 ClI,K) = ClI,I("NSMII'< 
0020 I=l,NN 
00 10 J"'I,H 
EPOLYII,J)=O. 
00 20 K=l,N 

20 EPOLY(I,JI a ENN(K.J' * ClI.K) + EPOlYCI.JI 
CALL SETPl'lO,l,NN) 
STOP 
END 
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SURROUTINE SETPlTIIFlAG,KFLAG,NNI 
OIMENS ION IH15, 100l,C0135 ,I 00 I ,C I 15.151 ,WAI/EI 1001.FNAMECZ5 ,25' ,YI 1 

1001, NSMI3!>1 
COMMON N,J01,M,L,A,CO,D312~,25I,D4125.25I,D5125,25',C,NSM 

1.FNAME ' 
C SUBRUUTINE SETPLT, PHILIP HORER, JULY 6. 1969' 
C PROGRAM SETS UP USE OF'PROGRAMS PRNPlT AND PlSCAL WRITTEN BY 
C M.S. ,ITZKOWITZ. IFlAG. 0 CAUSES INPUT NfAREST NEIGHBOR 
C FREQUENCIES TO BE DISPLAYED. THE X AXIS FOR THE PLOT IS GENERATED 
C FROM WAI/MAX AND OELT. 
C FNAMEIS A NA~E 170 CHARACTERS OF lESS' FOR THE OUTPUT POLYMER 
C WAVMAX • MAXIMUM WAI/ELENGTH IN MMU 
C OELT = WAI/ELENGTH INTERI/Al IN MMU 

100 FORMATI',. INTERACTION FREQUENCIES ARE-'/' 
102 FORMArc 14F8.41 
103 FORMATI10~8.4' 
105 FORMATC.1.,8A101 
502 FORMATI. •• 7Al0' 
106 FOkMATI.l., 
101 FORMATCI6,. BASES*I 
110 FORMAT 12Fl0.]' , 
908 FORMATC3Cllx,f6.J,3X.F13.4', 
910 FORMATe 1/ ,1C 15X,.LAMBDA*.3'X,.ElllPTtCITY*I,11I 
113 FORMATl10FB.4' 
111 FORMAT I. ., 

DO 6 1-1,NN 
PUNCH 502, IFNAMECI.J," J-1.1' 
PUNCH 711 
PUNCH 711 
PUNCH 111 
PUNCH 711' 
PUNCH 113, ICDII,JI. J-1.100' 
PUNCH 7ll 
PUNCH 711 

6 CONTINUE 
READ 110, WAI/MAX.DElT 
WAI/EIMI-WAI/MAX 
MM-M-l 
00 10 I-10M'" 

10 WAI/E(M-ll.WAI/EIM-I+1'-0ElT 
C REI/ERSE Y VECTOR SO; SMALl WAI/ElENGHTS HAVE SMaLl YSUBSCRIPTS. 
C PRINT AND PlOT. ' ' 

DO 60 1-1.NN 
PRINT 105, (FNAMEII.J'. J-1.11 

C ODES USER WANT DISPLAY OF INPUT NEAREST NEIGHBOR FREQUENCIES 
IF IIFLAG .NE.OI GO TO 20 
PRINT 101. NSMII' 
PRINT 100 
PRINT 102, (CIl.KI.K-t.N 

20 K.M ' 
lFIKFLAG .NE. 01 GO TO 3' 
DO 30 J-l.M 
YIKI • AlIoJI 

30 K-K-1 
GO TO 50 

35 00 40 J-l.M 

YIKI.COCJ.JI 
40 K-K-l 
50 CONT INUE 

PRINT 910 
NPTS-M 
II-NPTS'3.+1. 
0021 L- 1.11 
J-L+ll 
K-J+ 11 

21 PRINT 908, WAI/EILI. VIL'. WAI/EIJ', VIJ', WAI/EIK" VIK, 
PRINT 105. IFNAMEII.J" J-1.1' 
CALL PRNPLTIWAI/E,V.WAI/MAX.l •• 3.0,.12.0.0."" 

60 CONTINUE 
RETURN 
END 
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. The input data for MTADMS is simj.lar except 

that the card ,specifying FNAME followf; the three 
., . 

card's .' specifying the number of various sorts of 

interactions, and there are only 6 double strand pairing 

spectra in basis spectra d~~k. 

The puncl1ed output for these programs consists of 

a series of calculated CD spectra consisting of an 

IDCAL card, and 10 data cards. Also, the calculated 

spectra are listed and plotted by PRNPLT. 

/ 

. -
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PROGRAM MTADHSCINPUT,OUTPUT,PUNCH' 

201 

OIMENSIO~ ENN1Z5,lOO"Ce30,JO', EPOLye30,10:"ENATIVECI00),NSM(ZS) 
C I SURf. HOPE Tt-IIS0AMN THING WORKS TlUS TIME. 
C NN= NUMBER Of OUTPUT SPECTRA 
C N=NUfoIBER Of INPUT SPECTRA 
C M= NUMHER OF WAVELENGTHS PER SPECTRUM 
C NSM = NUMBER OF NUCLEOTIDES IN NUCLEIC ACID 
C Cel,K) IS THE fREQUENCY OF THE KTH COMPONENT FOR THE ITH POLYMER 

1 ,FNAMt:IZ5,25',10125,25' 
COMMON N,JDl,M,JOZ.ENN,EPOLy,03(25,25),Oltt15,25),05t15,25',C. NSM 

1, FNAME 
100 FORMATe6F1.O) 
'lq FORMAT ( IH1) 

101 FORMATe/16F8.4) 
102 FORMATe20F2.~) 
103 FORMATIIOf8~4) 
104 FORMAl( 314' 
108 fORMAT(2X, 20fb.3) 
109 FORMAl( 8AlO' 
110 FORMAT( IHl) 
501 FORMAT( I·) 

READ l04,NN.N,M 
00 98 l=ltN 
READ 99 
READ 103, tENNCI,J).J=l,M' 
PRINTI08. eCENNtl,J',J=l,M') 
PRINT 501 

'la. CONT INUE 
00 5 l=l.NN 
READ 10z.eOII,K), K=l,20) 
READ lOO,(Ctl.K), K=l,N) 
READ 110 
READ l09,tCFNAMEtl ,J), J=l,8)' 
PRINT 109,e(FNAMEtI ,J" J~l,8') 

5 CONTINUE 
DO 6 J=l.NN 
NSMCJ) =0. 
00 107 l=l,N 
NSMIJ)=NSMIJ)+CCJ,I) 

107 CONTINUt: 
00 6 K=ltl1 
NSMIJ)=NSMeJ)+OIJ.K' 

6 CONTINUE 
00 105 l=l,NN 
DO 105 K=l,N 

105 C(I,K) = cel.K)/NSM(I' 
00 20 l=l,NN 
00 10 J=I,M 
EPOLY( I ,J, =0. 
00 20 K=l,N 

20 EPOLVeI,J) = ENNIK,J' • '(I,K) + EPOLYtI,J) 
CALL SETPLT(O,I,NN) 
STOP 
END 
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SU8R1iJf INE SFTPLTllflAG,KfLAG,NN;'. • .' . . . . . 
o I MElli : ION AI 15, 1001,('0135,100 I,C 13!»,351 ,~AVE I 100l,FNAME 125,251, Yll 

1001, iii '.141351 . 
CO.MMON ,'.Jin,M,L,A,CD,D3125,25I,04125,251,05C25,251.C,NSM 

I.FNAME . . 
(. SUBROUTINE SETPLT, PHILIP BORER, JULY 6. 1969 , 
(. PROGIlA'" SETS UP USI: OF . PROGRAMS PRNPLT AND PLSCAL WIlITTEN BY 
C M~S. ITZKOWITZ. IFLAG - ~ CAUSES INPUrNEAREST NEIGH~OR 
t . FR.EQUENtlES TO 8E DISPLAYED. THE X AXIS FOk THE PLOT IS GENERATED 
C FROM WAVMAX ANO Of LT. 
C FNAME IS A NAM!: 170 CHARACTERS Of LESSI FOR THE OUTPUT POLYMER 
C WAVMAX - MAXIMUM WAVELENGTH IN MMU 
C OELT .. WAVELENGTH INTERVAL IN MMU 

100 FORMAT 1"- NEAREST NUGH~OR fREQUENCll:S ARE .,. AA .AU 
1 AC AG ' UA UU UC uG CA CU 
2CC CG.·, ,GAGU,Ge ,CC-.I 

104 FORMATlf6.4, • 'OF THE INTERACTIONS INVOLVE ~2 AND ARt: SET • O. /I 
40.1 FORMATI- APO-*,F6.4.*OPA •• ,Fb.4,_GPO ••• F6.41 

. 101 FORMAT I I. INTERACTION fREQUENCIES ARE.'* AIU C/C 
1 AuiAU GClGC AClGu AGICU-, 

102 FORMArI16F8.41 
103 FORMATI10F8.41 
301 FORMATI- A· ••• 6.4 •• U._, F6.4,- C.-iF~.4,- G •• ,F6.4,1 
105 FORMATI-l-,8A101 
502 FORMATI- ., 7Al01 
106 FORMAT'.l., 
107 FORMATII6,- .8ASES.', 
110 FORMAT 12Fl0.31 
908 FORMATI3113X.F6.0,3X,F13.411 
910 FORMATI" '. 3IUX, .LAMBOA-, 3X, -ELL IpTlCI TV. I,ll I 
113 ~ORM~TI10Fa.41 

00 6 l=l,NN 
PUNCH 5J2, IFNAMEII.JI, J.l,71 
PUNCH lU, "ItDC I.J •• J-1,1001 

6 CONTINUE 
READ 110, WAVMAX,DELT 
WAVEIMI·WAVMAlC 
14"·14-1 
00 10 1-1,1414 

10 WAVEIM-II=WAVEIM-I+1'-DELT 
C REVERSEY Vl:tTOIl sO SMALL WAVELENGHTS HAVE SMALL Y SuBSCRIPTS. 
C PRINT ANO PLOT. 

DO 60 I-1,NN.· , 
PRINT 105. IFNAME~.,JI~ J-l,7[ 

C DOES USER WANT DISPLAY OF INPUT NEAREST NElGH80R FREQUENCIES 
IF IIFLAG .NE.OI GO TO 20 . 
PRINT 107,' NSMIIl 
PRINT 100 

I, PRINT 102, ICCl,KI,K-1,161 
PRINT 104, CII,171 
PRINT 401,ICII,KI,K-18,201 
PRINT 101 
PRINT 103, ICII,KI.K-21,261 
PRINT 301. ICII,KI,K-27.301 

20 K.M 
IFIKFLAG .NE. 01 GO TO 35 
DO 30 J=l.M 
YIKI so AII,JI 

':30 K.K-l 
GO TO 50 

'35 DO 40 J a l,M 
YIKI-CDCI,JI 

40 K-K-l 
50 CONTINUE 

PRINT. 910 
NPTS-M 
II-NPTSI3.+1. 
00 21 L- I,ll 
J·L+ll . 
K-J+lI 

,21 PRINT 908, WAVElll, YI(I, WAVEIJI. VCJI, WAVEIKI, YIKI 
PRINT 105, CFNAMEJI,JI, J=l,71 
CALL P~NPlTIWAVE.Y.WAVMAX'l.,3.0,.12.0.0,MI 

60 CONTINu.e 
RETU.II.N 
END 

202 
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PROGRAM LASSEN( INPUT,OUTPUT,PUNCH) 
DIMENSION CO~TRL(6). CO(20CI. [PUN~R(3), XWAYE(200), IDEXPI121 

1 ,ZMI150,5), BASVECI150). MISI, ZMON(150) 
C 
C 
C 
C 

REPLACE 1ST * CARD IN FACH DIMER WITH BASE COMPOSITION CARD 
CONTRnLS AREll, LAMBDA MAX, 121 LAMBDA MIN. I]) A PER POINT, 15)00 
(6) IS EXTINCTION COEFFIECIENT 

500 
902 
903 

IJ04 
905 
906 

901 
908 
909 
109 
910 
912 
913 
914 
915 

BLANK CARD AT END OF DATA SIGNALS STOP 
FORt-'lATI10FH.41 
FORMATIA8,2X,4(F8.3.2X'.2(E13.6,2X,' 
FORMArl~(t13.6t2XII 
FORMAT(*lBASlS SP~CTRUM CALCULATED FROM OIMER· 
FORMAT ( IX) 
FORMAl ( IHl) 
FORMAT I dO IIH*I , 
FORMAT(3113X.F6.0.3X,F13.4" 
FORMA T( 12A6 I 
FORMAT(7F8.41 
FORMATel1 ,3elSX,*LAM6DA*.3X,*ELLIPTICITY*I.//' 
FORMAT 1*1*) 
FORMATllOf8.4 ) 
FORMATISll) 
FOR~ATIX.A8) 
PRINT 912 
DO 11 J=I.5 
READ 913.IZMII,J), 1=1,150, 
PRINT 913, IlMII.J). 1=1.150) 

302 

11 CONTINUE 
PRINT 912 
CONT INUE. 
RfAD 914,IMCJ). J=1.5) 
READ 902,ID.CONTRL 
IFIID.EQ.8H )STOP 
XMAX=CONTRLll) 
XINC=CONTRLe31/10. 
NPTSaICONfRLC1)-CONTRLC2)1*10./CONTRLC3' 
READ 500,ICOII',I-1.NPTS) 
READ 905 
DO 5 (:I,NPTS 
XWAVEIl).CONTRLI1)-FLOATII-I)*CONTRlC3)/lO. 

5 CONTINUE 
DO 10 I z l,NPTS 
ZMONI I )=0. 

DO 20 J=I,5 
ZMONII' = MIJ).ZMII.J) +ZMONCII 

20 CONTINUE 
BASVECII) =2.*CDCI)-ZMONII)/2. 

10 CONTINUE 
PUNCH 915, 10 

9 

PUNCH 500,IBASYECII). 1=41,140) 
PUNCH 907 
CONTINUE 
PRINT 90~, 10 
PRINT 910 
DO 30 1=I,NPTS 
COII)=BASVECII) 

30 CCNTINUE 
Il=tlPTS/3.+1. 
00 25 1:0: I, II 
J·I+IJ 

*. A8) 

K-J+II 
25 PRINT 908, XWAVEII), COIl). XWAYEIJ), COIJ), XWAVEIK), COCK) 

NUM .. NPTS-40. 
XMAX=XMAX-40. 
PRINT Q04, 10 
CALL PRNPLTIXWAVEI411.CDI41),XMAX.XI NC ,3.,.12,O,O.NUMI 7 
GO TO 302 
END 
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The following two subroutines PRI'fPLT and PLSCAL, 

are used by most of the preceding p:rol~rams and 

were written by Marty Itzkowitz. 
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SUOROUTI~f PRNPLT(X,y,XMAX.XINCR.YMAX.YINC~,ISX.ISy,NPTS) 
DIMENSION X(NprS),YCNPTS).IG~ID(1~5),XAXIS111) 

. C PRl~TER PLOT ROUTINE M.S.ITZKOWITZ MAy,1~67 

C 
C PLOTS THl 'NPTS' POJNTS GIVEN BY 'XII),V(I)' ON A 51 X 101 GRID 
C USING A TOTAL Of 56 LINES ON THE PRINTER 
C IF 'ISX' OR '1SY' AKE NON-ZERO, THI: CORRESPON[IING MAXIMUM AND 
C INCREMENTAL STEP SIZE ARE COMPUTED 
C IF EITHER INCREMENTAL STEP SIlE IS lERO, THE PROGRAM EXITS 
C NEITHER OF THE INPUT ARRAYS ARE DESTROYED. IF SCALING IS DONE 
C THE: COttKESPUNDING NEW VALUES OF MAXIMUM AND STEP SIZE ARE RETURNED 

INTEGER BLANK,nOT,STAk,IGRID,PlUS 
DATA AlANK,DOT,STAR,PLUS I IH ,lH.,lH.,IH+ I 

t 
901 FORMATI·14X,105Al) 
902 FORMATIIXFIO.1.2X.lH+,105Al,lH+1 
903 FORMATI15X.I0311H.I) 
904 FORMAT(7X,11(FIO.O),2H 1,14,SH PTSI 
905 FCRMATI16X,llllH+,9Xt) 
9800 fORMATI46HlSCALING ERRGR IN PRNPlT, EXECUTION rERMINATED 

14 

16 
11 
15 

12 

13 

10 

20, 

800 

IF(ISX.NE.OI CAll PlSCAlIX.XHAX,XINCR.NPTS,1001 
IFIISV.NE.O' CALL PLSCAlIV.YMAX.VINCR,NPTS.50' 
IF(XINCR.EQ.O •• OR.VINCR.EQ.O.' GO TO 800 
VAXMIN=O.Ol*YINCR 
XAXMIN=~.OI·XINCR 
IZERO=VHAX/VINCR+l.5 
JZERO=103.5-XMAX/XINCR 
IfIJlERO.GT.I03.0R.JlERO.lT.4' JZEKO-2 
PRINT 9~5 
PRINT 903 
DO 10 1-1.51 
IF I I.NE.IZERO) GO TO 16 
00 14 J-1.105 
IGRIOIJI",PlUS 
GO TO 15 
00 11 J-1, 105 
IGRI DC.J I .. BlANK 
IGRIDfJZERO'=PLUS 
IGRIDfl04''';00T 
IGRIOfZ' .. OOT 
DO 12 K'"l.NPTS 
ITEST =IYHAX-YIK),/VINCR+1.5 
IFCITEST .NE.I) GO TO 12 
J-I03.5-(XMAX-XIKII/XINCR 
IFIJ.GT.I03'J-I05 
1 F I J. LT. 3' J-1 
IGRIOIJ'-STAR 
CONT II'-.UE 
IFIMOO(I.I01.EQ.I) GO TO 13 
PRINT 901.IGRID 
GO TO 10 
YAXIS=YHAX-II-l,*YINCR 
IFIABSIYAXISI.LT.YAXMIN) YAXIS=O. 
PRINT 902,VAXrS,IIGRIDIJ"J-l,105' 
r.nNTtNIli= 
PRINT 903 
PRINT 905 
00 20 Ma l,ll 
XAXISCM)zXMAX-XINCR*CFLOATC11-MII.I0.0 
IFIABSIXAXISIM".lT.XAXMIN,XAXISCH'zO. 
CONTINUE 
PRINT 904,XAXIS,NPTS ~ 
RETURN . 
PRINT 9800 
CALL lX IT 
END 



20C 

SUBROUTINEPLSCALIV.VMAX.VINCR.NPTS~NDIVIS) . 
C· 
C SCALING PROGRAM FOP USE WITH PRN~LT M.S.ITZKO~ITZ ~~y,1967 
C THIS VERSIO~ AnJUSTS THE FULL SCALE TO 2~5.5.0. OK 10. TIMES lO**N 
C AND ADJUSTS THE MAXIMUM POINT TO AN I~TEtE~ ~ULTIPL~. OF 5*VINCR 
C 

c 
DIMENSION VINI'TS) 

VP' IN=.V (1) 
VMAX=V (1) 
DO 10 1=I.NPTS· 
IFIV(t).LT.VMI~) VMIN=VII) 
1~IVll'.GT.VMAX) VMAX=VII' 
QRANGE=VMAX-VMIN 

10 ·CONTlNUt 
IFIQRANGE.EQ.O.' GO TO 8000 
QRANGE-C.4342Q44*ALOGIORANGEI 
IFIQRANGE,20,2D,3C 

30 IRANGE-gRANGE 
GO TO 40 

20 IRANG~·-Q~ANG[ 
lRANGE--IRANGE-l 

40 QRANGE.QKANGE~fLOATIIRANGE) 

RANGE=lO.**QRANGE 
C 
C RANGE IS BETWEEN 1.0 AND 10.0 
C 
43 IFCRANGE.GT.2.5' GO TO 41 

RANGE"·2.5 
GO TO 50 

41 IFIRANGE.GT.5.0) GO TO 42 
RANGE-5.0· 
GO TO 50 

42 RANGe-io.o 
50 TRANGE=RANGE*IIO.**IRANGE) 
C 
C TRANGE IS NOW 2. S.5.0. OR 10.0 TIMES A POWER OF TEN 
C 

52 

51 

53 

54 

100 

8000 
9800 

VINCR=TRANGE/FLOATINDtVISI 
IFIVMAXJ51.51.S2 
IMAX-VMAX/IS.O*VINCRl 
XMAX.S.O*VINCR*FLCATIIMAX+1) 
GO TO .S3 
l",AX--IIHAXJ( s.o*v !NCR I 
XMAX~5.0*VINCR.FLOATI-IHAX+11 
IFIVHIN.GT.XHAX-TRANGE' GO TO 100 . 
RANGE=RANGE*2.0 
IFIRANGE-10.) 43,43.54 
RANGI:=RANGE/l0. 
1 RANGE-: IRANGE+ 1 
GO TO 43 
VMAX=XMAX 
VMIN-XMAX-TRANGE 
RETURN 
PRINT qSOC 
FORMATl45H1PLSCAL CALLED TO SCAlEARRA'I WITH 7FRn-A6Nr.Fl 
CALL EX IT . 
END 

.... 
J 
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r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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