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A,U,C;G

X,Y
XY
poly rX

poly »XY

poly X:poly X'

vpbly XY:poly X!'Y"
~_ RNA .

DNA
F.Met

(E. coll)

mRNA

" rRNA

ORD
CcD
uv
0.D.

O.D.vunit

ér_A26O unit

The ribonucleosides adenosine,
uridine, cytidine, and guanosine,
respectively,..(Abbreviations

used for modified nucleosides

‘are given in Fig.‘3-u.)

A generai nucleoside.

3'-51 nu¢1eosidé_diphosphate.
Homdpolyﬁer of ribonucleoside X.
Homopolyﬁer_of alternating X and Y
fesiduesg |

1:1 complex of poly X and poly X'.
1:1 éomplex'of'poly XY and poly X'Y'.
Ribonucleic acid.

Déoxyribonﬁcleic acid.
Formyi>meth10ninevtfansfer RNA from
g;‘ggli. Similar abbreviations are
used for the other species of tRNA
discussed‘here.

Messénger RNA.

Ribosomal RNA.‘

Optidai rotatory dispersion.

Circular dichroism.

,Ultraviolet.

Optical denSity.
An amount which when dissolved in
1 ml, has an optical density at

260 my of 1 in a 1 cm path length cell.
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EDTA

NMR

BDicellulosef

tris HC1

F. Met

,Leuib
 Phe
Tryp
Tyr
Va1
l'HOI;lOIl;ler - |
dimef'

”trimer

vl

_ZWavelength '.'J‘e

- Mean molar ellipticity.

Extinction_coefficient (liters/

. mole cm) at wavelength A (mu); .
.epreséed7nef'molefof monomer for
vpolymers.v o
‘Ethylenediamine tetraacetic acid

l Nuclear Magnetic Resonance.

Benzoylated DEAE cellulose.

tris (hydroxymethyl) aminomethane;

'adjusted to pH indicated with HCl;
'_Formyl methionine. ‘
" Leucine. |

.'i'Phenylalanine;‘

'Tryptophan.a-'

Tyrosine.
Valine.

MOnonucleotide;-:

‘Dinucleoside monophosphate.

Trinucleoside diphosphate.
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The Circular Dichroism Study of Nine 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 thesevmolecules could be obtained from their
CD- spectra. The purification of three of these tRNAs
5iS'described} Accurate extinction coefficients are
measuredthr.allvnine tRNAs. | | '_

Methods for calculating the CD of single and double
stranded regions of tRNA. are diScussed The change in
the characteristics of calculated CD spectra of RNA
_with changes in base composition, sequence, and per
cent double strand are shown. CD spectra are calculated
‘from sums of mononucleotides, dinucieoside monophos-
pnates;'and doubie strand polynucleotide spectra and
compared wlth experimental tRNA.spectra,

Single stranded tRNA 1s prepared by dialysing
tRNA solutions until the concentration of magnesium is
less.than 1072 M, and heating to 40°C. Temperature- .
absorbance profiles show that at 40°C the dialysed tRNA
'1s single stranded while tRNA in tne.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_thatvthe CD of the



dinucleoside monophosphates is not a good model for E
the CD of single stranded tRNA

The CD of native tRNA at MO°C may be calculated

'with reasonable accuracy using the experimental Single' ’ - v

”strand spectrum to represent the CD of the Single
stranded regions of the tRNA and_double strandedv
pairing interactiongspectra based:uponapolymer spectra
to-represent the double'strandfregionsi' No CD contri-
- butions for tertiary structure were used : The approx—v
vimations necessary for this calculation are discussed

" in some detail Quantitative comparisons between'

- calculated and experimental spectra for native tRNA ? ‘i"
'were made assuming various models for the structure,} |
For most tRNAs about three base pairing interactionsf

‘ in addition to those due to the cloverleaf secondary»
._stru ture of the molecule are suggested

; The difference between the CD of native and de—_v

_ natured tRNAL u and tRNATryp are compared w1th sums of
vpairing interactions cOrrespoﬂing to .the opening ofir
»the Various double strand regions of these tRNAs.- This

comparison suggests the native to denatured tran31tion'

Leu

for tRNA involves the loss of about four base pairing oS

'interactions and for tRNATPyp
-arrangement A and B forms of 58 RNA exhibit 31milar
CD behavior to that of native and denatured forms of
'tRNATryp |

'3 new model for the tertiary structure of tRNA is

some sort of maJor re—; _ A



ix

proposédjbaéed on the extensive publiéhed work in
addition to the bresent CD work. This’mbael consisﬁs
of a'continuous stack from the.ACCbend to the TyC
1oopuwith the dihydrouridinelloop interécting with
the TYC loop, and the anticodon helix parallel to the

TYC 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:
- 0Of shoes--and ships--and seallng wax--
'Of cabbages and kings-- :
And why the sea is boiling hot--
And whether pigs have wings." (1)
der a better understanding of canbagés, kings, and
whether'pigs have wings, we study DNA, RNA, and pro-
teiﬁs. What 1is their struéture, their function, and
most7impdrtant,vhow.do the molecular structure and
biological fundtion bf these macromoleéules influence
eécb other? \ | |
The structure of DNA is regular énd may be simply
.énd elegantly relatédvto many of the bilological
functions of this macromolecule. The'secondary aﬁd-
:tértiary strﬁcture of protein.molecules”is.much mdre
-Complei, and has not 1in mOSt'cases yet been cléarly
correlated with protein function, although it is
known that function is very sensﬁive:to secondary
and tertlary protein structure. The RNAs share
characteristics of both thevreguiarity of DNA .and
the‘compléxity of proteins.
The many roles of the varioué types of RNA in
protein syntheses are well-known, but the physical
details of the way in which thesé processes occur will

probably remain unknewn until the three-dimensional

structure of these molecules is understood. The



‘relatively small tRNA molecules are a good place tov”i
begin tne study of the relation between the biological
v'function and molecular structure of- RNA The ultimate ’
goal of such a study is to propose.a reasonable model
for the secondary and tertiary structure of tRNA and
use it to. explain how tRNA functions in protein synthe—

sis,mi-‘

l.lfTransfer'RNAhHas a CompLEX Life History -

:fransfer(RNAvmolecules arerofreentral’importancef
”in.the transfer of information.fromdthe‘nucleic;-
acids to the proteins In order'for'successfulvprotein'
synthesis to occur, tRNA must interact with great o
specificity with the other components of the protein
synthesizing system - | B

: Transfer RNA has a complex and intriguing life
.history. The precursor tRNA (2) is;synthesized_in a_
achain of about 120 nucleotidesfmith a-lengthy 5’u |
segment that might be responsible for regulating the e
amount of tRNA in the cell \ This precursor tRNA
contains ho modified bases but does contain the sequence
ACC at the 3' end. lt.has been suggested that the . =
precursor has a similar structure to ‘the funbtional
tRNA.: Endonucleases remove the extra nucleotides
resulting in a chain about 76 nucleosides long’. Then;

about lO% of the bases are modified by methylases and':

other enzymes. For example, there are enzymes that

e v
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'cbnvertvuraqil‘to pseudouracil.

Deéailed_explanafions of thé processés thatvare
sumﬁafiZed very briefly here may be found in Réference
_(3);.’The tRNAYinteracts_with the aminoaéyl synthetase
whicﬁ.adds the corfect amino acid to the 3' OH terminal
adehosine.1 The tRNA is then "charged." The specificity
.ofAthis step is.extremély high, with errors thought to
6¢cur iéssvthan'one time in lO3 (4). The queStion of
how_the synthetase récognizes éhe correct tRNA and
discriminates agaihét all others is an importanf un-
sblved probleﬁ ceﬁtral to molecular biology (3);

TheitRNA then interacts with various transfer
féctdrs. In E. ggl;, charged tRNA, the transfer fac-
tbr:Tu, and GTP form’a cpmplex‘in all cases except that
of trNaF-Met, |

e complex.migraﬁes to the aminoacyl site (A) of
thé‘fibdsome, and the 3 nuclédtides of the anticodon
bind to the messenger RNA. The first two anticodon
nucleotides bind to their complementéry bases,bbuf the
third nucleotide may "wWobble" allowing.oné tRNA to bind
to more than one type of tf;plet (5); This step provides
for the specifidity of information transfer from the |
messenger RNA to fhe polypeptide.

Then the growing polypeptide chain is trahsferred
- from the peptidyl site (P) to the (A) site where it is
joined to the amino acid on the tRNA, and then the tRNA
mdves from the‘(A) site to the‘(P) site. The poly-

peptide is removed and the deacylated tRNA i1s released.



| - This tRNA may be charged again and take part in pro-
tein” synthesis many times before it is degraded

" A knowledge of the correct three dimensional
structure of tRNA should help explain the phys1cal -
detailS-of all thesegprocesses,- It 1s quite poss1b1e
‘that;tRNA exhibits different structures,at different

times in its 1ifevhistory.

2. A Model Building Study Suggests Possible Conforma—

dtions of tRNA

1“A. Different Species of tRNA Have Similar Unique

Secondary Structure _v_¢;hii . o _ .

Presently the primary structure, or sequence of
the nucleotides, in at least 25 species of tRNA ‘are.
'known : Several review articles discuss the striking |
similarity between these sequences (6 8) There are -
t.16 p031tions that contain same base in all the spec1es
vof uRNA that have been sequenced These homologousv
nucleotides are mostly located in single strand regions
of the molecule. | |

| The secondary structure of tRNA is defined by
”the base paired double helieal regaons of the molecule
fThe cloverleaf secondary structure was. proposed by
'Hol ey when he determined the first known tRNA primary
sequence (9) This structure was designed to max1mize

base pairing according to the Watson and Crick rule,

that guanine pairs with cytosine and that adenine pairs'<



with uracil. All known tRNA sequences can be fitted
into the Holley cloverieaf structure.

'Figﬁres'l—l to 1-3 show the primary ;nd likely 
‘Seéohdary strﬁctufe of the nine specles of tRNA beihg'
studiec¢ in this work. .There are obvious éimilaritiés
~ between these nine tRNA structures. _At the 3' end
Sf‘each molecule is the ACC which provides the attach—’
ment site for fhe amino acid'through the hydroxyl'
group.on the terminal adenosine residue. Then there
1s a nelix consisting of 12 base pairs and a loop.
which contains the sequence TyC. This loop is often
éalled the TwC loop as this sequence has beenvfound
in this position inlall knoﬁh tRNA primaryvstfucturesf
It has been suggested thét this sequénce'is necessary
for fibosomal binding (10). Next to the TwC loop there
is a variable length fégion consisting of from 5 to 12
nucléofides;',Acrossifrom'the TyC loop in thelfigures
is the anticodén loop, So called since its middle
three bases pair with the codon of the'messenger;RNA,
oh the ribosome;  This loop is always closed with five
base pairs. Then there is a singlé base and then o
another double strahd region of thrée of four base
pairs. These péirs close a loop which consists of
nire to 12 nucleotides and usually contalns one or
mdre dihydrouridine residues. It is commonly referred
tdmas.the D loop. Thus each tRNA molecule consists of

three large loops, three double stranded helical regions,



“.Figures i—l to 1-3. Nucleotide sequences of the nine

' speoies of tRNA studied in this work The sources and

sequences of these tRNAs are 1isted in Table z= 1. ' W_

: Structures of modified nucleotides are shown in -

_Figure 3—4
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‘and a:variabie length region.
h_ In addition to-this secondary structure,vit has
‘been shown that tRNA has a three dimensional structure

that is more compact and stable than would result from

-merely an unordered combination of these helical regions

(li).v This is,called the tertiary,structure of_tRNA.

Eyidence'for“tertiary structure is provided by a large,'

Chanéeiin the sedimentation coefficient‘of the molecu1e-
_ below the temperature where secondary structure is 1ost
:,(12) } Also the small radius of gyration (13 15) of .
tRhA and its stability to phosphorolySis (16) suggest

a compact defined strucutre The 1ntegrity of this
tertiary structure is requisite for the proper function
:of tRNA an). | {
B. A Plausible Strudture for tRNA Resembles

an H

S molecuiar_modei building‘study.Was used'to
'gain insights into the nature of reasonable tertiary
.structures for tRNA. | Corey, Pauling, and Koltun
.spacefilling models were used to construct a molecular.

model of trnaPhe

(Yeast) as shown in Fig.-l—2.v'The”::
primary structure of this.molecule was put togetherrrif
by students in Biochemistry 266 at Berkeley during

the winter of 1968

-The £tRNA was oriented in a manner that would maxi-

mizerthe length of the helical double strand regions '’
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and the amount of stacking in the single strand regions.
Assuming 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 between 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-fold double helix consisting of
Watson Crick base pairs (18). The plane of the base
pailrs 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 TYC 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 structure of

tRNA.

C. Many Models for tRNA Structure Have Been

Suggested

Since our model building study, numerous other
models for the three dimensional 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),
Fulier (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 TyYC 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 different. Cramer concludes that
the best model is that of Cramer which consists of a
continuous double strand helix from the anticodon
through to the CLA end with the TYC and D loops bent
toward the CCA and forming additional base pairs with
each other and with the CCA.

Danchin recently suggested 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 T

between the two structures.

In summary, 1t should be noted that model building
studies may provide an unlimited number of possible
structures for tRNA, but experiments are necessary to

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

" Techniques

There have béen an incredible number of studies
of.tRNA structure in the past fgw.yéars. - For example,
:Referénce 26 contains a biﬁliography of 712 items
giving."récent results of tRNA research." To thoroughly
review ali the 1iferature on the structure of tRNA
isbneifher plausible nor intéresting,' In this work,
only a few appropriate experiments will be discussed.

. For further information, there are a large humber of

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

_Eventually, crystallographic studies should pro?
?ide reasonably exact information'about tRNA structﬁre
in a.cryStallineblattice. Mahy investigatofs have
'sucbeeded in crystallizing tRNA (30-33). Resolution of
thevX ray patterﬁs varies from no better. than 20 & in
‘mbstvcases to as low as 3 R in some cases (8).

. Some qualltative results have emerged from these
~studies. - Doctor et g;.»find evidence that the helices
within each tRNA molecule are more néarly parallel to
each other than perpendicular. They "favor an H—type.

Tyr

model for tRNA (E. coli) in which the stem to which

the amino acid is attached is stacked to the TYC arm

and the anticodon arm is stacked on the arm which in

tRNAs usually contains D residues" (34). The
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bdcrystallizatiOn'ofcmiXed_yeast‘tRNAcby_Fresco (35)
suégest that éii species.of'tRNA dO'have a similar
tertiary structure Of course, it is not known
whether the crystalline structure of tRNA is the same»
as-its:structure in the cell or in solution. ThlS is-
the-majoriobjection'toiresults'obtained'onwcrystalline
7tRNA ‘To learn more directly about the structure of
1tRNA in solution other phySical and chemical techniques

are employed

)

'B.' Chemical Studies,of'tRNA’Structure

N
bAﬂnumber of structural investigations have irvOlwed
' reactingtRNA with reagents that are spe01fic for cer-
.tain bases Information is obtained concerning what )
vparts of the tRNA . are accessible to these reagents |
, The 1naccessible regions are assumed to be involved 1nv
or’ shielded by the tertiary structure of the tRNA |
Furthermore, the ability of this modified tRNA to
carry out its normal functions,should-prov1de cluesf
concerning whatvparts of'the.molecule are‘involved'inv
these functions. | ‘ | .v‘
: Kethoxal was found to interact with G 1n tRNAPh
(yeast) at positions 20 and 34, thereby-destroying
acceptor activity (36) Radioactive carbodiimides
react with most single strand bases that are outside

the TYC loop (37) It is found to destroy acceptor

activity but not r1boSome binding (38). The conversion -
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of C ‘to U by bisulphite’ treatment is fdund not t?
destrov the abillty of tRNA to accept an amino ac1d
(39). . Other studies involving N—bromosuccinlmlde
(40) and nitrous acid (o, 41)1nd1caté'that the TYC
loop is least accessible to modification
A covalent bond may be formed between the 4ty

in position 8 and the C in p031tion 13 by UV 1rradiat10n
“at 335 mu of several species of tRNA  (42,43). This
modiflsd tRNA is Qapable of participating in all
phases of-pfotein synthesis although its affinity for
'the'aminoécyl synthetase is decreased somewhat (44,45).

The objection that may be raised to some of
Stﬁdiés is that the addition of bulky reagents or the
formation of covélent bondsvwithin.the moleéuiesmay
greatly alter the structure of the tRNA. The modified
tRNA nmay "have an entirely different structure from
that of the native tRNA.

For this reason, physical msssuremehts which

perturb the system less should prove more satisfactory.
C.  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 tRNAbfor binding complementary oligonucleo-



- rtides (47) Only the four 3' terminal bases,ithe S
5 bases on the 5t side of the anticodon loop, several' |
bases on the 3' or-S’ side of the D loop, anddpart of the
variable length region would bind complementary radio—
active oligomers Oligomers would not bind to ‘the ‘
double strand regions or: to the TwC loop Blnding off
‘oligomers to one part of the tRNA is shown not to(
‘affecu binding to other parts, suggesting that the
-:tertiary structure of the moleculé is not greatly
:altered by the binding of - oligomers . Thus a good model
for‘thevtertiary structure of tRNAvshould have,thev
T¢Cbloop‘protQCted and allow Eor-the.accessibility‘ofl

Lthose_regions_that will bind complementary oligomers.

Most ultraviolet spectral studies have involved

_analysis of the change'in the UV spectrum upon.thermal

’denaturationvof'the tRNA A detailed investigation of

Phe .

»the melting behavior of tRNA (Yeast) in SQlutlonS'-

containing various amounts of Mg ++ and“K+’indicates o
the Mgv+ ions are essential for the native Structure.f
of tRNA (485  Using differential melting and temperaej
ture jump techniques three conformation trans1tion of"
tRhAAla (Yeast), and rive ‘transitions of tRNATDE i
(Yeast) have been characterizied (49 50). The differ?
ence in the UV spectra of the native and denatured forms

Leu

of tPNA (Yeast) have‘been compared w1th'spectra for

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

scn suggests that denatured £RNA contains 3 or U4 less
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base pairs than does native tRNA (51).

Infrared spectroscopy has been used to deter4

mine the fractions of A:U and G:C base pailrs in partly
double.helical RNAs in solution (52). The relative

intensities of the IR bands of tRNAF’Met

(E. colil)
in solution agree with those predicted by the Holley
coverleaf model (53).

Fluorescence measurements utilizing the fluores-

cent basé adjacent to;the anticodon in tRNAT e (Yeast)
indicate that the anticodon 1is more thaﬁ 4o Z~away from
the:CCA end of this moleculé (54). Fluorescence may
alSo‘be used to monitor the interaction between the
amino écyl syntheﬁase 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 chémicél shifts.
Recently, high resolution PMR studies at 220 MHZ have
showﬁ that the protons'of most.of the minor bases may
be distinguished (56). The resistance of areasvcon—
' “taiﬁing these nucleosides to éolVent.denaturation in
dimethylsulfoxide has beeh invéstigated.i Segmentsv

were found to be most resistant

containing T and CMe

Other physical techniques that provide some infor-
mation include electron paramagnetic resonance of

pin labelled tRNA (58), and electron microscopy (59).

The varied physical techniques just discussed

provide different ways of'probing the structure of
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tRNA and complement one another to some extent : How-”
ever, there is one physical technique that is very}t
sens1t1ve to molecular conformation that has not yet

been mentioned

4. What can Circular Dichroism Spectroscopy Tell Us i

' About the Structure of tRNA?

‘:CD SpectroSCOpy‘is'a tool with greatvpotential‘
‘for the study of the structure of nucleic a01ds It

ﬂis a solution measurement 50 that pH temperature, and

"salt concentration may be varied continuously to

'observe conformation changes dependent on small changdS‘
in the environment Only very small amounts of sample
_are necessary to obtain a Cb spectrum |

- The CD spectrum of a nucleic a01d 1s much more
_sensitive to small conformational changes than is
- vthe UV spectrum Most of the intens1ty of UV absorp-v
Ttion bands is a result of trans1tions within one
base. Interactions with transitions on neighboring
bases. will perturb the uv absorption, but are not
v:responsible for most of its intensity ' The intensity
.'.of a CD spectrum is directly dependent upon the-
asymmetry of its env1ronment For example, nucleo—d
tides have a very small CD due to the asymmetric
‘sugar, but - quite considerable v absorption Thus,

‘[CD spectra are much more’ sensitive to changes in the

| geometry of'adjacent:bases-than'areAUV spectra.
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'A. Past CD and ORD Studies of tRNA Structure

Ala a

“ORD spectra have been reported for tRNA nd

Asp Gly

¢RNADYT from yeast (61), and tRNAPSP, trRNAYYY | ana

tRNALyS from yeast (62), as have the CD spectra of

trRNAYEY ana tryal -Met

or trall

from E. coli (63), two spécies

& (Yeast), mixed yeast tRNA (64), and truaFD®,

(65), tRNAME ) and trRNAYYY from E. coli (66). ORD
spectra may be converted to CD.using the Kronig Kramers
transform (60), whiéh should,ailéw qualitativé compari--

son of these spectra. In general, though, careful

cémparisqn of these spectra is difficult as these

spectra were measured in various buffers. Moreover,

some of the values used for molar extinction coeffici-

~ents (e) are quéstiohable. Some authors (63)

incorrectly state that all species of tRNA have the
same_value of € = 7.5 x 10_3 in a giﬁen buffer. In
other papers (64), values of € as low as 5.56 x 1073

have been used under similar conditions. Thus a

reliable set of CD or ORD spectra of tRNAs 1s not avail-

‘able. .

CD'has been used fof é number of specialized
studies of tRNA structure} CD studies of charged and
ugéhérggq purified tRNAs have shown that there is no
1arge stfuctural change when tRNA is charged (63,67).

Also, it has heen shown that tRNA'structure>is very

sensitive to magnesium concentration as there is a

large change in® the CD spectrum when Mg++ is removed

(U8,60,66).

The base N-thiouridine (4tU) found in several



Vf.22.

SpeCleS of tRNA results 1n a CD band at about 335 mu

gy CD studies (66 68) of the base MtU in purified tRNA o

have been carried out using quite concentrated tRNA

. solutions (A26O N b0). : The variability of these
spectra suggests that MtU is in fairly different
env1ronments in-the dlfferent speCies oft tRNA aA‘- L
.study of the CD of MtU in charged and uncharged : .i

F.Met

tRNA (E coli) indicates conformation changes

'.fupon charging of this tRNA (69) Since the cD of

: this molecule as a whole is not greatly altered thei
site of. change is localized to the vicinity of the .
gy residue;v It'is in studles of small structural _'Iv
'changes of nucleic acids such as- this that CD has theg

greatest potential
" B. Approach to be USed_in this Study

The goal of this study is to determine how much'
‘ ystructural information may be obtained from a thorough
'analys1s of the CD spectra of different spe01es of
bltRNA betweenv210 and 3lOvmu. We will study nine tRNAs
ffrom three organilsms that are specific for six differ—
-ent‘amino acids.v It millibevpossible to compare the |
spectra'of;the'samehtﬁNA from different organisms as
Well_as'different’tRNAs’from_the sameTorganism. |
Q-First, me thods for calculating the CD of single
and double'strand'regions of tRNA from the CD'of "
simpler nucleic acids will be . discussed Examples

: show1ng the change in the characteristics of RNA CD

T
e T ST
LN it e
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spéctra with baée composition, sequencé, and percent
double strand-willvbe given. v |
- It is assumed that the CD of native tRNA mayvbe

- represented by a:sum of contributions from the single
' strénd fégions, the double strand regions, and the ter-
tiéry'structure of thevmolecule. Although tertiary
structure prébably does contribute to the CD spectrum,
we p£esent1y.haVe ho knowledge of the details and will
assume that the contribution of tertiary structure is
negligible. Then, experimental spectra of_the native
tRNAs will be qualitatively discussed and compared with
spéétra'Constructed from simpler nucleic acids. A
similtar dlscussion and comparison w111 be carried out
for Qingle 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
inveolved analysis of the difference‘bétween the confor- -
mation of the tRNA inrthe presenice and absence of mag-
nesium af.roomrtemperature. We will show that room
temperature corresponds to an arbitrary point in the
helix-coll transition of the tRNA and therefore does
thlddrrespond to a well defined conformation of the
tRNA molecule in the absence of magnesium. A tempera-
tufe_where the tRNA molecule 1s totally single stranded
can be determined from the temperature—absorbance pro—
file. We will study the differencevbetween the spectra

of tRNA in the presence and absence of magneslium at



_this temperature,_which should correspond to the_"

hformation of the secondary and perhaps tertiary struc—

' -ture-of the molecule This difference will be shown

to agree fairly well w1th a sum of the CD spectra'
corresponding to the formation of the base pairing
>interactions of the structures in Figs l—l to 1—3
| ' Whus the usefulness of CD as. an analytic tool
ffor providing information on the secondary and
tertiary structure of tRNAs w1ll be investigated
_A Judicious summing of experimental and calculated
spectra will allow quite accurate calculation of the-
CD of native tRNA. -

Examples of the application of these techniques
’to an analysis of the difference between native and

- denatured tRNAs and . also 58: RNA will ‘be given -lti"

: _vwill be shown that the sensitiv1ty of CD to details

of RNA structure may be exp101ted to provide fairly
"»accurate information concerning conformational change

in nucleic acids.

£e
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. CHAPTER II-

. MATERIALS AND METHODS -

1. Preparation of Crude Aminoacyl-tRNA Synthetases = -
- AL E. Coli Synthetase '

‘* In a typical E Coli synthetase preparation (l)

‘ one part frozen E Coli B cells (Grain Processing) '
fwere~ground with one and a half parts aluminum ox1de
(Baker) and a- pinch of Macaloid (Barroid) in-a mortar
'and pestle at H°C until lysis (about lO minutes) TWO‘
‘.parts grinding buffer ( Ol M Tris buffer, pH . y,

01 M MgCl 05 M NHuCl, and 5 mm B—mercaptol ethanol)

2,_
| and one-half, mg electrophoretically pure pancreatic
'DNase (Worthington) were added to the paste :_Thef'
, mixture was allowed to react for 15 min at hoc ; and
_then the debris was spun out 1in-a Sorvall RC2 B centri--’
vfuge at 30 000 g. ' Ribosomes were pelleted at . lOO OOO g
for. 3 hrs 1n a Beckman Model L ultracentrifuge The
top three quarters of ‘the supernatant was carefully
remoyved and gradually brought to 677 saturation w1th
sclid ammonium sulfate (4 36 g/lO cc) while stirring
at 4° . The precipitated protein was spun at 15 OOO g
for 20 minutes. The pellet was dissolved in a small S
volume of grinding buffer -and dialysed overnight versus
grinding buffer-in 3 M ammonium chloride The synthe—
gtase'mixture was then assayed for its ability to charge

tRNAs. Usually 1l ul_of_enzyme Wouldxfully'charge an -
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Aseo unitvef,mixed E. coli tRNA under assay conditions
described below.n The synthetase was frozen in small

aliguots at -20°C."
- B. Yeast Synthetase

Yeast synthetase was purlfied in a manner similar
to tkat described by Morris and Herbert (2).

One half lb crumbled cake yeast from Virginia
.Bakery, Berkeley, ‘was added to 750 ml toluene cooled
te 5MO°C in-a dry iee;acetone'bath. The yeast was |
'aliewed to freeze for[three hrs with occasional stirr-
ing. fToluene was poured offvthrOugh cheesecloth and
the frozen celiS-thaWed for 8 hrs. One hundred ml of
1 M Tris HC1, .5 M HC1l, (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 thevtop'surface were discarded.
The eolution was then spun in the Beckman Model L
ultracentrifuge'at 100,000’g for two hrs to remove
riboéomes, |

Ammonium sulfate was added to precilpitate tne .
protein as before. The solution was spnn‘at 15,000 g
-for 20 min, the pellet dissolved 1in 10 mM KH2POM

(pH 7.5), 10")1l M EDTA, and dialysed overnight againet‘



'>f_this-golvent - The yield was about UO ml of enzyme,ﬁpj’
aWith'an A280 .88, and an A260/A280 = 1.3, The synthe—

“tase mixture was stored 1n 407 glycerol at —20°C 3

2. Assay for'Amino Acid Acceptor Activity of tRNA |

’ TTAltypicalzassaj'mixture-conSisted ofdaboutTZ muMoles
, ofhmixed tRNAuor’ bﬂ”muMoleseof purified tﬁNA- 05 uCuries |
| of L [ C] amino acid (spe01fic activity 50 C/M) |
’ several ul of synthetase mixture and enough distilled
_water to bring the total volume of’ the assay mixture l

.'.to 50 ul in a solution of 1 M Tris HC1 (pH 7. M),

’10 mM MgCl 5 mM B-mercaptoethanol, and 2 mM ATP d,-'l

23
B '(sodium salt) (1)

::'} The reaction mixture was incubated for ten min at
| 37°C stopped with 3 ml of ice- cold 57 trichloro—f- o
acetic acid (TCA), and the precipitated tRNA collected
'_on a millipore filter (HA MS u) which had been soaked
in cold TCA" The filters were rinsed with 3 ml- more
TCA -and dried under an 1nfrared lamp. The amount of_

p_rlh

o amino acid incorporated was determined by
’counting in 5 ml of toluene based PPO POPOP scintilla—'
v'tion fluid (Amershan Searle), in a Beckman LS- 250
dliquid scintillation counter Counting efficiency was'
found to be 937 by counting a known amount of [ C] .
p'amino acid- The increase in specific activity

(cpm/OD ul) upon purification was compared w1th 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

" oceurred.

The amount of charged tRNA in column fractions
. was simply determined by precipitating a volume_of

' the column fraction corresponding to about .05 A26O
units of tRNA in cold TCA, filtering on a Millipore

filter, and counting

3. Purification of'tRNAs

- A. E. coli Tryptophan tRNA

E. coli tryptophan tRNA was purified in a manner
similar to that developed hy Maxwell et al. (5) for
the purification of yeast tryptophan tRNA. First the
fraCrion 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
Wwith 2 M NaCl, and equilibrated with 1 M NaCl, .01 M
- MgCl,, and .01 M NaAcetate,h@pH 4.5). |

The enriched fraction was loaded with LffluC]
tryptophan (Schwartz) using a scaled up version of the
assay conditions described in.Section 2. The charged

tRNA was precipitated with ice-cold ethanol, dissolved



Figure 2-1.  Purificatibn of'tRNATryp (§, coli).

T: AbsOrbéhce (= ) and specifib actiﬁity (X) of |
.fractidhs'eluted fromua BD cellulose éOiumn withnif
" a gradient §f ethanol (0-20% v/v). Peak I is
tRNATl.’_y_p, (E. coli) and peak 11'_15 other tRNAs..
‘Thfee suCce381v¢ §Q1umhé Were.ruﬁﬁag-éhOWn'ih (aj; 

'H(b);‘and'(c) feSulting'in highly pufified_tRNAT?yp,'f

P
e
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3 M NaCl, and applied to the column.; The column :

‘:‘a‘was wasned with l M NaCl until the material being

.eluted had 'a very low oD. Then the sample was. eluted f

with a linear gradient of ethanol varying from 07 to

20% EtOH (v/v) in 1M NaCl (800 ml total volume) zThe

(88

;flow rate was 30 ml an hour and 5 ml aliquots werev_"

collected

>

mhe absorbance and acceptor'activity'of the.column

fractions lS shown in Fig 2Ila.' The fractions of
”highest specific activity (tubes 52 to 80) were pooled
diluted W1th l M NaCl to reduce ethanol concentration
by a factor of 3 or 4, and reapplied to the column |
vahis time separation was better as. shown in Figure‘ai
2+lb The fractions of highest specific activ1ty

_ were pooled diluted, and chromatographed under the
_sameiconditions a third time as shown in Figure 2 lc
,The tRNA was deacylated by incubation at pH 9 O in :1T
Tris- Cl buffer for 20 min at 37°C : The tRNA was. then
'assayed and found to be ‘at 1east 90—fold purified
relative to the mixed E coli tRNA | Since Tryp is"
about 17 of mixed tRNA this corresponds to a purity

of about 90% (4)
| B.__Yeast'Phenylalanine and_TerSine tRNAs.

Two grams of mixed Baker s yeast tRNA (Plenum
Laboratories) were dissolved in 60 ml of. water A -

3QQ‘ml'column (3.5 cm by 32 cm)_was,packed with BD .

)
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cellulose in 2 M NaCl and thenvequilibrated with .4 M
NaCl;- The-sampie wes applied and the column washed
‘with .4 M NaCl. The eluted material was enriched for
methiOnine'tRNA.‘ Elution was continued with T M
NaC1l 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
celuted with 10% ethanol resuiting in a fréction con-
.taining most 1y tRNAP

The fractions ‘were each concentrated by ultra-
fiitration in a Diaflo apparatuS'(Amicon Corporatlon,
Cambridgeg_Massachusetts)-using a UM~3.membrane. They
iwere then assayed for Phe and Tyr acceptor activity
The ethanol fraction was found to be 12 fold enriched

for tRNA Phe s and the 1 M NaCl fraction was 2 fold

enriched -for tRNATYT

 Yeast tRNAFP® yas further purified in e manner
‘Simiier to that described hy Litt:(6); The fraction
that elutedfinvethanol was charged with L-[luC] phenyl-
alanine (Schwartz Stanistar) using standard assay
conditions. This tRNA was applied to a 50 ml BD
ceilulose column equilibreted with .9 M NaCl. Then

the column was eluted with 150 ml of a gradient from
.8 M to 1 M NaCl in 15% ethanol, followed hy 350 ml

of lrM.NaCl in 15% ethanol.. The fractions were counted
and those of highest specific activity'were booled and

rechromatographed with a similar gradient. The frac-

tions of ‘highest specific activity were concentrated
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by ultrafiltration; deacylated andﬁassayed for'aminoei

' acyl acceptoraactivity.b The tRNAP Was.found to;bee
17 fold purified which corresponds to a purity of

’ about 95% (7). o ,

Then the fraction of the tRNA which had been
'enrlched for tyrosine was charged Wlth Li- [ C] tyro—
sine (ochwartz), and loaded on a BD cellulose column
>fOilQWlng the‘method.of Maxwell gt,al..(5). It was
eluted uithva.oneiliter linear gradient from 0%~tb . ;\
10% (V/v) ethanol in l M NaCl Most of the tyroSlne
activ*ty was found to elute between 5 and 8% ethanol
.tThese fractions were. pooled and deacylated by lncuba—

" tion at pH 8 l for 20 minutes at 37° ; The deacylated

'tRNA was ethanol precipitated and rechromatographed |
'on BD cellulose in a gradient from .4 M to 1.1 M Nacl’
(600 ml total volume)  The tubes of highest activity 3

iwere pooled concentrated and assayed : The tRNATy

fwas,25—fold enriChed, correSpondingvto‘a purlty of about

908 (5.

4. Sources of Other tRNAs Used in This Work/

Asdcan-be seen frem'Tablevagl;}threefef the tRNAS
‘being studied were purlfied‘@s‘éant of'thié'work,'and
_ the-cther.Six were gifts from Oak Ridée National'
_Laboratory,vDrr Olke Uhlenheck,tDr. J;.Fresco,fand'
Dr. B. S. Dudock :The:SS‘RNA Was_a gift'frOm.Dr. Jim

vLewis. The source of the sequences shown in Figures

ot



Table 2-1

tRNA v Source of tRNA

. F. Met'(gzvggli) Gift, Oak Ridge National Laboratofy
Léu.(Yeést) o Gift, J. Fresco, Princeton University
Phe (E. coli)  Gift, O. Uhlenbeck, University of Illinois
Phe (eat) ~ 0ft. Be.S. Dudock, State University of New
Phe (Yeast) - This work
Tryp (E. coli) | . This work
Tyr (E. coli) . Gift, 0. Uhlenbeck, University.of_Illinois
Tyr (Yeast) " This work |
Val (E. coll)  @ift, Oak Ridge National Laboratory

Sequence
S. K. Dube, et al. (8)
J. Fresco -(9)

B. G. Barrell and F. Sahger'(lo)

B. S. Dudock, et al. (11)

«+ U. L. RajBhandary et al. (12)
'D. Hirsh (13)

H. M. Goodman et al. (14)

~J. T. Madison et al. (15)

‘M. Yaniv and B. G. Barrell (16)

b€

£y
L ¥



l—i.to‘lf3warefalso listed.

[}

‘ 5.1_Sources'offDimers L

k)

The CD of 16 dimers and U monomers were measured
at 40°C in lO mM Tris HC1 (pH 7 8), l'mM MgClg‘@ The‘hv
lGG was purchased from Nutritional Biochemicals, and |

- the other 15 dimers from Calbiochem and Amersham

| Searle Purity was checked by spotting 2 ul of each
-'dimer on paper and chromatographing overnight 1n 707

EtOH 307 NHuAc.";

‘G;v Extinction'Coefficients and_Concentration Determina_
EE_QEE ’ ' ' » o

In collaboration with Dr Marc Maestre, eftinction
coeflicients for all nine species of purified tRNA »
were determined by degrading the tRNAs to nucleo-
,tides and us1ng the known nucleotide extinction
coeIficients (17) The UV spectra of stock solutions
or tRNA (1 OD unit/ml) in 10 mM Tris- HCl (pH 78) o
.l mM Mg012 were recorded 30 ul of 5 M NaOH was added
_ £g duplicate blanks and samples of the 9 spe01es of -

vtRNA ‘each of volume .5 ml. Tubes were welghed after

the addition of each solution, incubated for 24 hrs

1

at 37°cC, heated to 60°C for 2 min to insure degradation,

incubated 12 more hours at 37°C and reweighed 'The
'samples and blanks were neutralized with 30 ul of 5 mM
HCl and 20 ul of l M Tris HCl, pH 7 8. Volumes of

each solution-added werevcalculatedvfrom"their'density_

o
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(g/cc). The OD at 258 mp of the degraded tRNA was
obtained and corrected for dilution.
‘The initial extinction coefficient could then

" be calculated from:

V¢RNA - A58 tRNA

X

X €
nucleosides. A258 nucleosides

€trRNA = v nucleotides

(2-1)

where e is the extinction coefficient at 258 mp in 10 .

" mM Tris-HC1 and 1 mM MgCl., V is the volume of the

0
;sélution,fand A258 is the absbrbance.at 258 mui Agree-
mént betweeﬁ dﬁplicaté sémples'Was within 1%. The
extinqtidn coefficients so determined are listéd in
Table 2-2.
| | Table 2-2
Extinction Coefficients of Nine tRNAs in

.01 M Tris-HC1l (pH 7.8)

tRNA 2258_i_lg:i
F. Met (E. coli) 7.06
. Leu (Yeast) 7.37
Phe (E. coli) 7.15
~ Phe (Wheat) 7.42
- Phe (Yeast)j 6.63
| Tryp'(g. coli) 6.71
Tyr (E. coli) 7.4%0
Tyr (Yeast) 7.11
Val (E. gg;;> 7.52



1T;T5Atomic?Absorption Measurements

| Nagnesium concentrations were measured w1th a- o
"Perkin Elmer Model 303 Atomic Absorption Spectro— |
tphotometer equipped with ahmstinghouse hollow cathodev"
'lamp An’ ‘air acetylene flame was used and the absorpt—
icn was monitored at 285 mu Standard solutions con—»"
.> taining between .1 and 1 ppm of MgCl2 were measured .

' and a- linear plot of absorbance versus concentration
waS»made-before each run. About l ce, of solution

was used for each measurement. The per cent absorption
of the standards and samples was measured at least
tbree times unless there was an insufficient amount |
iof sample to allow this.' Error was 1ess than 107 -

except in very dilute solution

8. Desalting Procedures - .

"thxténSiveidialysisiwaspused'to‘removebas.muchnﬁg++
“and otherisalts fromitRNA solutionsmuﬁThe following““v
'buffers were prepared using twice distilled water
¢a) 0v5 M NaCl, 10 mM EDTA pH 7. .5; (b) o 2 M NaCl,

1 mM ED’I.‘AvaVI 7.5; () 1mM EDTA pH 7. 5, (d) - 01 mM
_EDTA pH'8;5. Solutions were dialysed for about 6 hours
'_atlubc againstﬂfour changes each ofvbuffers (a), (b),. |

B and (C),_and_againstl8:changes‘of'burfer (a). Afterx
1desalting; thehconcentration of'Mg++ was measured by
v atomic.absorption, and_found to be”about 1ng++i§ér f

)

tRNA molecule. vSpectral measurementsvof'low»salt_tRNA'
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were made in 10—5 M EDTA which 1s about 1 EDTA per
Mg+f, and should ensure there is no more than 1 Mg++

bdund to each tRNA‘molecule.

9. Optical Measurements

A. Cells and Solutions

A1l CD measurements were made using a stendard
| sﬁfeih;freeecylindricai fused quartz eell'(Opticel)
of 1.0 cm pathlength and about .6 ml volume. Cells
wefe frequently washed in chfomic—sulfuric acid
cleening soiﬁtion and rinsed at least 20 times with
glass distilled water. Cells to be:ﬁsed.for measure-
ments in very low salt were soaked in dilute EbTA
and then thoroughly rinsed with glass distilled
vwater. The concenpration of Mg++ein the distilied
wafer was periodically checkedvusing atomic abéorption
and found to be less than 1072 M.

vFof all measurements above room temperature,
cells were closed with ground glass_stoppenswrapped
in Teflon tape to aésure a tight seal.‘_Cells'were
weighed-before'and after high tempereture meaeurements
_ﬁo verlfy that no evaporation had occurred.

ﬁV measuremeﬁtS'were elther made'in the CD cell
or in rectangular quartz stoppered celle of 1 c¢cm path-
length and 1 ml volume (Pyrocel)..

"Native" RNA spectra were measured in solutions

2

of 107° M Tris-HC1 (pH 7.5), 10735 M MgCl,. There was
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' found tobbe no change 1n the magnitude of absorption
”or CD in this buffer between pH. 7 O and pH 9. 0
__Spectra of "single-stranded" RNA in low salt were
_obtained in 10 5 M EDTA adjusted to pH 8 5 {The EDTAi V
:dwas used to insure the absence of Mg f bound to the
tRNA as atomic absorption measurements had indicated f
pang+f concentration of about 10 5. No additional |
buffer was added to av01d adding divalent cation
1mpur1t1es The pH of these solutions was checked
after optical measurements with a Beckman Expandomatic
'pH meter equipped w1th a microelectrode to verify
that, it had not dropped below 7 O |
Samples used in optical studies had A26Ols at

260 mu between' 5 and l 0.

:_B;"AbSOrption'and;CDlMeasurements

n{All-UV absorpfion spectrabwerelmeasuredvat'roomﬁ'
,temperature:(255C§gon a'Cary?ls-spectrophotometer;
Absorption spectra were recorded forlall solutions
prior to CD studies. | . |

' The change in absorbance with temperature at
260 mu was: recorded between lO°C and 95°C using a.
modified Beckman DU spectrophotometer on a Gilford
Model 2000 multiple sample absorbance recorder Tempera—
| ture was 1ncreased at a rate of about 20°C/hr by o

means of a temperature programmer connected to & Haake’

Model I circulating bath. Absorbance and temperature
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were recorded very two.minutes. ‘Thfee'sémpleé ahd'
'dne blénk wefe’run simultaneously} .v |

o CcD measuréments were made using a Cary Model 60
spectfopolarimetéf équipped with'avcircular-dichroism
attaghment (Model 6001)1 Temperatune was controlled'
using a circulating water bétﬁ and electronic ceil
block-designed by Dr. Donald Gray (18). Confrol could
,be'maintéined_to i.Ofl°C with an accuracy of .+ 0.5°C. .
| Théscary 60 was operated at a scan rate»of about

‘3 my per minute, a pen tihe constant of O.3;seconds
and a.fuil range scale of O;OU. Spectra were measured
'between 350 and 265 mu. Base line Speqtra of the |
solvént in‘the same celi were obtained before and

after each set of CD spectra.
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_CHAPTER ITI

.CALCULATION OF CD SPECTRA AND DATA ANALYSIS

1. Cﬁtépectra'Mayibe Used_to‘Characterize»RNAs‘m
The positions; magnitudes, and shapes of the bands
- in a CD spectrum of an RNA provide 1nformation about |
the structure of this molecule LIt is informative to
_consider the general characteristics of some CD Spectra
of RNA that have'been calculated by summing appropri-
atevspectra of simpler RNAs. g The nature of this calcu—~
' lation will be\discussed in detail later: in_ this chapter
Figure 3 1 shows some typical CD spectra of an
RNA that is equimolar in A U-C and G calculated as
a function of the percent of the nucleosides that are
in hvdrogen—bonded double strand regions Therefare’t_ o i
‘several characteristics of these spectra that are of |
lSpecial interest o v | | v |
Scanning from high wavelength‘ the first feature'-b
'of note is a small negative CD’ band centered around
.295 mu This band was. first observed by Sarkar et al.
(1) who noted that it is more - sen31t1ve to melting of °
s secondary structure of: RNAs than is the large pos1tive ‘ | &
bandvaround 270 mu Upon heating the ERNA, this band
disappears at lower temperature than those necessary
‘to melt the secondary structure of the polymers This
implies that the 295 mp band corresponds to some sort

ofvstructure other ' than secondary, perhaps to tertiary
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Spectra were calculated from sums of monomer, dimer, and polymer'

spectra using Equation 3-11,

CHANGE 1IN Cn SP.EACTRA 0F EQUIMOLAR “ | l :
RNA WITH A CHANGE FROM 0 PER CENT
70 100 PERCENT, DOUBLE STRAND 1004 doub]ia strand
N - 80% 0%
o g 20%
o |
o
_ 0%
100%
i o : S -
Q210 730 250 2/0 790
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structure _ . _ ‘ s
| Calculated spectra in Fié 3 l show that the bandi

bat 295 mu decreases in magnitude with an’ increase
'_in the single strand character of the RNA Figure 3- 6,J '
.shows that for double st anded RNA the-band decreasesl
“with an increase in the percent of G:C pairlng inter- |
_actions o .,i7> o |

The next feature of the spectrum is a large pos1—
}tive peak between 260 and 280 my which is caused by |
vﬂseveral T ¥ trans1tions' This ‘large CD is the result
.of-interactions between the 260 mp transitions-of one
_baseVWith:the:electronic'transitions of,itS'neighbofh‘
_baSes (2.3)V--Thekmagnitude'of this peah 15 cuite |
sensitive to the pairing and stacking interactionsr
of the bases in the RNA - As shown in Fig 3-1 its
pos1tion w1ll shift to the red with a decrease in the'
number of hydrogen—bonded bases in the: molecule A’ff
'change 1n the type of bases that are paired also
.produces a change in,thisvspectrum,,as‘shown 1n»Fig.
3-6. | |

The.position:ofvthe'crossOVer wawelength in>the
vicinity of 240 mu will also vary with the type and
amount of hydrogen—bonding in the molecule There

may be a-small ‘negative band'centered around 235ﬁmu."

Finally, there is a. small positive band around 220 my

this band 1s particularly sensitive to the base compos1— .

‘tion of the single strand RNA as shown in Fig. 3-5.



Most paSt_CD studies of tRNA stfudture have
iﬁvolvéd'tabulation df theipositions’andlmagnitgdes
of extrema and:of crossovers. In‘this'work, computer
déﬁa analysis“mékes it possible to Sfudy‘the eﬁtire
spéctral curve_of eachVRNA; This allows a maximal
améunt;of structural information to be‘éxtracted from
the CD speétré. | v |

| "In order to dalculate the spedtfa of nétiVe
tRNA,:it is_neéesséry té caiculate the singie strand
and double strand contfibutions_to the CD. Each of

these will be considered separately and in some detail.

2. vThe Optical-Properties of Trinucleoside Diphosphates-

and Homopolynucleotides May be Calculated from

Those of Dinucleoside‘Mbnoghosphates;-'

?The'opticai préperties of some RNAs have been
deriyed from‘those of oligomeré withiqualitativé
success (4,5). These CalCulations.are'based upoﬁ the
spectra,bf dinucleoside monophosphateé'(dimeré) and -
monoﬁucleosides (monomers) andItWO'assumptions; First,
it is assumed that base. stacking and geometry afe
‘similar'in diﬁers andbin longer RNA moléCules. Second,
it,isvassumed that all.of the optical properties
observed are caused by interactions among nearest
neignbors. This latter assum?tionbis called the
nearest neighbor‘approximatibn. |

. For example, éonsider some optical property of the

s . - _
trinucleoside diphosphates (trimer) XYZ, such as [6],
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. the mean molar ellipticity per residue. [6] can be

'fapprXimated at each-wavelength byt"'

where the mean molar ellipticity of " the trimer XYZ

the dimers XY and YZ and the monomer Y are given byf

."(XYZ),_(XY), (YZ), and (Y) respectively at each wave—d

,_1.1eng+h Iln:this work, parentheses _()_ will denote
experimental CD spectra
Equation 3- l has been used to calculate the ORD

ofhseveral trimers (M). CD and ORD are'related;by

the-Kronig—Kramers transform and may beiused almostip;

inteichanéeablyf(6)  Tn most. cases‘good agreement is.

' found between measured trimer spectra and those based
.on nearest neighbor calculatlons Flgure 3 2 shows'.

_dthis agreement for the ‘ORD of the trimers A AAC,.

3,
. AAU GAU and AGU as measured by Cantor and TanCO (M)

It should be noted that 1n the first three of these

trimers, the calculated spectra are shifted to slightly

hivher wavelengths than the experimental spectra

. Similarly, optical properties.of homopolyribonucleo;'

.vtides (homopolymers) may be calculated from the nearest

neighbor approx1mation:

(poly X) = 2000) - ) (3-2)

- The ellipticity of poly-X'isvthus simply two times the

ellipticity of the dimer XX minus the ellipticity of |

theimonomer'Xr
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Figure 3-2. A compariéon of the measured ORD of

fsbme trimers. (: ) and the ORD calculated
from the nearest neighbor approximation (====- ).
Theéexspectra_were obtained by C. R. Cantor and

I. Tinoco, Jr. (4).
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.The ORﬁ of{ﬁhe homopolyﬁers;of the»fodr commén
RNA.bQSés (5) and the.CD of poly I.(7)? have been
compared with thé nearest neighbor_Qalculation'using
Eqﬁétién 3-2. The calculatea and experimental spectra
of,poiy rAg‘ley ryU, ley'rC, andfpoiy rG are shown
in‘Fig.u3—3. - S |

) .Qualitative agreement is‘fairly éood, though less-
v',:so_than in the‘casé of trimer calculations. The
-agreement is bést in the case of poly rU and worst
'Lfor-polyerf Whicﬁ is probabb'aggregated (5)f‘ Again
the calculaﬁed spectra are shifted tb higher wavelengths
reléti&e tplthé.experimental spectra. This shift is
much lafger fdf éblymers than for trimers.

" This discrepahcy suggeSts’that dimers and polymers
have differént spectral pfopérﬁies.‘ This couid.be
caused elther by a differencé in‘polymer geonetry or
by 1bng rangé interactions in the polymef._ The fact
thét;poly'rU, which is the least stacked polymer,
agréeélbest with the nearestvneighbor approximation
suggests that 1ong.range symmetry of‘similarly étacked
bases might alter the optical properties of the homoF
polymers. Another possibilitj is‘that intrastrand
phosphate-repulsion Qould change the orientatiqn of ﬁhe
bases in the polymer. |

It éhould.be’noted that dimers are a better model

for trimers than for homopolymers;‘



Figure 3=3. The experlmental ORD of four homopolymers

at neutral pH (

—) is compared with the nearest h

neighbor calculation (---*4). (a) poly A (b) poly C,
_(c)_poly U, and (d)upoly G. These curves were. taken-'y
fromIS;hR;eJQSRQhes:(S);- | |
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-..3{,'The CD of Single Strand tRNA May be Approximated

lpby ‘a Sum of Dinucleoside Monophosphate Basis ,d_ ' 7._ y;_

o Spectra. o
Ignoring end effects, the CD of any single strand RNA:
of known nearest neighbor frequency may be calculated in a ,
manner similar to that described for trimers and homo-
polymers using ‘the nearest neighbor approximation '
- o -y_ NN o _fN.] S
(RNA). ES 25 Py (XO) - :2 F O (3-3)
where the RNA consists of N different types of bases
ng& and F _are the number of times that the dimer
Xy anc the monomer X occur divided by the total

number of bases In the RNA,:and,(XY).and (X) are their

- respectiye'CDdspectra -The“mole fractions are obtained

by counting the number of times an interaction occurs
in che polymer and dividing by the total number‘ j

'of interactions present in the RNA
'A,_'Single'Strand Basis‘Spectra
 For ease in calculating the CD of large-RNAs'itvisL

.convenient'toldefine'a basis spectrum corresponding R

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

CD of an RNA: | |

(XY] —_2(XY) -5 (X) - §(Y) U (3=-1)

where the quantities_are as. previously defined and [XY]

o
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Ais a single'strand bas1s spectrum
"Then, to calculate a spectrum it 1s necessary to
'_merely count the number of each type of nearest’
nelghbor 1nteractions present and add a term for the
two monomers at the- end of the chaln.: For example,
consider the oligomer ABCDE o |

—5—<(AIBCDE) = [AB] + -[BC] + [CD] + [DE] +%— (A) + %— (E))

(3-5)

‘The single strand basis spectra of the four common
'bases at 25°C were obtained from 16- dimer and U4 monomer'
-spectra of Cantor, et al. (lO) Single. strand basis
spectra at MO°C were also needed for this study. The
CD spectra of_the 16 dimers_and 4 monomers were measured
‘at 4o0°cC and>are listed in Appendix l along with four
spectra of dimers containlng dihydrouridine measured
: by Dr. Carl Formoso (ll)

The dimer spectra at 40°C. have tne same snapes
_and positions of extrema‘as at 25°C. However, the
magnitudes of many of the peaks and troughs are
decreased_at‘MOQC. Different tuffers were used for
the 25°C and UO°C_dimer measurements. Since the CD

of the dimers is not uery sensitive to salt concentra-
tion‘(8),,_the difference between these two sets of
spectra is attributable to unstacking due to tempera—

ture, rather than to solvent effects.
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ijB; hModified NuoleoSidesApbroximatiOnssdﬁ B

In addition to. the four usual nucleos1des A U C T

' -and G»‘nearly all SpeCleS of tRNA contain an, average

:of 107 of” modified bases,'commonly referred to as..;
vminor or."odd" basesa Figure 3 4 shows the structures
of‘most‘of these“unusual nucleosides‘along w1th thef
'_abbrev1ations that will be used to represent them in
th s work The frequency with which they occur in the
- single and double strand regions of the nine species
lof “tRNA being studied here 1s listed in Table 3 l »
T:A* and X are bases whose structures are presently
‘unknown;e'd | |
' The funCtionfof.these'minor baseS'in the activi-
ties of tRNA is one of the 1ntr1guing mysteries o |
;surrounding this molecule » It is reasonable to assume
' _that they 1nf1uence the structure_br havevsome definite
role in the function of tRNA. If the unusual bases
.haye'no function it seems'likelyrthat they'would‘ |
disacbear; thereby sav1ng the cell the unnecessary work
, of synthes1zing the enzymes to modify the precursorv
ERNA (7)1 | o . -
It should be noted that 917 of the modified bases
in these tRNAs .are found in single strand regions of ‘;

the molecule (Table 3-1). ThevN dimethyl, l—methyl--

2"
or greatly'modified-purines,uD, 4tU -and. 3-methyl C will
not form proper Watson-Crick base pairs.: This suggests

thatgat least some of the odd bases function'to pre-
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. e N CHy
N°- -dimethy! guonosme M metnv‘ guanosine 7-melhylguanosme ~ inosine 1-methyl inosine
Tne
"HOCH, se
OCH;
: ' 20-methyl nucleoside
f-methyl odenosire 1 ~Aztsopemenyl NE-22 iscpentenyl - (A,C,8 or U)OM
AM. adenosme 2 melhylfhw"amosme . °
Amﬂ

EEE)

»5-trethyl clhdme 3-methyl cylidine  4- ocetyl cytidine
cMo

e Jfr “5

n'bothymndme duhydroundme psaedaundme 4- tmoundme
T ] 1 4 410

Figure 3-4

Some of the modified nucleosides found in tRNA and
abbreviations used to represent them. (R = ribose).
Taken from C. J. Formoso (7).
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 Ventwthe‘tRNA ffom assuming an incorrect secondary
.sffudﬁure; |

:Dr. Carl Formdsq cérried-out a studj of the
.op£iCai properties of two of the miﬁérvnuéleosides,
I and C (7). His CD spectra.of AD, DA, GD, DD, and
"D .at b40°C and 25°C afe.used in this wbrk. The extrema
bf tHe dimers:containing D are smaller and different
in shape from tﬁése of their U-containing Countérpaftsw
Of,the.28"nearest neighbor interabtions involving D
in these niﬁe tRNAs, 20 are either DA, AD, GD, or DD.
Thé‘remaining interactions invélvihg D‘afe aséumed to.
‘_bavegthe same CD spectrum as DD, which consists‘of only-
"a small peak and trough below 2&0 my. This is better
than aésuming these dimers have the séme spectral
pfopefties asfthe‘analoggs dimers containing U since
D isvnot,afomatiedénd doesn't absorb at 260.my . The
CD of the U dimerSzcontaiﬁing‘D athO°C are also tabu-
lated‘in,Appendix 1. N

1t would'be very_useful to have data.on the opti-
ﬂcai properties of Y which accounts for 22% of the
modifications in these tRNAs and 16% of the total
riumber of U's present. Only the CD of the dimers Ay
| énd YA have been studied (12). They eihibit a CD
. spectrum of 6pposite‘sign buf similar shape to those
of AU and UA. To see if this was aiso the case for
thé ¥ in the sequence TYCG, the CD of this sequence
wasvcaiculated using the hearest neighbor approximation

and assuming that[Ty] = - [UU] and that [yC] = - [UC].



V-Agreement w1th the experimental TwCG CD spectrum

' '“’measured by Dr Carl Formoso (7) was very poor(Fig 3 5).

’ ,Thus it was not valid to assume that dimers containing

5w exhibit the negative CD behavior of analogous dimers

o containing U ¥ does behave like U 1n that it forms

-stable base pairs w1th A, Until more information 1s'

'_available, it is assumed that U and w have the’ same

. optieal properties.f

One third of the modifications in these tRNAs
'involve only the addition* of one or two methyl groups
f.to a base - This should not ‘cause. a great change in ff"
: the CD of the nucleotide, and it 1s valid to assume
that the. spectral properties of methylated bases'
'_approximate those of their unmethylated counterparts.
ln this study; it 1s assumed thatwthe'CD spectral
| properties of the other odd bases in tRNA are also'f
lthe same as those of the unmodified bases : The-more
exotic bases, especially the heav1ly modified purines
"usually found on the 3 end of the anticodon, will

_probably have different CD spectra (l2) However;funtil
:lthe optical‘properties of these bases have'been studied,“
itrmustﬂbevassumed that they too resemblehtheirf o
: unmodifiedfcounterparts; Since aboutlé%_of the baseSL
in the tﬁNAs'are;of this*sort; only.a’small‘amount-ofi'"
ferror is introduced 1nto the nearest neighbor calcula—

tjons by this assumption
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' C. ‘Single Strand RNA Spectra are Sénsitive to. -

"Base.CompOSition and,SeQuence'[id

To obtain some feeling for the meaning of changes‘v
_in the CD spectra ‘of single strand RNAs it is useful f:
.._to calculate the spectra as. a function of base comp031?'
.tion 2 It is assumed that G and C are present in Fqual

'iamounts as are A and U and that otherw1se nearest

,neighbor interactions are random The CD of 51ngle

i strand RNA between 0% and 1007 GC may be calculated
-using Equation 3 3 and the single strand ba51s spectra
1'as defined in Equation 3- by | : - :
‘ - f7 :,:“ , SR
(RNA> = 2 z EXYJ + '— 2 F_(X) C(3-6)

‘where all terms are as previously defined and the

‘*»Aéeébnd sum is takenﬁover the two end nucleosides.

‘The result is shown in Fig 3-§ffor polYmers wherefth;
end effects are ignored o v o | _ |
It should be noted that the peak at 221 my is:t

'particularly'sensitive_to the.base_compositionvandv
shows an almostalinear decrease-in magnitude‘with an
increase'indthe'percentvof~énand C present; rA.similar_’
'effect has been observed in DNA (13) | V

J The magnitude of the large peak also decreases,-'
with 1ncreasing G and C until 807 GC, when it begins:
to increase againf' The p051tion of this peak shifts to

highervwavelengths While the'crossover shifts to lower
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Figure 3-6

Spectra were calculated from sums of dimer basis

spectra using Equation 3<6,



' wavelengths with increas1ng G and C.

'., Tnere is a large negative trough at about 250 mu{_v}

_in RNA that is composed of all A's and U' 5. This
eband decreases with an increase in the percent G and_ﬁ
iC and completely disappears in the sample that is all'
'G's and C' There 1s no band observed around 295 mu"
fin any of the single strand RNAs |
‘The -CD of an RNA is also quite sensitive to
’sequence effects To better understand this, we
. conSider a somewhat extreme example of sequence var1{:
‘:ation : The calculated CD of four equimolar RNAS
| of different sequence are shomn in Fig 3 7 These
“RNAs each contain only four of the 16 possible. o
'nearest neighbor interactions Although this example
is somewhat artificial it shOws.thatvCD spectra'willp
lvary with sequence | _ 0 " |
| Thus 1t is seen that’CD spectra are'quite senSE—'f'
-_tive tovbase’composition'and‘to'sequence;/ The'CDt'
.spectrum could plausibly be used as.an analytic tool
to . obtain some measure of ‘the composition of an’ o

unknown single strand RNA



69

Figure 3-7. CD of equimolar single strand RNAs of
varylng sequence calculated using Equation 3-6 and

assuming only certaln nearest neighbor interactions .

are present.
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hD;‘fVariationvin Nearest Ne;ghbof Freqpencies'

of-Nine tRNAssu _-rh»v”

- From the seguences of the nineftRNAs3the'freqnency‘f

of each.of 20 nearest neighborsintefacticnsvis tabu- .-
lated-in Table 3-2. As previously dlscussed it‘ |
]_ was assumed that the minor nucle051des other than.§
‘D had the same CD as thelr unmodlfled counterparts

| Then thelcalculated CD of these_tRNAs was found-a

'by'summing the basis ‘spectra corresponding tohthese

nearest_neighborvffequencies-using Equation:3—6._ The

'*fesults“cf-these'calculations are'tabﬁlated'and com-
epared with the experlmental CD .of these sing]e strand -

'tRNAs in the next chapter.

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

- Approximated by a Sum of Double Strand Polymer

'Spectrag

: The ‘CD. of the double strand regions of tRNA
may be calculated 31m11ar1y to the method used for
s1ng1e strand RNA.' To do this, it is necessary to_;ﬁ:
know the spectra correspondlng to the ten possible

double strand polymer 1ntera¢ticns:




Table 3-2

Variation in Nearest Neighbor Frequencies of Nine tRNAs.

cc

AC AG UA LU UC UG CA GU

AU

AA

5

coll)

F. Met (E.

leu (Yeast)

coli)‘

Phe (E.

Phe (Wheat)

Phe (Yeast)

4

y

coli

Tryp (E.
Tyr (E.

)

coll

!‘;"“-.
[

Tyr (Yeast)
val (E.

)

coll
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Then, at each wavelength the CD of a double strand

1-RNA is given by

St

-where F is the frequency of the'interaction P and the
csum 1s taken over 10 interactions listed above.
C Worh is in progress in this laboratory to obtain

the optical properties of all lO of these interactions
'fromva set of double strand RNA oligomers (lﬂ)" How-f
ever this 1nformation is not yet available, and the_‘s
calculations 1n this work are based on the spectra of'
five RNA<double strand polymers and-several approxima-

‘tions. .
A,’ Double Strand'Polyher Approkimations'

The polymer spectra which have been measured in

this laboratory by Dr. Donald_Grayvand Dr Dana Carroll--i

are listed in Appendix 2. These polymers are
poly A poly U, poly G: poly C, poly AU: poly AU,
| poly GC:poly GC and poly CA poly GU. In order to

'approkimate the double strand regions‘of tRNA'us1ng:'

bnly‘these polymer spectra, a number of approximations_

are necessary:

(RNA) :S R G __-c L ::v_(3§7)v.
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(1) It was assumed that the following inter-
aétidns'were the same:
AU _ UA  GC _ CG , AC _ CA L UC _ CU (3-8)
UA AU ° CG GC ? UG GU 2> AG = GA °

-_— T T =S e =

This assumption will be valid if either the spectra
of fhe two interactions are similaf or there-aﬁe-
néarly the same number of each of a pair of.intéractions.
'We'haQe no information about the formér assumption but
‘the valldity of the latter for the nine species of
~tRNA being studied can be determined'from Table 3-3
'whiéﬁ lists the fre@uency of eéch of the 10 inter-
actions for the nine tRNAs being studied.

. (11). The CD-spectfum of the double strand ribo-
-polymer poly GA:poly CU has not been meésufed. 1t
-1s épproximated ﬁsing the observation that this poiymerv
consists of one stfand of purines and‘anbther of |
pyrimidines. SWitching every seéond base from one
.chain to the other would result in the poly GU:poly CA

whose optical properties are known. Since a similar

WA . M0 ..o, ac .
alternation would change g to UA.and CC'to oo it was
assumed that

GA _ GU _ 1[{AA _ AU 4+ GG _ GC (3-9)
CU CA ~ 2\UU  UA CcC cGg )y

- - - - -
Specﬁfa cbrresponding to several other methods
‘oflapproximating this interéétion were tried. How-
eVér, thls method. was chosen as 1t.géve the best agree-

vmént with experimental results.
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(iii) Since there are no polymer spectra availJ}'

h‘able to represent interactions involving the G:U. base75"

pairs which are occa51onally found in tRNA these
, interactions are apprOXimated by the average of the-f
' corresponding interactions involving G:C and A U baseﬂ

'pairs. For example; 1t is assumed that

(e _ 1/ ( (GU) (AU o
( UUA>"2 Uc>+ UU> cA UA> (3 10)

(iv) ~0dd base approximations are not nearly so
important in the'calculation of'double'strand regions.
of .tRNA as in single strand regions. Since only 1%
of the nucleosides in'double strand'regions of tRNA
are modified, the'assumptionvthat their spectra are

the same as of the unmodified nucleosides should not

greatly affect the validity of the calculation of the L

CD.of double strand regions of tRNA

B. Double Strand RNA Spectra Vary with Type of

Base Pairs Present

Figure 3-8 shows the change in_thepCD spectra ofi
.random double strandvRNA ‘as the relative percent of.v'
A:U and G:C base pairs present varies.  These curves.
were nalculated u51ng Equation 3- 7,7f1ve experimental '
double strand RNA polymer spectra-and_approximation_
‘(ii) discussed above for the unknown polymer spectrum;

Again there is a linear variation in the magnitude

ofjthe band at 220 mu 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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:_1s a simllar change in the 260 mu band‘ whlch also
Lshifts to slightly hlgher wavelengths w1th an 1ncrease _N
. in G'C-' At the same tlme, the crossover anoundeﬁ-7‘

240 my shlfts to lower wavelengths Theitfough*afV

295 mu increases with 1ncreas1ng percent G:C 1nter-

actlonsa

C. Variation .of Double Strand Interaction

. Frequencies in Nine:tRNAs

"The double strand reglons of tRNA may be thought
of ae three helical reglons The flrst hellx, which
'containe 11 double strand 1nteractionsg extends from
“the'AQCX'to_the Twcfléop; The second helix of four o ;
interactions clqseshthe antioodon loop. .The thirdh |
helixvcontains two or.three ddnbie stfand interaCtiQns
and is adjacent to the D loop |

The number of each of the 10 possible double o
strandvinteractions 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 |
muéh more rich in GC interactions than in AU inter-;;; _ "ﬂ'

actions.



Variatlion in Polymer Interaction Frequencies.of Nine tRNAg
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5._ The CD Spectra of Natlve tRNA May be Approx1mated

by a Sum of CD Spectra of Slmpler RNAs

A Calcu_lation of tRNA at 25°C from Dimer and

Polymer Sum

' The'CD spectrum of a native tRNA-at'25°C can

be con51dered as the sum -of contrlbutions from the:

single strand parts of the molecule, the- double strand

parts, and the tertiary structure:

(tRNA) = z z S [x¥] +ZF (P) + EF (M) + (T)»

P 1 : M 1
(3-11)

Y

[XY] is a dimer basis  spectrum and the sum is takent'

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

,polymers; (M) is the CD of the monomers at the ends

of the RNA cnain, and (T)vis the contribution cfithe
tertiary structure to the CD of tRNA. | |

. “Ways of approximating all of theseFQuantities
except the tertlary structure_have been discussed.
Fcr'the present the tertiary structure contributicn to
the CD spectrum of the tRNA will be ignored, and (T)
will be set equal to zero. | |

End effects between single and'double strand

regions are accounted for by including these nucleo-

sidespin both the single and”double.strand regions.
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This‘method can be better understood by considering

in detail the interactions present in one loop of a

tRNA molecule.

For example, let us consider the TYC leop of

trNat e

(Yeast) which contains 17 nucleosides:

]
' Me
Crg-4

+ [UCc] + [CG] + [GA] + [AU] + [ucC]

+LoCl + % (0) + @b (3-12)

Square brackets denote single strand basis spectra,
_ - :

térms such as <gg are double strand polymer CD

spectra and (C)_;nd (G) are monomer CD spectra.

It should be noted that the CD of the interactions
in?olving T, ¢, and UMe are assumed to be the same as
those‘involving )8 Tértiary structure is not con-
sidéred 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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B. Calculation of tRNA CD:Spectra. at 40°C
from a Sum of Single Strand:tRNAtand; o ' S

_BaSe'Pairing Interaotion'Basis}Spectra

An- alternate method for approx1mating the CD of'
'the loop above is as the sum of ‘the CD of the B
single stranded loop. and the CD from the formation of

:the appropriate base pair interactions
(RNA;N)T % (RNA, ss) 25 F P} (3-13)

where (RNA,N); is the CD othhe native RNA at some
temperature T,x(RNA)SS)f,is tne“CD of'the RNA‘in a
single stranded:form at T, Fp is the:frequency'of}theA
base"pairing.interaction {P}vath. and'the sum isv |

" taken over the six polymer pairing interactions

H As w1ll be shown in Chapter IV temperatures of -
about MO°C and very low salt are needed for the formae
.-tion of single ‘stranded tRNA. Therefore, it is"
neoessary to;conStruct'a set of double_strand basis»
spectra correSponding to the formation.of base pairs
atrﬁ0° ‘that lS, the difference between the single
stranded and double stranded polymers. The approx1—l_ i
‘mations previously disoussed-were used along with' |
the five~experimental spectra for the double strand

polymers. ‘The single strand'polymers were appronima4

ted using the nearestvneighbor.approximation and the

vfdimer and monomer speotra at MO?C listed in

B
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.Apbendix.l, 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_uoec
'preVide a better model for the single strand polymers_
at‘ﬂhis temperature than do the dimers at 2550 for
the polymers at 25°C.

A base‘pairingvinteraction basis spectrum is
,defihed as:

@vgv = <§1§> - %[XY] - -JE“[YX] - %[X'vyv] - %[[Y'X']

a—

) ' - (3-14)

where‘quare brackets, [], denote diﬁer basis spectra
which according to the nearest neighbor approximetion
represent_the.single strandvpolymer spectra, and
curly brackets, {}, represent ﬁhe double strand
pairing basis spectrum of the poly:ka:poly rX'y',
and, as usual, curved brackets, (), represent an
experimental CD spectrum. |

| Using these basis spectra, we may approximate

the CD of the above TyYC loop in a second manner:

- 1 UL,. UGgl{,,JGU
(loop,N)uOo = 17 9(loop’SS)UO°'+2{GA}+2X2{AC}+2{CA}

(3-15)

where the terms are as previously defined.
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~C.l Change in Calculated tRNA Spectrum w:th Base

Comp051tion { L T .

According to the Holley model about”one’half'A

of the nucleotides in a tRNA molecule are in double‘
vstranded regions.. Therefore, 1t'1s of 1nterest.to‘d
con51der the effect of base composition upon an RNA
' that is 50% double strand and 507 31ngle strand
Assuming that the amounts of G and C are equal and
thevamounts of-A and'U are also equal,.curves may
beacalculated correSponding to'the Cﬁ_spectra as‘a
function of percent G and C A set of such curves -

re shown in Fig. 3-9. With an 1ncreasevin percent
GC,“both peaKS'decrease the crossover shifts to lower -
wavelengths, and the peak at ?95 mu 1ncreases in
magnitude. The shifts in the pos1tion of the large e
maximum observed in the cases of single strand and

.double strand RNA considered separately,seem to cancel
"each other, so this peak does not move much;

| . The position and magnitude of the.maxima ofo
/the'calculated.curves as a-function,of percentGC fcf,‘
'.'100%; 50% and 0% double strand RNA are tabulated_in

Table 3-4, o o o .

6. Computers,arerSedft04Record_and:Analyze Data
‘A. -Data 1s 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



Table 3-4
Position and Magnitudg 6f_CD Mékimﬁm'in:Caiculated RNA Spectra -
- S : . 50% Single Strand. . R SR , o
__100% Single Strand RNA - and_so% Double Strand- L » _100% Double Strand - .
y ' y | 4 y

g

o _ S - -4 T - o -y oy L P I
. 86&C -ima;— [elx10 ~ A ., [elx10 ~ A, [6]x10 ~ A, Lglilg——'-5 Amax— [0J¥10 "ax-;Lgl¥¥9—+“u$

0 210 2.4 - 219 1.51 268 2,47 220 . .91 260 . 3.12 . 224 46
20 272 2.30 219 ©1.05 ) . 268 232 - 220 . .36 260 2.8&45_ -225ﬂ___.J;31:-i

bo 274 2,14 a9 .62‘_;  268 : 1.85 221 o1 260 : ”é;SuA’zjjzzsu,-_ :.101:

.60 276 2.06 . 219 1__ 122 . _ 268.~__‘1.67 2210 - -k . 261 é.zn 225 :" '-‘;6
80 219 2.05 .2?623:1-4;13 268 157 222 -2 26k 1.99 . 225 -.MB

100 281 | 2,09 221 -.45 . 268 - 1.47 - 222 -.67 . 266  1.86 - 224 :,5,8531;'f1'-7’,;{~-"

B - & o ——— e B - . : . y co. .

hg
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Corpohation PDP 8/S computer. SUPERSPECTBUM, a pro-
gfaﬁ written by Dr. B. L. Tomlinéon was used to
calculate data points from the average .of about 300
points taken over 1 mu (15). The CD data, expressed

‘as molar ellipticity per residue was calculated from:
data = (spectrum - baseline) x'e/OD (3-16)

where € isvthe'extinetion coefficient at 258 mu as
previously discussed. The CD data;Was purniched Qnto".
a paper tape following the recording of each spectrum.
vData polints were recerded eVery 1 mﬁ. For the

A

analytic procedures, 100 data points between 310 and

210 my were ueed,
B. Further Analysis is Carried out by a CDC 6600

The peper_tepes-are converted to cards using
'BAKER, a”program,wfitten bnyr}lMartin.Itzkowitz;

'+ The spectra are then plotted by a program entitled
GLACER,* which also corrects for-baseline shifts and
prqvides the oppertunity to change the'values of & and
ODethat wefe originally used to calculate the data
points. This program aﬁd those thet will be subse-
quently discussed are listed in Appendix 3. |

The data ﬂlots are examined by eye for obviously
bed points due to mispuhched tapes or errors in

recording the speétra. These points are replaced with values

Tltles of the ‘6600 computer are limited to six 1etters
and names of mountains are therefore abbreviated.



-interpolated from the p01nts adjacent to the bad point::
The data is then’ read into the program TAHOMA |
"WhICﬂ fits 13 data p01nts w1th a: cubic which reduces
.the n01se level of the data (16) The smoothed data
for each of-two or three similar scans is then'
averagediat each mavelength by RANIER;_p The experieg
mentalltRNA spectra being studied are'thus the average
of several smoothed Spectra taken at'different times.
'.STHLNS was used to obtain difference'spectra
betmeen'sets of ‘experimental or between calculated

and experimental -spectra at 100 wavelengths .
C. Calculation of Spectra from Basis Spectra .

CD- spectra for tRNA were calculated from dimer
'.and polymer basis spectra using SHASTA which is based
v.upon Equation 3 11. Double ‘strand pairing inter—"
actions were calculated using MTADMS which is
-based on‘Equation 3-12. Both of these programs were
adoptedbfrom NNPOLY which was written by Mr. Phil ff
Borer (17): Single strand basis spectra were calcu;i:
laced us1ng LASSEN -and double strand pairing o
interactions were calculated from a slightly modified
' vers1on of 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 "whilch calculated the root mean square.
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deviation between the two spectra and normalizes by

dividing by the square of the expérimehtal values:

N 1/2
' 2
z (;;Eiv-ci)_
Fit 1=1 (3-17)
N )
. 2
i1=1 )

where Ei-is the valué of:theléxperimental curve at
the i-th wavelength, C1 is the value of the calculated
CD.gurve at this same wavelength, and»the sum ig taken
over N wavelengths. Thus "Fit" is a measure of how
well two curves agree. Values of "Fit" wlll be later
tabulated comparing.experimental’and'calcuiated CD
speétra. _ |

The relaﬁionship of the programs Just described
.15 shown in Fig.b3—10. Listinggof‘thesé programs and

- a discussion of their use is to be found in Appendix 3.
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The relationship of computer programs used to

analyse, calculate, and ¢
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' CHAPTER IV
" RESULTS

1. The UV Absorption of tRNA in the Presence and

 fAbsence of Magnesium is Quite Different

 The temperature dependehce of the'260 my absor-

bance of nine species of tRNA in 107° M EDTA and 1 mM

MgClg (pH 7.8) is shown in‘Figs.uél to U4~9. The two

curves shown in each figure were. obtained from one

'sample of tRNA that wés first heated in the absence of

Mg++, cooled, and then reheated in thé presence of Mg++.
"~ There is qualitative similarity between the tempera-
tureuversus ébsorptién curves for these nine tRNAs.

-+

Iﬁvthe absence of Mg+ » there 1s a gradual increase in

absorption with temperature which is néarly complete

at 40°C. The addition of 1073 m mg*?

, which is about
lO Mg++ lons per tRNA nucleotide, causes the curve to
become.much'steeper and to shift to higher temperatures.
The”peculiar looking decrease in absorptilon around 50°C
in the curves for tRNAL®Y (Fig. 4-2) and tRNATTYP

(Fig. 4-6) 1in the presence of Mg++ is due to fhe exis;
génce of two stable forms of these tRNAs which are

called native and denatured. This phenomenon will be

discussed in detail later in this chapter.



>Figures 4—1.to 4-9, The change in absorptibn of_the'l

-nine{speciestqf pRNAuwith‘temperature " The Curve on
the? left was measured in '10’5 M EDTA ‘at pH 8.5 after o
sample had been,dialysed to remove as much salt aS’”
possible. The curve on the right was measured in _
1 mM.M5012,'1Q mM»tris HC1, pH'7.8; -These cqnditions
vwere”aiso used fer<theﬂmeasﬁremehtléf single strand

and'netiVe CD'spectre shown in Figures 4-10 to 4-27. -
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’«[A{1¢Choicevoffa Temperature'at Which to Studyﬁ‘hf
‘*;The Differences between Native and Single

’ Stranded tRNA LT .

ti:These nineesets‘of-curves (Figsltﬂél‘tovﬂ—é)}Zf:'
in.the presence and absence of Mg t were”obtained'in:
order to find a temperature at whlch the low salt form
_of the tRNA 1s mostly s1ngle stranded and the structure
; of the native molecule 1sustillwintact; At thls;tempera—
'turefthe difference in properties between the'native -
.and single strand forms of the tRNA are attributed to
-the formation of secondary and tertiary structure

| Figures 4o 1 to 4 9 show that most of ‘the change -
'in absorption of the s1ngle strand tRNA has. occurred

by uoo . In the case of tRNAT - Met

(E. coli) which
contains an unusually large number of G c base pairs,ri
‘the corresponding temperature is 50° { The absorption‘
'of the native tRNA molecule in the presence of Mg
.has not yet begun to increase at this temperature in.
-'any case. s

For several of the single strand melting curves
_there is some change in the absorption above UO°
However “this change 1is less than 10% of the total :
absorption change and may be attrlbuted to unstacking
or the breaking of a very few base pairs. At_40°

F. Met)

(or go°c for tRNA , the properties of the tRNAs .

i‘n‘lQ,5 M EDTA are those of a molecule that is mostly

3
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single stranded, andvthe properties of the tRNA in

l5mM Mg++ are those of the native molecule.

'B. Parameters Describlng Changeé in Absorption

with Temperature

Curves showing the change in absorption of a

nucléic acid:with temperature are called melting curves.

The bases in RNA have strong absorption bands in the

UV near 260 mp. The magnitude of this abSorption

‘depends upon the local enviroﬁment of the bases. The

extinction coefficlent of a free nucleotide in solution

is
of
o
of
of

of

greater than that of a nucleotide in RNA.- Absorption
the base in a polymer will inCreasé‘with temperature

other denaturing conditions, and will approach that

the free'nucleotides at high temperatures. ‘Breaking

hydrogen bonds in double strand regions, unstacking

the bases, and alteration of the tertiary structure

cause the observed change in the absorptlion of the RNA.

‘The melting temperature (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 1limit

of

the melting curve of tRNA in the presence of Mg++‘

is Well defined. However, the high temperature limit-

for several species of tRNA is difficult to determine.

There 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 native tRNAs must be approximated from

'the shape of the melting curve.1 The melting temperatures j

) of the nine species of tRNA in l ‘WM Mg Vary»between
"73° and 90°C as listed in Table U 1. S [
In the absence of Mg *; the high: temperature;‘-v
.-limits may be obtained readily, butfthe low temperature'
limits are”not‘mell.defined Thus the melting tempera— B
tures in the absence of Mg++ listed in Table - 1 are:
: onlyiapproximate} Howeyer, it should be noted that
"upon-the_addition of Mg++ there is an 1ncrease'of o
at least 50°C.in'the,melting'temperature of all theb
Species.of tRNA being studied. ‘This change reflects g
a maJor structural ‘change in the molecule L c
It should be noted that for most of the tRNAS
studied here, the melting curve in the absence of Mg i
has a greater upper limit than does the melting curve;_
'in 1 mM Mg-v;' This difference'may also be observed-ig
in thé:melting_curves of miked yeastvtRNA obtainodvb&?d
Fried‘(l); lt'suggestsvthat even at‘duite highvtempera—
tures there”is_interaction between Mg+f and the tRNA;'
‘ Apparently'the Mg++:somewhat alters the geometry of the
bases or the overall structure of the tRNA even at |
90° It would be interesting to compare the upper
_limit for the melting of s1ngle strand and double o

strand oligomers in the presence and absence of Mg f"

to see 1if their structure is also sens1t1ve to Mg o ;

at high temperatures,_and to see. if any of the optical

| properties of monomers change in the presence of magnesium.



Table U4-1
Melting Temperature and Pefcént'Hyperchromicity of Nine tRNAs'

. -5 ' =
Tm in 10 M Tm in

o EDTA 1 mM Mg %:Hyperchromiqity
F. Met (E. coli) 27 & 5° 90 + 20 2l |
Leu (Yeast) | 10 + 5° 78 + 2° 27
Phe (E. coli) 30 + 5° 79 * 5° 22
Phe (Wheat) 21 % 50 85 + 20 - 20
Phe (Yeast) 10 + 7° 79 t 2° 27
Tryp (E. coli) e g 7ee s 17
Tyr (E. 99_1_;) 25 + 3° S T9 t2° 18
Tyr (Yeast) 16 £ 5  73% 3 21
Va1 (E. coli) 33 £ 5° 88 % 2° 18

GOT
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| Melthg behavior 1s.further characterized by the
'hyperchromicity or the increase in absorption upontj
'melting relative to the low temperature absorption
_limit, Hyperchromicity_may.be calculated‘from: P
4 h = <-A—IE- > 100 . Cou-1)
o \'p o L O ﬂv
Where_Am is the‘absorption limitvatvhigh temperatures,"
'and'Ab is the polynuc&eotide absorption at low»tempera—
ture limit. The percent hyperchromicity of. the tRNAs
in the presence of Mg ++ are listed in Table 4- l
i g There 1s a large change in the melting behavior )
ofhall nine tRNAs upon the aadition,of mett. Theh
shape and position of.these curves are different for
'differentvspecies7of:tRNA Work'is in progressvin this‘,‘
laboratory to relate the characteristics of the meltlng

curves of various tRNAs to the sequence of these RNAs (12)

2.+ 0D Spectra'ofiNative tRNAs at 2560

| A Different"SpecieslOﬁ\tRNA Have Different
CD_Spectra |
Although it was shown that 40°C was a better temper—-

-ature to study tRNA than 25° s most‘other.studies have
been carried out at-25° , SO we will;begin by preSenting
our results at 25°cC | o | o

" The CD spectra of nine tRNAs at 25°C are shown in
ﬁigs. 3-10 to 3-12. The extrema andfcrossovers of these‘
spectra are tabulated in Table 4=2. The first
'observation that may_bevmade on the basis of these

spectra-is that different species o6f tRNA do exhibit



Comparison .of CD of Experimental and Calculated

Table 4-2

Native tRNA at 25°C

z, [e]min » [e]max . \ \ [e]mx prt
in (x 107%) MY (% 107%) c mAX  (x 107%)
exp 295  =.17 267  2.31 245 226  =-.41
F. Met (E. cold) .0y 299 .10 270 1.76 250 221 = -.04 +395
' exp  mmm  wmem 263 2.8 242 222 -.16 )
Leu (Yeast) cal 300 ~-.08 268 1.63 249 221 4.10 +465
exp 297 =.01 262 2.32 239 226 . ~-.05
Phe (E. coli) cal 299  ~.10 269  '1.55 248 221 -=.02 -542
-t .
exp 296 -.15 264 1.98 245 227 -.50 _
Phe (Wheat) cal 298 =17 268 1.55 248 221 +.13 -411
exp 295 =19 263 2.19 246 c226 =31
Phe (Yeast) cal 300 =.13 268 164 248 221 +.16 -397
exp 299 -.04 265 2.02 242 225  -.43
Tryp (E. 2’-1}-1-) cal 299 =10 270 .. 1.61 247 235  ~-.44 -410
: oxp == e 260 2.28 243 224  -.16
Tyr (E. colli) cal 301  -.06 271 1.86 249 221 +.03 452
3 exp  omm  =ee= 264 2.04 239 225  +.04
Tyr (Yeast) cal 298 =11 270 1.53 250 221 +.04 -489
exp 301  -.04 267 2,13 243 226 .40
val (E. coli) cal 300  =.10 269 1,59 245 221 -.08 291

LOT.
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-differenf CD behavior.

‘structure. Figure 4-12 shows the CD of tRNA

lll

Phe

This_study includes tRNA from three organisms,

ahdvﬁﬁNATyr frqm‘two. If a common tertiary étructure
is éssumed for tRNAsvfrom.theée drganisms, the obéerved
différenéeé in the CD spectra of the tRNAs may be

explained by variétion in the primary'and secéndéry

Tyr from

yeasﬁ and E. coli. The shape and crossovefs_of these

_twbiépectra are similar although their magnitudes are
somewhat different. The larger maghitude of the peak

:at 264 mu and smaller magnitude at 225 mp observed in

tRNATY T

(E. coli) may be attributed to additional base

pairing in the variable length region of this tRNA

Phe -

(Fig. 1-3). The spectra of tRNA from wheat germ

. . 3
and yeast are also quite similar as shown in Fig. 4-11.

Phe

The larger mégﬁitudebof tRNA (yeast) is probably -

d@e to the larger number of A:U pairing interactions

Phe

in this tRNA. tRNA (E. coli) has a fairly differ-

ent primary sequence and CD spectrum from the other

tw0'Phe tRNAs.

‘>In'Figufe M;lo the spectra of tRNAF'Met and

Phe

tRNA from E. coli are quite different from each

othef, reflecting differences 1in perCeht A:U and G:C
interactioﬁs in these tRNAs. The same species of tﬁNA
frpﬁ differ?nt'orgahisms can have qgite similar CD and
different species Qf tRNA from the same organism may

have relatively large differences in their CDvspectra.



These-Similarities and differences‘may oualitatively.
-be related to the sequence and pairing interactions

of the tRNA. Thus the observation that tRNAs from
different organisms have Similar structure is: confirmed

- by'CD ‘spectra.

;_E.-;Comparison'of Calculated and ‘Experimental

tRNA Spectra at 25°C

The ekperimental spectra:ofhnative‘tRNA'at_ggoC’:
1_mavvhe approximated by sums. of monomer;'dimer, and
douole Strand polymer_spectra‘using'EQuation Bellvandv’
‘setting (T).equal'to sero "The extrema of thesev
calculated spectra and thev"Fit" with the experimental
spectra are listed in Table H 2 "Fit" is a measure. of
;the normalized root mean square deviation between the
-two curves as defined in Equqtion 3—17 ' This gives a
vquantiative measure of how well calculated and experi—T
mental spectra agree The calculated and experimental
‘spectra at 25°C for the three species of tRNA that o
were purified asrpart.of this work are’shown lanlgS -
u-i3lto7u;15 | ”
Agreement between the calculated and experimental

specura is qualitative only The main peak and: cross—

'over of the calculated spectra are shifted about 5 mu

to higher wavelengths than those experimentally observed;

' Also, the magnitude of this large positive peak is

decreased‘in the calculated spectra.. Examination of

',112:‘_
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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

doublevstfand‘pOIymer spectra using Equation 3-11.
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Fig. 3-1 shows that_this sort of change>COrrespdnds:
to more single stnénd character in an RNA.. This
suggésts that thévnative structure of tRNA'ﬁay have
moré'paired bases than is predicted b& the Holley
cléVérieaf. These could be part fothe tertiary
stfuqture bf the molecule.

Other péssible.céusés of thié discrepéncy are

that_the single strahd basis spectra, the double

vStrand polymers, or both are not good models for the

nicleotides in tRNA. To investigate this, we will
conéider.separateiy how well the dimers basis spectra

andfdbuble strand polymers spectra will fit experi-

-menfal-CD data.

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

Single-stranded tRNA was prepared;by dialysing
thé tRNA to reduce Mg++ concentration to less than -
10—5 M and heating’to‘&O?C in the presence of 10._5 M
EDTA. Examination of the melting éurves in Figs; 3-1
to_3;9 shows that at this temperaturé most of the
éecoﬁdary 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

disappeéred and the large peak 1is shifted to the red
and diminished in magnitude relative to the native
tRNA at 25°C.

According to the nearest neighbor approximation,



’_3fll8'-

, these experimental spectra should be'similar to an
.appropriate sum of" dimer bas1s spectra Single strand
spectra for the nine tRNAs were calculated from Equa— .
‘tion 3 6 using the 20 dimer and 5 monomer spectra
listed in Appendix l and the nearest neighbor fre—r)
quencles listed in Table 3-2. Extrema of these spectra
are-tabulated in Table 4-3. , The experimental and |
calculated single strand spectra are compared for .
three,species of tRNA in Figs. 4 l6 to 418, _The:
calculated spectra are shifted to the_red relative to
theleXperimental single strand spectra; jThe_position..'
of“the-lowhwavelength‘peak is aCCurately predicted in
alldcases. rHowever; the'magnitude of'the calculateds
spectra is.usually toollow '"Fit"7values are slightly
larger than- those for native tRNA at’ 25°C 1ndicating
- a somewhat worse agreement between experimental and
calculated cD. | R
- As previously discussed about 27 of the bases in
these tRNAs are modified bases whose spectral properties
are not known. These bases may be respons1ble for
' part:of the discrepancy obserVed. _An attempt was'
made‘to improve the "Fit" by using.an experimental
Spectrum of'TwCG measured by Dr.'Carl;Formoso (2) at
MO?C;in the place of the dimers. Unfortunately;‘this“
did mnot result in any better agreement. | |
Figure 3-3 shows that when calculated ORD of

'homopolymers is compared with the experimental spectra,




. ) Table 4+~3
Comparison of CD of Experimental and Calculated Single Strand tRNA at 40°C -

el . . Lo tel

A ax g A Jomino max Fit
max (X 10 4) c min (X 10 4)7 ‘ 7‘max (X 10 4) .
» exp 274 1.37 254 To237 -, 46 222 -.12 o
F. wet (E. coli) ) 277 1.31 - 259 241 =82 221 4.1 372
. exp 271 . -1.58 Toese 237 -.33 221 +.17 v
Leu (Yeast) cal 2715 1.22 260 246 =.80 220 +.17 -582
‘ _ exp - 276  1.13 245 231 . -.31 ‘222 -.04" :
Pre (E. eolt) o5y 276 1.7 - 259 241 -.T4 221 +.09 -639
“exp 271 1.38 250 235  =.43 221 ~-.18
Phe (Wheat) cal 275 1.12 260 242 =.80 220 - +.16 613
’ exp 27¢  1.08 252 237  -.40 219  -.08
Phe (Yeast) cal 275 1.14 260 - 244 =79 220 +.16 -576
exp - 274 . 1.37 250 . 233 -,43 219 <.08 o
Tryp (B. goll). o 217 121 260 . 241 =.T9 219 +.14 S S
exp 271 1.75 249 235 .3 221 +.18
Tyr (E. colt) cal 276  1.45 259 241 -.85 “221  +.16 -561
exp 273 1.27. 249 237 -.22 221 +.14
Tyr (Yeast) - o5 276 1.14- 260 242 -.76 219 +.15 -638
_ | exp 273 1.73. - 247 236  ~.32 221  +.15 :
Vval (E. coll) cal 276  1.20 259 240  -.93 221 +.04 -598

61T
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" Figures 4-16 to 4-18. Spectra of'"Sihgle stranded";'
—— . e _

tRNA at 40°C in 107> M EDTA are compared with sums

of 20 dimer spectra calculated using Equation 3-6.
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“";li2uf,
| there 1s a s1m11ar red Shlft of the calculated ORD |
This lack of agreement was orlginally thought to be.
due to long range symmetry in homopolymers (3). Obser—
,vation of a simllar shift for all nine tRNAs suggests
,that dlmers are. not a good model for polymers

v _~We_must conclude that the'nearest.nelghbor

aoproxlmation'is”only qualitatiVelyhusefulvinvpredict—.

ing the spectra of_single_strand~tRNAs,¢

. CD Spectra of Native tRNAs at 40°C
| - A. There 1s a Large Difference‘betweenrthe_CDZ'”

of Native and Single Stranded tRNA at 40°C

"The addition-of 1 mm Mgtt to s1ngle stranded tRNA
results in a large change 1n the CD spectra as shown

_in Flgs. 3—19 to 3=21. ' The addltion of 1 Mg fof~'

each two bases is sufficient to produce this'change (u).

" The position of the maximum_shifts about 10 mu o iomer
wayelengths and its”magnltude increases5markedly."For
some tRNAs there is now ahband“at 295 mu. These |
' large>Changes parallel the 20% decreases in absorptionb
‘shown in Figs. 4-1 to 4-9. | |

The difference spectra‘correspondingito this change
were calculated for the tRNAs and their extrema'are.}ge
: tabulated'in Table U—M. The spectra-for the'threef:?f
vspecies of tRNA that were purlfied as part of thls
work are shown (Figs. 3- 22 to 3- 2&) to prov1de examples

oﬂ.the-sorts of spectra obtained. These.dlfference-
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. Table ;-4

* Comparison of Difference Between CD of Native -and: Single-Strand
tRNA with the. Sum of Double Strand Pairing Interactions at .40°C

: el , (el '
: : min . max :
1 A Y a A Fit
)\min (x 10 4) 4 max (x 10 4) c
_ . exp 286  ~.58 276 261 | 1.26 229 L
F. Met (E. coll) .o 285  =.51 274 264 . .65 -234 - w401
Cexp | 286 - =.39 275 258 1.73 233
Leu (Yeast) cal 288 -1 277 25T 1,15 223 357
o exp 285  -.48' 275 260  1.68 223 ‘
Phe (E. coll) . 5 285 -.36 275 258 .80 - 233, -485
- exp 286 -.52 274 259  1.19 238
Fhe (Wheat) cal - 285 =30 275 260 .99 - 237 -252
o exp 290 . ~.56 . 276 260 ©  1.58 242 o
Phe (Yeast) cal 285 -.14 276 258 1.11 . 222. -406
Lol exp 285 L6 274 260 1.23 . 237 ..
Tryp (B. goli)' . .0y 285 .36 275 258 .80 . 233 -307
_ exp . 281 =45 272 258 1.7 240 : .
Tyr (B cold) | gqy 285 . -.25 276 257 .80 232 s4el
. exp 286 -.35 275 259 1.02 227 . ,
Tyr (Yeast) cal . 285 - =.41 275 260 . .80 234 97
o exp . 285 - -.48 . 278 259  1.03 ae2
Vval (E. coll) cal- 284 - =29 275 257 .89 232 455

oot
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Figﬁres 4-22 to 4~24. A comparison of the differ=-

ence between native and single strand tRNA CD

'sﬁéétra at 40° with a éum of double strand pairing
interactions.as defined in Equation-3f14 ¢orrespond1ng
to the double strand regions shown in Figures 1-1

to 1-3.
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speetra correspond to the change in the‘structure of

molecule upon the formation of secondary and tertiary

 structure.

- This change was.approximéted with-a sum ef polymer-
péiring basis spectra as defined by Eguation 3-14.
The spectral properties and "Fit“‘of iheee calculated
diffenence.specﬁra are also'listed in Table U-4. Agree-
ment is fairly good. "Fit" is seen to be better than
inieiéher of the previous cases. Still fhe magnitude
of'tne experimental curve is greaterlthan that of the
calcuiated curve.

'.eTnis difference is probably due to éhe double
strand polymers not being a really good model for the -
shert_double_étrand regions in tRNA. Anethef possi;
bility is that more double strand interactions are
needed to fit the data. Several models for the ter-

tiary structure of tRNA suggest addifional base pairs.
B. Calculation of Native tRNA Spectra at 40°C

- The agreement between ealculated and experimental

CD spectra of double strand regions.of £RNA is better
than for single strand‘regions. Thus, the major source
of the large errnr in the calculation of native tRNA
at\]25°c appears to lie in the nearest neighbor |
approximation that the dimers, are good modeis for
single strand tRNA. o ‘l

| To avoid this difficulty,ethe ekpefimental single

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

b(tRNA;native)uoo'= (tRNA, single strand)uo0 ESE’{P}
. | o ”

‘(uf2>:

‘mhere'Fp‘is:the'frequency.of the dodble strand pairing
interaction‘{P} defined by Equationf3-lu and the sum »
. is taken over the six. polymers in Appendix 2. |

: The extrema of these calculated curves are’ com;.
pared with the experimental spectra in Table 4-5.
Flgures 4 25 to 4- 27 show examples of. relatlvely bad,
average, and good agreement. The "Flt" is much improved
fromdthat involVing the'dimers.instead’of the eXperi—.
mental single strand'spectra.r'ln general positions.
and magnitudes agree réaSonabb?welIZWith the experl;
mental curves; '. | - |

.The reason for this fit may be qualitatively

understood by comparing the base composition and cD
curves of some of these tRNAs with_the calculated

curves in Chapter IIT.

The position of the maximum of the large p051t1ve '

band of the native tRNA Varies from 262 to 267 mu

There is some correlatlon between the position of this
band and the base comp051tion of the tRNAs. Table U—6
lists the base composition, percent A andrU,,and pere.

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

tBNAPhe (E. coll) which has a very lonlmax,_the.posi—




Table 4-5.

vComparison of CD of Experimental Native tRNA at 40°C and Single

Strand Plus Base Pairing Tnt:eractions at 40° c

T e, tel fel
)‘min -4 max -4 )‘c 7\ma.x -4, Fit
(x 10 ©) (x 10 7) (x 10 %)
exp 297 -.12 267 2.19 244 230 -.37
F. Met (E. coll) .. 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
exp === —— 263 2.26 239 226 -.08
Phe (E. coll) 5y 300  -.02 268 1.60 238 222 -.20 +315.
: exp 296 -.15 264 2,07 244 226 -.40
Phe (Wheat) cal 300 -.04 265 .2.05 244 222 -.23 -139
: 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 (E. col1) ) eoee amee 268 1.83 240 219 -.29 177
exp === ———— 264 2.20 244 224 -.22
Tyr (E. gcoll) cal === ———- 268  2.21 233 221 +.01 -209
exp 299 -.04 265 1.83 242 236 -.19 :
Tyr (Yeast) cal 298 -.02 267 1.80 239 221 -.02 -103
exp 298 -.06 267 2.16 243 225 -.46
Vval (E. coll) cal ==~ - eme- 268 2.15 240 222 +.03 -217

Get
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N L

Figures 4-25 to 4-27. _A;compérisdn'Of CD spectré

of native tRNAs at 40°C with a sum of experimental
single strand spectra and double strand_pairing |

inbéfaction spectra as defined in Equation 3-13.
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~ Table U-6
Base Composition of Nine Species of tRNA

Total Number -
A u ¢ &G D of Bases £ A, U % G,C

F. Met (E. coli) 1 11 26__ 25 1 oo 34 66
Leu (Yeast) 21 19 20 23 2 85 kg 51
Phe (E.. coli) 15 12 23 2h -2 76 37 '_;;63'_ ‘
Phe (Wheéﬁ)r 18 -12;“'20 Soh o2 76 g _  f 58 ‘-'
Phe (Yeast) . 19 15 17 23 .2 76 A7 53 -
'Trpr(E; coll) 15 14 21 23 "3   ' 76 w2 'l;;_58=_
Tyr (g;iggll). 19 16 1'28 ’22 - 85 | __ul . ;:59“
e (tesst) 11 iz ;22 6 18 - s o 55

Val (E. coli) 16 13 23 23 176 b 60




‘three tRNAs contaln more of the interaétionv(AA>

141

tiongbflxmax decreases with a decrease in percent G
and C. This is the result that would be predicted from
ekamination of Figs. 3-5 and 3-6. |

v:‘The negative band aﬁ;about'298.mﬁ is a variablev
feature that is found in six of the nine species of
tRNA. The absence of this band in the two specles

of tRNATYY, and in trNaleY

can be explained by differ-
énces in the sequence or the strﬁcture of these three
spéoies of tRNA. Examination of doubie strand
interaction frequencies in Téble 3-2_shows‘that ﬁhese
uu

than;do most of the other tRNAs. PFigure 3-6 indicates
thétfthe magnitude of the band at 295 my decreasés with
an iﬁcréase in A:U pairing interactions.

The double strand polymers are a fairly good
médél for the double strand regidns in tRNA in spite df
the many approximations discussed in Chépter III;
Thus, the CD of tRNA at 40°C may be calculated from a
sum of double strand polymer interéctions and the

spéctrum of the single strand tRNA at this temperature.

5;>_Applications

Examples of the sorts of information about the

structure of RNA that may be obtained from RNA CD

spectra will be gilven.



A. Native and Denatured tRNAs .

Certsin speoies'of'tRNA existbin two;conformetionsh”.'
that are - stable at room temperature, only-one er
which 1is blologically actlve (5 9). Itoisvcustomery:'
to call the‘form that w111.acoept the correct.smino
acid the native‘form,(N), and the.inective.form,the,
.denatured form,_(D). rTo.denature'the natiVe form of
these tRNAs, it is necesséry to heétiit tovsome tenper—
ature T in the presence of l mM EDTA for 10 minutes
and. then cool_it. ‘This denatured tRNA is stable untll
heated to T for 10 mlnutes in the presence of 10 mM.

++

Mg . This process results in the renaturation of the

fully active tRNA:

EDTA, T° . s
Native — Denatured - (4-3)

- Two of the nine tRNAs being studled in th1s

work, tRNAUSW (Yeast) and tRNATryp (E. coll), exist
in two such forms. The temperature for7interconVersion

of forms is 50°C for tRNATEYP. ang 60°C'for~tRNALeu

As long as the temperature is kept below 40°C there will -

be no. interconversion and.bothAforms will bexstahle:ih
the same solvent It is of 1nterest to cons1der what A
Vsort of structural difference 1n these two forms is
respons1b1e for the loss of biological activ1ty of the

,denatured molecule. This shougd provide some 1nsight

into"the‘nature of the speoificityhof'the'recognition
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of the tRNA by the aminoacyl synthétase.

| _A number of studies have probed'this difference in
structure between theAnativé and denatpréd formsvof
kthese tRNAs. Hydrodynamic studies on tRNALeu suggest
that'phe denatured form has a volume about 25%vlarger'
.théh doeé the native form (7). Also, the denatured
form is muchtmore sensitive to.pancreatic RNase (8).
From the inérease in UV absorpfidn in ﬁhe denatured
molecule relative té the nétive, it.has:been suggested
that the structural'change bétween the two fofms
inﬁoives a loss in abouf 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 cbnfdrmatidn, it should be able to provide
more information about the natufe of this change.
OD spectra of the native and denatured forms of tRNATTYP

Leu ,re shown in Figs. 4-28 and 4-29. For

and tRNA
each tRNA the spectra of the native and denatured forms
were measured in the Cary 6001 consecutively without
movihg the cell. First the spectrum of the denatured
tRNA in the presence of 10 mM Mg++ wés recorded. Then
the sample was heated to 50 or 60°C for 10 mihutes,-v
‘cobled, and the spectrum of the native'form was

recorded. Doing the meaéurement without moving the

cell allowed the difference spectra for the change
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'.between the two:formstto”he determined:uithrconsider;f,
able accuracy | | | | | | S

The extrema of these spectra are’ listed in Table
U;GAalong with the uv extinction coeffic1ents.i Thes
denaturation of tRNAL _results”invan~inCrease\in'
absorption and a decrease in the magnitude of the CD
:maximum accompanied by a red shift of 2 mu. All these
'changes suggest the loss of base pairing interactions
For tRNATryp, denaturation is also accompanied by an
_increase in absorption, and a slight red shift of the
CD:ma#imumr However' the magnitude of the CD 1ncreases
iuponidenaturation. "This result is somewhat surpris1ng
andiseems contradictory at first However, the changei
from 60 to 1007 single strand RNA in Fig. 3-1 provides’
a model for this sort of phenomena - In that case,
there 1s also an increase in absorption accompanied by
'an 1ncrease in the magnitude of the CD maximum

The difference spectra hetweenrthe native-and
denatured tRNAs; NQD are shoWn in ?igs.'u—30,and 4431.
Using the double strand pairlng spectra at: 25° s the
-change in CD. accompanying the opening up of the various

double strand regions in these tRNAs may be approx1—v~

mated This comparison is shown in Figs. 4 30 and 431 -

: The CD of the four regions are in both cases quite
different,,and theoretically we should be able to disf'
tinguish between the various double strand regions of

the'tRNA. Theretis fairly good agreement between the
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Figures.4—30-and 4=31, Comparison of difference
' Leu

between the CD of native and denatured tRNA™Y (Yeast)
and tRNATTYP (E. coli) with sum of double strand
pairing'interactions corresponding to various helicagl

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
(rmmmmma ). Base palrs in ACC helix (———-). Base

pairs in TYC helix (———).
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.difference spectrum for tRNAL g'and the openlng of

the helix that closes the anticodon 1oop (Fig.

'4—30). Comparison of the difference spectra for tRNAL

withbaverage double.strand’spectra:corresponding to
differentlnumbers'of base pairs indicates-that the'
difference between native and denatured tRNA corresponds
.to the loss of four base pairing interaotions or ‘five
base pairs ;_ S i;‘ » i | .
Similar comparisons involv1ng tRNATPyp do not work
SO well (Fig b 31) | The somewhat anomalous 1ncrease
in the CD upon denaturationvleads to a_differenceb
'spectrum with the crossover shifted:sosfar to:the blue
 that it will not fit well wiﬁh_any combination-of double
strand‘polymers. ThisVsuggestSia.Structural rearrange—'
ment upon.denaturation of'tRNATryp‘that is'different

' form than observed in - tRNAL

" It should be noted that
the native to denatured change occurs at semperatures o
lower than the T of the tRNAs (Figs M—2 ‘and 4-6).

g There is evidence that the change in denatured
tRNATryp does involve base pairing in the helix of the
D loop. A supressor tRNATryp-(g. coli) has been iso-.
lated and sequenced which does.not'enist in a,denatured
form (13). The only sequence difference'between this'
~ £RNA and the wild type is that armismatched 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 doublep'

strand;region. It is possiblevthat this change is also

i
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involved in tertiary structure in some manner, but

it is strongly suggested that the helix of the D loop

is implicated in the change. Howevéf, the CD change
upon the loss of these base pairs is quite different
from the observed native-denatured difference (Fig.

8-31).
" B. The A and B Forms of 5S RNA

~ Two forms of E. coli 58 RNA which are similar in
some'fespects to the native and denatured forms of tRNA
have been obéefved‘(lo). The forms,‘calledlthe A
form and the B forms; may be separated from one another
by chromatography on Sephadex G-~100 or methylated albumin
silicic acid. The B form does not bind to the 5S RNA
binding‘site on the 50S ribosopme subuhit. B form can
be'converted by heating in the presence of Mg++ to a
form that will bind to the rlbosome and has the same
optical and chromatographic probertiés-as‘the A form. -

The optical properties of these two forms have

béeh studied (11), and found to be different. A has
a slightly larger hyperchromism than B suggesting.that
B contains fewer base pairs than A. The‘magnitude of
the CD maximum, is much greater for the B form, which
Suggests greater stacking. Dr. Jim Lewis gave us the
sahples of 58 RNA whose CD spectra are shown in Fig.

4~32. The maximum of the B forms 1is shifted about 2 mu

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 is a large increase in magnitude. This

behavior is similar to that observed during the native

to denatured transition in E. coli T tRNAT™YP (E. coli).
.iThe experimenta1'CD of both forms of 5S RNA were
compared with a series of calculatedvcurves of RNAs
with the same base composition as E. coli 53 RNA.
These comparisons suggest that the A form is about 50%
double stranded and the B form is about 60% double
strénded. 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 E. coli 5S RNA.

Dr. C. R. Cantor suggested that native 5S RNA was
abouf 70% double stranded based on comparisoh of experi—
mental and calculated ORD‘and UV curves (14). The
disérepancy between our result and hls result is
probably due to the different basis spectra used in
- these two studies. Also the proberties of the A form
of.SS RNA are somewhat different from those of the

native molecule (11).
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CHAPTER V

 DISCUSSION AND SUMMARY

""If seven malds with seven mops
Swept it for half a year
Do you suppose the Walrus said
That they could get it clear?"
"I doubt it," sald the carpenter.
And shef a bitter tear." (1)

4

1.  Calculated RNA Spectra Provide Models for Inter-

- preting Changes in tRNA Spectra

v' In Chapter III, spectra are calculated tﬁaq show the
variation of the CD of RNAs ﬁith base composition,
Sequence, ahd percentbdouble strand. Methods for
obtaining these spéctra,are presénted. Single strand
regions are calculated using the neéfést neighbor
apprdximatidn and the spectra of 20 dimérs. It is
aésuméd that the spectra. of the unusual nucleosides
thét account for about 10 percent of the bases in the
tRNA are thé same as those of the ana;ogbﬁs unmodified
>nuéleosides.f o

‘Thé CD of the double strand régions is calculated

uéiﬁg 5 double strand polymer spectra. Since there |
vare 10 doubie strénd interactions, a number of approxi-
mations are necéssary. Still, this calculation‘should
be more accurate thén previbus ones Which were based
oﬁ bnly two double sﬁrand spéctra, ﬁhosevof G:C aﬁd
D (2,3).

It is assumed that the CD spectrum of tRNA:may .
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be divided'into:cohtributions'fromnbaSes in single

strandv and double strand regions, and from tertiary

structure Methods of calculating these contributions"

are discussed in some detail Examples of the vari—‘
| ation of 51ng1e and double strand RNA CD spectra with
percent AU and GC and with sequence-of equimolar
single strand RNA show the sensitivitv\of CD to
primary structure of RNA.' Changes in the spectrum of
equimolar RNA'asiit_changes from all single stranded -
to all double stranded show how CD 15 affected;by |
secondary strgcture of%tRNA;ilTheseichanges mayvbe :
uSed-to help understand changes in‘the'experimentalv

spectra .of tRNAs.

2. Experimental CD of Native tRNAs May be Fit Fairly’

Well with Appropriate Sums of Other RNA Spectra’ .

: In Chapter IV, we considered the.manner in which
‘the experimental spectra of nine native tRNAs could
best be fit by calculated spectra : First we compared‘
the spectra of the native tRNA at 25°C with a sum of'r
dimer ‘and monomer CcD representing the single strand
regions and polymer CD representing the double strand'
regions Tertiary structure was set equal to zZero.

The fit was only qualitative.'.‘
' Then we asked if the poor £it was due to lack ofr
agreement between calculated and experimental_spectra-

in single or ‘double strand regions. " The spectrum of
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tRNA“under salt and temperature conditiohs_such that
it:wes single stranded was compared with a sum of
'single strand basis spectra. Agreemeﬁt was not very
good. Then the change in.the CD upon the formation

of beSe pairs was cempared with a sum of double strand
paifiﬁg basis spectra. Agreement Was_mﬁch better in

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-
sion 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
LO°C was then compared with a sum of the experimental
single strand spectrum and dduble strand base pairing.
spectra; Agreement was quite good>in‘host 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 aecounted

for on the basis of thevdouble'strand polymers although
in most cases the calculated spectra were lower 1in

magnitude than the experimental spectra.

3.  Suggestions for Improvement

The agreement between the experimental and calcu-

lated CD is much better for some tRNAs such as tRNATYT
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(Yeast) than for others such as tRNAPhe (Yeast) as

shown' in Figs. 4-27 and_“—25.v At present we do not

know if this difference'indicatesrstructural Variation}

" between the two_tRNAs orAmerely'poor'calculated.spectra.

The'leastvvalid of the many approximations used in the

calculation of the tRNAispectra 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 this tRNA is certainly
open to doubt' A good experimental CDh spectrum of

poly rAG rUC should. 1mprove all of the tRNA calculated
spectra, particularly that of tRNAPhe (Yeast).

In general,'the'calculated spectra have somewhat
lower'magnitude than the eXperimentalaspectra. Tnisa
might"be because thevdouble strand polymersvare'not
good'modeis for'thevshort helical regions’of‘tRNA |
Presently, work 1is in progress in thi° laboratory to -

obtain a library of CD spectra of the. 10 double strand

interactions based upon the CD of a sct of RNA oligpmers.

AA
- UuU

——

A.preliminarypresult isithe.CD of the interaction
which was obtainedvbvar. Phil Borer (U4). Figure
541 compares this spectrum With.the spectrumhof

-poly rA:poly rU which was used to represent the.inter—
action in this work The oligomer'spectrum is‘seen_to

haVe considerably greater magnitude than the polymer

spectrum. The reason for this is .preszntly unknown.

-~
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v_If this were a general phenomena, applicabLe to the
other double strand polymers, it might expLain thevn
difference between the calculated and experimental CD
When the CD of the 10 double strand interactions are"
available, it should be poss1ble 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-v

'dimer basis spectra are not a very good model forv »

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 suitable model~for the single
strand regions of tRNA '-Such single strand basis |
spectra could be constructed from an appropriate set
of. polymer and oligomer spectra. B

| lt would also be quite useful to have 3 library
of the I single strand homopolymers and the 8 alternat—
1ng_polymers.at 40°C to be used in calculating the
doublevstrand pairing interaction_in Equation 3-14.

l'The base ¥ accounts for 27-ofvthe nucleotides'r
in tRNA Knowledge of the CD behavior of Y and some
of the other more exotic basis such as U4tU and A
‘would be very useful.' CD spectra of the dimers Aw, AA
and A A have been. measured and found to be quite
different from those of their unmodified analoguesv(55.
v:The_CD of Ay 1s opposite in sign from_that of ApU.

‘This work suggests that this is not .generally true for

" :
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_siﬁgie:strénd interactions involving y..

" Purther information could also be obtained by
measuring both basis spectra and éxperimental spectra
between 185 and 350 mu rather than between 210 and
310 és was done in this wofk. For example; using tRNA
solutions of A26O = 30 in .5 mm path]ength éellé, CD
'speétra have been obtained down to 200 mu.(6). How-
ever, it is likely that the tRNA is aggregated at this'
concentration (7). The ItV CD presert in many E. coll
tRNAé'at about 335 mp may also be stidied using concen-
trated solutions in a 1 em pathlengtk cell. This base
is in a region of the molecule that may change conforma-
tion upon charging of the tRNA (8), and a defailed
study of its CD_should prove interesting.

Another reason why the magnitude Qf the‘calcuiated
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-
tibn?to thpse prediéted.by the Holley model. This has
béen suggested in many of the models for the tertiaryv
structure of tRNA that were discussed in Chapter I.

It is of interest to calculate the spectra.of the
tﬁNﬁs including the éxtra base pairs stabilizing tertiary
StruCture to see if the CD predicted for'these‘struc-
tureé'fits the experimental spectra any better fhan
ddes.the H model; 'Unfortuﬁately, 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 | There.is presently ho
model for the CDh of these sorts of 1nteractions
‘Furthermore, many of the suggested interactions involvev
only: one or.two consecutive base pairs, and as the |
method of calculating beingtsed counts interactions
rather than base pairs, it is difficult to properly
vrepresent these very short regions ' Still it 1is.
poss1ble to roughly approx1mate the contribution of
extra base pairs required by the tertiary structure
modeis proposed by Levitt (9)'and Cramer (10). The
"Fit":of these models with:the.experimental CD spectrum
of native tRNA at U40°C are compared With that of the
H model in Table 5-1. | o

| The model of Levitt is apprOXimated as involving -
three additional double strand pairing interactions,
and that of’ Cramer as having s1xvmore such 1nteractions.
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 baSisIOf comparison ofrthese calculated
CD spectra we tentatively suggest that_the correct
structure of tRNA‘contains more double strand interf .i
actions than are predicted by the H model. The '

number of additional base pairs needed for a better
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_’l‘abl_e 5-1

. npign® of CD Spectra of Native tRNAs
with CD Spectra Calculated Assuming
‘Various Models for Tertlary Structure
~of the tRNAs '

H Levitt Cramer

mode; model = model
F. Met (E. colil) .24l 176 130
Leu (Yeast) - .216 .178 ‘.129‘
Phe (E. coll) .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
| jz (E
*rie o 1=l

where Ei is the value of the experimental curve at
the 1-th wavelength, Ci is the value of the calcu-
‘lated CD curve at this samejwavelength; and the

sum is taken over N wavelengths.
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Vvaluefof "Fit" varies for the different tRNAs._VIn .:ﬂ
”ééneral' though the experimental cD agrees beést with
a calculated spectrum contqining from two to four more
base pairing 1nteractions than ‘are predicted by the'

H model

4. What CD Has Told Us about the Structure of tRNA

In this Work a large difference between the opti-
cal properties oﬂ nine purified species 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 the base pairing interactionx
spectra based on the H model shown in Figs. 1-1 to l—3.
Anvadditional three or'four base pairing_interactions
,will.impr0ve this‘fitt The.comparison of calculatedi
and experimental spectra was’ made quantitatively at'
'many wavelengths, rather than by Just con51dering the
extrema 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 diﬂferent relative geometry.
X-ray studies of RNA fibers show double stranded RNA to
betsimilar to the A form of DNA with bases tilted from
the helix axis (11). It is likely that bases in the-
~double strand reglons of .tRNA ave 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
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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
1s seen that the CD of DNA in the A form is qualitative-
ly»similar.to that of native tRNA.-'When the relative
hdhidity of the film is increased the DNA assumes the
B cqnformatiOn 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 tRNA. This °
suggests that in'the;absenge_of Mg++ the single strand
fofm hasvbases that are stacked are nearly planar.
Fufthermore, the change in the band at 220 mp 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 changes in confor-
mation makes it quite useful in studying such pheno—v
mena as the changevbetween_the native and denatured
conformations of some tRNAs. dur studies suggest
that the transition between the native and denatured

Leu

forms of tRNA (Yeast) involves the loss of about

four base palrs. The change in tRNATPyp_(E. coli)

seems to involve something more. Perhaps the struc-

ture ofvthe'whole molecule is being rearranged or

| the tertiary structure 1s changing. This same sort

of CD behavior was observed for the native and de-
natured forms of 53 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 conformational change

e

Better basis spectra should lead to better fit agreef
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

_experimental_spectra, a constant difference spectrum

might'be obtained. - This difference should correspond
to'the CD of'theitertiary structurehof the tRNA.

'v . Another way of obtaining some measure of ‘the
contribution of tertiary structure to the CD of tRNA
would be from the difference between the CD of native
tRNA and fragments such as two half,molecules. In- any
case; our work has shown»that“the contribution of B

tertiary structure to the CD of tRNAIis not_largei

5... Yet Another Model,for the Tertiary Structure of‘tRNA'_'v

E

‘r Presently only tentative conclusions may be drawn

Vfrom our CD results due to ‘the many approx1mations'

: necessary for ‘the calculation‘of the experimental

spectra as previously discussed. - Nevertheless, having

used CD to study_theVCOnformation'of_tRNA, I would

like”to suggest yet another model for the structure of
tRNA. | |

. On the'basis of evidence summarized in the introf
duction and presentediheré, preliminary conclusions
abOut the tertiary structure of £RNA may be drawn. A

good model should have a long continuous helical region

‘ from the ACC to the TwC loop, and the other helices
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Figure 5-2, Régions of two tRNAs which will bind com-

- plementary radioactive oligomers (----- ) (from Refer-

ence 14). Areas 1in solid circles are assumed to inter-
act as described in text in proposed model for the
tertiary structure of tRNA.
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parallel'Or nearly so to this helixr"The e ibop"
should be 1nvolved in tertiary structure in a manner
_ that makes it unavailable for chemical mod fication or
oligomer binding, perhaps by hydrogen bond ng 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 h<ve about
three base pairing interactions in addition to those
due”to the cloyerleaf secondaryvstructure. | -

| .Most'of the.models that have‘been_proposedvfor‘#
theftertiary structure of tRNA dovnot agre: with the
oligomer binding results of Uhlenbeck (14) and the
methoxyamine reaction results of Cashmore and Brown .
(15)‘as to which bases ofihe tRNAS are pro1ected.
DOtted circlesyin'Fig. 5-2 show the:areas in two tRNAs
that will bind radioactive oligomers. It is assumed
that these areas are not directly involved in the'
.tertiary structure of the tRNA | | |

A refinement of the H model for the tertiary ‘s

structure of tRNA. presented in Chapter I that does
agree with these”results is also shown’in.Fig.f5;2.
The areas enclosed with solid lineS-are pOstulated'to
interact with the other'areas'to.whicthheV are connec—
‘ted; The D loop bends over the TYC loop and ‘the bases
AGC in the D loop 1nteract with the bases wCG in the
TwC'loop. The TG in the TwC_loop interacts with the
UUTor the GU 1in the single strand region between thed
stem_and'the D helix further:stabilizing this inter-

action. This results in about three additional base
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| péifing interactions as suggested by the CD spectra. v
.With)minor modification, this model will apply to all’
the.species of tRNA whose sequences are presently |
knéwﬁ. The overall structure of this model is some-
.what simi1ar to that of Levitt (9).
 _ As fbr more than speculation as td the tertiary
structure ofthNA,-énd how thislm01eCu1é carfies out
its“many functions‘with such great specificity:
"We dance rouhd in a ringbandvsuppose
© But the secret sits in the middle and knows."

Robert Frost
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Appendix 1 .

'~ Single Strand Cb'Basis‘§pectra '

at 40°C are listed between 310 and 210 mu. Ellipticity
107 - 0 _

'values listed are times 107 These spectra were

caléu1ated from dimer and monomer spéctra'using_Equa-

tiOn‘3—M1 The first 16 of these spectra were measured_

as part of this work in 1 mM MgC1, 10 mM tris HC1,
pH‘7.8. The lést four dimer»spectra-invoivihg D were
measufed by'Dr. Carl Formoso. These 20 6a$is sﬁectré
were:used to calculaté'thé CDvof singlé‘straﬁd tRNA
and double sfrand_pairing interactions at 40°C.-

\

- Basis spebtfa for 20 nearestgneighbor interégtions
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=e1230
*.1260
*+1130
*,0938
0937
~e 0004
Y LYL)
01982
02733
L1
5261
6746

WAVELENGTH
276
275
274
273
T2
2"
270
269
268
267
266
265
264
263
262
261
260
2%9
2%8
287
296
258
254
253
2%2.
251
-2%0
249
248
t134
246
248
264
243

EXPERIMENTAL

WAVELENGTH
276
278
274
273
272
n
270
269
268
267
266
265
264
263
262
261
260
259
258
287
256
255
2%4
2%3
252
2%1
250
249
248
. 247
246
245
244
2¢3

SPECTAUM AT 40 DEG C

ELLIPTICITY
+8383
- e9886
“lel224
102422
103350
1+38%
1e4146
1.4168
1.381p
12938
* 121807
1.0363
«8526
6377
«3964
1717
v.;oSGS
33030
85274
.91290
'09588
*1+0160
'1-1205
“1.2181
“1.2874%

TP TYY I
’103356
“1.3537
'lo3‘°ﬁ
=143338
*143198
*1.2654
*1.19248
“1.1042

WAVELENGTH

ELLIPTICITY
243016 ¢
$:3eis . 3
27092 »
Z.!?nﬂ .gag
29067 238
2.9184 2ar
249234 236
2.8648 238

- 247830 234
2.5396 233
242957 2132
1.8901 231
1.4437 33

9794 229
433y 228

., 1683 227
-y 7995 22¢

“) 48162 22%

199458 226

«2,4869 223.

*2,9481 222

*3,294)1 221

=3,5856 220

=3,7845 219

=3,8514 218

*3,8462 217

=3,8098 216

'3.6’20 215

«3.5208 21s

=3,3089 213

~3:0678 212

~2+7403 211

=204437 1

-2,1229 1

242

- 261

249
239
238
237
2%%
238

- 173

ELLIoTICITY
“1.8>79
M ERLYTY
®1e2935
*1.0839
*,819>
LYY Y4

CIYYS

-3127
*.1587
- 04%56
«N2067
qO?ﬂ‘
« 1522
226>
«3529
«5187 -
<7689
le1138
].5«60
19017
2.2R82
245064
2.6709
2.6n046
2.2649
145888
«TT84
*,?2532
*l.114n
*2.259
*1.4479
“4, 0564
1

t

WAVELENSTH ELLIPTICITY

*1.0279
-,9894
-, 8908
=.878p
“, 7469
*e6610
“.8996
*,%1%)
-y 4727
=.3951
=,3822
-,2869
-.1893

C 0043

= 008)
1001
«267S
4006 -
«4938
«5928
NLLT
«TH21
oh257
e 256
1R69D
« T449
H204
« 4288
«3780
LI}

*.2184
*sR486

!

1



A€ EXPERIMENTAL SPFCTRUM AT 40 DEG C

WAVELENGTH ELLIPTICITY

- 308

303
302

1o

309

307
306
305
304

3o

306.

299
298

297 -
296 -
295

- 294

293

292

291
290

289

. 288

L 283

287
286
28%

284
282

- 281

WAVE!

280
279

278 .

21

LENGTH ELLIPTICI

3lo
309

308
307.

306
305
306

S 303

302
301
300
299
298
297
296
29s
294
293
292
29

‘290

289
288

. 287

286

- 28BS

284
203
282
281
280
279
278

cLo2m

=.0483

- 0587
=+ 0594
. "e 0621

~e0537
=+ 0455
“e 0605
"o 362
“e0176
~e0169

«0012

0125 .
«03TR -

«062)
‘41069
«1601
02347

¢3135

«4109
5223

«6486°
e T680.

9081
1.06429
141755
1.3135
14595
146082
1.7865

1.95%20

2.1118

242584

243715 .

204658

.‘00790
=+ 0605
~e0424

© *.0387

*e035)
* 0366
s 0417
=e0S535
=e 0694
., 0742
-+ 0831
®s0264

*+0133

«0324

10855:

“el270
«1959
02046
02948
3655
e4349
25007
«5868
26622
«7278

7936 -

+858¢
08927

09287
o93‘f

+9342
9227
+8T786
« 7864

AG

TY

WAVELENGTH
276
275
274
273
272

2N
270
269
- 248
267
266
265
LY
263
262 .
261
260
259
258
257
256
255
256
253
252
251
?50
249
248
247 ¢
246
. 268
244
243

EXPERTMENTAL

WAVELENGTN
276
275
274
273
272
?;l

: 0
gso
268
267
266
265
264 -
263
262
261
260
259
258
257

256

2%5
254
253
252
251
250
249
" 248
247
246
245
244
243

ELLIPTICITY

 ~2.3123
.2039?9

SPECTRUM AT 40 DEG C

ELLIPTICITY
«6780
5003
3078

. «08YT
'01626
4301
8749
“,9468

" *1.2096

1,463}
=1,6968
-1.?99!
'200630
«2.2190

“2,6179
2,393
=2.3019
=2.1962
“2.0775
~1.9335
«1.7499
146021
1.4436
=1.2R90
*1.1635
*1+0357
*,909%
=, 7993
*.6939
=,6277
«,583n
.(562?

WAVELENGTH

2.5237° 262
245216 261
244922 240
244125 239
243068 218
241726 © 237
240325 - 236
1.R&TR T 2318
146274 234
1.3901 233
141234 ° 232
8639 2n
«5726 230
$ 2968 229
" 40199 228
«,251) - 227
-, 4987 228"
e, 7260 22% .
9121 ‘226
“1.0755 - . 223
142235 222
=1.329 . 221
-]1,4388 220
=1.5137 219
‘l0597 218
1,628 a7’
*1,7131 216
17649 215
~1,802% 214
- ’|082‘3 2!3
j.'lna‘sﬁ 212
_=1.847¢ 211
=],08668 1
=1,8683 1

242
241
240
239

238
. 237

236

238

234
233

232

2

230
229

227

226
229
224
223
222
221
220
219
218

-217

216
213
214

213

212
211
1

t

ELLIRTICITY
-1,8A90 :
"1.9064%
®leInRc.
“1.,R3A5
*1.0R34
S149%4)
17671
"1.671°
*1.5904
*le4512

*led114

“1e169
“,9hfe
=. 7535
“,5949

I ®e261)

YY1}
e 3360
N-31%
«A201
1.0385
1.1602
1.2n55
1.1289
« 9944
« 7779
«5434
«1738
-.\328
“.3154
-,55858
8602
I

1

 WAVELENGTH ELLIPTICITY

*.5%39
5195
w4764 -
.. 4179
*,3748
'036‘?
=, 2742
'.2578
2272
.,2668
®e2440
., 2757
-, 2687
“.2200
=.1969
‘®41816
*. 1258
“,0780
*.N194
“e0n72
LLL)
21827
¥-LL1]
3983
04417
«6631]
h248
«39)9
«2317
«0133
N6
'20035}

1



.
LR
e
a
S
s
Ly
£
£
.
L
-
a
.
ot
.
L
L

175..
i
i
; ‘YA EXPERIMENTAL SPECTAUM AT 40 DEG C
 WMAVELENGTH ELLIPTICITY WAVELENGTH ELLIPTICITY WAVELENGTH ELLTOTICITY
311 =s0676. - . 276 4817 ) 242 -,7979
! : 309 0661 o 975 5936 . 28 “sT7%s
| . 308 “.0510 274 6408 T 260 e 74P
: i : . 307 =.0523 273 6998 - 239 7720
| 306 “.0575 272 - « 7930 238 . <, 7Ry
; 305 0770 271 8602 ‘ 237 - TT0e
E 356 ~e0919 270 9% 2136 « 7750
I 0303 =a1052 ' 269 .9322 : 238 -, 7874
i 302 =.1214 268 L. o938 - 236 . 7972
i 30} =,1058 T 28T o ,827n 233 - RIS
‘ 300 =.090) 266 8775 232 -, 7653
: 299 =s0R52 . 26% « 8565 ) c2n ., 7913
. 298 T =e0816e 264 - W 1730 - 230 “.7485
; 297 *.0706 263 #6813 - 229 7161
: . 296 *.0638 262 +578p 228 «,6A57
‘ - 295 00645 261 4817 227 LY LIYY
294 “,075% 260 ¢ 3687 . 226 =.7100
| ‘293 =s0730 259 2316 228 * 6096 -
! 292 0682 258 «1066 226 7532
| ) : 291 ¢ =4 063) . 297 =.0539 223 ., 7352
i . C. 290 . 0566 256 «,1890 222 . =.65%A -
i -~ R 289 -, 0461 - 285 -,2897 ©o221 -, 8109
- 288 -, 0692 . 2564 -, 4251 - 220 -, 4019
: 287 =+0500 253 ;4927 219 -22902
v - 286 “e0314- 252 =,5T04 218 -.1327
j » 288 +0001 251 . =e6187 217 =. 0349
; . : 284 02347 280 -,8714 2186 =.0070
: 283 <0634 249 =s7049 215 =229
| ) T 282 #1000 248 .'113‘ 214 .1432
: : _ 281 11492 ' 267 =729 213 -:3072
| . : §“° +2138 T 248 -, 7526 212 . =.0858
79 2771 248 - 7764 21 =1,2720
278 «3297 244 -, 759 1 1
271 «4058 243 o 7666 1 1
1. .
UV  EXPERTMENTAL SPECTRUM AT 40 DEG C
WAVELENGTH ELLIPTICITY WAVELENGTWM ELLIPTICITY - WAVELENGTH ELLIPTICITY
3o =,0102. 276 « 7292 C 282 . 995 :
» 309 ~.018 318 {iase a1 i39035
' 308 0291 - 274 18844 260 . 9842
: 307 *.033% 273 1.9298 239 “. 9817
306 ~+0370 272 19398 238 . =.9p88
308 *. 0437 134 © 149212 237 -.08578
- 306 ‘®e0heS 270 1.8822 236 -,8278
303 e 0486 269 148180 238 -, 7822
302 o 0465 268 1.726) 23 e, 7273
;o; . 0454 - 267 . 146082 233 -, 6RA2
00 . 0416 266 1,4566 232 o682
299 *+0388 26% 143197 - ) 23 -.siaf
298 *+0329 264 101617 230 -,5620
297 =.0370 263 +9956 229 . -,5160
. i 296 =.0313 ) 262 #8223 228 4715
- 295 *¢0131 261 #6587 227 -, 3066
) . 294 «0038 : 260 «4781 226 -,3068
293 - 030} ' ) 259 2895 225 a 2879
. 292 20683 258 01376 . 224 =, 2056
o - 29 +1108 257 0172 223 . 1498
290 *1589 256 1673 ' 222 =.1258
‘ : ) 289 #2188 258 o327 221 "ej203
L R .. 288 22990 254 =,4656 220 1713 -
: ‘ 287 *3919 253 ;589 219 2085
286 4963 252 7058 218 -.1751
: 285 +6059 251 T =.8200 217 1064
. B " 284 «7306 L 280 . = 89T) 216 ., 1693
: 283 «8592 249 “,9428 218 -, 1966
282 +9989 248  =e9978 ) =.1534%
281 101385 267 eyegd17 o213 2389
280 1.273% 246 *1¢0145 212 45320
2719 14004 245 ©1e0247 211 -, 4264
278 15092 L1 “1.0259 1 1

217 1,626]1 243 10188 , 1 1



uc

HAVELENGTH ELLXPrIclYV

38

308

307
306
305
304
‘303

302

B TT
300
299

‘298

. 291

296 -

295
29+
- 293

29
. 290

289
288 .

287

286.

288

284

. 283

-282

281

280 -
2719
218 . -
arr

292 :

R38

s0257

10204
« 0201

0160
20097
«0075
o012%
0267

0352
«052% |
. 0787

«1006

01375
« 1891 -
»2558

«3332
4220

«5276. .
67T

+810%
+9582

100966 -
- 12750
1.3715°

1.5056 °

146225

17882

148637
19700

_2e0210"
240812 -
241082 .

ue

‘HAVELENGTH ELLIPTICITY

310
309

308:

307
306
305
304
303

. 302
301
300
7 299
- 298
297
29
.298

294

293
292
29
2990
289
208
287
286
285
284
283
282
281
280
279
278
217

«0248

20160

20095

‘00034 -

0119
0100
. []
RItH
0278
00433
+0570
00718
0925
«1047
"e1346
1788

e2274
»2682

03230

" o378

‘e 4415
* 4985

#5561
¢6136
06642

-e7184

"o T632

«78%93
8099
+8151

"e8122 .

o TT44

« 1277

06692

EXPERTUENTAL SPECTRUM AT 80 DFG C

UAVELENGtu

?
8
274
273
212
2N
270

' 269
268
267
266
265
264
263
262
261
260
259
2%8°
28T,
256
255
254
253

. 252
251
250
249
248,
247
246
245
‘244
243

ELL!PTYCITV
s l307-
1es
260867 °
2+0437

. 19882

1.8964
1.8307
17358

C 1a8187

104922
143558
12119
1,06239

9248
«8124
«Th01.
8063 -
+4968
«W169
¢3188: -
2306 7
«1316
0573

'00233'
*41189-
".1618"
2272
2784
*e3036
., 3586
., h043
34193
., 4497
4584 -

HAVELEVoTN
‘2

-vZQOL
239
238
S 237
1236
238
T 236
233
232
2N
230
229
228
- 227
226
22% "
224
223
222
221
220
219
218
217
216
a8
- 218
213 .
212
21y -
1
1

EXPERTMENTAL sp:crnpy'AT 40 OEG €

VAVELENOTH ELLIPTICITV

276
2715
274
213
272
) z;l
268
268
267
266
265
264
263
" 262
261
260
2%9
2%8 -
257
256,
25%
- 256
2%3
252
251
2%0
249
248
267
246
7%
244
243

+6003
25087
4192
+ 349
«2506
+1487
594
.37
"lozi
-,2077

T ee2907

“s3759
4424
=45027
*,5398
=.5508
» 55135 .
*,5498
*e5015
., 4660

R '03966

.'015‘?
=,2788
.,2678
‘we2l24
'01713
*.1455
*.1040
~o064R
., 0621
20010
*e0113
*.002%
00054

202
261

260 -
239
238
237
236
335
234
233
232
23
230
229
228
227
226
225
224

_223
222
221
220
219
218
217
218
1%
214
213
212
211
1
t

176

ELLITICLTY

. 4747

=.4980

«,8056
*q.49137
-, 4825
“,4728
=, 4TRY
LI LY,
=.423%
- X721
~e3082
'0257?
., 1R48 .-
“.1863 - -
°, 0934
*s0503
"o 0420 "
. 0542
“.1132
*. 1542
*,1098 -
=o3016 .
'.377?
=e$39Y°
“.5011
-.7130
-, 7963
=.6544
=, 6R22
=778
'05‘02
.52

1
1.

WAVELENGTH ELLIPTICITY

=e0016
“.00137
n°l78
*,0285
*.0313
».0408
.oszl
0548
'.OQBS
*, 0589
=,0724
-.0832
-,0592
00“0
-, 0291
-ﬂ‘“?
« 599
<0880
lﬁ]’ﬁ
«1058
«123
«N792
CeN62)
_.qtz%
ALY
.O‘SO
“.naT?
*.N139
+ 0835
27N
'05755
«1649

e s gt =



WAVELENGTH  ELLIPTICITY
3o

309

- Jdo#
- 307
306
0S8

304 .

303
302
30
300

' 299”

298
297
296
295

- 294 .

293

292

291
29¢
289
288

287

286
288

84

283
282
291
280
279
278

2717

WAVELENGTH ELLIPTICITY '

319
309
308
307
306
309
304
303
302
301
300
299
298
297
296
295
294
293

338
§8¢
87

286

FLE)
284
283
282
2R}
260
279
278
2M

“s 33N
-, 3456
=e3850
“es 08}
= 3547
=¢3553
"s3811
~e3094
=.3238
“e3117
=s?2834
=, 2725

“+2466
=e2296
=s1936

'olso‘_

*e1125
“.087]
«0450
«1354
W 2576
23644
04902
«£]158
07455
«86)2
«9911
1s1092
142443
1.3770
145026
1.6055
leT122
1.7892

0217
0218
+0169
«0200
00261
00278
00277
00357
0485
«0610
20760
00597
«1195%
1484
+16%9
+2685
+3578
4624

{1

«9263°
141077

9
13382
1.6792
1.8581
240289
2.1808
243263
2+4601
245606
246388
27008
247387

S PR ] |

CA  EXPERIMENTAL SPECTRUM AT 40 DEG C

WAVELENGTH
276
275
274
213
212
2N
279
269
268
267
266
265

264
263
262
261
260
259
258
257
256
285
294
283
252
251 -
250
249
248
247
246
245
244
243

CU  EXPERIMENTAL

WAVELENGTH
76
3rs-
276
27
2;2
271
27e
269
268
267
266
265
264
263
262
‘261
260
2%9
58
551
236
25%
333
252 -
?51
253
&
Ze8
247
246
245
. 244
24}

ELLIPYICITY

1.R684 282
1.9193 281
1.9464 240
19208 . 239
1,898 1238
1.8064 237
1.7169" 236
1.5669 238
1.3706 234
1.1799 23

993 232
«T947 25
«599%, 230
«4098 229
+2069 224
01643 227
‘01755 226
=,3398 225
“.,4588 224
-,5877 223
-, 7211 222
“, 7945 221
- TYYY 220
-,88%9 219
'.9‘03 218
-,9633 217

'lo":gs . 216

1,068 - 218

‘100’97 214

*1.1287 213

=1.1426 212

*1.1864 211

=1,269¢ %

-1.2987

SPECTRUM AT 40 DEG C

ELLIPTICITY
2.74%0 242
27416 261 -
2.7078 260
2.6323 239
2.522¢ 238
203976 237
2.2498 236
2.0777 238
18747 234
1.67%0 233
1.4T12 232
14268 231
1.0629 230
.89 229
<7294 228
887y 22;
457 22
.3303 22%
19
R {1t 3]
e, 0l 222
St 221
23877 5%
«,3883 218
., 45% 217
-,823> 215
8726 218
o ,626R 214
-, 6898 213
ey 1299 212
-, 7987 211
~,A460Q 1
«,8924 1

WAVELENGTH

WAVELENGTH

177

ELLIPTICITY
*1.3665
®1.4265
®1.4969
*1.%506
*1.67199
16TV
"1.7115
*1.7445
*1.73R>
*1.7%12
=1.75%0
=1.7225%

*1.6860
=1.5659
“1.46R4
“1.3177
“1.1612
~.9430
-, 7n96
*.5179
2777
-, 2778
«,2957
-, 3873
“.%100
7723
*lentlé6
*1.4436
*1.,9038
=2.4072
=2.,9260
“2.9130
1

1

ELLIPTICITY
.,9237
-19872

*1.0006

*1.0423

*1.0677

“1.0966

‘101065

*1.0979

*1.0751

*1.0429
=, 5859
=4 927]
.08%99
-, 7749
*,678n
*.8941
=,5199
-, 4170
3074
’o;gﬁz
*.1097
.0“86
- a9 .
2387

*e2246
-,3792
=.4079
“.6n4h
“,7h16
-, 7965
*1.1502
*.8971

1

1



_WAVELENGTH ELLTPYICITY

19 0349 76 - 5617 . :
33 +0380 e 3508 3¢
308 «0372 276 3.2238 2¢
307 0407 ?73 3.0136 23
- 306 «0500 272 2.7856 . 238
305 «0503 2T 205232 - 237
306 «0607 270 242630 236
303 LIS 269 - 24008 238
302 e1167 268 1.7566" 234
301 215861 267 1.5255 233
300 ;- «2087 266 1.3258 232
299 2727 - 268 1¢1413 - 2N
298 3707 264 9787 230
. 297 . «4TBB 263 48333 229
296 06264 262 -~ 7082 ¢ 228
298 +8444 261 « 6095
294 10776 260 «5206 226
293 143173 259 hbln 225
292 1.5822 2%8 «3%00 224
2N 1.856) »87 +3677 223
290 241406 256 +3393 222
289 244232 288 3109 221
288 - 246812 - 284 . 2011 220 .
287 2.9132 2%3 «284p . 219
284 341290 %2 . .257 218
285 3.3133 251 22403 27
284 3.4895 " -2%0 02214 216
283 3.6401 249 + 1998 2158
282 347409 248 1713 T216
281 3,789, 247 «1361. 213
280 3,8037 246 #0965 212
2719 3,788} 245 «0386 211
278 - 37577 264 © =e0186 1
217 3.6780 243 -, 0892
€6  EXPERIMENTAL SPECTRUM AT 40 DEG C
WAVELENGTH ELLIPTICITY WAVELENGTW ELLIPYICITY
19 - - ’ T 276 ‘140579 “ 262
o8 it 378 1:8%0 28]
- o > 8" »
159 S8t 1t 9388 538
306 -,0178 27 6304 23
1 S 14 ) #ith 23
g U 1t 338
30 490 268 2792 238
- 38% 0815 367 g8 45
300 +1235 266 00939 232
. 299 «1613 265 . . 0237 2N
298 2153 266 ~,0371 23
397 - 13673 563 -e1102 22
0 3378 262 -, 1757 - 228
§o% 3n) 14 S 1 14 327
29 5296 . 260 =e2922 226
293 «6470 2%9 =, 3449 228
292 «TT70 258 *,3866 224
291 9074 297 4272 223
290 100369 256 5071 222
289 141934 255 “.5460 22
208 102537 254 «,5599 220
287 13419 2%3 16016 219
286 104082 252 «,6365 218
28s . 1e440] 251 - ©e655) - 217
284 . 1445538 250 6716 216
283y 14663 249 - 6768 219
- 282 144567 248 =887 214
281 144296 247 °,6574 213
8 1439} 248 6297 212
£78 S 545 “.6217 211
278 102454 244 -,6449 H
21 263 ., 6408 1

101530

WAVELENGTH ELLIPTICITY

-.iﬁ78’

WAVELENGTH ELLIPTICITY

227

‘v.

WAVELENGTH ELLIPTICITY
6539

_CC ' EXPERIMENTAL SPECTRUM AT 40 DEG € -

SRR
=.3128
., 3797
-, 42069
"5]67
«o8749
~ab221
=.6914
7402
-, 7995
*e8114
=,8081
=,759%
«.6948
5192
5447
*, 4905
4702

e 3923

=,3056
=, 6622
-,5561
. =,5696

7110
-, 7969
.,8164
'09750

‘=1.NnT46

*1.0415

“.6638

=.8913
R
I

=,6511

.,8738 °
bl 3114

ot 1H

LY.
_-2331
LY 08
218388
“,6500
., 649
=, 6341
=,823
=.6226
-:6133
'05‘95
. =a5090
-,4712
. 4241
T =e394)
., 3572
-.3ﬂ95

.. 4160

©.5259

. =,599p
*,671A
©, 7949
-,35n)
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WAVELENGTH ELLIPTICITY
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EXPERIMENTAL SPECTRUM AT 40 DEG C
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LENGTH  ELLIPTICITY
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WAVELENGTH ELLIPTICITY
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EXPERIMENTAL SPECTRUM AT 40 DEG C

uAvELENth ELL!PT!C!YV
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EXPERTMENTAL SPECTAUM AT 40 DEG C

UlVELENGTH ELL!FT!CIYV
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274
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“2.1312
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Appendix II

Double Strand Pdlymer CDA'g

-CD spectra of six polymers at 25“C are listed

‘between 310 and 210 mu. Ellipticity values are times

10_g., The‘poly A:poly U spectrum was méasured by

Dr. Dana Carroll; the poly G:poly C, noly AU:poly AU,
polynGC:poly GC, and poly GU:poly CA were measured. by
Df. ﬁbnald Gréy. The poly GA:poly CU spectrum was

constructed as described in the text. These polymef ’
spectra were used to calculaté basis spéctra for doublev

strand regions of tRNA.
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POLY a8 POLY UJ  EXPERIMENTAL SPECTaum AT 25 DEG
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Appendix 3

Computer Programs

AThé following progréms, wriﬁten in Fortran IV.
for use on a CDC 6600 computer, pérfdrm simple
arithmetic operatiohs on CD spectra.. HThe ﬂubroutines
PRNPLT and PLSCAL whiéh are repeatedly'usec by these
programs were wfitten by Dr. Marty Itzkowiiz, and are
listed at the end of this Appendix. NNFOLY, which

was written by Phil Borer, ‘served as. the b:sis for

MTADMS and SHASTA.

All the programs to be»listed are quite similar
in their input and output. To begin, it is useful ﬁo
define the sorts of'cérds that repeatedly occur in
the Input and Output of these programs, and the usual
ordér(in which they occur.

(1) IDEXP or IDCAL card contains a 72 character
identification of the spectrum.
(2) Cbntrol card contains an 8 character ID and 6

controls. In order, the controls are starting

wavelength (mu), ending wavelength (mu),>Wavelength

. [o] c.
increment between data points (A), wavelength
interval during which pen is to be averaged,fdr

each‘point (4), oD and extinction coefficient.

258°

(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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Tt specifies whether punched data and a 'pldt_ ‘o;f:
'fnthe spectrum'are‘desired YES is:columns 1 to 3\;
’nlndlcated that data is to be. punched YES'in c'
,'i,.‘.‘_columns 4 to 6 indicates that a plot of the
v H'spectrum 1s des1red , V v
Paper tapes. from the PDP 8/S are converted to cards by
'BEKER. The" output deck consists’ of a- series of spectra‘
each of wh:ch beglns with an * card followed by a.
Control card, thevdata cards,eand ends w1th another
* cardr The * card preceding eachiset of data.is
replaced by an IDEXP card. The spectra'are then
.run through GLACER whlch corrects for basellne shlfts,
TAHOMA which smooths the spectra, RANTER Whlch averages
several spectra, and STHLNS which obtalns dlfference
spectra o |
vv The Input and Output for all these programs is
vquite s1mllariﬁgIDEXP-card, Control_card, data cards,:
*.'card | All‘lthe data. cards inwthe'v Input of GLACER
and TAHOMA are preceded by an TPUNFR card. Thehend
of the deck: of 1nput spectra for each of these programs
is s1gnalled by-two blank cards The punched output
7has a s1mllar format except there is no IPUNPR card
The prlnted output in all cases cons1sts of a llstlng
and plot of the spectra. 'The Input for RANIER beglns,
‘ w1th a card . telllng how many spectra are to be averaged
‘ 1n-an I4 format ' Data for STHLNS, whlch calculates

dlfference 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
plotted. Parameters specified when calling PRNPLT
in all these casés-determine the scale of the abscissa

of the plotted spectrum.
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PROGRAM GLACER({ INPUTOUTPUTPUNCH) o o . .
ODIMENSION CONTRL(6), CD(200), IPUNPR(3), XWAVE(200), IDEXP(12)
CONTROGLS ARE(1). LAMBDA MAX, (2) LAMBDA HlNo {3) A PER POINT,. (5)0D
(6) IS EXTINCYION COEFFIECIENT ¢ : :
IPUNPR INDICATES WHETHER PUNCHED DATA AND ‘A PLOT OF THE SPECTRUM
-ARE DESIRED - {3) INDICATES WHETHER CD 15 TO BE CALCULATED
BLANK CARD AT END OF DATA SIGNALS STODP .
AVERAGE 1S -TAKEN BETWEEN 345 AND 325 My FOR BASELINE cnnnrcrronv

5G0 FORMAT(10FB8.4)
S01 FGRMAT(3A3)

902 .-
903 -
904

05
906

FCRMAT(AB,2Xe4(FB4342X) s 2(E13.6,2X))
FORMAT(S{EL3.6,2X)) -

FORMAT (#LSPECTRUM 1D= %,A8, 20X *BASEL INE' CDRRECTIUN=*-&13 4.131.
$SHUSING#, 134 % POINTS#)
FORMAT{1X)’

FORMAT ((1H1)

E

907 FORMAT(8O(1H®))
908 FORMAT(3(13XsF640+3X, F13. 6))

909
109
© 910

FORMAT{12A46)
FORMAT( 7FB8.4)
FORMAT (/7 ,3(15X,*LAHBDA* 3X,‘ELLIPTIC[TY*),II)

912 FORMAY (%)%}
‘913 FCRMAT{FB.%)

302

. CONTINUE

"READ 501, ([PUNPR(1), I= 1,3)
PRINT 912 .

READ 909y IDEXP

READ 902, 1D;CONTRL

“TF{IDEQ.BH | ) )STOP;
XMAX=CONTRL(1) ’

X INC=CUGNTRL(3) /10,

NPTS=(CCNTRLIL)~ CONTRL(’))*ID.ICONTRL(3)
"READ 500, (CDO{1),1=1,NPTS)

- READ 905

c

“PRINT 909, (IDEXPUI),y I=1,12)

NPTAV=]

SUM=Q
AVERAGE IS TAKEN BETHEEN LIMITS OF DO LDOP BELOW o -
PO 3 I= 11,30 W ST
NPTAV = NPIAV+l S e v :

SUM = SUM+CD(I)

CRCN =" SUM/NPTAV S

PRINT 904, IDs CRCN, NPTAV

DO 5 I=1,NPTS

XWAVE( T )=CONTRL(1)~ FLOAT([ 1)*CONTRL‘3)/10-
IF({IPUNPR{3).EQ.3HYES) 2,4

ot —CD(!)*IO.

GG 70 5 s

CD(1)=CD{ 1)-CRCN

CONTIMNUE

“IF (IPUNPRI1). EQ 3HYES) 8,9

PUNCH 909, (IDEXPIT), 1=1,12)

PUNCH 902, 1D, CONTRL '

. PUNCH 500,(CD(I1), 1=1,NPTS)

20

PUNCH 907
CONTINUF
PRINT 910
[1=NPTS/3.41.
DO 20 1= 1ol
J=1+11
ﬁ:iﬁ%xqos. XWAVE(I)s CD(I)s XWAVELJI, CD(J). XWAVE (K)o CDIK)
_PRINY 934,10sCRCN/NPTAV o

"NUM = NPTS=40. . _ _ _ L
AMAX=XMAX-40 R - '

IF{ IPUNPR{2) < EQo3HYES) 74302

T CALL PRNPLy(xuavgtql),co(bll.XHAX.XINC.Z.So.l.Q.O.NUM)

60 TQ 302
END

[PREUURR TSN
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QOO

900
903
501

9G4
905
906 -
907
- 908
909
109
500
910
913

302

10

11

200

21
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PROGRAM TAHOMA( INPUT,0UTPUT,PUNCH)

DIMENSION CONTRL(6)s CD(2CO),. IPUNPRI(3), XWAVE(200), IDEXP(12).,T11
13), R(200) ’
PROGRAM APPLIES A 13 POINT SMOUTH (CUBIC) TO INPUT DATA,
COVTRULS ARE{1) LAMBDA MAX, (2) LAMHDA MIN, (3) A PER POUINT, (S)0D
(6) IS EXTINCTION COEFFIECIENT

IPUNPR INDICATES WHETHER PUNCHED DATA AND A PLOY OF THt SPECTRUM
ARE DESIRED

BLANK CARD AT END OF DATA'SIGNALS sTOP

FORMAT (%] %)

FORMAT({XyABy2Xs4(FB. 3.ZX).2(513.6.JXD)

FORMAT ( 2A3)

'FORMAT(AB.ZX.4(F8.3.2X).2(El3.bo2X))

FORMAT (12A6)

FORMAT ( 1X)

FORMAT (1HL)

FORMAT (801 1H=))

FORMAT(3(13XsF6.053XeF13.4))

FORMAT(%]1%,12A6)

FORMAT ({TF8.4)

FORMAT. (10F8.4)

FORMAT(// +3(15Xo*LAMBDA® 43X *:LLIPTICITY®)},//)

FORMAT(FB.4) : '

READ 501y (IPUNPRI(I), I= 1,2)

PRINT 900 o

CCNT INUE

READ 904, IDEXP

READ 902,y10,CONTRL

IF({ID.EQe8H )STOP

PRINY 909, (IDEXP(1), I=1,12)

XMAX=CONTRL(1)

XINC=2CONTRL(3)/10.

NPTS=(CONTRL(1)~ CONTRL(Z))‘IO.ICDNIRL(3)

READ S00y (RUI),sI=14NPTS)

READ 9GS . '

R=UNSMOOTHED DATA, CD= SMOOTHED DAVA, T= TEMPORARY STORAGE
N = NPTS - 12 : '

D0 10 1=2,13

J= -1

T{I) = R{J)

DO 200 I=1,N

J = [+12

DO 11 K= 1012

KK = K+l

T(K) = T(KK)

T(13) = RUJ)

SUM = 25,%T({7) + 24.%(TI6)4T(8)) + 21.%(T(5)+ T(9)) +16.%(T(4)+T(1
10))- ¢+ 9.%(TL3)+¢T(11)) - 118(T{1)+T(13))

L= [+6

CO(L)=SUM/ 143,

CONT INUE

PRINT 903, 1Dy CONTRL

NSMTH=NPTS~6

DO 21 I=146

cotI)=Rr(1)

DO 22 1= NSMTHeNPTS
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CO(L)=RLT) _
DO 5 I=1,NPTS’ ‘

XWAVE( 1)=CONTRL (1)~FLCAT (- 1)*CONTRL(3) 7104
LF (IPUNPR{1).EQ.3HYES)8,9 ,
PUNCH 909, (L IDEXP(1), 1=1,12)"

. PUNCH 902,10,CONTRL

20

PUNCH 530, (CD{I),I= loNPTS)
PUNCH 90T

CONTINUE

PRINT 910 . .

1 [=zNPTS/3.+1.

DG 20 1= 1l.11

J=I+i1 -

K=J+11

PRINT 908, XWAVE(I), CD(I). XHAVE(J!. CD(J)' XWAVE{K), CDIK)

NUM = NPTS-40.

XMAX=XMAX-40, -

PRINT 909, (1DEXP(I), I=1,12)

IFLIPUNPR{2).EQ.3HYES) 7,302

CALL PRNPLT(XHAVE(Q[)oCD(4l)'XMAXoXlNC'2 So.I.OoOoNUM)
GO TO 302 .

END
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900
901
902
903
904
905
906
907
908
909
910
911

s
FORMAT (X5 12A6)

912
915

302
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PROGRAM RANIER( INPUT,OUTPUT ,PUNCH)

ODIMENSION CONTRL(6)y CD(200y 1C) o XWAVEL200),IDEN(12),CDAV(200)
THIS PROGRAM AVERAGES SETS OF NAV SPECTRA

CONTROLS ARE(1) LAMBDA MAX, (Z) LAMBDA MIN, (3) A PER POINT, (5)00D
(6) IS EXTINCTION COEFFIECIENT .
NPTS IS THE NUMBER OF WAVELENGTHS

BLANK CARD AT END OF DATA SIGNALS STop

FORMAY. {1246}

FORMAT(14)

FORMAT(XyABy2X, 4(F8. 302X)22(E13.652X))

FORMAT(10F8.4)

FORMAT({*1%,12A6,144* SPECTRA AVERAGEO‘)
FORMAT (X9 AB92X s 41 FB84392X) v2(E13,642X ) )
FORMAT ( LH1)

FORMAT (80(1H*))

"FORMAT [ 3(13XsF6e1y3X,F13.5))

FORMAT (*#1%*, [4, *SPECTRA AVERAGED*)

FORMAT( /7 23(15X#*LAMBDA® ¢+ 3Xs *ELLIPTICITY*),/)

FORMAT (// 4 * 1D LAMBDA MAX LAMDA MIN A . PTS AV
‘0D EXT COEFFICIENT®)

FORMAT (%1%)
PRINT 915

READ 901, NAV
CONTINUE.
PRINT 909, NAV
PRINT 911

D0 1 J=1sNAV
READ 900, [DEN

"TFUIDENCEQ.6HSTOP )STOP

NPTS =100
READ 903, {CDI1,J),121,NPTS)
PRINT 912, I1DEN

CONTINUE

XMAX=31C.

XINC®1.0

DO 2 I=1,NPTS

XWAVE(I)= 310. ~FLOAT{I-1)
SUM =0.

DO 3 J=1,NAV

SUM = SUM+CD(I,J)

CDAV [ I)=SUM/NAV
IIsNPTS/3.+1.

PRINT 910

D0 20 I= 1,11

J=l+11

20

K=J+II =

PRINT 908, XHAVE(I):CDAV(])' XHAVE(J). CoAvViy), XHAVE(K). COAVIK)
PRINT 906

PRINT 904, IDEN, NAV

NUM=NP TS

PUNCH 912, IDEN

PUNCH 905, ID, CONTRL

PUNCH. 903, (CDAV(I), I=1,NPTS)

PUNCH 907

caLL PRNPLY(XHAVE( 1)'CDAV( 1)sXMAXoXINC32.5,.1,0, O,NUH)

GO 70 302
END



PROGRAM STHLNS(INPUT'OUTPUT.PUNCH)

l:lDENA(lZ):lD¢VB(12) .
THIS PROGRAM CALCULATES DIFFERENCE SPECTRA A(I) Bll)
NPTS. IS THE NUMBER CF WAVELENGTHS

{6) IS EXTINCYION COEFFLECIENT

BUANK - CARD AT END OF DATA SIGNALS STOP

900 FORMAT( 12A4) y

902 /FORMAT{ X, Aa.zx.4(F8 342X) 42(EL3a642X))

903 FORMAT{10FB.4) - , .

906 FORMAT(1H1) '

907 FORMAT{80(1H*)) - - :

908 FORMAT(3{13X,F6.1,3XsF13.5)) . : ,
910 FORMAT( / .3(15x.*LAMaDAt 3x.tELLlPtlc11vt).l)-

‘0000 -

194

‘CONTROLS ARE({1) LAMBDA MAX, (2) LAMBDA MINo (3) A PER POlNT.

911 FORMAT( /,* ‘1D “LAMBDA MAX LAMDA MIN - A PTS AV

$ 00 : EXY COEFFICIENT=®)
912 FORMAT(/,Xs1244,% MINUS*, 12A4)
913 FORMAT(12A4, * HINUS*- 12A4)
" 915 FORMAT(*}*) - o
PRINT 915
302 - CONTINUE -

~READ 900, 'IDENA R
IF(IDENALEQ.4H )sToP
READ 902,10,CONTRL
PRINT 915
PRINT 911 .

" PRINT 902, 10, CONTRL
XMAX=CONTRL(1)
XINC=CONTRL(3)/10.
NPTS=(CONTRL(1)~CONTRL(2))*10./CONYRL (3}
READ 903, (A(1),I=1,NPTS)

READ 906 - : o

‘READ 900, IUENS

READ 902,1DsCONTRL

PRINT 902+ ID,CONTRL

READ 9039 ‘B(l)tl=l|NPTS)

READ 906

DO 2 I=1,NPTS

HAVE(I)=CONTRL(1)—FLO“T(I 1)*CONTRL|3)/10.

2 CBtI)= ALD)-B(]1)

- PUNCH 913, IDENA+ IDENB

- PUNCH 902, 10,CONTRL
PUNCH 903, (CDI1) o I=14NPTS)

- PUNCH 907 C :
I11=aNPTS/3.+1. -

PRINT 912, [DENA:IDENB
‘PRINT 910

.00 20 I= 1,11

S J=l+ll
KsJ+I]

"20 PRINT 908y XHAVE(!). CD(I). XHAVE(J): CO(J)e XHAVE(K): CD(K)

NUM=NP T $-40.
- XMAX=XMAX=40.

PRINT 915

PRINT Q12. INFNA. INFNRA '

gathrpgquT(quVE«al).co(al).xnax.xxuc.x o..oa.o.o.uun)

GO TO 302

END

-DIMENSION ~CCMTRLUS), CD(ZOO). XHAVE(ZOO). A(ZOO). B(ZDO).IDIF([Z)

{5100
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- MTHOOD compares a seﬁ of éalculatea spectra with
aﬁ‘e#perimental spectrum to see how well they fit.
Thevfirstvdata card'tells ét how many wavelengths the
fitvis to be computed in an I4 format;v The input '
conéists next of a set of calculated spectra. Each
of these spectra consists of 12 cards: an IDCAL card,
lOldatalcards, énd an * card. The end of the set of.
caléulated spectra is signalled by STOP irn the first
fer columns of an IDCAL card. Thevprogram then goes
on to read the experimentalISpectré which will be com-
pared with these calculated spectra. :These experi-
mental spectra are arraﬁged in the same manﬁer pre-
viously deséribed; ‘an IDEXP card, a control card,
data cards, and an * card. The end df the set.of
experimental spectra is signalléd,by two.blank cards.
IDCAL, IDEXP, the fit between the two spectra béing _
compared as defined invKuation 3-17, and the numerator
and denominétor Qf_ihis équation are printed out for

each set of spectra being compared.
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900
901
902
903
904
905
907
911
912

915
920

4

1
300
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PROGRAM MrHoon(lNPur.OUTPUT! : ' ’
DIMENSTION CONTRULLG), CDCAL(ZOC.la)' CDExP( 200 ). XNAVE(ZOO)v

10IFF(220),IDEXP(12), IDCAL(25,13) ) . B

_THIS PROGRAM CALCULATES HOW WELL AN &XPERIH&NTAL co SPECTRUM IS FIT 8Y A
SERIES OF CALCULATED CD SPECTRA
M IS THE NUMBER OF WAVELENGTHS AT WHICH RMS DEV IS COMPUTED BEGINNING ' .
WITH 310 AND COMTINUING EVERY 1 MU . _ o M
NPTS IS THE NUMBER OF WAVELENGTHS ' : ' o
PUT A CARD SAYING STIP AT THE END OF THE CALCULATED SPECTRA
PUT A BLANK CARD AFTER EACH SET OF CALCULATED SPECTRA
PUT" TWO BLANK CARDS AT THE END OF THE DATA
FITNESS =RMS DEVIATION BTN CALC AND EXP svecraunoxv:oso BY RMS OF
EXP SPECTRUM CALC AT M WAVELENGHTS9.
_FORMAT (12A6)
FORMAT (14) -
FORMAT(XsABy2X,4(F823,2X),2(E13.602X))
FORMAT( 10F8.4)
FORMAT (%1%, ‘1246, *EXPERIMENTAL SPECTRUM TO BE FIT*)

FORMAT(*1%) "
FORMAT(//,* FIT WITH®, lZAbo *CALCULATED SPECTRUM*)
FORMAT(//+* I1D»)

FORMAY(I'*FITNESS EQUALS*, F7 3{* DIVIDED GY*pFT 3,* EQUALS*.F? 3

1,77}

FORMAT (77, 1246,% CALCULATED. SPECTRUMS)
FORMAT (1H1) °

READ 901, M _ v

K:l N . .

READ 900, (1DCAL(KyL)e L=1412)

PRINT 900 » (IDCAL(KyL)sL=1,12)
IF{IOCAL(K,1).EQ.6HSTOP '1GO TO 1

READ 903, (CDCAL{J,K), J=1,100 )
READ 920 ‘
K=K+l

GO TO 4

KISS=K-1

CONTINUE .

READ 900, IDEXP. _
IF(IDEXP.EQ.6H )STOP
PRINT 904, IDEXP .
READ 902y ID, CONTRL’
PRINT 911 _
PRINT 902, ID, CONTRL
XMAX=CONTRL(1) _
X INC=CONTRL{3)/10.
NPYSt(CONTRL(l)-CONTRL(Z))*10 JCONTRL (3)

_ READ 903, {CDEXP(1), l=l¢NPTS)
. READ 905

2

5

6

DO 2 I=1,NPTS

XWAVEL{ 1 )=CONTRL (1)~ FLUAT((-I)‘CONTRL(3,IIO.
DO 6 JO=]1,KISS

- PRINT 915, (IDCAL(JOsL)y L=1,412) .

SUMEXP=0.

DO S K=]1,M

J=K . ] o . C . . o B : : f

[=404K

DlFF(Ki=(CDCAL(J.JO )-CDEXF(I))#‘Z
SUMDIF=SUMDIF+DIFF(K) ~

SUMEXP= SUMEXP‘(CDEXP(I)*‘Z)
EXP=SQRT{ SUMEXP )
OIFSQ=SQRT{SUMDIF)

FIT=DIFSQ/EXP

PRINT 912, . DITSQ.EXPnrlT

CONTINUE

GC TQ 300

END
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;SHASTA; which is used to caléulaﬁe sums of monomer,
dimér,»and polymer spectra, and MTADMS, which calcu ates
double_strand pairing interaction sums,. .are quite
similar. The Input deck for SHASTA begins with a card
speéifying the number of output spectra, the number

of ihput spectra, and the number of wavelengths at.which

“the CD is to be calculated pet spectrum in a 314 format.

This is followed by 20 single strand basis spectra,
6'double strand basis specﬁra, 4 monomer basis specira,

a possiblé TYCG basis spectrum, and a zero basis spectrum.
Eaéh'basis spectrum consisted of 12 cards: an ID c{rd,

10 data cards, and an * card or blank card.

Following the basis spectra are'groups of four
cards, each correspohding to a spectrum to be calcu;éted.
The first of these cards specifies FNAME, an 80 char-
acter identification for the calculated spectrum. The
sécondeard_lists the number of times each of the 20
nearest neighbor‘intéractiOns OCcurs in the single strand
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 fégions of the molecule
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 mu in a 2F10.3 format.
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100
102
202
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104
108
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901
110
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PROGRAM SHASTA{ INPUT,OUTPUT P UNCH }

NN= NUMERER OF QUTPUT SPECTRA

N= NUMCER OF INPUT SPECTRA

M= NUMBER OF WAVELENGTHS PER SPECTRUM

NSM = NUMBER OF NUCLEOTIDES IN NUCLEIC ACID

CU1+K) IS THE FREQUENCY OF THE KTH COMPONENT. FDR THE ITH POLYHER
DIMENSTION ENN{35,100),C(35,35),EPOLY(35,100), ENATXVE([OO)'NSHQBS
1)y FNAME(25.25) «ID(8)

COMMON: N;JD[oM'JDZ ENN EPOLY 03(25 25)104‘25025)v05(25125)’Cp NSM
1 JFNAME s

FORMAT (6F3.0)

FORMAT (20F2.9Q) L, o L

FORMAT {6F2.0) T P

FORMAT{ 10F84,4) " ) ’
FORMAT (314)°

FORMAT { 2X, 20F6. 3’
FORMAT{8A10) .

FCRMAT (= C *,8410)
FORMAT(X,12) :
FORMAT (/)

FORMAT{*1%&)"

FORMAT(1H1)
“READ 1049y NNoNgM

PRINT 502

DO 98 1=1,32

READ 109, (ID{1),1[=1,8 ). _ :
READ 103, (ENN{I1,J)eJ=1yM} . .

© . PRINT 901,(10(1)41=21,8 ) : ' -
© PRINT 501" ' : o

98

READ 99
CCNTINUE
PRINT 502

. DO 8 I=14NN

c

READ 109, ( (FNAMELI ,J4), J=1,8))
READ COEFFICIENYS OF SINGLE STRAND NN INT&RACTIONS

- READ 102y {CUIsK)y K=1,20)

107

READ COEFFICIENTS OF DOUBLE STRAND PDLYH[R INTERACT!DNS
READ- 1005 (CLI4K)y K321,26)

READ COEFFICIENTS OF MONOMER SPECTRA. TSCG. AND 2 FUR EADCH -C(I'K)

READ 202y (CUI4K) K=Z7'32)

DO 7 K=1,26 -~

ctlt, K)‘(C(IqK"Z.),
CONTINUE

00 9 K=31,32 ‘

ClIK)=(C(I,K)*2.} .

" CONTINUE

"CONTINUE

DO 107 I=14NN

NSM({1) =0,

DO 107 K=1,N

NSM(I) = C(I4K) + NSH([)

CONTINUE

DO 6 I'=I,NN -

NSM{I)=NSM(1)/2

CONTINUE

DO 105 [=1,NN

. D0 105 K=1oN .

105

20

ClI,K) =C{T,KI/2.
CUI3K) = CLToK) INSHUT). L | _ o
DO 20 I=1,NN § L - “
DO 20 J=1,M . , _ L
EPOLY{ 1501=0s
DO 20 K=1,N
EPOLY (15) = ENNIK,J) # CUL,K) o EPOLY(!.J)
' CALL SETPLY(O,1.NN) .
STOP

. END -

B T S
v :
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Y% Y2 X XaXa Xt

100
102
103
105
502
106

107

110
908
210
113
711

10

20
30
3s

40
50

21

60
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SURROUTINE SETPLT{IFLAGsKFLAG,NN)

OIMENSTON A(35,100)+C0135,100),C(35,35) JWAVE(100) ,FNANE(25,25),Y(1
100), NSM{35)

COMMON Ny JD1oMyLsAsCD4D3(29+25)704(25,25) D5(25425) 4CoNSH’

1, FNAME

SUBRUUT INE SETPLT, PHILIP BORER, JULY 6, 1969

PROGRAM SETS UP USE OF PROGRAMS PRNPLT AND PLSCAL WRITTEN BY
M.S. ITZKOWITZ. 1IFLAG = O CAUSES INPUT NEAREST NEIGHBOR
FREQUENCIES TO BE DISPLAYED. THE X AXIS FOR THE PLOT 1S GENERATED
FROM WAVMAX AND DELT.

FNAME 1S A NAME {70 CHARACTERS DF LESS) FOR THE ouTPUT POLYMER
WAVMAX = MAXTMUM WAVELENGTH IN MMu

OELT. = WAVELENGTH INTERVAL IN MMU

FORMAT(//*  INTERACTION FREQUENCIES ARE#//)

FORMAT (14F8.4).

FORMAT ( 10F 8. 4)

FORMAT (%1%,8A10) .

FORMAT(* %, 7a10)

FORMAT ( *1%)

FORMAT(16,* BASESS)

FORMAT (2F10.3)

FORMAT (3( 13X, F6.043X,F13.4))

FORMAT(// 33(15Xs#LAMBDA® 43X, 2ELLIPTICITY®),//)
FORMAT ( LOF8.4)
FORMAT (& @)
DO 6 I=1,NN
PUNCH 502, (FNAME(I¢d)s Jule7)
PUNCH 711
PUNCH 711
PUNCH 711
PUNCH 711°
PUNCH 113, (CD(I,J), J%1,100)}
PUNCH 711 :
PUNCH 711

CONT INUE
READ 110, WAVMAX.DELT
WAVE (M) =WAVMAX
MM=M-| .
00 10 I=1,mMm /

HAVE(H-I)=HAVE|H~101l°DEL7

REVERSE vy VECTOR SO SNALL WAVELENGHTS HAVE SHALL \ SUBSCRIPYS-
PRINT 'AND PLOT. :

D0 60 I=L,NN

PRINT 105, (FNAME(led)e J=1l,7)

DOES USER WANT DISPLAY OF INPUT NEAREST NE!GHSOR FREQUENC]ES
IF (IFLAG .NE.Q) GO TO 20

* PRINT 107, NSMUI)

PRINT 100 Lo - T ) i
PRINT 102, {Cl1gK)osK=]l,N } Lo e

KoM

IF(KFLAG .NE. O) GO TO 35

D0 30 J=loM

YIK) = A{I.J)

KuK~1

GO T0 S50

00 40 J=)eM

Y{K)}=CD(1¢Jd)

KsK-1

CONT INUE

PRINT 910

NPTSaM

LI=NPTS/3.+1.

00 21 L= 1,11

Jal+11

K=Jj+L1

PRINT 908, WAVE(L)e YI(L), WAVELJ), YU{J), WAVE(K)}, V(K]
PRINT 105, (FNAME(LleJd)s J=1,7)

CALL PRNPLTIWAVE,Y,WAVMAX,1a93. 0.-12'0001")
'CONT INUE

RETURN

END
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- The 1nput data for MTADMS is 81mllar except
that the card spe01fy1ng FNAME follown the three

cards spec1fy1ng the number of variouslsorts of -

ihteractions, and there are only 6 double strand pairing’_

' spectra in basis spectra deCK.

' The punched output for these programs con51sts of
a series of calculated CD spectra cons1st1ng of an
IDCAL card ’and 10 data cards Also, the calculated'

' spectra are llsted and plotted by PRNPLT

<o
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PROGRAM MTADHS(INPUT ouTPUT, PUNCH) )

DIMENSION ENM(25,100)sC(30,30), EPOLY(30+100) ENATIVE(100) ,NSM(25)
I SURE HOPE THIS DAMN THING WORKS THIS TIME.

NN= NUMPER OF OUTPUT SPEC TRA:

N= NUMBER OF INPUT SPECTRA

M= NUMBER OF WAVELENGTHS PER SPECTRUM

NSM = NUMBER OF NUCLEOTIDES IN NUCLEIC ACID

CUI,K) IS THE FREQUENCY DF THE KTH COMPONENT FOR THE ITH POLYMER
1 +FNAME(25,25) 42 D(25,25)
COMMON Ny JD1, M.JDZ.ENN EPOLYsD3(25+25) 041259251 4D5(25,25) 4Cs NSM
1, FNAME .
FORMAT (6F2.0)

FORMAT ( 1H1)

FORMAT (/16F8.4)

FORMAT ( 20F2.0)

FORMAT ( 10F8.4)

FORMAT (314) ,

FORMAT (2X, 20F6.3)

FORMAT (8A10)

FORMAT( 1H1)

FORMAT( /)
READ 104sNN¢NsM

DO 98 I=l.N

READ 99 ,

READ 103s (ENN(I¢J)eJd=1,M)

" PRINT108y (LENN(I1,4),J=1,M))

98

PRINT 501

CONTINUE

DG 5 I=14NN s '
READ 1024(D(19K)y K=1,420)

" READ 100+(C{IsK)y K=1sN)

107

105

READ 110

READ 109: ({FNAME(T 3J)e J=1,+8))
PRINT 109, ({FNAMEIT ,J)y J=1,8))
CONTINUE

DO 6 J=1,NN

NSM(J) =0.

DO 107 I=1,N

- NSM(J)=NSM(J)I+C(Jo1)

CONTINUE

DO 6 K=1,417
NSM(J)=NSM(J)+D(J+K)

-CONTINUE

DG 105 I=1,NN

DO 105 K=1,4N

ClIoK) = CUIoK)/NSMIT)

. DO 20 I=1¢NN

20

DA 20 J=1l+M
EPOLY(.I,J)=0.

" D0 20 K=1sN

EPOLY(1+) = ENNIK,J) # COLLK) + EPOLY(1,J)

- CALL SETPLT(O,14NN)

STOP
END
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s SUBRqulNE SFIPLI(IFLAG.KFLAG.NN)
DIMEN: ION: AIJSQ100).50(35c100).C(35-35)oNAVEllOO)vFNANE(Z5'Z5\.V(l
100), NM(35)
CgHHUN --JDl' 'L|A'CDUD3(25'25"D‘(ZstzsiiDS(ZSrZS)nyNSH
1, FNAME ’

SUBROUT INE SETPLT' PHILIP BORER, JULY 6, 1969 .
PROGRAM SETS UP USE OF PROGRAMS PRNPLY AND PLSCAL WRITTEN BY
M.S. ITIKOWIT2Z., IFLAG = O CAUSES INPUT NEAREST NEIGHROR
" FREQUENCIES TD BE DISPLAYED. THE X AXIS FOK THE PLOT IS GtNERAlED
FROM WAVMAX AND DELT.
FNAME IS A NAME (70 CHARACTERS OF LESS) FOR THE QuUTPUT POLYHER
WAVMAX = MAXIMUM WAVELENGTH. IN MMU . T -
DELY = WAVELENGTH INTERVAL IN MMU - ) ’ ‘
100 FORMAT (//% NEAREST NEIGHBOR FREQUENCIES ARE &/ AA AU
1 AC " AG . UA uu uc . ue CA CU )
2CC cG: - GA- GU. GC -GG*) . o

202

104 FORMAT (F6.4, . ‘OF THE INTERACVIONS -INVOLVE UH2 AND ARE SET = 0+ (2

401 FORMAT(* APD=%,Fb6.4,%DPAn®,F6.4,9GPD=8,Fb.4)

101 FORMAT { /* INTERACTIDN FREQUENCTIES ARE*/* - A/U : G/C

1 AUZAU  GC/GC  AC/GU  AG/CU %)
102 FORMAT(16F8.4) :
103 FORMAT(10F8.4) : o o
301 FORMAT(® Ax#,F6.4% Un®, F6,.4,% Ca¥,Fb.49% GuoyFb.4y)
105 FORMAT(#1%,8A10) . i
502 FORMAT(* =, T7A10) .
106 FORMAT(%1%) :

" 107 FORMAT(16,* BASES®)

110 FORMAT {(2F10.3)
908 FORMAT(3(13X¢F6.0,3K,F13.4))
910 FORMAT(// +3(15X, SLANBOA® s 3X, SELLIPTICITYS) o/ /)
113 FORMAT{10F8.4)
DO 6 I=1,NN L
'PUNCH_SJZ,)(FNANE(X-J): J=1,7)
PUNCH 113, (CD{Tsd)e J=1+100)
6 . CONTINUE L
'READ 110, WAVMAX,DELT
WAVE (M) sMAVMAX
MB=M-1
DO 10 I=loMM
10 WAVE(M=1)=WAVE (M-141)-DELT
-~ REVERSE Y VECTOR SO SMALL HAVELENGHTS HAVE SNALL Y suesca:prs.
PRINT AND PLOT. _
DO 60 T=l,NN, .. .- s T S
PRINT 105, - (FNAME(Tod1y duleT)

DOES USER WANT DISPLAY OF INPUT NEAREST uencnsun FREQUENCIES
. IF (IFLAG .NE.O) GO TO 20

PRINT 107, NSM{I) < L IR

PRINT 100 B s

E - PRINT 102+ (CUI4K)eK=1416)
PRINT 104, C(1,17) 2
PRINT 401+(C(1+K),K=18420) o
CPRINT 101 . S
PRINT 103, (C(I.K).KSZI'ZG)
-PRINT 301, (CU1,K)eK=27,30)
20 K=M , _ o
IFIKFLAG .NE. 0) GO TO 35 . T ) —
00 30 J=14M : : -
YiK) = AlleJd)
30 KsK-1l
- 60 TO 50
35 DO 40 J=1,M
Y(K)=CD(I,d) _ :
40 K=K-1 . o
50 CONTINUE . o
PRINT. 910
NPTS=M
1I=sNPTS/3.¢1. . o
.00 21 L= 1.18 : S
JeL+ll C o
KsJ+ll | : oo ) .
21 PRINT 908, MWAVE{L), VYIL), WAVE(J), V(J)v WAVEIK), YIK)
PRINT 105, (FNAME(I¢Jd)y J=1T7}) )
’ CALL PRNPLT(HAVE.Y.HAVMAXol.'3 0.-12.0.0.")
60 CONTINUE
RETURN
END

4}@
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PROGRAM LASSEN( INPUT,0OUTPUT 4 PUNCH)

N
O
W

- DIMENS1ON COMTRLI(6), CD(2CC), IPUNPR{3), XWAVE(20D3), IDEXP{12]}

i1
302

1 +ZM(150,5), BASVECU15C)s M(5), ZMON(1
REPLACE IST * CARD. IN FEACH DIMER WITH
CONYROLS ARE(1l) LAMBDA MAX, (2) LAMBDA
(6) IS EXTINCTION COEFFIECIENT
BLANK CAROU AT END OF DATA SIGNALS STOP
FORMAT( 1CFB.4)
FORMAT(AB92X,4(F8.3,2X)921EL13.64+2X))
FCRMAT(5(EL13.642X))

50)
BASE COMPOSITION CARD
MIN, (3) A PER POINT,

FORMAT(*]1BASIS SPECTRUM CALCULATED FROM DIMER *, AB)

FORMAT (1X)

FORMAT { LH1)

FORMAT (80(1H®))

FORMAT {3(13X,F6.0,3XysFL3,4))
FORMAT(12A6)

FORMAT(TF8.4)

FORMAT(// +3(15Xs*LAMBDA*,3X,*ELLIPTIC
FORMAT (=l%) ‘
FORMAT(10F8.4)

FORMAT(511)

FORMAT [ X, A8)

PRINT 912

DO 11 J=1,5

READ 913,(ZM{144)y 1I=1,150)
PRINT 913, {(IM{IsJ)s I=1,150)
CONTINUE

PRINT 912

CONTINUE

READ 914,(M{J)y J=1,5)

READ 902,10, CONTRL
IF(ID.EQ.8H - )STOP
XMAX=CONTRL (1)
XINC=CONTRL{3)/10.

ITY*),//)

NPTS=(CONTRL{L)}=CONTRL(2))*10./CONTRL(3)

READ SOOo(CD(I)oltl-NPYS)

~ READ 905

20
10

10

25

00 S 1=1,NPTS
XWAVE( 1 )=CONTRL(1)~-FLOAT(I- 1)‘CONTRL(3
CONTINUE
DO 10 I=1,NPTS
IMON([)=0.
00 20 J=1,5
IMON(I) = MUJ)®ZIMII,J) +ZMON(I)
CONTINUE :
BASVEC(1) =2.%CD{I)-ZMON(I)/2.
CONTINUVE
PUNCH 915, ID
PUNCH 500, (BASVEC(1), [=41,140)
PUNCH 907
CONTINUE
PRINT 9044 ID
PRINT 910
DO 30 [=1.NPTS
CDUI)=BASVEC(I)
CCNT INUE
11=HPTS/3.¢l.
00 25 1= 1,11
J=l+11
K=J+11

}/10.

PRINT 908, XWAVE(I)s CDIUI)y XWAVE (J)e COULY), XWAVE(K), CD{K)

NUM = NPTS~40.
XMAX=XMAX= 40.

PRINT 904,

caLL PRNPLr(waVE(«x).cotal).xMAx. XINC
G0 10 302 :

END

#349412,0,0,NUM)

(5100
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The fOllOWlng two subroutlnes PRNPLT and PLSCAL
are used by most of the prededlng prOVrams and

were written by Marty Itzkow1tz

ah

@
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901
962

903

%04
905

2085,

SUBROUTINE PRNPLTI{X,Y o XMAXy XINCRoYMAXyYINCRoISXy ISY,NPTS)
DIMENSION X(NPYS)sY{NPTS)4IGRID(135),XAXIS(LI1)
PRINTER PLOT RODUTINE M.S.ITZKOWITZ MAY, 1967

PLOTS THE *NPTS' POINTS GIVEN BY *Xx{(f),Y(I)* ON A S1 X 101 GRID
USING A TOTAL OF 56 LINES ON THE PRINTER

IF *ISX* OR *ISY' AKE NON-ZERO, THt CORRESPONDIIING MAXIMUM AND

INCREMENTAL STEP SIZE ARE COMPUTED : .

If EITHER INCREMENTAL STEP SIZE IS ZEROs YTHE PROGRAM EXITS

NEITHER OF THE INPUT ARRAYS ARE DESTROYED. IF SCALING IS DONE

THE CORRESPUNDING NEW VALUES OF MAXIMUM AND STEP SIZE ARE RETURNED

INTEGER BLANK,DOT,STAK,IGRID,PLUS :

DATA BLANK, 00OV, STAR,PLUS / 1H ,1H.yLlH*,1H+ /

FORMAT(I#X.lOSAl)

FORMAT U 1XF104 192Xy 1H# 5 105A1 o 1H4)
FORMAT( 15X, 103 (1H.))
FORMATI{7Xs11IF10.0)92H (514,45H PTS) )
FCRMAT {16Xs11{ 1H#,9X})

980G FORMAT (46H1SCALING ERRCR IN PRNPLT, EXECUTION TERMINATED )

r

14

16

‘11

15

12

13

10.

20 .

800

IF{ISXNE.Q) CALL PLSCAL(X'XHAXoXlNCR,NPTS'IOO)
IF(ISYJNE.O) CALL PLSCAL(YoYMAX,YINCRoNPTS,50)
IF{XINCR.EQeO+ OR.YINCR.EQ.0.) GO TO 800
YAXMIN=Q,01%YINCR

XAXMIN=2G.01*%XINCR

IZERO=YMAX/YINCR+1.5
JZERO=103.5-XMAX/XINCR
IF(JZERD.GYT.103.0R.JZERO.LT.4) JZERO=2
PRINT 945

PRINT 903

DO 10 I=1.51

IF ( 1.NE.IZERO) GO TO 16

DO 14 J4=1,105

IGRID{ J)=PLUS

GO To 15

DO 11 J=1,105

IGRID(J)=BLANK

IGRID(JZERD)=PLUS

IGRID(104)=D0T

IGRID( 2)=D0T

DO 12 K=]1,NPTS

ITEST =(YNAX‘V(K))/Y!NCR+1.5

TFCITESY .NE.I) GO TO 12

J=103.5-{ XMAX~-X(K) ) /X INCR

IF(J.LT.3) Ja}

IGRID(J)=STAR

CONTINUE

1IF(MOD{1,10).EQ.1) GO 10 13

PRINT 9014 IGRID

GO TO 10

YAXIS=YMAX~{I~1)*YINCR
IF(ABS(YAXIS)LT.YAXMIN) YAX]S=0.
PRINT 902, YAXIS, (IGRID{J) ¢J=1,105)
COANY INWF ) E

PRINT 903 ~
PRINT 905

DO 20 M=1l,11
XAXIS(M)=XMAX-XINCR‘(FLOAT(ll-N))‘l0.0
IF(ABS (XAXIS{M)). LT.XAXHIN)XAXIS(H,=O.
CONTINUE

PRINT 904+ XAXIS,NPTS A

RETURN

PRINT 9800

CALL EXIT

END
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30
20

- 40

L0000

&)

52
51
53
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SUBROUTINE PLSCAL(V VMAX VINCR'NPTS NDIVIS)

SCALING PROGRAM FOP USE WITH PRNPLT ﬂ.S lTlKOleZ MAY,1967.
THIS VERSION ADJUSTS THE FULL SCALE TO 2:5,5.0y Ok 10, :TIMES 10%*N
AND ADJUSTS THE MAXIMUM POINY TO AN INTEGER NULTIPLE OF S¢VINCR

"DIMENSION VINPTS)

VMIN=V{1)
. VMAX=V(1)
‘DO 10 I=1yNPTS
TF(V(T)LT.VMIN) VHIN=VIT)
IFIV(I)oGT.VMAX) VMAX=V(I)
 QRANGE=VMAX-VMIN
‘CONT INUE v
IF (URANGE.EG.0.) GO TO 80GO
QRANGE=C . 4342944%AL0G { CRANGE )
IF(QRANGE 120,20 3C
IRANGE=QRANGE
GO TO 40 .
IRANGE 3-QRANGE
IRANGE=—-IRANGE-1 -
QRANGE=QRANGE- FLOAT(IRANGE)
RANGE=10. *#QRANGE

RANGE IS BETWEEN 1.0 AND 10.0

IF (RANGE.GT.2.5) 60 TO 41
RANGE=2.5

GO TO 50
- IF{RANGE.GT.5.0) GO TO 42
RANGE=5.0

63 T0 50

RANGE=10.0
TRANGE=RANGE*( 10.#+ IRANGE )

TRANGE IS NOW 2.5:5.0' OR 10-0 TIHES A POHER oF TEN

VINCR'TRANGE/FLOAT(NDIV!S)

IF({VMAX151,51,52

IMAXaVMAX/(5.0%VINCR)

XMAX=S, O‘VINCR‘FLDAT(IMAX*I)

GO T0 53

IMAX=-VMAX/(5.0%VINCR)

XMAX=25,0%VINCR®FLOAT(-IMAX+])

IFIVMINL.GT.XMAX-TRANGE) GO 7O 100 -

~* RANGE=RANGE*2.0 . :

" TF(RANGE~-10,) 43,43,54

RANGE=RANGE/10.

lRANGE=lRANGh*1

G0 TO 43 )

100 VMAX=XMAX

VMINSXMAX-TRANGE
RETURN '

8000 - PRINT 980C '
9800 FORMAT (45H1PLSCAL CALLED ru 'SCALE “ARRAY WITH 7ERN RANGE)

- CALL EXIT-
END

('?:‘I
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LEGAL NOTICE

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.




k] ~

TECHNICAL INFORWATICN DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





