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ii.

ABBREVIATIONS ,

Abbreviations used in this thesis have been defined in

'Instructions to Authors' (Biochem. J. (1976) 153, 1-21 ), except
for the following :~ ) '

A Absorbance.
A26O unit The amount of tRNA which, when dissolved in 1 ml.

of 10 mM MgC].2, 10'mM trie~HCl, pH 7.0, has an

absorbance, over a pathlength of 1 cm., of one.

ReP.Co=5 Reverse Phase Chromatography Medium 5 (Pearson et al,

1971 ).

RNase "Ribonuclease,




iii,

NOMTNCLATIRE OF NUCT,FOTIDES.

Throughout this thesls, nucleoside «5,~ phosphates are
represented by single letters (see Sanger et al, 1665) a=s
indicated below., All nucleotides contaln ribose as the supgar
component, MNMucleosides are indicated by the subscript 0O,

' v
and 3 , 5 diphosvhates by the letter p preceeding the

nucleotide,.

A adenosine -3‘~ phosphate.

mlA 1 - methyl adenosine m3'- phosphate.

ieA N6 ~ isopentenyl adenosine ~5‘m rhosphate.

msEiGA 2 - methylthio -36— ispentenyladencsine wB'»
prhosphate.

c cytidine -3 - phosphate.

m5b % -~ methyl cytidine -3‘~ phosphate,

Cm 2' - 0 = methyl cytidine ~3'm rhosphate,

c! cytidine Y R 3' - phosphate (cyclic),

D 5,6, - dihydrouridine mB'u phosphate,

G' guanosine ~3'— phosyphate,

mEG Na - methyl guanosine ~5Q~ phosphate.

mgG N7 ~ dimethyl guancosine ~3'» phosyphate,

m7G H? - methyl guanosine -5'— phosphate,

Gm 2! - 0 - methyl guanosine ”3'" phosrphate.

'mG? the nucleotide produced by alkali treatment of
mTG.

G} guanosine - 5', 3‘ - phosphate (cyclic),

N The nucleotide produced an bisulphite modiflcation

2.6

of ms<iA.



iv .

Lt
purine nucleoside -3 - phosrhats,

. k)
thymidine ~% -~ phosphate,

t
uridine ~3 - vhosphate,
]
pseudouridineg -~3% - phosphate,.
)]

1]
4 - thiouridine -3 - phosphate,

1 ]
uridine -2 , 3 -~ phosrhate,

1

3 « (3 ~ amino -3 - carboxypropyl) uridine -3 -

phosnhate.
i
pyrimidine nucleoside -3 - phosphate,

nucleotide common to all tRNas

An asterisk indicates that the nucleotide

modified,

may ba



SUMYARY.

Two different methods have been used for the purification

of X, coli tRWApge. Both methods involved initial

fractionation of unpurified ®. coli tRNA (either unlabelled,

e

or uniformly labelled with Ja?) on Bengzoylated DwaR-cellulose.
The fractiocns containing tRWApge (the second vhenylalanine
iscaccenptor tMNA eluted from the PRenzoylated NHAW-cellulose
column on increasing the NaCl concentration of the eluate)

were then fractionated either after charging of the tRNA with
phenylalanine on another Benzoylated NWA¥-cellulose column, or
on an RPC~-5 column, After deacylation of purified PhentPWApge,
Fhe couid not be charged with phenylalanine to the

2
original extent., Turified tRNAPSe

phe TRNA
obtained from an RPC-H
column was found to lose phenylalanine accepting activity on
storage, Attempts were made to renature both inactivated

forms of tRNAPEC, but they were not successful. Attempts to
fully charge the inactivated tRVAPge by increasing the lipase

. . . X anl 1€
concentration in the assay or by preincubating the tQNA‘g

with the ligase wers equally unsuccessful., Yowever, after
The
s

conditions, it was found to be most stable in 1Cmll MgCl

o
a8

investigation of the starility of twwa under various

2!

1C0mM tris-"Cl, pY 7¢C, in the presence of an equal amount

of unpurified ¥, coli tRNA.

bl
The purified ®., coli tR”A}ge

=

isclated was found to give

identical T, and Pancreatic RNase fingervrints te the ~. coll

3 — iviactvr
RN Phe o
RNA whose sequence was c¢lucidated by RParrel & Sanger

(1969).



Vie

he . . . .
FP with sodium bisulzhite at

Treatment of 1. coli tm4

—

ZSOC resulted in modification of four nucleoside residues over

a period of 48 hours. 'The cytidine residues of €17, €74 and

Cc75 were converted to uridine residues. Risulrhiite modifi-~

6

cation of msai A37 was also observed,; the product being an.
adduct containing one mole of Hsog' per mole of Z-methylthio-
N6—isopentenyl adenosine, Cytidine residues of CLE and (56,
although in single stranded regions of the cloverlesf structure,
were not modified by bisulphite. These residues are probably
involved in tertiary structure interactioné analogous to those

Phe

described for Yeast tRNA by Ladner et al (1975b). Yo

Fhe

conformational change of tRNA > appreared to occur during

bisulphite modification.

- Bisulphite modification was found to destroy the

Phe

phenylalanine accepting activity of ¥. c¢oll tRNA

tRNAPge samples in which all of the four reactive residues

However,

had been fully modified still had some residual phenylalanine
accepting activity. After separation of active and insctive
bisulphite modified tRNApge molecules both fractions woere
found to contain 21l four rossible bisulphite modifications,
altﬁouéh the inactive fraction contained a greater propecrtion
of these than the active fraction., Therefore, no residue
could‘be implicated as a component of the specific ligase
recognition site and the loss of phenylalanine acceptor

activity was probably due to a conformational change Tacilitated

Phe
2 .
e

- . N . . Pl
Bisulphite modification of . colld Phe~tP®NA" .~ resulted

— - &

in bisulpghite modified tRITA

in modification of the-same four residues as in uncharged



vii,

, .
tRNA}ge. However, msdi6A3? was modified to a slightly

lesser gxtent in charged tRNAPge than in uncharged tRNAPgeu

The
No additional. residues were modified in PhemtRNA‘ge.

The pattern of thermal denaturation of ¥. coli tPNAPge
was investigated by bisulphite modification at elevated
temperatures. In the absence of Mg2+ , quite extensive
denaturation of tRNApge apneared to have occurred at 4500.
At this tenmperature, in a proportion of molecules €48 and
c56 were available for bisulphite modificatlion and therefore

some destruction of the tertiary structure interactions
Phe

involving these residues must have occurred, In some LRNA .
[

molecules, cytidine residues involved in the secondary
structure base pairs of stems b and e were also available
implying some melting of these helices, MThese residues were
modified to a greater extent at 5500, but even at this
temperature, no reaction of cytidine residues of stems a and

c was observed (except for C72 to some sxtent) indicating

that these helices were still intact.
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1.1, GENERAL ANTD HISTORTOAT, TUTROATICTTON,

Transfer ribonucleic acid (tRNA) is the term, coined by
Allen & Schweet (1960), used to describe a group of low molecular

weight RNA molecules that play a vital part in protein synthesis,

o

by translating the information carried by messenger RMA into
protein. The existence of this type of molecule had been
predicted by Crick (1955), who was unable to envisage DNA or PNA
acting as a direct template fér amino acids, Crick suggested

that "adaptor molecules" were necessary to translate the
information carried by nucleic acids into s protein. Tn its
simplest form the hypothesis required that there was one "adaptor
molecule" for each aminc acid, each'molecule having & specific
hydrogen bonding surface that Would>enable it to bind specifically
to a nucleic acid template, and one enzyme for each aunino acid

that would be responsible for the specific attachment of the aminc

-acld to its "adaptor molecule™., The role of adaptor molccule was

assigned to transfer RNA by Yoagland et g&,(1958).

During protein synthesis, each tZVA molecule is recognised by
its cognate aminoacyl-tRN4 ligase, and charged with the correct
amino acid., The aminoacyl-tRYMA is carried to the ribosome under
the influence of an elongation factor, The aminoscyl-t?IWA~
elongafion factor-GTP complex binds to the riwosome-m™™A complex
in response to a codon complementary to the anticodon on the tRW4,
and, under the influence of the peptidyl transferase enzyme, the
amino acid is transferred to éhe end of a nascent polypeptide chain.

For a review of protein synthesis, see Tengyel (13974),.

Transfer RNA is the smallest specles of BMNA mresent in the



cell, sedimenting at about 48. There are a large number of
specles of tRNAs in each cell,; and offen there is more than one
tRNA specific Tor the same amino acid., The number of species
may vary from about 60 in bacterial cells, to abecut 100 in
mammalian cells (Lengyel, 1974). Transfer RNA molecules may be
72-83 nucleotides long, the molecular weights being in the region
25,000-35,000.

Transfer RNA is the most modified tyﬁe of RNA found,
modifications of each of the four major bhases being possible
(Nishinura, 1972). The préportion of modified bases in tRNA
increases with the evolutionary complexity of the organism. In
some cases, e.g. mammalian tRNAs, up to 25% of the bases pesent in
tRNA are modified.

The primary structures of over 60 species of tRNA have been
determined (see Rarrel & Clark, 1974) and each can be represented
(1965), which allows the maximum amount of Watson-Crick base
pairing (about 60%). The cloverleaf has four loop reglons and
four helical stem regions.

The structure and functions of tRNA are discussed more fully

in the Iollowlng Sections, 1.2, 1.3, and 1.4,

1.2, THE INVOLVEMENT OF TRANSEWR RNA IN CELLUIAR PROCTSSES.

Transfer RNA has been implicated in a large number of
cellular processes, a list of which is given below;-

1.2.1. PROTEIN SYNTHRSIS,

(i) Activation of amino acids (zee cection 1.2,1.1)
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(115

(111)

(iv)

(v)

(vi)

(vii)

(viii)

Recognition of initiator factor by initiator tRWs

(Berthelot et al, 1972; Ghosh & Ghosh, 1972).

Recognition of charged initiator tRNA by itransformylase

in procaryotic systems (Seno et al, 1970; Berthelot et al,

1972; Ghosh & Ghosh, 1972; Giegé et al, 1973).

Location of charged initiator tRN4 1n the initiation site

on the small subunit of the ribosome. For reviews of the

initiation of protein synthesis, see Revel (1972},

Rudland & Clark (1972) and Ochoa & Mazumder (1974).

Recognition of elongation factor by tRNAs involved in

peptide chain elongation (Krauskopf et al, 1972;

Beres & Lucas-Lenard, 1973; Schulman et al, 1974).

Location of charged tRNA in the A site of‘the rivosome

(Czernilofsky et al, 1974; Forget & Weissmann, 1967;

Erdmann et al, 1973; Dube, 1973a; Richter et al, 1973;

Schwarz et al, 1974).

Decoding mRNA.. For reviews of the mechanlsm of peptide

chain elongation, see Moldave (1972), Haselkor & Rothman-

Denes (1973) and Lucas-Lenard & Beres (1.974).

Regulation of protein synthesls, tRNA may be involved in:-

a) Repression (see Littauver & Inouye, 1973).

b) TFeedback inhibition (see Littauwer & Inouye, 1973%).

¢) Supression (see Smith, 1972),

d) Interferon production during viral infection,

e) Control of enzyme activity such as tryptophan
pyrrolase activity in Drosophila (Jaccuson, 1971L).

I} control of RNA synthesis by the production of magic

spot compounds (see RBlock & Haseltine, 1974),



1.2.,)1.1. Amino Acid Activation.

The reaction involving tRNA most relevant to this thesis
is that of amino acid activation, aﬁd this 1s the only reaction
involving tRNA that is discussed in detail.

The amincacyl-tRNA ligases are a group of snzymes that
attach amino acids to the 3'-Termini of thelr cognate tRNAs,
according to the overall equation.

Amino acid + ATP + tRNA é::?

Aminoacyl -tRNA + AMP + PPi,

This reaction usually requires the presence of Mgz+. In the
absence of tRNA, most aminoacyl~tRNA ligases are able to form an
enzyme-bound aminoacyl-adenylate complex. Such compounds have
been isolated. For reviews, see qutfield (1972) and &B11 and
Schimmel (1974).

| Amino acid + ATP + enzyme g::i

enzyme, (aminoacyls~AMP) + PPi.

This reaction has been proposed as thefirst step in the
aminoacylation reaction (Hoagland, 1955; Berg, 1956). There is
evidence that the order of addition of substrates varies with the
aminoacyl-tRNA ligase used. In some cases, the enzyme 1s thought
to form an initial complex with the amino acid, eg. E.coli
leucyl-, Seryl-, and valyl-tRNA ligases (Myers et al, 1971), in
'others it 1s thought that the formation of an enzyme-~-ATP complex
takes place initially, e.g. Yeast lysyl-tRNA ligase (Berry &
Grunberg-Manago, 1970}, whileain other cases the order of addition
of ATP and the aﬁiné acid appears to be random, e.g. E. coll
methionyl-tRNA ligase (Blanquet et al, 1974) and E.coli

phenylalanyl-tRUL ligase (Mulivor & Rappaport, 1973),
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There are some reasons for doubt as to whether this
proposed mechanism for amincacylation is the true one. 1In
several cases, the ehzyme bound aminoacyl-adenylate is not
formed in the absence of tRNA (Loftfield, 1972; s811 & Schimmel,
1974L). Some tRNAs may be aminocacylated in the absence of Mga+,
although this cation is required in all cases for the formation
of an enzyme bound aminoacyl;adenylate complex (see Loftfleld,
1972). These and other reasons discussed fully by Loftfield
(1972) have led him to propose a cpncerted reaction mechanism
with simultaneous involvement of all three'substrates, However,
detalled invegtigation of the mechanism of aminocacylation,
using kinetic data obtained in the presence of all three
substrates, is difficult. Therefore it is not easy to prove that
such a concerted reaction mechanigm‘really occurs., For the
purpose of simplification, it is generally assumed that the

reactlion does involve the intermediate formation of the enzyne

. bound aminovacyl-adenylate, and partial resctlions are usunlly

studied,

During aminoacyl—tRNA formation; the amino acid is connected
by an ester linkage to the 2%V or %' hydroxyl group of the 3!
terminél adenosine residue of the tRNA. The initial placing of
the amino acid on the Zf' or 3% hydroxyl group depends on the
aminoabyl«tRNA ligase., Some ligases transfer the amino acid to
the 2' hydroxyl group and some to the 3' hydroxyl group (Sprinzl
and Cramer, 1993; Cramer, 1975%; Rich, 1975). After the initial
placement, isomerisation betwgen the 2' and 3! forms takes place
rapidly. There is some evidence to suggest that during protein
synthesis, aminoacyl-tRNA with the amino acid linked to the 3¢
posgition of the terminal adenosine is required (Nathens & Neidle,

1963; Sprinzl & Cramer, 1973),
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According tc the adaptor hypothesis, it is the nucleotide
sequence of the anticodon alone that wrecognises the codon.
Therefore, for faithful translation to cccur, the charging of
a tRNA with its cognate amino acid must be highly specific,
requiring that each tRNA must specifically recognise its cognate

aminoacyl—-tRNA ligase.

1.2.2. RNA Metabolism,

Transfer RNA is a substrate fori-
(1) Cleavage and maturation enzymes, as precursor tRUA
(see Altman, 1975).
(i) Modification enzymes responsible for the production of
modified bases (see 8511, 1971).

(iii) tRNA nucleotidyl-transferase, i.e. the "mCCAO repair

H
enzyme" (see Deutscher, 1973).

(iv) Peptidyl-tRNA hydrolase (as peptidyl-tRNA (De Croot et al,
1969).

(v) Nucleases.,

Transfer RNA also acts as a primer for reverse transcriptase,

1.2.3., Aminoacyl—-tRNA as a Donor of Aminoe Acids in Resctlons

rot Involving Ribosomes,

(1) Bacterial cell wall biosynthesis (see Tittauer and Inouye,
1973).

(i1) Post -~ translational addition of amino acids to proteins
(see Soffer, 1973).

(i1i) Biosynthesis of aminoacyl-phosphatidyl glycerol (Nezbit &
Lennarz, 1968; Gould et al, 1968).

(iv) Biosynthesis of glycyl-lipopolysaccharide (Gentner & Berg,

1971},
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l.2.4¢ Other activities of tRNA.

(1) tRNA is capable of altering the specificlty of B,coli
ENDO T restriction endonuclease.
(ii) Some viral RNAs appear to have a tRNA-like structure at
the 3' end (Haenni et al, 1973; Cory et 21, 1970).
The relationship of structure to functican of LRVA is

discussed in Section 1.4,

le3. BSTRUCTURE OF TRANSFER RNA.

In this Section, a brief account is given of some of {the methods
thét have been used to elucidate the primary, secondary and lertiary
structures of tRNA. This is followed by a brief descripiion of
how the resulis obtained from such studles have led to a bvetier

understanding of the structure of tRNA.

1.3.1. Primars Structure Determination,

Sequencing of RNA molecules involves digestion of the RNA,
followed by fractionation and identification of the coastituent
oligonucleotides, Two methods have primarily been used for the
separation of oligonucleotides, the method of Holley (1968) aad
that of Sanger et al, (1965). These methods have been described
in detail by Brownlee (1972).

Since the first tRNA was sequenced {Holley et al, 19€5), the
primary structures of over 70 tRNAs have been determined,

(compiled by Barrel & Clark, 197.4).

l.3.2., Secondary Structure : The Cloverleaf Model.

The secondary structure of tRNA is defined as helical elements,

formed by Watson-Crick base pairing between the heterocyclic hases
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(Cramer, 1971). TEvidence for the existence of helical regioné
has come from the X¥X~ray diffraction patterns of oriented fibres
of tRNA (Fuller et al, 1967; Arnott et al, 1967; Doctor et al,
1969) and also from the reversible '"melting' curves obtainable
for tRNA which resemble those of éther double~helical nucleic
acids,

Holley (196%5) proposed a number of models for the secondary

structure of Yeast tRNAAla

, involving Watson-Crick base pairing.
0f these, the "cloverleaf" model allows the¢ maximum amount of
base pairing. The primary structure of all tRNAs seqguenced so
far can be arranged in this cloverleaf form. This strong
circunstantial evidence for a common cloverleaf secondary
structure is suprorted by all results of the structural studies
of tRNA tertiary structure.

FI¢ 1 shows the features that are common to all tRNAs. The

constant sequence T B C in Loop IV is not present in a few tRNAs,

~ The exceptions (described by Barrel & Clark, 1974) include

eucaryotic initiator tRNAs and several glycine tRWAs from some

species of Staphylococcus that are not invelved in ribosome-
mediated protein synthesis, The extra érm, d varies in length in
differént tBNAs. Two types of tR¥A can be distinguished, those
with a short extra arm (3-95 nucleotides long with no helical
content), and those with a long extra arm (13-15 nucleotides long
with some base pairing).

Loop I varies in size in different species of LRNA,
containing between 8 and 10 nficleotides. Xim et al, (1974,a) have
defined two regions of J.ocop I, theoland @regions. The & region

is that between the two constant sequences AR and G&, and the P
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-Generalised iRNA Cloverleaf Structure showing
GConstant Features.

after Barrell & Clark (1974) .

FIG. 1.
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region is that between (GG and the constant A residue. The ol
and B regions each contain from one te three nucleotides. When
dihydrouridine residues are present, they occur only in these
regions.

0f the other minor nucleosides that occur in LRNA, most are
restricted to the lcoop regions of the cloverleaf model,

Pseudouridine is sometimes found in the last base pair of stem c.

1.%.3. mTertiary Structure.

Evidence for the existénce of tRMA molecules in a wmore
compact form than‘the simple cloverleaf model has come from a
variety of'sources. The RG of LRNA molecules, as determined oy
low angle X~ray scattering is smaller than would be expected for
the cloverleaf form (Pilz et al, 1970; Connors et al, 1969;
Ninio et al, 1969). Changes in conformation, as measured by
ckanges in sedimentation properties and viscosity (Henley et al,
1966), stability to degrading enzymes (Thang et al, 1967) and
mobility of the =CCAny end (Hoffman et al, 1969), have bsen
observed when very little loss of secondary structure, as
neasured by U.V, absorbtion, occurs.

The maintenance of a defined tertiary structure aprears to
be important for the functioning of tRNA. Several speclies of tWHA
may exist in two different conformations, only one of which is
functional (Lindahl et al, 1966; Frasco et al, 1966; Gartland &
Sueoka, 1966; Tshida et al, 1971; Streeck & Zachaun, 1971).
Divalent catione, particularliy Mg2+ have been implicated in the
maintenance of the correct functional tertiar& structure (Fresco
et al, 1966; Sueoka et al, 1966; Adams et al, 1967; Chapeville

S ——

et al, 1969; Reeves et al, 1970). Conversion of.the inactive



denatured form to the active native form can often be acheived

by heating the inactive form in the presence of low concentrations
of Mga+ {(about 1lOmM). Conversely, heating solutions of tRMA in
the presence of chelating agents for divalent cations; ie. cltrate
or IDTA, usually cause conversion of the tRVA to the inactive
form,

Alteration of the conformation of tRNA has been postulated, on
amincacylation (Sarin & Zamecnik, 1965; “chofield, 1970; Wbese,
1970), and on enzymic (elongation factor Ty-dependent) binding of
aminoacyl-tRNA to the ribosome~mRNA complex‘(Schwartz et al, 1974).
There is evidence from low angle X-ray scattering (Connors et al,
1969), Raman spectroscopy (Thomas et al, 1973a), and the fact that
several speciles of tRNA can co-crystallise (Fresco et al, 1968;
Blake et al, 1970) that the native tertiary structures of all
tRWAs are similar.

Several techniques have been used to examine the tertiary
. structure of tRNA -

(L) A critical examination of tRNA primary structure data.
(11) chemical modification.

(iii) Enzyme dissection.

(Lv) Oligonucleotide binding to tRNA.

(v) A variety of physical methods,

1.3.3.1. Critical Fxamination of tRNA Primary Structure Data.

Since the tertiary structures of all tRNAs are thought to be
similar, it is probable that iuteractions responsible for the
maintenance of tertiary sitructure involve features common to 81l
tRNAs. These have been discussed (Section 1.3%,1, end FI¢ 1.} 1In

addition, Levitt {(1969) noticed that when the constant purine residue
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R in Loop I is G, then the constant pyrimidine residue ¥ in the
extra arm, arm d i& ¢ and, when the constant purine residue is 4,
the constant pyrimidine residue is U. 0On the basis of this
observation, Leviit proposed a tertiary structure Watson-Crick
base palr involving these two residues,

l.%3.3%3.2., Chemical Modification.

The rationale behind chemical modification as a probe of
tRNA conformation is that oaly bases in exposed single stranded
regions of the tRNA are avallable for modification. A base will
not react with a modifying sgent if parts of the wmolecule that
would normally react with the rceagent are involved in base palring
interactions, or sterically hindered from reacting with the
reagent because of the conformation of the base in the tRNA
molecule, Tt is concelvable that a base cquld be available for
modification although it dis dnvolved in bhase pairing interactions,
if the reagent attacks part of the molecule not invelved in
hydrogen bonding. Bases in helical regions, however, are unlikely
to be available for modification because of steric hindrance,
For a reagent to be an effective probe of tRNA coﬁformation,
the following criteria must be observed (Cramer, 1971) :-
single

(1) The reagent must show a high selectivity towards,stranded

regions.
(i) Ideally it should be highly selective for one base, so that

the pattern of modification can be easily elucidated.
(i11) The reaction should be able to be easily followed analytically.
(iv) There should be no chain breaks, unzipping of secondary

structure or disruption of tertiary structure during the

reaction,
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TABLE 1.

CHEMICAL MODIFICATION OF +tRNA .

VODIFYING ARFNT NYCLFOUTIDES MODIFIED tRNA REFFRVICE
Sodiua Borohydrida D, nc“c, oy, 1, -70. aly Yenst tRNATD®, tRNAT®T Igo-Kemensa & Zachau (19§9)
E- colt truaPHY Shugart & Stulbarg (1969)
- . Yous* tRHAPh. Igo-Kemenes & Zachau (1971)
fSouiua Bisulphite C, 16A, 55216‘, .“u, U, Cu Yeast tRHAT’r Furuichi et »l (1970)
Yeast tRNATyr Kucan st sl (1971)
E. coli tmu“:‘ : Goddard & Schulman (1972)
. . Yenst tRAYS Chambers et al (1973)
B cout tRNATIY Singhal (1974)
E. cold tRNATTP Seno {1975)
TICl, / NaT L ¢ : Yeast truA"St Schridt et al (1973)
Hithoxyanmine s, ¢ Yeast tRNAv'l Jilyaeva & Kisselaev {1970)
E. coll tRNATYTs Cashmore (1970)
——— ou 3
' Tyr
- Kutant E. coli tRKA su* Cachmore (1971)
A 3
E. colt tRHATINe Cashmors ot al (1971)
Mouse myeloma tRNlH:t Piper & Clark (1974)
Hot
. E. enld WRNAT, Thang (1973)
) e colt tmAbPY Chang & Ish-Horowicz (1974)
10 yethylanine/bisulphite c, ca. E. gort truatts® Schulman et al (1974)
Phe
Kethoxal 1] Yeast tRNA Litt (1969)
E. coli tmnafhe®, tRNAvgl Litt & Greenapan (1972)
. ) Yoast tHAL®" Rawking & Chang (1974)
H-Acotoxy-2-acetylamino fluorense a E. colt tHHAM;b Fujimura et al (1972)
Yeast tRIMTYF . Fulkrabek gt al (19?1';)
Carbodiimide roagents ! U, G, £ . , D Yeast truatl® Brostoff & Tngr?m (195?)
E. colt tREATIEs Chang st al (1972) .
Yoast tmiA'dY Viasov ot al (1972)
E. cold QRNAHgt T Chang (1973f i
E. colf tmwal®® Chang & Ish-Horowlez (1974)
. : Toast tRNATD® Rnodos (1975)
Phe
3“ - 1nbelling Purino nucleotidos Yoast tRNA Ganble & Schimmel (197h)
’ Fhe :
t
Yonoprorpthalic seid A Teaat tRNA Craumer ot al (1968)
: Teast trNATR®, tpNsSeT Cramer (1971)
Ala
t
Fitrous scid a A, ¢ Yoast tRNA May & Holley (1970)
Tenst tana’l® Nelson et gl (1967)
Ala -
Photohydration . e, U Yoast tRNA Schulman & Chanbars (1968)
y val
. . g 1
Trradiation at 335 m.m. .hu E. o321 tRNA'} Favre ot al (1969)
E 221 tanaMt Bortholot et al (1972)
' E. coli tRNas Carre et al (1974)
»
Phe
cvanopen Rroaide oig Ee toli tRua Pal gt al (1972)

Faracnloromercuribenzoats

ol

Be coll LRNATyr. tRNAH:t Walker & Rajbhandary {1972)

i

Iodine aku, nuais

A E. colt tRIATYT, trua™? tra" Lipastt & Doctor (1967)
E. coli tanaPh® Faulener £ Uzfel (1971)
. E. goli tmrATYT Gress & Czerny {1973)

RPN,

e o t—linn (b
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A number of chemical reagents meet these reguirements and
have been used for the chemical modlfication of tRWA., For a
review see Brown (1974). Tn addition to being specific for
single stranded regions some reagents are inhibited by base
stacking. TABLE 1 lists studies on the chemical modification of
tRNA, relevant to the tertiary structure, Soms general points
emerge on reviewing these datas-

(1) There are no reports of chemical modification of bases
that are involved in helical regions of the cloverleaf
model,

(ii) In almost all of the cases listed, the basesin Loop IV
have been found to be resistant to chemical modificatlion.
An exception is the modification of E. coll tRNA ggr+ with
a carbodiimide reagent (Chang gt al, 1972), both ch
guanosine and uridine residues in this loour being
partially modified, and the modification of ¥. cuii
tRNA®LY with bisulphite (Singhal, 1974), the C residuve of
Loop IV being modified.

(1i1) All attempts to modify bases in the anticcdon have bteen
successful, indicating that the anticodon is exposed in the
tertiary structure., Other basges in the anticodon lecop nave
been found to be at least partially reazctive. (Schulman &
Chambers, 1968; Cashmore et al, 1971; cChzng et al, 1972;
Chang, 1973; Chang & Ish-Horowicz, 1974).

(iv) The two constant guanosine residues in Loop T appear in

most cases to be unavallable for modification (Litt, 1969;

i

A¥4

Litt & Greenspan, 1972; Brosteff 2 Ingram, 1967; Chang ei al,

1972; Chang, 1973; Chang & Ishe-Horowlicwz, 1974), aithough

modification of one or both of these guanosine residues has
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heen observed (fujimura et al, 1972; Pulkrabek et al,
19743 Viasov et al, 1972; Rhodes, 1975). Where the
purine nucleotide R in the constant sequence AR ig ¢, this
is usually not available for modification (Litt,‘1969;

Litt & Greenspan, 1972; Fujimura et al, 1972; Pulkrabek ‘
el al, 1974; Brostoff & Ingram, 1967; Vlasov et al, 1972;
Chang, 197%; Chang & Ish-Horowicz, 1974; Rhodes, 1975).
This gusanosine residue reacts to a small extent on

TP, with a carbodiimide

>
reagent (Chang et al, 1972), but in the case of yeast

modification of E. coli tRNA

tRNATyr, only becomes available for meodification by
N~acetyl-2-acetylaminofluorene at elevated tenmperatures,
(Vlaéov et al, 1972).

Nucleosides in the oland pregions of Loop I appear to
be available for modification in all of the cases listed,
but the constant adenosine residues in Locp I do not seenm
to be avallable for modification (Cramer, 1971).

small extra

o

The bases of Loop ITI, in tRNAs with
l1o0p, appear on the whole to be unavailable for

modification. Exceptions are the nodification of U48 in

B. coli trNA"™SY (chang, 1973) and U47 1n yeast tmnAPR®
(Rhodes, 1975) with a carbodiimide reagent, and the

photohydration of U48 and C49 in yeast tRNAAla {

Schulman &
Chambers, 1968). 1In tRNAs with a large extra loop,
modification of the hases at the end of the loop does seem
to occur (Chang & Ish~Yorowicz, 1974; Chang et al, 1972;
Cashmore, 1970). Partial modification.of basses vresumed
to be involved in base palring interactions in Loop ITI of

Ty§+ have been reported (Cashmore, 1970: Chang

3

E. coli tRNA
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et al, 1972). ‘odification of the constant pyrimidine
nucleotide Y in the extra loop has not been reported,
(vi) Tn all cases listed whefe tRNAs have been wodified
with cytidiﬁe ~ gpecific reagents, the two cytidine
residues at the CCAOH end have been found to be availdble
for modification, indicating that these residues are
exposed in the 3-dimensional structure., The terninal
adenosine residue has alsc Vbeen found to be modified by
monoperpthalic acid in'yeast tRNAger_and yeast tRNAPhe
(Cramer et al, 1968; Cramer, 1971), There is very little

evidence about the reactivity of the nucleotide fourth

from the 3' end of tRVA, but it does not seen to be

Ser FPhe

reactive in yeast tRNA and yeast tWNA (Cramer et al,
1968; Cramer, 1971). |

(vii) There 1s no evidence to suggest that the two-
nucleotides between stems a & b and the nucleotide bhetween
stems b & ¢ are reactive except in the case of the -~SH

group of qu which appears in position 8 in many bacterial

tRNAs (Carré et al, 1974).

1.3.3.3, Tnzyme Nissection.

This technique is similapr in theory to that of chemical
modification, and relies on the fact that the initial sites of
cleavage of a tRNA molecule by a nuclease are likely to be in
exposed regions of the 3-dimensional structure. Liniting

conditions of enayme digestionr are employed, i.e. ususlly in the
2+

_bresence of Mg at low temperatures,

Tfable 2 shows some of the results obtained using different

nucleases. TLooups T and II have been found to be cleaved the most



17

ENZYME

ENZYME

tRNA

¥at.

B, coll tRNaA 1

Yeast trNAPR®

Yeast trNATR®

Yeast nmz>m=m

Yeast tmNaFBe®

Yeast emz>e%n

Yeast tanatl?

J
Yeast tmNat3®

Yeast nmz><NH
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Yeast trNASCT
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TABLE

4.

OF

Loop

Loop

Looyp

Loop

Loop

Loop

Loop

Loop

Loop

Loop

Loop

Loop

tRNA .

PRIMARY SITES OF CLEAVAGE

I then much more slowly Loop IV

I then more slowly Loop IV
I, removad of nobom end

1T

II

1I

II

111 and more slowly Loop IV

II, then removal of oawom

REFERENCE

Seno et al (1969)

Schmidt et al (1970)
Streeck & Zachau {1971)
Samuelson & Keller (1972)
Harbers et al (1972}
lashimoto et al (1969)
Penswick & Holley (1965)
Inura et al (19691

Bayev et al (1967)
Mirzabekov et al {1969)

Senc & Nishimura (1971)

Streeck & Zachsu (1571)
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readily. Although Loop IV almost always contains a guanosine
residue, it is cleaved much more slowly than Loops T and IT.

Cleavage of Loop ITT has only been reported in the case of L. coldl

Tyr

tRNA >

(Seno & Wishiwmura, 1971).

1.3.3. 4. Oligonucleotide Binding as a Probe of the 3-D Structure

of tRNA.

This technigue pinpoints regions of tRNA that are able to
form a double helix with a complementary oligonucleotide and
therefore must be exposed in the tertiary structure, Regions of
tRNA involved in base pairing and strained single stranded regions
will not be avallable for binding to complementary oligonucleotides,

Oligonucleotide binding has been used to study the

Leu

3
(Cameron & Uhlenbeck, 1973;

Met
e

éonformation of several tRNAs. These include yeast tRNA
(Uhlenbeck et al, 1974) and tRNA'2®
Eisinger & Spshr, 1973; Pongs et al, 1973) and E. coli tRWA
(HSgenauer, 1970; TUhlenbeck et al, 1970; Uhlenbeck, 1972),

tRNATYT (Uhlenbeck, 1972) and trNATTSY

(Schimmel et al, 1972). 1In
all of these cases, the anticodon and the base adjacent to its 5'

end have been feound to be available for duplex fermation. The vase
adjacent to the 3' end of the anticodon seems to be unavallable for
binding. Other regions that appear to be available For binding of

complementary oligonucleotides are the CCA end and non-hydrogen

OH

bonded regions of Loops I and IITI. Lower values have been
obtained for the association counstants of complementary
tetranucleotides to Loop I than would be expected, This may imply
that Loop I is in a strained conformation and may be involed in
tertiary structure interactions. However, in the cases of E. coli

TIlen “Phe

tRNA and yeast tRNA it may be due to the presence of D
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which is unable to fit into an RNA double helix.

The majority of such studies indicate that Loop IV of most
tRNAs is buried in the tertiary structure, i.e. not available for
the binding of complementary oligonucleotides. However, Fongs
et al, (1973) has observed the binding of complementary
oligonucleotides to this loop, although this conflicts with the

results of Cameron & Uhlenbeck (1973).

1.3.3.5. Physical Techniques.

Several physical technigques have been used to investigate the
conformation of tRNA. Some of these provide relatively 1little
direct evidence about the conformation, but they may be useful in
comparing conformations of tRNA molecules, e.g. in deciding whether
the conformations of all tRNAs are similar (Thomas et al, 1973a),
ang whether the conformation changes on amincacylation {Thomas et al,
1973b) and denaturation (Webdb & Fresco, 1973). Circular dichroisn
and optical rotary dispersion (Wiliick et al, 197%), spin labelling
(Schofield et al, 1970) and fluorescent dye binding (Urbanke et al,
1973)are also principally useful in such comparisons.

Other techniques provide information about the overall sizse
and shape of the molecule, e.g. Low angle X-ray scattering and
sedimentation studies, (Lake & Beeman, 1967, 1968; Connors et al,
1969; Henley et al, 1966). More direct information about the
conformation can be obtained from N.M.R. and fluorescence studies.
Using such techniques, it is possible to investigate the
environment of particular bases in tRNA e.g. of methylated bhases
(Kan et al, 1974; Koehler & Schmidt, 1973; Smith et al, 1969}, of

Phe

the Y nucleoside (W) in yeast tRNA (Beardsley et al, 1970) and

of the CCAOHend (Ward et al, 1969; Maelicke et al, 1974). However,
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the big breakthrough in the study of tRNA tertlary structure has
come from ¥X-ray diffraction studies. The 3-~dimensional structure

Phe . R ) .
P determined to a resolution of 52 has been

of yeast tRNA
reported (Kim et al, 1974b; Robertus et al, 197kd, and recently

to a resclution of 2'53 (Ladner et al, 1975). This should enable
the remaining ambiguities of tertiary structure to be resolved,

The models proposed by the two groups have much in comwmon
(FIG.2.). FIG.3 is a schematic diagram illustrating the folding
of the yeast tRNAPhe molecule (Xim et al, 197ika)., The models
involve hydrogen bonding interactions impliéd by the "c¢loverleaf"
structure plus extra "tertiary structure" hydrogen bonding
interactions many not of the standard Watson-Crick typs (Klug
et al, 1974). The molecule is L-shaped, with Loop IT at one end
of the 1L, and the CCAOH end at the other end. ZLoops I and TV
interact with each other at the corner, Tach arm of the L
contains a column of stacked bases., Fart of the stacking is due

_to the fact that the helical stem regions are aligned along the
arms of the L, but some contribution is also made by the loop
regions,

The helix 6f stem b is augmented by base pairs involving some
of the bases in Loop I. AlL, 421 and UR are involved in a base
triple interaction and the helix is further augmented by a non-
Watson-Crick base pair involving 615 and C48. <Stacked on top of
this hellix is a base from Loop IV, either U59 or mt'A58. Loop IT
is stacked on stem ¢, in the manner suggested by ¥uller and Hodgson
(3967), on the 3' side of the Loop. The %4wo bases of Ak and G45

~

appear to be stacked at the other end of stem b. Robertus st =sl,

(19749 propose that m2

> (26 intercollates between these two bases,

2626 and

while ¥im et al, (1974b) propose a base pair involving iy

Al .



v «Loop I
Y a4

Schematic representation of the tertiary structure of

Yeast tRNATS  (Kim et al, 1974a)

Proposed region of interaction with the cognate

ligase (Rich, 1974).
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The interactions stablising the conformatlon of the central
region of the molecule include three base triple interactions.
These involwve AlL, A21 and U8,A9,.§12 and A23%, and Cl3, 322 and
m7G46. The non-standard base pair invelving GL5 and CuB also helns
to maintain the integrity of this region. Kim et al, (1974b) also
propose & base pair involving mgGZG and G45.

There 15 some disagreement about the exact nature of the
interactions holding Loops I and IV together, The arrangement of
bases is probably as shown in the schematic diagram, FIG.3., The
helix of stem d is extended by a bése pair involving m5hL and
m'a 58. Kim et al, (1974b), have suggested that 5% and GL8 form
a base pair. €56, at the extreme end of Loop IV is close enough
to G18 and 619 to form a base péir with one of them. TRobertus
et al, (19749 postulate the involvement of G18 in such a base velilr,

while Kim et al, L974b) favour the invelvement of G1l9. Thus Loop

IV is narrow and tightly knit, all the bases protruding inwards,

~and the distance between the polynucleotide chains being little

greater than that expected in an RNA double helix.

1.%3,3.6, Correlation of the myidence Avallable about the Tertiary

Structure of tRNA.

The tertiary structure of all tRNAs can be assumed to be

Phe

similar to that determined for yeast tRNA The results of

chemical modification, enzyme dissectlon and oligonucleotide
binding studiss discussed earlier in this chapter indicate that in
the teritary structure of tRNL:-

(i) The CCAOH end and the anticodon are exposed. This is

consistent with the models proposed oy Robertus et al (19743

ra—ites p——

and Kim et al £1974%)Y.  The fact that three of the otherp

e
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four bases in Loop ITI polint inwards (see schematic diagram,
FIG. %) explains their partial reactivity to chemical
reagents,

(ii) The bases of Loop IV are buried. This is consistent with
the models proposed for yeast tRNAphe'

(411) The variable (b(andgg) regions of Loop I are exposed,
while the rest of the bases of this Loop are vuried. 1In
the models proposed from the results of X-ray analysis the
variable bases are the only ones that point outwards into
the medium.

(1v) The extra'loop Loop TII is partially exposed, The models
proposed by Robertus et al (19743 and Kim et al (1974b)
have tertiary interactions involving some bases of this
loop. Thesze bases have been found not to be chemically

Phe

reactive, However, in Yeast tRWA at least, the rest of

the bases in this loop are available for reaction.

2 . . "
£G26 are involved in

(v) In the models proposed, U8, A9 and =
tertiary structure interactions. This is consistent with
the lack of reactivity of the nucleotide beiween stems a
Phe

Yand A9, ¥owever, in ¥, coli

e s

and b (m§G26 in Yeast tRNA
tRNAs, SqUS does appear to be available for modification.
This can be explained by the fact that the base tripile U8,
ALY, A2 does not involve the carbonyl group attached to
carbon 4 of the uracil ring (Xim et al, 1974a), and so, in

E. coli tRNAs, where this is replaced by a thiono group,

this group is available for chemical modi fication,
N.M.R. studies on tRNAPhe have indicated that of the various
modified bases, mgﬂ and T, are less mobhile than would be expected

from the cloverleaf model. (Kan et al, 1974). 7In the nodels



~ Fhne
proposed for Yeast tRNAPh

by Robertus et al (197La), and Kim.gﬁ
al (1974k) both of these bases are involved in tertiary
structure hydrogen bonding interactions.

The models suggest that U8 and (L3 stack on each other and
Vol ana mpMe

close enough to allow the photodimerisation reation reported by

therefore S'US and C13 in W, coli tRuNA would be
Favre et al (1969) and Berthelot et al (1972). The CCAOH end
and anticodon are about 77 ﬂ apart (Rich, 1972) which is greater
than the 40 R required hy thefsinglet ~ singliet energy transfer
between the Y base of Yeast tRI‘TAPHe and flourescent compounds
attached to the 3' terminug, and thus is consistent with results
of Beardsley & Cantor (1970).

A number of tertiary structure interactions in the model
involve constant features of tRNA structure (FIG. 1), '"hese are
the base pairs involving Gl5 and C48& and m54 and mlA58, the base
triple involving 178, Al4 and 421, and the interactions between
. G1l8, G19 and ¥55 and CS6 of Looj Iv.

A number of Mg2+ jons are known to be very strongly bound
to tRNA. This number has been quoted as 4 (Danchin & fueron,
1970) and 3 (Wiilick & Kay, 1971; wolfson & Kearns, 1974).
Mg2+'iohs have been postulated to be associated with Loop TII in

Yeast trNaTD®

!
Mg®" 1s associated with the s" region of several ¥. coli taNAs

(Beardsley et al, 1970). ‘There is evidence that a

(Pal et al, 1972; Jones & Kearns, 1974).
The implications for structure - function relationships
suggested by the newly elucids&.ed 3-dimensional structure are

discussed in Section 1.4.



26

1.4, THE RELATIONSHIP OF STRICTIRE 7O FUNCTTON TN TRAVMSFER RVA,

Many attempts have been made to relate the structure of
tRNA to its functions, particularly to the functions of tRNA
during protein synthesis. Rach tRNA must possess unlque features
which enable it to he recognised and charged only by its cognate
‘aminoacyl~tRNA ligase. Transfer RNAs involved in peptide chain
elongation mus% also possess common structural features which
enable them to recognise and bind to the elongation factor - GTP
complex. These features muét be absent from initiator tRNAs
which are unable to bind to this complex, Similarly, initiator
tRNAs must possess features recognisable by initiation factors
that are absent from tRNAs involved in chain initiatlion. All
tRNAs capable of blnding to ribosomes must possess common features
that enable them to do so. Transfef RNAs that do not take part in
pretein synthesis need not have the features responsible rfor
elongation factor and ribosome binding.

During the process of tRNA biosynthesis,enzymes involved in
cleavage of pre~tRNA and in the synthesis of modified nucleosides
must also be able to recognise specific sltes on the {FNA molecule.
The only regions of tRNA structure which have been definitely
assigned a role, as yet, are the mCCAOH terminus, which accents
the cognate amino acid, and the anticodon, which interacts by

hydrogen bonding with the complementary codon on the mRNA,.

1.4.1, Specific Recognition of the Cognate Awminaryl ~ tRWA Ligsasa.

et

The aspect of tRNA structure - function relationships most
relevant to this thesis is that of specific reccgnition of the

cognate amincscyl - tRNA ligase, This subject has been reviewed
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by Chambers (1971), Yarus (1969) and Zachaun (1969)., Some of the
techniques used to investigate the structural features responsible
for this specific recognition are discussed in this Ssction. Some
of these techniques have also proved useful 1n investigaticn of
the structural features of tRNA important in interactions with
initiation and elongation factors, ribosomes and maturation

‘enzymes,

l.4.1.1. Chemical Modification.

An attempt is made to correlate structurasl changes that occur
on modification with loss of amino acid accepting ability. Thus
areas essential for this particular function can be distinguished
from non-essential areas. However, various criteria must be
satisfied before chemical modification can be used as an effective
prpbe of structure - function relationshlips (Chambers, 1971).

a) The modification must be well defined, and it must be possrible
to locate the position of modifications in the tRNA molecule.

b) It must be possible to separate active and inactive molecules,
g0 that modifications responsible for loss of function can be
pinpointed,.

¢) To get an accurate picture of the changes that occur, and which
of thése can be ascociated with loss of activity, it is
necessary to start with pure, fully active twNA.

d) It is important to know whether the modifications that occur
alter the tertiary structure of the tRVA e.g. by the
incorporation of bulky groups into the tRNA. 7Tf such a
conformational change does occur, due account ﬁust be taken ol
this when attempts are made to correlate loss of fuunction with

modification,
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However, even when these criteria have been satisfied, much
of the data obtained from chemical modification of tRVA has proved
difficult to interpret. In some cases, all types of modif%cation
that occur are found in both active and inactive fractions,
indicating that the modificatlons have caused an alteration of the

kinetic parameters Km and V rather than a total loss of activity.

MAX
In such a situation, two problems arise.
a2) It is not possible to say that the svpecific recognition site

has been inactivated. It may be that part of the& tRNA not at

the specific recognition site which normally comes into contact

N

wlth the ligase has been altered (chemically or conformationally),

s0 that close contact of the tRNA with the ligase 1s inhibited,
b) Without further investigation, it is difficult to say which of

the many modifications that may have occurred iz respcnsible

for the altered kinetic parameters,

- Most of the reagents that have been used for modification of
tRNA are specific for single stranded regions and are only likely
to destroy the ligase recognition site if i¥ involves a single
stranded region. It is possible that the'reason why chemical
modi fication has been able to provide relatively few answers about
the position of the ligase recognition sites is that these ar=s
present in double stranded regions. In general, the data fronm
chemical ﬁodification experiments has made 1t possible to discount

certain regions of tRNA as positions of recognition sites.

1.4.,1.2, W®Wnzymatic Dissection.

Transfer RNA can be dissected into f{ragments of various sizes

by nuclease digestion under a variety of conditions. TFragments

and combinations of fragments may then be tested for amino acid
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accepting activity e.g. Seno et al (1969) and Schmidt et al

)

(1970). Tragments may also be tested as compsatitive inhibitors
of the charging rextion (Stulberg ® Isham, 1967). The major
disadvantage of this approach is that it is impossible to
guarantee that the fragments assune the same conformation as in
the native tRNA molecules. A fragment may contaln the ligase
recognition site, but because of a non-native conformation, this

may not be available for interaction with the enzyme.

1.4.2.3., comparison of the Primary and Secondary Structures of

Isoacceptors,

Many organisms possess enzymes that will in vive charge two
different tRNAs (iscacceptors) with the same amino acid. The
structual features common to these isocacceptors, after
excluding features common to all tRWAs, are possible cowponents
of the specific ligase recognition sites (see Chambers, 1971).
mhe technique cer be further extended by comparing the structures
of tRNAs from several different organisms that can te charged by
the same enzyme in vitro (heterologous charging) (see Roe &
Dudock (1972)), TUsing highly purified components it is possible
in vitro to obtain intra-specific non-cognate charging (Varus,

——— -y s, >

1972).

1.4.1. 4, Isolation of *utant tRNAs.

Supressor tRUA genes allow the possibility of genetic
analysis so that the effect of sequence changes on LBENA function
can be studied (Smith, 1972). ™he only supressor tRN¥A that has

o \ . . . myr .
been used extensively in this way as yet is 7ocoll LRHA qu+ . Tt

3

is poseible tec select for tyrosine supressor mutants that can be
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charged with another amino acid., Many amber mutations are known

. myn . L
that are not supressed by tRWA §u+' Mutants of Sl that can
2 -
. fo i 7 - Ty
supress such amber mutations must contain altered tRhAsu +

3

molecules that are chargeable with another amino acid, this amino
acid being acceptable, when inserted in response to TAG, in the
functional gene product. The mutant tWNA may be isolated and

the sequence changes responsible for altered recognition
determined, The region of the LRNA molecule in which sequence
changes have occurred can thus be implicated in the ligase

recognition site.

1.4.1.5, Couplexes of aminoacyl - tRNA Tigases with tRNAs.

-

When tRNA forms a specific complex with its cognate
aminoacyl-tRNA ligase, the regions of tRNA in contact with the
ligase are protected from nuclease attack, and are also
uﬂavailable for the binding of complenmentary oligonucleotides.
Although the protected regions of tRNA probably contain the lirase
recognition site, thé technique is primarily useful in determiring
the overall topography of the tRNA - ligase complex (Wgrz % Zachau
1973; Yaniv & Gros, 1969; Dube, 1973b; Schoemaker 2% Schimmel,
1974) . .

l.4.1.6, The Ligase Tecognition fite.

A vast amount of data has accumulated from experiments
designed to locate the ligase recognition site in various t®NAs.
In interpretation of such data, it is important to remember that

a T e s
the form and location of the site on a t™NA molecule, recognisad
by its cognate ligase, may vary from tR7A to tRNA, Therefore, it
is important to glean as much information as possible about the
interactions between each tRNA and its cognate amincacyl-t®Nj

1igase. Two systems that have been studied in detzil are

discussed below.
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1.4.1.6.1, ®. coli -tRNATgE% , B. coli tyrosyl-tRUA Ligase.

Mutants of tRNATzzg deficient in tyrosine acceptor activity
‘have been isolated and are indicated in FTIGQ 4., Mutant tRNAs with
the base substutions G31-->A3)l (Abelson et al, 1970) and
46 — ALE (Smith, 1972) have altered kinetics of aminoacylatiocn.
This has been attributed to an altered conformation of the tRNA.
ASOme mutantg of su; are able to supress‘amber mutations by the
insertion of an amino acid other than tyrosine i.e. mutants
containing the single base substitutions Gl —3» Al, G2 —% AZ,
c8l —>» a81, €81 - U8, A82 -—» 82 (Celis et al, 1973). Four of
these mutant tRNAs are able to insert either Tyrosine or
glutamine in response to the codon UAG. The mutation A82 —3 82
alters the specificity of the tRNA from tyrosine to glutamine,

Cashmore (1970) has shown that modification of a large
nuﬁber of cytosine residues in tRNATzig does not abolish tyrosine
accepting activity. Thus the only regior implicated 1n ligase
recoghition is the amino acid acceptor stem (stem a).

lo4.206.2. Yeast tRNAphe, Yeast phenylalanyl~tRNA Ligase.

Roe & Dudock (1972) have compared the structures of eight
tRNAs chargeable by yeast phenylalanyl-tRNA ligase and it has
emerged that ten nucleotides are common to each of these thNAsz,

These are
c A
|

i
G A

—

J

D -0
Q- G

in stem b, and the adencsine residue at the fourth position froem
the %' end. Kem et al (1972) suggest that the extra loop may also
be important in interaction with Veast phenylalanyl-tRY4 ligase as
seven tRNAs chargeable.by this enzyme have the common sequence
R ® 60" C 4in the extra Loop.

Phe

Chemical modification of veast LRVA with Kethowal (Litt,



1971) and sodium borohydride (Igo-Kemenes # Zachau, 1969, 1971)
indicate that G20 aﬁd G354 (see FIQG 2 ) may be involved in ligase
recognition, but the W and two D residues are not. That W is not
involved in ligase recognition has been confirmed by the work of
Thiebe & Zachau (1968).

Cleavage of yeast tRNAPhe

in Loops T and IV (Schmidt et al,
1970; Thiebe et al, 1972) or in Loop IT (Phillipsen et al, 1968)
does not completely abolish phenylalanyl accepting activity.

Fragments of yeast tRNAPhe

have bsen tested for phenylalanine
accepting activity (Thiebe et al, 1972). Removal of parts of
stems b and e causes complete loss of activity as doss the
removal of G19, G20 and W37 in the same molecule.

When complexed with yeast phenylalanyl tRNA ligase, Loops I
and TT are proiected from nuclease attack (ngz & Pacheu, 1973).
The regions implicated in ligase recognition are thus atem b, the

Loop TIT, and stem e,

1.4.1.6.3. A General Discussion of Specific TLigase Wecognition.

In neither of the two examples discussed abvove can the ligase
recognition site be unambliguously pinpolinted. TFor most other
tRNAs, evidence is even more scanty, and often confiicting.

The regions of tR¥A that would seem initially to be the most
suitable condidates for the ligase recognition site are those
regions which have diff{erent structures in different tRNAs, namely
the anticodon, Loop TIITI and the &0 and p regions of Leoow I.
However, there are several reasons for discounting each of these
reglons as recognition sites in all tRNAs, although there is some
evidence that they may he important in ligase recognition in some

tRNAs. In many cases, tRNAs specific for the same amino acid with



different anticodons may be charged by the same enzyme. The
anticodon may be cleaved enzymatically, or its bases chemically
modified without total loss of amino-acid accepting activity in
many cases (Thiebe & Zachau, 1969; Hashimoto et al, 1969),
while in other cases excision of anticodon bases (Mlrzabekov g&
al, 1971) or modification of anticodon bases {(Squires £ Carbon,
1971a, 197Llb; Schulman & Goddard, 1973; Chaubers et al, 1973
has been found to destroy amino acid accepting activity.

While the extra loop (Loop III) has heen implicated in the
recognition of yeast phenylalanylmtﬁNA ligase, (Kern et al, 1972),
this loop must be discountéd as a universal recognition site,

because E. coll glutaminyl-tRNA synthetase can recognise and

charge with glutamine both E. coli tRNAGln, which has a small
Loop IIT, and mutants of E., coli tRNAT§§+ with single base

3

substitutions, all of which have a large Loop ITT (Celis et al,
1973). Chemical modification of bases in the & and p regions of
Loop I does not usually result in loss of amino acid accepting
activity (Igo-Kemenes & Zachau, 1969; Cashmore, 1970), but in at
least one case (Shugart & Stulberg, 1969) such a loss of activity
does result, |

Crothers et al (1972) have suggested that the nuclectide
fourth from the 3' terminus of tRNA may counstitute a discriminator
site in tRNA. Examination of the sequences of several tRNAs from
different species led to the conclusion that this nucleotide is
likely to be the same in tRNAs coding for chemically similar
amino acids. This nucleotide his been implicated in the
synthetase recognition site 0f yeast phenylalanyl-tRNA ligass

that a base change in this position from 4 to @ in E. coll



Tyr+ leads to altered recognition, from tyrosyl-iRNA ligase

tRNA su’

to glutaminyl-tRNA ligase., This change in gprecificity is
consistent with Crothers' suggestion, because LRNAs specific for
glutamine usually have a G residue in this position.

A variety of intraspecific misacylations can occur with
highly purified components in vitro. Yarus & Mertes (1973) have
-found that there is a tendency for tRNAs to be misacylated with
amino acids that are chemically similar to the cognate amino acid@‘
and have suggested that an appreciable part of the free energy of
binding of the synthetase tb the tRNA comes from interaction with
structural featufes common to at least several tRNAs, coding for

chemically similar amino acids. 1In a similar study, Pachmann

Ser

et al (1973) have studied the binding of yeast LRNA" and yeast
tRNAPhe to cognate and non~cognate ligases, They found that

yeast phenylalanyl-tRNA ligase has one site for the binding of

Fhe and tRNASGr, and seryl-tRNA ligase has two sites for

both tRNA
the binding.of both tRNAs. They conciuded that unspecific
interaction may be an important initial step precesding the
specific binding and recognition of tRNA by the synthetase., Myers
et al (1971) have compared the Kms of several aminoacyl--tRNA
ligases for their cognate tRNAs and found them to¢ be numerically
similar, They have inferred from this that the interactions
involved in the binding of each of these tRWAs to its cognate
ligase must be very similar and that eslectrostatic interaction
between the enzyme and the phosphate groups of the tRNA accounts
for a major portion of the binding energy of these molecules,
These observations, particularly the fact that intraspecific
misacylation can occur in vitro,raisesz the question of whether

recognition of a tRNA hy its cognate ligese is as specific as was



e o

36

at first thought. However, 1f this is not the case, for faithful
translation to occur, there must be some mechanism in vivo for
recognising and deacylating incorrectly charged tRNAs. The
ability of amlnoacyl~tRNA ligase to deacylate incorrectly charged
cognate tRNAs, and tRNAs charged incorrectly with the cognate
amino acid, observed by several workers (Yarus, 1972; Ritter &
Jacobson, 1972; Bonnet et al, 1972) may possibly fulfill this

role in vivo.

1.5, THE ATMS OF THE PROJECT.

The original aims of the project described in this thesis
were as follows:- '

(i) To use bisulphite modification in order to discover which
cytidine residues are present in exposed single stranded
regions of native E. coli tRNApgeo

(1) To compaire the cytidine residues available for modification
in charged and uncharged E. coli tRNApge

Zie
— -

» 1n an attempt to
detect any conformational changes that may occur on
aminoacylation,

(11i) To investigate the effects of bisulphite modification on

Pge to be recognised and charged by its

the abiiity of tRWA
cognate aminoacyl-tRNA ligase, and if possible, to determine
whi.ch of the modifications that occur are responsible for
the loss of amino acid accepting activity, in an attempt to

pinpoint the features responsible for recognition of the

TRNA by its cognate aminoacyl-tRWA ligase.
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1.5.1. B. coli tmmpge.

Pure EF. coli tRNAPi;‘e has been isolated by several methods:-

a) Reverse phase chromatography on RPC-1 and gel filtration on
Biogel P2 (Keimers, 1966).

b) Ton exchange chromatography on DEA® -~ Sephadex A-50 and
reverse phase chromatography on RPC-1 (Nishimura et al, 1967).

c) Reverse phase chromatography on RPC~1 and RPC~2Z (Shugart et
al, 1968).

d) By making use of its specific binding to ribosomes in the
presence of polyuridylic acid (Nirenberg 2 l.eder, 1964).

e) Chromatography on benzoylated DEAR~celiulose and DEAR~Sephadex
A-50 (Brown et al, 1972).

£) Qhromatography on benzoylated DEAR-cellulnse and reverse Thase
chromatography on RPC-5 (Huang & Mann, 1974).

The existence of two ¢or three isoaccepitor phenylalanine tEMAm
in E, coli cells grown under normal conditlions has been described
(Pearson et al, 1971; Muench & Rerg, 1966; Roy & Stll, 1963).
Some purification procedures fractioqate the iscacceptors better
than others. The isocacceptor used in this rroject was F. colil

tRNAPge‘i.e, the phenylalanine isoaccepting tRNA eluted second

from a benzoylated DEAF~cellulose column. Uziel & ¢assen (19692)
published the sequence of this tRNA, but this sequence has since
been proved to be incorrect., Barrel & Sanger (1969) have
determined the correct sequence, This is 1llustrated in FIG 5.

. :r
1.5.2. Chemlcal Modification Using %Bisulphite.

In 1970, two different groups descrived the use of bisulyphite
as a nodifyving apgent for cytosine, uracil and their derivatives

(Hayatsu st al, 1970a, b%; Shapiro et al, 1970a). The series of
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reactions involved for cytosine and uracil are indicated in FIG 6.
The reaction between uracll and bisulphite to give 5, 6
dlhydrouracil-6-sulphonate is optimal at pH 7, while formation

of 5, 6 dihydrouracil sulphonate from cytosine is optimal at

pH €. The formation of the bisulphite adduct facilitates
nucleophilic substitution at the exocyclic amino group, allowing
subgtitution of ~-0H for - NH . The bisulphite adduct may be
renoved by treatment with weak alkali. TIn this way, bisulphite
at pgd 6 may be used to deaminate cytidine residues in RNA

(Shapiro et al, 1970b)., “This method has been used in structural
and functional studies of tRNA (Singhal, 1971; Kulan et al, 1971;
Schulman & Goddard, 1973; Goddard & Schulman, 1972; Chambers

et al, 1973%; Singhal, 1974; Seno, 1975).

Goddard & Schulman (1972) reported that bisulphite nmediated
deamination of cytidine residues in RNA is strongiy inhibited by
ordered structure, and in almost all cases where wisulpllite has.
been used to moaify tRNA at temperatures lower than 5700, only
bases in single stranded regions have reacted. (Phe swception

is €72 in yeast t'RNAval

(Chambers et al, 1973)).

Bisulphite (1M bisulphite, pa7, 37°C) has also bsen used to
modify uridine residues in tRNA (Furuichi et al, 1970). Some
minor nucleosides that are found in tRNA have been reported to
react with bisulphite. These include Néwisopentenyladenosine
(Furuichi et al, 1970; Hayatsu et al, 1972), pseudcuridine
(Singhal 1971, 1974), L4~thiouridine (Hayatsu & Inoue, 1971; Rao
& Cherayll, 1974), S-methylcytidine (Hayatsu et zl, 19703 and
Semethylaminomethyl-2«thicuridine and 2-thioceytidine (Rao &

Cherayil, 19%4). The fnrmation of a Néuisopentenyladenosinem

bisulphite adduct appesrs to oceur in both 1M bisulphite, pHT7,
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at 27°c (Furuichi et al, 1970} and in 3™ bisulphite, pHE, at
Bﬁoc (Kucan et al, 1971). Pseudouridine only reacts with
bisulphite at high concentratlions and at tempratures above
6000. S5-methylcytidire, S-methilaminomethyl-2-thicuridine,
and 2-thiocytidine appear to be modified by bisulphite under
conditions suitable for cytidine modificatinn.

The sulphydryl group of L-thiouridine ma& be removed by
incubation in low concentrations of bisulphite (about 152 M)
followed by treatment with mild acid or alkali (Hayatsu ® Incue,
1971). The reaction is depéndent on oxygen, and is inhibited
by high concentra£ions of bisulphite [ » 1M) and pHs lower
than 7. This reaction and several others including the oxyren~
dependent cleavage of the glycosidic linkage of pyrimidine
nucleosides (Kitamura & Yayatsu, 1974), the cleavage of
phosphodiester bonds in DNA (Hayatsu & Miller, 1972), and the
formation of a N6 - isoPentenyladenosine«HSOB_ adduct.
(Hayatsu et al, 1972) are thoveht to involve the ~503; ‘radical,

formed from bisulphite in the presence of oxygen,

HSO§ +O2 ——— -.SO3 + -HOE.
In high concentrations of bisulphite { % 1M), thie free radical
is probavly quickly déstroyed by the bhisulphite ions

surrounding it.
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2.1. MATTRIALS,

2.1.l. Chemicals.

K
Adenosine~5 ~triphosphate (disodium salt), glutathione

(reduced form), sodium bisulphite, streptomycin sulphate,

L-phenylalanine and Trizma base were purchased from the Sigma

Chemical Co., Ltd., Norbiton Station Yard, Kingston-upon~Thames,

Surrey, 2-mercaptoethanol was purchased from Xoch~Light

Laboratories Ltd.,; Kolnbrook, Bucks. Bovine Serum Albumin was

obtained from the Armour Chemical Co., Ltd., AllL other chemicals

were of Analar grade and were obtained from B.D.J. Chemicals Ltd.,

Poole, Dorset.

2.1.2. Radiochemlcals,

L~Phenyl (2,3m3H) alanine (20 Ci/mmole) L—(Umqu)

Phenylalanine (450 mCi/mmole) and sodium hydrogen (j5

(10+8=12¢7 Ci/mmole) were obtained from The Radiochemical Centre,

Amersham, Bucks.

2.1.%, Transfer RNA.

.
Soluble ()aP) ribonucleic acid from E. coli KlZ CA265

obtained from the Radiochemical Centre, and crude transfsr

from E. coli K12 CA265 was supplied by the Microbiolopical

Research Establishment, Porton Down, Salisbury, wiltshire,

Purified phenylalanine specific transfer RNA (tRNAPhe) from

E. coli MRE £00 (RNase negative 15276 was purchased from th
Poeringer Corporation, Lewes, Tast Sussex, This purified

trNpF e

$) sulphite

was

BHA

e

incorporated 900-1100 pricles phenylalanine per A260 unli,
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2.1.4, Materials for ®lecirophoresis.

Whatman chromatography paper D® 81 (DFA® -~ cellulose paper)
was obtained from McCulloch Bros,, Glasgow. Whatman 52 and 3MM
papers were purchased from Reeve-Angel Scientific Ltd., London.
Cellulose acetate electrophoresis strips were purchased from
Oxoid Ltd., Southwark Bridge Road, London. The constituents of
the marker dye were supplied by Searle Sclentific Services,

High Wycombe, Bucks.

2.1.5. Materials for Autoradiography.

Kodirex X-ray film, 35xL3 cﬁ., was obtained from Kodak Ltd.,

Wythenshawe, Manchester.
2.1.6. Enzymes.

Ribonuclease T (erystalline), manufactured by the Sankyo
Company Ltd., Tokyo, Japan, was purchased through Calbiochem Litd,,
10 Wyndham Place, London. Pancreatic ribonuclease was obtained
from the same source.

E. coli phenylalanyl-tRNA ligase was prepared as described by
Stulberg (1967), the Hydroxylapatite Chromatography stages being

omitted.,

2,1.7. Column Chromatography Medila.

Preswollen DEAR-cellulose {DE 52) was purchased from Whaitman
Biochemicals Ltd., Maidstone, Kent, Benzoylated DWAR=-cellulose
was supplied by the Boeringer Corporation (London)Ltd.,, Bell Lane,
Lewes, East Sussex. RPC~5 was purchased from Mlles Laboratories
Ltd., Stoke Court, Stoke Poges, Slough, Sephadex G-100 was

obtained from Pharmacia Fine Chemicals, 75 Uxbridge Road, London,



Il

2.,1,8, Scintillation Fluids and Other Materials for

Scintillation Spectrometry,

Analar grade toluene was supplied by Xoch-Light 1.td.,
Colnbrook, Bucks, as were 2,5 - divhenyloxozole (PPD) and 1,4 -
di 2—[(5ndiphenyloxazolyl)] benzene‘(POPOP). Hyamine hydroiide
(a 10% solution in methanol) was obtained Ifrom Nuclear Enterprises,
Sighthill, mdinburgh. Whatman 3MM paper.discs (2.5 ¢cm,) were
obtained through Reeve Angel Scientific Ltd, , London.

Toluene/PPO/POPOP was 5g. of PPO and 0+-3g POPOP dissolved in

1 litre of Analayr toluene,

Toluene/PPO was 5g of PPO dissolved in 1 litre of Analar toluene.

2.,1.9. Miscellaneous,

IE. coli MRE 600 Cells, used for the preparation of
ph?nylalanyl-tRNA ligase, were purchased from the Microbiologlcal
Research Istablishment, The cells were stored at -?OOC prior to
" use.

Visking tubing was obtained from The Sclentific TInstrument
Centre, 1 Leeke Street, London. Befdre use it was treated in the
following way. The tubing was cut into suitable lengths and
boiled twice in 50g/) sodium carbonate, then once in 0+05M EDTA

pH 70 and once in distilled water, Wach piece was autoclaved

separately in distilled water in a small glass bottle,

2.2, METHODS.

28

2.2.,1. Precautions against Nuclease Contamination.

The following precautions were observed:-
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(L) Disposable plastic gloves were worn,

(ii) Buffers and other solutiocons were sterilised, either by
autoclaving at 15 p.s.i for 20 mins,, or by filtration.

(ii1) ¢lassware and oither apparatus in confact with RNA
solutions was sterilised either by autoclaving (as above)
or by immersion for 20 mins., in 15% w/v hydrogen

peroxide, followed by ten washes with sterlle distilled

water.
(iv) Column chromedia were assumed to be sterile.
(v) Dialysis tubing was treated as described in Section 2.1.9.

2.2.2. Assay for Phenylalanine Accepting Activity.

Assays for phenylalanine accepting activity in fractions
from columns, or chemically modified tRNAs, were routinely done
in.a total volume of 150 pml, The assay mixture contained 100 mM
tris-HCL pH 7.5, 1OmM Mgcla, 10mM ECl, 10mM NHMCl, Lm M reduced
glutathione, 2mM ATP, 6+7 mM rodioactively labelled phenylalanine,
20 pg purified phenylalanylthNA‘iigase and tRNA containing up to
300 pMoles of phenylalanine tRNA. Blanks containing water
instead of tRNA were included with each batch of tRWA solutions
being assayed.

The reaction was started by addition ¢f the enzyme
(diluted as required with Bovine Serum Albumin soclution Emg/ml.).
After incubation at 37°C for 20 min., a 100 pl aliquot was
removed from each tube onto Whatman 3MM fllters., The RNA was
precipitated onto the filters by immersing them in.ice-cold 10¥
(w/v) trichloracetic acid for 10 min. Excesshphenylalanine was

removed by washing the filters twice for 20 mins in ice-~cold 5%



trichlomacetic acid, ™he filters were finally washed in
methylated spirits and then dried,

When 140 labelled phenylalanine was used, the srecific
activity was 50-200 Ci/Mole, and the filters were counied in a
scintillation counter after addition of BM1l, of toluene/PPC.
When 3H labelled phenylalanine was uSed, the specific activity
was 1000 Ci/t'ole, and the filters were counted after
solubilisation (incubation with 05 ml. 10¥ hyamine hydroxide

at 60°c for 20 min.) and addition of 10ml. of toluene/Pro/PCrOoP.

2.,2.3, Preparation of FhethNAPhe.
Purified %, coli tPNAPhe was charged with jH or 140
/
labelled phenylalanine by using a scaled up version of the Assay

technique described above, Phe~tanall®

and uncharged tRNA were
separated from the other components of the assay mixture using
a DEAE-cellulose column,

The reacticn was stopped after 20 min. by addition of l/10
of the assay volume of 1M sodium acetate, pH 50, and immersion
of the tube in ice. The assay mixture was applied to a DREAT-
cellulose column which had been equilibrated with SC0md sodium
acetate, pH 5-0, 0+1M NaCl., Up to SO A26O units of t77A were
%

applied per cm‘of packed DFEAT~cellulose. The phenylalanyl-

tRA ligase and excess phenylalanine were eluted from the column
by application  50mM sodium acetate, pHd 5+0, 035 * Wagl,
When no further radiocactivity or 7,V. absorbing material could
be detected in the eluate, a solution of 0*1<M sodiun acetate,

oH 5+0, 2+0M NaCl, 30% etaancl was applied to the column to

glute the tRVA,
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2.2.4., TRNA Fingerprinting.

This has been reviewed by Brownlee (1972).

2.2.4.1. Enzymatic Digestion of RWA.

Aliquots of tRNA solution, containing 10-20 mg. ©f tRNA,
were desalted by exhaustive dimlysis against distilled water and
lyophilised in siliconised tubes. The RNA was digested with
elther Tl ribonuclease, to obtain oligonucleotides terminating

' 0] 3
in guanosine-3 -~-phcsphate, or Pancreatlic ribonuclease, to obtain

\J
oligonucleotides terminating in a pyrimidine nucleoside~3 ~phosphate.

The conditions for enzymatic digestion were the same for both Tl
and Pancreatic ribonucleases. An enzyme:substrate ratio of
between 1:10 and 1:20 was used in 1OmM tris~HCL buffer, pH 74,
containing 1lmM EDTA. The digestion was carried out in the drawn-
out tip of a capillary tubhe in a volume of 5 pl for 30 min. in a

humidified oven, at 37°C.

2,2. 4.2, Two-dimensional Yonophoresis Fractionation Procedure,

The procedure described by Sanger et al (1965) was followed.
A cellulose acetate strip (3 x 98cm.) was moistened with buffer
(pR 3+5) containing 7M Urea, 5% (w/v) acetic acld, adjusted to
pH 3¢5 with pyridine, The point of application, about 10cm from
the cathcde end of the strip was blotted free of excess liquid
and the digest applied as a spot. BSpots of marker dye (& mixture
of 2% Xylene cyanol F.F, {(blue), 2% acid fuchsin (red), and 9%
methyl orange (yellow)) were applied on gach side 5f the digest,
The remainder of the styrlp was then blotted, placed on the perspex

supporting rack in the electrophoresis tank, and subjected to
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electrovhecresis at 45 ¥ilovolis until the blue dye had moved
LO-45cem. for a pancreatic RNase digest or 55-60cm for a Tl
RNase digest., The tank contained white spirit as an insulator
between the anode and cathode buffers. After electro5hofésis,
the cellulose acetate strip was removeéd from the tank, and
excess white spirit was allowed to drip off, Oligonucleotides
produced by Tl and FPancreatic RNase digestion of E. coli tRNAPhe
could be detected between the origin and the slowest pink marker
dye,

The c2llulose acetate strip was placed‘on the DEAR péper
sheet (62 x 92cm,) along an origin line 1O0cm. from one end. A
pad of 5 strips of Whatman 3¥M paper (4 x 64cm), that had heen
soaked in distilled water, was then placed on top'of the
cellulose acetate strip and a glass'plate placed on top of these
in" order to press the strips together evenly. Water from the

paper pad passed through the rellulose acetate strip, carrylng

. with it the negatilively charged oligonuclectides. These bhind

strongly to the positively charged DWAE-cellulose paper. Cellu-
lose acetate strips containing the products of pancreatic Rilase
degestion were posltioned on the DPEAF-cellulose paper with the
origin bf the cellulose acetate strip about Lem, from the end of
the DEAE~cellulose paper. The products of Tl RNase digestion
stretched for a distance of 60cm. along the cellulocse acetate
strip, It waé therefore necessary to divide the strip into a
short section (2+5cm. behind the origin to 1l2+*5c¢m. in front} and
a longer section. These two ﬂieces were applied to two separate
pleces of D¥WAK-cellulose paper.

After the transfer had been allowed to rroceed for 20~30

min,, the cellulose acetate and 3¥M strips were removed, and the
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DEAE-cellulose paper was dried. Urea was removed from the origin
area by washing in ethawnol for 2 min. The paper was dried in air
and marker dye spots were applied to the origin on the
DEAE-cellulose paper. The paper was completely wetted with

7% (v/v) formic acid. Due to the extreme fragility of wet
DEAE~cellulose paper, this process was performed after the paper
‘had be2en placed on a rack. The rack was placed slowly into the
electrophoresis tank, the origin area being near the cathode
compartment. A voltage of 1-1 Kilovolts was applied until the
blue marker had travelled about 30-3%cm {for a Tl RVNase digest)
or 20-25cm (for a Pancreatic WNase digest) As considerable heat
was generated during this process, the white spirit was cocoled by
the passage of tap water through cooling coils for the whole time,
After electrophoresis, the papers (still on the racks) were
removed from the tanks and dried thoroughly to ensure complcte

removal of formic acid, which tends to 'fog' photographic film.

2.2.4.3. Autoradiography.

The papers were marked with 3g lavelled ink, and cut to a
suitable size for autoradiocgraphy with Xodirex X-ray film, i.e. no
larger than 42%x35cm. The marks made by the radiocactive ink
served both to identify the autoradiograph and to enable it to be
aligned accurately with the DWAR-cellulose paper, so that the
oligonucleotide spots could ve located and excised.

The cut DFAB-cellulose papers were taped in contact with
Kodirex ¥~ray film and stored in lead backed folders {(Q+5mm of
lead) in a light-proof cabinet. Where more than 0+2 LC1 of‘32p
tRNA had been used, the films were developed after 24 hrs., and

22 . .
where less - P tRVA had been used, a longer lime was allowed
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before the films were developed.
The oligonucleotice spots were excised and counted using
o
toluene/PPO (or toluene/PPO/POPOP for samples containing 335)

scintillant, in a scintillation counter.’

2.2. 4.4, FEstimation of the Percentage Molar Veild of each

Oligonucleotide on a Tl and Pancreatic RNase Flngerprint.

The number of phosphorus atomg in each oligonucleotide spot

on a fingerprint containing a total of 'an'" spots can be calculated,

Y4e]
X = number of counts per ninute of 5“P in a

given oligonucleotide spot.

There are 76 P atoms per Molecule of E. coli tRINA LS

S0k 2 "

Y

number of P atoms in an oligonucleotide

X x 76
E: Xlw%ll

" Some oligonucleotides may be present in greater than 10C%

it

yield (4if there are more than one such oligonucleotide per
molecule of tRNA), or less than 100% yeild, (the tRNA is less than
100% pure, or depurination has occurred during the fingerprinting
procedure), When the composition of an oligonucleotide has been
determined, the percentage mwolar yield of this oligonucleotide

can be calculated. If # is the expected number of P atoms in the
olligonucleotide,

Percentage Molar yield = Y = 100

&
A1l of the oligonuclectides on each fingerprint, including the

possible contaminants, were consldered,



51

2.2.5, Determination of Oligonucleotide Composition.

2.2.5.,1. TFlution of Oligonucleotide Spots from DEAF-czllulose

Paper.

In order to identify the oligonucleotides, they were eluted
from the DEA¥-cellulose paper and further digested with alkali,
pancreatic ribonuclease {(in the case of leoligonucleotides) or
T1 ribonuclease (in the case Qf pancreatic-oligonucleotides).

The oligonucleotides were ionically bound fto the DEABE-~cellulose
paper and sco could not bYe eluted with water, but were eluted by
30% (v/v) triethylamine carbonate. This was prepared by passing
carbon dioxide through a mixture of 30% triethylamine, 70%
water until two phases could no longer be distinguished, and then
adjuéting the pH to lO*Oi 0.2 by addition of more triethylamine
or carbon dioxide, Tlution was carried out as described by
Sanger & Tuppy (19%L), the eluate volume belng between 50 and
100 pl. The eluate was placed on a PVC sheet annealed tn a
labelled glass plate and allowed to evaporate at 60°c. In order
to ensure conplete removal of trieth&lamine carvonate, water was

added to the residuve and then evaporated, =zeveral times,

2.2.5%.2., Alkaline Hydrolysis.

Bach eluted, dried down,oligonucleotide was dissolved in
lOnEO}ﬂ.of 0+2M sodium hydroxide. The solution was drawn into
a capillary tube, both ends of which were then sealed. The

hydrolysis was carrisd out at 399 for 16 hrs,
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FIG . 7.
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2.2.5.3., Dipestion with Enzymes,

The oligonucleotide was dissoclved in 10-20 f&l of enzyne
solution and digestion was carried ocut in a capillary tube as
described for alkaline hydrolysis. If the incubation {tine
exceeded 30 min., the tubes were sealed, The condition for
digestion by the various nucleases were:-

(i) Pancreatic Ribonuclease.

10 pl of lmM EDTA, 10mM tris-yCl (pH 7<4)containing
Q+lmg pancreatic RNase per ml., at B?OC for 30 min.

{id) Ty Ribonuclease.

4s for Pancreatic RNase, substifuting T1 RNase.

2,2.5. 4. Tlectrophoresis,

After hydrolysis with either alkali, or an aprropriate
erzyme, the material was applied as a streak about 2cm. loag,
to Whatman 52 paper for ionophoresis at p9 35 (5% acetic acid,
0+ 5% pyridine (v/v). Flectrophoresis was carried out at L.5
kilovolts for about 45 min,, until the leading pink marker dye
approached the anode buffer comwartment.

The four major mononucleotides can be well separated using
this system, (see FIG 7). The relative amounts of esch
rononucleotide could be estimated by excision and liguid
scintillation counting of the éiigonucleotide spots after
autoradicgraphy. This enabvled the composition of each

oligonucleotide to be determined,
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2.2.6, ®Bisulphite “odification of tRNA.

E. coll tRNAPne was incubated in 1M bisulphite, Y 7°0,

or 3M bisulphite, pH 6°0, for various lengths of time as

described in the Results Section. After this time, removal of

bisulphite, and destruction of bisuliphite adducts was carried
put in the following manner:-

(1) An equal amount of distilled water was added to the
tRNA/bisulphite solution to dilute the solution and
thus stop the reaction.

(11)  Removal of bisulphite involved dialysis against 0+15M
Nall, 20mM tris-HCl, ©pH 7:5, and then against Q+159

'NaCl, 5m¥ tris-HCl, pH 75, each for 2hrs., at room
temperature. ,

(iii) Removal of the bisulphite adducts involved dialysis
against 0«1M tris-HCl, DY 90 at 3?00 for 9 hrs

(iv) Finally +he tRNA was neutralised by dialysis against
1omM tpris-HCl, ©pH 7.0, 10mM Mg Clz, and then 2wM
tris~-HCl, p4d 7.0, 10mM MgClE, each for 2 hrs., at

17c,
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FPhe

3,1, PURIFICATTION OF ACTIVE E, COLI tRNA > AND TTS FIMGFRPRTNT

ANALYSTS,

A number of methods have been used to separate the very
similar components of a crude tRNA mixture. Methods used have
involved those based on the distribution between two phases
e.g. countercurrent distribution (Apgar et al, 1962; Karau &
Zachau, 1964) and reverse phase chromatography (Kelmers, 1965),
oy chromatography on columns of hydroxylapatite (Meunch & BRerg,
1966), metnylated albumin kieselguhr {Sueoka & Yamane, 1962),
DEAE-cellulose (Cherayil & Bock, 1965), D®mAR-Sephadex (Wishimura
et al, 1967) or benzoylated DFAE-cellulose (Gillam et al, 1967).
The covalent coupling of aminoacyl-tRNA to & modified cellulose
has also been described as a method for purification of tRWA
(Bartkowiak et al, 1974).

““““ Pze have
been described, (see-Section L.5.1.).
For the purpose of the work described in this thesis, an

The
> in two

attempt was made initially to isolate E. c¢oli tRNA
stages. 'hese were first, chromatography of crude ®. coli tRNA

on a benzoylated DEAE-cellulose column, followed by further
chromatography of the fraction coataining tRNAPhe on a benzoylated
DEAE~cellulose colunn, after it had been charged to the maximum

extent with vhenylalanine. 31 aimilar purification method has

since been described by Brown et al (1972).
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FIG. 8. ’

Fractionation of Crude E.coli tRNA on a Benzoylated DEAE-cellulose column.
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3,1.1. TFractionation of Crude ¥. coli tRNA on a Renzoylaied

DEA¥-cellulose column.

Phe column was eguilibrated with O:35M NaCl, 1O0nM MgCla,

2mM NaESPOB' gtrude F. coli tRNA, accepting approximately 25

proles of phenylalanine per AP60 unit, was dissolved in

equilibration buffer and applied to the column. The crude tRMNA
32

was either unlabelled, or uniformly labelled with P (activity

approximately 40 pCi per mg. tRNA). Routinely, about 20 A,
3

60

units of crude tRNA were applied per cm,” of packed benzoylated

DEAE-cellulose. A series of NaCl gradients were applied (see
FIG. 8) until phenylalanine tRNA was eluted., Tach solution
applied to the column contalned 10mM Mgcla, 2mM N323205. The

total volume of the NaCl gradients was approximately 1Cul,. per

cm'S oi packed benzoylated DFRAE-cellulose.

The fractions were assayed for phenylalanine accepting
activity as described in Section 2.2.2. When the second peak of
»phenylalanine accepting activity began to be eluted, the JaCl
concentration of the eluting solution was kept constant,; in order
to ensure the maximum purification. An NaCl/ethanol gradient was

necessary to elute the remaining tRNA from the column. 4 third

Phe

fraction of tRNA was eluted by this gradient, A typical

he

fractlionation is shown in FIG. 8., TRecovery of tRNAp from the

column was of the order of 75-80%. tRNApne? comprised

approximately 85% of the total tRNAPhe‘ Fractions of tRHAPhe?
of phenylalanine accepting actjiwity greater than 150 pmoles per
A260 unit were pooled. The pooled fractions accepfed 200~-250
proles of phenylalanine pex A260 unit, a 10 -~ fold purification

having been achieved.
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Ph ‘
Purification of Phe-tRNA © on a Benzoylated-
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3.102. Further Purification of tRNﬁpge using a Renzoylated

DEAF~-cellulose column,

Litt (1968) found that yeast phenylalanyl-tRNAphe had a

greater affinity for benzoylated DEAF-cellulose than uncharged

Phe

tRNA s requiring a higher concentration of ethanol for its

he

elution. This property of phenylalanylthNAP wvas used to

enable the isolation of highly purified yeast tRNAPhe. Brown

et al (1972) have used a similar method for the purification of

E. coli trua®Me,

Fractions from the first benzoylated DEAE-celiulose colunn,

Phe
21

two volumes of absolute ethanol, standing overnight at "2000,

containing tRNA were pocled and concentrated by addition of

centrifuging at ~lOOC, and resuspension of the tRNA precipitate
in 10mM Mgcla. The tRNA was aminoacylated as described in

Section 2.2.3%.,, using 1o _1abelled phenylalanine of specific

Phe

activity 15 c¢pm per puocle. The phenylalanyl-tRNA o Was applied

to a second benzoylated D¥AE-cellulose column in equilibration
buffer (0<% M NaCl, 1lOmM MgCl,, 2mM Na28203, 10mM sodium acetate,
pH 5¢0). This column was run at 400 to retard deacyleticon.

Buffer countaining 1l.0M WaCl was applied to the column to elute

Phe
2

NaCl/ethanol gradient was then applied to elute phenylalanyl-

tRNAPhJ . The total gradient volume was 15ml. per cm3

any uncharged tRNA and other contaminating tRWAs., An

packed

Mo @

volume 0f benwoylated DEAF~cellulose, The eluted tRWNA vas
charged with hstween 1000 and 1500 pmoles of phenylalanine per
AZGO unlt of tRWA. FIg. 9 shows & typical fractionation. The
Phe
2

recovery of purified phenylalanyl-—-tRNa rom such a column vwas

65~75%. This low recovery was due partly to deacylation of



——

Phe

phenylalanyl-tRNA™ S~ during the fractionation. Methods that
[

have been used to deacylate the purified phenylalanylmtRNApge
are indicated in the table below (TABLE 3),

TABLE 3.

Deacylating medium piuiocles of Phe per Phe accepting
A26O unit of LRNA activity of LRNA
before deacylation after deacylatlon

(pMoles/AaGo unit)

(i) 10mM MgCl,, 1250 810

0+15M tris-HCL,
pH9-0, 25°C.

(11) lomM MgCl,, . 1250 725
50mM tris-~HCL,
pH7.5, 37°¢.

(iii) 10mM MeCl,, 1250 805
50mM (NHq)Z
Coé’ pH?7- 9,
37 C.

Complete dzacylation was found to occur after incubation of

phenylalanylmtRNApge

in any of these media for 2 hours, After
deacylation, the free phenylalanine was removed by dialysis against
10mM MgCl,, 10mM tris-HC1l, pH 7-5, twice, each time for two hours,
As can be seen from the above table, after deacylation the
tRNA could not be charged to the original extent with phenylalanine,
This indicated that the tRNA had been inactivated during the
deacylation step. 1In order to overcome this problem, another

method was tried for the further purification of the tRV“Phe

NA
2
containing pool obtained from the first benzoylated DEAF-cellulose

colunmn,
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3,1.3, Further Purification of tRNAja uging Reverse Phase

Chromatography on an RPC-% Colunn.

The use of RPC~-5 for the purification of E. gggi.tRﬁﬁphe

has been described by Pearson et al (1971).

The RPC-5 was suspended in equilibration buffer in a
jacketted column (50cm x lem diameter) maintained at 5?Ocn
Equilibration buffer (045 M NaCl) and all subsequent buffers
contained 10mM MgCla, ImM p-mercaptoethanol, 10mM tris-HCl,

R . Fhe
PH 7-0. 80 Ayp, units of tRNA™,

rich tRNA, obtained by
benzoylated DEAER~-cellulose chromatography, were applied to the
column in eguilibration buffer. When a 0*5 ~ 0-9M4 NaCl gradient

was applied (total volume, 200mld, tRNAPge was eluted at 0«PM

NaCl at a maximum specific activity of 1600 puoles ﬁRNApge ner
AREO unit of ﬁRNA. Fractions with a specific activity greatler
than 1000 paocles per A26O uniiv were pecoled., A& typilcal
lfractionation is shown in ¥IG. 10.

On storage of the purified tRNAPge in the elution buffer at
nlOOC, it gradually lost phenylalanine accepting activity. 2ftern
Tovr weeks, oul& 25% of the accepting activity was retained, At
this stapge, attempts were made to reactivate the deactivatlead
tRYA and to find conditions under which tﬁﬁﬁpge was stable,
Initially however, the tRNA was tested for the presence of a
nucleage,

3.1, Test {or the Fresence of Wucleases in LRMA.

X

The method used was essentially that of Stern & ILittauer

N
$ot

1971). EBqual volumes of tRNA solution and 0°2M tris-Hcl, pHS-8
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were dincubated at B?OC for 25 hours, Stern & Littaner (1971}
regarded samples which lost more than 15% of their amino acid

accepting activity over this period, as contaminated with

Phe

nucleases, However, it was found that twM4 r which was

nuclease~-free by this criterion was not stable when stored in

the elution buffer at -10°C over a period of geveral weeks.

3.1.5. Attempts to "Renature" Tnactivated tRNApge

The existence 0of a tRNA species in two forms, one capable of
being charged by its cognaté amino acid ("native form') ané the
other not charge%ble ("denatured form"), has been described
(Lindahl et al, 1966; Fresco et al, 1966; Gartland & Sueoka,
1966; Lindahl et al, 1967; Reeves et al, 1970; Ishida et al,
1971). The inactive form is presumed to differ in tertiary
and/or secondary structure from the active form., Methods of
interconversion of the two forms have been published (Lin@ahl et
al, 1966; Fresco et al, 1966: Reeves et al, 1970; TIshida st al,
1971).

Pge by heating

it at 50°C for 10 min, in 50mM tris-HCl pH7.5, 20mM MgCl, (see

An attempt was made to "renature'" inactive tRNA

Ishida et al, 1971) but this was not successful, no significant
change in the phenylalanine accepting activity occuring on heat

treatment,

3.L.6., The effect of Fnzyme Concentration of Phenylalanine

Accepting Activity,

In many cases, 1t has been shown that amincacylaticn

reactions of LRNA lead to plateau values which reflect incomplete
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reactions, and are a function of the enzyme concentration

(Bonnet & Fbel, 1972). Renaud et al, (1974) have postulated

Phe

the existence of two interconvertible forms of Yeast tRNA to

explain the cbserved phenomenon of an initial slow aminoacylation

rate with some batches of Veast tRNAPhe. This initial slow

reaction was no longer observed if{ the iRNA had been
preincubated with its cognate ligase. It was postulated that

preincubation with the ligase allowed conversion of an inactive

form of Yeast tRNAphe to an active, rapidly chargeable one,.
Phe
2 ’

As such an explanation may be possible for E. coli tRWA
Phe

attenpts were made to fully charge the inactive tRNA > by:~
(1) Doubling the enzZyme concentration in the assay.
Phe

(i1) Preincubating the tRNA 5 with its cognate ligase.

However, in neither case was a significant increase in the amount

of phenylalanine accepted per A26 unit of tRNA observed.

0

Phe

3.1.7. Optimal Storage Conditions for R. coll tRNA’P .

Phe

The effect of storage of T, coli tRNA > in various solutlons

at, -QOOC, MOC and 2500, was investigated. The solutions were:-

(A) RPC-5 elution buffer (0.7M HNaCl, 1OmM MgClz, lmM P -
mercaptoethanol, 1O0mM tris-HCLl, pd 7.0).

(B) Distilled water,

(C) 1omM MgCl,.

(D) 10mM Mgcla, 10mM tris-HCL, pH 70,

() 10mM Mgcla, 2mM NaZSZOB’ 50mM tris-HCl, pH 7°5.

(F) LomM MgCl,, 1mM B-mercaptoethanol, 0*1M NaCl, 10m!f trie-fcl,

PH 7" 30



FIG. 11,

STORAGE OF E. COLT $RNA'C UNDER VARIOUS CONDITIONS.

RIC-5 elution buffer (0.7M NaCl, 10mM MeCl,, M B -

mercaptoethanol, 10 mM tris-HC1l, pH 7.0,

Distilled water.
1 0mM MgClQ.

10mM MgCl 10mM tris-HC1l, pH Ts0.

2’

10mM MgCl 2mM Na_S,0.,, 50mM tris-HCl, pH T7+5.

2’ 272737
10 mM MgClp, 1mM f?,,-wmercaptoethanol, 0«1M ¥aCl, 10mM tris-HC1,

pH Te3,

r——r
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Solutions W and F were recommended by the Yicrobiologlcal

Ressarch Fstablishment, Forton Down, Wiltshire, and Milesg

Laboratories Ltd., for the storage of ¥. gg}é‘tﬁngkhe {personal

communications), Aliquots of tRNApge solutions, of a size

suitable for asséy, were prepared and stored at wZOOC, s0 that

Phe

repeated thawing and refreezing of the tEFNA 2 solutions was not

necessary.
Phe

The results are indicated in ¥IG. 1l. ¥. coll tRNA 2" ayprpears
to be most stable in 10mM MgCl,, 10mM tris-iCl, pH7-5, at 1% or

-20%¢.

%3ele7.2. The Effect of Addition of Crude ¥, coli tRNA to

Purified thApgﬁ.

Ph

E. coli tRWj 29)1n pooled fractions obtained from the First

bénzoylated DEAE-cellulose column,was stable (i,e, did not lose
phenylalanine accepting activity), over long periods at qoc or

-2¢%c. 1t is possible, therefore, that the loss of activity

Phe

might be a function of the purity of the tRNA 2 preparation,

The instability of some tRNAs when highly purified, buit not when
vartially purified, has been observed by other workers
(A. Atkinson, Microbiological Research Tstablishment, Forton

Down, Wiltshire; personal communication).

3 Fhe

Where purified 2P~labelled tRVA 2 had been prepared, it

(unlabelled), without reducing the purity of the 3E‘Pwlabelled

tRNApge and so without affecting the fingerprints. This procedure

was found to stabilise purified tRNﬁPge

, enabling it to be stored

for long pericds without loss of phenylalanine accepting activity.
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%,1,7.3. Routine Storage Conditions.,

After addition of unlabelled, crude tRNA tce purilfied

Phe

tRNA 2 containing fractions from an RPC-5 column, the LRNA Was

dialysed twice for two hours against 10mM MgClz, 10mM teis-HCL,
pHY?:C, and stored at ~200C. Care was taken to avoid exposure
of the purified tRNA tc light, in order to prevent photochemical

L

crosslinking of s'U8 and €13 which might lead to loss of amino

acid accepting activity (Favre et al 1971; Carré et al, 1974).

3.1.8. Tingerprinting of F. coli tRNAPge.

Z
Purified ~>pP-labelled ®. coli tRNﬁpge

was fingerprinted as
described in Section Z.2.4. The Tl and Pancreatic Flase
fingerprints are shown in ¥I@G. 12, and are similar to those

Fhe by Barrel & Sanger (1969).

published for ¥. colil tRNA
Transference of the origin parts.of the cellulose acetate strips

has allowed the inclusion of CACCA on the Tl R¥ase fingerprint,

OoH’
and C on the Pancreatic RNase fingerprint. ™he glightliy
different positions of the oligonucleotides on the Pancreatic
RNase fingerprint are due to the use 6f 7% formic acid, rather
than pyridine/acetate buffer, pH 1.9 for electrophoresis in the
second dimension. The nucleotide composition of each
oligonucleotide was determined after alkali digesticn, as
described in Section 2.2.5. TARLES 4 and 5 indicate the
composition of each oligonucleotide, which is consistent with
their identification by Barrel, ® Sanéer (1969). Ae™1746 and
GGA&QU were not detected, only AUAR and GGAT, indicéting that

Lo P . :
s7U had been converted to U, elther during preparetion of the

R4 for fingerprinting or during the fingerprinting procedure,
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,TABLE 4.
OLTGONUCLECTTDES OW A T, RNASE FTYGWRPRTNT OF COLI
trRNATS .
OLIGONU~ SWAUENCE DETRR- RELATIVE PROPORTIONS OF WACH NUCL®O-
CLECTIDE MIMED BY BARREL TIDE
& SANGER (1969)
AY ¢ e U 'mer X PG

1 G e - 100 - - - -
2 G! - - .00 - - - -
3 AG(2) 0«63 - 1-00 =~ - - -

L CAG 0-88 0.97 100 - - - -

5 ccea - 2*91 1.00 - - - -

6 CACCA,, 100 2+63% - - - - -

7 PG - - - - - - 100

8 PG - - - - - - 100

9 DAG 1el2 = 1.00 1.08 - - -
10 DCE - 1.09 1-0c0 0:82 - - -
11 Ucea - 1.86 1.00 093 - - -
12 CUCAG 065 1.89 1:00 0°+86 =~ - -
13 AUAG 222 - 1+00 1:19 - - -
1y TYCE - 094 100 2.21 =~ - -
15 AYUG 1-06 =~ 1-00 2+89 - - -
16 AUUCCG 0+¢93 2.22 1-00 1-61 - - -
17 AAmg%ﬁANWﬂfCG5'55 3.78 100 1.18 - - -
18 Um?GXCCUUG - 1-68 1-00 1+10 0-+80

Oligonucleotides obtained by T

. RNase digestion were assumed

2-67

contain one G. Dashes indicate that the proportion of a

to

particular nucleotide in the oligonucleotide was less than 0Q.25.

Each oligonucleotide was analysed at least three times, and the

results shown are mean values.,

'mG' 1s the product of alkali treatment of n

+ including msaiGA.

* including ¥, r7, D.

7

G.
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TABLE 5.

QLICOVTCLWOTIDES ONM A  PAMNCRRATIC RNASE WIVEWRFRINT OF

E. COLI tRNAPge.

OLICONU~ SEQUFNCE DETER- RELATTVE PROPORTICNS OF EACH NUCLEC- -
CLECTIDE MINED RBY BARREL TIDE
& SANGER (1969)

4+ ‘ *
A C G U m@' X PG
1 c - 1.00 - - - - -
2 Ci - 3«00 - - - - -
3 U - - - 1-00 -~ - -
L 4 - - - 1-00 = - -
5 Uy - - - 100 - - -
6 AC le2L 1e00 = - - - .
7 _m7GXC - 100 - - 114 066 -
8 AGC 0°66 100 1:14 = - - -
9 GU - - 0+97 1.00 - - -
10 pGC - 1e00 - - - - 118
11 GAU 0-93 - 1.05 1:00 =~ - -
12 AGD - - - - - - -
13 AGAGC 2¢16 1.00 280 = - - -
14 GGGC - 1:00 2479 - - - -
15 GrmnsZiCaay  3e64 - 1.2y 1.00 - - -
16 GAGU/GGAU 1.06 - 2+16 100 - - -
17 GGD/GGT - 2.06 - 1.00 - - -
18

AGGGGAY 1.90 - 3.05 1.00 - - -

Oligonucleotides obtained by Pancreatic RNase digestion were
assumed to contain one pyrimidine nucleotide. DNashes indicate
that the proportion of particular nucleotide in the oligonucleo-
tide was less than-0'25. Tach oligonucleotide was analysed at
least twice, and the results shown are mean values.

'mG! d4is the product of alkali treatment of m?G.

+ including ms2i6A.

#* iﬁcluding y , rT, D,
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"TARLE 6.

ELECTROPUORTTTC MORTIITTI®S QF CONSTTTURNT  NICLTCTTNEs  OF

F. CCLI tRNAPge.

NUCLEQOTIDE Ru RROWNLEE (1969)

DRETERMINED

A - 040 0-41
C | 0.21 0-21
G 0+73 0-74
U 1-00 1.00
¥ with U 0:98

D with U 100
rT with U 0°+98
'‘mG ! 0-81 0-82
msai6A with A Jjust ahead of A
X 0-36 -
PG 1.29 -

Ru = electrophoretic mobility of a nucleotide relative to the

mobility of U on Whatman No. 52 paper at pH 3+5.

'mG' is the product of alkali treatment of m7G.

The results shown are each mean values from at least three

determinaticns.

A typical electrophoretic separation of nucleotideson Whatman

No. 52 paper at pH 3.5 is shown in FIG. 7.
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TABLE 7.

PERCENTAGE MOLAR YIFLDS OF OLIGONUCL¥OTID¥S OM A T,

RNASE FINGERPRINT OQF E, COLI tRNAPge.

OLIGONUCLFOTIDE PERCENTACY MOLAR YTELD
a 84
!

AG (2) 125
CAG 103
ccea 95
CACCAqy 94
pG !

] 8
PG
DAG 111
DCG | 104
vcca 111
CUCAG 95
AUAG ' 61
T Y CG 136
A yAG 110
AUUCCG 113
rans?1®aaycecca | 72
U’ GXCCUUG ‘ 97

The results shown are mean values from three fingerprints of

E. coli tRNAPge , 0f average phenylalanine acceptor activity,

1250 pmoles / A260 unit,
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"TABLE 8.

PERCEITAGE NMOLAR YIFELDS OF OILTGONUMALEOTTINRS OV A PANCRRATIC
he

RNASE FIVEERLRTVMT O% F, COLT tRNAP

OLTGCHNUCLENTIDE PERCENTAGY MOLAR YIFLD

]
: 126
c !
y 70
.
130
U !
AC ' 89
m7GXC ) 99
AGC 86
GU 106
pGC 77
GAU / AGD 97
AGAGC 75
GGGC 86
GAAmsai6AAw 80
GGT / GGD 112
AGGGGAY 75
Phe

These results were obtained from a tRNA 2 sample capable of

accepting 1100 pmoles of phenylalanine per A260 unit.




74

‘ D
0f the various modified nucleotides in ¥. coli tRNA}he

5 the
mobilities of Y , D, T, msaiéA, and 'mG*(the product of slkall

treatment of m?G) have alrecady been described (Brownlee, 1972).

The R s of X and pG were determined., TARLE & indicated the R, 8

of all of the component nucleotides of ®. coll tRNApge as

determined, together with the values cited by Brownlee (1972),

where applicable,
TABLE 7 and 8 indicates the relative molar yield of each

oligonucleotide on the Tj RNase and Pancreatic RNase fingerprints.

3.1.9. Discussion.

Phe

3.1.9.1., Inactive Forms of E. coll tRNA o o

Phe

The inactivation of E. coli tRNA",  described in this

Section must be due to some change in tRNAPge that reduces its
affinity for the cognate ligase., There have been many reports
of the existence of tRNA in forms which are inactive in
aminoacylation assays. Lindahl et al (1966) described the
existence of active (native) and inactive (denatured)forms of

Yeast tRNALeu. Gartland and Suecka (1966) have described a

similar sltuation in the case of I, coli tRNATrpo The native

and denatured forms of these two LRNAs can be interconverted,

When denatured forms of these two tRNAs are heated in the presence
of 20mM Mg2+ at 50-60°C at pH 75 - 8-0 for 5-10 mins.,, they are
converted to the active forms., Conversion of the native to

the denatured form may be accomplished by heating in the presence
of WDTA at 50-60°C at pH 7:5 - 8:0 at 5-10 nmins. (Lindahl et al,
1966; Ishida et al, 1971).

However, as described in Section 3,1.5., such trsatment is
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not capable of reactivating e. Egi} tRNAPge“ This is consistent
with the results of Lindahl et al (1966) who failed to detect
such a renaturable species of tRNAPhe mmmmm
Furthermore, Mg2+ was present during the purificstion and storage
procedures employed, and at no slage was the tRNA subjected to
the presence of chelating agents which might remove the Mg2+ and
thus allow the formation of such a denatured tRNA.

The loss of amino accepting activity of Yeast tRNAAla on the
formation of dimers has been described l,oehr & Keller, (L968).
The formation of dimers is thought to be facilitated by low
temperatures (Lindahl et al, 1966), by the action of heat on
concentrated tRNA solutions (15 -40 mg/ml.,) and certaln types of
column chromatography (Loshr & Keller, 1968). However, purified
E. coli tRNAPge was never present in solution in such
concentrations as these, and inactivation occcurred after, not
during column chromatography. In addition, the heat trcatment
described in Section 3.1l.5. should be caprable of destroying such
dimers, (Lindahl et al, 1965).

Singhal & Best (1973) have shown that during purification of
E. coli tRNAs containing sq

U, up to 35% of the tRNA molecules may
become photochemically croess-linked, and have pointed out that

such tRNAs are unsultable for structural studies. "There is sonme

evidence to suggest that such a cross-link in ¥. coli tRVAPEe
— P — ool

does alter its phenylalanine acceptiing activity (Carrt et al,

1974) and for thils reason, during the purificétion and storage of

F. coli tRNAPge,it was protected from exposure to light as much

as posslible. Such a covalent cross-link would give rise to

A SQUAG in the T, RNasgs fingerprint with loss of 4 SMUAG and

CUCAG

1
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CUCAG. Although AUAG was present in low yield in the Tl RNase
fingerprint, CUCAHG was not present in such low yileld, and an
oligonucleotide with the composition ASMUAG was not detected.
CTTCAG |
Renaud et al (1974) have described an inactive form of
Yeast tRNAPhe, convertible to an active form by incubation with
the cognate ligase. However, as indicated in Section 3.1.6.,
Phe

I was not able to convert inactive . 32&% tR“A'Z to an active

form by such a procedure,

he

3,1.9.2, Fingerprints of ¥. coli ﬁRNAPZ .

The results obtained on fingerprinting ¥. coli tRNAphe were

consistent with the primary structure described by Barrel & Sanger
(1969), but cannot be reconciled with that proposed by Uziel &
Gassen (1969)., The results, though not sufficient to provide an

independent determination of the sequence of ¥, coli tRVAP?e

Fhe

did

.allow ldentification of this tRNA as the tRNA whose seguence

vas described by Rarrel & Sanger (1969). This sequence has been
assumed to be correct throughout the rest of the thesis.
As can be seen from TARBLES 7 and 8, not all of the

nucleotides were present in 100% yield. ™This is due to the fact

that the tRMApge was not 100% pure. Sequencescommon to many

tRNAs, e.g. TYCG, AG, were thus present in greater than 1C0%

yield, while those common to only a small number of tRMAs e.g.

&

AAmsai A AYOCCCG, were present in less than 100% yield, Another

P

possible reason for low yield of oligonucleotides wontaining

modified bases, is that the tRNAPge sample, as lsolated, was

not fully modified., The extent of modification may depend on the



77

growth conditions of the cells (Shugart et al, 196%; ™uang
! l

& Mann, 1974). The absencs of As+"AG and ﬂGﬂs}L from

and Fancreatic RNase fingerprints is rrobably due to

. L. . . ‘o -
conversion of s*U to U in the acid conditions of

1969). However, it is possible that the T. coli tRENA

-~

s . . oo s
isolated, contained a low proportion of st in prosition

due to the growth conditions.

I

m
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3,2, WISULPETTE SODTETOAMTON OF W, cOLT tRMA L°,
L

3,2,1. Modification in 2M Bigulphite pH €°0.

T
Purified, Z)EP---labelled r. ocoli t?NA)ge, carable of accepte

ing 110C pmoles of phenylalanine per AEGO unit, was incubated

in 10mM MgCI.,, 3M sodium bisulphite, pH 6-0 at 25°C. Aliguots

2’
were withdrawn, immediately after addition of fhe bisulrhite,
and at intervals up to 48 hours., ¥ach aliquat was treated as
described in Section 2.2.6., to deétroy the bisulphite adducts,
and then fingerprinted., TIG. 1% shows representative T} Riase
fingerpfints of aliquots withdrawn (A) Dbefore addition of
bisulphite, (B) after incubation in bisulphite for & hours,
(C) after incubation for 48 hours.” FIG., 14 shows FPancreatic
RNase fingerprints of aliquots taken before and after 48 hours
mocdification.

Over a period of 48 hours,-three oligonucleoctides disap-
peared from the Tl fingerprint, i.e. DCG, CﬂCCAUH and

€

AAmsai‘AAlHCCCCG. These are represented by broken circles in
FIG. 13, The shaded spots in the XEY in Frd. 13 rerresent the
four new nucleotides that aspreared on bisulvhite modification
{(numbered 19, 20, 21 and 22)., One of these oligonucleotides
(numbered 19) appeared soon after bisunlvthite was z2dded, but had
disapreared after 24 hours modification,

™yo oligonucleotides disappeared from the Fancroatic Rilase

A
Ei“AAqJ, after bisulgnite

fingerprint, i.e. AC and CGAAmE
modification for 48 hours., These are rerresented by broken cir-
cles in ¥IG 14. Over this period, two new oligonuclectide svotbs,

nurkered 19 and 20 appeared on the Vancreatic WHase fingerprint.
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Pancreatic RNase Fingerprints of unmodified tRI\AA2A, and

tRiNAM*A modified for 48 hours in NaKSO#*, pH 6*0 at 25°C*
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TABLE 9.

COMPOSITION OF NEW Ti AND  PANCPEATIC RNASE OLTGOMUCLTOTTIDES

Phe

PRODUCED OF BISULPHITE MODIFICATION OF E, COLT tRNA PR

NEW CLIGONTCLEOTIDE NUCL®OTIDE COVPQSITION PROBABLE SEQUENCE

A c G U

T, RNASE

19 1°00 2+31 -  1*25 - CACC,U) Ay
20 . 110 100 . 2e0 - CAUUAy,

21 - - 1.01 1-81 - DUG

22 2:?4 3.9% 100 1.17 0-75 AANA Y CCCCG
PANCREATIC RNASE

19 3.22 . 1.20 1:00 0-70 GAANAY

20 : 1.33 1+ 00 AU

N is the nucleotide produced by bisulphite modification of
2.6

ms i A.

Phe
Ao

were assumed to contain ocne G, and those produced by Pancreatic

Oligonucleotides produced by Ty RNase digestion of tRN

RNase digestion, one pyrimidine nucleotide. Dashes indicate
nucleotides that were present in amounts relative to G or
pyrimidine nucleotides of less than 025, ™he results are mean

values of at least three determinations.
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The nucleotide compositions of the new oligonucleotides were
determined after alkaline hydroylsis as described in fection
2.2.5, (see TARLE 9).

Dligonucleotides 19 and 20 from T, RNase fingerprints did

1

not contain G, indicating that these had been produced by

]
modification of the 3 terminal sequence CACCA (see FIG. 18

o"*

for a cloverleaf representation of ¥, coli tQNAPhe

~ *
U a2

Oligonucleotide 19, composition A, 2C, U, must have been
produced by the modificatlion of one cytidine residue and
oligonucleotide 20, composition A, €, 2U, by the modification
of two cytidine residues,

Determination of which two cytidine residues of the

seguence CACCA had been modified was accomplished by exanina-

Phe
2

had been modified with bisulphite for 48 hours, and also by

OH

tion of the Pancreatic RWase fingerprint of ¥. coli tRNA which

Pancrea{ic RNase digestion of oligonucleotides 19 and 20 from

Tl RNase fingerprints. OQligonucleotide Goge (containing C72) was
still present on a Pancreatic 2WNase fingervrint after 4% hours
modification. This indicated thatthe two cytidine residues

modified in the sequence CACCA must be C74 and C75 and not

oH
C72. Cligonucleotide 19 on the Pancreatic RVNase fingerprint of

Ph

h}
E. coli trWA".® modified for 48 hours was found to have the

composition 1A, 10U, and must therefore have been AU produced by
modification of AC (C74). AC was totally absent from this
fingerprint, indicating that C?74 hed been comrletely deaninated
on treatment of ¥. coli tRNAFge with bisulphite for 48 hours,
Pancreatic ribonuclease digestion of oligonucleotide 19 from
the Tl ribonucleace fingerprint of W, coli tﬁNAPge, modified with

blsulphite for 8 hours (see Section 2.2,5.3.) produced a mixture
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FIG. 15

cm cm AC

cm cm C

Pancreatic RNase digestion products

of T oligonucleotides CACCAQH and

19
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of C, AC, and AU. These were separated by electrophoresis as
described in Section 2.2.5.4. (See FIG. 15), These results

are indicative of the presence of both CACUA and CAUCA

OH O’
Estimation of the relative amounts of AC and AU, indicated that
the oligonucleotide spot 19 contained €5% CACUAOH and 35%
CAUCAOH.
Qligonucleotide spot 21, on the T RNase fingerprints, was
DUG which must have arisen from bisulphite modification of CL?
in the sequence DNCG.

After alkaline hydro;ysis, oligenucleotide 22 on the Tl
RNase fingerprints was found to contain A, €, G. U and N
(an unknown nucleotide with an Ru of 1:14 -~ see ¥I@¢. 7) in
the ratios L4:3:1:1:1. This oligonucleotide was most likely to
have been derived from bisulphite modification of the sequence

AAmsei6

AAW CCCCG, although no cytidine residues apreared to have
begn modified,

Hayatsu et 2l (1972) have reported bisulphite modification
of Ns—iSOpentenyladenOSine, resulting in the formation of a
bisulphite adduct, stable in mild alkali (pH 9+0 buffer). A
similar adduct may have been produced with msai6A in this case.
Support for this is lent by the fact that after a veriod of 4&

hours of bisulphite modification, the oligonucleoctide

2
Ghlms i6AAQ) was lost from a Pancreatic RNase fingerprint.of
Phe

F. cold tRVA > and a new oligonuclectide (20), with the

nucleotide composition 3A, G, U, N (See TABLE 9) appeared,

The percentage ylelds of each of the oligonuclaotide spots

Phe

on each Tl RNase fingerprint, of tRNA 2 samnples at different

stages of modification, were determined (TABLE 10). The

disappearances of CACCA DCG and AAms£i6AAQ?CCCCG together

on’
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.TABLE 10

PERCENTAGT YIELDS OF OLIGONUCLEOTIDES .-PRODUCED BY T, RNASE

DIGESTION OF E, COLI tRNAPge AT VARTIOUS STAGES OF

BISULPHT™E MODT=T~ATION,

OLIGONUCLEQTIDE PERCENTAGE YIELD OF OLTGOWNCLEQOTIDNE

BEFORE  ADD- TIME AFTER ADDITION OF BISULPYITE

ITION OF (HOURS)
BISULPHITE O + 1F 3% 5% 8
G + @! 102 110 115 96 112 107 93
AG (2) 128 133 133 121 120 117 115
CAG 97 109 87 99 88 96 102
ceca 86 9 85 99 86 96 102
PG + DPGI 90 8 76 92 96 85 82
DAG 101 119 115 113 117 120 116
ifelefe! 105 109 110 106 104 104 110
CUCAG 83 87 979 8 93 82 92
AUAG - 52 60 53 50 59 54 60
TYCq 131 136 128 128 128 123 125
AY UG 123 132 122 120 130 115 125
AUUCCG 117 110 105 100 117 111 107
Un’ GXCCUUG 87 9 76 8 8% 80 8o
CACCAL, 96 93 93 48 39 45 24
19 0 0O 20 - 22 - 18
20 0 0 0 9 15 27 -
Dee 124 120 94 78 54, 25 20
21 0 0O 17 39 65 97 86
'AAmsai6AAwCCCCG 86 88 72 74 66 50 42
22 0 0 16 16 26 45 50

- indicates not measured,

2y

90
127
86
87
77
107
99
80
50
112
127
113

126
18
67

48

117
123
105
101
88
104
112
90
62
1320
130
114
87

89

126

11
90

The results are the mean of two separate Bisulphite modification

experiments.
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FIG, 16,

DCG, AND Adms2i®

o’
‘I‘1 RMASE WINGERPRINT OF T, COLI tRNAghe ON BISULFHITE MODIFICATION,

L0SS OF OLIGONUCLEQTIDES CACCA AAYCCCCG FROM A

(a). CONVERSION OF CACCA.. TO CA(C,U)A

OH ox’ &
The inset shows plots of Log Percentage Yield of CACCA . (o~0),

and CACCA y, + CA(C,U)AOH () sgatnst Time. The %y for

disappearance of CACCA .., was 3¢25 hours, and for the

OH

disappearance of CACCA _. + CA(C,U)AOH, 7+0 hours. Therefore,

OH
the t% for the'modification of each of C74 and C75 must have
been.between %+25 and 7-0 hours.,

(b) CONVERSION OF DCG TO DUG.

The inset shows a plot of Log Percentage Yield of DCG
against Time., The t%>for disappearance DCG, and therefore
for modification of C17 was 225 hours.

(¢c). CONVERSION OF AAmszi6AAUCCCCG TO AANAYCCCCG,

The inset shows a plot of Log Percentage Yield of

AAmsQiéAAWCCCCG against Time., The t, for disappearance of
' F3

Ams2i8AAYCCCCE and therefore for modification of ms2ila37

was 9+5 hours.
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with the appearances of oligonucleotides 19 and 20, 21 and 22

respectively are indicated in FIC. 16,

Phe

3.2.2, Modification of X. coli twWNA > with 1M Risulphite,

PH 7¢O,

Furulchi et al,(1970) have reported that modification of
6 . . . ] ATy, . .
N~ -igopentenyladenosine in yeast iRNA is poscible in 1M
sodium bisulphite, pY 7.0 at 37°C. wModification of cytidine

residues is much lesg favourable under these conditions (Hayalsu

Phe

et al, 1970a). An attempt was made to modify 5

W, coli TRWA

4
under such conditions, using )5S~1abelled bisulphite, to
35 - .
determine whether any (778)4s0, incormorated into the tRNA
2
remained after pv 9.0 treatment.
' 7,

- . -
2l e, Phe
Mwlabelled tRkAla

was incubated in 10mM MgCl., 1M sodium
bisulphite, pd 70 at 3700 for 24 hours. 5S~1abelled sodium
bisulphite of the maxirum svecific activity availa®le (12-7 Ci/
mtiole) from the Radiochemical Centre, Amersham, "™ucks, was used
to prépare 1" sodiwn bisulphite, p91 7-0. Wevertheless, to get

Ze s
. VR I oY . o o s
a reasonable ratio of counts of 75 to ¥ in any oligoanucleotide

. s v Th
it was found necessary to add purified unlabvelled toAt 2% to 32P~
Phe . 30 o he
Jabelled tQ“A1P as isolated. The ““P-labelled tPNAPg , thus
52

. . L 2 .
prepared, contained apvroximately hx1l0™" cpm P per.Aaeo unit,

having a phenylalanine accepting activity of 1100 pmoles per

AEGO unit. m™he 1M bisulphite, p7 7¢0 contained approximately

.
16 x 10%° com 22 per mole.

After dincubation in 1Y sodium'bisulphite, pH 70 at 3700
e ! e
Tor 24 hours, the tRwhpge was treated to remove any bisulphite

adducts of uridine residues (Section 2.2.6.) and then

fingerrrinted (Section 2.2.4.) The Tl LNase finperprint is

e v




88.

FIG. 17.

RNase Fingererint of E. coli tRJ"ARie, modified for

24 hours in 1M NaKSO-, pH 7*0 at 5770.
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shown in ¥IG, 17,

The oligonucleotide spots were ewcised from the fingerprint

A i
and the amount of °¢ and “°P in each determined by 1iquid

z
scintillation counting, The counter was set so that )53 could

52
be counted with as 1ittle flowover of ““P counts as rossible and

; . 2 .
vice versa, TU was possible to count 5 F without any flowover

r4
) ) . . 52 .
of 5ﬂ counts but there was flowover of 11% of P counts into

25 35
the S channel. The ”“S counts were corrected for this
flowover,
TANLE 11 shows the percentare molar yields of each
) Ca . ) o . . < o e he
oligonucleotide on a ", PMase fingerprint of wodified tRNA ,
e 52 .1 . ; >
(calculated from P counts as described in Section 2.2.4.54.),
- Phe

compared with thece of unwodified », coli tﬂWA»a . "™he only

oligonuclieotide wihope yield decreased sipnificantly on

s oo . wee, Phe
modification of tm ﬁIh

T2
AAme i TAAY CCOCG. N new oligonucleotide, oligonuclectide 22

vith 177 sodium bisulphite, p7 ?:0, was

(compare FIG. 13, Section 3.2.1.), arveared. This has been
ascigred the structure AANA\WYCCCCE (rection 3.2.1.) and was Lhe
. . 35 55 -
only oligonucleotide to contain 778 (0-76 “oles of ('/S)H303
[ 2
ar s 0y r 5.) «)2 1
per ele of oligonucleotide). The ratio of S P counts in

this oligonucleotide was of the order of 1

%, s0 the
amount of (ij)HSOz“ present could be estimated with reasconable
accuracy.

e .}, . . . 2.6 | a2 N

Cnly one oligonucleotide, i.e. GAAms i AAJV, disagpreared
. ey +1 . e . » s s a .. Phe )
from Fancreatic Rilasce fingerprints of modified tRiA 5> e A new
spot correspeonding to oligonucleotide 20 (FIG. 14, “ection

Z e
5:2.1.) apreared, containing 0¢85 "oles of {))S)HSO5 rer

¥ole of oligonucleotide.
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22

TABLE 11
COMPARTSON OF FRRCENTAGT MOLAR YIFLDS OF T, RNASE
NUCLECTIDES OF E. COLT tRNAPge, TMFODTFIED, AND MODIFIED
IN 1M NaHso3 FOR 24 HOURS AT 37°¢C.
OLTIGONUCLECTIDE PERCENTAGR MOT,AR YITLD
UNMODIFTED MODTFI®D
Phe ..Phe
tRNA" tRNATS
o+ g! 102 115
AG (2) 112 122
CAG 98 103
CCCa 98 109
CACCAqy, 96 102
pG + pG! 90 82
DAG 104 105
DCG 120 120
Ucea 102 112
CUCAG 82 - 84
AUAG 64 €0
TYCQ 126 120
AYUG 100 92
U’ GXCCUTa 89 96
AAmsziGAchccce 88 13




91

%.2.3. Discussion.

As indicated in Section,l.5.2., bisulphite has been used to
selectively convert cytidine residues in exposed single stranded
regions of tRNA into uridine residues, During such modifications,
Tl RNase oligonucleotides pontaining modifiable cytidine residues
will gradually diséppear from the Tl RNase fingerprint, a new
oligonucleotide appearing, in a one-higher graticule on
modi fication of one c¢ytidine residue, or a two higher graticule
on modification of two cytidine residues.

In a situation invelving conversion of cytidine to uridine
recidues, Tl RNase fingerprints are capable of providing much
more information about the position of modifiable cytidine
residues than Pancreatic RNase fingerprints, If é modifiable
cytidine residue is situated between pyrimidine residues the
modification will only be identifiable as an increase in the U
ppot and a decrease in the C spot, whereas such a residue is
prohably part of a unique Tl RNVase oligonucleotide, whoss
di sappearance from a Tl Rilase fingeryrint can easily be noticed.
(For an example consider the bisulphite modification of Cl7 in
the sequence DCG.) For this reason, Tl RWase fingerprints have
been the primary source of modification data in this case of
blsulphite modification of E. coli tRNApge. Data from Pancreatic
RNase fingerprints, while confirming modificatioqs suggested by
Tl Riase fingerprint data, may also be useful in deciding which
residue has been modified, when there are more than one
modifiable residue in a particular Ty RNase oligonucleotide
(consider the cases of modification of CACCA.,. and

OH
73«-2-20)::

-~

AAms£i6AAqJCCCCG described in Section
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Tt can be seen from FIG. 16 that the aprearance of oligo-
nucleotide 21 corresponded well witlh the disappearance of DCG
as did the avpcarance of oligonucleotide 22 with the dissappear-
ance of ﬁAmgziQAAVCCCCG and the appéarance of oligonucleotide 20

with the disaprearance of oligonucleotides 19 and CACCA In

CH®
each case, this provides confirmatory evidence that one oligo-
nucléotide is the bisulphite modification product of the other.
Modification of CL7 and msai6A 37 arypeared to follow first order
kinetics. 'The disappearance of CAOCAOH and CACCAOH 4+ CA(C,TYA

also appeared to follow first order kinetics. Modification of

OH

Cl? appeared to be the fastest reaction, NCG having a t, of 2-25

hours. Wodification of (74 and €75 proceeded more slowly, CACCAOR
having a t% of 3¢25% hours and CACCAn, + Cﬁ(C,U)AOH‘a t, of 70

' C s . 2. .
hours. Modification of ms 16A 37 avpeared to proceed most

L
2

stlowly Aﬁmsai6AAWCCCCG having a t% ol avproximately 9.5 hours.
The fact that loss of each of the olipgonucleotides CACCACP +
Y

CA(C,U)ﬁoﬁi DCG and AAmSZiEAAVCFCCG forie T, EKNase fingerprints

appeared to follow firsl order kinctics is indicative of the fact
that the tRHAPge did not undergo any conformational changes
(causea by partial bisulphite modification, or prolenged immersion
in 3“ sodium bisulphite, pY 6-0) which would make certain residucs
more, or less, reactive, Tf something of this nature had happened,
the plots of Lopg Percentage Vield of Oligonucleotide versus Time
‘would be likely to be bhiphasic, and not to follow simple first
order kenetics

Singhal & Best (1973) have suggested that up to 4O% of any
isolated tRNA, containing SMU, is present in a cross-linked form,

' s !
due to the photoactivated cross linking of €17 and s M8 (Favre

!
et al, 1969). ™he low yield of AUAG {(derived from As*UAG) on
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FIG. 18.

CHy
‘CHy—CH=c’
MCHg

NH

X
Noo

R= p—D—— ribofuranosyl.

'SO3

A4
503 CH3
CHp »— C " C——CH;,

!
NH H H

s

N
I

R .

A was found to be the major product of the reaction of
isopentenyladenosine with 1M NaHSO, at pH 7.0, (°C,

3
(Hayatsu et =21, 1972).

REACTION OF RBISULHHITE WITH ISOPENTEWYLADENOSINE,
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Tl RNase flngerprints throughout the period of bisulphite
modification might imply tha? some molecules were present in
this cross-linked form, which might have a nonmnatiﬁe
conformation, Tf this were the case, the oligonucleotide
AS”UAG should have been present (in the top left hand corner
CUC AG
of the Tl RVase fingerprint) and AUAC and CUCAG would be
present in correspondingly low yields. However, the percentage
yield of CUCAG was never as low as that of AUAG, and no
spot corrésponding to the oligonucleotide ASQUAG was

CUCAG
detected on aﬁy of the fingerprints in significant amounts

(i.e..” 10% yield). the tRuA’H®

used for bisulphite modification
did not, therefore, contain significant amountsof the cross-
linked form. The low percoentage yleld of AUAG was probably due
to incomplete conversion of AquAG Lo  AUAG, and 'sireaking! on -
the fingerprint, |

Addition of Sogu to N6~ isopentenyladenosine has been
suggested to take place with the participation of the free
radical '503" (Rayatsu et al, 1972) as shown in FIG. 18.
Formation of this free radical requires oxygen, and the free
raéical i1s quickly destroyed in solutions containing higher
concentrations of bisulphite than about 1072 M (Nayatsu &
Inoue, 1971). MHowever, there must be enough free radical
available to allow slpw reaction with msziGA 37 in 3M bisulphite,
pH 60 or 1M bisulphite, pH 7-0. The low values cbtained for
Moles of(Z2g) Hsog' per ¥ole of ms210a 27 —~ containing
oligonucleotide (Section %.2.2.) might be due to the presence of

a small proportion of tﬁﬂhpge molecules containing A37 rather
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2,6

than ms i 4 37, The extent of modification of some tRNAs has

been shown to depend on the growth conditions. ™odification of

L. coli tRNApgé with 355 ~ labelled 3M bisulphite, pH 6{0

e 558

proved impractical becaus - Jabelled sodium bisulphite of

adequate specific activity to allow a reasonable ratio of 553
to éap counts could not be obtained,.

Hayatsu & Inoue (1971) have described the conversion of
I - thiouracil to uracil derivatives by the free radical - SOSM .
Since E. coll tRNAPge contains SQU, and the conditions used for
bisulphlite modification must have allowed the production of

2.6

* S0,  (because of the reaction with ms"i A 37), then

>
conversion by bisulphite, of sqﬂ8 to U8, may have occurred,
AHOwever, using the fingerprinting procedure descriﬁed (Bection
2.2.0,) 4t wéuld not be posszlble to detect such a change, as
54U8 appeared to be converted to U8 on fingerprinting of
unmodified ™. cold tRNAPge. This was presumably due to the acid
con@itions of electrophoresis in the msecond dimension (Barrel %
Sanger, 1969).

Summarising the results described in this Section,
modification of W, coli tRNApge with 3M =scdium bisulphite, pH
6.0, in the presence of 10mM MgCla, has been shown to produce
the following nucleotide modifications:-

a) 17— TLY

) c7L —> U7L

¢) C?75 —>» UYS

4a) msaiGA 37 —> msaisé - HSOBM 37.

These meodifications were conplete after treatment at 2500 for

48 hours. No other modifications were observed under these

conditions.
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FiG. 19.
Aon
Crs
Crn
A
pG-C
c-G
. C-G
- C-G
Gf"C
G G-C
D \ AT AU v U

U ms2PA 37

G A

E. coli tRNAZN® with the tertiary interactions

— —

described for Yeast tRNA '® by Ladner et al (1975b).

N,B. There is some direct evidence for the existence

of a hydrogen bond between stve ana Al14 in Z. coli

jal
tmnp"‘“", (Reid et 21 , 1975).
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FIG. 19 is a cloverleaf representation of ¥%. coli tRNApge,

"with the tertiary interactions suggested by the results of’

Kim et al (1974b), Robertus et al (197439 and Ladner et al
(1975b), indicated. It can be seen that there are five

cytidine residues in single stranded regions of the cloverleaf
structure, i.e. C17, Cu8, 56, C?4 and ¢?5. Of these, only
three appeared to be available for bisulphite modification,

i.e. C17, C74 and C70. If the structure proposed by Kim et al
(1974b) and Robertus et al (19749 for yeast tRNAPhe is common to
all tRNAs, then 48 dis probably involved with 615 in a
tertiary structure hydrogen bonding interaction, thus making it
unavailable for modification by bisulphite. Similarly, ¢56 is
probably hydrogen bonded to Gl9 and therefore unavallable for
reaction with bisulvhite (Ladner et 3}, 1975b), The only other
nucleotide modified by bisulphite,; i.e. m52i6A 37 is also
present in a single stranded region, adjacent to the 5' end of
the anticodon,

The fact that the fastest bisulphite modification reaction
is the conversion of CL7 to UL? is consistent with the
suggestion of Ladner et al (1975b) that the bases of the region
of Loop I are fully exposed. This reaction takes place even
faster than that of C74 or C?5. Through the amino acid
acceptor end of the tRNA Molecule is not buried in the structure
and can extend into the solvent, its position is not fixed like
that of the o region of Loop I, and it is free to stack on stem

a or to fold over and interact with the helix of stem a. This

s

probably accounts for the lower reactivity of 74 or €75
compared with CL7. The fact that oligonucleotide 19, on Ty

RNase fTingerprints of bisulphite modified tRNApge, contained
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65% CACUAy, and 35% CAUCAL, suggests that C75 was more

reactive than C7h4. However,‘to prove this, it would be
necessary to examine Pancreatic RWase fingerprints of tRNAPge
samples taken at intervals durding modification. The percentage
ylelds of AC at various times of bisulphite modification
would indicate the rate of reaction of C74. Since bisulphite
medification of mszi6A 37 dinvolves an entirely different
reaction mechaniegm, its rate cannot be directly compared with
the rates of reaction of Cl7, €74 and (75,

The ?esults obtained by bisulphite modification of ®. coli
tRNAPge are consistent with the 3~dimensional structure of
tRVA suggeste& by Robertus et al (19749 and XKim et al (1974b).
Bisulphite modification appears to be an effective probe for
cytidine residues, not involved in base pairing interactions,
elther of secondary or tertiary structure. The results obtained
are also strongly suvggestive of the fact that @, coli tﬁNAPge

maintains its native structure under the conditions of

modification used.
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FIG. 20.

Effect of bisulphite modification on the

phenylalanine accepting activity of

Ecoli tRNATNE
pmoles '[F{NAPhe A260 unit.

1200+

_(_
10001
800-
600-
L00+ o)
200+

O 1 | i | | | 1

0 10 20 - 30 40 50

Time (hours).

N.B. The zero time sample was taken immediately after addition of

he

bisulphite. Before bisulphite modification the :RNAP2 accepted

1100 pmol. Phe per Ajgp unit.
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5.%. TUE _EFFECT OF BISULPUITE MODIFICATICH ON THE

Phe

PHENYTLALANTNE ACCUTPTING ACTIVITY OF E, COLT tRNA o -

3.3.1., Tnactivation of E. coli tWNﬁpge.

Aliquots of F. coli trNA'S®, removed during bisulphite

modification as described in Section 3.2.1., were assayed for
phenylalanine accepting activity as described in Section 2.2.2.,
after destruction of bisulphite adducts (Section 2.2.6). The

values obhtained for pmoles phenylalanine accepted per AEGO

of tRNA were corrected, to allow for the presence of crude tRNA

which had been added in order to stabilise tPNﬁpge

unit

(section
3,1.7.3). As can be seen from FTG. 20, bisulphite modification
baused a progressive loss of phenylalanine accepting activity.

As the changes in the tRNAPge molecule, caused by
bisulphite modification, might have caused it either to be
unchargeable, or more slowly chargeable with phenylalanine,; an
attémﬁt was made to discove: whether the charging reaction was
coumplete under the aasay_conditions after 20 mins,

Sémples of unlabelled ¥, coli tRNAPge were incubated with
3M sodium bisulphite, 10mM Mgﬂla, tH 6.0 at 2500 for 24
and 48 hours. The bisulphite adducts were destroyed, and the
modified tRWA dialysed finally against 10mM tris-TICL, 10mM
AMgclz, pH 7.C. The extent of charging with phenylalanine of
unmodified, 2! hour and 48 hour modified tﬁ}ﬁpge samples; under
standard assay conditions (Section 2.2.2), was examined over a
period of one hour., Fxactly the same amount (400 pmoles) of

Phe

tRNA > (either unmodified, or modified with bisulphite for 24

or 48 hours) was used in each case, in a total charging mixture



FIG.21. -

_Extent of phenylacylation of unmodified and bisulphite modified tRN

Phe
Ay
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voiume of 2mls., '™he reaction was started by additiou of
purified phenylalanyl-tRNA ligase. Duplicate samples of 100}x1
were taken at various times after the reaction was started and
treated as described in Section 2.2.2. "The zero time sample
was taken, before addition of the ligase, in guadruplicate and
this was regarded as the blank, ™he extent of charging of the

different tRNAPge

samples with time is shown in ¥*ra. 2. 7Tt
can be seen from thils graph that although the modified tRWA
samples avpeared to be charged more slowly with phenylalanine,

they were charged to the maximum extent after 20 nmins.

3.5.2., TNffect of Fhenylalanyl-thNA TLipgase (Concentration on the

Phe
>

Fxtent of Charging of Modified W, coli tRWA

Renaud et al (1974) found that the extent of aminoacylation

of yeast tmafle

depended on the concentration of phenylalanyl-
tRNA lipgase., With this in mind, an attempt was made to discover
the effect of increasing the ligase concentration on the extent
P - - : Lae g PhiE . ) ! s .
of charging of . ocoli tRVA > which had been modified with
bisulphite for a period of 48 hours.
N total reaction wmixture of 2mls. was used, containing LOC
re o v s ! Phe . .
pMoles of modlfied thHWA oo The reaction mixtures were set up
and 100 p1 samples werc taken as described in the previous
Section, The ligase concentrations in the charging mixtures were
A) 135 pmp / ml  (Standard assay conditions).
b) 270 pg / nml.
c) 4LOS5 g5 / ml.

The results shown in FIG. 22 indicate that increasing the

enzyme concentration caused a decrease in the extent to which



Effect

05,

FIG. 22.

of enzyme concentration on extent of

charging of tRNAPNE

pmoles Phe/A260 unit of tRNA.

600+
500+
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300-
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A. normal concentration of ligase.

B. 2x normal enzyme concentration.

C. 3x

normal

enzyme concentration.
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FIG.23,

Lineweaver — Burk plots for -

A. Unmodified tRNATME.

Phe
2.

B. 48 hour bisulphite modified tRNA

1 (}Jmol/r‘nin)'l
oY

O 4~

1|O /O 1lO 210 SIO i
_ T m
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30+ B
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Phe
?

fully bisulphite modified tRNA could be charged with

phenylalarine,

3.3.,3. The Wffect of misulyhite MModification on Km and Vwugy

he

for tRNA‘? in the rCharging Reaction.

‘The initial rates of amincacylation of W. coli tDNAPge
(unmodified and bisulphite modified for 48 hours) were measured

with various different concentrations of tRNAPge in the

reaction mixture. The concentrations of the cther components
of the charging nixture were as described in Section 2.2.2.,
except that one tenth of the concentration of phenylalanyl-tRNA
ligase was used. As the concentrations of the other substrates
(ATP and phenylalanine) were kept constant, while the

s ! Phe . . ; .
concentration of tRNA o was varied;, it was possible from these
results to derlve apparent K.5 and VMAYS for the two species of
ey P RLE . s : .
vRNA P The reaction was carried out in a total of 2wmls., and
started by the addition of lipgase as described in Section 3.3.1.
Duplicate 100 pl aliquots were taken every 50 seconds after
addition of the ligase. Tn all cases the initial rates were

found to be constant for at least the first %% minutes.

FIG., 2% shows Lineweaver-Rurk plots for unmodified ™, coli

-~ ——————

I .
tRNApge and tRWNA that had been modified with bisulphite for
48 hours. From these results, the X and Vyx for each of the

Phe .
two species of tRNA o were determined, and are shown below

O o
K, (377¢e) Vapx (37°C.)
i ex oA The -7 .
Unmodified tRNA 5 3 x 10 ™™ 18°Or)woles / min.
Fully bisulphite
modified t“NAFhe 16 IO“GM 1.3 pMoles i
] n > L« 6 x 1C . 5 proles / min,
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These results indicate thal complete conversion of

cly7? — Ul7, msdiGAB? -m+m8216

C?5 — U755 1in . coli tRNAphe caused a decrease in the V

A - HSOE 37, 7 ——> U744 and

. MAX
NAPhe

and an increase in Km for the tnw o

BeBelte  Separation of active and Tnactive TVorms of Bisulphite

Modi fied tRY Pge.

In order to discover which of the changes occurring on
bisulphite modification were resmvonsible for loss of

phenylalanine accepting activity, an attempt was made to

separate active and inactive forms of bisulphite modified tRWAPge°

Phe
2

Active bisulphite modified tRNA molecules are chargeable with
_phenylalanine, while inactive ones are not, Charged and
uncharged molecules may bhe separated on a Renzoylated DRAT-
cellulose coluun 4n a manner similar to that described in
Section 3.1.2. Mhis separation depends on the fact that

phenylacylated tRITA molecules have a greater affinity for the

Phe
2
hydrophobic benzoyl grouns of Yenzoylated DEAR-cellulose than
uncharged wolecules., Changes in structure, caused by bisulphite
medlfication; which are present in inactive molecules but not in
active molecules, must be responsible for the loss of

phenylalanine accepting activity.

Z
2. .
““p-labelled, purified m. coli trnalh®
- — ~

(see Section
3.1.7.3.) was incubated in 3M sodium bisulphite, 10mM MgCla
pH 640 at 250C for 12 hours. Eisulvhite modification for this
length of time reduced the rhenylalanine accepting activity to
about 60% of its original value, wheh assayed by thelmethod
described in Section 2.2.2. The bisulrhite adducts were

Phe-

destroyed (Section 2.2.6.) and the tRVA > phenylacylated to the
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Separation of active and inactive bisulphite -

. Phe
mcdified tRNA,

. 3 ’
32p cpm /10l : Hcpm/1opl
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2001 - — =3y cpm 41000
1:6 M NacCl
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FIG. 24.
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maximam extent as described in “ection 2.2.3. Separation of
P

charged and uncharged tRNA'ge molecules was performed exactly

as described in Section 3.1.2. Such a separation is shown in

4
FiG. 24. ™he first peak of )ZP ~ containing material was

Phe

uncharged modified tRNA >

s while the second 32P ~ containing

>
peak contairned charged modified tRNA]ge. "rom the ratio of

2
3H to )ZP counts, it was calculated that the second’ peak

contained 950 - 1250 pmoles phenylalanine per A?GO unit of

LRNA,

The two fractions, phenylalanylmtRNAPge, and uncharged

tRNAPge, were pooled separately. Phe - tRNAPge was deacylated

by dialysis against 0:1M tris - HCl, pH 9-0 buffer at 37OC

for 2 hours, followed by dialysis against 20mM tris - HCL,

10mM Mgcla,- pH 7-0, to restore the p7 +to neutrality. Roth
fractions were desalted by exhaustive dialysis against
distilled water, lyophilised, and fingerprinted. FICG. 25

shows T, RNase fingerprints of active and inactive bisulphite

Cre . >he -
modified forms of tRMAPn . TABLE 12 compares the percentage

molar yields of the oligonuclectides on fingerprints of active

. . . Phe . . -
and inactive fracticns of TR/ o An examination of the

fingerprints in FIG. 25 reveals that both active and inactive

The

fractions contain tRNA‘a molecules with all of the possible

bisulphite modifications described in <ection 3.2, A comparison

of the percentapge molar ylelds of each oliponuclectide in the
two fingerprints indicates that the amounts of "modified

oligonucleotides", i.e. DUG, AANAWCCCCG, CA(C,TT)AOH and

CAUUA are slightly higher in the inactive fraction than in

oH’

the active fraction, with correspondingly lower values for DCG,
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FIG. 25.
—\
% » »
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WM P™

igip i
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Riiase Fingerprints of Active and Inactive Fractions

of Bisulphite Modified tRNA“* -,
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110,

TABLE 12.

OLIGONUCLEQTIDES ON T, RNASE

FINGERFRINTS OF

ACTIVE AND TINACTIVE FRACTIONS OF

BISULPHITE MODIFIED

Phe

E. COLI tRNA o

OLTGONUCLECTIDE

G + G}
AG (2)
CAG
CCCG

CACCAOH

" pG + pGl

DAG

DCG

vCCa

CUCAG

AUAG

Ty CG

AY UG

ATUCCG
anus?ilany crcca

Um7GXCCUUG

19 (ca(c,mA
20 (CAUUA
21 ( DUG)
22 (AANAWY CCCG)

on’
o’

The tRNAPge

had been modified in 3M WNaHs0

PERCENTAGE MOLAR YIFELD

ACTIVE FRACTION
99
103
103
103
8
95
90
L6
101
77
61
130
117
100
L3
86

36
58
48
38

3)

IVACTIVE FRACTION
120
128
109

- 109

L
102
99
>3
100
79
60
150
113
123
14
75

37
63
65
56

10mM MgCla,

PH 6°0 for 12 hours before separation of active and inactive

fractions.
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FIG.26.
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2.6 t ,‘ t
AAmsTiTAAYCCCCE  and  CACCAny.

3.3.5. Discusszion,

There have been several attempts to pinpoint the ligase
recognition site of T, coll tRNAPge. Chemical modification with

(4) Parachloromercuribenzoate (Pal et al, 1972), (B) Cyanogen
bromide (Carré et al, 1974), (C) Iodine (Faulkner &-Uziel,
1971) and (D) Sodium borohydride (Shugart & Stulberg, 1969)
hag been shown to cause modification of various nucleofides as
indicated in FIG. 26, wodification of s'W8 with
Parachloromercuribenzoate did not rrove to be a useful probve of
the ligase recognition site, as the product, L4 - [(p -
carboxyphenyl) mercurithio;]uridine, was found to be labile in
-the presence of Mg2+ jons, which were a component of the
phenylalanine accepting assay. Wowever, cyanogeﬁ bromide

e

modification of s in F. coli tmnaA"M® did not significantly

affect its phenylalanine acceplting activity.
' Modification of ¥, coli tRNAPhe with sodium borohydride
for 3% hours caused a complete‘loss of phenylalanine accepting
activi£y, together with hydrogenationvof SQUS, nl6é and D20,
sugresting that one or all of these nucleotides, or this region
of the molecule, is involved in the synthetase recognition site.

Phe resulted in modification

Todine wmocdification of T. coll tPNA
AquS (probably conversion to the sulphonate) and msai6A37
(provably formation of iodine addition products). However,
molecules with both of these modifications were still active in
phenylalanine accepting assays. Taking into account both the

results of Shugart & Stulberg (1969) and ¥aulkner & Uziel (1971),

D16 and / or D20 secem to be the most likely contenders for the



ligase recognition site.
Stulberg & Tsham (1967) have tested various products of
limited snake venom phosphodiesterase digestion of ®. colil

tRNATRC | as inhibitors of trwaPl®

aminoacylation. One region
of tRNAPhe was implicated in synthetase recognition, i.e., the
region from Gl9 to U33. Considering the results so far
described, D20 is the most likely nucleotide to be invclved in
the ligase recognition site. Undermethylation of tRNAphe
(Shugart et ﬂi, 1968) has been found to decrease the
phenylalanine accepting activity of tRNAPhe. Tormation of a
photochemically induced cross-link between 84U8 and Cl3% has
been found to completely destroy phenylalanine accepting
activity (Carré et al, 1974).

The results described in Sections 3.3.1. and %,3.2.,
indicate that bisulphite wodification of ¥. coli tRNAPge causes
a loss of phenylalanine accepting activity. While bisulphite

modi fication of tRNAPge

for 48 hours caused complete conversion
of ¢17 to UlY, msei6A37 to msaiGA - HSO} 37 , C74 to U774
and (€75 to U75; some phenylalanine accepting activity remained.
this suggests that these modifications were nol directly
responsible for the loss of phenylalanine accepting activity.
Comparison of activé and inactive forms, separated as described
in Section 3.3.4., indicates that both forms contain all the
possible bisulphite modifications. These resuits confirm that
no single bisulphite modification was responsible for the loss
of phenylalanine accepting activity. Complete bisulphite
modification did alter the Km and VMAX of . coli phenylalanyl —.

Phe

tRNA ligase for tRYA > (section 3.3.3.). Wowever, it has been

proved in Sections 3.3.1l. and 3.3.2., that even when charging
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of 48 hour bisulphite modified tRNAPge is complete, a

prbportion of the molecules remain uncharged,
A possible explanation for the results described could be

that while the modifications were not directly responsible for

Phe

loss of phenylalanine accepting activity, they made the tRNA 2

molecules more susceptible tc denaturation, producing an
inactive form. Denaturation could have occurred on rémoval of

bisulphite adducts by pH 9:0 treatment. Denaturation has been

he

shown to occur on deacylation of Phe»tkNAP under similaxr

conditions (TABLF® %, Section 3%.1.2.). However, the tRNAPge

that was used in bisulphite modification had been stabilised by

the addition of crude tRNA (Section 3%.1.7.3.), and the

phenylalanine accepting activity of tRNAP;e removed immediately

after additién of bisulphite, and treated with pHl 9.0 buffer to

remove bisulphite adducts, was not reduced compared with that

Phe
2 °

Another possible explanation for the results is that sone

of unmedified, untreated tRNA

chemical modification was caused by blsulphite that was not
detectgd by the methods described in Section 3.2.1, and that
this modification was responsible for loss of phenylalanyl
accepting activity. As discussed in Section %.2.3%., bigulphite
is capable of the conversion of s4U to U, and this wmodification
would not be detected on the fingerprints if it occurred on
bisulphite modification of Fe coli tRNADge. This nuclectide ig
probably not a component of the ligase recognition site, as it
can be modified with cyanogen bromide (Carreé et al, 1974) or
lodine (Faulkner & Uziel, 1971) without loss of activify.

4

The introduction of a cross-link between €13 and s U8 in

“ Fhe . : X
F. coli tR¥A " has been shown to destroy its phenylalanine

e i e
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accepting activity (Carre et al, 1974). However, there was no

oligonucleotide on the T

Pge’ and not in that of the active form, that would

4

1 RNase fingerprint of inactive form
of tRNA

correspond to As 'UAG, nor is there any difference in the

CUCAG
yield of AUAG and CUCAG Dbetween the active and inactive
forms (see TARLE 12).

Rich (1974) has proposed a general model for the tRNA -
aminoacyl - tRNA ligase interaction, In this wmodel the ligase
interacts with a relatively large area of the tRNA molecule
l.e. stem a, part of stem b, stem ¢ and in some cases, the
anticodon (sec PIn. 3). Several lines of evidence have led to
this proposal,. The ligase must interact with the 3‘ ~0H
terminus of the molecule, as it is here that the cognate amino
acid is attached. ™he anticodon has proved to be important in
recognition of some LNFAs by their éognate aainoacyl -~ th¥a
lirases hut not all (see fection 1.4.3.6.3.). TRich has
rroposed that in some cases there is interaction between the
ligase-and the anticodon of the cognate tPWA, dbut not in all
cases, There is some evidence that slem b ids inmportant in
recopgnition of LRVA by its cognate ligase (Roe & Dudock, 1972;
Kern et al, 1972).

Rich has supggested that the variable regions of tRYA
structure ( o0 angd B regilons of Loop I and Loop ITT) arec not
involved in interaction with the ligase. ¥*vidence for this
comes from the fact that tR¥As with the same nucleotide
seguences in the & and B regions of Locop I are recognised by

different ligases (Kim et al, 197ha). Also, two tRNAs with
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different Loop TIT structures (¥. coli t?VAGln and a mutant
E. coli tRHAT§i+ ) have been shown to be charpged by the same
ligase (Celis et al, 1973). The facts that the X s of many
aminoacyl - tRWA ligase for thelr coghate LVMAs are
numerically similar (Myers et al, 1971) and that a number of
tRNAs may bhe amincacylated in vitre by the sanme ligase (Roe &
Dudock 1972; Yarus & Mertes, 1973) have suggested that an
appreciable part of the free energy of binding of tR7A to its
cognate ligase cdmes from interactions common to many tRWNA -
ligase pairs. These interactions are probably those between
the ligase and the ribose - phosphate backbéne, the specificity
of interaction depending on particular specific =sequences.

If the aminoacyl -~ tRNA ligase interacts closély with such
a large area'of the tRWA, as described by Rich (1974), the
interacticn is bound to be affected by minor changes in the
conformstion of the tRIYA, the correect conformation being
ossgntial for close interaction. The loss of phenylalanine
accepting activity observed on bisulphite medification of

The
F. coli tRNA ;( vas nost probhably due to the fact that

P .
modifications introduced into the tRVA“ge molecules facilitated

their denaturation to an inactive form,

The alteration in the values of ¥m and VNAY< of
O e
phenylalanyl-tRINA ligase for tRNA}2° might not be due to lower
affinity of modified tRNA}ge for the ligase, but simply due to

the fact that there is a significant proportion of uncharpgeable

D N >
tRNA‘ge molecules in the 48 hour modified tRNAPgO

samnnple, which
ceculd possibly act as competitive or unconpetitive inhibitors.

Tn order to discover the true effect of conversion of 17 +to
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Ul7, msai6ﬂ3? to msZi6A - Wsoiu 37, C74h to UT74

and €75
to U775 on ¥m and Vwﬁx for tRNAPge, it would be necessary
°
to carry out the kinetic studies on active tWNA“ge isolated

from blgulphite modified tRNAPge by the method described in

Section %.2.4.
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2.4, TSOLATION AND RISULPHITE MODIFICATICH OF Phe~t?NAPge.

Aminoacyl-tRNA has been shown to interact in a different
way to tRNA, with the ®. coli elongation factor, Tu (Ono et al,
1968), aminoacyl-tnNA ligases (Lagerkvist et al, 1966), the
histidine operon repressof (LLewis # Ames, 1972) and ribosomal
binding sites (Crajevskaja et al, 1972). To account for these
differences, 1t has been supgpgested that tONA moiecules undergo
a conformational change on aminoacylation (Sarin & Zawecnik,
1965; Schofield, 19703 Woese, 1970). C.D. and U.V. studies

M

o
'3l ana e

of ¥, coli tRr ?t (Adler & Fasman, 1970), partial

Phe s Yeast tR?IAPh e

nuclease digestion studies ol 1. coli tRMA

1
and Yeast tRNAser (Wanngi & Zachau, 1971), small angle X-ray

Val

scattering studies of . coli tRNA (Ninio et al, 1972),

tritium exchange studies of ¥. coli tRNﬁwit (Unglander et al,
e
1972), P.K.R, studies of yeast tRNA]he (Wong et al, 1973),

. Ph
and Raman spectroscopy studies of yeast tWNA}

® (Thomas et al,
1973b) did nolt show any detectable change in conformation on
aminoacylation.

However, small conformational changes were detectable on
aminoacylation by other C.D. and 17.V. studies of . coli tpﬁﬂv?t
(Wanatabe & Imahori, 1971), kinetic binding to unfractionated
ERNA (Mritton & Mohr, 1973), and increased binding of Nn2+ and
oligo~C to aminoacylated tRNA (Cohn et al, 1969{ Danchin &
Grunberg - Manago, 1970)., Most of the available evidence
implies that if any changes do occur on aminocacylation, they

are small, being restricted to slight changes in tertiary

structure or minor rearrangements of the secondary structure.
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Forget ® Weissmann (1967) suggested that binding of

"aoinoacyl~tRYA to Lhe ribosome might involve interactions

between the T Y CE region of Loop TV (a cunstant feature of
tRNA structure) and a COAAC sequence contained in 58 RNA of
the large ribosomal subunit, Tt is interecting to note that
the Ty CG sequence is absent from some tRWAs not involved in
ribosome-~mediated protein synthesis, d1.e. glycine tR¥Was of
some speclies of Staphylococcus involved in cell wall
biosynthesis (Roberts, 1972). Other evidence supporting this
hypothesls has been presented by Richter et al (1973), who
have shown that the tetranucleotide TyYCG will bind to

B. coll 508 ribosomal subunits, thus inhibiting elongation
factor M™u - dependent aminocacyl-twMA binding, and_?rdmann et al
(1973) who have shown that this tetranucleotide binds to a
specific 5% RVWA - protein complex derived from %. coli 508
ribosomal subunits. This binding is abolished on chemnical

modification of the two adenines in the sequence CGAAC of

55 RWA. Also in support of this hypothesis, Dube (19733 has

shown that T. coli 70S ribosomes, but not 305 ribosonal

L . ] ve am Met
subunite, will protect T,oop TV of %, coli tRWA P

While the results described above suggest the importance
of an interaction between Loop TV of aminocacyl-tPWA and 55 BNA
in the binding of amincacyl-tiRV As to the ribosome, recent

: . g Phe < aa )

results of the ¥-ray analysis of yeast trva have indicated
that none of the bases of the sequence Ty CG would be
available for base rairing to the sequence CCHAAC in 58 RNA,
except perhaps V55 (Ladner et al, 1975b). There is evidence

for the “buried" nature of these bases {rom chemical
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modification and enzyme dissection data described in Section

1.3., and from the results of bisulphite modification of

Phe

. cOLl tRWA

described in Section 3%.2. It is possible,
however, that on aminoacylation, a conformational change

exposing the Ty CG region, occurs. Tf such a conformational

Phe
3

change were to occur on aminoacylation of ¥, coli twmNp it

ought to be detectable by bisulphite modification, because €56

would become exposed and therefore available for modification.

Phe

Risulphite modification of Fhe - tWNA é would also reveal

whether any other cytesine residues become exposed on

aminoacylation,

Phe
2

complicated, practically,by the fact that deacylaticn was found

Bisulphite modification of ¥, coli Phe tRNA was

to occur under the modification conditions nermally used (3M

sodium bisulphite, 10mM MgCl, , pd 6.0 at 25°C). Under

L
c

these conditions, The - tRNAPge was found to have a half life

of 3.5 hours, Therefore, in order to unambhiguously identify

which cytosine residues were available for medification in

.. FPhe | s ex o a .
Fhe~tRWA , 1t was necessary to separate modified Fhe ~ tRYW

Phe
e

Fhe’
A2
from updified deacylated tRWA after a period of modification.
This separation was effected on a Renzoylated NRA¥-celluloce

column.

5.4.1, Preparation and Risulphite »odification of ™. coli

Phe - tpNAPge,

3 ™
purified ~“P ~ labelled ¥. coli tRﬂA‘ge, capable of

accepting 800 rmoles of phenylalanine per A unit} was

260

’ Z
charged to the maximum extent with “H - labelled phenylalanine
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Phe
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as described in Scction 2.2.3. The charpged {tRNA was

‘suspended in 3M sodium bisulphite, 10mM HgClz, pd 6.0 at

25°¢c for 8 hours. At the end of this time, the modified tRNA
was dialysed to remove excess bisulphite, first against 0.1 M
sodium acetate, 10mM MgClZ, pH 5.0, and then twice against
10mM sodium acetate, 10mM MgCla, pH 5.0, each time for 1
hour at 4°C.

After dialysls, the modified twRWA was applied to a
Benzoylated NRAT-cellulose columpn which had been pre-
equilibrated with 0-3 M WaCl, 10mM WgClz, 1OmM sodiunm
acetate, pH 50, at MOC° The ratio of tRNA applied to packed

bed volume of the column was the same as described in

. - o . '
Section %,1.)l. The column was run at 4 ¢ in pH 50 buffer
Phe

to retard deacylation of the modified Phe~tRWA 5 A O35 M
to 2-.0 M NaCl gradient was applied to the column in order to

FPhe - . .
elute deacylated tRVA‘ge molecules containing bisulphite adducts

and any other tRNA species, which were contaminants of the

R ; Fhe . .
original tRNA > preparation. RBecause of the more hydroprhobic

The

nature of FPhe - tRNA ,  (containing bisulphite adducts), the

application of an ethanol gradient was required for its elution

from the column, A 2.0 ¥ Vall, 0% Tthanol to 2-0 ¥ WaCl,

20% Withanol gradient was employed. ™he fractionation is shown

in FIG. 27. The second peak contained tRMAPEE charged to an

2,
extent of 1150 pmoles ‘4 - labelled phenylalanine per A260

unit of tRWA.
The whole of the second peak, between the limits shown on
MG, 27, was pooled and dialysed for 9 hours against 0.1 M
tris ~ HCl, »I 9:0 at 3700c This procedure served both to
Ph

remove bisulphite adducts and deacylate the The-tRNA 7. The




12).

FIG. 28.
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_TABLE 13.

PERCENTAGE VIELDS OF OLIGONUCLEOTIDES ON T RNASE

1

Phe

FINGERPRINTS OF E. COLT t{RNA P BISULPHITE MODIFIED FOR

8 HOURS, TN THE CHARGED AND UNCHARGED FQRMS.

OLIGONUCLEQOTIDE PERCENTAGE YIELD
"UNCHARGED FORM CHARGED FORM

G+ @Gt ' 90 30
AG (2) 110 119
CAG 98 102
ceea ' 98 95
CACCA Gy 2l 15
PG + pG! ' 102 108
DAG , 10k 104
lefe] 20 17
ucca 102 106
CUCAG 82 85
AUAG 64 55
TYCG 126 134
AW UG 103 110
AUUCCG 101 100
AAmsZi6AAuJCCCCG 49 . 73
Un’ GXCCUTG 89 86
19 (CA(C,U)aq,) 18 | 11
20 (CAUUAy,) 35 48
21 (DUuG) 86 ‘ 82

22 (AANA Y cccCg) 50 28

—— -




pl was restored to neutrality by dialysis against 1CmM f{ris-
'HCl,' 1omM v3012, p9d 7.0 and then apgainst 2mM tris - ¥C1,
lomM MpCl,, pH 7.0, each for two hours at room temperature.

The modified tﬁﬂﬂpge

was prepared for fingerprinting by
exhaustive dialysis against water, followed by lyophilisation.
The Ti and Pancreatic RVase fingerprints of %. coli

tRNAPhg , bisulphite modified in the charged form for 8 hours
is shown in ¥IG. 28, together with fingerprints of uncharged
tRHApge of comparable phenylalanine accepting activity (di.e.
1100 pumoles per A260 unit, see Section 3.2.1.) which had bheen
modified for 8 hours with bisulphite. TABLT 13 compares the

percentage molar yields of the oligonucleotides in both Ty

RNase fingerprints.

3.4.2. Discussion.
Because separation of bisulphite modified charged and

Phe ~ )
uncharged forms of tR”A]q on Pengoylated DTAW - cellulose was
“

rerformed before removal of bisulphite adducts, and the

presence of these might increase the affinity of the tr™aA for
Benzoylated DWAT - cellulose, a 0.3 to 2.0 ¥ NaCl gradient
was used to ensure comnlete elution of the modified uncharged

Pge, before application of the ethanol gradient to elute

modified Phe - tRNAPge. Separation of the two forms appeared

tRNA

to be successful. (onsidering FIG. 27, there was no

03 . . -7‘ ol . .
significant elution of "% counts before application of the

ethanol gradient. ™The small auwount of 5U phenylalanine eluted

Phe
]

was probably due to deacylation of modified Fhe -~ tRWA on

- . c s T .
the colunn. W™lution of mcdified Phe - tWNA ge charged with
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1150 pmoles phenylalanine per A26D unit showed that the

charged tﬁwﬂpge

had been purified by chromatography on
Benzoylated DWAR - cellulose (in the same way as described in
Section 3.1.2.).

Comparison of the fingerprints in #Pra. 28 indicates that

no new modified oligonucleotides appeared after bisulphite

modi fication of phemtwAP?e for 8§ hours, that did not’aprear
on similar bisulphite modification of uncharged tﬂmﬂyge.

NMowever, all of the new oligonucleotides that appeared on

. . i o . . The .
bisulphite modification of uncharged ERNA¥9 also avpeared on
3

modification of PhethNAPge. Comparison of the percentage

ields of olipgonucleotides in each of the two T, RVase
v 1

fingerrrints (TARLR 13) deoes not indicate any major differences

in the composition of the two mcdified tRNAPSG species. In

particular, modification of €56, which would be indicated by
a decreased yleld of Ty CG, did not aprear to have occurred,
Small differences in the percentage molar yields of two
oligonucleotides in the two T RNase fingeryrints are

noticeable, however, The yield of CAUUA on the T, RVase

o
. s s The . . _
fingerprint of tRNA4 > modified in the charged form was

increased, compared with yield of this oligonucleotide on a

Phe

fingerprint of bisulrhite modified uncharged tRVA O and the

yield of FACCAOH correspondingly decreased, implying faster

modification of C?74 and 75 1in Phe -« {RNA

tRNApge, In addition, there ayreared to be less wodification

Phe .
> than in

2. . . . . ~he
of nms 16A 2?7, over the period of 8 hours, in The - BPNAF5

Phe

25
o . . S . Phe
Faster modification of €74 and €75 din Fhe - tRVA >

than in tR™YA




Fhe

than in tRYA 5 must be due to the fact that these cytidine

resldues became more available for modification, on

aminoacylation of the tRWA., As already discussed in Section

%.2.3., these residues are not fully exposed in tRNAPhG as

2
they are modified more slowly than Cl1l7. The addition of
vhenylalanine to the "CCAOH end of tRNAPgG

end on stem a, and this may allow C74

probably encourages

stacking of the ”CCAOH

and C75 10 be more exposed than in other possible
conformations i.e,, interacting with stem a or regions of

other tRNA molecules,

ps . 2,6
The reason for slower modification of ms 1 A3%7 in

! »)
Phe - tRNApge than in tlm.ﬁlge

Tt cannot he due to localised alteration of structure on

is more difficult to explain,

aninoacylation (as in the case of C74 and CC75) because the
o]

anticodon is probavly about 80A distant from the =~ CChgy end.
It may be that the process of aminoacylation caused an
alteration in the conformation of the anticodon loop, making
. . . . 2.6, 5n

the isopentenyl adenosine side chain of ms 174837 less
accessible to bisulphite modification. There is no evidence

. . . - : Phe
for any other conformational change in %. c¢oOll tR'TA >

on
aminoacylation, from the results described in this Section,
The fact that TYCE did not appear to become exposed on

»] S
aminoacylation (at least of . coli tR“A}gc)

does not disprove
the theory of Forget & Weilssman (1967). .Schwaftz et al (1974)
have proposed that such a conformational change occurs on
interaction of the anticodon of the aminoacyl-tBTA with its

complementary anticodon on mRNA on the ribosome. They have

presented some evidence for the occurence of such a
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conformational change, in an E. coll system, which ajyrears to

require the mediation of elongation factor Tu, GTP, a template
and 305 ribosomal subunits. Therc is sonme evidence that
interaction of aminoacyl~tR¥A with elongation factor Tu

(E. coll system) does not involve the destruction of any base

|

pairing interactions (Schulman et al, 1974a), and it is
therefore unlikely that this interaction causes exposure of
the ™YCG sequence in aminoacyl-tRNA., WBich (1974) has
proposed ﬁhaﬂ exposure of the PTYCE sequence may occur during

translocation of the tRNA on the ribosome, and that interaction

of this sequence with 58 BNA may be involved in translocation.
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%.5. THERIAL DENATURATION OF T, COLI tRNAghe STUDPIED BV

BISCLPIUITE MODIFICATION.

Conformational changes in tDNAlhave been postulated,‘on
aminoacylation (Sarin & Zamecnik, 196%; Schofield, 1970; Yoese,
1970), and on enzymic binding of aminocacyl-im¥A to the ribosome -
mRNA complex (Schwartz et al, 1974). Certain tR7As may exist in
two different conformations, one active, and one inactive in
aminoacylation, Therefore, it is of interest to examine some of
the conformations in which t®MA molecules may exist, and one way
of doing this is to examine the intermediate conformationg which
occur on thermal denaturation of thne tRWA (e.g. Cole et 3&,'19?2;
Reisner el al, 1973%; rCrothers et al, 1974; Wong et al, 1975).

Tt has been postulated that, on thermal denaturation of
tRNA, tertiary structure interactions are destroyed first,
followed by the interactions stabilisineg the helical stenm
regions (¥resco et al, 1966) and there is evidence for this in the

I'he

cases of some LRVAsS e.g. Yeast LRVA (Teisner et al, 1993) and

Ty tiat ™ Val .
Boocorl tria YT, wwa”t, teea™h® ana epea"® (cole et al,
1972). There ls some evidcence for simultaneous melting of stem b

and the tertiary structure in the case of ¥, coli. tRWAvit.
Magnesium ions have been found to stabilise the tertiary
structure (Cole et al, 1972; Wonpg et al, 1975) and secondary
lstructure {Kearns et al, 197); cole et al, 1972; Levy et al,
1972) against thermal denaturation.

This Section is an account. of the changes in bisulphite

Phe

. A Pl . ' ps -
pattern of W. coli tPNA'a which occur on modification at

elevated temperatures,




130

3.5.1. Melting Curves of T. coli tRNAPSG in the Presence and

Absence of N32+ Tons,.

Initially, an attenmpt wa§ made to discover at what
temperature T, coli tRNApge melts in the presence of 3M sodium‘
bisulphite, pH 6+0, d.e. the conditions necessary for
bisulphite modification. Wowever, the U.V. absorbance nmelting
curve could not be determined directly in 3M sodium bisulphite,
PH 6°0, as bisulphite under these conditions, forms adducts
with cytidine and uridine residugs, resulting in the loss of
U.V. absorbance of these residues (Shapiro et al, 1970#%;

Hayatsu, 19708. Therefore, when any cytidine or uridine

residues became exposed on thermal denaturation, although an
increase in absorbance at 260nm would occur because of the
melting, a decrease would also occur because of bisulphite adduct
formation, and a typical absorbance melting rrofile would not be .

Phe

obtained. Tor this reason, tRWA > melting was followed,

(AY in the absence of Mg2+ (in 3M WaCl, 10mM sodium phosphate
buffer, »pY 6:0), and {(B) in the presence of Mg2+ (dn 3M WaCl,
10uM MgCl,, 10mM sodium phosphate buffer, pH G-0). 3M sodiun
bisulphate, pH 6.0, could not be used, as 1t was insoluble
under these conditions.

No atteumpt was made to remove strongly bound magnesium ions

Phe

from tRNA‘? by dialysis against a M32+ chelating apgent,; such

. .. Phe ., . -
as EDTA. TIn order to obtain t NAPZ in a solution containing

no magnesium ions, purified unlabelled tQNApge (which had been
taken straight from an RPC - 5 column, without addition of crude
tRMA) was ethanol precipitated (see Section 3,1.2.) from a

solution which had been dialysed, five times over a periocd of
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PERCENTAGE HYPERCHROMICITY (at 269nm)

Do
o
l

. MELTING CURVES OF E.coli tRNA;

FiG. 29.

Phe

“
3M NaCl 0.01M sodium phosphate
- pH6.0
10 3M NaCl 10mM sodium
B phosphate pH 6.0
E\
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oB.
msm
e, o |
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12 hours apgainst 0«5 0 FaCl, tris - TC1l pH 7.0 (containing

no added Mga+), and then resuspended in the appropriate

Phe

»
5 was followed, at 260 nm., using

solution, WMelting of tRNA
a Pye Unlcam SP 8000 spectrophotometer equipped with a

heating block.

B
The A, ) melting curves of T. coli tRNA“?e, (A) in the

abgsence of Mga+ ions, and (B) 4in the presence of ﬁga+ ions

are shown in ¥IG. 29. Melting began at about BOOG in the

absence of Mg2+, and at about 6OOC in the nresence of Nga+.

Phe

3.5.2. Bisulphite Modif{ication of . Coli tRNA > at Flevated

Temperatures.

In order to avoid the complications of bhisulphite
modification of pseudouridine at temperatures higher than 60°¢
(Singhal, 1974), it was decided to modify tRNAPhe

2
2+ . .
of Mg™ at elevated temperatures., ‘Another advantage in per-

in the absence

\ . . 2+ :
forming the experiments in the absence of g is that, for

some tREAs, that melting seems to take place over a broader

-

temperature range in the absence of Mg (Cole et al, 19723

Levy et al, 1972; Wong et al, 1975), because a series of

discrete conformational transitions occur, rather than the more
: - e =
co-operative nelting encouraged by the presence of Mg .

rurified, 52P - labelled T, coli tWNAPge (capable of
accepting 1150 pmdoles of phenylalanine ver A26O unit), to which
cold crude tRYA had been added (fection 3.1.7.2.), was ethanol
precipitated {rom a Mga+ free solution, as described earlier,
and then susrended in 3V godium bisulphite, p7 6:0, for 24

hours at (&) 45°c, (B) 50°c, or (¢) 55°C. T, RNase
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P
RNase Fingerprints of E. coli tRMARy| , after modification

with 5M '"aHSO”, pH 6«0 at elevated temperatures, in the absence

cf Mgz+, for 24 hours.



FIG. 50b.

_pngin i

tRNA~*/ 3M.HSO;
;pHfe.24hrs. 2SC.
T #

TJ RiTase Fingerprint of E. coli tRNA* |, after' modification

with 5M "AMaHSO" pH 6*0 at 25”C, in the Presence of 10mM

for 24 hours.
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.TABLE 14,

NEY OLIGONUCLECTIDES APPEARING ON T1 RNASE FINGERPRINTS

OF E. COLI tRNA

}ge AFTER  BISULFHITE MODIFICATION AT

FLEVATED TEMPERATURES,

OLIGONU-~ RFLATIVE PROFORTTON OF WACH NMUCLEOTIDE TROBARLE

CLEOTIDE STQUENCE
I g U 'mG' X pG

23 096 - 1:00 1°08 - - - VAG

I 1°00 - - 317 - - - UAUDA

25 1.00 093 1+00 1+77 - - - (U,U,C)AG

26 0+71 0+83 1:c0 321 - - - A UU(C,U)G

27 1:00 - 100 261 - - - UUUAG

28 0+56 - 1:00 350 - - - AUUTUG

29 - 1:00 100 367 0.78 0-:67 - Un’GX(C, ) UG

30 - ~ 100 438 0-86 075 -  Unm/GXUUUUG

31, - - 1:00 2:40 - - - TY UG

A+ includes m52i6A

U includes v, D, T.

'mG* 1s the product of alkali treatment of m7G.

The nucleotide compositions of all oligonucleotides was
.determined at least twice, except in the cases of oligonucleo-
tides 28 and 31 and the values shown are mean values,

- indicates that the proportion of a particular nucleotide in

an olignucleotide, with respect to G, was less than 0-25.




fingerprints of tRNAPge sanples modified at 450”, 50°¢c, and

o - y . ; .

557C are shown in FIG., 30a. .New oligonucleotide spots
(numbered, and represented as shaded spots in the X¥Y in FIG.
30a) had appeared, and some oligonucleotide spots (represented

by broken circlies in the K®Y) had disapncared from the Tl

R¥Nase fingerprints, when they were compared with the T. RNVase

fingerprint of unmodified tRNAPge

tRNApge

1
(FIirt, 12) and that of

(of comparable phenylalanine accepting activity 1100

phicles (A unit) which had been modified in 3V sodiunm

260
bisulphite, 10mM MgCl,, po 6:0, at 25%C for 24 hours
(Section 3.2., FIG. 3Ch).

The nucleotide compositions of the new oligonucleotides
were determined after alkaline hydrolysis, as described in
Sectlion 2.2.5. (TAnL® 14). Oligonucleotide spots normally
present in Ty RNase fingerprints of unmodified tﬁﬂﬁpge, which
had disapreared from, or diminished in intensity on T

fingerprints of tPNAPge

] R¥ase

which had been hisulphite modified at
elevated temperatures, are shown in TARLFE 1% together with
identification of the cytidine residues that they contain. The
last column in TARIY 15 suggests orobable products (new
oligonucleotide sgpots) of bisulphite modification of these
oligonucleotides. ™ARWL® 16 shows the percentage yields of

oligonucleotides on each of the T, RVase fingerprints of

Tt
F. coli tmua 5°

modified at elevated temperatures for 24 hours,

. mar P e AT ; .
compared with those of tRNA 9“ modified in 3V sodlum bisulrphite,
<

10my NgClE, »H 6.0 for 24 hours (Section 3.2.).

The
2 b

The Pancreatic Rilase fingerprint of tRYWA bisulphite

s 2 =0 . . . . . = y
modified at 55 ¢ for 24 hours is shown in ™™g, 31, Spots that
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CTABLE 15.

OLIGONUCLECTIDES THAT DISAFPEARED FROM T RNASE = FINGER-

i

PRINTS AFTFR MODIFICATION OF tRNApge AT  ELEVATED
TEMTERATURES,
OLIGONUCLECTIDE C RESTNDUES PROBABLE PRODICTS OF
CONTAINED RTSULPHITE MODI®TCA-
TION
CAG cas - UAG
CACCAHy c72, C74, C75 CAUTA
UAUUA
DCG clL?7 DUG
CUCAG cll, Cl13 (U,U,C)AG
UUUAG
TY CG c56 TY UG
AUUCCG c6l, c62 AUU(U,C)G
AUTIUTG
Arms™i”AA YOCCCG ms 1 A37, CLO, AANA Y CCCCG
Cl*l ] Cl‘ra 3 CcL3
Um7excccce C48, €LY Um7ex(c,U)UUG

Um7GXUUUUG




FIG. 31

f#

2  23a ".GAAmj* i*AAy

P %:'GGGC
fGAGU/GCAU

GGT/ AGAGC
GGD @ AGD/GAU/22

OPGC
OcU

2
r; X

KEY

m&XCOf/°

lbO"

Pancreatic RNase Fingerprint of E. coli tRNAPhe "ter

modification in 5N NaHSO*, pH 6*0 at 55°0, in the absence

of Mgz+, for 24 hours.
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‘TABLE 16.

PERCENTAGE YTFIDS OF OLIGONUCLEQOTIDES ON Ty RNAgE FINGER~

Phe

PRINTS OF E, COLT tRNA‘Z AT ELEWVATED TEMPERATURES.

OLIGONUCLTCTIDE PRRCENTAGRE VIRLD

25%¢ 45°¢ 50°¢ 55°¢C
G + G 90 98 105 89
AG (2) . 127 134 124 140
CAG 86 58 42 L5
CCCG 87 C 93 96 85
CACCA Ly, 0 0 0 0
pG + pG! 77 90 106 86
DAG 107 85 96 101
DCG 14 0 0 0
veea . 99 80 89 75
CUCAG 80 Lyl 3L 4
AUAG 50 52 49" 46
T Y CG 112 78 40 31
Ay UG 127 94 93 87
AUUCCG 113 60 27 12
panst18any cocca 18 13 32 26
Un’ GXCCUUG 85 4O 22 9
19 13 0 0 0
20 78 92 70 82
21 126 109 104 110
22 67 70 50 52
23 0 LO 50 80
24 0 10 . 15 23
25 0 26 20 19
26 0 28 24 31
27 0 20 57 77
28 0 13 36 57
29 0 17 S4 19
30 0 23 34 62
31 0 40 65 920
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TABLE 17.

NEW OLICONTCLEOTIDES APPEARTNG ON PANCRFTATIC RNASE

Phe

FINGERPRINTS OCOF T, COLI tRNA P AFTER RBISULPHITE

MODIFICATION AT ELEVATED TEMPERATURES.

OLTGONT- RELATIVT PROPORTION OF EACH NUCLWOTINE PRORABLE

CLEOTIDE SEQUFNCT
At c G U 'mg' X PG

21 - - - 100 0-67 0°48 n’ GXU

22 Ran with AGD / GAU AGU

2% 2+31 - 1.67 1-00 - - - AGAGU

2L - - 250 100 =~ - - GGGU

A+ includes mszi6A

U includes Yy, rT7, D.

indicates that the proportion of a particular nucleotide
in an oligonucleotide of less than 0-25, with respect

to the pyrimidine nucleotide.
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have disapveared from the filngerprint compared with that of

" unmodified tﬁﬂﬁrge

(FT. 12) are shown as brcken circles, and
the new oligonucleotides are shown as shaded spots. The
nucleotide compositions of the new oligonucleotides were
determined after alkaline hydrolysis {TARLE 17). TARLE 18
indicates the oligonucleotide spots which disappeared from
Fancreatic RNase fingerprints, together with identification of
the cytidine residues contained, and their prcbable products,
Ty RNase Tfingerprints were used as the principal socurce of

data about high temperature modification of tRW . Tlevation

The
Vo

of the temperature to 5500 resulted in bisulphite modification
of €11, €13, c¢25, 48, €49, C56,C61,062 and 72, as well

as those nucleotides modified at 250ﬁ (cl?, 74, €75 and
ms2i6A5?)o Of these, the extents of modification of 25, (56
and C72 could be determined directly by the extents of

modification of rAG, TW CC and CATTA respectively. After

0y’
bisulphite modification at 2500 for 24 hours, €74 and (75
had been completely medified, while (72 was not modified at
all (Section %.2.). It was therefore assumed that (74 and
C?5 were nodified faster at higher teamperatures than (72, and
that the ™ oligonucleotide with the comrosition 14, 1C, 21,

was CAUUA The extents of modification of <Cl1 and (13,

on’
c48 and CL49, and 6L and 62 were nol obvious from
exémination of fhe extents of medification of CUCAG,
Um7CYCCUHG and AUUCCG as each of these oligonucleotides
contained two cytidine residues.

Pancreatic RNase fingerprints were a relativel oor source
[}

of data about the residues modified at high temperatures,
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CTABLE 18,

THAT DISAPFEARED FROM. PANCREATIC RVASE

FINGERPRINTS OF

B. COLI tRNAPge, BISULPHITE MODIFIED AT

FLEVATED TEMPERATURES.

OLIGONUCLECTIDE

AC

n’Gxc
AGC
AGAGC
GaeC

canms21©aa v ceece

C RESTDUES * PROBABLE DRODICTS OF

CONTATWED BISULPUTTE “ODIFICA-
TTON

C74 AU

c48 m7GXU

cll AGU

c2s AGAGU

c72 (elelelif

2.6

ms 17 A37 GAANAW CCCCG
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partly due to the fact that some oligonucleotides which were
products of bisulphite modification, ran with oligonucleotides
already present, di1.e. AGU with CAU/AGD and AGAGU with
GAAm52i6AAlﬂ, and partly because some of the residues modified,
l.e. C49, €13, cc6l and (62 occurred in pyrimidylcytidine
sequences and could only be detected as a decrease in the
pool and increase in the U pool. However, 1t was possible to
determine the extent of modification of C48, after 24 hours
at each of tﬁe four temperatures, by determining the extent of
modification of m7GXC. Confirmation of the extent of
modlfication Qf C72, by determining the extent of modification
of (GGC was also possible, PBecause of contamination of AGU
(product of bisulphite modification of ACC containing CL1)
with GAU and ACD, the extent of modification of Cll could
not be deterumined.

The case of €K and €49 1is the only one in which the
relative extents of modification of two cytidine residues, in
the same Tl RMase oligonucleotide, have heen elucidated after
reference to the Pancreatic RVase fingernrint. ™The yield of
m7GXU on the Pancreatic RVase fingerprints of ¥. coli tDNAPge
modified at elevated temperatures was calculated as a percentage
of the total yield of m7GXC + m'?ﬂ}{”° These were compared

with the relative percentare yields of Um?GYCCUUG,

7

Um' GX(C,U)UUG and Um?ﬂXUUUUG on Tl Riase fingerprints of the

o Phe . .
same modified tRNA‘g. gamples, as shown in TARLE 19 below.
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TABLE. 19.
Nuclease Oligonucleotide Percentage yield at
various temperatures

(to the nearest S%)

45°%¢ 50°¢ 55°¢

Pancreatic UmVGXC 60 25 10
RMNase

Pancreatic U’ Gy ' 4O 75 20
RNase

T, RNase Um7GXCCUUG 50 20 10

T, RNase T’ GX(C, 1) VUG 20 4O 20

T, RNase ' Um?GXUUUUG 20 Lo 70

The yleld of m7GXU indicates the extent of modification of

c48, and the yield of Un’GXIITIG  indicates the extent of
™
modification of both CL8 and €49 in the same tRNﬁ‘Se

molecule., At each tewperature, theipercentage yield of m7GXU

wvas .almost equivalent to the percentape yield of UmTGX(C,U)UUG

o

+  Un'eYUUUUG. This indicates that ¢48 was modified before

Phe

CL9 dn the same tvRNA > molecule,

FIG. 32 is a diagrammatic representation of T. c¢oli

>
tRNAlge with the tertiary interactions suggested by Kim et al
(1974b) and Ladner et al (1975b), showing the percentages of

Tioen s o ~ . V2 . 0
modilfication of each of the various cytidine residues at 257°C,

45%c, 50% and 55°c.

%.5.3. Melting of ®. coli tWNﬂpge Tollowed by Risulphite

Adduct Tormation.

It is obvious from the results described in fection 3.5.2.
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FIG. 32.
CLOVERLEAY REPRESENTATION OF E. COLI tRNAghe INDICATING THE EXTENTS
OF BISULPHITE MODIFICATION OF VARIOUS CYTIDINE RESIDUES AFTER

MODIFICATION FOR 24 HOURS AT ELEVATED TEMFERATURES.

4

The figures in the boxes indicate the percentage of tRNAghe

molecules in which bisulphite modification of particular nucleoside
residues had occurred, after modification in 3M sodium bisulphite,
10m 1gC1,, PH 6+0 at 25%, and after modification in 3M sodium
bisulphite, pH 6.0 at 45°C, 50°C, and 55°C respectively.

In some cases, it proved impossible to determine the
relative extents of modification of two cytidine residues in the
same T1 R¥ase oligonucleotide, i.e. in the cases of C11 and C13,

.62 and C63, and C74 and C75. In these cases, the figures in the

boxes indicate the percentage of tRNAghe molecules in which

modification of one of the two cytidine residues had occurred.

The tertiary interactions described by lLadner et al (1975b)

The The

for Yeast iRNA , as they would apply to E., coli tRNA2 , are

also indicated.
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that elthough the absorbance at 260nm of tDNApge only began

-0
t0o increase when the tenmperature reached 507C, some
destruction of secondary and tertiary structure must have
occurred at temperatures lower than this. An attempt was made

to estimate the number of cytidine and uridine residues exposed

Phe

in the tertiary structure of tRMNA > at various lemperatures,

by the extent of bisulphite adduct formation.

32 Phe

Purified P - labelled ¥. coll tRYA 5 Vias prepared, and

instead of addition of crude tRNA, a guantity of purified cold

tRNAPge was added, so that the tRNVA contained agproximately

3

. < Fhe
260 units of this tRNA >

. A2 .

e )
> x 107 ¢cpm ~P per AZGO unit. 10A
which had a phenylalanine accepting activity of approximately
1000 "pmoles per A26O unit, was suspended in 1+5 ml of 3M
554 _ 4. ISR T b s . 35 )

S - labelled sodium bisulphite, p¥ 6-0. The S -~ labelled
35

bisulphite contained approximately 1000 cpn 3 per nMole,

Phe -
2 Splutlon was

The temperaiture of incubation of the tRYWA
. R o] X o] =0 o .
raised, from 20°C to 60°C by 0:25°C per minute, using a
Haake Bath Circulator, Model ¥.S., containing water, coupled to

a Haake ¥lectronic Digital Temperature Control Programmer
& )

Phe

¥odel F,C,, set at 1% per L mins. 20 fal samples of LRWA >

were removed at 8 min, intervals, and dialysed overnight
against five changes of buffer (0-1¥ socdium acetate, pH 6:0),
to remove excess bisulphite., After this time, two aliguots

. .. The ' ] !
were taken from each dialysed tRNA > samyle, and spotted onto
3MM  filter discs (2cm diameter). The filter papers were
washed once for 3" mins. in ice~cold 10% (W/V) trichlorecetic
acid, to rrecipate the tRNA, and twice for 30 mins. in ice-cold
55

SeH T
S04

5% trichloracetic acid to remove any remaining free

Finally, they were washed in methylated spirit, dried and
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"MELTING CURVES' OF E.coli tRNAT

FIG.33.

he
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Cy Sy 35 32 .
counted in toluene TTC/FOFCP  for %  and P, and the

amount of bisulphite incorporated per Mole of tRYA in each
sample was calculated,

PTG, 3% shows the incorporation of bisulrhite into tpe
tRNA as the temperature was increased, compared with the A260
melting curve in 3M NaCl, 1O0mM sodium phosphate buffer,

pH 6 0.

3.5. 4. Digcussion.

T ———————r

The results described in this Section clearly demonstrate
that guite extensive destruction of secondary and tertiary
structure interactions occurred on raising the temperature of

Fhe . R . T =0,
tRNA > solution (in the absence of magnesium lons) from 25 °C
to 5506. Of the nucleotides avallable for bisulphite

2+

modification at 2500, in the presence of Mg cl?7, 7?4 and

C75 also arpeared to be fully available for wodification at
_0 vy . 2t
45°C and higher temveratures in the absence of e,
. 2.6 ., . .
However, ms i A 37 appeared to bhe less available for
. . v e . .0  qa
bisulphite modification at 507°C and 557°C. Other cytidine
residues that became availabhle for bisulphite wmodification at

elevated tempreratures were those of ¢ll, €13, 25, 48,

c49, €56, C6L, CE2 and (72, Vvodification of (72, even

o . s . .
at 557C, apreared to be slow indicating that the base pair

involved, Gl -~ C72 was not significantly disrupled at these
tenperatures. 'odification of the other cytidine residues
appeared to be gquite extensive, even at 4500.

The results indicate some destruction of tertiary
structure interactions, between @¢19 and (56, and @15 and

0 . L
ch®  at 45°C. ©5¢ and 48 Dbhecaiie more available for
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o . . . o} o)
modification on raising the temperature to 50°C and 55°C.

¢ll, ¢L3 «nd €25, which are invelved in base pairs of
stem b were a2lso available for bisulnphite modification at
4L57C and even more so at SOOC and SSOC. Some meliting of
steﬁ b must therefore, have occurred at temperatures below
4500. Similarly, C49, €B1 and 62, involved in
Viatson ~ Crick base pairing in stem e were available for
hisulphite modification at uﬁoc and more s0 at 5000 and
55OCo The results indicate that on heating solutions of
F. coli tRNAPge in the absence of magnesium lons some
destruction of tertiary structure interactions, and secondary
structure interactions of stems b and e occurred, even at
temperatures below 450C. AL 5500, guite extensive destruction
of these interactions had taken place. Towever, even at 55OC,
no reaction of bhases involved in base poiring interactions in
stems a and ¢ was observed, except for slight modification
of C72 which is involved in the terminal base pair of stem a.
This indicated that no appreciable melting of stems a and ¢
occurred at temperatures of 5500 and below.

Proton nuclear magnetic resonance has been used in quite
a few cases to study the thermal denaturation of various tDVAs.
Crothers et al (1974) and ong et al (1875) have used this

. . Mat
technique to study the thermal denaturation of W, Egig't?NA”f .
Roth groups agree that, in the absence of Mg2+ ions, destruction
of ftertiary structure and the secondary structure base palirs of
stem b took place initially, although they sugpgest different
teuperatures for these transiticns, Stem e was the next to

melt, with stems a and ¢ melting out at higher temperatures.
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. 2+ .
The addition of Mg ions (Wony et al, 1975) raised the
temperature at which nmelting commenced and the tewmperasture
range over which melting occurred was narrower than in the
2+

absence of Mg~ ions,

N. M. R. studies on the thermal denaturation of . coli

Glu . 2+ \
’ (in the presence of Mg~ ions) have suggested a

tRWA
similar pattern of melting, i.e., initial melting out of
tertiary structure interactions and the bamse vairs of stem b,
followed at higher temperatures by melting of stems a and e,
and finally stem ¢ (Yilbers 2 Schulman, 1974). FKastrup &
Schmidt (19?5) have observed initial melting of stem b, in

- . . Val
the thermal denaturation of T. coli tWNAIi

2% . . ‘ . .
Mg ions, followed at higher tewperatures by melting of stems

in the absence of

¢ and e. Hilbers et al (1973), using N. M. R. to study the
thermal denaturation of Yeast tRWAPhe, have also reported
melting of stem Db together with parts of stems a .and c
before melting of the rest of the molecule. Yowever, Reisner
et al (1973) uping a differential melting techrique and
fragments of VYeast tHNAPhe sugpest initial melting of tertiary
structure, then melting of stems a and c¢, and finally of the
more stable stems b and e, on thermal denaturation.

Caron & Dugas (197€) have used a spin labelling technigue
to investigate the transitions involved in the melting of

Phe

A0t and tRNA" . The

Y , LRENA

three ¥. coli tRNAs, LRV
thermal denaturation behaviour of these LRNAs apreared to be
similar, Tnitial destruction of tertiary structure and the
base pairs of stem T occurred in each case. Melting of steuns

¢ and d apreared to occur next, with the last stage being
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melting of stems a and e,

"A peneral feature of the results from the thermal
denaturation studies described above is the initial melting of
tertiary structure. This was proposed as the initial stage of
thermal denaturation of {tRNA as long ago as 1966 (Fresco et al
1966). Another feature that emerges from a study of the
secondary structures of the various tPNAs and their patterns
of melting is that,; as would be expected, stems containing
large numbers of G -« ¢ TDase palrs (thermodynamically more
stable than A ~ U base pairs) melt later than those containing
fewer G - C base pairs, or a nmixture of G = C and A - U
base pairs, This observation is consistent with the resulis
obtained for thermal denaturation of ¥. coli tRNApge, as
studied by Pisulphite modification, described in this thesis,
The most stable helices, stems a and ¢ contain seven and
four G -~ C bhase pairs respectively. Tach of these stems also
has an A -~ U or A -y Dbase palr at one end of the helix.
Melting of these weaker base palrs would not be detected using
bisulphite modification as only cytidine residues are
modified by bisulphite, but it is probvable that melting of
these A - U and A -y base pairs @oes occur at elevated
temperatures.

The helices which appeared to disrupt readily, stems b
and e ,each contain only three ¢ - C base pairs and one
L - U base pair.  Therefore, they would be expected to be less
stable than stems a and c¢. Stem e also contains a G ~ U
base pair. Such a G - U Dbase pair in stem a of Veast

tRNAT® has been shown to require a slight distortion of the



thosphodiester backbone to accomodate it (ladner et al_19?5b).
This distortion may weaken the helix, in this case stem e of

B. coli tRNA

Pge, making it more susqeptible to thermal
denaturation.

The results desgribed in this Section are obviously
preliminary. Although, Bisulphite modification at elevated
temperatures was allowed to proceed for 24 hours, maximal
modification of some cytidine residues might not have occurred
in this time. Determination of the maximum extent of modifica-~
tion of x each particular residue at each temperature would
make the resulis more definitive, The kinetics of modification
of each residue would indicate whether a residue was available
for modification from the beginning or only after mbdification
of other residues, thus revealing whether any conformational
changes in the tBNA molecule, due to Bisulphite modification,
occurred, However, the results do give some Indication of the
Fhe

avallability of the cytidine residues of T. coli tRNA for

[l
modification at various stages of its thermal denaturation.

o) . 24, . .
At 457C din the absence of Mg~ idons, quite extensive

. . Phe . .
denaturation of ¥, coli tR7A 5" had occurred. This is borne
EELIA St 2
out by the fact that at temperatures as low as 2'700s more

cytidine and/or uridine residues were available for. bisulphite

adduct formation than at 2500 (see FIG. 33). It would be

Fhe

interesting to modify tRWA > at lower temperatures to see

which tertiary or secondary interactiocns are destroyed first,

Bisulrhite adduct formation (described in Section 3%.5.3.)

appears to be an effective probe of tRWA meltiing. The results

shown in FIG. 33, however, arc anomalous. At _SOC, when three
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cytidine resudes (C1l7, C?74 and (¢78%), four uridine residues
(U33, U5, U559 and UEQ) and m8216A 3% ave theoretically
available for bisulrhite adduct formation, only 1.65 moles of
(358) HSOB" aprear to be bound per mole of LWNA. This is
probably due to a) the fact that bisulphite adduct formation

is fairly slow and the temperature is increasing by 0-2500

per minute so that maximal adduct formation at a particular

temperature is not possible, and b) the fact that HSO3

adducts may be lost during the dialysis step.

The fact that a large increase in the number of bisulphite
adducts formed is accompanied by only a small increase in
abscorbance caﬁ be explained by the fact that the optical
melting phenomenon depends hoth on breaking base pairs and
unstacling of bases in single stranded regions. Some of the
bases available for adduct Tormation with bisulphite may still

be stacked, although no longer base paired.




L. CONCLUSTCH,

Two methods have been described for the purification of

94 waFhe 1 a1 a4 : -
e ocoli tRNA 5 . Loss of phenylalanine accepting activity was

-
observed both on deacylation of Phe»tPNA‘h

2
purified tRNAPge under some conditlons. The loss of activity

e
and on storage of

could not be attributed to the presence of nucleases and must

therefore have been due to some chemical and/or conformational

. e . . . .
change in the tRNApg molecule., The existence of certain

species of tRWA molecules in both active and inactive
conformations has been described before, (Tindahl et al, 1966;
Cartland ® Sueoka, 1966; Renaud et al, 1974), but methods that
have been described as capable of converting the .inactive tRNA

molecules to active molecules were not found to be effeclive in

Phe

the renaturation of LRVA 5

(Iindahl et al, 1966; Ishida

et al, 1971).

Investigation of the stability of %. coli tRWAPge under

various conditions led to the discovery of the optimal storare

conditions, under which inactivation was nepgligible. Addition

32 The
2

of unlabelled, unpurified tw»7A Lo F--labelled purified tkwj

was found to bhe very effective in stabilisation of the active

he

. . T
form, Particular care was exercised to ensure that the tRMNA >

was protected from light during purification and storage to
prevent the formation of a photochemically induced cross-link

!
between 58 and 13 s Wwhich probably causes loss of

: . . . . " he
pherylalanine accepting activity in ¥, coli tWNAP

1974). ™he ease of denaturation of tDNAPge was borne in wind

-
{Carre et al,

in later chemical modification studies, ™he activity of

Fhe . . - .
tRMA o> was determined directly before chemical mocdification,
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and such studies were always carried ouit in the presence of an
egual amount of unlabelled, unpurified t»N4j, to discourage
denaturation,

The T1 and Pancreatic RNase fingerprints of %, cold

tRNA]/ge shown in FIG. 12, were dlrectly comparable +to those

obtained by Rarrel & Sanger (1969), indicating that their

he | . . . Phe .
E. cold trua® 15 ddentical to W, .coli tWNAIgL. There was no

evidence to support the structure described by Uziel & Cassen

(1969) for RoB coli'tHNAphe.

Pisulphite modification was used as a probe of the tertiary
A}he

structure of ¥, coli RN, . At this point, it is of value to

Giscuss results published recently on the tertlary structure of

Phe Fhe

Yeast TRNA The ftertiary structure of Veast tRIA

(presumed to be common in most respects to all tRNAs), determined
PR . . . -0

by X~ray diffraction studies, to a rercolution of 3p has bheen

described in <Section 1.3%.3.5. Wowever, recent papers have

described further details of tertiary structure alter

' )

i

examination of diffraction data at a resolution of 2.54 {Jl.adner

el al, 1975b, Quigley et al, 1975)., Although previous papers
had described only tertisry interactions involving hydrogen
honds between nucleotide basegs, these two napers reveal the
importance of hydrogen bonding interactions of -0 groups of
ribose molecules and the oxygen atoms of phosphate groups to
each other and to nucleotide bares, in the maintenance of
tertiary structure,

cadner et al (1975b) and Nuigley et al (1975) have corfirmed
the existence of hydrogen bonding interactions between 118  and

Y55 (@18 is bonded to the base and ribose of W55 and also to

-




ribose 58) and €56 and 19 (the only "™atson-rCrick base pair
found in the tertiary structgre interactions), which were
suggested by ¥im et al (1974b). Certain invariant or semi-
invaeriant bases have been ascribed the role of fixing the
ribose - phosphate backbone in strained regions (Ladner et al,
1975b). N4 of the invariant base of €61 hydrogen bonds to

an oxygen of vhosphate 60. This phosphéﬁe group is also
anchored to the 2' -0H group of m1A58. The semi-invariant

base of Cll in Veast tRNAPhe

forms a hydrogen bond hetween

N4 of Cil and ZIOH of rivose 9. Such an interaction would
also be possible 1f U were present in this position instead
of ¢, as it is in some tWNWAs. The invarliant base of A2l has
been .found to hydrogen bond, not to the bases of the base pair

~

U8 - AlL, but rather to riboses 8 and 48 Ladner et al,
1975b;  Quigley et al, 1975). Further interactions include
hydrogen bonding betweeh 57 and the 2' ~0H group ¢f ribose
8 and 1' ~0H  group of ribose 19, which helps ta holad
together Loops I and TV, and a h;drogen bond between the 2 -QH
groups of riboses 58 and 59, which helps to stabilise a
strained region of the ribose phosphate backbone,

There is some evidence for the existence of Ng2+ binding
Bifes between phosphates & and 9, and between resgidue 17
of ore molecule and residues 20 and 21 of the adjacent
molecuie in the cystal lattice (Quigley et g&{ 1975), where
they probably stabilise strained regions of the ribose -

phosphate backbone., There is also some evidence for the

presence of a maghesium ion adjacent to 159 and . (60, again
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In this thesie Bisulphite modification of ¥, coli trvA'2°

has been described. The tRNAP?e

used in these studies was

The
2

detectable conformational change during modification, making

between 65% and 79% pure. The LRNA did not undergo any

Phe
Mo
concentration was kept below 5 A?6O units per ml. to prevent

certain residues more or less reactive. ™he LRW

5 .
possible dimerisation of tRNAIge molecules., The results

bl
obtained on RPisulphite modification of %, coli tPNAPge described

in this thesis are consistent with a tertiary structure for

P?e similar to that determlned, by X-ray diffraction

studies, for Yeast tRM.Pge. Tt is of interest that bisulphite

tRNA

modification of Cl7 (in a region fully exvosed in Yeast

s Phe . . o
tRNAT } occurred with a t, for disappearance of 17 of 2:25

2
hours, faster than modification of poly ¢ (4+3% hours (Coddard &

Schulman, 1972)) under similar conditions., This indicates the
extremely exposed nature of Cl7. Todification of C74 and
n75  occurred with a t% for each cytidine residue 0f between
3¢25 and 7.0 hours., Thus (74 and 75 vere modified more
.slowly,than ci7, prohably at a similar rate to cytidine
residues in noly (.

Fxamination of the results of chemical modification of
Veast trna’ ¢ (Ladner ot al, 1974b) has shown that - they are
consistent with the tertiary structure determined by X-ray
diffraction, and has thus demonstrated the efficacity of
chemical mcdification in tR¥A tertiary structure studies. This
had previously been doubted because of the possibility of
tRIIA denaturation during chemical modificaticn. The results of

this thesis indicate that Risulphite is a useful reagent for
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chemical modificaticn of tWNaA, as it does not cause a

Phe

conformational bhange, at least in the case of W, coli tRNA PR

during modification.

Making into account the natuvre of the Bisulphite
modification reaction (see FIG. 6), it is likely that any
cytosine base in tRWA involved in hydrogen bonding interactions
would be less reactive than an unbonded cytosine base. The two
cytidine reslidues of ™, coli tQNApge, in single stranded regions
el the clpverieaf étructure, but unreactive because they are
involved in tertiary structure interactions, are C48 and (56,
TL direct comparison with Véast tRNAphe is valid, 02 and W3
of ¢c48 are probably hydrogen bended to @l5 and 02, W% and
N4 of (56 hydrogen bonded to 19, In addition, bisulphite
modification appears to be inhibited by stacking (modification
of (17 was faster than modification of ¢%4 and €75 and
cytidine residues in poly C).

By the standard fingeryrinting procedure, it was not
possible to investigate the effect of Bisulphite of quB in

. ... Phe o . ) ;
¥. coli tRMWA L . However, such a modification could probably
Lt )

be followed by other methods,- i.e. by the comparison of the

ratio of - to A~ before and after modification, or b
comparison of the nucleoside cowmposition of modified and unmodi-
Phe

fied tRNA o A chromatographic method of separating uridine
and f-thiouridine has been described by ?ingﬁal & rmest (1973).
Bisulvhite modification did not prove to be a very
effective probe of the specific ligace recognition site of
.. The

T, coli tRY o » There was found to be no difference in the

bases modified in active and inactive fractions of Risulphite
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o)
modified tQNA”;e. sing the methods described in this thesis,

1t was not possible to.determine whether SHUS was modified by
Risulphite., Wowever, as already discussed in Section 3.2.3.,

such a modification would be unlikely to cause a loss of
phenylalanine accerpting activity. Tnvestipgation of the

nucleoside compeosition of active and inactive bisulphite

modified tQ“Apge for relative amounts of uridine and L-thiouridine
would prove thig point,

On examination of the 3-dimensional structure of Veast
ﬁQNAPhe, éetermined by ¥-ray diffraction, wohertus et al (1974a)
and Ladner et al (1975b) have sugrested that bases in the o and

ﬁ regions of L.ocop T, because of their variability in different
tRNAs, and extremely exposed nature, may act as syecific ligase
recognition sites, ™here is some doubt about these sites being
specific iigase recognition sites, however, as sope tRMAs have
conmon sequences in these regions (¥in et al, 1974a), and
usually, cheinical modification of bases in these reéions does
not lead to loss of arwino acid accepting activity (see Section
1o4.3.0.3.0)

Considering the particular case of ¥. coli tD“AFhe, Shugart
& Stulberg (1969) have described inactivation on redvction of
shﬁB, D16  and N20. ™he results obtained on chemical
modification of s“”8 in ¥. coli tPWAPhe by several methods
(Section 3.%.5,) indicate that this is an unlikely candidate for
a component of the 1igase recognition site, so attention must
focus on the ® and B regions. The results described in this
thesis, howecver, indicate that the conversion of €17 to 1ULY

The.
(CL7 is a couponent of the o region of ¥, celi tD“A'he) with
I £ wr Lt 2
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bisulphite did not destroy srecific ligase recognition,

‘suggesting that €17, at least, is not an essential part of

the specific ligase recognition site of 7. coli tﬁNAPge.

The anticoden loeop is another region of tRNA structure
that has bheen considered as a component of the specific ligase

recognition site (fee Section 1.4.1.6.3,). One nucleoctide of

the anticodon loop of ®. colil tRNA}ge was found to be reactive

with Bisulphite, i.e. msei6A57, While the inactive fraction
Phe
2

proportion of modified msai6A37 than the active fraction,

of Bisulphite modified tRNA contained a slightly higher

there is certainly no conclusive evidence that modification of

this nucleotide caused loss of phenylalanine accepting activity.

Modification of F. coli tnwgpge with 1M sodium bisulphite,

pH 70 at 3706 for 24 hours caused complete modification
' 2.6

of only one nucleotide, di,e., ms 17437 (<Section 3.2.2.).

Examination of the phenylalanine accepting activity of this

modified tRVﬂyge would be helpful in deciding whether the

results obtained,; of the greater extent of modificaticn of
2.6, 50 . s _ . ke
ms 1 A57 din the inactive fraction, are significant.

Tt might be possible to replace the three nucleotides at

. ,
the 3% -0Y +terminus of fully bisulphite modified F. coli

tRUAIge (after modification in 3M sodium bisulphite, pH 6. 0O
at 2§OC for 48 hours) with the --CCAOH repalir enzyme

) . 1N
described by NDeutscher (1973), so that tPNA“ge containing only

2.6

et -
the modldfications Cl7—3 Ul?7 and ms i A37 )msgi6A -

HSO§ - 37 would be obtained. The phenylalanine accepting

»)
A}he

activity of this modified twy could then be determined,
and this would help to elucidate the effects of modification of

C74 and C75 on phenylalanine accepting activity.
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As the results described in Section 3.3, stand, it secms

most likely that inactivation of ¥, coli tQNADhe

A GEA 4t 2

was due to a
conformational change, facilitated in Risulphite modified

tRVA

dhe o -
]2 . The occurrence of such a conformational change could

possibly be confirmed by structural studies (using one of the

physical techniques described in Section 1.3%,3.5.) on

Fhe
2

suggested in Section 3.3.5., in order to exhaustively define

unmodified and fully Risulphite modified tRNA . &s'already

the effect of misulphite modification on the vhenylalanine

accepting activity of ¥. coli tRNAPge, it would be necessary to
investigate the apparent Km and VMAX of the lipase for fully
Fhe FPhe

Bisulphite modified tRNA", . ™Mo obtain active tRNA" ,
molecules with 100%Y modificatlon of all the four reactive
bases, it would be necessary to separalte active from inactive
molecules after modification in 3M smodium bisulphite, pd 6+0
at 2500, for 48 hours,

Ag discussed in Section 1.4.1.1., the use of chemical
modification to investipate specific ligasc recognition sites
of tRNQ molecules is fraught with difficulties. WRefore a
particular modification can be correlated with loss of awino
acid acceptor activity, active and inactive forms must be
separated. ™MThis has not always proved posgible (Chang et al,
1972), and ircomplete separation of active and inactive forms
has been described (Cashmore, 1970).

Litt (1971) has reported results on the Kethoxal

‘s . ~rp i hie .
modification of Veast ™A analagous to those described in

D
this thesis for Pisulpyhite modification of ¥, coli t?”A‘ge.

Roth possibkle Yethoxal modifications (of G20 and G24) were
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Phe

present in both active and inactive modified t™JA molecules.

"While Litt has sugeested that these results may be explained
by the stercoisomerism of Vethoxal adduct formation, they

could equally well be explained by a conformational change in

APhe,

Yeast iRV molecules which was facilitated in ¥Yethoxal

modi fied Yeast nwal €,

Cytosine syecific reagents usnally cause modification of

1
the two cytidine residues, in the 3 terminal »CCAOH

sequence (Cashmore, 1970; Kulan et al, 1971; Chambers et al,
1973; Chang, 197%; Schulman & Goddard, 1973; Chang & Tsh -
Horowicz, 1974; Rhodes, 1975). Alteration of the chemical
structure of this region, because of its position close to the
point where the amino acid is attached, is bound to affect
tREA ~ ligase interaction, and may thus alter the rate or

extent of aminocacylation. Towever, hocauce the mCCAOH

sequence 1= common to all tRNAs, the altered rate or extent of
aminoacylation cannot be due to destruction of a specific
ligase recognition site. An additional rroblem has been
encountered with Bisulyhite modification of cylidine residues

LIERS
in the ~CC seqguence of Veast tRYA Jr. Kuéan et al, (1971)

AL
(0131
have reported the presence of a nucleasec in the crude ligase

. . . R Tyr
preparation employed for aminoacylation of modified twwa J )

: . Ty
which removed the segquence T1UA from modified tRNA Y )

Ol

m
leading to the production of tRWA YT molecules incapable of

accepting tyrosine, T found no evidence for the vrezence of a
simiiar nuclease in the purified phenylalanyl - twW7A ligasec

rreyraration used to rhenylacylate Risulphite nmodified ™. coli

oot

tRUAThe. The inactive nmodified tUWAPhe contained a tctal yileld
2 2

! N m 3 o AP NI Al
of the 3 terminal "y oligonucleotides, CAFCAOH, FA(M,V)AOH




and CAUUAOI comparable to that found in active modified

I
tRNA 2' (see ™ATLT™ 12).

It 1s obvious that the utmost care must be exercised in
the use of chewmical modification to examine the ligase

recognition sites of tRNA molecules. Whille all of the criteria

described in Section l.4.1.1. should be observed, an essential
requirement, that can not always be easily satisfied,.and is
difficult to prove, is that chemical wmodification must not
alter the cenformaticn of the {¥NA molecule, or facilitate a
conformational change. TIn my opinion, this is one of the
biggest stumbling blocks in the use of chemical modification
for such structure function studies. Another big drawback is
that most modifying agents used are only capable of reacling
with bases in single stranded regions of tWIA, whereas it is
gquite likely that the ligase recopgnition site wmay include
helical stem regions (Roe & Dudock, 1972; Kern et al, 1972;
Rich, 1974).

e . s . - P P
Bisulphite modification of @. coli FPhe-tRNA

ne
- has been
[ =8

described in Section Z.4. This was an attem-t to discover

whether there are any conformational differences between

\ The
charged ond uncharged tRUA

P QObviously, only the
conformaticn of nucleoside residues which react with Bisulryhite

6

could be investigated, i.c. cytidine and 2-methyl thio ~ N

.
*

isopentenyl adenosine residues, Tn particular, it was thought
that (56 nmight become available for RBisulphite modification,
due to exposure of the sequence GPYCG on arminnacylation,
However, no reaction of %6 war- detected, either before or
Fne
o]

after awinocacylation of T. coli tRNA

. As already discussed

in Section %2.4.3%., this does not necessarily mean thaot the
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Pge is not involved in binding to 58

TWYCG region of tRIA
RNA of the ribosome. Fxposure of this sequence might occur
on interaction of aminoacyl-tRWA with the elongation factor,
GTP, template and 308 ribosonal sub-units, as suggested by

Schwarz et al (1974).

The only detectable difference in the Risulphite

modification pattern of Phe - tRNAFge as coumpared to tRNApge
was that msaiGA 37 was less modified after & hours in the

charged form 6f tRNApge, than in the uncharged ferm. There are

several possible explanations for this result, It could be due
to a local conformational change of Loop II, the anticodon

>
loop, on aminoacylation of %M. coli tRNAlge, that made the

isopentenyl adenoside side chain of msai6A A7 - less exyposed,
and therefore less available for Bisulphite modification,
However the anticodeon must remain exposed, as it is the
aninocacyl form of tRNA that interacts with the codon on mRUA,
or become exposed (e.,g. on interaction wilh the elongation
factor) before interaction with the codon.

Although Robertus et al (1974a)have determined that the

Phe '
¥ are stacked on the 3%

bases of the anticodon of Yeast tR'A
side of Loop IT (the T H conformation described by muller 2
Hodgson (1967)), there is some evidence from chemical
modification (Chang & Ish-Yorowicz, 1974) and oligonucleotide
binding studies (Uhlenbeck, 1972; Schimmel EE-Ei’ 1972) that
different tRNAs may have different anticodon locop conformations,
the bases of =ome tRNAs being stacked on the 5' side of the

anticodon loop, i.e. the hf conformation (see Woese (1970)).

A conformational change in the anticodon locp of F. coli
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tRNApge from FH to hif on aminoacylation would explain the

rezults cobrained for modification of m$2i6ﬁ 37, the base of this

nucleotide becoming exposed on such a conformational change.

The result could also be explained if PhemtRNApge

2.6

containing modified ms i A 37 was more rapidly deacylated than

Phe
2

been used in this experiment, the deacylated bisulphite modified

tRNAPge

Phe-tRNA containing unmodified m8216A 37. If pure tRNA had

could have bheen fingerprinted, and if modification of

Phe

msZiGA 57 facilitated deacylation, this tRNA",

fraction would

have contained a greater proportion of tRNA molecules with

2.6

modification of ms i A 37.

A simpler explanation for the slower modification of

P
msai6A 37 in charged F. coli ﬁRNA‘?e would be possible if

modification was able to continue during dialysis of tRIIA to
remove Misulphite. As Bisulphite modification of msai6A 37 is

a free radical reaction (Hayatsu et al, 1972), it is able to take
place in low concentrations of Pigulphite (~ 1 x 10“2M (Hayatsu
& Inoue, 1971)). After Wisulphite modification of tRNﬁpge, it

was dialysed against pH 7.0 buffer, while after modification cof

Phe
2

to fracticnation on a Renzoylated DEAW -« cellulose column,

Phe--tRHA dlalysis against pyd E-Obuffer was employed, pricr

There is souwe evidence that the rate of Bisulphite wodification
of isopentenyladenosine is optimal at pH 7-0, and is reduced on
lowering the pH (Mayatsu et al, 1972). If some modification of
2.6, . - . . . - . . .
ms 1A 37 was able to continue during the dialysis stage, it
would proceed faster in pH 70 buffer than in pH 50 buffer

Phe

i.e. faster in the uncharged form of tRNA® than in the charged
2

form. However, there is some evidence described in this theais
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6

that modification of msai A7  did not continue during
‘dialysis. A sample of t?ﬁﬁpge removed immediately after suspen-—
sion in 10mH chla, AM sodium bisulphite, piT 6°0 was found
to contain a similar percentage yield of the T, Rlase oligonu-
cleotide AAms“iCAAW CCCCG  to that of the same trnA"S® sanple
belore Risulphite modification, dmplying that no modification
of msaiGAB? occurred during dialysis,

Chemical modification has not previously been used as a
probe of the conformation of amlnoacyl-iRNA, probably wmainly
because of the fact that deacylation often cccurs during the
conditions of chemical modification used, In this thesis, a
method has been described for the saparation of charged and un-

< s Plre . o . .
charged modified tRNAla , 50 that the modificationswhich oceur

i1n charged tRNAPge could be pinpointed. ™his method could be
extended to other tRWA species 4F phenoxyacetylation of the
aminoacyl-tRW4 was perforaed after chemical —odification and
before Renzoylated DEAT-cellulose chromatography. The separa-
tion of rhenozyacetylated aminoacyl-tw¥A from tRNA, in this way,
has been described by Gillam & Tener (1971). Alternatively,
modified aminozcyl-tRHA and nodified uncharged tRMA could be
separated by chromatosraphy on Dihydroxyboryl substituted
cellulose (i"cCutcheon et al, 1975). |
Bisulphite modification ol E. coli tRNAPge

0 .
temperatures has shown that even at 45°C, in the abscnce of

at elevated

2+ . : : 4
added Hgé , some destruction of the tertiary interactions
involving ¢56 and ¢19, and 48 and (¢l5 had occurred,
The
2
t

secondary structure of stem b and/or stem e had also occurred.

In a2 proportion of INNA molecules, destruction of the

Cytidinc residues in the helical regiong of stems a and ¢
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were not moedified, even at 5500 (excert for €72 to a small
extent), indicating that these stems are more heat stable than
stems b and e, This can be explained by the fact that there
are a greater number of thermodynamically more stable @ -~ C
base pairs in stems a 4dnd ¢ than in stems b and e.

It is interesting to note that destruction of the base
pair C49 - GG5 appeared to occur .only in molecules in which
destruction of the tertiary structure base vair ¢48 -~ @15 had
occurred. This is probably due, at least partly, to the fact
that the ¢48 - @15 base pair is weaker than the ¢C49 - GG5
base pailr, involving only two hydrogen bonds (Robertus el al,
1974Lb) instead of the three hydrogen bvonds in the standard
.watson - Crick base palr C49 ~ 065,

A similér explanation may be valid for breakage of the
CH6 = gl9 Watson - Crick tertiary structure base pair less
readily than the €48 -~ 15 tertiary structure base pair,
Towever, account must be taken of the other base pairing
interactions in the regions of G - ¢ Dbase pairs which aprear
to be destroyed on elevation of the temperature. If a G - C
base palr is present in a region whose conformation is fixed
by the particivation of other base pairing interactions, it
will be less easily broken than an isolated ¢ - ¢ . base pair
‘hclding two parts of the tRYA molecule together. TRy analogy

Phe

= . >}
with Yeast tRia’ "% (Ladner et al, 1995b), in m. coli tRuAT A

22 2
only one base pair 1s responsible for holdinpg together Loops I
and TIT, i1.e. 48 - @15, ‘owever there arc several
interactions hotding together Locps I and TV, the standard

vatson -~ Crick 019 - ¢56 Dbase pair, hydrogen bonds between

the base and ribose of Y 55 and the ribose of A53 with the
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base of 18, and a hydrogen bond between the base of 57 and
]

the 1 ~0H group of the ribose of G19. ™herefore, it is

unstandable that the GL9 ~ (56 base pair is less readily

disrupted than the @15 - 48 Dbase pair.

Phe

The early melting of stem b of W. coli {RIA 5

which has
also been described in thermal denaturation studies of other
LRNA nolecules (Hilbers et al, 1973; Crother et al, 1974;
Hilbers & Schulman, 19747 Kastrup & Schumidt, 1975; Wong et al,
1975; Caron & Dugas, 1976) is of interest in that this region
has been postulated to contain the synthetase recognition site
of Yeast tﬁﬁA?he (Roe & Dudock, 1972). However, there is
evidence from M,M. R, studies on the interaction of 7. colit
tRNAGiu with glutamyl - t3NA synthetase, that the interaction
doeé not involve bfeakage‘of any base pairs in helical regions
of the tRVA molecules (Schulman et al, 19748.

It is obvious that a number of factors contribute to the
stability of any base pairing interaction in tRITA., The results
obtained on thermal dénsturation of . coli tWNAPge, as mtudied'
by Pigulphite modification, indicate that tertiary structure
interactions arc not nocessarily "wealk" interactions destroyed
first on thermal denaturation as postulated by Tresco et al
(1966). They may be as difficult to destroy as some secondary
interactions, as illustrated by the breakage of the base poirs
of stem b at similar femreratures to the brealage ol the
tertiary structure base pairs C48 - @1l% and (56 -~ G19.

In conclusion, the stability of different regions of a tRNA

molecule on thermal denaturation must demend on its unigue

secondary structure and may therefore differ from tRNA to tTNA.
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Bigulphite modification at elevated temperatures has rroved an

Phe
-2

in a preliminary study.
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