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AZSTRACT

= . The sequence and conformation 0f short RNA strands

-

was investigated. by pfoton nuclear magnetic resonance

. .Sspactroscopy. This physical technigque gives conformational

information abou® RNA strands in solution at the nuclaocside

lavel. The shoert oligoriboenuciectides used in these stud:es
. . - e

were chaemically svnthesized by the phosphotriester method

developed Dy T. Neilson and assocliates, which is capable of

preparing a wide variety of sequences in the gquantities

required for NMR spectroscopic exper;menis, ind the many in

vit{g/firmination assays . The work presented in this thesis

was the first to demonstrate that NMR speactral infd:malibn

can be used to segquence RNA cligomers; and that sequence and

conformation around termination codons can redefine their

-

activity in witro.
A set of parameters has been devalopsad thaE.p;ovides
a new and accu;ate maphematlcai apgroach tor th; assignment
of thae NMR chemical shifts for he}erob?se ring and anomeric
profans in oligo;ibonucleotides. The ;et of empirical shift
parameters was deri{qd £romathe-chémf§a1 shifts of RNA- *
oligomers and can also se appliéd to DNA species. The-
accuracy oflihe parameters:is su;h that 'they can be used to
accurately determine the seﬁuence ecf RNA oligomers.
The specif@city ot ig‘vilro.prokaryotic chain

iz - . :



)

termination was examined a5 a funcition of the seguence

neighbouring UVAA. Af=-1 dependent

s

arminati:on was assaved
from the reieasa o0f N-acetyl or N-fq:myl-methionine from
inittiation complexes containing N?;cétyl- or
N-éogmyi—met-taNA::1bospﬁeszguc or AUG (N)_. In the AUG
casef a secgnd Qiigomer was added o cause release. -

when added to-the A¥WG-bound intermediate, hezamer,

UAAUAG, containing, tandenm termination codons, was slightly

more affective in the relsase of N-acetyl-met-tRNA by RT-1

-

than UAA, URAAN (where N i1s A, G, C., or U), and UAAUGA
. whersas UAAUAA: was least affective, Oligomefs. AUGUA,

AUGUAA ,AUGUUA ,AUGUUAA, AUGUUKU, and

-

AUG(UY UAAC(A) (where m = 1-5) stinulataed

e m 18-25

binding of N-acetyl-mat-tRNA and release of N-acetyl-met by
RF-1, wheraas AUGCUA, -AUGCUAA and AUGUAA(A)H, were less

affasctive. ' : ‘ . e

. . - - ™~ .
The sequence UA acts as release signai for RF-1,-its

.
\\

activity varying with mRNA sequence context. The
conformation surrounding UA is respon&ible which is
dependent upon the nature of a2djacent nuoleoside residues.

.

This UA recognition is competed for by cognate

amineoacyl-tRNAs. .
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INTRODUCTION : '

Chgmical synthesi? of oligoribonﬁcleétides has been
appli;d to various problens ;f biochemicajm}nterest. The
objgctive of\}hi; work iskto demonstrate how chemicaily
syn%heéized oligeribenuclecotides may be used to investigate
aspects of cogformétion and sequence. in short 3NA oiiéomers.
Specificarly. it will be shown fhaEJ (i) when RNA cligomers
are inl a highly flexible conformati%onal state the 1H—-N]"(H
chemical shifts can be used to seguence the oligomer, (iid

the seguence and conformation of oligomers can effect the

termination process in protein biosynthesis.

1.1 The Chemical Svnthesis of Qligeoribonucleotides.

Chemically synthesized oligoribonucleotides have

played a2 major role in many biochemical studies. Synthetic'
eligeribonucleotides were used in experiﬁénts that elucidated

the triplet nature of the genetic code (Nirenberg and Leder,
19464) . Chemiéallytsynthésized oligodeoxynucleocotides have been

used to synthesire complete genes (Khorana, t 1., 1976;

Edge, t 1., 1981; News and Views, 1%81). Chemically

synthési:ed DNA fragments are also used to induce site
specific mutations (Ciampi, et al., 1982).

Synthetic oligoribonucleotides have been used as
substrates by the RNA ligase enzxyme to build the precistronic

region of bactertitophage a8 a protein (Neilseon, et al., 1%79),



and ‘to alter tRNAs_so that structure functien relationships

could be investigated (Bruce and Uhlenbeck, 1978, L981;

Gumport aﬁd Uhlenbeck, 19803 . VariousAshort oligbmers~that

mimic regions of -mRNA have been svnthesized to investigate -~

. ﬁﬁ%\
‘seguence effecfs on translational initiétion ;g vitro
:(ca;oz;, et al., 1978; Neilson, et al., 1979; Ganoza, N ég.f
1982) . ‘ _— - - o : .
Successful cheﬁica; synlﬁesié of ;1igorib$nuc1eptide§
remaing ‘a challenginé problemglfor instgnce no a;tomatéd B .
procedure forlRNA synﬁﬁesis has ‘beeh developed, while at -
least twe such proceedures are avaiiable for DNA sythesis .
(Alvarado-Urbina, et al., 1981; Gai't and Shéppard, 197?‘; ’ .

S

Gait, t al., 1982; Tundo and Venturello, 1979%).

Before a specific 3' to 5' internucleotide

phosphodiester link&ge,can be formed, other equally reactiyve

sites on the nucleosides must be made qhemically inert by

prior reaction with blocking compounds. Then after the

~ -

internucleotide linkages are forméd, these blocking groupé

must be removed without chemically modffying the nuéleosiﬁes,

i

or disrupting the phosphodiester linkages.,Wo(% in the field

has been divided between the development of appropriafely

Blocked nucleoside precurseors and of suitable phosbho;ylatiﬂg

methods (Ikakura, et al., 1977; Reese, et al., 1978).

¢
-

N Basically, two approaches to the chemical synﬁhesié

-

of oligoribonuclectides have.'been used, the phosphodiester

¢

- I3



method and tﬁe;phospﬁ;triester methoé. ot fhe t%q meihods
thé chosphodiestar method which has Seen used sﬁcqe%sfuily.
particularly for)ﬁhe synthesjs of cligodeoxynucleotlides is
-largely falling inte disuse. The approach has Se;eral -
pitfalis: the unprotaected phosphate linkage is sﬁbjected tg
jbrapching oer cleavage during chain exteﬁsion; ;he charcged
chosphodiestear éﬁgermediates become inLreasingf& insoluble
in organic selvents, which limits phe scale of preparation;

and;iﬁe'pﬁosphodiest;r linkage is very sensjitive to acid and

base, which gan leazd to problems during final purification;.

v

Protection of the phosphodiester linkage provided a solution

to afl of tﬂese problems .

1.1.1 Blocking Groups Used in Oligoribonucleotide

Synthesis.

The Jﬁ;ious functional sites fhat,ar; requifed to be

“masked at ;arious times during synthesis are tne primary
S'-hydroxyl, the secondary 2' (in ribese, 2')-hydroxyl, the

primary amino groups of cytosihe, adenina and guanine.'and

" -~ . . -

the phosphodiester. Blocking grdups must be easily

introaaced ento the nucieaside,;aﬁd be removable -under

. -

conditions which do not altet other blocked sites.

£y

tonditibns for ramovai of the'blocginq grouns should not

alter the phosphodiesfef or glycosidic linkages of the free

oligonucl%otide._-- v :

»



s

1°1.2 Slfocking of the Primary Amino Greups of the

Heterobasas .

Acvyl grBups. whose use were introduced in the
' o . ER : -
mid-sigxties " are the method of choice use«d 1o protect the
primary amino function. The acyl groeup is stabie to neutral,
acidic and mildly basic pH conditions, used to deprotect

" other functions selectively. The acyl group is removed by

ammonolysis (conc. NHQOHICH3OH,121 (vivid.

1.1.3 The Z '-Hydroxyl Bloecking Group.

>

‘During the deblocking 0f the 2'-hydroxy!l! function of
olig&{ibonuc199iides 1Y is essential that the conditions do
"not disturhb the.phosphodiester linkaggs. Mainly

ﬁhosphod;fster isomeri;ation must be avoided in all phases
'of oligorib;nucleotide synthes;s,.sjnce it}is nof possible

to saparate the desiraead product from those containing some

2'-5' linkages. The tetrahydropyrany! group has been a ’

T

popular choice as a 2" blocking group. The group is easily
- [N ol . . :

»

femoved in @hreeﬂto tour hours upon treatment with 0.01 M

HCI at room tgmperaturenfcondit{ons which do not allow

£ -

phosphodiester isomerization. The only drawback is that the
- : -~ N

point of attachment: on the tetrahydropyranyl ring is

asymmetric leading to a diastereomeric mixture .of the

modified.nucléoside; however,-the diastereomeric mixtures

- F



can be separated Dy siliQAﬁgel ohromatography. Another
factor in favour of the tetrahydrqpyranyl g;oup is that it
is bulky, and prevent§ 3'-3' phosphodiester formation, thus
eliminating the need for separate é‘;hyd:oxyl blocking

" tNei1ilsen, 1946%).

1.1.4 Blocking of the Terminal Primary S5'-Hydroxyl Group.

The bloc?ing grou§ chosen to-protect the pgimafy
5'-hydrozyl plays the major role in bloeck synthesis of
longer oligoribonucleotides. In a blgck éynthesig) trimers
for exgmple-are covalently join;ﬁ to yield a hexanucleotide.
'Thé incoming bloeck must have ¥ free 5;-hydroxy1, and all
other reactive groups blocked. Thus, in block synthesis it

-

is necessafy to ramove the 5' blocking group selectively,
and in high y;eld leaving all other protecting q;oupsﬁ
intact. The trityloxyacetyl {(trac) group is ideal, siﬁce it
can be removed under mild base conditions (Werstiuk and
Neilsoﬁ, 1973). The trac group's selectivity towards primary
hydroxyls mgkes it a useful group in synthesis of
oligodeoxyfibonucleotides; however the commonly used primary
blocking_group is the monomethoﬁytrityl {MMTC)Y, eor

dimethoxﬁ rityl, which can be speciiicaily ramoved with
mild acid .{(Narang, E oal., 1980 .

1.1.3 The Phosphotriester Bloecking Group.

-

The triestqr .group used in synthesis of



oligeribonuclieotides for this work was the

+

2.2,2-trichlorethyl group. The group is stable toc the mil

base conditions used to selectiwely deprotact 5' blocking

groups. T

-The_Z.Z,Z—trichlor&thyl group is removed by

reductive cleavage of the O-alkyl b&nd”by treatment with

“

d

copper-zine coupla in anhydrous dimethylformide. Cleavage at

S

the O-alkyl bond is extremely important since it. removes
possibility of internuclisotide bond cie?vage. which can
occur--if blocking group removal is Gia,@he O-phosphoryl

i “

bond, a side reaction that ‘can occur with the para

1]

chlorophenel blocking group.'

The versatile phosphotriester approach to the.

ey '

the

chemical synthesis of ocligoribonucleotides, as developed by

Neitlson and associates is p@fhaps bhst-ullustrated by
considering that ali 44 trinucieashde diphoesphatas and at

least 100 other oligqomers of defined sequencs;have been

<

prepa}ed By this method (Neilson, et al., 198Z).

1.2 Conformational Properties of'Single Stranded

Oliqoribonucléotldes and Bnlyribonucleotides”"

The present understandihg of the conformational

properties of single stranded polynucleotides has evolved

from solid state (X-ray crystallography), semi-empirical

r
L

conformational energy calcul#tions, and solution statse

studies employing UV, . CD, f.luerescence and NMR as tools. The



&

+

: o

seven dihedral torsien angles with rotational fresdom in a*.
nucleotidyl unit (Figure 1), makes_complete understanding of
RNA conformation vary difficult. By comparison,
polysadéharide; and polypeptides have only two bonds with
rotational freedom iﬁ théir backbone structures, aqd even in

these cases the factors governing conformation are not

completely understood (Gutte, at al., 1979).

1.2.1 S50l1lid State Structure of RNA Strands.

The use of X-ray cryst;ilography in the
determination of the conformations adopted by single and
multistranded nucleic acid§ is classified inte two branghés
based on sample preparation;‘singlelcrystals and fibres.
Molecules withi; a single crys;al form a three dimensiocnal
array."Matheﬁétical ieast squares type analysis of the
diffr?ction pattern yields the unique position of each atom
in the c¢rystal (Kim and Quigley, 1%7%9). The resclution of

this technique depends -on the size of the molecule and the

number of reflections recorded. Resclution for an

. . ‘ : A :
¢ligoribonucleotide may reach 0.01 angstrom for a
dinuclecside monophosphate (KaLleanch and Berman, 1977),

but is generally in the range 2-3 angstrom for oligomers

i

(Conner, et al., 1982).

"Polynucleotides do not form single crystals instead

they torm fibres. The fibres form ordered structures which

3

Qill give Tesults similar in quality to single crystals



Figure 1. Structure of 3'-5' ApA, the numbering scheme and proposed
IUPAC-IHB nomenclature for the various- torsion_ .angles
(Sarma, 1980). oL o b 4

. T ! Y N
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{Conner, t al., 1982). Usually the minimum amount of

information tealized fr;m fibre crystallography defines the
helical parzmeters of pitch, radius. rise per residue, and
heiical rdtation. Combining these data with the more intimate
details derived from oligomer crystals, it is possible to
generate a detailed conformation from the poiymer (Kallenbach

and Berman, 19%77). . '

Single strand and double stranded nucleic acid helices

beloﬂé_tq one of.three clgssgs; A, E; or Z fDickerson. et al .,
1982). Most of -the torsion angle differencgs'betweeh the
helical classes_#re small, especially between A and B helices;
however, the heliz types are overall guite different. The base
{iltAﬁnd base 6§er1abs: important componengq bf base stacking,
arendifferen{ fofEA, B, and Z. The A heliz contains the
C?'—en;o gégar pucker, the B helix the CZ'aendo'puckgr? and fhe
Z.helix an al{grhating_c3ﬂf. CZ'—endoApdcké¥ {Figure 2). The
glycosvyl to;gion gngle is also quite'éiffefent fer the three

helices (Davies and Zimmerman, 1980; Conner, et al., 1982},
Studies on double stranded RNAs demonstrated that th%??
1fib05eAfing is in.the C3'-ando conformer (Arnott, toal., 1987

+

Arnott and Hukins, 1972; Holbrook, et al., 1981). In an RNA—DNA

o

hybrid, an A type hybrid is formed even though DNA usually

exists in B type duplexes (Milman, et al., 1967; Broyde and

Hingerty, 1978) . X-ray crystallographic evidence of B type RN&%

heli&es_has not been found, a2nd along .with' other factors such

1
as hydration, it is likely that the 2'-hydroxyl is partly
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responsible for the observed C3'-endo preference giving the A

-
. <

helix (Kallenbach and Berman, 1977: Clementi and Corongiu,

-y

19810 .

X-rayustudies on nucleotides and nucleosides led to the
"idea of a rigid conformation for the nucleoside torsion angles

- (Sundaralingam, 194%).The sugar pucker presumably can exist

:

only as C3'-endo or C2'-endo. This requirement means that there
\ “is ve}y little fleribility about the C3'-C4' bond (y'?}, also
: . - -

the other torsion angles show V;ty iittle variance, and it has

been proposed that most of the different conformations for
. . I
ribeonuclectides Tesdlt from rotation -about the P-0 bonds (w, w'}

-

and the C3'-C4" (VY'Y ‘bond fFigure 3), ¢Sundaralingam, 19735,

A -

;- 1981; Lee, et al., 197é; Evans and Sarma 1976).

o

wﬁecent.studies wﬁigh compared experiment'with theory

demonstrated that the pseudorotation of ribose and deo=myribose
sugar'moieties is re5trictéd. Both the domputed potential
en%rgies afd the cumulative X-ray data show that the pentose

_oscillateé between n and s puckerings via the e quadrant of

b
.

ihtermediite‘states rather than over the entire range of

- I

pseudorotational space (Figure 4). Furthermore th;ﬁry\that

4

best reproduceé‘NMH.coupling constants suggest that the

potentiai Earrjef in the e (nbmenclature of Olson, 19823,

B

gquadrant lies between 2 and 5 kcal/mol (Olson, 1982; Olson and
Sussman 1%82). These eneroies aré high enouach to 5uppres§
intermediate forms (suggésted_by the lack ot intermediates

found im crystals), but low enough to permit the rapid



Figure 3.

- 12

| e
CANTI N\ SYN

Schematic representation ‘'of the bond angles about the N\\“
a) C(4")-C(5") (e) bond, b) C(5")=0(5") (&) bond,

c) C(3")~0(3') (a) bond and d) the glycosidlc linkage
{x) (Sarma, 1980)
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3
E e
Pz1a P=182

P:9 P17

Figure 4a. Schematic p:eséntation of the main conformations
N and 5 of the sugar moiety of nucleosides in solution. The
phase angles P are indicated for eac¢h conformation.



Figuré 4b . Pseuderotation cycle indicating the path of
pseudo_rotation through 2ll possible sugar conformations.
Each sugar conformation along this path is characterized by
the phase angle P indicated. T
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inte:conve;si&n of n and s states {(suggested by NMR studies).
Nevertheless the riogid nucleoside concept, especially in

gsolution, remains controversial at the present time.

1.2.2 Torsion Anoles and Conformation Derived from

Minimum Eneray Calculation.

Potential energy functions have been developed to
estiﬁate.the pséudorotational.motions of rtboée and
2'-deoxyribose s;gars. These calculatiions are semiempirica%
in nature, an?‘the toEaI poaential energy is uShally caIculatgﬁA
25 a sum of nonbphded. tersional, ;nd valenﬁe ;ngle strain
contributions (Olson, 1978, 1982; Olson and Sﬁssman. 1982). In
general torsion éngles (X.w.w';¢,¢',w,w') are ;aried while
other bond lengths, bond angles;énd atomic coordinates ‘are .
derived from X-ray (Levitt and Warshel,r 1978). Minor
deviations of valence bond angles from standard X-ray values
are found to petturs the normal motions of the fprano§é
drastically (Olson and Sussm;n 1982) . Minimum energy
conformations are derived from starting conforma#ions‘arrived
at by using various comb;nations of the preferred values for
the seven d{hedral aﬁglgs, known from ¥-ray ;nd NMR studies.
Eﬁgfgy palpulatiOns ?roceed while the torsion angles are varied
from their starting values through the pseudorotationaf—cYcle.

Recent calculataons have confirmed the hindered ring

flegibilities suagested by sclid-state and solution studies of

low molecular weight nucleie 2cid analogues. These



S

results also suggest that the distinet conformational

differences of ribose and 2'-deoxyribose stem from the

combinations of nonhornded forces dnd gauche interactions
agssociatad with the two sugars. - Steric_intéractions
combined with the strong tendencies of the O-C-C-0 bond

- ‘ <

sequences to adopt gauche rotational artangements induce the

ribose to ddcpt n- ©r s-~-type puckerings. A proeton in the

“

2'-deozxyribose introduces a streng imbalance in the gauche
interactions, and the single 0-C-C-0 segqusance in

2'-deoxyribose pushes the n/s equiiibrium firmly into the
. s
s~-type puckerings. Thus . the gauche effact appears to be a

major determinant of ring puckering (Olson, 1982b).

1.2.3 NMR Studiés on the Selutien Coniormations of

B

Qligonuclaotides.

NMR spectroscopy is at present the most powerful

tachnjque available for studying the solution conformations

of oligonucleotides or any molecula for that matter. The

1

magnetic resonance of 'H, 13CJﬂ31P, iand associated

chewical shift and coupling cénsta%ts allow the researcher
-to moniter on an atomic level specific fegions of fhe
molecule while ;hanging surrounding conditions,
specifically, changes in the sugar-phosphate backbone and
heternbase stacking. Measurement of coupling coenstants

which vary in magnitude with the conformation about a

covalent bond ailows the calculation di}ectly or indirectly



of the wvariosus conformatiocons (A&tona, 1975,
Guschlbauer ,1%80; de Leeuw, and Altena, 1982);

Much of the 'investigations of mononucleosides,
mononucleotides, and mononucleceside diphosphates ars
directed towards an under;ﬁanding of the sugar riﬁg
conformation and the effects of phgsphate on the overall
coniofmation of the'moncnuclgoside,in solution. Ultimately -
the informatioen on ANA and DNA building blocks should be

useful in understanding the ﬁonforﬁations possible in the

AN

polymers. Problem- in determining soiution conformations

from the NMR datz is that, in ribofuranose only the

3 35 and 37

112-" 2.3.' COupllng

34+’

constants are available whereas the soiution coniormation is

" -

fully described by five parameters. Therafore to aelucidate

the soiution conformation at least two degreest of fraedom

. . 2
must be eliminated (de Leauw and Altona, 1982). Generaliy

the two Jégrees-of freeadom are eliminated by assumptions
: e ;

‘based on observed X-ray.and/or NMR data. For example

Guschfbauer has assuymed that there is esqual puckering in the

N and S conformeér ¢, = ¢.) and that the phase

angles are inter-related by symhetry (PS = 180° -

PN)..The first assumption seems justified considering
- the average puckerings found in X-ray structures.  The

second.assumpfion is noet tenable for the ribose ring as it

does mnot have C

2y symmetry; that is, the N and 5

conformers are not mirror- images. For this reason a



: T -
different avproach has been suggested to reliably estimate

p

the.mole fraction of S confotmer in solution. In this

approach~ it is assumed that_the solution geoﬁétry is gimilar
3 35 ~

to the s50lid state geometry wHen Ji,2“.+ 30 g

"egquals %..4 + 0.5 Hz (de Leeuw-and Altomna, 19%82).

: ‘Dinucleoside monc- and diphosphates have been useful

. . ~

compounds for studies on the backbone conformation of single

-

stranded oligonuclectides in solutioh. - Qy comparison of the

- - -

solution conformational dyﬁ&hics of the dinucleoside with

the apb}opriate mononﬁcleotides_anzundefstanding of, the way
in which a neighboufing unit Affects ifﬁ iinked"partnér can
be gsoertained (Young and'Krugg, 19750 .

Dinucleotides can be considered to be the building
blocks of a Qofymef in the sense that a trinucleoside e
consistis of two'din;cleotides sharing a common neighbquring

group. The approach is only valid if the properties

. observed are the result of interactions mainly between

neighbouring mononucleotidyl moities (Ts'o, et 1., 1969).

Ring currents for. the bases and shift effects ¢calculated as
2 function of interpl{nar distance between bases suggests
that shielding effects are a nearest-neighbour phenomencon

(Giessner-Prettre, t al., 1975, Giessner-Prettre and

Pullman, 197é6). Empirically derived proton chemical shift

parameters suggest that mnext-nearest as well as

&
nearest-neighbpur effects are important (Everett, t-al. .,

H

1980; Bell, et al., 19B1).
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Short RNA and DNA strands (2-14 base fesidues). used

as models of longer natural RNA molecules and DNA molecules

-

have been'extensivelykinieétigated-(hlkema, t 2l .,

1981a,b,c; Hubienko, et al., 198f; Cornelis, et al., 197%;

Kan, et al., 1973; Kondo, et al., 1975; Krugh, et al., 1976;

Haasnoot, et al., 1980; Patel, 1976, 1977, 1979; Patel et

al .., 1982a,b,c.d; Stone, et al., 1981; and references
thereiny. These studies have been zimed at understanding
the biophysical conseguences of sequence, on conformat?jn,

duplex formation and stabilization (Tinoco, et

al., 1971, .
1973, Ninio, 1%79%) asiwefl as the biochemical consequéncés
that mismatched bases, unmatched bases,_gequence and heli?
type, may have on mutation and in the case of DNA, the

effect exerted on gaene expression (Lindahf, 1;81; Nordheim,

t 1., 1981; Noller and Woese, 198%; Patgl, t al., 1982e -

and f). Similar studies using complete tRNA molecules have
also related structure to function (Reid, 1%79; 19%B1).
Studies of short RNA strands have suggested that ‘a’

number of factors can be involved in duplex formation.

Strong base stacking, which is saguence dependentj is the

major contributing factor (Alkema t 1.. 1981 a,b,c; Turner

t al., 1981). | ST : B

ure 3) ab-ility of an

[+]

The greater base stacking (i}/
adenosine residue over a uridine residue explains why the
RNA oligomer AGACU forms a double strand RMA duplex, while

AGUCU does not (Alkema et al. 1982).- Furthermore, base
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seguence plavs a role, through base stacking, since oligomer

CAAUG does not form a stable RNA duplez (Romaniuk et al., ,

19790 .

.

"que étacking_apparéntly accounts for the formation,

by the trinucleoside diphosphata, GCA of a mini RNA duplex

-
g

GCA .GCA . However, the adencesine residue, Iin this case, 1is

»

ﬁét;invcivgd inVWafson1Crick base pairing {(Figure é) but is
involved in eztensive intra—strand'stacking which

contributeaes té the stability of this duplex (Tm = 339, Tm

15 a measura of duplex stability). The Tm equals that of

the tetramer duplex fofmgd by UGCA, which contains 4
Watsoen~Crick pairs (Alkema et al., 1981a).

‘Sequence and base stacking effects of bases at_the

ends df\he%ical regions also contribute to duplex stability. -

Oligomer AAGCUA forms a duple=x (Tm of 43°C) which is

considerably more stabla than that formed by the parent

oligomer AGCU (Tm of 33°9CH.

The "dangling"” adenosine residues anhance the

stabliité.of the dupkex‘by ex;ending base sticklng'bhpughout
the duplex. The adénosine residue at the 3'-end makes the
mostksignificant contribution since AGCUA:AGCUA his a Tm?of
45°C " (Alkema et al., 19B8la). This result is consisteant

with temperature jump studiegs which demonstrated that the

Phe Glu

duplex formed by yeﬁst tRNA and E. Coli tRNA at

&

their conplementary anticodon reg:ons was 140 feld

stronger than that expected for a three base pair duplex
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N,

(Grosjean, et z1., 1975). From fragmentation studies, it was

concluded that a2 1000 fold portion of the fncreasg&t N

stability was due to the additional basa stacking in the

unpaired regions ne=xt to fhe double helix‘(GrOSjeahi t 1..
. - “ BN . B

1

19742, b). Continued tempeiaturé jump studies by Cresjean

> ®

and coworkers culminated in a proposed, physical basis for * -7

ambiguity in genetic goding interazctions kGrosjean, et al.,

-~
5

1977, 197Ba,b). S

* 3

The duplex formed by AAGCUA, mod€ls the D-loop stem

T o

region of tRNA molecules (Kim, et al.,1973, 1974; Clark, -

1977). We proposed that the invariant adenosine residqes 3; 

%

positions 14 and 21 in the tRNA (Sprinszl, t 1., 19803 may

= ' 4 . v

be involved in stabilization ofl the weak helical regien of

ihe D-stem (Alkema et al., 198tc¢). This. idea is consistent

-

v

thewéccébtor stem

with the finding that in veast tRNAF Pe

I3 . 4

~ r :
melts first followed by the D-stem (Johnston ahd Redfield,
1981) . SO S . e
Stud}Fs of short RNA striands specificallly CCA, AGC:

. N .
UGCA, GCAA, AGCU, AAGCU, AGCUA, -and AGCUAA have led to the

; -
- ¥

*proposal that base stacking iﬁ-direckjpnalkand the stacking

- -

direction which Js‘sequence dependent, stabilizes duplexes

whgn the stacking direction is 5' to 3°' (Aikéma.gﬁ al..,

1981a). Since & change in stacking direction camn cause. a

changeﬁin dﬁplex thbility; this may play a rele in -
tRNA :mRNA translocation where a change in stacking direction

of the anticodon xoop takes place during the‘éodbn—anticodon

-
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- '

interaction (Qh@sh and Ghosh, 1970, Woese, 1970; Lake, 19%977;

Urbanke and Maass, 1978B; Geerdes, et al., 1980a, b; Labuda

and .Porshke, 1980)..
H'An,egﬁénsiqn_of the idea thﬁt.seqﬁence‘affects
dupl&sqsgabiiity ih“a directional sense has led Berer and

coworkers to “conclude ‘that RNA heliz conformation in

solution differs from that in the solid state, where crvstal

structurésféuggest thﬁt there i Qo ceorrelation between

base~pair sequence and RNA confor ation (Holbrook, t |

19812, This sugg?stion Wasjba ed on proton NMR

investiga(ions offshﬁrt RNA oligomers which are considered

better approximatiénS'of naturally occurring RNAs than
N L : . ' . L. . . .
mononucleotides or. dinucleotides (Cruz, et al., 1982). The

suggestion is that gﬁplex regfdn%‘ﬁhét are made up of\\\\H:

A PR

alternating puring-py?}midiné“ére most stable because of a
change in fhg hel iz Qindigg ;ngle7w}'that leads to the

possibility of inter~strand ' base stacking. This model has

tafSQ.beiz/ggpfied#té‘suggest a physical basis for the

Lcodoﬁ-antécoaon ihter{;i;oﬁ’(Borer, t 1., 1982},

1.2.3.1 Idenfification of resonances in 1H NMR Spectra.

P -

Il /' -

ﬁhph'gf'the'ﬁdvanthge of using proton NMR as a

. -~ .
@

technique fb;monit§r7thé solution conformation of small HRNA

and DNA molecules is that regions of the molecule can be

&~ . N

monitored. Th%'diéadvantage is that a NMR spectrum has a
. - a _ ’ .o

high information content and in molecules made up of

- o,

23
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N i .
fepeatxng units individual resonances become increasingly

d;fficulf to identify. Complete and accurate identificapfgn
of resonances is needed if the function of biological -~

ke

molecules is to be established based on structure and

conformation~ For instance, the direction of base stacking

- x
. ]

could not be deté}mined without accurate assignment of the

g P . B
spectral resonances to their protons (Alkema, et al., °
A~ T ‘ ‘ ~ ;
1981ial). Also the model for base overlap proposed by Borer
. ‘ - . . N ’
and coworkers {(Cruz, et I., 1982) depends critigcally upon

chemical shift assignments especially since resonances from

base pairs at the heliz ends are not used in the fitting
‘ . o . . o ; o 3
process as they are influenpced by rapid fraying and possibly

end-to-end aggregation (Bubienko, et 1., 1981; Eatel and

Hilbers, 197%; Roﬁaniuk[‘12?9). Borer and coworkers point R

F . . : "
cut that one of the reasons that DNA spectral "data fitting

= . ) . b }‘. A _ ‘ ,_
to B-helix configurations is unsuccessful is because there

is a lack of shielding data on DNA oligomer duplexes where
. Tesonances are uniquely assigned. )

—— -

. Presently the incremental &ésignment procedure is

. . [ . - . -
used extensively to identify resonances in RNA or DNA

—
—_— - .

oligomers.. This p:ocgdu;gihowever'réun;es one to have the

i . A \\. .
spectra of each sequentially intermediate strand (Borer et

; .
al., 1973). Alsec, in some cases unambiguous assignments
cannot be made without reierence_t046fher cligomer spectra

(Everett, i 1..'1?80). Proton NMR-NOE experiments can also.
. % .

r

be used to identify resconances; however the eXperiments are

I

24
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1 e
time consuming and generally ‘require high éensifiyity
instruments (Petersheim and Turner, 1982b). - In this thesis
I present,a new method which has been used successfully to
idenmtify proton resonaces in both RNA and DNA oligomers.
. —

1.3° Factors in Prokarvotic Translational Termination. \\wuf’

-Tfanslatiqn of mRNA ‘can be divided into three stages
comprising the initiation, propagztion, and termination
reactions of protein chain assembly. Each of these stages

) r/ﬂ

has been investioated with model systems where the Rttt

i

" requirements for partial reactions can be studied more
3 ] - '

easily. -In particular, the use of aftifipial mRNA templates ¢
has been a major tool. The sgudies;have led to the

discovery of numerous factors inveolved in each step of the
protein synthesis pathway {(Canoza, 1977; Metrler, 1977;

Lodish, -1976; Hall, t I., 1982).

’ -+ In the initiation reaction, nonribosomal proteins
¢ . ‘ .
designated IF-1, IF-2, and IF-3, itn the presence cf GTP are

regquired for optimum formatien of a 308 ribosomal

suﬁuhit:fﬂet—tRNAf complex.. The joining of the 505

——
Iribosomal phrticle to this 305 intermediate may require
A . £, B : .
still other, less well-characterized protein(s). The

-

joining event results in ejection of the initiation factors

.
p

(Met'zler, 1977).

Chain elonagation béggns when the soluble proteins

.
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N

EF-Tu and EF—%S in concert with GTP bind aminoacvI-tRNAs to
; _ .
-

ribosomes at a site which is przsumably adjacent to the

bound initiator-tRNA. Positioning of both-the

initiatbr-tHNA and aminoacyl-tRNKs on riboscmes is
- 4‘ . w

accompanjed by GTF hydrojysisii This hydrelytic reaction is

-

required before peptide bond 5ynthe?+€¥can bhe catalyzed by
- N ’ Vi )
the peptidyl transferase,, a pxzrt o{ the 530S subunit that
o “ \\ -
includes_proteins L? and L12. éeptﬁde bontd formation is
5 d f

/

thermodynamically favoured, thus ﬁheﬂenerdy‘dérived from GTP
. . ) .

o ) i E S .
cleavage may be utilized for algghment of aminoacylatRNas.

ejection.of he initiation and elongatioen factors, ot

A

breaking, of the codon-anticodon interaction after the 508

Y
-

Wparticle!has cataly&@d peptiderbond formation. Peptiﬁe

synthesis invelves movement of Tibosomes relative to mRNA.

Protein, E

-G stimulates both ejection of deacylated tRNA &

osomes as well as translocation of the

3

peptidy M- tRNA : mRNA intec the 'donor' position of the

o

appfaratug/. This procesé, possibly mechanical, occurs with

v

concomitant GTP hydrolysis, and is eyeclic ﬁUo?se, ;9?0;

“Lake, 1977; Holschuh, et al., 1580, 1981)
. The .end product of peptide elongation is a completed
T "
. protein esterified to the 3'-0H end of the ribose moiety of
" the- terminal adenocsine of tRNA . The release proteinﬁt?fre
invelved 'in the recognit{on of termination signals, ‘and - -~y
q N .
induce'the-hYdreiysis of peptidyi_tRNA By the pepﬁid?l
/ _ _ : .
trapsferj[e. These proteins have been designated RF-1 (URARA,

~ 4
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‘ 3 : . . L
understood. Certainly this.is the impression obtained by

| 27

UAG, specific) and RF-2 (UAAR, UGA, specifiec). A third

protein RF—Sjﬁpparently stimulatéshthe activity of REF-1 and
RF-2 (Caskey/ 1979; Capecchi, and Klein, 1969). After

protein cleavage occurs on polysomes, riboscme releasing

factor, RR, dissociates ribosomes from mRNA (Ryojil et al..
1981) . - . ) ’

-

-

This detailed information on the paftial reactions
Py o :
of proteiﬁ synthesis suggests thai-mechaiiﬁms responéible

for regulating translation of natural messengers are well
. ~ N . ':

t
x

reading amy recent text in biochemistry (for example see

Metzler, 1977) ‘ - ‘ : ‘

- v

—n

Natufal mRNAs contain special untranslated regions

that*bﬁnctuate genes dnd are critical in detefmining the
. 4 9

3
= .

freguency and order of geng, expressidns Focussing on- :
& '

F L e

protein .chain termiﬁatioﬁ, it is clear that terminati'on must

vield proteins with the correct'C—termiﬁgl end; however,

"there are a number of factoré‘thﬁt remain unrésolved (Bient

. . “ S -
and Kulbi, 1982). o . . ' \\

. c . i —
In vive, nonsense mutations generate in-phise UAG,-

UAA. and UGA, codons. These codons cause premature

-

@erminat}on.in nonsuppreséing cells (Sup—), in suppressing
. . ! &

+ w

cells (Sup+),_mutant tRNAs insert an amino acid at the

nonsense site. If single-nonsense codons suffice to

terminate protein synthesis, fhen itvis difficult to

understand why strong suppressors do not affect growth
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considering the many préieins mzazde by poclygenic mRﬁéi;\\j?e
single te;minqtors at Qs coat‘protein, MS2 replicase or n

protein, and A andrB cisﬁrons of tryptephan mRNA can be % .
supbressed.. Possibly single stop c;dons_are impor;ant in L\\\;‘

-

evolutton of proteins of altered function,.the Qg

b e
read-through protein is a prime example (Hofstetter, t 1.,

1974; Geller and Rich, “1%80).

The.signaard release assay upon which much of the .

undgrstandiﬁg of termihation is based fails to respond to. a

protein'tefmbd "rescue”, which inhibits termination at UGA,

and UAA stop codons dEanbza, et al, 1%73; Ganoza, 1977)..
g o s - B - . .
‘The "rescue'" protein alsco affects early translation

(Herrington, et al.,-1975). Thus at least one other factor

‘is_inveolved in translational initiation and termination.

The 3'-end of 165 ribosomal RNA, HdUUA..., has
been p;bpésed-to be inveolved with receognitioen of termination

‘codons UAA, VUAG, and UGA .. The stop codeon UAA is readthrough

‘

. with low%étficienby bécaﬁie base pairing (Figure 6), with

UURA is complete‘élgminating sugh;gastf/iﬂﬂhfcombetitipn

-

. {Shine and Dalgarno, 1974). Removing.the 49 nucleotides

‘froﬂ-%ﬁg,S}féndﬂbffthe 165 rRNA eliminated the termination

- '

£ : -

.response; howevér, it aLso'eJimﬁnated aminoacyl-tRNA biriding

(Caskey, _}'51.; 1977). The data are inconclusive as the

‘removal of ﬁhe 49 ‘nucleotides alters more than one r3@bosomal’

function. "Furthermore removal of specific ribosomal .
Y N o, N

proteins near the termination codon recognition site also

- ~
@
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J
- TFigure 6. Representation of the U-A and C-G base pairs

depicting the hydrogen bonding and the numbering
system for the bases,
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rgﬁpces or eliminates the termination reaction (Armstrong
aﬁd Tate, 1978; 1980; Stoffler et él.. 1982); It has been
shown Ehat tTelease factor competes with tRﬁAs f&hﬁ
termina?ion codomns prESumab;y at the aminoacvyl s{te (Ganoza

and Tomkins, 1970, Canosa, et al., 1982). - )

- : ~

Other evidence that translational termination and
initiation are.linked stems from the similay results of
recent. experiments, In an in vitro experiment where

ribosome releasing factor was absent. ribosomes reinitiated

b

. _ <
translation "in phase" after the termination coeden UAG,
without fMet-tRNA. These data do not agree with theories of

"phaseless and sterile" travel between cistrons (Rgoji, t

al., 1981) . Lysis gene expréssion of RNA phage MSE in vive
has been &emonstrated to require a frameshift during coat
protein translation which leads to termination at either of
two stop codons (UAA), just preceding the lysis cistron.

This termination is reaquired for translation of the lysis

%

genelfor if .the UAA codon is. removed, translation is

abold shed. Furthermore the shorter the distance between

- 1

termination and initiation codons the higher the probability

for reinitiation (Kastelein, et al., 1932\\jjjfj. 1982) . A

frameshift mechanism has also been shown to relieve

LY

premature termination in a yeast mitechondrial gene (Fox and

Weiss-Brummer, 1980), suggesting this. mechanism may commonly-

% //‘4:'-';

Experimenfal data suggests that ribpsomes prefer

occur .

E N >
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.

|

- s’specific hucléotides at the 5' side- of the initiation o

L. ' : - . \‘.\.. - A 7 "\//

triplet (Canoza et _:11;;, 1978; 1982).. -1t is Iikely that )
Lo ) . ] ~ ' ) '

several nucleotides are involved.in the selectiomn of AUG,

GUG, or UUGs as staft‘codons. The” Shine-Dalgarno fegion (a

purine-rcich sequénqe) 5! to initiator codons-binds the

3'-end of the 145 ribosomal RNA (5° GAUCACCUCCUUAbH 30

<

and. helps in this selection (Steitz, 197%). .1t has.been-

. ) v )
suggested that the termination codons UAA, UAG., and UGA,

which occur between genes, and are abundant in

intercistronic regions (Steitz and Jazkes, 1?7%) serve a dual
function, termiﬁatfng translation and possibly priming {he
translational apparatus for initiation (Gano:a; 1%77). On
inspection of fegions arouqd iniﬁiator codons, only the "

termination. codons UAA and UGA are present suggestiﬂg that

these two ﬁarticular stop codons funetion in initiation

a

I

(Atkins, 1979). Interestingly the stop codon UAA is

"implicated in reinitiation (Kastelein, et al., 1982), and

these 'two codons are %uppressed by "rescue"” (éanoza, 1977 .
Initial sfudies to determine if énitiation and
termination reactions might be iﬁterlinked)'probed thé
pessible entrance of N-formy_[methionylntRNA onto the’y‘”
ribosome when AUG was preceded or foliowed by a covalently
3 .
joined termination codon. Apparenfly AUGUAA bound'greater
than 70% of the added N—fm‘et——tRNA£ to ribosomes. No
binding was observed with UAAAUG, and this hexamer did not |

‘inhibit iorma}ionkof the initiation complex with AUG or with

W

& ®
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AUG(N).m (Ganoza El al ., 1%78B). . Also, UAAAUG gtimulated

hfdrolysis of-ribosomal—boynd N-—fmet—tRNAE in the

.presence of release factors as effectively as UAA (Ganoza.

1977y . ' ' : ’

These data, taken together, show that the seéuence

neighbouring termination codons c¢can alter the termination
&

response both in vitto and in viveo. Termination godons, ;nd
. —_— S
the termination reaction, alsoc seemn t_° play a role .in_
trénslational inttiation. In this thesis: data are
presented that demonstrates; that, the presence of an
initiator coden, AUG, can zalter the{sequenée specificity of
the fmet-tRNA mRNA:705 ribosome :RF-1 complez such that a

ﬁh- termination reaction is elicited in thp presence of a

partial termination codon.
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7 EXPERIMENTAL
, 2. Ezperimental Procedures.
2.1 Materials and Reagents. —o
. - 'All”reégenas and solvents used were cémmercial
reagent grade and were usad without further purification
unless oiherﬁise‘noted. Methylene chloride (BDH) was
further purified b& passing through silics'gel (60;200 mesh,
Baker Analyzed Reagent). 'Mesitylena-sulfonyl chloride
(Aldrich) was recrystallized from hot petroleum ether
(4%—60°C), pyridine, dimethy! formamide and p-diczane
(Bakér\knalyzed Reagents) were further dried Q%er Fisher 4%
. T ] y
. molecular sieves prior to use.
' Silica gel G plates (Analtech) were used for thin
laver chromatography of protected nucleocsides and coupling
&
reaction mixtﬁres. The chromatog;aphy solvent system was
10% methanol! in methylene chloride. Saﬁpie detection was
. e ) g )
accomplished hy sprayingwqhe plates with 1% cerif) sulfate
At
(H,Ce(SO ) ) tn 10% sulfuric acid and heating to
160-180°C.° Most compounds appaa:éd as black-brown spots,
e .except thos'e containing a trac group which appeared as a
LY
o bright yellow-brown spagl.
i : e
ré

Silica gel (60-200 mesh, Baker Analyzed Reagent)for

’ £

column éhromatography was dried at 6b~80°c over NaOH for

48 hours prior to use. Columns used for purification of

C 33

.



protected nucleosides and oligor

in methylene chloride and compounds eluted via step

gradients of methanecl in methylene chloride.’

‘Whatman #1 and #40 papers were used for the

descending paper chroﬁaygakifhy ofrfrée
: ! .

eligoribonucleotides. fhe solﬁén}'was ethanollNKqOAc;

~

.
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ibonucleotides were?prepéred

T oM, pH 7i3) 1:1 (vivy, Debliocked oligoribonuclectides were

detected by Sdhort wave ulxra-viélat light. ..

The columns used in the HPLC purification. of

-

aligoribonutlectides were Analtex Ult

x 4.46mm ID) (Beckman, U.5.A.) and Bondapak C18 (30cm =x
R -

3.%mm ID; 3000 plates min.) (Waters ScieniifchLtd.

. HPLC grade ,acetonitrile and methanol were pyrchased from
Fisher Scientific or BDH Chemicals, and used without fu

giée:
1

- purified by filtration through a Milli—quﬂpurification

J

system (Millipore). The ammonium acetate buffers (Fish%er
HPLC grade) (0.1M, pH 7.0) were filtered tqgﬁugh a 0.5 u

filter (Millipeoere) and degassed'by stirring under vacuum

prior to use.

2.2 Protacted Nucleosides and Coupling Reagents.

T
1

Nucleoside derivatives were 5yﬁthe5iied and

ot .

.. ~These syntheses were routine and carrted-out as published;

>

P processing  The! water used for HPLC.aﬁplications was

rasphere ODS 5 u (25cm

Canadad .

} characterized by their melting points and 1H NMR spectra.
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ﬁOUtoH'Ec:iffin et al., 1966), HOCP?tOH (Neilson &
Werstiuk, 19ii;, HOGP®*tOH and HOAPZtOH (Gregoire &
Neilson, 1978), TracUtOH (2135tiuk a°Ne11;§ﬁ. 1972,
T;AcAb%¢OH, TracCP?ioH and'Traécb‘tou (Werstiuk &
Neilson, 1973). 1: ’
- Coupling feageﬁts'Z,Z,Z-trichlorethylphosphaté and

MET were also synthesized and characterized by published

procedures «(England & Neilson, 1973; Katagiri et 21., 1974)

respectively.

2.3 Preparation of oligoribonuclecotides.

Complete details for the sythesis of sequences

-prepared for use in termiﬂation, parameter and sequencé
studies are present’ed in Tables ta and "1b. All of the
”p;otected oligoribonucleot}des were constructed using.

-

publisﬁed techniques (Enqlaﬁd & Neilson, 1974; Werstiuk &

Neilson, 19746). The stepwise synthesis of chemically
protected UAA (Figure 7) is described to illustrate the

general procedure.

2.3.1 2'-0-Tetrahydropyranyl-5'-0-triphenylmethozy-

acetyluridylyl (3°-(2,2,2-trichlorethyl13¥-5") N-benzoyl-

-

2% -0-tetrahydropyranyladenosine.

The blocked nucleoside TradUtOH (1.9 g, 3.025 mmol,

1 aquiv.) was dissolved in aﬁhydrous pyridine (ca. 20 mls)

v

Lk



w ’ - 3 N N R _ Lt = - .
- — : - S . ) . ) ) - - - V
Figure 7. Chemical Synthesis of Chemically Protected UAA.

[ "

- iTrac + HOU tOH" '

TracUtpO ) .

TracUtpAbztOH

TracutpaP%tpo~ '+ noaPZioH

) ,
"TracUtpAPZtpaPZioH
- -
a ¢ o ——
. UAA
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and fu:the: dried by eéaporation in vacue irom.anhydrous
; G ;‘ .
"pyridine (3 ¥ 20 mls) and sealed under dry nitrogen.

The incoming moencphosphate ester

'2,2,Z-trichlorethglﬁhosphate (Enngland & Neilson, 1974) (1.4

g?‘é.l mmel, 2.0 equiv;);waS'evapo:ated:in vacueo from :
anhydrous ﬁ?ridiné (3 = 50;&15) to‘gonvért it to the

-

e . - . . et
pyridinium salt (as evidenced by formation of a white
precipitatée). The coup}iﬂg ageﬁt MST ¢3.0 g, 12.1 mmol, 4.2

. e - . .

. ~ :
equiv.) was added to the pyridine suspension (ca. 40 mls) .

and the solution wﬁsrwarmeé (30-409C, 1-2 h) hn;er dry

. L
- £ -—
nitrogen.

~

<" " The solution of the }stivated‘phbsphate was added to

the pyridine solution of TracUtOH, the total volumé was
' ' .o > 2 _ - .
reduced in yacua\(ca. 30 mls), sealed under dry nitrogen-and .

let stand at room témpérature‘in‘\he'dérk. ‘The tle of the
. g : . :

¥

reaction mizture indicated the phosphorylation wis .ca.

85-90% complete (R

( 0.8 > 0.3) atter 48 hours. The

v o ) e
reaction was quenchéd by the addition of ice (ca. 3-5 g). 3

w

After 15 min, the reaction mixture was poured into ice water

(ca. 80 mls) and extiacted with methylene chloride (4 z 50
mis) and evaporated inm vacuo to a light yellow-brown foam.
) i ‘

4 ' N

TracUtp0~ (ca. 3.0 mmol) was evaporated from -

anhydrous pyridine (3 ¥ 40 mls, final volume ca. 25 mls’ and

MS%,51.5M9, 671 mmol; 2.0 equiv.) was added and the

;gaqtivation mizxture sealed under dry nitrogen. The
Sed ' -lr ) - © R - ) "
solufion was warmed ¢30-35°C) for 1 hour. An anhydrous.

~ R )



~F : 38

. o ‘ . .
& B .
pyridine scolution {(ca. 20 ml} of high Rf isomer of B
HDAbziOH (1.37 g, 3.0 mmol. 1.1 eguiv.) was %then added,
‘ ' ;

the final velume reduced in vacuec, and the reaction mixture

sealed under drv nitgogehi After 5 "days of reaction at rocom

temperature in the dark, tlc indicated the reachtion was ca.
0 . B

180u90%'complete (Ri 0.3 » 0:7). The reaction was

o k _ )
guenched with.ice (ca. 3-% g), poured into ice wadker (ca. 80

ml) a2nd extracted with methylene chleride (4 =z 100 ml). The

¢

combined exztécts were washéd.w;;h water (1 = 50 mi)-and
evaporated in vacﬁosﬁm;dfgﬁéss. %f;ces o? pyriding were
‘removed by co—disfilla;ion Qith toluene (1 x 102m§) and :.
toLﬁene-mefhylene,chlgfiée mixture (2 x 10 mlf.to give a
e

light brown foam. TracUtEAbztDH was purified by

" chromatography on 30 g silica gel. Elution with 2.5-3% ’)\
< ) ’

bz

methHanol-methylene chloride vielded TracUtpA tOH (79§lmg.

w.

6.78 mmol, 21%).

! . i

2.3.2 2°-0-Tetrahydropyranyil-5S'-0—triphenyimethoxy-

acetylur;&yly (3‘~(2.2.2—trichlorethy1)~5'):N;Bénzoybﬁ ) i
3, : L . &l B - '
N :

2'-0-tetrahvdropyranvladenylyl (3'-(2,%,2-trich#sethyl)

K

v el

o A Y

'
9.

-5 N-bqnzoyl‘z'—D—tetrahydropyranﬁlidenosine.

1 [ ! o
de 'monophosphate ' %

; . The blocked dinucleosi
\\ | . e t 5 . ,'F -
Tra&U?bﬁEiDH‘(SBB_mg, 0.5%5 : mmol, 1 equiv.) waqéﬁissélgﬁf
-_— A * - ' i
L . - RS
in.anhydrous p?rid;ne#ang further dried by_eyaporation‘inj <
. kR N i < -
vicuo from anhydrgus pyridine (3 = 20 ml% ;nd'ﬁéa!éd under
: o s i P Y - :
, 1

: . s : ¢ . s "
T 5 S



dry ﬁitrogeq.

-

3 The 2.,2,2-~trichlorethylphosphate <253 mg, 1.1 mmol,
Z gquiv.) was converted to its pyridinium salt by repeated

evaporation in vacuo from anhydrous pyridine (3 =& 20 ﬁls)

-

w -

“and activated by MST-(552 mﬁ} 2.2 mmpol, 4 equiv.).  After 2.3

hours, the activated scolution was added to the pyridine

- L=
o

solution of TracUtpAPZoH, thé volume reduced in vacuo (ca.

- .o s

15-20 mls) and sealed under dry nitrogen. ‘After‘72 hpurs at
toom temperature, tlc indicated the reﬁction was complete

(Rf 0.7 » 0.2)Y.. Ice was added, the reaction was then

poured into ice w;ter (ca. 50 mls) and repéétgdly extracted
5. T - ' B

L . ) . ] :
with methylene chloride (4 x 350 mls). The combined extracts

.

3 A
were washed wi}h water (1 ® 50 mls) and evaporated in vacuc

to' a yellow-brown oil. -

3.

’
A

TrathpAbztEO' (ca. 0.5%5 mmol) was evaporated
from anﬁydroqa gffidiné {3 = 20 mls) and sealed under dry

‘nitrogen (final vol. ca. 10 misy. The phosphate was

LS - s -

‘feactivated with MST\(??é mg, 1.1 mmol, 2 equiv.’. After 2

hours, anJaﬁhydrous pyridine solution of thevhigh Rg
. o™ . .-

isomer of HOAPZtOH <275 mg, 0.61 mmol, 1.1 equlv.) was

added. After 3 days, tlec indicated the reaction was 60-70%

" complete (R, 0.2 » 0.6). A further 50 mgs of MST were

.

f

added and the reaction mixture resealed under dry nitrogen.

5

' ’ ) ! . '
After a further 24 hours, tlec. indicated the reaction was

! complete (Rt 0.4). Ice (ca. 3 g) was added, the raeaction

2 was poured into ice water (ca. 50 mlIs) and extracted with
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%
mbth?lene gh1o:{E§\rfﬁ3\so mls) .+ The combined esztracts were
\ A ‘-‘ : \4 ?
washed w;th watef\Tiux’Sﬁ mls) and evaporated to a .
ity .
k3 - - L
) L

yellow-brown foam. ! ‘ ' T~

) | Chromatography of {petfjém on a 10 ?Ksilicarge;
column yielded TracUtprztpA%szH“C§22 mg..}gzz\ﬁncir

59%) upon elution with 3~-4% méthanollmethylene chloride,
. . . - -3

.
t

2.4 Preparation of Oligoribonucleotides Via a Block

- o

Stepwise assembly is convenient for olxgomers~up t e

Synthésis. B .

s

‘five residues in length. For longer oligoﬁers, ffagment U ///r
5 coupling.is less tedious and gives better overallﬁyiéldé

(Werstiuk & Neilsen, 1972). _— :
4 * . . : "
The method is especially useful in constructing -

\odggomets such as UpApApUpApA where a repeated sh%rigr unit '
is conf@imed within the sequence ¢in this case it is UpApA).

~ v - T

The chemical couplinglof two:ol&gome: blocks pFocee&s under

. M . " -
- - ‘

iﬁe'same conditions as the couplfnb qﬁit%o-nﬁpleoside ’ T

. * -

residues and proceeds in a 5' . to 3' direction (Figure 8). .
> - * - .

7 For tHe block.synthesis to .be reasonable, the spacifiec

removal of theﬁfﬂ Trac blocking g}oup must be achmplished &
in.high‘yieid," This step in the synthetic procedure and the

2

subsequent coupling are described. o A
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Figure 8. Block Synthesis of Chemically Protectad UAAUAA.
3 - - !
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' N-benzoyl-2'-Q-tatrahydropyranyladenylyl

2.4.1 2.)~0-Tetrahydropyranyluridylyl -

3
LY ~

(3'-¢2,2.2-trichlorethyl)=5"')

(3"-(2,2,2-trichloathyl)-5"')

"N-benzoyl-2'-g-tetrahydropfranyladenosine.

3

TracUtpAP?¢paPTtod (212 mg, 0.14 mmol, 1.0

- ~

equiv.) waks dissolved in 30 mls of reaction solvent (1% v/iv

NH, OH/CH,OH). THe weaction was followed by tlg

3

(R, 0.60 » 0.25 + 1.0). Specific removal of the

*

triphenylmethoxyacetyl group was evidenced by the appearance

. -

of a YelloQ spot At the solvent ffont. After 3 ﬁoufs1 the

reaction was 85-90% complete as evidenced by intensitées'of

\

- N AY
The reaction was quenched by evaporation in vacfie to

spots on -tlc plates. '

,

dryness. Cﬁroma{ography of the white foah on a2 12 g silica

gel column yielded HOUtpAPZtpAPZtOH (134 mg, 0.tlmmol,

‘.

80.2%) upon elution with 4% methanol-methylene chloride.

) - - -

-‘~ ’ - - Ed

Ak

v
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2.4.2 2’—OwTetrahydraﬁyranyl—S'-d-triphenylmethox?-

- -

- acetyluridylyl (3'-¢2,2,2-trichlorethyld-S' N-benzoyl-

e

2'-O-tet:ahydropyrinyladénylyi (3'-{2.,2,2-trichlorethyl)’
}

-5 ') N-behzoyﬁ—z‘-O—tetfahyd:opyranyladenylyl(3'-

bl

(Z,Z,Z—trichlﬁrethyl)-S') 2'—O—tetrahydropyrinyluridylyl,

.

(3'-(2,2,2~trichloethyi)~5') N—benzoyl-2'-0- g -

tetrahydfopy:ényladenylyl (3'—(2,2,2—ftichloetﬁyl)-5')

N-benzoyl-2'-0-tetrahydropyranyladenosine.

Al -

TracUtpAP*tpaP?toH (300 mg,0.156 mmola, 1.4
equiv.) was dissolved in 30 le of a:# pyridine, and
remaining moisture removed by evaporation -in vacue from
anhydrous pyridine (3 X 20 mis) and-.-sealed underﬂdry
nitrogen. The 2,2,Z-trichlorethylphosphaie (9; mg, 0;398
mmole, 2 equiv.) was convérted to its pyridinium salt by

— . 1

repeated evaporation in vacuo from anhydrous pyridine (3 X

20 mls) and activated by MST (201 mg., 0.801 mmole, 4"

)
-

equiv.). After 2-3 hours, the activated solution was added

to the pyridine solution of TracUtpAPZtpAP®t0H, the

volume reduced in vicuo‘(cé, 15-25 mis) and seailed under dry

nitrogen. . After 72 hours at room temperature, tlc indicated
that'the reaction was complete (Rf 3.6 » 0.2).. The . .

\

reaction was gquenched by the addition of ice, the mixture
was then poured into ice water {(ca. 40-350 mls) and

repeatedly extracted with methylené chlagﬁ%t (4 ¥ 50 mls)y .

[y
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The comb}ned'ext:acts were washed with water (1 ¥ 50 mls) »
. / " . i - ; . e a. -
- and~evaboratgd.in vacuo.to .a yellow-brown oil.

+

\

¥? T:écUtEAbxtEAbztpD' (ca. 0.156 mmole) was

evapopa;éd from anhydrous pyridine”(S X.20 mls) and sealed

undg; dry nitrogeﬁi(iinaL vol. ca. 13 mls). -The phosphate

™ -

was reactivated with MST (100 mg, 0.398 mmole, .2 equiv.).
- - After“2~3‘nours, an anhydrous pyridine soclution of

—

HOUtpAPZt gAP%tOH (136 mg, 0.091 mmole, 1.0 equiv.) wase. _

added. _After 2 days, tlc indicated the feaction was 60-70%
3 complete (R{:O.Z + 0.5 + 0.60).° A further 50 mg of MST - {

were added and the Teaction mixture resealed under dry.

_df " nitregen. After a.further 48 hours, tlc indicated the

reaction was complete (R 0.45). 1lce (ca. 3 g). was

- ~added,’ tﬁe reaction was poured into ice water ({ca. 50 mls)

- -~ ; -

- . . . . £
and exttacted with methylene chloride (4 X 50 mls). The

te Eémbiqed‘extrapts were washed with water (1 X 50 mli) and

‘avaporated to a yellﬁa-brown foam.-

Chromatography of the f%lm-onﬂa 10ﬂg silica gel

- . .

A colymn yielded TracUtpAP*tpaP?tputpaPZtpaPZton (245

.. ° mg, 0.068 mmole, 75%) upon elution with 5-4%

methanol-methylene chloride. :

-
Lo PR
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2-. 85 Deprotection o0f Chemically "Blocked'™

\ ~ -

Oligoribonuclepfides. . E -

s
1

?quéct d oligonuclectide (20 ﬁg) was dissolved in
. ”

. . A
" ) . i

.y

b

e



" fs ’ b .
filtered and washed with 1 N ammonia

45

L

1.0 ml DMF and Cu/Zn couple (ca. 10-20 mg> was added, and

-
~

left~to react for 1-2 hours at 50°9C. Reaction (removal of

phosphate blocking group, 2,2,2-trichloroethanol) was judged

Methanolic ammonia 2.0 mls ?

oy

complete by tlec <R£-9 0. 0.

(mefhanol:cNHs, 1:1 (v/v)) was added, the reaction

A
N

vessel was tightly sealed, and the reactLoh left tq stir at

room temperature for 2 ddys.

!

- ~
This effected removal of the

Trac, and,bem{oyl blockiﬂgrgronps. \The Cu/Zn couple was

; helex-100

(NH4+ form) was added to the combined filtrate and

washings and stirred for 1 hour. The chelex was filtered

and washed with 1 N ammonia. The combined filtrate- and
washings were evaporated in vacuo to dryness. The partially

;

deprotacted oligomer was purified by descending paper
chromatography on Whatmanrﬂl in ethanol:1 M NHqOAc (pH
7:3> (1:1, v/v). The desired band (R, = 0.8 » 0.9) was

cut-out, desalted by soékihg in absolute ethanol (i hour?

and dried in anhyd:ous-diethyl ether (20 min) and eluted

with glass distilled water. The pH of the eluate was

adjusted to 2.0 with Z M HCl, and left to stand at room

temperature for 48 hours to facilitate removal of the
; R

tetrahydropyranyl group. "The solution was -then neutralized
. ) = ‘

with concentrated ammonia, évaporated in vacue to dryness,

and pdti[ied on Whatman #40 in ethanol:i1 M NHqOAé (pH
7.3) (1:1, viv).

The desired band was cut-out, desalted as described

ay



and eluted with glass distilled water. The data for the

.deprotection of .the oligoribonucleotides are presented in

Table 2. The sequences were characterized by their 70°%¢
1H NMR spectra.

The HPLC procedure involves the followinag
modification: After the comﬂined filtrate and washings were
evaporated in vacuo to dryness, the éarti;lly deprotected
oligomer (thp blecking groups not_reméved) was purified by
HPLC chromatoaraphy. - The dried oligomer was }edissolyed in

a minimum amount of water, generzlly 200 pf‘and 100 pl put

" into each of two 300 Bl sample vials (Waters). Two washings

of 100 p! each are added to the sémplés.\_The entire 200 pl

sample containine ca. 10 mg of oligomer and impurities is
. . v .
injected onto a reverse phase C-18 column and eluted by

linear ~gradient HPLC. Initial solvent 5% v/v
‘5 .

Acetonitrile/0.1 M NH4OA0 (pH 7.0) to 30% v/v

Acetronitrile/0.1 M NHQOAC {(pH 7.0 in 30 min, flow rate
L]

1.0 mI/min at 1500 psi.

Fractions containing the barti;lly“blocked Bligomer
were collected and pooled. The pH was adjusted to 2.0 by
the additioﬁ of-Z‘N HC1. After 4B hours the sample is
neutralized with %.5 N ammonia, evapo{ated £E'Vacuo to- 4
dryness, and redissoelved in a minimum amount of Qater
(200-4400 plH. The samplies (200 pl) coqtain{ng ca. 10 mg of

oligomer and impurities are injected onto a reverse phase

C-18 column and eluted by linear gradient HPLC. Initial

46



solvent is 0.1 M NHqOAc {(pH 7.0 to 3% v/v CHBCN/O.l

M NH OAe (pH 7.0)> in 30 min, at a flow rate of 1.0

ml/min, at 1360 psi.

3

2.6 Protoen Nuclear Magnetic Resonance of

Oligoribonucleoctides.

"The 90 MHz proton spectra were cbtained in the
Fourier transform mode of § Bruker WH-90 spectrometer
equippéd witﬁ quadrature detection. Probe' temperatures were
maintained to within #1°C by a Bruker B-ST 100/700
variable temperature unit, and were calib;ated by

-

thermocouple measurements.” The samples were lyophilized

twice from D_O and then.dissolved in 100% D_0O

2 _ 2
(Aldrich) or 100% D,0 buffer (1.0 M NaCl, 10 mM
NaHzPoq. pH 7.2). t-Butyl alcohol-0D was used as an

internal reference and the chemical shifts are reported imn
ppm Telative to DSS. The.tield frequency lock was provided
bf the deuterium signai.of Dzo. The spactra were
recorded over a 1,000 Hz sweep width into 8 K data points

. _ . ) ’
(4.094¢ s aquisigi?p time). The pulse width was 3.5 ps
(g7 .5° pu}sQ-aﬁglé). The gpectra ﬁf shorter sdguences
Qﬁrimérs and tetr;mers) werae ob;ained in 100-200 trahsients,
Qﬁile these of larger segpencés ¢thexamers, heptamers) )

required 500 to 1,000 transients,

The 250.133% MHz proton NMR spectra were obtained in



-th@n centrifuged as- above. The ribosomal pellet was

48

'

the'Fou:ier transform mode of a Bruker WM-250 specirometer
equipped with quadrature detection. Probe temperatures were
maintained te within +1°C by a Berer_B—Vx 1000 variable
temperature ;nit: and were calibr§téd %y thermocoﬁplg
measurements. Samples were prepared as described for the 90
MHz spectra. Spectra were recarded';;ef a 2,400 Hz sweep
width inte 16 K data points (3.407% s-.aquisition time).
Pulse width was 11.0 ps (=90.0° puIS; anagle). Most spectira
were bbtained with thé HDO péak sdppressed gy irradiati;nrot
o .
the peak (35L decoupler power). Many spectra were resolution
)

enhanced‘by,guassiﬁn multipnlication ef the FID by a negative

line broadening (-1 Hz), and a guassian factor of 0.200.
! ' .

Spectra were obtained in 64 to 256 transients, in TiiL_h//ﬁ
cases. - ) .
2.7 ,Ri;oégme;OIigoribonuclgotide Compfh; Formaiion-

Seventy S riboesomes were isolated from midlog_g.
coli Qla.ceils (Gaﬁoza‘and E;rraclough, 1975; Ganoia, gi'
g}.} 1978), with the foliowing modificafio;§: Twice washed
ribﬁsomes iﬁ.O.dl M Tris-ﬁCI, pH 7.4;‘0.001 M MgCl2 :ﬁd
0.5 M NH4C1, at arconcenttation :f 10 mg/ml were -
éentrifuged 10 minutes at 3Q,0§p gi The sdpernatapt wasg :q

" spun for 140 min at 110,000 g. The resulting pellet wz's

i

¢ . ~

suspended in 0.01 M Tris-HCl, pH 7.4; 0.01 M MgCl, and

2

’
3

0.5 M.NHQCI‘(bﬂffe{ 1Y, -at a concentration of 10 mg/ml,

¥

T - >

Y
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P

L

in an incubation volume

- 5

~

- . 7 : ' . . .
suspended ih Buffer 1 at a concentration of 100f200 mglm;

and stored-at 0°. . : . : . .

- The f[3°

v SImet-tRNA, was prepared as previously

f

described using E. coli B tRNA (Ganoza .and Nakamo?o; 1966) .
% s¥met-tRNA

: o @ ’ B
was determined by isotope dilution to be 108 = 1Q3

Thehspeciiid activity of formylated (L

dpm/pmoie. The extent of tormylatjoh'was analyzed on.////’“

aliguots of £r®%SImet-tRNA_ after-;o‘minsnydrox;?%gjf@
b

0.33 N_XOH at aﬁ&c.‘ After neutralizing, 0.25 ®l of 0.1 N

+ ¥ R

- »

3?5]met was extracted into ethyl

HC1l was x8ded and the fL
. e - :
adetate (Caskevy, $£ al., 1968). L

. -

Partially purified activating enzymes, cbtained from
- R e ¥ - .
E. coli B supernatant fractions (Ganpéza, et al., 1976) were

used to aminoacylate pure tR A'ﬂ#&i " The acylated tRNA

! . N
was- extracted with phienol in 0J[i% SDS (Pace, et al., 9483},

— ——

and purjified as deépribéd

-

'(Raenni and Ctiaevllle, 1964). The specific ctivity of the

-, - Nl - ,2

N-acetyl-[ Himet-tRNA was approzimately 19.5 x 107
“dpm/pmoie. k \

Unless otherwise stated, . - . :
riﬂ&some:fmet—tRNA;Q(%;orlb eoiide complexes were formed

N

‘0.04% ml containing 100 pg of

four times washed gﬂ coli Q13 f?bosomes, 300 pmoles of

P e

oligorib&nucleotide and approximately 2.5 pholes of

f[3551met—tRNA or N—aeetyj[aﬂlmet-tRNA. The reaction

s

was_ﬁkcubated at 24°C for 15 min and halted immediately by

. i

™ ‘ :



(24

:
- - - . < - .

= plunging tubes into ice. If binding -0f fmet-tANA or -
-- p . N ERY . (’ - .. - . -
N-acetyl-met-tRNA was to be measured, approximately 5 ml of |

0.01 M MgCl 0.05 M Tris-HCl, pH 7.4 and 0.1 M

B ] -

2!

NH C1 was added to each”tube and reactions were filtered

oh 0.45 n filters‘(ﬁillipore),-washed with this bufferg, e
. ; , A - ! cC
driednand”couﬁtq&.in,tdiuene, PPO and POPOP (Nirenberg ang
! Leder, 1944). . ‘ ,ﬂ - . -
£ . e’
2.7.1 Peptide Synthesis. - e =
{ | u B
~ . . . sl .
\ﬁ/ﬂi/ ; ‘For‘@xpep{{éf synthesis, :eacﬁxomﬁmthwras‘gogt§igedAif
¥

partially purified iﬁitiation factors and EF-T. Initiation

A e R . - R o= S
/fv : - : : T

factors were i1soclated as described (Suttle, ot al., 1973)>.

T - L

EF-Tu 3nd“EF2F5 were prepared according to (Wurmbach and
A ™ . ’ '
Nierhaus, 1979, or Arai, .et al .,

N a - .

tairied an approxifizte 70-fold - i t
con axﬁ b pp zga e o excess—vf\Qixanucleotxde Q

11972).. Reaction miwtures

rtbosomas.. Reaction condifions"were as described“(Erbe and

. Leder, 1948), emxcept that incubations (0.045 mi), contained

5, ug of hexanucleotide, 2.4 pg IF—1, 2.5 pg IF—Z; 1.2 pug
~ : - ‘

F-T, 0.0t M Mgk}z. and about 4 pmolé&s each of

-
£ SS]het—tRNkf %Eﬁ unlabelled leu-tRNA and 100 pg of

aﬁ“ 7058 Q13 ribosomes. - Whan indicated,. 14 pg_éf release factor
- \‘ : /

was added. Afte 30 min of‘incubatioﬁiat 24°C, an aliquot

Y

. - . )
(0.03 ml) was withdrawn and hydrolyzed ¢dn 0.5 M NH4OH;

. for 30 min at 37°C. About 0.05 ml of the reaction mixlu(e
‘ - : L -
Zﬁiqﬁ?was spotted onto Whatman 3 mm apers and dried unde;\l'

DI o -

.
.
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T

-~ - ) !

& N, . Electrophoresis was carried cut at 125 mA for 60

min 200 Vﬁpm) in pyridine;glagi&l acetic acid;watér
N o (1:10:189>. Forwylated dipébtide standards were stained by

spraying the paperawith b.1 N Na diéhrpmate_in;glﬁciql

T L acetie acid_(l:ﬂnv#&) and then with 0.1 k‘AgNoé.v Qhé cm

strips were cut and counted using toluene, PPO, ind POPOP as
T ~scintillation u i'd . . .
- EETRT T -

B - ¥ c -
. - ¥

- a - s

22.7.2 f:a{glational Termination In Vitro.

. 14
a -
) ; o4 -

s

s

- : After rtbésome:fmet-tRANA:oligoriboriucleotide complex

formation, the reactions were stopped jgmediétgly by

-

N =2 - N > 5 R

plunging the reaction tubes intp ice, and rhen O.DSQKml_
aliquots were adaedwcoqgaiﬂing 14- ug ofih?eil The release
l$-factbf3w35'prepageq from- E. dbﬁg K12 cells {(Ganecza and
' Tompkins, 1970). Unle&s otherwise specified, the’

11 ' termination re§pt§gn Proceeded at 24°C_£qt thirty min ‘and

- ] ! o (-"" — - ) . -
was halted by the addition of 0.25 ml of 0.1 'M-HCl and 1.4

mltethgl acetate. The amount of N—aéetyl—taﬂlmethionine
or é@ fESSSJmeth;::}ﬁ?jhyqﬁo}yzed {released), was analyzed

after extraction of 1 ml ;;iﬁuots tom the ethyl acetate
~ i 4 ) 7 . - R K ) '
tayer and counted (Caskey, et ,al., 1748). -

7 ar

kY
g

See
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& . RESULTS AND DISCUSSTON 3
VJ v Y

3. Ptoton NHR Studies ofﬁSeauence and Conformatxon usxnc

i) T ] B
'Short RNA Oligomers;: o SR oo )

~ | : - . : :

3.1 Chemical Synthesis of Oligoribonucleotides. e

— B i . . B

All oligortbonucleotides used in this work were

* * -t '

prepared by thébgeneral phoqahotri%sﬁér syn{he%ié dﬁvéloped

“by Neéilson and coworkers (England & Neilson,1976;:Weistiuk &

’/ﬁ::;son. 1976). The metﬁodeﬁllews lgfge;scale ﬁfeparation?

foligonibondcleotides are co#tained‘in Tébles 1a.b,q. Tablé 2

v

of oligﬁribénucleo%ﬁdés; suitable for use in these studies:,

The 'preparative data for.tﬁe protected !

- « . T

\

& ! - . : .
gzves chromatography data and the yxelds of the pure. free:
. 4

£l %
v

111ustrate fhat the chromatograbhio characteristi¢s of RNA

olxgomers depends ‘on the lengéh base.cémpositip{ and -

sequence HPLC of RNA oligomets demonstrates that &iigomer

PN .

-

length, bg5¢sg3mppsition, and sequence afigots the retention

time of both Z'QB—ietrapgd;opyranoI%deriyativés and free

n
o - T

oligoribonuoleotiaesI@Table 3).40ﬁig3mer length in‘generai

E {

- (\ N
has the gteatest affgct on retention txme while base
B ""F i p L 3 ;."‘

‘qomposition.dnd 5equencefmo?e'?oderatery affect _retention

3 I

. . R
time. These trends are consistent withithose found for RNA
: . e . L S s
LS o ‘ v :
and DNA ¢éligomers of similar length and base composition =
. /""’\ . _'; Y

(MoFarland, and, Borer, 1979; Fritr,,et.  al., 1978). .

" I’

T 52 RS}

3%

ongo::bonupleot:dqs after ch@micalgﬂeproteotron. Thevd&th



- b . Table 1a. Summary of preparattion of Protected
: : ' Oligoribonucleotides?. "

. Reactants Products
Quantity Quantity : Quantity
 Comp . mg mmole Comp. mg mmole Comp . mg % Yield
U 1900 3.025 A 1370 3.011 UA 798 21
LI 500 .79%6 G r 412 .87 UG 587 57
) uu - 820 .713 A . 350 .76%  UUA 720 54
CT UA 584 .459 A 275 . 605 UAA 522 59
T, . Ua 540  .423 o 240 1510 UAG 540 66
. uc  567° .439 A 221 .486 UGA 540 66
UUA 390 .214 UUA 250  .165 . UUAUUA 320 5%
s Uuu © 150 . @90 UUA 165 .110 UuuUulA 75 . 25
. ‘ UAA g0 154 UAA 136 - .084 UAAUAA 245 75
T UAA 323 168 UAG 230 140 UAAUAG 268 51
) . UAA 215 .112  UGA 125 076  UKAUGA - 200 70
: TAUC . 192 .89 CUA 130 © .081 AUGCUA 135 45
. AUG.  -100 .052 CUUA 80 .037 AUGCUUA 131 83
AUG 208 .09é6 ‘CUAA 170 .076 % AUGCUAA 110 33

3Column 1 contains the S"-trityloxacetyl reactants and U
¢« stands for tracUtOH; column 4 contains the incoming
nucleosides and A stands for HOBz}AtOH; column 7 contains’
* the trityloiyacétyl product and UA stands for
tracU—E—B;—AtOH. Pyridinium m 2,2,2=-trichloroethyl
phosphate (2 equiv) agtivate

1

by 4 quiv of MST in anhydrous
pyridine is used in each phosphorylation step. The coupling
L . step_ to the incoming nucleoside is driven by 1.2 equiv of
£ " . h . ‘
3 MST.
1S -~ . . x .
"‘ ./ ;
- Co ,
- ¢

53.
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Table 1b. Summary of- prgpa&g;xon of~£rotected
o Ollgorlbcnucieotx ‘
&)
Reactants : Products
- Y
_ ~ .
Quantity Quantity Quantity
o, T = o
C5337 mg mmole Comp. mq mmole Comp. - mg % Yield
G 4135 .564 A 282 .620 CGA - 398 49
GA 213 L1340 u 54 165 GAU 106 34
.G 980 1.270 G 659 1.398 GG 740 q1
GG 247 172 A - 8é .188 GGA 142 40
GG 247 172 G 89 .188 . GGG 126 35
GG 247 172 U 62~ .188 - GGU 118 =353
G 43s 564 C 267 L 420 cc Y 350 44
GC 300 215 G _ 122 ©.258°  *GCG: 78 .18
GC 208 BY LTRSS 71 L1464 ccc 184 &1 -
, ]
- ) ‘ - ‘
G 1300 1.322 U 477 1.434 GU 840 49
i GU 210 182, A 82 .180 GUA 113 34
cuU z10 162 ¢] 92 195 GUG 120 38
- GU 210 L1462 C 79  .182 Guc 148 48
Gu 210 162 u 60 .  .183 GUuU 94 33
u 898 1.430 y 518 1..579 uu 1000 41
“ Uy 500 .433 A 206 . 453 - UuUA . aoo 39
Uy 232 217 G, 105 .222 uuG 204  S2
Uy .200 .174 c 140 | .325 vuc ” 217 70

-

qColumn‘ 1 contdins the S'-tritylozacetyl reactants and G
stands for tracBz-GtOH; column 4 contains the incoming
nucleosides and A stands for HOBzigtOH ¢olumn 7 contains
the tritylozyacetyl product and GA stands ‘for
tracBz-Gt-p—-Bz-AtQH. Pyridinium mono-2,2,2- trxchioroethyl

phosphate (2 equiv) activated by 4 equiv of MST in anhydrous

pyridine is used in each phosphorylation step. The coupling °

step
M5T.

,to the incoming nuclecside is driven by 1.2 equiv of

Ve

4 -
b
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Table ic. Specikftnbeblock of S‘—Trityloxéacetyl -
o Oligomers?. e B

Reactants. - :Quantiti - Ptqdﬁb@g - 'Guanjigyr
- - - B \‘A
. . mg mmole . - . '_ mg " % vield
TracUAA ~ 212 0. 110 HOUAA ™ 136 = 76
TracUAsG . 350 T0.180 "HOUAG 238 79
TracUGA 350 '0.180 . - HOUCA ©125 42
TracUUA .250 '0:13% | HOUUA - 130 2
TracUUA - . 312 0.173 HOUUA 250 96
TracCUA*  .1000 0.525 . HOCUA - 436 53
TracGUAAX . 980 .0.383 HOCUAA = 574 ° 66
TracCUUA - 194 0.0Q80 HOCUUA 8o- . 47
"TracUUAU- M 340  ~ 0.146 - HOUUAU s 208 70
Rt S 7 LT

dammoriia (u.fé My in.ﬁethanol was-reactant solventﬁtlﬁ mg
Trac dompound in 1 ml).

*Prepared by Dirk Alkema.

b : . : : -
i . -
'
i
- ~
- .
4{“ -
‘
< - nr 4 il
+ i k]
:
..
a T
.
t * i ~
.
’ +



Table 2. Expenipenthl Data of Free Oligoribonucleoctides.
e ae b . i c
Compound®” . . R, LA,y Units Yield (%)
wual T _ 0.61 140 43
U . 0.4°% 175 - 73
S UvA . . 0.51 7148 , 38
ROV 0.56 : © 138 ' 40
uucty 0.54 100 ° 34
-yyu . 0.62 . 118 37 .
. UAA 6.28 310 8%
UAG 0.33 23y . d )
UGA , 0.41 154 ' a7
GUY 0.35 - 163 - 43
Guc : - .. 120 o 40 -
GUG . 0.2t 54 20
CUA : - _ 132 . 37
Gcce - 117 .- St
GCG S - 128 : 27
GGU 0.35 76 ' 26
T GGG 0.06 ' 18 . 7
GGA : 0.10 . 137 © 34
AUC 0.39 \ 97 - 28
UAAA 0.25 168 44
UAAG : 0.29 37 17
UAAC 0.29 175 50
UAAU g.31 135 37
UUUUUA 0.5 - 113 © 32
UUAUUA 0.13 ‘ 54 25
UAAUAA ©0.10 87 24
UAAUAG 0.07 93 28
UAAUGA _ 0.09 134 ‘ 38
AUGUA - 0.11 95 31
AUGCUA ' 0.13 s2 . 18
AUGGUUA 0.10 a0 8
AUGCUAA 0.05 : 54 14
AUGUUAU : 0.06 “as 21
AUGUUAA _ 0.09 34%95\\ 19
S

®Refers to the free, chemically deblocked
cligoribonucleotide:

/
: : H
Chromatography system: 1.4 M'ammonium acetate/ethano!

(50/50, v/v)> on Whatman #40 paper.

b

®calculated from UV spectrophotometric data assuming a 9%0%
hypochromicity factor.
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b+
Table 3. Experimental HPLC data of partially blocked? and
free Oligoriboenuclectides. . ’
b,c . ’ d .
Compound RT (min? RT (min)

partially blocked free oligomer

i)
GUA - L 121
ouUG . r 18.8 ) .
GuUC : . 11.4
. GCC 1'4.5'1' : _ . - o s ¢
GGU ' 20.7 o _ B.6&®
AAC < . 20.5 19.2

*Refers to tﬁé\XL;d{tetfahy;Eg;yrénal‘derivatives_m

b
NH,OAc (pH 7.0)

al/min at 1500 psi.

Linear Gradient HPLC, 5% viv acetonitrile!ﬁ.l M

to 30% v/v ,-in 30 min; flow rate 1

®Approxzimately 10 mgs in a 200 pl puise.

dgradient HPLE,

7.0) to 3% wv/v,

eCradient HPLC,

7.Q) tao 3% vw/iv,

0%
in

0%
in

v/iv acetonitrila/0.1 M NH,0Ac (pH
30 min; flow rate 1.0 ml/min at 1500 psi.

viv-acetonitrile/0.1 M NH ,OAc: (pH .
?0 min; flow rate. 1.0 ml/min at 1500 pii.



Iy

>8

1

L -

’ 3.2 Charagterization by Proton Nﬁﬁ Spactroscopy of
~

A}

Biologically Active Synthetic Oligoribonucleotides.

The oligomers UAA and UAAX, where ¥ is A, G, C, or U

e ®

were characterized by their 90 MHz: proton magnetié’résonancg

spectra ('H-NMR). Table 4 lists the chemical shifts of

-

all the non-ezchangeable base protons and the ribose ﬁﬁl'

protorns for these oligomers at 70 s 1°C. Table 5 lists the.

chemical shiftidaﬁa,for the tandgm stop codons UAAUAA,.

UAAUAF, and“UAAUQA, Table,éagand'éb lists the chemigal shift

data for the sequeﬁces”hUG(N);;’The'Ehtft data at 70 "+

\
\

1°C of the dinucleoside monophégphates (ﬂimegg)/and'the -

- - . ——

triﬁualeoside &iphosphi}es (trimers) used in these studies

-
-

are contaimed inh Appendix 1. -
: : soe
- Since many.of the oligoribonucleotide s%gﬁenées

r
'

ftudied were”  sythesized sequenﬁialiy from the 5'-terminus to,

-
PR3

the 3'-terminus, and the lH_NMR spectrum of ‘each

intermediate was obtéined under identica% conditions. to

¢ . -

.these of the final.product, the incremental analysis method

- gl

was used in the assignment of the spectrum of the ‘final

product (Borer et. al., 1975). Changes in the spectra from

one intermediate to[\%e n&kt-a%e due to thg\appegﬁance of
L . ‘

- : .
the resonances 'of the additional nucleotide and it&

shielding effects on the previously present protons.

~ . -

Shielding effects are,obéerved'at the ﬁearest—neighbourrand
neﬁt-neaiesi—ngighbor positions. The aﬁdition,of:a .

" " f .
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Table g .Chemicglﬁ Shifts? ¢f the oligoribonuclaotides
URAX at 70°C in D 0P . :
Proton ~~ UAA UAAU UAAC UAAG  ~ UAAA
A 5 _
UC1)H-6 7.689 ?.696 7.669 N - 7.679
AC2ZYH=8 . 8.317  8.330 8.241 8.292
A(2IH-2 8.121 8.121 8.185 8.08¢6
A(3)H-8 B.334 &.330 8.274 8.292
COAC3IH-2 8.189 8.181 - 8.137 8.103
UCAIH~6 * 7.752 : 3
C(4)H-4& 7.795
GC4IH-8 _ ; ’ 7 .899
A(4)H-8 ‘ ' 8.29%92
AC4¥H-2 . o -  B8.162,
U(i)H-1'  5.737 '5.764 5.745 5,749 5.756
. AC2¥H-1*' 5.963 5.940 5.975 s.910 5.924
A(3)H-1' 4.042 ~° 6.058 §.035 5.965 §.971
C UCaHH-1T L s.849 - .
~C{qr)H-1" . ‘ . 5.834 '
G(aIH-1" - - £ oo 5.803 N,
A(4IH-1" o = o SRR -_6‘.%
Ut1)H-5 5.773 5.779 5.777 $.777 5.7686 -
UC(4)H-5 5.749 .
- “~ C(4)H-5 S 5.910 )
- 3%Chemical shifts are in .ppm "relative to DSS using
‘. tert-Butylalcohol-0OD as an internal reference and are
accurate to +0.005 ppm. :
’ by o \tg? NaCcl, 1.0 mM NaH PO, pD 2.0; '
concentrations 5-12 mM approximateiﬁ; R \ﬁ
PO _ . _ &
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Table 5. shifts® of the tandem _stop codons
UAAUAA, UAAUAG, and UAAUGA in D,0°. :

Proton UAAUAA UAAUAG UAAUGA
UCLIH-6 7.652 7.459 7.470
AC2)H-8  8.261 8.273 8.242
ACZIH-2 B.0&S 8.094 8.074-
AC3)H-8  8.252 8.273 8.244
AC3)H-2 B.036 8.081 8.024
UC4IH-6  7.63°9 7.659 7.628.
AC(S)H-8  8.227 8.273
A(S)H-2  8.059 8.111
G(S)H-8 7.865
AC6)IH-8 8.261 8 "WES
AGSYH~2Z  B.132 : B.123
G(&)IH-8 7.915
UCLIH-1' $.731 5.749% 5.735
AC2fH-1' 5.916 5.926 - 5.910

- AC3)H-1' 5.954 5.973 5.954
UC4)H-1" 5.745 5.757% 5.752
A(S)H-1' 5.904 5.973 -
&SI H-1" 5.712
AC&)H-1' 6.005% 6.027
GC6IH-1 5.814 %
U€{>H-5 5.757 5.771 5.743
UC8IYH-5 s. 708" 5.724 5.674

-

iChemical shifts are in ppm relative to Dsrhdsing
tert-Butylaleohol-0OD as an :
accurate to +0Q°.005 ppm.

By 0 M Nacli,

1.0 mM NaH_ PO

-

intermnal

referent™e and are

*Assignments could be'ihterchanged.

<

'conceﬁ%:ations $-12 mM approxzimately.

A\



61

Table 6a. Chemical shifts of the Oligoribonucleoctides

AUG (N in D,0% at 70%.
. N
Proton AUGUUUS®  AUGUA  AUGUUA®Y AUGUUAA  AUGUUAU
’\. .

ACL) ™, 8.237 8.7244 B.305S 8.278 8.250
AC1)H-2-"-8.140 8.170 8.257 8.145 B.176
U2 IHZ 7 228 - 7.724 7.748 7.728 7.719
C(3YH-8 7.921 7.929 7.977 7.934 7.93%
U{4)H=-¢ 7.773 7.715 7.7279 7.749 7.742
UC5)H-4 7.793 : 7.748 7.877 7.694
A(5)H-8 .. 8.333

A(S)IH-2, ' 8.170

UC&)IH=-6 7.82% |
ACSIH-8 n:;ii7 §.235 B.362
AC6IH-2 - : 87235 B.048 8.184
AC7)H-8 : 8.29%6 -
AC(7)H-2 8.145 .
JUCT?)IH=-6 ' ' 7.733
AC1)H-1' 5.987 6.001 6.041 6.002 §.007
U(2>H-1' 5.754% 5.833% 5.835¢% 5.830% s.827°
G(3) ' . 5.812% . 5.833* - 5.844 5.830% s.s38t
U(4¥H-1' 5.880 5.740 . B89 5.815 5.854
U(S5)H-1' 5.897% ?\g;;t 5.770 5.800
A(S)H-1" 6.051

UC&IH-1' .5.897% ‘

AC§IH-1" 6.090 5.948 §.076 .
A(7)H-1" 6&.025

U(7)H-1" 5.86%
U(2)H~5 s.728f 5.785 S.810 5.783 5.782
Uta H-5 5.741f $.875 5.828% 5.815 5.810*
U¢5)H-5 5.832 ' 5.828% 5.783 5.768
U(6)IH-5 5.863 ) )

U7 IH-5 S . 5.810%*

Chemical shifts are in ppm telative to DSS using
tert-Butylaleohoel-0D, as an internal ﬁ}derence and are
accurate to +0.005 ppm. Y
Dy o M NaCl, 1.0 mM Naﬁfoq, pD 7.0; concentrations
5-12 mM approximately. :

®Chemical shifts for AUGUUU are reported at 31.7°%.
dehemical shifts for AUGng are for the oligomer in
.DZO only. - B

fAssxgnments could b@%znterchanged
Dencfes coxncxdent peaks,

Igf

.
N
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Table 6b. Chemical shifts of the Oligoeribonucieotides ? -
AUG(NY in D.0OP at 70°c.
m 2
Protan AUGCUA AUGCUUA AUGCUAA AUGUCU
AC1IH-8 8.276 B.281%1 8.274 8.264
A{1)YH-2 8§.241 §.21% 8.140 B.199
U(2IH-6 7.757% 7.756 7.741 7.724
G(3YH-8. 7.961 7.962 7.935 7.952
C{41H-6 7.757% 7.830 7.671
Ut4)H-6 _ 3 T 7.772
U(S)H-6 ;- 7.757% 7.775 7.741 :
C{SIH-6 : 74810
U{&)YH-6 7.712 7.797
VA6 H-8 8.397 8.241 '
AC6IH-2 8.263 8.092 ’
A(7)H-8 B.39% 8.298
AC7TIH-2Z 8.240 B.140
ACIIH-1" $.032 6.030 5.989
U(Z)IH-1" 5s.as2°® 5.851 5.835% .
G(3)H-1" 5.858°% 5.840 5.835% 5.839x%
U(4IH-1" *x5.875
C¢4rH-1" 5.913 5.976 5.847
U(5)H-1" 5.858 5.918 5.775
C(5)H-1" x5 875
U(&)IH-1" £.816 x5.875
AC6IH-1" 6.084 5.954
CALT7IH-1 4.115 6.033
s 4 .
UC2ZI}H-5 5.817 5. 8078 5.788% 5.796
U{4)rIH-5 ‘ - : 5.858
C{4)YH-5 5.896 5.914 5.880
UCSIH-5 5.817 5. 8art 5.788%
C(SIH~& o4.024
U(§IH-5 ¥ 5.791 5.911

4Chemical

shifts are

tert-Butylalcohol-0D as an-internal
.005 ppm. '
Py, oM Nacl, 1.

accurtate to +0

concentrations
e fpacsignments

0 mM NaH_PQO ,
$-12 mM approximately.
could be interchanged.

¢

pD 7.0;

in ppm relative to D55 using
reference and are .



3'—te:minar/;§rimidine residue causes an obsarvable

next-nex{-nearest-heighbour effect (Table 4). i
; . — .

The resonances of most of the trimers could be
aséigned by comparison“to the resonances of dimers, as in
the incremental analysis method, with the following
gﬁidelines. Resonances of the non-exchangeable base and
ribose H-1' protons could be dig¥%%37¥E§5 two Qngups; a
low-field group, (8.4-7.5ppm) containing AH-8, AH-2, GH-8,

CH-6 and UH-6 resonances; and a high-field group

(6.1-5.3ppm) containing CH-5, UH-5 and the ribose H-1°

signals (Figqures 9 and 10). Within thesae {wo”groups several

~. :
"rules" of.assignment (at 70 + 2°9C) hold for/all the

1
oligomers so far investigated. For the low-field group, the
T .

signals from low to high field were in the order AH-8, AH-2,

GH-8, and U,CH-4. Within the higher-field group, the AH-1'

" signal was the lowest field signal, followed in general by

U

the CH-5 and the remaining H-1' and UH-5 signals. The

Q

pyrimidine H-5 and H-4 protons displayed temperature

invariant 3J5 , ¢ouplings of 7.6 Hz (C) and 8.2 Hz

{UY. Ribose H-?' resonances had splittings 3J1t2,,

(mostly due to coupling with H-2') which were temparature

"
. '

sensitive andflargest in-iagnitude {4.5-6.0 Hz) at high

temperatures (Everett, et. al.,1980)

In some cases, assignments could not be made
B : P

unambiguously by 3Jjust considerina_the spectra og incremental

intermediates. This is particularly important in the
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assignment of the specdtrum of oligdmers which were
. o 4
synthesized by a block coupling procedure. _In these cases

ks

assignments were made by ﬁnnsidering the assignments in

. Lo ‘ ’ ) & %
related oligomers, ani\Fy considering observed shielding
. : NS

rar

trends (Everett, et. al’, 1980; Bell, et. al
/”w ]

"('_5. al., 1%81). For example, the assignment of the 5pectrdﬁ

.y 1981 Hader,

iy

of UAAUGA was facilitated by considefing the ass;gnments of

‘resonances in the spectra of oligomers UAA, UAAU, UAAUAA,
‘ 4

.

AUGA, an# UGAL The»rationalebein% Fhat neighbours morsfiban -
[N . ;/ .

three bases away from a partiqﬁlarxrgéipuE'do not contribute

‘significantly to the observed chemical shift at 70 °C

(Hader, et. al., 1981). With this in mind the chemical

shifts of the UC1) in UAA.UAAU, or UAAUAA, should be good.

N o

approzimations of the chemic¢al shifts of UCi) in‘UAAUGA.

This is in fact found. The U(1)H-& (7.65%ppm) in UYAA and the

U{1)H=-6 (7 .468%) in UAAU gsuggests that Fhe UH-4 gesonance at

N ~
_?7.670ppm in the spectrum of VAAUGA corresponds to: the

s

U(;)H—é proton, while the resonance at 7.428Bppm is assigned~
to U(4)H-6 considering (U(2)H-6 at 7.455 ppm in AUGS, and \b

. " N R
that the proton Woald be further shielded-hy additional 5' ?J’f
and 3'_ngxt-ngarest neighbopr.adenosine residues. Qther
assﬂ%qpbnts were made co#%xderxng similar a:guments'

> B { \Mx“fﬂm '3\;4

v B e

_./
3
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3.3 Prediction of Proton Chemical Shifts in

Ol igoribonuclectides.

-~

The protoﬁ NMR chemical shifts of the

~ . non-exchangeable base and ribose H-i' protons in

N . ) - ®

cligoribonucleotides- CAU, AUA., UAU, AUGC ané\EﬁUAUG (Tabfe 7)
were recorded at 50°C to avoid multastrapd aggqegation-

I

(Ts'o, et. al.,1949; Martin, et al., 1971) and to avoid the

different conformations ptesumably preéent‘at lower
. ¢

temperaturks whf?hdgay contribute to the observed chemical-

shift changes by allowing non-neighbouring base€s to come

-

into close progimity (Lee and. Tinoco, 1980; Stone, et al.,

181> . Thus at high‘igﬁéefatures ()?OéC) i&'is assumed
‘that RﬂA mo;ecu}estof any sequence hafe'a similar ¥
distribution‘betWQen.conformational microstates; th;t is}
under these cqnditioﬁs therligoribohucledtides are largely

unstacked and exhibit high coenformational flexibility. A

Evidenoe ‘supporting this conclusion is’" that in 2ll oligomers -

50 far investigated the SJI'Z' coupling constants 5

L}

-observed at all of e H-1' sighals are large at 70°%

(gr%ﬁte: than QfSHf).éreflecting'% 19w degree of base

- f’;baéEEPg (Lee. et. al.,1976; Ezra, et. al.,1977; Dhingra &

Sarma,1978). ?herefore at 7Q°C“the changes in chemical

- o \
hshxfts of the various protons%pq K gﬂ}e“ base residue lare *

" &

R
g b ' %' i v 3 -, e Qﬁm
Van

. Fl .. ! : ]

5
Py
a

- :
Lh; cﬁ“Sxderﬁd to be caused exclusxvely by\the ring anisotropy %

Yt
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of neighbouring bases {(Giessner-Pretire, et . 2ai.,i%7&). For
the chemical shift changes te¢ be useful in predicting the

chemical shifts of a proten im a given sequenice the ting

1

current anisotropic effects would-have to be different not
4

only fo%\he{éggs and pyrimidines, but alseo between each base

v

uracil residue of CAUAUG

tyfe. This is in fact observed . The addition of a
nuclectide pXk te }he 3'-end of a dinucleeoside thonophosphate
prtoduces an de&peAdent sh%elding of the dimer profong,
which decreased in the order A)GbC)O (Everett, ot
al..1980).

To dg?onstfate how the observed chemical shif£s oi\&

protons in trig;%s can be .used to predict the chemical

sﬁi ts of protons in longer oligomers,  the predicted and

chemical shitts\o@_&pe oligomer CAVAUG will be
\ o

! ) - .
comparedy -~ The predicted Lhemical shitts of the oligomer

g )

—

o = B .
CAUAUGC were dltermined by iveraging the chemical shifts of

{
overlapping trimers which lggeﬁher wouid make up the longer

S

wl!

oligomer&;By\ave:aging the chemical hifté“ﬁ{kpmotons in

a?d next-nearest neighbour
) o Lﬁ | « oD
ring current effects can be approximated. The effects tor

: o S

o . Wy . /-
relate?ktrﬂyers\maarest ngxgﬁﬁo 3

-

both éﬁ and 5' neighbours areﬁ ccounted for in this manner.

For example, the resoénances the protens in the _third
predicted by averaging thel
4 ) ¢ ‘

chemical shifts observéﬁiﬂ?j thg trimers CAU, AYA and UAU.

A e’

e) and

r v .
for the uracil residue.\\iﬁEQS' nea;esﬁ (aden

£ o .
next-nearest (cytosine) nedighbour ring current” shieldings.

Y, } N3
r

L y - ’ . . &
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L
f _ :
are rmeflected in the chemical shifts of the uracil protons .
. : ' - . ‘ o
in CAV, Similarly, the uraci}! protons in trimer AUA refiact

3 5 nearest neighbour effect of adenesine and;afaf nearast
i e
neighbour effact of adenosy

' ki\' In trimer VAU a 3' nearest
(adenosine) and nex?réearest u il neighbour are .

reflected in the chemical shifts_of'ihe uracii Udl),

protons. ﬂ
\\ -

Thus. by averaging the observed shifts of the uracil
Protons in tWa ‘tmimers CAU, AUA and UAU the chemical shitfts

of the protons in the third uracil residuze of CAUAUG a%e .

found. Similar averages"can be calculated for the other .
base residue protons (see Table 7). The pfadictéd chemical
shifts of the protons are found to be in excellent agreement P

witﬁ thos:\?bserv§d.
N

3.4 Calé&ﬁation of Proton Chemical Shi}ts in .

f ';

Oiigoribonucleotides.'

P2

- ' 1 i
With .the assumption that at ?ofc ' S o

oligoribonuclaotides of any sequence have’the sane avgrage : _”T

conformation in‘solq;idh. ene can compilp a2 set of proton
) ‘ )
NMR chemica]l shift parameters. that can ba used to calculate
I :

™

the chemical shi!ts-ini:tzy cligomers (Everett, t.

5}..1980: Bell, at . 5i.§l981) A set of parameters derived

irgﬁ‘the 14 dzqa:s and 64 trimers has been used to calculate

ized seqﬁﬁif IpJpanpM the chemical \J

AN \ﬂ\\ DU . ®

L L dé
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Table ?. Chemical Shifts (¢(in ppm) of the MNonexchangeable

Aromatic and Anometrtic Protons in the Oligoribonucleoctides
o

1°C.

CAU,/Eﬁé, UAU. AUG and CAUAUG at 70

Nuclecotide Sequence

<
ra
: Observed Predicted® Obsd.
. . L
123 234 345 456 123456 123456
p:oﬁzgﬂ\ CAU AUR UAU AUG  CAUAUG  CAUAUG  Difef. D
- \ C{1)H-6 "7.687 7.4643 5.044
\\gcznn-a 8.312 8.326 0.0t4
¢Z)H-2 . . B. 8.204 8.154 0.050
UC3YH-6 7.744 ‘#\gg 7 698 7.721 7.685 0.036
ACarH-8 B.320 8.388 8.266 B.325 8.310 0.015
AC4IH-2 : 8.174 B8.241 8.198 §.204 8.131 0.073
U(SIH=-6 . e 7.766 7.725 7.746 7.685 0.061
G(§IH-8 . 7.957 7.957. 7.94% 0.012
. ’
cCHRIT 5,786 5.786 5.764 0.022
A(2)H-1' 6,088 5.988 6.038 6.002 0.036. -
UC3)H-1' 5.858 5.892 (% 748 s.841 $.804 - 0.037
AC4rH-1' 6.038 6.100 &.019% 6.052 6.002 0.050
U(S)YH-1" . 5.821 5.837 5.829 5.822 0.007
G(6IH=-1" ' 5.837  5.837 5.832 0.00%
CC¢1>H-5 5.925 $.925  5.894 *0.031
U(3)H-5 5.745 5.778 5.839 ‘ 5.787 % . 5,734 0.951
UCSIH-S ‘ $.782 5.767 5.775 5.7251 ggozq

-

2Predicted values are determined by averaging the shift
values observed in related trinucleoside diphosphates.

Diffetenc%s equal to or less than‘D,OQ-ppm are considered
not to be significant as differences in temperature and
concentration between trimeT data can 1q5§7t0 changes in
chemical shifts equal te 0.02 ppm.,. Dif fences greater than
0.04 ppm could be caused by long-ridnge ring current affacts
of bases, not . accounted for in/trinucleoside diphosphates
&re uﬁly-nearest and next-neares neighbour effects c{n be
Evidence for this is the fact that proton ]
ifts in tetranucleoside triphosphates are batter
those in lonqer'séquences,

> 8 | :
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shift of a proton on base K assuming onlfy first and second

— neighbbur'efiects. The'calculation'is,con‘idefed as Eqﬁation
e ‘ - A:‘ .
Proton Proygn EN : 3+ - 9. 5.
’ A 8 = § + N TVAN + N+ A S 1.
S XK K mon 1.pL Z,pM 1,Jp z.1p

‘ The' cﬁ terms are nearest (first)-neighbour shielding
effaects, and the 452 terms are next-nearest

(second)-neighbour shieldings. The resonance of the proton

% in the nucleoside at 70°C is denoted 8 There aré

K.mon "
four types of first-neighbour etfects giving -four
[}3'1 values (L = A,G,C. or U) for each proton on K.
Simflarly there are four values for each of the empirical

3I Sl - 5l . -
VAN 5o O . and O, parameters. Thus a
‘table with sixteen valueg should allow tha prediction'of the

qéhemié&é& yift for :\ﬁifiicular proton on a given residue.

" <+ If the hybothasis about the average conformation is
reasonablea, then a workable assumption would be that the
o C- ] Y . 5 .
same empirical parametdrs N\ , and A . i
. - lrz 9 * 112 !
could be used to calculate the chemical shifts for a H-1'
— o L '

&,

proton on any of the four bhases. Parametengégf}ivdd‘trom the €8 -

64 trinupfeoside dibhosphateS‘ire to a first apphoximation

e correct: however, qglcplated chemical shifts fit observed

o - values more exactly .if parameters derived for .a H-1' proton

W

’w ) , o R - -, & ) ".|
R. - e . ’ . )
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. . i
I3 - 4
T X ~ ~ - \/
" . . . - N -

A i . -
L particular base (for exam{ii‘a H-1' on adenosine’), are

used only in predicting the chemical sh¥®tts of this proton

) (s¢e Sec. 4.5). Similarly parameters derived for the
- ) N \\/ ‘_ A . ’ o
pyrimidine H-S's, pyrimindine H-é°s and '‘purine H-8's are to

a first approximation equal in magnitudat Including the data

for the adenosine H-Znhrcton there are:5S. set3 of 16 . -

&3'1,2 and Qs'l e empirical parameiers.. Thus

proton chemical shift information from the trinucieoside

- +

diphosphites can be compiled into eithy (Bof,‘parameﬁers

that with the chemical shifts of the base ‘and ribose H-1"
protons of the four major'ribonucleosidas'TTable 8, there

. b .
. | ’ ;
are aleven protons, see Figure 4), allow teo a Yirst .

WV app%o}imatipn the prediftiqn of the\iﬁemical 5hifﬁ§ fqt‘eaeh
proton.in.any sequence. _‘ o N 1
g For example the chemical shitft parameters
Z§3'1 for pfotons on an adencsine residue iﬁflu'nced by
b . a 3‘—péighbour %uanosEne can be quantitated by “egmparing the
o proton ch;mic;l shitts'in adenogine{(hl, té the praton

chemical shifts in the dinucleoside mon oéph;te ARG, where

FAN 1-£or the denosi H~8 proton_would be found by

the chemical shift value in the monomer from the
" .

!

‘1»}-:1

Bt ‘ ' ' . '

N 7 . <
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Tatle 8. - Chemical Shift Asaignméhtsa’any;Cpupling
Constants for the Nucleposides at 70°%C in D}bb. ;
- L l./

\ ' o S
) 3

. ‘ ' i S '6 ,-6
Pros?n o J1{2' 112 . Jih g _ Mirge .
~ ppm % Hz ‘PPm Hz _ .ppm “Hz' .p pm - Hz

. AH-8° 8.313 - - \ , R

AH-2 8.260 . - C T

. _AH—'ll" 6.065 o 5_62 . m"‘_-_-- . . ; “-(‘ C. '-_ 7- [ 1

i

GH-& . - - 7961 2 Y -

GH-1' ¢ 5,888 5.42 L ' S
CH-¢ . S . 7.781  7.34 \Sﬁ\\\"

CH-1' . 3 7 . s.8%a 3.6
CH-5 : : ) 6.073 7.32

UH-4 - , | 7.798 8.06 T

UH-1" o . S.887 4.88

UH-5 R ; : ©5.%07 - 8.0%

£

)

. : - @
dChemical shifts_are in ppm relative to DSS using _ .
tert-Butylalecohol-0D as.-an internal refesrence andﬂare' .

aoccurate to 30}095 ppm.
1.0 M Nacl, 1.0 @M NaH_PO ., pD 7.0;/> . ' .
concentrations 5-12 mM approximately. ‘ N

b —— - ‘_’\
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X i ? 7
’ 3 AH-3  AH-8
A = 8 - 8 B 2

‘ . 1 ApG A -

, . ] . .
‘ 'SRSEB' is the chemical shift of the AH-8 in dimer ApG,.and
. : T JAH-8 . , S
N e A » is the chemical shift of the AH-8& proton in the ..
._moncnﬁcleosrde adenosini. _ f
‘ ‘The Cﬁll parameter for the iﬂfiuence of ' T4

‘ | 3 ~

- 3'-neighbour 'guanosine can also be determined by comparisqp

ot séquéﬁcgs guch as IpA and XpApG.. Second .mneighbour

.. . . ' a3 a . 5 . . ]
. ,pac?‘ajmg\liers FAN 2 and A 2 val_ue_s are cbtained c
- ‘ - -
by comparison of sequences guch as ApX and ApXpG for

&3'2 values and XpA and GpXpA for AS\Z values,

i -

where X.is any of the four'mgjof ??bonuc;eosides. For

example the Ce 3 value £orﬂan adenosine H-8 proton 1is

a : . given by equation ‘3.
.

. 7 ' 30 AC1IH-8, ~ AC1)H-8

> ‘ B . A = 8 - 8
2 - ApCpG ApcC
14 . - = . Ll
- e g . _ , _
. ' —y . ;;. . . ‘7 ~
This relaﬁionﬁhfp is derived from expressions (4) and (3) by

“uh N
N . ‘.
elimination of the terms correspond®ng to

the chemical shift
4'5}—“
. ok L 3| /-
e mononucleos:LQL_gnd the A , term

. In this way the parameter values are

. pf the CH-8 in

(see Figure 11§

a2lways obtajpded from two 7ife;imental numbers (Hader, gt~
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Table 9. Proton NMR Chemical Shift Parameters as Determigpled
From a set of Trinucleoside Diphog‘phates. '
—

“

¥

-

4
3'. }.1\131 Su sl
Proton Baseae A A & A
_ - 1 y3 1 ]
>
H-8 A -.081 -.048 -.011 -.050
G -.058 " -.0128 .- 016 . ~-.029
c ~.00°% ~.002 . 083 - -.006
- U, 002 .002 .06t .0as
% H-2 A -.127 -.075  -.048 -.081
G -.058 -.036 -.028 -.055
c -.027 -.013 ° .a0s -.005
U ~.008 -.007 .00y -.012
P
H-6 A -.086 - -.043 -.020 - 047
GG -.065 - -.029 _ .012 S -.026
c -. 006 .002 049 —.011
U .004 -.005% .041 = .011
H-5 A -.064a . -.031 -. 115 ~.046 .
G -.042 - -.031 ~-.087 -.018
c —. 032 - -.D27 -.023 " -.00%
u o -.012 N-.001 .606 022
H-1" A -.09%4 ~.04¢ -.014 -.043
G ~-.054 -.029 . 030 ~-.020
c S —.015 ~.009 M7 ~-.008
u ) .004 -.004 .046 ©.Q04
- P .

Parameters are in ppm (a negative sign indicates shie'lding"
and a positive sign deshielding), and are~derived from
spectra recorded at 70 =+ 1°c in DZO', 0.01 M-

N[al-!2 ‘

Poq, 1.0 MI‘anCVI (pD 7.03). | T : ,43
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al., t1982).
1

o

. - .
Individual parameters are thaen combined according to

typé~(e.g. H-1', 'H-5, etc.). and averaged. Entries in Table
AR R .

% -
9., are the averages of four or more values. This procedure

gave experimental justification for the assumptioné, and
- while there were variations in individual parameiers derived

from the different ol':go!::ilin:ux‘u.u:les:’t'u:Ies;.‘r the majofipy{pf the

¢ 2]

_ﬁérameters are within a range of £0.007 ppnm (probaQ}ﬁ‘error

"of the mean.,.

Appiication o{ tﬁe get of.p§ramet;;s.is N
straight—forw;rd and is illustrated by c‘omput'a.t.ion_oirt-h.eL
. predicted cﬁemigaz shift of A(Z)H-Blﬁﬁ the

pentaribon EIeotida,CpAp}pUﬁG_ The ;hiftl given b? eﬁﬁation

(1) is expectbed at B.274ppm which agrees favorably with the

obsaerved shift wat 8.25%ppm (difference 0.019ppm); Calculated

and ob;erved 1H chemical shifts of the protons in ACGU and

CAUG, are comtained -in Table 10. The oligoribonucleotides

contain the same base ratio, fut they have different
o .

sequences and the observed and calculated chemical! shifts

Bare unique to each sequence. Agreement of 0.04ppm.or better

»

béb&een Qalculated.aﬁd obgserved sﬁitt is regarded as

- ]

. . — . . #
acceptable (footnote e, Table 10}, aTid as can be noted, the

- - .
-) agreement is very good. This is further emphasized by the
. { - . . - _ - -

- &\agte.ement between the predicted chemical shifts and tlg:se"
- ‘ " ! .
observad in the oligoribonucleotidess o,

~

CCGGP.CCGGApZg%CGGp,CCGCUp.and ACCGCUp (Table (1) where fhe

7 , ("\“7 T o SN ’ : .

76
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Table 10, Calculated !H Chemical Shifts®*’P of the .
Frotons in ACGU, and CAUG and ‘their Differences® from
qbservedd Values. -
P a H
. L
‘ ACGU : ‘ .ciéc ‘
_ ,
Proton Cal. Obs. Diff. Proton £Ca1,£“ Obs.  Diff.
AC1)H-8 8.287 B8.264 -0.023 C(1)H-¢ 7.705 7.645 -0.040
AC1>H~2 B8.181 8.180 -0.001 A(2>H-8 8.340 8.354 0.014
C(2)H-6 7.714 7.679% -0.035 A(2)H-2 8.025 8.19¢ =-0.00A
G(3)H-8 7.971 7.942~.-0.029 U(3IH-¢6 7.719 7.699% -0.020
UC4)H-¢ 7.804 .7.771 -0.033 G(&)H-8 7.970 7.962 "-0.008
ACI)H-1" 64036 6.006 -0.030 CC1)H-1' S.793 5.7?73  -0.020
" C(2)H-1' 57.820° 5.845  0.025 AC(2)H-1' 6.062 6.043 -0.019
~ G(3)H-1' $.860 5.845 -0.015 WU(3)H-1' 5.801 5.822 0.021
U(4)H-1' 5.908 '5.881 -0.029; G(4)H-1' 5.874 -5.835 -0.039
C¢2)H-5 5.898 5.861 <-0.037 C(i1)H-S5 5.999 5.905_72-0.094

WU H-DHA-T. 775 5.795  0.020 UC3IH-S ,;.740‘ 5.746% 0.00¢

J ' o

s A

aCthical shifts are in ppm relative to DSS using
tert-Butylalcohol-0OD as an internal reference and are
accurade to +0.00% ppm. )

Py.0 M NaCl, 1.0 mM NaH_PQ,, pD“7.0;-
concentrations 5-12 mM approximately.

cD;fferand@s are Ogservad-calculated values. =~/

dThe observad shift as;ignments were made iﬁdependentl
using thgqm thod of incremental analysis; "i.e. comparison_of'
the spectra of AC, ACG, and ACGU; and of the spectra of Ca,
CAU, and CAUG. ‘ .

&The. value (0.042) is a mazimum additfvé'erroﬁ that could

be obtained when a calculated value is datermined for a
proton™on a residue which is influenced by a complete set of
neighbogﬁs. ) )

- i

® A

. . . .
\‘a Vl\\f—Q‘\\ - . <
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Table 11. ObseTved® and Calculated® Chemical Shifts for .
Nofrezchangeable Protons at High Temperatucte (°C)> ...~

. J _ CCGGp CCGGAp ACCGGp * ACCGGUp p
(73+1) T 7 (74+1) CK7zey | (Bax1)
Proton = cale. obsd. cale. obsd. calec. _obsd. calé. obsd.
i
5 . . N o
AH-8 ’ B 8.323 B.299 .8.323 8.298
CAH-2 : : o ’ : B.204 87205 '8.204 8.230
AH-1" 6.059 6.04% 4.059 6.052°7
CH-6 7.762 7.764 7.762 7.757 7.751 7.724 7,751 7.729
CH-5 $.986 6.002° S.986 5.982 5°870 S.8Y1. S.870 - ‘
‘ CH- 1y 5. 865 5.B80 5.865 5.8548 S5.846 5.848  5.846 - il
- CH-6 7.7%5t 7.732 7.7%1 7.738 °7.710 7.700 7.710 7.704
: CH-5 5.948 5.984 - S$.9%48 5.982 5.901 5,943 5.90 -
CH-1" 5.824 S.B4% 5.824 5.848 5.776 5.802 5.77 -
GH-8 7.949 7.932 7.888 7.914 7.949 7.925 7.951°7.904
GH-1" $.841 5.782 5.789 5.760 5.841 5.848 S5.8S53 - .
GH-8 7°.978 7.998 7.883 7.893 7.978 7.970 7.981 7.970
o - GH-1' | _5.909 5.500 S5.7%6 5.732 5.909 5.878 _5.909 -
- UH-4 ' ‘ 7.780 7.780
UH-5 X 5.759 §5.866
"UH-1" 5.887 5.978
AH-8 : 8.300 8.372 : N #
- AH-2 : 8.144 8.215 Net
AH-1" o 6.06i//6.104 T
3 ' { ‘\"“‘-.

3In ppm from TSP; 1.0 M NaCl, 99.B% D,0.

'>\\J/\' . bCalculated from parameters determined by Hader et. g;.,q
- ,1982; ppm frok DSS; 1.0 M NaCl, 100% D0, 70+1°C.

Taken from Patersheim and Turner, 1%82a.

~%
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_1ﬁ;cﬁ§m%§5):shift§,o§ these oligomers were recorded in a

difiertent laboratofi"ﬁs§ng‘3;differant'bufﬁeq (Petersheim &

Turher, 1982a), - *

s

To el?minate some of thet drudgery, involved in
! 3 SW ve!

calculating the chemical shifts of all .the aromatic and

N 2

inoperic preotons in gsg@zén eli ibonucleotide a short

Foftfan prodram ASSTGN htﬁzbeen:written‘which determines the
- r N
(roton chgpzcal shifts’ lrom'the cligomer sc:uence. Thea

algorithm determxnes the ne:ghbouts for a.gAven base ‘residue

n:ﬁhessaquence. from the S'Kto “the S‘tend. The parameter

valug for the %Pecific_base'neighbour and proton is thén

1 ¢ - i

addad to the chemical shift value for 'the proton on the

,residue.in question. Residues near or at the*end of a
’ .

TN
@ .. ) < : :
sequence are considerad to have neighbours with parametters

* - N
-

that do not cdntribute to the chemical shift; that is, the

- k3

H

“pafameter value tis zerogﬂfhe information returhned to the
L} ) - . s

. £ b
~

tpchemic31 §hiffs for thé protons on each residue, in the

order H-1', H-8 or H-4 and H-2. ot H-5. A listingof the
progfam is contained inXAppendix z . .« = /ﬁziﬂ
- #.
- . - B
' - B a “ -~ )
& . ‘ - S
—
©
= w~
Lol » -
[N - a - '
g - -
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user is a érihtéu; of - the sequence a#d the éaleculated proton ~
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3.5 Calculation of Proton Chemical Shifts in

QOligoribonucleotides using an Extended Set of Parameters.

In the derivation of tha set of shift parameters %o
poredict chemical shifis of oligoribonucieotides, thRree

assumptions waere made. To improve the accuracy of the
- ‘? — . ~
.czlculated chemical shrtts the{éﬁsumptions were modiiieﬁ.

For oligomers which are self complementary and have

teasonably high Tms the assumption that they wiil be
completely destacked at ?d°c is not correct and predicted
chemical shifts will poorly represent obseryed shifts - In
these cases the caltulated values reflact the chemical
shi{ts that would be observed at highar:témperaturQQ where

the oligother is destacked and 'in a random conformation- (for

‘example see AACCUA Table 12).

The assumption that all anomeric protons (H—iff are

""egquivalent” in the sense that their chemical :shifts are

affectgq Qimilafly by neighbouring bases regardless of the

nuclebéidyl moiety to which they'are bound can be relaxed.

By consideﬁing:afl protons éeparate}y the .accuracy of
. s T . f . . . .
chemical shift prediction can be improvaed. For example the

effﬁdf Qi.a-B'fnegtesi—ﬁeighﬁour“adenosine oﬁ;a gQanqsine
Q-lfjp;pfon,ig_tﬁushiéld ikléy fﬁfléa épm-(negative sign 
"in‘;lf'x'ca.t'e".s":slhieldi:n.(j) ,-- s'imi 13.::13_'. the .ac;énosine'i-i-l' p‘roton :is
Q;#efded'70“f95ip§mfb; a Slrnea:éstfnaighbouf adenosine. In
ibdqti%%Q thg-s;ggrgdeﬁosénejﬁﬁ}elds1a tyEo$ing:H—1' by

: ;OmDSB'pbp and a uri&inE-Hél'iby ~0.046% ppm. The

- - - . P N . . . -
a- —t . . .
K . . PRV L L
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Table 2. Chemical Shifts?® of YAGCYZ Series of RNA
' Oligomers at 70°C in Dzob_

123 ‘ 1234 12345 A12345 Alz234
Proton AGC AGCU AGCUA AAGCUA S AAGCU
A(AYH-8 . 8.196 8.201 _
A(AYH-2 8.114 8.084 :

. : v

AC1)H-8 8.242 8.248 8.22°9 8.2%0 8.224
AC1IH-2 8.180 B.176 8.144 8.128 8. 119
G(2Z)H-B  7.926 7.929 7.929 7.891 7..844x
C(3)H-& 7.744 7.737 7.704 7.693 7.713%
Utd4) H-6 7.768% 7.698x% 7.745 7.767%
A(SIH-8 8.343 8.338
A(SIH-2 8.186* B.189x
ACAYH-1" : ' . 5.900 5.891
AC1IH-1' §5.974 5.978 5.945 5.958 S.930%
G(Z)H-1' 5.8i2x 5,791 5.798% S . T766% 5.710¢%
C{3)H-1' 5.88¢ 5.903 5. B4 5.8469% 5.849
U4 H-1" 5.892 5.817* 5.834x 5.84%
A(5)H-1" 4.063 4.064
C{3)H-5% 5.876 " 5.850 ©5.839% 5. B84x 5. 7B8%
U4 H=5 : 5.821 5.793 5.80% S.806® .

3Chemical shifts are in ppm relative to DSS using

tert-Butylalcohol-0OD as an inte€rnal reference and are

acocurate to +0.005 ppm.

1.0 M NaCl, 1.0 mM NaH PO, . pD 7.0;
concentra{iops 5-12 mM approximately.

r

CThé spectrum of Ogigomer AAGCUA was recorded at 85°C,

*Indicates Predicted value is ‘cutside of the observed

chemical shift by greater than 0.040 ppm.

I's N i N
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Table 13 Shielding Paramsters for the InflPuence of
Neighbour ing Nucleotide -
Shifts of Adenosine Aromatic and Anomeric Protons in
Oligoribonuclecotides. '

reséﬁues

(XY, on the

1H Chemical

32

3 3 3 5 5" 5°
Proton X VAN FAN FA JANE FaX FAN
1 2 3 1- 2 3
H-8 A ~.093 059 016 -.011 053 -.014
G -.059 . 034 010 016 0z2% Z.018
c -.013 001 003 064 010 005
u .00t Q00 002 .074 011 S
H-2 A -. 127 075 028 - ~.048 081 - 014
G -.058 034 Q09 -.028 055 029
c -.027 013 002 .005 005 001
u -.008 007 .05 .6Q¢9 g1z .008
H-1° A -.129 . 056 L 015 -.028 ..050 014
G -.081 . 035 .00s 023 025 .0LS
c -.020 — . 006 .005 .0122, 003 L0at
U -.001 .008 001 038 .008

.001

Parameters are in ppm (a2 negative sign

and a positive sign deshielding)

spectra recorded at 70£1°C
sodium phosphate buffer and 1.0 M sodium chloride (pbB 7.0).

o

from

indicates shielding
and are derived
in DO containing 0.01 M



Table 14, Shielding Parameters for the Inflyuence of
Neighbouring Nucleotide residues (X), on the ‘H Chemical
Shifts of Guanoesine Aromatic and Anomeric Protonsg in-
Oligoribonucleotides. ' . "

—\ -
3 3 - 5 5 .5
Froton X A VAN AN - AN A A
- 1 2 3 T 2 3
H-8 A -.06% -.037 -.0t0 -.010  -.047 - --.020
G - . 056 -.022 .00 .01ts <.028 -
N c -.004 .004 . 001 .04t -.021 003
Yy - ~.004 .003 S .008 - .D48 -.002 -.003
H-1"' A - 126 -.056 ~.p08 - . 041  -.058 -. 010
G ~.074 -.031 - -.002 -.029 -
c ~.018 -.009 010 .004 -.0113 . 004
U

.Q0a0 -.002 -.Qo02. .020 -.00¢ -.004

Parameters are in ppmh(a negative sign indicates shielding
and a positive sign deshielding) and are derived from
spectra recorded at 70+1°C in D_O containing 0.01 M

"sodium phosphdte buffer and-1.0 M sodium chloride ¢(pD 7.0) .



Table 15. Shielding Parameters for the Influence of
Neighbouring Nucleotide residues (X), on the 'H Chemical
Shiftg ef Cytosgine Aromatic and Anomeric Protens Yn
Oligoribonucieotides. )

ool
5~

-

_ 3 3i - g 5 5"
Proton % AN . AN AN D AN FAN
: , 1 2 3 1 e 2 3
"H-4 A -.097 -.043 -.020 -.021. .-,03% - 022
G -.076  -.034 .00t .015 =019 -.00¢6
, o -.014 .¢0a . .004 .059  -.003 -.007
) u -.002 -.00%9 .010 .048 .02z O
H-5 A -.088 -.048 ~.020 -.132 -.041r  -.037
G -.060 -.037 -.007 -.117 -.010 -.028
G -.052 -.054 -.006 -.031 -.002 -. 002
) U -.021  -.00% -.007 013 03y -
H-1" A =-.052 . -.03% -.010. - .013 ~.028 ~.019
G -.022 -.030 -.005 D46 -.017 -. 016,
C  -.026 - -.014 .003 +.039  -.00S -.004
U

.003. L0011 007 074 014 -

Parameters ars in ppm.k‘(a negative sign indicates shielding
and a positive sign deshielding) and are derived from

spectra recorded at ?70+1°9C in D_0 containing 0.01 M o
so'dium'phosph;_te Buffer and 1.0 M'sodium chloride (pD 7.0)>. "

'
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Table 14. Shielding Parameters f{or the In iuence of
Neighbouring Nucleotide residues (X}, om t *H Chemical
Shitts of Uridine Aromatic and Anomeric Pr: in
ligoribonucleotides.
2
L ] N
K 3¢ 3 5! S =
Proton ¥ AN VAN AN A AN AN
i Z 3 1 2 3
- H-6 A -.075. -.042 ~.002 -.018 054 L0116
G -.054 -.024 004 .08 032 L0111
c .0e3  coe 034 .039% ., .c18 006
u .00% °  .000 013 033 .000 014
H-5 A -.03°9 -.014 -.0058 -.0%7 .0350 .013
i G -.023 T -.025% .00t -.d56 026 .0Q9
c -.011 .001 .000 -.015 S O01S . Q0a7?
U -.002 .0Cs8 .ao02 -.001 .013- 011
H-1' A —. 0706 -.03s8 -. 001 -.001 .034 .022
, : G -.040 -.018 .006 .034 010 003
- ¢ T .003 -.006 026 . 043 011 .00z
U . 014 -.J0s .825 .053 .Qo08 - Q20
Parameters are in ppm (a nagafive sign indicates shielding
==, and a positive sign deshielding) and a:e_derivéd from
Spectraltecorded at 70:1°C in D_O containing 9.01 M :
b " sodium phosphate buffer and. 1.0 M sodium chloride (pD 7.0).

v

/ o

¢ F
4



differences between purineand pyrimidine shieidings is a
trend found threoughout the chemical shifts of

cligoribonuclieotides used te detarmine the shieldingl
parzmeters ( Tables 13-14), and reflects theoretically

calcuylated ring current anisottropy (Giessner-"r”retﬂtre, et L.,

1976) .

Other differences between shielding effects of
& N .

neighbouring nucleotiaemrésidues deﬁonstrate that the
-calculated chem;pal shittgxwill more correctly reflect the

observed chemical shifts if the‘eleven protons (aromatic .and

- - - .

.anomeric}, on the fduf'm;jor,nuaieosidgs are considered
. . , - ,
separately . For instance the effeclio!”; 5‘—nearest1)néighbguﬁ
guanosine is to shield a cytosine H-5 proton by -0.147 ppm,

N ) L] . . ~ . .

4

a -

while the same guznosine shields a uridihe H-5 proton by
-0.056 pem, a difference of 0.09! ppm.. An average of these

numbers used to prediet the H-%5 proton chemical shifts for

both-uridinei;nd'cytqsine'causes ihcprrect predictions.

The {irsf approximation whichAcalculiies chemiéa!

i
]

shifts assuming only first and second neighbours“contribute to

the cbserved chémléal.shif{é can be refined ff al;owing for

-

third neighbour shielding effects. The evidence for gh._;h}fd

neigﬂbour shieldings can be observed in tetranucleoside -
tripﬁbsphaipr {tetramers),. and ;;g_significanl*ior_thg‘puriné
residues (Table 13). [ LT

The extended set of empirical bhemicgl shift . .

paraneters includes data from the 14 dimeés, the 644 codons



?.;;r?’x:. Zguatisns used 1 the determ:ination of Zham:ical
Sniffrs . -
\ . .
\
Relationship-3. :s dervt:ivabie from =2xprass:ons 4 and
. ACLYH-8 , ) , : ,
5 ol SADC :n the dimer and trimer by eiiminat:ion.
AH-8 3
ef £ -
A and AN .
, -
. A{l)YH-3 o AH-8 B 3 .
8 7. = 8 -~ & . T . R R
ApC . . A ' 1 .
A(1)YH-3 . - AH-8  ~ 3 -3 -
8 R EEIANIRIA 5
ApCpC ) ) A : 1 2

*
het

-In_this way fhe parametars are always obtained {rom two
.fefberimental numbers .
For the generalized sequence ﬁprJprLprN the

I

chemical shift of a proton .on residue K,'SPCOt?n- 15 given

K
by equation (6). i R
Proton  Proton 3 3¢ 3 R -
8 = +~£¥ + D 4 Cx‘+ O+ A v D s
K ' Monm, K . 1 Z ‘al 1 R - I :

Where-S;rOton, is the c¢chemical shift of the broton ot the

_meononucleoside X, (K = U, C, 6, A in actual cases), and

Cﬁi" and Cﬁl ", 4, ate the 3; and.S"éhiéldin s
1,2, 3 1,2,3 ’ : g

of'the first, second and third-neighbonuring nucleotide

< residues.
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{Xp¥pIZy, as well as data fzrom 34 Tetramers. Th:is extended
se: cf shieidinmg va.ues includes 2464 averaged sh:eifings as

e

cpposed to 30 vaites .n the irst approx:matiocon (where

"

cer

ain 3rotons werte considered eguivalent) . Calculated

chem:cal.sh:fts using the extended parcameter set wmore
:‘ . .
accurately reflect the observed chemical shifts of a

particular RNA ocligomer. The cheéemical shifts areicalculated
by a modified egquatien (1), which includes the additional

parameters &3.'3 and &5.- to quantitate the 3°

e

and S+ third neighbour effects (sae Figure_rf). For example

the cs‘aisﬁieldingé are determingd by subtracting the ' -
g ] P, ” 7

chemical sthts_p{'the adenosine residues in AXYC ffom thdse

in'AKQ,;whe:e Xf;are_regrdués common to both segquences but-

can vary. In _this way the a‘éthird-neighbour efﬁeci of a

quanoéine:residue on adenosine protons is found.

~Since calculations of chemical shifts in oiigomers

““longer than tetramers can be tedious, a modified version of

. , £ »
the Fortran program ASSICMN has been written which uses the

L.

extanded seat pf parametars, and will calculate the predic?&d

shifts from the oligomer sequence.

3.6 Sequencing of Short RNA Oligomers

The method developed by Sanger and coworkers for the

sequenéing of short RNA strands (less than 20 nuclectides in

length) has been used to establish most known RNA sequences

aspecially heose of tHNA molecules. “The-technique has the



advantage of alilowing on2 to determine a sequence with as

T
(L8

little as 4.5ug eof sampie. The sequence of the

oligontucliebtide

»a
W

determined by the anguiar mobility _ <

[T

“shifts. In the first dimension, the melative mobilitias of

[

two oligonuclectide intermediates in a homologous partial

digesticn series which differ 5y a single nucieotide will

depend both on %he pKa of the nucleotide by which tﬁeyl

‘ditfer and on the size and base compositien of the sequenca
common to them. The second dimension resclves an
.oligonuclectide mizture on the basis of si*e, shorter
cligonugleotides moving faster than loenger ones. Also a

- ‘.A
difference of one purine resicdus between two ‘successive

-

intermediates in a series of partial degradation products

causes a larger (a factor of 1.5-2.5) mobility sﬁift‘th§Qgi),,//f

différence of ons pyriﬁidine residue. The end result in two
dimensions i% Fhat thg stepdise removal of nucleotides in a
homologous partial Jegrad}t;on series can be "read”-és
angular mobility shifis.between successively shorter

f{ragments. The mobility shifts of all four nuclectides are -

.c¢haracterjistic and identifiable (Silberklanq, et al., v97%) . -
The most common cqmglicat?ons in."peading” two

dimensional homochromatograﬁhy patterns a;ise irom the . AN

presence of extraneous spoté in the auteradiogram or EHQ:

the presence‘of ambiguons or “"unusual" moebhiiity shifls; ) -

Extraneous spots may either result from radicactive

impurities present in the oligonucleotide as eluted from the
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finger print, or be generated during pazrtial digestion by

contaminating endonucleases. Unusual mobility shifts in the
. o . . fr

two-dimemsional homochromatoagraph patterns of partial

digesfs may indicate the presence of modified nucleosides’

(Silberklang, t 1., 197%9).

!.:I present, for the first time, a spectroscopic method

for ﬂetermining the sequence of an RNA oligomer.  This
method is not intended to replace well established methods
'bﬁt to 6om§1ement'them because it is indepeﬁdent

methodologically.
3 : & . h
Ea _ \nmthe previjji/chapters a method has been prasented

that allows one to determine from a given RNA sequeﬁcé_ihe

expected chemical shifts ot the{aromatic’and anomeric
protons. The resonances of these “Bfotons exhibit changes in
. ' _ ' ‘ - R
their particular chemical shifts which depend on -thefases

" .

immediately éurréunéihg a particujar rgsidu&ﬁﬁn a given

sequence. For instance the spectra of GUG and GGU afe quite
different (Pigutes }2 {;L 13).  Fuorthermore, the sequence

.

;éfiectq on chemical shifts of protons on.a particular
-residue do not extend significantly ,beyond the third-

(next-next-nearest) nefghbour‘when the of}ggper is

completely destacked (Hader, et al., 1981). This fact

“allows. the calculation of the cﬁem?c;l shifts of the protons
- :

in ionger oligomers from }he'bhemicgl shiftfintornation of

short oIJgomers such as trimers .,
o S ‘ : .

'.TﬁQIEfof;m;t high temperatures and low



3c0s%6 - |

o3

. FIGURE 14. (a) Dldgrdmmatlc conccptualmtwn ut the mduad mabm,tlc flt.ld lrom thc rmg
current of a pyrimiding stackcd below an ad}du,nt basc pdir (b) lllustratlon of tlu, dlstanu. and

angle depcndencu of the ring current sh:ft for.a proton loum,d at the- pomt 8 D T (O
. :"} - - -t “ ,-‘a}.-_ - : a ) Sk ".T V "‘:‘ ’ A ;.'i y i +



’aL i g
‘boncéntrgiicns. Qhaﬂgéé'in chaemical shift ¢f the :various
- I i . R E o, i . :
L Brotons-om a2 given nucleoside residue 2re ceoensidered -to bae
- caused mainly by ting current anisotropy (Figura 14) of .-

hsnnghboﬁring'féﬁédues (GiesﬁnerfP}egtfe, et al.., 13760 " FTor
.@hetchamidhi‘ghlfthchanges lo‘bé useiful in~sequepcing, the
:ihg‘cqr;ent‘anisoﬁropic effects must be different not only.

R ; o -

for pﬁrrneé‘anﬂ;byrdmidineé but also ‘betwean .éac¢h’ base typa 

‘;fhijrii in fact observed, the.additicn of a nucleotide pX to

i

g e .
s . -

'“ﬂl the 3'-end o;iXp"tp thé‘f'-éhdﬁof‘afdimer produces an

ﬁx;ﬁependéﬁt‘éh{élding'df ﬁhe'digef protons, which decreased

+ “in the ofder_A)G)Q)U (Everett, et al’, 1980; Hader gl-ii.,-

fseiy. T v S ‘
. > »

o w -
i

. "be used igﬁcaléulaﬁe‘sﬁiffs'of?in#ividdal p;otonsu and hence

.. QQdéfﬁiﬁe the sequence of;oiggoribdnucleotides, the
. -predicted chemical shifts .of the oligomers CAUAUG, AUGCUA,

iéfl “‘UCAUGA, and-AAGdUUZ were determined by solving the

-~ -

- . '

-+ appropriate qheﬁicai,shift,bquat}oh for .the ﬁroténs. The

';J‘p;edjcted:and-bbiérvédmqhemical shifts for the sequences

3

o "'J(Tables l?g;iﬁd‘Ifb) wéfefdomparqd and found to be in good

Ead}gemenf]';Vaihes diffgfeﬁt*by }es;.than~£b.042-ppm ;re“

ponside;ad”accqfatefpfedidtions. Although._gzl}]l. four sequénces

coniain"thénsame base ratio._;A:lG;lﬁ:ZU. thé“calcdlgtéd"‘

. chemi'cal shifts for each.sequence are unique. Furthermore,

. “

thé_caiculatéd chemical shifts correspond to the observed
- ~ . " -
chemical shifts which are also unique for a given oligomer .

*

. - T&rdeﬁbﬁstiéte'hdw‘ﬁhé cheﬁical shift parameters can

94
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172 .

] Calculated
Protons in CAUAUG,

and

l4f Chemical Shitts®'® of the
AUGTUA and their foferencgs

LIRS

S—

N |
;\éxom

»

“

793

o

dbserved® Vilueg. ’

. CAUAUG AUGCUA )
Proton Cal. Obs Diff. - Proton Cai. - Obs. Diff.
C(1)H-6 '7.643 -7.705 - 0.0642 ACi)H-8 8.274 énzée 0-010
A(2)H-8 - B8.3246 8.309 -0.017 AC13H-2Z - 8.214 8.205  -0.00%
A(2)H-2 B.154 . 8.157 0.003 UC2)H-6 7.757 7.730 --0.027
U(3YH-¢ ~7.48S%  7.710 0. 025 G(3)H-8 7.961L 7.976 0.015
A(4)H-8 8.310 8.295  -0.015 C(4>H-6 ?7.757. 7.775 0.-018
AC4)H-2 8.13t 8.120 -b.011 UKSIH-6 7.757 7.74% -0.015%
U(5)H-6 7.685 7.738 0.053 ACG6)H-8 8.397 8.373 -0.024
G(é)H-8 - 7.945 7.970 . 0.025 A(é)H-2 B8.236 B.249 0.013
CCLMHI1' §.764 5.793° 0.029 AC1IH-1' §.032 6.042 . 0.010
A(2)H-1' &4.002 ' 6.033_ 0.031 U(2)H-1' 5.852 5.86t -0.051
U(3)H~1"' -5:804  5:747 -0.037 G(3)>H-1' 5.858 5.880 -0.022
AC4)H-1' 6.002 &.028 0.026 C(4)H-1' S5.913° 5.875 -0.038
U(S»H-1' S .822 .5.813 -0 009 UCS)H-1' $5.858 $.773 -0.085%
G(&)H-1'_5.832 5;374 0:042 A(6)H-1' 6.084 6.099 0.415
C(1)H-5 5.894° 5.999 . 0.105 UCZ)H-5 °5.817 5.706 -0.111
U(3>H~S, 5.736 5.7146 -0.020 C(4)H-5  5.896 5895 ~-0.001
U(S)H-5S .75t 5.773 0.022 U(S)>H-% 5,817 5. -0

.024

ichemical shifts are in ppm relative .to DSS using

Ierk-Butylklcohgl—OD is an ,(internal reference and are
accurate te +0.005 ppm. ’ '

P1.0 M Naci, ‘1.0 =M NaH,PO,, pD 7.0:
“concentrations S-12 mM appreozimately.

"“Differences are pbserveq—béibulated.va}ugs.

us ing

AUGC and AUGCUA,

incremental
AUG,

analysis;

A

‘1.e.

and of

v

dThe observed shift assignments were made independentiy
the method of
‘the spectra of AU,

comparison of.

7 ;i the spectra
of UG, AUG, UAUG, AUAUG, and CAUAUGC (Hader et al., 1981).



\

Table 17b. Caleulated H Chemical Shiftsa’b of the
Preotons in UCAUGA, and A UV and their Diffarences- from
Obseryedd Valuyes, ‘
- UCAUGA.. R ° AARGCUU ’
. . .
- Proton ‘Cal, QObs. Diff. - Proton L Cal. Qbs . Diff.
. - -
U(1)H-4 7.709 7.745 0.036 AC1)H-8 8.1%6 8.188 ~0:008
C(2)H-6: 7.643 7.744 0.081 A(I1>H-2 B8.103 8.083 0.020 -
A(3)H-8 8.33% 8,344 0.005  A{Z>H-8 8.237 8.231 0..00%
A(3)H-2 B8.182 8.191 0.009 A(2)H-2 8:128 8.103 0.025-.
U<4)H-% 7.678 7.4665 -0.0t3. G(3)»H-8 7.867 7,902 =-0.035
G(S)H-B 7.889* 7.875 -0.014 C(4)H-6  7.717  7.781 /~0.064
A(é)H-8 8.320 8.330 0.Q10 U(S)H-6 7.769 7.851 ~0,082
AC4YH-2 8.160 8.199° 0.039 U(6)H~-6 _7.79%1 7.836 =-0.045
UC1YH-1' S.911 5 .829% -0.082 A€C1)H-1' 5.941 ~5.929 0.a17
C(2)H-1''5.833 5.827 =-0.006 A(2)H-1' S.%41 5.979 -0.038"
CCA(3)H-1' 6.016 .6.074 .0.058 _G(3)H-1" 5.741 5.827 -0 .0864'"
UC4)H-1'"5.813F 5.749 -0.064 C(4)H-1' 5.893 5.87°9 0.014 "
G(SSH-1' 5.787 "~ S5.761 -0.026 UC(S)H-1' 5.880 5.886 '=0.006 >
AC6)H-1' 6.057 &.098 0.041 U(é)H-1' 5.893 ~5.921 ~0.028
CUC1YH=5 '5.806 - 3.810 0.004 C(3)>H-5 S.827 S.840 -0.033.
C(2)H-S5 5.958 5.985 ' 0.027 U(4 H-5 5.827 5.832 -0.005"
U4 H-5 5.748 57687 -0.061 U(SYH-S  5.884 5.892 -0.008 °
B '
®Chemical shifts are in ppm reiative to DSS using ‘:T

accurate to +0.005 popm.

P10 M Nacl, 1.0 mM NaH PO, pD"7.0;
concentrations 5-12 mM approximately-

®Differencas are observed-calculated values.

_qie;t-ﬁuty}alcohol—OD as an internal: reference dind-are

-1y

_dThe observed shift
Using the method of
the spectra of AGC,
spactra of UG, AUG,
y?&l).

5

AGCY,
CAUG, UCAUG and UCAUGA (Hader et al.,

assignments were made indepandently
in¢remental analysis; i.e. comparison of
AAGCU, and AAGCUVY,; and of the '



‘Moreover a fitting ¢fi the observed chemical shifits, from the
: . . : ' - -

oligomer AUGCUA, for instanée,'to the chamical shifts eof ali

possible sequences containing the same base ratioc determines

o

that the shifts cal_c:u'lat-eetd foZ the 55que\nce AUGCUA best fit

the observad set of chemical shifts thus determining the

cligome:rs sequence ta be AUGCUA.

\

In ‘the general case, to determine the sagquence of an

cligomer E;gm'rts proton NMR spectrum the procedure:wodldA

<

include the _fol,.lowirfg ‘st'er:as.u The,is}'pect—rum of the oI‘xg‘O,mer_
to be seguenced would ba dbtainéd“ggfﬁ?e?;ously described.
- . . B - 7 ° <. . . h - . - } .
The oligoribonucleotide -base ratio is [immediately available S
;from-the spectrum, because resonances from protons, sggcfic

. . . '_‘ ey ey . e ’ ; :
for a given base, are found consistently in similar regions

of. the spectrum.. This. information is alse used to .assign”

resonances to protons by type.  For instance, in the_sf
{pécirpm of -AUGCUA, the resonanqes.ét;BAJ76 amd BL:)?rppm
are AH-8 protoms, the resoniances at 8.234 and B8.214 ppm are - .

s - .

_AH-2 protons, the resonance at 7.9§1appm“i§ a..GH-3 pro!anl

. RN
. - a . '

while the doublet centered at 7.757 ppm corresponds to three

A - "

protons, two UH-& and a CTH-4. In the case of CH;%'and UH-4 -

protons the proton Eyﬁe is discerned by the 335 P -

éoupling whichfig-?.erz for cvtos<:e H-4 and H-% protons,

- a
v

and 8.2 Hz for uridiie'H—é-and‘H~5 p;dfons, Siﬁilhrly”tﬂé'—' - -

doublet resonances inlthe highey {ield group atg assigned. by
: ) T 7 - ’ ) ) MR ) .
type as AH-i1' then Chd-1', UH-1' and GH—{“ and CH-5 and UH-5. ‘\\V

The H-1' and H-5 resonances are discerned by their coupliﬁq



- —
< Trztie 18,

\ t

ES

Conmparison

the Observed Chemicgal
- Oligomers of the Same

of Sequence'Predicted by Fitting of

Shifts

Base Ratio.

to those Calculated far

Sequence

Predicted

Fitting

Criteria

Adtual % >0.042 Sum of Diff . Absolute
- ’ - {(ppm) (»0.042) ‘?average
; . : Diff.
AAGCUU . AAGCUU 0 Q.00 0.020
. CAUAUG CAUAUG. 3 9.074 0.025
: - AUGCUA * AUGCUA 1 0.01% 0.017
A T UCAUGA . CAUGUA 2 0.377 0.921
. UCAUGA 3 0.213 0.039
. t:TXUcvyu AUGUCUY 0 0.00 0.021
S i i
AUGUA AUGUA 2 2.077 0.026.
* AUGA AUGA - 0 0.00 0..018
CAUG CAVG 1 0.004 0.019
ACGU ACUG 2 0.054 3 0.030
‘ ACGY 3 0.065 . 0.032
AGCU AGCU 0 0.0 ‘ 0.023
AGUCU ACUCU 2 0.043 0.023
AGCCU " AGCCU. 2 0.036 0.021
- AGGCU - AGGCU 2 ) 0.047 0.024
AGACU CAGACY - 1 . 0.015 0.019

Fifting-criteria values were determined by

SEQUEN (see Appendix).

~

- '

using the program
- ™



“dlso a minimum when the set of calcuiated chemical shifis

coanstants. In general U and G, H-!' resonances are

arbitrariiy assigned. At this point resonances are assigned’

to a base tyvpe (A,G.C,U>, but thé*posi{ions of the bases in

the oligomer atre not known.
To determine the order of the bases in the oligomer 

the chemical_shifté of the resonances ata compared to those

generated for a given sequence. Resonances then become

& =

fully assigned refilecting not only reéidugitype but its

S . 7 ) - - s . T
position in the sequence, based on minimizing the difference
. )

between the obgerve@ and predicted chemical shift. The

correct seguence is found by minimizing three criteria which

2 : - *
reflect the best fit. The first criterion minimized is the

number of calculated and observed cﬂemical shifjs that
differ by gréater than Q0.042 ppm. A secoﬁd-relaked
criterion minimized is the sum of ndiﬁfet;nce betweé
observed and calculated vaiues tﬁat”do.différ byuqraatep
than 0.042 pom. When ihis;huﬁbef is minimized the éverall

‘fit between calculated and observed chemical shifts is

better . The final criterion is the absolute average

difference, which reflects the average difference bgtweén

.the ¢alculated and obéervgd chemical shifts. This value is

-

'~

best fit the observed set. "~ Table 1B gives a sample of the

sequences which haﬁe been ceonfirmed by this he}hodﬁ In most

_cases, the known sequence was adso the sequence which was

~determined from the fitting proce%s. Oligomets which were.

.
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net correctly sequenced point te scme of the limitations of-
the method-

1

Oligomer length c¢an be ;‘Jimitatioh for two :easoni.

- The number of signals 'in a particular spectrum that overiap

lead to inaccurate "assignment of fesoniances to pretan typév

-

This problem becomes critical for oligomers longer than ten -

- residues. For oligomers cont

iining more than fitftaen:

'.nuclgotiq?l %esiﬁqes'the calculated chemical shitts must be

-
8

very accurate for unigque sequence determination because of

the endrmous number of sequénces possiblé for a given base

v

ratio (see Table 19) .

p - . T -

dljgome;VUCAUGA, when sequenced by this method/

o

gives CAUGUA, and the dffierence*betwéeh”the two sequences,

- " - - s - -
in terms of fitting values is significant. The reason for ’

this, is ih;t ocligomer UCAUGA . isksélf complementary and has.

h A . .

a'ralatively high Tm. Thus the chemical shift data at
70°C_used_for the sequemnce aetermination is still

influenced by interstzand stacking interactions, and

thaerefore gives an-incorreqgt sequence determination. In_
situations where a unifue guenice 'cannot be determined -
olheszéeétral information, \gfich as sigmoidal chemical shift

ichangés with temperature, indieating base pairing wp;éh.
}imif; tﬁg pPssiblé 5equaﬁces-on infiormat-ion fgoq*a proton
NMR &bE exﬁeriﬁeﬁt couid Jﬁe usen to'ﬁrrive atk a unique
.sequenge §§etershie£-and Turner, 1782bJ. "

The advantages of .the method are that it is fast,



"
o ’ [S
Table "19. The Number of Pcssiblie Segquences for a 'Base Ratio -
as a Function .0f the Oligomer Length. ’
; , 2
Nucleotydal " Protwons ’////ﬁ\ﬁeqﬁenceﬁ
Residues (Mauimum)a Possible ’
4 T - TS 24 ¢
5 14 40
‘ & o ' 17 1840
"7 20 : 630 -
B 22 - - 2,520
9 - .- , z3 ~7,.564
1¢ T .28 : 25,200
S S 31 . S %2,400
1z - 7 33 369 ,600.
13 - 36 1,201,200
ta .7 39 ' 4,204,200
15 . " 42 15,765,750

20 - | 55 1.17327x10%0

'aAromatic and anomeric ppgtons on -each of the_fog: ma}ot
bases A, G, C, U. .

Pcalculated for the base ratio which gives the maximum
number of permutations. - :
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2

one step, does not destrov the sample, is independent

3

methodologically from the existing chemical and enzymatic

procedures, and can involve ljttie ihterpretatioﬂ, since tﬁg

sequence determination process is cvomputerized. Generaily a

1H NMR spectrum of an“oligomer (300-500 pg/400 pl) can be

“ . -
-

obtained in 10 to 20 minutes. Although the present sanmple

size is large, being two or three orders of magnitude larger

than other sequencing techniﬁues {(S5ilberklang, t-al., °©

1979), advancements in NMR instrumentation, especially probe

sensitivity, will dramatically:reduge ihg sample size in the

near future (Levy and Craik, 1981) . Sample size can also be
. ~ PR

reduced with the use of microsamﬁle NMR tubes, which reduce

FS

the needed volumélgo 40 plL and sample to 4%-75 pg. The

present sample size is convenient for checking oligoﬁers

&

from chemical synthesié. : ' -

Oligomers that are longer than sizx residues will in

general'hgve many possible sequendes for a Qi%en base ratio.

a

For example the base ratio ZA:2G:1C:20, ines £30 sequences.

To determine the correct sequence by manualjinSPECEiOH is .

too time consuming. "To shorten this procedure a Fortran

program'SEdUEN has been written. The preogram uses the’

program ASSIGN as & subroutine to generate the chemical

~
-

shifts of the sequences that are generated by a"subroutinq/ﬁhﬁ

B

from the given base ratio. The prograim compares the

caloulated chemical shifts to the observed set of chemical

N «

shifts and calculates the fit in terms of the three values

previously discussed. Thg'sequenéq can then be determined

(.



o

by quick visual inspection. - . .

3.7 ©Prediction of Chemical Shifts in Short DNA Strands.

- LS
- : . .

The improved technology to obtafn‘significant

C

quantities of DNA oligemers by both chemical (Gait, et al

-

1982) ahd enztymatic means has led in rqunt ye;fs to;;hé.

increased usa of NMR specttoscopy as a tool in.determining.
the detailed moiecular behaviodr of these bivologically

.

important compounds. The ability to assign-the chemical .

- i
~ -

shifts of protons in individual nucieotide units of a DNA

s

~ Ead

-

oligomer is essential 1f{f NMR is to be.usad-to its full

advantage (Cruz, ot al., 1982, Patel, et al., 1982e). TFort

the first time [ report the successful application of an

.

axtended Set of Rﬁh parameters to tXe prediction of the

-

chemical shifts of similar protonsiin DNA. oligomers.

.1t is particularly difficult-to make chemical shift 

assignments for individual proténs in oligomers which, dre
‘composed of similar repeating uni{%,_ DNA with fouc

monomertiec nucleotides (dA,.dG,dC ,Ti«is a.typical example of
. o )
this kxind of oligomer. Recent\pape:s reporting on the }H

.
< .

NMR spectra of ,DNA cligomers upiio the‘dodgcamer level, at

the- highest available field strengths have been quite unable

_to assign the majority of the resolved heterobase and

anomeric protons (Patel, et al., i9?8%2a,b,c,d). The only



- - . .

srTactical apprbach to making chemical shift assignments of
) : - : - _' o

DNA compounds toidate héslﬁeen the method of ‘incremental

analysis 4Borer};g; al. ., j??S). "The disadvaniage of -this

methoed is that it requires the spactroscopist_to_have

& - - ’

available in Sufficient quaniity the precursor fragmenis of-
- S - . -

- - . -

- -

4

the oligomer under "study.

- . . C . ‘_Ij ]
In constructing a set of shift parameters for
chlqulating‘the°chemicdlishif%s of RNA oligomers in the

unstacked sfate, it was reasoned that, while DNA and RMA

. ry '. - ) * .
dupiekfs have significant differences.(Pardi, gt al., 1981,

at higher temperatures (wheie strands are déstacked). DNA

single strands should be very similar th}hE'QOffeSponding
RNA singie'strands. A wide tange of Eonjormational states

"are egpected and the averaged'magnetiouéfchts of

naighbouring nucleotides on a given proten in a mobile DNA

strand should be similar.in_magnjtﬁde Eb those in RNA

- I3 .

- . & .
strands. © . 2

accerdingly, the 'H chemical shifts of the base

. and anomari¢ protons of dA, dG, dcC, and T, were recorded in

buffered"D2 ied —

O solutioens (Table-20). These values appl
with the extended sat of RNKushift=paqamet@r5 (see Section

4.5y, waere used to calecuiate the ﬂxﬁected chgmical-shifts o{

~protons in 2 number of DNA oligomers. -Calculations were ™~
ciarried dut‘using eguation Q%J} where & 1s the -
' - : “K,mon

chemical shift of the abpropriate monomeric deoxynucleoside
protons and the parameters CPI -, .7 and cff : N
, _ et 1,2,3 3 1,2,3

©
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Table 20. !'H Chemicai Shifts® in ppmp for ~
Deozynucleosides at 70°%C. ' ,//B «
“Proton _ da e -1 - T
- N ) S R - - - ‘ .
_AH-8 . _ §.280 - ‘
AH-2 B.212
AH-1" 6.431 N . .
" Y GH-s8 7.945 .
GH-1" 6.263 -
© CH-6- - ' 7.779
CH-5 6.06S _
CH—l" . 6.237 . .
CSTH-§. - - 7.s587
- . T-Me : - . 1.887
. TH-1" - - o ) ) 6.245

of t-BuOD at 1.321

" _ containing 0.01 M sodium phosphate and 1.0 M sodiim chioride .

(pD"7 .0). -

x ’ .

ichifts -are reteranced fo.Dsg, using the methyl absSorption

ppm ‘and ara Tecorded in 100% D _0

. -~
I3
o i
« 2
N N E
¢ E .
! -
- - h "
N -
°
» a .t
-~ -
- - : .
- . - .
o

-
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" detailed results for dACATGT (Tran-Dinh, ef

a_‘/

-T’(L3“531°§/ t al., 1981) are shown in Tablas 21

-

. ’ ) e ’ S - .OAH

represent the shift ccntfibdtions froem the th;ﬁé:neiéhbcurs
- )

en the S'land S' sides res?ebtiﬁely: The paramétérs were
det;ved froﬁTthe chemical shifts oi RNA species (see Section
4.5). -

éince thymidine deoas not exist in.HNA strands,
pafgmef;;?*fo;_ﬁhe ufidineAE—ﬁ groton were used to predict
tﬁeﬂchegiééi-shifts ef C-5 me;ﬁyl ﬁfbtgns. This assignment
wa§‘justified-on the grsunds t£%¥’fhg ;Véraged magnetig

environménhpof the three methyl protons should be equivaient

to a point.slightly beyond the position of the uridine H-§

proton bBut in the plane of the pyrimidine ring. The
tﬁ?midine_methyl would fhErefore experience magnetic esffacts

» similar to a uridine H—S,ffom neighbouring residuss.

Tao test the application of the RNA pa;ameiefs to DNA
biigohe;s,_ppmpounds were chosen fonjwhich high temperature
(}70°C) chemi;il_shift data'waé agailaﬁle and whare

reasonable chemical shift assignments have been -made. The

al.. 1982)%

dCQFGAATTCGCG (FPatel, 14 l1.,-1%82a), and aAATTGCAATT

£ ew of the protons show differences between the predicted

' and observed values that are greater than 0.10 ppm but the

majority are much below this level. The mean absolute - %

difterences of 0.041 ppm for JACATGT, 0.043 for

.

dCGCCAATTCGCE, and 0.051 tor AAANTTGCAATT, are ramarkable
wheﬁjit.;s'naxag.that ‘the shiits of these three oligomers

S v

and 22 A

106

e,



Table 2]. Calculatsed and Observed 'H NMR Shifts. of
d-ACATGT and d-CGCGAATTEGCG®. e .

. . -L o : :- ~: . . . . - .-‘“""
o ACATGT . . . .  CGCGAATTCGCGS .-

Proton = Cal. Obsd. Diff. . Proten, ' Cal. -Obsd. -Diff.

A{i)H-8 °8.222 .8.22, 0.002.. C(1)H=-6 7.720. 7.42° 0.10- °
C(2)H-6 7.685 7.¢3 8.055 . G(2)H-8 7?7963 7.%4. 0.023
A(3)H-8, 8.270 B.30 -0.030: C(3)H-6 7.481 °"7.70 .=0.0:9,
T(4)H-6 7.491° 7.40. 0Q.091 G(4r H-8 ;7860 7.77 . 0.390
G{S)H-8 7.%4% 7.94 0.D0%- ACS) K-8 8.350° 8.27  :-0.020
TC6)H-6 7.582 7.57 0.012  AY{&IHI8 8.248 8.14 g.108
AC1YH-2 8.114 B8.14 *-0.024 -= T(7)H-6 7.529 7%.50 0.02°9
C(ZYHsS- 5.844 5.86 -0.016 T(8)YH-4 7.574 7.55 6.024
AC3YH-2 B8.0%%  B.18 -0.0B1- C(9)H-4 7.755 7.70  0.0S5S
T(4)Me .1.739-: B - = T Ge1odH-g 7.96% 7.%4% 7 0faez9
T(&)Me 1.885. b - .. Ctil)H-é 7.745 7.70 . 0,055 )
AC1)H-1' 6.361 6.31  4.051 G(12)H-€ 7.964 7293 0.024"
C(2)H-1" 6.178 6.12 0.058 CC(1)H-5 5 942 5[97”§‘g.028:-;
AC3)H-1' 4.370 6.35 0.020 C(Z)H~-5 ~5.842 5.90 -0.058 °
TC4)H-1' 6.165 &6.06  0.10% A(SYH~2: B.037 8.02 0.Q17
G(S)H-1' 4.176 6.13  0.046 ° AC4)H-2 8.057 8.00 0.057
TC(6XH=1"' 6.224 *6.24 -0.016 - T(7IMe 1.741 1.75 _-0.009
. _ T T(8)Me “1.79%4 1783 0.013
ST C(9IYH=S 5.931 6.01 *-0.0779
4 C(I0)H-5 S.911 5.94 -Q.02°9
Mean Abgolute Diff. 0.041 5 :
. g Mean Absoclute Diff, g.042 ¥
, , ) -
5

3For spectra racorded in aqueous solutions relative to DSS
as standard and at temperatureés of 70°C or greater. ' '

f?Chemical:shifts and assignments not quoted by authors
(Patel, 1976). : :

“Patel, et al., 1982a .
P ¥ I :



Table 22. Calculated and Observed 1H NMR Shifts

- 108

:Mean Ahbsolute Difference

¢

of
d-AATTGCAATT?®. ~
AATTGCAATTY? . .

Proton T.ogal. . Obsd. Dite¢
A(LYH-38 LB.1984 8.14* 0.054
A(2)H-8 8.261 B.30% -9.039
T(3)H~4 7.54%° 7.50 0:049

. TCa)H-6& 7.501 7.44 D.0&1 h
' G(S)H-8 7.93L e ‘a.07 -0.1239,
C(6IH-6 7.699 7.63 9.06%
A(7)H-8 8.247 B.17 0.077

. A(B)H-8 §.300 8.30 0.00
"T(9)H-4 7.537 7.49 0.047
T(10)YH=-4 7.555 7.57 -0.015
A< 1)H-2 B.079 8.130 -0.05%51
A(2)H-2 8.120 ° 8.05% 0.070
. T(3)Me 1.745% 1.76 -0.015%
T(4)Me 1.764 1.83 -0.066

UC(63H-5 - 5.829 5.91 -¢.08¢ ’
A(7)H-2 . 3.030 8.05 -0.020
A(BYH-2 8.122 8.05 0.072
T(Y Me 1.756 1.76 -0.004
T 10)Me 1.817 1.85 -0.033

‘ 0.051

bl .

%for spectra recorded in aqueous solutions relative
a5 standard and at temperatures of 720°C or greater.

~ Prancelot, et al., 1981.

*Assignﬁgnts;have baen reﬁérsed from those given By

Quthorg.

DSs



were racorded in diffsrent laboratories znd under canditions

of slightly diffarent buffer concentrations, temperéxure,

and oH. M@:gover, eacﬁ of thE—HNA parﬁmeters used nas a
probablé_experimental erroy of ‘the order of 0.007 ppm and
fer a basejwhich is influéncgd by six neignhbours., the -
combined erreor cpvld be u; te 0.042Z ppm.

Shift preﬁictioné ftave been made for other DNA

oligomers that have high temperatﬁ:eu1H NMR spectra

repotted in . the literature and the mean absolutae diffarences
betwean the predicted and assigned shifts are shown in Table

23 The agreement between calculated and assigned chemical
shifts is excellent. Upon examining the data one notes the

. D : .
very limited number of H-1' protonms that have been assigned.
X .

frequently these anomeric protons are well resolved
R :

' resonances and the parameter 5ot snables reasonable
assignmenis to be made with confidence and efficiency.

Thymidine methvy! resconances showed good agreeﬁent
L

hetween calculated and obsgserved values with a mean absolute

difierence of 0.032 ppm for the 16 examples and the ratidnale

for employing the paiameters for uridine H~5 s justified.
The RNA parameter set ma§ also be used in the

reverse sense.to 5e§uence short DNA&;trﬁnd;. 1f. the 1H

NMR cheﬁical shifis and base comgosition are given, tﬁe‘bage

sequence which best fits the NMR dat; can Be derived.

. . ]
Computer trials havae indicated that the current parametar

set accuratelv selects the scorract sequence for short DNA

109



Table:  23. Differences Between Calculated and Observed 1}{
NMR :;Shifts of DNA Oligomers?

Oligomer o - Maan Diffierance Referance
dacece ~0.016 ) yu;“’ff\f-wu '
dGGCC 0.018 Patei, 1977
dCCGG 0.022 Patel, 19777
dccccéc 0.047 Patel, 1974
dCCAA 0.069 - Cheng, et al., 19812
dTTGG 0.072 Cheng, &t al. ., 1982
dCCAAC 6.059%" Cheng, et ai.. 1982
d4CCA 0.029 Cheng, et al., t982
dCTTGG : 0.041 Cheng, et al,, 1982
dTE&G 0.084 Cheng, at-al.., 1982
dATGT 0.040 - Neuman, et al., 1982
dTATATA 0.056 Phillips., Roberts, 1980

L

N

2For spectra recorded at 70°C of.-greater.

~<zb
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¢l icomers up to the octamer level but that longer oligomers

have base ratios that lead to 2n enormous number of

pernutations, and unigue seguence ptedictiion is limited by

\

the accuracy of the parameters.
{

3.8 The Eﬁfect of Base Sequence aﬁa Conformation on

Protein Chain Termination Inp—ilro. f{{

Protein chain termination occurs_ when the

translational machinery encounters a nonsense codon UAA,
AT -

UAG. or UGA (AGK‘or AGG in mitochondria (Andefson. t 1.,

1981)). In the simplest biochemical assay, " the initiator of

L]

translation, fmet-tRNA, is bound to ribosomes with AUQ and
Pthe separate nonsense codons UAA, UAG, or ﬁGA are added in
qoniun#lion with either of two release proteins: RF-1 which
respondslto UAA and UAG, gnd ﬁP—Z which responds to UAA and
"UGA (Caskey, 19%79). Under these conditions N—fo}my}imet is
hydrolyzed from fmet~tRNh. The release'factbrs Rf-l €§}‘
KFr-2, h;ve been highly purified from E-'Eﬁij cells using
chromatograghy and issay;ng for activity using the release
of N-iprmyl~met (Caskey, 197;), or by theuprotgins ;bility

to promote'hydrolysis of. ribosome-bound peptidyl-tRNA

presumably adjacent to UAA (Ganoza, GCanoza and Nzkamoto,

1966; and Ganoza and Tompkins, 1970) or UAG (Klein and
Capecchi, 1971),. , . )
‘Release prot#in RE~1, competes with tRNA mediated

suppression of UAGC (Ganczra and Tompkins, 1970; Beaudet and

B

~
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Caskey, 1970 and binds Yo tibosomes In the presence of
nonsense codons (Scolnick agd Caskey, 178690, Both RF-t! and
RF-2 aiso stimulate the bindidng of nonsense codons (Scoinick

and Caskey, 17493 . Experiments in which antiboedies to these

proteins were used to remove them from ¢rude extracts

suggeét that they participate in termination of

= ~ -

bacteriophage encoded proteins (Capecchi and Kiein, 1¥74:.

Thus complexes which include ribosomes, a nonsense codan,

and a release fagctor, are proposed as intermediates in

proteinwchain termination.

*

I1i a nonsense codon is inserted.intec different
locations of the bagteriophage T4 rllb cistion. so that
?he sequeﬁée around each nonsense tripiéﬁ varie@,;dramatic_
changes in the efficiency of tRNA—ﬁediatedrsuppresion

results, suggaesting thagatermination in viveo, may-embléy a

signal longer than a single triplet (Fluck, et al ., 1977)
Head-through of UGCA can, in more than one case,
result in the generation of two pfoteins egsential to

-~ viability of a number of phages, Codon, UGA, can be

L}

recognized in two ways in strains whiech do not harbour a

nonsense suppressor-tRNA: It can either specify termination,

i
v

or it can be translated as tryptophan, generating a longer

- -

- protein essential to fuhction (Hofstetter, et al., 1974;

Yates, et al., 1977, Weiner and Weber, 1973, Geller and

//rﬁxh$EX@h,1?80). Since the generation of two proteins frem the
N o : :

Lo, . N i ’ '
same cisfron by this mechanism is uncommon, the base

- . -



sequence neighbouring this nomnsense codon may contrael the

efficiency ¢f this terminaticn mechanism. Recantiy, a

report suggested that the b;se folloewing UGA, e.g. UGAA,
might determifte the lavel of tBNA-mediated suppression.and

presumably the extent to which translational termination

gceours in vivo, since release factors compete wWwith supressor

"tRANAs (Engelberg-Kulka, 1?'51).5 )

Tandem termination codons ?}La{ at the end of a
' ™

number of bacteriophageqbﬂstrons but eoniy 0% of ail E.

o

cpli. proteins appear to use contiguoué ferminagion t;xplets_

in vive (Lu amd Rich, 1971). in such cases, tandem nonsanse
codons may ensure that termination occurs at the end of the

cistron (Nichols, 17270 .

In this thesis I address—two issues: Whether bases

. . { -

surrounding the nonsensea cchn\pAA can influence Iin vitro
[ - - I ) '

translational termination; and whather UAA must be in the

triplet reading {rame with AUG for this reaction to take

place+. This finer point was considered important because=®

UAA can triggér termination Qhen addedwﬁs 3 separate
ﬁ@riplet, a situation where the spatial re}apionship batween
codons AUG .and UAA is ‘uncertain. This investigatioﬁ was
accomplished'by chemically synthesiiing RMNA polymers having
.Ehe UA3X codon ;t vﬁriable locations 3' to AUG within the

s5ame polymer. . .
T
!

Since all amino acids are found at the C-termini of

E. coli. protains without biés*(Spahr, et al., guoted in Lu

113
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and Rich, 1971), additional signals might ba expectad: . to
reside.eiﬁ}}r.”downstream” or directiyvy on the 3' side of the

stop triplet(s). The ability of UAAA, UAAG, UAAT, or Uaay

3s

to stimulate release of N-formyi( ' “"3imethionine from

N-formyl{$551met—tRNA:ribosome:AUG cempleges was testad.

The results showAthat each tetranucleotide terminates to
,almost the same extent and rate 'as the UAA reference codon
when partially purified preparations of REF~{ were used

(Fiéu;e 15). Tharefore one base at tha 3' side of UAA doas

not affect the in vitre termination reaction, indicating

-

that the E. ¢6li. recognition system differs from that of
eukaryotes, DbDecause the lattar responds to tetranucleotides

better than- to triplets (Caskey, 1979). .

[l

Tha capacity of the terminatiqp,aséay to respond to

tandem nq€sgﬁse codons was also studiad. In contrast to the

tetranuclgitidesf the gexanucleotides.:UAAUAG,_UAAUAA, and
UAAUCA, stimulated RF-1 mediated reléasé‘to ma:ke&1y 
differant extenté (Figur;llé{_ Hexamer, UAAUAG, .stimulated
the reaction somewha£ bet;er ‘than UAApGﬁ, but UAAUAA., was at
le;s£‘five—f;1d less effeétb;e_ﬁhan the_ether two
hexapuclaotidestqi-tripléﬁgUAﬂi These difference were

.o : _ .

maintained when the reaction time was extended up to 40
minutes. The iower level of_ termination promotgd-by RE-1

w;th UAAUAAJ could noL;Bg explained b% the p;esence'of
.inhibitors in the cligonucleotide prepara;ions, as mixing s
agperiments with dAAUAA and UAA failed }o raveal inhibitors

x - v
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UAA

UAAA
JAAL
UAAC
UAAG

S] t met released (pmales)

&

1) r 08

Amount of UAAN (nmole) -

Figure 15. Stimulation of [3°

of the form UVAAN.
Reactions were carried out as described in

Slfmet release by polymers

Experimental. Incubations contained 300 pmoles of AUG, 100
ug of four times washed E. coli Q13 ribosomes, and 7.0
pmoles of [39s1fmet-tRNA. Termination reaction mixtures

(30 min at 24°C)> centained 14 ug of #F-1 and varying

lavels of UAAN. Unspecific release observed with AUG in the

presence of RF-1 and no UAAN was subtracted.

e
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A

in thea hexanuclestipe. "It is of interest that GAAUAA has
ﬁof vyet Deen obserwvad in-prokarﬁotic termination-regions
(Caskeyr 1§7?; Steege and Scill, 197%:. ft-sééms‘fikeLy that
the coﬁiormat¥gn of this hexamer raestricis recognition of
UAA . A previoﬁs ocbservation Fha{ the AU&UAAiﬁ3zs

oligometr was unable to stimulate sfficient release of

N-formyl-methicnine (anoza and Thdch., 196%: while

3

-AUG(U).UAA(A)n successtfully released f{met-~phe, can

also be explained by the propoesal that the conformation

adopted by the oligomer on ribosomas, may infiluence the

-termination reaction.

° The effact of sequence and'conformation cannot be

"examined using triplet UAA, and_sincé tetranucleotide sat,

NUAA, is. ineffective in termination (Ganoza, unpublished
results), two types of longar ocligomers ware assembled. The

first was AUG(U)mUAA(A)n having AUG at the 5'-end

which was covalently lﬁnked.to the terminator, UAA, by zero

to five bases, and the second wasgs a serieas of short

~

oligomers (5-7 bases), each starting with AUG; AUGUA,

AUGUAA. AUCUUA, AUGCUA, AUGCUAA, AUGCUUA, AUGUUAA, AUGUUAU,

AUGAUG, AUGUUU, AUCAGC, AUGGCU, andVAUGUCU;

The abi;ity‘of these;oliqomers to trigger
termination Qas tested. Each of the first set bound
fme t - tANA to approxzimately the same extent (Table 24).  The
bound fmet-tRNA was active in peptfde bond synthesis,

quantitatively yielding an fmet-puromycin ﬁrnduct (Ganoia:

116
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Figure 16. Stimulation of N-acetyll Hlmet release by

tandem stop polymers,

Conditions for init

UAAUAA, UAAUAG and UVAAUGA.

iation complex formation were as

described in Experimental with SQC pmoles AUG and 2.5 pmoles

of N-acetylC(3HImet~tRNA.

contained 14 ug o
UAAUAA, UAAUAG or

- 24°C. Unspecific

presence of RF-1
subtracted.

-

Termination reaction mizstures

f RAF-t and varying levels of UAA or of

UAAUGA .

Incubation was for 5 min at

release obtained with.AUG in the

aqd no UAA

or UAA-containing polymer, was
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Table 24. Release Reaction with mRNAs of Formula
AUG(UY UAACAY T

: _ ) SSimet-tRNA . £1°%351met
Oligomer - Bound Released
‘ E dpm x 1000 , dpm x 1000
, : . : N 1%
AUGAAACA) 36.7 2.4
AUGUAACA) | 35.4 2.8,
AUG(U) UAACA) 3470 9.8%
AUG (UYL UAACAY = T a7 9.14
AUGCU) JUAACAY 41 .4 > 9.22
AUGCU) UAACA) - 43. 6 5.2

Folymers of composition AUG(A)“ or
AUG(U}._UAA(A)n were synthaesized by use of
-prime:—dependent poelynuclectide phosphorylase as described
(Ganoza, 1978). Initiation complex formatlon ‘and
termination reactxons werea preiormed as described in
expar imental using 8¢, 300 dpm t(SSSJmetatRNAf annd ‘220
pmoles of each polymer
*Numﬁé:s of experiments. binding experiments were
duplicateé. Values are averages of samples which were
within 10% of each other, and are not corrected for
unspecific ;deacylation. ‘ -
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unpublished result). Oligomers which lacked noensense

3
] kv

previously observed AUGUAA(A}n did not c¢hain terminatae

codons ., i.a. AUG(A)H, did not hydrolyze - imet-tRNA and as

{Ganoza and Thach, 19489). Significant hydrolysis of

fmet-tRNA did occur with AUG(U)1UAA(A)n and S
- . - . ] ) A " S
AUG(UﬁqUAA(A>n. where the termination todon is

‘m

od£—0f4phase from AUG by one base. - Gligomer,

o

.iUG(U)aUAA(A) , . containing in-phase UAA dlso chain’
: : < .

terminated, whereas AUG(U)SUAA(A)n} was far liess

- effactive.. This hyﬂ}oly:is in response to sﬁaced and/or
.out-of-phase nonsense'codons was further investiqatéd using
sherter bligo;ibonucleolides containing UAA juxtaposed to

AUG, or separated By oné or more nucleotides.

The level. 0f ribosomal complexr formation with eadh

i

oligoribonudlegtidé was measured (Table 23). Oligomers,

AUGUA, AUGUUA, AUGCUA, AUGAUG, AUGUUU, and AUGAGC, all bound

N-acetylmet-tRNA with equal efficiency, supporting thea
previous conelusion that”fhe base immediately following AUG
does not affect ribosome-ocligonucisotide intergctipns as

: : i

7much as the nuc¢leotide 5' to the initiato; (Ganoza, gi al.,;
1978, 1982). Lower levaels of AUGCUAA bound to.ribosomes

indicatihg that the segquence folliowing AUGC may be important.
. IJ . . . - - -

Somewhat unexpewcted results were observed when tha -

fraction of N-acatyl-met released waS‘compa:e&. About half

-

of the ribosome-bound N-acetylmet-tRNA was hydrolyzed with

—_ AUGUUAA or AUGUUAU: MNMearly 40% of the bound subst;éte.waé
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Table 23. BLndxng ahd Release Reactlons wzth Various
AUG- Containlng Polvmers

Folymer N-Acetyl [’Himet-tRNA N-Acetyl [ ?Hlmet *%Relsase

Bound Bound z 100 Released z 100
: (pmolgs) N ‘ {pmoles)
AUG S 27,9 © 0.0 0.0
AUGUAA - 14.7 3.5 23.8
AUGUA . 19.0 7.3 1 38.4
-7 AUGUUA 19.3 7.1 37.4
~AUGUUAA - 14.0 6.7 . 47.9
AUGUUAU 13.7° 6.5 - 47.4
- AUGCUA 172 “ 2.1 12.2
AUGCUUA 14.9 0.0 0.0
AUGCUAA 11.8 19 161
AUGAUG ST 22,2 . 0.0 0.0
AUGUUU 19.7 . 0.2 0.1
AUCGCU 19.2 - 0.2. 0.1
AUGUCU 14.7 . 0.8 0.4
AUGAGC 0.4 0:2 0.1

aValues are the avaerage of tripliéates which wérp within

_10% of each dther. Over 80% ‘af the bound label reacted with

puromycln with™ AUG.‘and each penta-_ ' L
or "hexaribonucleotide’ programmed— ribosoma . Non-enzymatic

hydronSLS about 0.1 pmoles) fmet-tRNA was subttacted-!rom
each. : T ;

1
i



hvdrolvzed when RE-1 was-added te ribosomes progra@med b?:
- i3 o .

- - h ! )
AUGUUA ., and about 20% hydrolys:s was observed with AUGCUAA

ot AUGUAA.'* The hexamer AUGUAA was more_gffective than

,
~ . +

‘oligomer AUG&RA(A)BI(TableVZS}. O1:igomer AUGCUA, . .

e

stimulated 12% of-the.hydrolytic reaction while AUGUA -
. {9_ - B . _{ '
stimulated hydrolysis nearly 40%, impiying that the UA part
S . - :.V:‘ o ’ - s ‘
of the sequence is partly responsible for the specificity of

these iﬁ?vitfo termination. reactions. Hexaqérs,gAUGAUG,
AUGUUU, AUGGCU, AUGUCY, and "AUGAGC, were‘an;%tive,

2
i

indicating that the in vitro assay for terhination rgspoﬁdsf

enly to oiigomerg that contain at ieast part of a
‘ N '
termination codon (Table 25!~ Since AUGUUA, AUGUUAA,

+
"“"

AUGUUAU, and AUGCUA, stimulated release to approximately the

same extent, the common UA portion‘of the oligomers appear’s

 fdubejequa1Ly effective whether it is positioned adhacent

to, or one base away from, AUG bound N-acetylmet-tRNA.
. - 7 . %
By comparison,, AUGUAA, caused less respoﬁse thaz/,

i L

observed for AUCUA. The result is int?restrhg fec&usd

By
5
“

121

: . o i G
AUGUAA:, contains an intact nonsense codon whereas AUGUA, . e

: N g : i
. ; —r i n
does not. Furithermdre an additional adencgine residue 3° to
i * % 7 e e o '
AUGUA, decreased ithe amount of release considerably and
extra adenosine residues iﬁroligomer AUGUA&(Ain,

‘ _ . Pyl
depressad the reaction even further {Table 24).. 1In
contrast, the oligomers, AUGUUA, AUGUUAA and AUGUUAU, K

(i

: . o
stimulated approximately the same level of relezase
indicating that addition of either adenosine or uridine

&,

i



residues 3' to UA does not affiect the abilities of these

oligomers to stimulate the termination reaction. A {ower

—

indicating that cytidine 3' to Ua does_resfrict‘the

-

reaptidh. The olzéomer AUGCUUA, did %ot detectably cause a

termination reaction indicating that when the UA region isSr

two bases from AUG it is not positionad correctly to cause a

. . —
response.

Since the seqguence, UA, when covalently linked to

‘LAUG, caused hydrelysis of N-formylmethionine (or

N#acetylmethionine), free UA and UUA were compared wiih'UAAq

(Figure 173 Neither UA nor UUA stimulated the model c
termination reaction verifying earliet rasults that-only
nensense t%iplets'stimulate hydrolysis {Caskey, et al., R

iv68),

. The time course of the termination reaction

H

'pro%rammed by AUGUAA, AUGUUA, and a mitture of the free

L) o

triplets, AUG and UAA, is shown in Figure'la.' As expected,

" different concentrations of UAA trigger relazse of

L

N4§c§tylmgthionine;£rom N—écetylmet-tRN&:ribosome:AUG!RF-l

conrplexes. The expected iag of about twentiy minutes in
. P -

reactions prog;amméd_with low levels of free UAA was

observed (Caskey, et il.; 1948; Capecchi, 1947). This lag

w2s markedly diminished in reactions containing AUGUAA,

.wheraas reactions programmed by AUGUUA, proceeded at the

' -

fistast rate without detectable time ‘lapse, indicating that

x . - . -

122

‘level of release was observed with AUGCUA and AUGCUAA  \ __—
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Figure 17. Lagk of stimulation of N—acetyl[a}{]metw

release by UA and UUA.
. Conditions for initiation comulex formation were as
.described in Experimental with 300 pmoles AUG and 2.5 pmoles
o!?N—acetyltaHlmet-tRNA. Termination reaction mixtures
contained excess RF-1 and varying levels of UAA, UA or UUA,
;Jd were incubated for 30 min at_ 24°C. Unspecific release
Abtained with AUG in the presence of RF-! was subtracted. o

/f// : . : i . : -
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the N-acetylmét;tRNA:r}bosome:mRNALRF-l complex-reacts m@rg
efficiently when the‘nonsense'codon occurs within a mRNA

"(Figure 18). The fasief rate of reiease with AUGUUAP‘
suggests 3 lack of specificity on the part of'RF-1. _The

s - 7 _ i :
possibility of a protein contaminant of R%wy; causing this
hydrolysis seeﬁ%ﬁunlikely as thi§ artifact would have to
have very stmilar physica proaprties'to RF-1. and wgu;d have -
to co-purify through at least iour-pdrifica;ion ste;sf CT
(Ginoza and Tompkins, L979). ' ) _ . - : .

.

Release factor RF-1 appears to recqgnizé UA which is
ﬁart of tha UAA or UAG seagquence, ana the sequeneeaargunJ”UA
is very’impértant for th;s te;min@iioﬁ. "A serious
éqnsequence’of'ﬁ%is lgck of specificity is that %F-L ;;uld
zpotentially‘elict release oﬁ g;owing peptides ffoq

pep{idyl-tRNAs in the neighbourhood of any UA sequence 
. )

ance this dxnucleot«?e cccurs at too hxgh a fraﬁuency in

-
mANA, the possibility that am:noacyi-tRNAs could effectxvaly

i
¢

compete with the release factor durzng ch m propagatzon wasg &

A

examined . It was ﬁ’Ti;t Emet—leu-tHNA Ty synthesized

) ' X
trom AUGUUA, ;ncﬂge presence of proteins, IF-1, IF-2

(initiation factors), and EF-Tu, EF-Ts (elongatioen factors),

£

W -

"as previously repoftedtfor hexamer, AUGUUU (Erbe and Leder,
19468) . Additien of RF-1 decreased the level of
fmet-leu<tRNA synthesized and this effect was more

¥

pronounced when UAA was added to ensure: that RF-1 had bound

to ribosomes (Table 246; Ganoza gt gi.,'1982).

[
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N-acetyl [°H] mét rel’eased (pmoles)

o AUG + UAA
4 AUGUUA
® AUGUAA -

o _ .
5 4,/1 i b |

0 10. 20 30 -"40° 50 60
| Time (mins) at24°C

Figure 18. Time course of relaase of N-acetyrtaHJmet
with AUGUAA or AUGUUA or with the free UAA codon.
Initiation complex formation was carried out as
described in Experimental with 300 pmoles of oligomer and
2.5 pmoles of N-acatylf{ Hlmet-tRNA. The 'acetylated tRNA
was bound to ribosomes with AUG or AUGUAA or AUGUUA as
described. Release was initiated by adding 14 ug RF-1 in
each case and 7.4 nmoles UAA where indicated. - Unspecific
release observed in the presence of RF-1 was subtractad..
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Table 26.-,E£f3ct of Release Factor oh the Synthesis and
Hydrolysis (Releasa) of f—qep-leu Programmed by AUGUUA.R‘
v 7 ST i

k

Total : Phptide Hydrobysis
£c3931met  fr%9g7- : '
. met-leu
Recdvered Syhth. £r39s3met  £r°953-
' ' - met-leu
Additions _ ¢dpm) Cdpm) (dpm)
1. IF-1,1F-2
EF-Tu,EF-Ts 54000 ° - 101490 © 7060 800
2. 1F-1,IF-2 . . ‘
EF-Tu,EF-Ts+REF-1 51600 5000 7800 1300

L4
/

3. IF-x,Ip;z&g§:fu _ & B
EF-Ts#RF-1;U_A*\\\ 39000 2100 7100 1200

4, RF-1 30600 - - 12493 190%
_ ) -
5. None 30400 - 944 190 *

Dipeptide synthusis was analyzed \
electrophoretically. Racovery of total radicactivity was
approximately 85% of addad counts. ' Relaase of £E355]met
with added factors was duesto a trace of fmet-tRNA hydrolase
in the [F-1 preparations. Experiments 4 and 3 used AUG and
,ft355]met tRﬁA bound to. ribosomes as substrates.
Non-specific hydrolysis may account for azbout 10% of the
££3 Slmet-leu releasad. Traces of EF-G in RF-1 could
atcount forrthe remaining hydrolysis of fpet-leu in
egper iments 2 and 3.

*Represents background radiocactivity.




Since a significant fraction of RF-1 is normaily
found lcosely bound to rig{::;es, and since the release

tactor appears to be fn competition with ieu—tRNAleu‘for
the sequénqe UUA, it seems raealease factor couid have a dual .

o

function: namely, termination when nonsense codons are
in-phase, or cleavége of na;éent peptide chains when UA
occurs in the proper seguence context and the required

aminaacyl-tRNA is not immédiately available to recognize the

' -

UA-containing triplet, thus aﬁting as a regulator of protein

synthesis.

In this thaesis it is reported for gﬁe first time

‘that the sequence UA, is recgnized by RF-t to trigger chain

termination in vitro. This ability of UA to signal release

depends upon the nature of nucleotides adjacent, both 3' and

-

5', to this sequence. The result is interesting, because
RF-1 was considered to be specific for the triplet stop

. B : - i 13 .
codons, UAA and UAG (Caskey, 1979%). Indeed, when UA is

"added as a freé din&qieotidé to fmet-tANA:ribosome:AUG

s hl

complexr, termination is not observed with RF-1. .Apparently

RF-1 exhibits different ecificity when potantial

terminator sequences are crvalently iinked to AUG within the

TS SN :
same polynucleotide, as in mRNA. -Under these circumstances,

ﬁ - A

within certaiﬂ'base context; (i) UA functions as &

termination sighal and (ii) UA containing terminator signals

can befread out of the AUG—aIigned're;ding frame®

A model based on the conformékion adopted by

s
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Figure 22, Base-stacking in AUG as monitored by the anomeric coupling
.constant (Jl-'i")’ as a function of temperature. '
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Table 2;?. 3' Endeo Cénformationa‘ as a perceﬁt faor the
"‘ Biologically Significant Trinucleoside Diphosphates UAA,
. UAG, UGA, AUG, and Oligémers UAAA, and AUGUA at varipus
Tempg'r—;?u;es. E - i S -
“ §
; 7 . .
Qligomer " Temperature “c.
N Nucleotide : i
0 s
~ 70. 0 0.0 Se’o 40.0 30.0 20.0  10.0
. I A —
UpApA . : '
. Up 50.2 §3.1 50.2 §3.1 59..0 ., 64.8 73.6
pAp . S 54.0 56.0, 59.0 - &41.9 67 .8 73 .4 74 .6
‘PR, o 56.0° ' 5&.0 59.0 6478 [ 478 76.5 82.4
UpApG’ ! . o - -
Up . :51.12 63.4 56.0 51.%  48.7 53.6  41.6
A pAp P83 4 S4.0 58.5 £3 .4 63.4 73.1 85.0
pG 56 .4 53.¢6 56 .0 56 .1 0.9 1.6 61.46
 UpGpa , :
Up ‘ $8.5 561 58:3 51.2 53.4 46.3 $6.1
pGp - 48 .7 48 .7 58.5 43.1% 48.3 . 73.1 48.3
A . 53.% 53.¢4 53.6 58.5 -&0.9 3.4 )%3.3
ApUpG | i -
Ap 39.0 45.0, '47.0 47 .0 48.°0 50.0 55.0
pUp’ 52.0 59.0 48 .0 50.0 56.0 49 .0 $3.0
- pG ' 50.0 47.0F 45.0¢ 45.0° - 40.0. 4910, 53.0
. ApUpGpUpA . . _
\ Ap - S6% 1 S1.2 5356 .S3.6° 53.8 6.2 5%.1
. pUp 2 . 46.3 46.3. §3.6 -, 58.5 45 ;6 58.5. '58.5
LT w6 - 463 46.3 * 53.6 "' SB.5 _, 456 58.5° 7 &%.3
: » ' . pUp 4 - SL.0- 62.5  50.1  S3.46 63,7 73.1 ias.o
. pA 53.6 S6.1 561 56.1 561 58.5 7 >85.0
. /- UpApApA - - o i LR L
// Up . 68 .3 43.9 50.5 78.0 70,0 85.0 .>85.0
: pAp 2 53 .6 $3.4 70.7 . 7@.°7 71.7 78.0  w835.0
pAp 3 - 58.5 63.4° 70.7° 70.7 71.7 78.0 : >85.0
N PA 585 %0.9 3.4 azg% 850 38500 39020
e s AT
. ” i o h
3calculated as % 3'-endo =v10 (10 - YT IRA :
Temperatures are accurate to withing 2°C 7.

i

A P b
?

'_;c:\
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amount of base stacking in short oligomers, and hphcé

*
-

oli&%ribonucleotides in agqueous sélution may ezplain these

o=

results: The conformatians adopted by a oligomer depend to

a large extent on the degree of base stacking within the
- ' ' : : . .'"“

oligomer, which ih turn is dependent upon the equilibrium

between 2'-endo and 3’-eﬁd6 ribofurancsidea. Proton NMR

spectroscopy allows one to moniterethis sugar conformation

equilibriym by measuring the coupling constant ‘ B

¢33 Y0t the ribese H-1' proton. Tha °J

1'2° 10‘2".

coupling constant has been demonstrated to reflect the

éolutjgn conformﬁtion'(hitdna, 1975). For eszample on.

complete base stacking, the equilibrium shifts to the

"

3'-endo conformer and the anomeric H-1' doublet resonance

,collapsﬁs to a'singlat. . : . .

The change with respect” to témperature of the

3J1.2,, coupling constant for the anomeric resonances

of the oligomers UAA, UAG, UGA, AUG, AUGA, AUGUA, and GCA,

over the temperaturé range 1Q—fO°C, claarly show that the
Wia{e9 of base stacking is not the same for each base in the
oligoribonucleotides (Figures 19-25). AlSc the oligomers

exhibit ve:y_ﬁiffe%ent overall stacking as a functidn of

'

temperature., The trimer GCA which exhibits base pairing
.(Alkéma, et al., 198la,b), is in a completely stacked.

ppnformation.at 20°C, whereas trimer AUG is largely in an

funstacked conformation. Caiculations of‘the,percénfhge

3'-endo conformer, illustrate that the termination codons

136



‘ -~ - - [ <
\\‘5UAA, UAG, &pd UGA };hhbit.a higher degree of base stacking -
= f\\ﬁ_ﬁ/%;_ : ) - . i
than the initiator édodon AUG (TaBle,L27)i a T
T S P :

J

/

!

within a native RNA are (fFart of the recbgnition signal
. - ~ -, N

-

Since local conformations adgﬁt@d byﬁiho:t sequences

within protein-RNA interactions it is E1esibis that

A

. conformation c¢an afféct the termination event. . Assuming

w

that the conformation #dopted by the trimer  approximates

— 7 . . . E : -
the conformation of the same trimerﬂ;egion-;p a -in:n*.gex'/'——'~'///-2

-

oligomer, & conformational hypothesis can be p{esaniediép\vq__,,rx\\\ .
PO o ) . £ \fﬂ N

explain 'the in vitro termination results. For examili/igé ““L;“
. - - L. - - N .
amoiunt of stacking im AUGC is not altered significantly upén .

-

addition of .a” pA resi&ue fo‘the 3'~end of the molecule

-

forming AUGA.  |However, the oligomer AUGA can also be

considered as the extension of a UGA termination codon.  In

this case the effect on stacking is significant. _ . - . T\\\\\J}““

x

;Ihtetestingly the triplet UGA is ambiguous, it codes for
¢ botb_iryptdphan and translational termimation. Furthermore

release factor RF-2, can competefw}th tryptophan for the UGA

site (Ganoza, personal communication). If the protein-RNA.

4
o

interaction fkwﬁ%rs a.low degree of stacking at the RNA

site, then it is possible that changes in base stacking are y
. ) ) i '
required to terminate pfotein synthesis at UGA codons.

. . . .. . & -
The most interesting aspect of the result was.that

-

the in vitro termination reactieon"responded to the presence

.

9f UA in the immediate vicinity of an AUG,_iqitiﬁtrgﬁ'cndon_.

ST - .
tﬁus redefining the specificity of release protein, RF-1.°

Ll
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That RF-1 recognizes VAA and UAG suggests that the

interaction at f%e third base in the termination xzodon 1is
N

:reminiscent of the wobble type of pairing éxhibitad in

tRNA-mRENA interactions. A truncated termination codon (UAA,
. N ] , i

¢ \‘}ﬂ . on '
UAG -+ VA) held ™ imn~a faverable position on the ribosomes

. b - .
stimulates the termination 'event, indicating that tha/(gff:

X

‘base interaction is not essential foer the

ribosome: tRNA mRNA:release factor complex. This idea is not
) « Y .
entirely unfounded, =mrt st.al.., (19%70), measured f{met

N ~

release from rtbpsome:f%et-tRNA:AUG:reigasg faqto:.complexés

induced by-a series of UAA and UAG derivatives c¢ontaining

substituted uridine residues. The responsa pattern

suggeéted that the N3 préton‘and C4 carbonyl
‘moieties of the pyrimidine ring are essential for tetmin%for

codon recognition. Substituents in the <, position do

’ « “

3

not impair function and‘strtkiﬁqu N 4

and C are
the positions required for hydrogen bonding in Watson-Crick

base pairs.
- - q

*

’fhe observations that AUGUA,AUGUUA, AQGUQAA, ;nd
AUGUUAU, stimulate'ihe.fele;;e‘réaction to éb;ut ihe‘same
extent, can now be explained. Egcﬂ_oiigomg; is boﬁnd to the
ribosome: tRNA complex through its AUG portiom. If the 3°
uﬁbound remaiﬁeg; of each éliqomer is assumed to adopt the-

same conformation that it would 'in solution, AUGUUA,

AUGUURAA, and AUGUUAQ._Qould'exhibit conformations where the



Q anosiﬁe (G-3), and adencsine (A-3%) ?eSid;\i\thCk forcing
the intervening uridine -residue (U-4), to loop-out. In this
déy-thé UA region in sequences AUGUA, AUGUUA, AUGUUAA, and

. . . _ s
AUGUUAU, would fall in approximately the same region on the

ribosome (Figure 26). Since hezamer- AUGUAA, only effects
approximately one-half of the termination response ocbtained

with AUGUUAA, the UAA or UA region must bé masked. Base
stacking in AUGUAA between tha.gyanosine (G-3) and
adenvlyladénosine residuyes could force‘tﬁe uridina {(U-4),
residue to loop-out (Cheng, et _l.,.i978; Lee and Tinoco,
1989);.or-hlternatively thg adiacent aaenylyladenosine
Tesidue increases the amount of stacking throughout the
molecule, dauiiﬁg-in eithe; case the oligomer te¢ ?e less
exténded, tﬁus displacing the importaﬁt UA portﬂoﬁ féom ifs
\

eptimum position on the ribosome. If this is oo;?ect.
AUGUA, should exhibit a'more'gkfended éonfdfma{;on thfn
AUGURA. The ﬁighly'fiex}ble conformaéion for AUGUA, is
supported by variable temperature NMR analysisnﬁhich
indicates that this pentamer exhibits a large anomerie
coupling constant: even at 0% {Figure 24).

| .Oligomers, AUGUUA and AUGUUAA, promote termination
_to an approximately equivafent'degree. Thg adeﬂosine
residue 3' to UA only sligﬁ;ly eﬁﬁanceg the termination
"reaction., evidence that éﬁe ihifd:baseiin}e;actlon is ﬁog
requiredrbf the ribosome:imetetRNA:mRNA:RF—i éopplex.

That a truncated termination codon can effect the
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Figure 24,

in vitro termination complex.
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~ >
rel#@ass reaction fails to explain why the termination event
3 .

i% poorly directed by the model méssengers, AUGCUA and

k3

'AUGCUAA: These oligomers are expected'to exhibit more

/
: . , : : ‘ 7
‘highly stacked conformations in compa;ison td the other _ \Q

Y

4
cytidine residue .relative-to a uridine residue to base stack

~

oligomers studied bacause of the greater ability of a

(Alkema, et al., 1982; Everett, at al., 1980
. . .
Ciesgner-Prettre, gt al., 1975).  The strength of the

stécking interaction within these cligomers does.not allow

P

the cyti%ine residge to 1qoh;dut, theréby'positioning the

sequence UA incorrectly and so preventing termination.

T

—
{

Similarly in AUGCUUA, the UA i5 positioned two bases away

.from AUG, in an unfavourable "configurat;on“ for the release

e

factor. to effect a tgimination,fesponsg.r .
7 An explanation for the results obtained with the
tandem stop codons is'possible considering 6onformation. In

triplet UAA, base stackiﬁg befween the adenosine residues

weakly extends to the utridine residue {Table 27).
. - - . =I5 7 N

Abparently'thig conformation for the UA feéipn is best
recognized by RE~1. In hexémer, UAAUAA, base stacking.

threugh four adenosine residues ‘exitends to uridine (13, and
) E " . . .

-

—~—

loops out uridine (4). The more compresséd UAA, as in

AUGUAA, or A

AACAY , is less suitable for RF-1

reéognition. in UAAUAG, the guanosine residue does not

anr
s

stack as well as an adenosine;'consequently the U}G. region

T approximataes that of UA and the hexamer- ocperatas as two A

3
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Sria

units with the resultant enhanced release (compared to UAA)

-

by RF-1. In the @3se of JAAUGA, only one UAA, or UA, region

I8 -

tacognition by RF-1i, while the réiétively
.o R

is available £o?,

weaker stacking Q_ 2 guanosine residue inhibite continuous

stacking throughout the hexamer. Somewhat lower release Y5

expected by a UAA-containing hexamer compared to UAA, on
. ) - - ™~
staeric and esntropic groun . .

~

Base stac@ipﬁ interactigns cfeariy'explain the lack
f . . -

Tof feleasg with AUGUAA(A)n, and the stimulation of
termination b intervening uridine residues; which can

disrupt thes strong stacking by the poly A tail. The results
L] e - ’ ' - . ' .
predicted by the model (Figure Z6), are mnot only in goeod

agreegent wi#h phoge obtained in the Present in vitro system
but-ére coﬁsistant with recen£,£g vivo studies whersg i1t was
suggesﬁgdkthat the presence of an adencsine reéihue next to
a tet§Lnat}oh‘codop:enhaﬁcEdlsuppression by tRANAS because_of

. o "
enhanced base stacking (Engelberg-Kulka, 1781). The

‘suggesition that sequence efifects are mediated by a -

.

éonformationél change may also exp}fin the ‘obgservation that*.
- & al .
R

the afficiency of the primary events in tRANA-mediated

y L
context (Salser, at 1% 1969%).

suppression can be ghanged at least 50-fold by the reading

Ezamination of the products of synthesis and release
suggests that.one or ‘mere of the pfoteins required for
dipeptide'synthesis may actiively 'prevent release by the

out-of-phase UA “codon%. Note that RF-1 inhibits the
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AUGUUA, programmed synthesis of fmet—-leu but does not
propoftionaily increase the 1€vel of fmet relea5e§ {Tablie ,
24) . Elongation factor, EF-T, appears to decrease
UA-dependent hydrolysis, howewver furither study is raequired
to determine if EF-Tu, EF-.Ts or the associated subuqits are
invelved or Qhefhe: othér proteins, such-as "rescue™ (Van
'der Meer and ngoza. 1975), play a role in suppressing khe

"UA maediated hydrolysis {(Ganoza and Buckingham, unpublished

- results) .,

it is possible that UA stimulates release .of fmet
from ribosome: fmet_-tRNA:mRNA:RF-{ ¢complexes but not a

polypeptide from ribosome:aa~tRNA:mRNA:RF-1 complexes. This

would suggest that the imet-tRNA somehow alters the ribosome
. .

-release]factof interaction such that release factor

specificity is altered. This situation may be biplogically

4

relavant nonethaless, because the intiation and terhination

"avents seem to be interlinked (Ganoza, 1%77; Atkins, 19%979.
o :

" ‘Kastelein, et al., 1982). However, it has been reported
that essentially identical requiremenﬁs are needed for
peptidyl-tRNA a2nd fmet-tRNA in the release reaction
{(Menninger, 1%71).

F
Regardiess of the sxzplanation the obhserved lack of
specificity is disturbing, in that, RF-1 could potentially:
cleave pepﬁidyl-tRNA during chain.growth if %the supply of

charged amincacyl-tRNAs were limiting, or if the translation

;

rate decreased for any other reason. . The selaective
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-

- B Ll

ytilization within mRNAs of UA “termination signals", which
T . - .

‘"depend on baSe context, hay allow protein synthesis to have

many controllable stop signals. Nature could, through
release factors, achieve a measure of fine tuning of gemne

expg!ssion at the translational level.

-
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CONCLUSION

Much of ‘the understanding of the conformatiocnal
dynamiecs of DNA and RNA in soluiion.ié based on studies
which use 1H MNMR spectroscopy 2s the technique to -
determine the factors which govern coriformation. This g
"physical technigue is azdvantageous because it allows one to .

¥ o .
monitor regions of the DNA or RNA strand at the molecular

level. The information obtained from an NMR experimeni is

dramitically diminished however if resonances cannot be

assigned. Currently assigning {the chemical shifts of
anomeric and aromatic protoﬁs is laboriocus. ‘The incremental
‘ahalysis method (Borer, et al., 1975)-isipresent1§ the only f
. ,‘-' ' B P . )
Ched

.

convenient assignment scheme but it reguires the

- . , . kY
investigator to have avazilable a series of related oligomers 4
of increasing length} a situation that most often is not
N : P .
practical’ Furthermore reference te oligomers oputside a
sequential series is often necessary for unambiguous
assignment (Everett, et al., 1980). Considering the
‘important role that,lH NMR has p}ayed (Davies,
19783 Kearns, 1977?; Reid and Hurd, 1977), and should ' 'f .

continue to.play\(Jonesﬁ 1980; Schmidt and Edelheit, 1981
in understanding biochemical structure-function

relationships of ghese'moleéules. anaccurate and convenient

assignment scheme would 'be of great %aluve. The set of

145
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-

k=3
empirical chemical shift parameters determined in this work -
¥ g ' - _ .
allowg one to assign accurately and quickly the resonances. N
. . . . ' . ) - .
of RNA and DNA oligomers containing up to twenty nucleptide
units, Accurate assignments using these parameters have

been mage for the following RNA oligomers: AGCU, CAUG, AUGA,

AUGUA, AAGCUU, CAUAUG, AUGCUA, AUGUCU, AGUCY, AGCfGTdAGGCU.

and AGACUT?\Agsxgnments have also beeﬁ_ﬂ:termxned fernthjﬂ\gy;)

Ead

gglkowing DNA oligomers; dAEATGT.dCGCGAKTTCGCG, dAATTQCANﬁT.

S .
d¢GCG, dGGCC, dCCEG,” dCGCGCG, dCCAA, dTTGG, dCCAAG, dCCA, -

dCTTGG, dTGG, JATGT, and dTATATA. The accuraéy of the
STTEG .

assignments based on'thi shif% paftameters is véry good. By K

“using the calculated chemical shifts in a reverse sgpse,thé

information trom an }H %Pepectra can be use to . '
determine the sequence of n RNA or DNA ol igomer . D¥ta are
présénted to demonstrate that this technigue is accurate for {”

RNA oligplets containing'up to~six nuclecotide units. The ‘
WMR to sequence RNA ¢ligomers complements the presant

and &hemidal technlquesqbecause it is independant :

The mathod should be useful for

he seﬁuenoe-of RNA or DNA oligomers to be used

in physical studies where quant;ties_are hot a Iimitation.//ﬁf\\\ﬁ

3

¢

. The studies ofnéequence ;ttects en translational
\te

rmination have indicated that basa context a:ound€//

‘términation codons affectfs their suppression, presumably by



e

en

' . / - - . :
(ﬂw&release-factor specificity in fitto is alﬁered'when_the

altering the competition between release factors and tRNAs

]

4

- . 4 . s
for. the termination site {(Saiser, et 1., 1969;

Engelberg-xulkgh'1981). " The results-presentea in this work
proviée further evidence that release factors and tRNAs'
compet; for codons on a,mRN{.'

4qQ§esAimpediate{y follpwing a'ferm;éation codon-UAA
did not siéniftcgntly alter the in vitro‘termingtiﬁn
reaction. Tandenm t;;miﬁ:TTbn codons.UAAUAG and.UAAUGA w:ré

v

slighfly,more and slighiyiless'effective {han_UAA'iﬁ thér

'terpination'réaction. while ocligomer UVAAUAA was almest

ineffective in the termination &éqayf'

The most compelling aspect of this work is that

termination codon eliciting the response: is covaleﬂtly
PR R
linked to AVUG rming a small messenger RNA. Furthermore

x

v
- .
i{}gomers AUGuA} AUGUUA, &npd AUGUUAU, cause a terminatien

A

S

é{fnt but do not contain an intact terminatien codon. They

contain only a common UA secguence, a truncated termination

codon, thus the UA region must aect as a termination signal

for RF-I.\\This reaction is quite specific because model

Pl

messSengers Bpat do mot contain a UA sequence do not cause a
termination event. Model messengers”ﬁUGCUA, AUGCUAA., and

AUGUAA were %egs effective in stfﬁglating'the terminaticon

reactipn indi%&ting that base context around the UA

termination signal influences.its recognition. Model
‘ N

messengets'UAAUAA, AA, and AUGUAA(A)n each conkain

147
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significant a@;noéine res;dues and each stzmulates the .

term;nat:@g react;oﬁ/poorly Thus qqhsidg;ing the ba;en

contexf of thgjindividv;l'meséengersfand thair actavitiéi_in‘
. o s _ : e
the terhi&i;{on_rpaction I concludeLthat the UA terminatijon
. i . '- - . \\ . N - Lo
" signal must be htfal_d in a favoura.ble I\ocat rﬁ‘n on the
- - . L - ° 14 ! ‘l‘,

.ribnsomé\&ijf/yd;t.nét;be invelyed in axtensive .base

Vstack}ng for optimum :ecognitioﬁ_by;release_ﬁactor. Thesg

.-_samaR tactors must Also 1nf1uence termznator codon

supp:essxon-ﬁy tRNAs ‘and tetmxnatxon by release factors -
’ , R I / , - kS
{qﬁiing the synthesis of protéins'{h intact organisms. .
h § ' N :
a '_A‘ - o
3 ~
- \)u " . .o :
- . C - B
. A
- 7 -
. '-f
TINEN
\
y o ~ o N
. ¢
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’ APPENDICES .
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The aromatic and anomerﬁc\protohcﬁgniéal SHifts of.

B i . ‘
dinucleoside mMonophosphates and‘trInucléos;ge

. ‘ »E <
i ' i FI
diphosphates. g P o | N
* - L b
. 5 A
- 3 P - ‘ . r f A
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il

éalch&ét

a . .

Lfgyigg:of the'fortrgn program ASSIGN, us&ﬁ‘to
e the éﬁem{cal shifts of "short BNA.aﬁd DNAiétrapds

. _ . : ¢
4 -girom their sequence. " i . .
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- ‘ ,-7 B - ) N ) _!
. : i T - « 3 =
B ) ; ,l' . i . v .
- 3. Listing of the Fortran program SEQUEN, used to’
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i calculate the fitting values fdr sequence determination.
. _..- N o .- i " ) . : ' . .
: PR . - ) ) . +
: . Tl ! i
3 ]
" ~ , - -
Fl - . ‘ L/ =
s - * 5 b
. h E_) 4
< - At
- " - -
.
. .
SN , Q7
. n .
" .
4 -
. )
bl “"
sy - .
- rd . IS

e

e



- '150
Taﬁte 1. .Chemical Shifts® of the Diribonucleotide UU and
Triribdhucleot;deé UUX in buffered Dzob. - '
Proton -~ U Uy uuy Uuc uvue “UAA
ST : ] .
U(1)H=-46 7.798 7.814  7.811 7.811 7.778  7.757
U(2)H-4 : 7.824 7.825 7.837 7.764 7.740
TWUC3IH-6 : , 7.833 . : B
C(3YH-¢ . ‘ T 72.860 :
‘G(3YH~-8 i L o 7.998 - »
AC3)H-8 . ' " .8.385-
AC3)H-2 ‘ 8.245
= . . = V4 .. . | N
UCLIH-1' 5.887 ®*58882 5.871 S.861 . .5.844. _ 5.827
"UC2)H=1" - 5:924 5.894 5.929 5.876 5.844
UL32H-1' . - 5.925 . :
C(3IH~1"' : ' S.941
G(3YH-1" - B ' ) : S.892
AC3)H-1" ' . , ‘ 6.094
UC1IH~5 5.907 . 5.89% 5.909 . 5.987 S.876 5.861
YC2ZIH-5 ' '5.895  5.883  5.848 5.8643 5.831
U(3)H-5 o 5:909 . S
C(3)H-5 S 6.086

.-

4chemical ‘shifts "are in ppm,;elgti#e th DSS using -
tert-Butylalcoho!l-0OD as an internal relference and }te
accurate to +0.005 ppm. ' ‘

By 0 M Nacl, 1.0 mM NaH PO,, pD 7.

concentrations 5-12 mM approximatedly.
- - :
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Table 2. Chemical{;;:?§53 of the Diribgonuclectide UC and’

151

C(3)YH-5 s R T . 6.045

s“the Triribonucleotides UCX in D,0°. =%
A
E’\ .

Proton : U, R ucu ucc ucc uca ;
e B
'Qﬁﬁ::g“ \ ) _ o : ‘

" UC1¥H-6 © 7.798  7.806  7.BOS 7.806  7.772 . 7.710

C(2)H-§ . . 7.832 7.835 7.832 7.7%52 7701

UC3)H=-6 ' 7.814

C(3)H-6 _ . 7.832

G(3)YH-8 - : 7.995

A(3)H-8 3.385

A(3)H-2 . _ ' 8.251

UC1)H-1' ~5.887  5.864 - 5.846. 5.838 -5.824  5.861

C(2)H-1"' 5.939 - 5.945° 5.927 s.911 ° 5.891

UC3IH-1' ‘ .5.508 =

L CC3YH-1'. R : . 5.927 ‘

G(3)H-1"' - . 5.884

AC3)H-1" ‘ ] M . . - 6.086

UCLIH-5 -&.907 5.882 5.889 5.858 5.850 . 5.817

CC2)H-5 ¢ 6.058 6.043 64.018 5.998 §.971

U(3)H-5 . 5.873 .o

B

AChemical shifts are in ppm relative to bSS using , .

tert-Butylalcohol-0D as an internali reference and are

accurate to £0.005 ppm. .

By o M NaCl, 1.0 mM NaH ?8,. gD 7.0;
concentrations 5-12 mM approximately.

. -

- B o




.Table 3. Chemical shifts?® of the ﬁiribonucleotids UG and

the Triribonucleotides UGX in D 07.
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- o

Proton U UG UGy UGC - UGG

UGA

Chemical shifts are in ppm rélative to DSS using
tert-ButyLalcohoI-OD‘asLAn internal ;gtagqnce and are
accurate to +0.003 ppm. ’ '

-

Bi.0 M NaCl, 1.0 ™M, NaH PO,, pD 7.0;
concentrations 3-12 mM approximately,

T UC1YH-6 - 7.798 7.723, - 7.724- 7.731 7.701. 7.674
G(2)H-B ; 8.004 8.00% - 8.015 7.94% 7.917
L UC3)H-4 T T 7,806 IR
C(3)YH=-6 T T 7.809
‘G(3IIH-8 . . ST 7.973 - -
Acadw<s T T ' 8.329
3\__1-1-2“ S G E o _ 8.194
U(1)H-1"/ 5.887 '5.816 5.809 '5.812 '5.818 5.761
G(2YH-1T . 5.%07 5.908  5.896  5.844  5.765
‘UCIIH=-1" ' .. 5.908 ' -
C(3)H-1'" . T 5.932
G(3IYH-1' T o _ . 5.875
“ACIIR-1" : : : 6.069
T . ,
UC1)IH-5 5.907 's.828 5.830 5.832, 5.820 5.812
U(3)H-5 o O 5.830 o o ot -
C(3)YH-5 . L ' . 5.958 £



Table 4.

Chemical shifts?

153

UA and

. of the Diribonuclaotide -
" the Triribonucleotides UAX in D oF
Proton U vA UAU UAE»S  UAG UAA
=
. : v : , -
UCL)H-6 . ~7.798  7.492 7.701 7.580° 7.682 7.662
A(Z)H-8 ' 1 8.381 8.391 8.325 8.312 8.287
A(2)H-2 T8 .264 8.242 8.195% B.193 8.128
U¢31H-4" ' ' 7.763 :
C(3YH-6 7.764
G(3)H-8 o 7.949
A{3)H-8 . 8.310
A(3)IH=-2 o 8.17¢
UCi)H-1' 5.887 . 5.765 $.771  5.788  $.756  5.739 .
A(2)H-1" ‘ . 6.100°  4.102 6.057 6.019 $.964
U{ayH-1" ‘ 5.840
C(3)H-1" 5.873
GC(IYH-1" 5.847
A(3)H=-1" o . 4.042
U(1)H=5 S.907 5.834° 5.791 5.4640 5.795% 5 .777
U(3)YH-5 : 5.791 ‘ -
C(3)H-5 5.918

Achemical shifts are
tert-Butylalcoho!l-0D as ‘an

in phm_ralative
internal

agcurate to +0.003 ppm.

by, o0 M NaCl, 1.0 mM NaH,?0,

pDFHWN

ccncentratxons 5-12 mM approxzmately’

.

to D58 using

reference and are
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‘"Table 5. Chemical shiftsarof the Diribonucleotide - CU and
the Triribonucleotides CUX in‘DZOb. ’

. =
Proton c cy v - cuvy cuc CUG ,  CUA
C(1)H-6  7.781 7.811  7.784° : 7.766  7.7%52
U¢2)H-4 Lo "7 826 . 7.836 7.766 7.752
U(3)H=-6 7.822 ‘ ‘
C(3)YH-& . A -

G(3)H-8 o 4 : -7.%77

“A{3)YH-8 - E ' 8.390
AC3)H-2 o . - ' ’ 8.244 -
C(1)>H-1* 5.894 '5.8&1 ° 5.916 _ © 5.865  5.837
U(2)H-1" . 5.901  ,S:916 S.845  5.828&
"UC3)H-1" ' ' ' .
CC3IH-1" - : _

G(3TH-1" . 5.888
AC3)H=1 T ‘ 6.072

CCC1)H-5  6.073 6.033 ~ 5.010 L $.995 © 5.9.43
U(2)H~S o $S.873  5.Bé&0 : ' 5.831  5.820
UC3)H-5 o . s.v00 ' o .
C(3)H-5

2 E ' ' 3

' 2Chemical shifts are in ppm relative to DSS using
tert-Butylalcohol~0D as an internal reference and are
aegurate to +0.005 ppm. ‘

" b1.0 M NaCl,'1.0 mM NaH,PO,, pD 7.07
concentrations 3-12 mM approzximately.
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Table 6. Chemical shifts® of the Diribonucieotide CC. and
the Triribonucleotides CCX ih DzoP.

Proton ° c ec ccu cee cce CCA
CC1dYH=-6  ~ 7.781 7.786  7.75% 7.750 - 7.737
C(2)H-6 7.832 7.751 . . 7.750 - "7.737
U(3)H-6 7.803 - Lo
C(3)H-§ - : ,
G(3IIH-8 - L 7.984.
A(3)H-8 : AN - '8 .404"
AC3IH-2 - : . B o " og.251
C(13H-1' 5.894  $5.852 5.895 7 . 5.884 5.861 -
CC(ZIH-1" y 5-900 5.9z 5.8t9  5.811. .
Ut3)IH-1" SR ‘5.949 : S : - '
C(3>H-1' ' . )
G(3YH-1' - .- L 7’5 '384q . .
" AC3)H-1" . ‘ S : ~ 5.099
. : S 0 U
C(1IHZS  6.073 6.020  6.004" L EP5.976  5.939
‘C(z)H-5 .. ' &.020 6.011° 5.9%4 S.905
"U(3)H-5 '“ 5.878 :
C(3)3H-5 ' -
Chemical shifts are in ppm relative to DSS using N
tert-Butylalcohol-OD as an rinternal reference.and are
‘acecurate-to +0.005 ppm. . : : . T .
bi.0 M 'NaCl, 1.0 mM NaH,?0,, pD 7.0; S -
concentratior@”\_s-lz-mﬂ épproxima_‘t‘e‘l‘y. i B i\ﬂ : '
. o R ! ci’
oL | S LS




Table 7. CHeémigal shifts?
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of the Dxr1bcnuc1eot1de- CG and

the Triribonucleotides CGX in Dzob _ -

‘k,.*-’_‘ ~ ) ) dr‘ - \

Proton c ce coy . coe cee CGA

_ . : N ?

CC13H=-64. 72781 7.691 7.682 y 7.493 7662  7.656
G(2)H-8 .- 8.004 7.994 7.992  7.968  7.934
‘U(3)IH-6 _ "\ 7.787 7 )

C(3)H-4 7.788

G(3)H-8 . 7.942

A(3)H-8 - . : 8.343
AC3)H-2 ' 8.214
C({)H-1' 5.894 . 5.823 5.804  5.805 5.803 5.795
G(2)H-1" 5.894 S .88S '§.865 -~ 5.811 5. 755
‘U¢3)H-1" 5.89%5 " \

CC3YH-1" . 5.911°

G(3>H-1" b o '3.873
AC3)YH-1" . gx‘ i S §.080
C(1)H-5  6.073 $.975 5.947 $.931  5.946  5:920
U(3)H=-5 ' ) 5.811 R
C(3)IH-5 5.931

"aChemical shifts are in ppm relative to DSS using .
internal refarence .and are

tert-Butylalcohol-0D as an
accurate to +0.005 ppm

By oM Nfﬁ;L\1 0 mM NaH, PO

pD 7.0;

concentrations S-12 mM apgfoximately.

T

J I

L) o
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Chemical shifts® of the Diribonucleotide
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h

Table 8. CA and
the Triribonucleotides CAX in nzob. )
Proton ¢ CA . CAU CAC . CAG CAA
FCC(1)H=-6 = 7.781 7.660 7.687 7.679 7.4640 7.620 3
AC2)H-8 B.377 8.382 8.369 8.303 8.277
AC2ZIH-2 8.240  B.250 8.22% 8.189 B.218
U(3)H-6 7.744 {

CC3IH-6 7.741

G(3)H-8"" 7.926 ‘
A(3)H-8 B.294
CA(3)H~-2 : B.184
CC1dH-1' 5.894 5.779 5.786 $.769 5.752  5.743 .
AC2)H=-1" 4.093 6.088 6.072 4.003  5.953
UC3)IH-1" 5.858 - )
C(3a)H-1" 5.850.

G(3)H-1" 5.832
AC3)H-1" - §.033.
C{1)H-5  6.073 5.958  5.925 5.894y 5.897  5.867
U(3)H-5 5.745%

C(3)H-5 J( ' P 5.870 -

/
It

tert-Butylalecohol-0OD as an’ internal

-

accurate to +0.005 ppm.

®1.0 M NaCl, 1.0 mM NaK_PO,, pD 7.0;
concentrations 5-12 mM approximately.

@

-

0
\

}

;aChemical‘shiftsfare inmﬁpm'relatiVE—to DSS using

-

reference and are

L

. -
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Table 9. Chemical shifts?® of the. Diribonucleotide Gﬁ and

ﬁ{he Triribonucleotides GUX in chb

.\ -

PN o
\__// 7'\‘ - . K
Proton A cU GUU Guc " GUG | GUA
G(1yH-8 7.961 7.963 7.955 7.957 - 7.929 7.908
‘U(2)IH-6 7.800 7.801 7.7948 TR 7.732
UC(3)HSe " _ ?7.786 _ '
C(3)H-6 : 7.807 : .
_G(3)H-8" ‘ _ 7.973 :
A(3)H-8 . o " 8.339
AC3IH-2 8.191
G(1)H-1' 5.888 ~ 5.8%9% 5.885 5.875 5.864 5.850
U(Z)H-1" 5.896 5.922 Ww5.906 5.846 5.813
U(3)H-1" .a78 . : '
CC3)H-1" . 5.915% .

C(3)H=1" ' \\,, . 5.849
A(3)H-1" oo D 6.061
- 5 .

UC2)H-5 5.817 5.825 - 5.814 - 5.803° 5.804
_U{3)H-5 . . 5.866 _ ' B
C(3)H-5 © 6.034

8Chemical shifts are in ppm relative to DSS using
tert-Butylalcohol-0D as an internal reference and are
accurate to +0. 005 ppm.
) {\

By 0 M NaCl. 1.0 mM NaH' PO,, pD 7.0;
concentrations 5~12 mM approxzimately .

‘/"‘N-\\
Chemical shifts of Oligomers GUX were recorded at 250
MHz.

.71 333
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" Table 1®. Chemical shifts® of the Diribonucleotide . GC
and the Triribonucleotides GCX in D_OF. '

_ % L .
N A
-Proton G GC GCyY GCC GCG GCa Q,H/ﬂ
[ N
G(1)YH-8 7.961 7.966  7.967 7.944 7.93% 7.920
C(2)H-¢ 7.780 7.789 7.766 7.712 7.70%
U(3)H-6 ?.789 - :
C(3)H-6 ¥ _ _ 7.804
G(3)H-8 7.965 .
AC3)H-8 : . 8.348
AC3)H-2 ) . ' 8.191
. ' i
G(1)H-1' 5.888 5.874 5.913 5.860 $.834 5.812
C(2IH-1" 5.913 5.913 5.898 5.8%94 5.883
UC3)IH-1" 5.861 _
" C{3)H-1" '5.898

G(3IH-1" - S.855 .
AC3)H-1" §.061
C(2IH-5" : : 5.910° 5.885% S.857 5.861 5.837

 UC3)H=5 - 5.841 '

L C(3)H-5 5.998

dChemical ~shifts are in ppm relative to DSS using
te:t—ButyLalc{hol—OD as an internal reference and are
acecurate to +0:005 ppm. :

A 7 s

- P10 M Naca, 1.n‘mM-NaH2P04, pD 7.0;
concenitrations 5-12 mM approeximately .-

-Chemical shifts of oligomers gCC. GCG, and GCA, were
recorded at 250.12335 MHz ‘ -

b LY
&
e
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Table 11. Chemical shifts® of the'Di?ibonucleotidé GG ~
and the Triribonucleotides GGX in D, 0P. : ¥

"Proton G cc@g;%SFQEED ~ geC - GGC
- J‘. o o

G(1)H-8 7.961 7.896

le

. B9S 2.903 7:874

7

G(2)H-8 7.971 7.973 7,977 7.921
U(3)H-¢ : 7.770 _ )
C(3)H=-¢ . _ 7.274
G(3)H-8 ' ‘ o ‘ , 7.952
A(3)H-8

AC3IIH-2

G(1)H-1' 5.888 5.798 5.797 5.820 5.767
G(ZYH-1" /§.37? 5.884 5.8664 5.80°9
U(3)H-1" - 5.881

C(3)H-1" S.895
.G(3)H-1" . _ " 5.853
A{3I)H-1" ‘ S

- UG3IH-5 : 5.799

C(3)YH-5 ‘ T 5.914

-

3Cchemical shifts are in ppm relative to DSS using
tert-Butylalcohol-0D as an internal reference and are
. accurate to +0.00%5 ppm. 5
1.0 M NaCl, 1.0 @M NaH,PO,, pD 7.0;
concentrations $—-12 mM approximately.

=

Chemical shifts of -oligomers GGU, GGG, and GGA were recorded

‘at 250.1335 MHz. ::i&z

o
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P Table.12. Chemical shifts® of the Diribonucleotide GA
?ﬁ' ' and the Triribonucleotides GAX in Dzogf’ ' .
- ;
Proton e © A GAU GAC GAG GAA
GC1IXH-B  7.9641 7.874 ?7.888  7.8B83 7.8&7 ' 7.849
JA(ZIH-3 . o 8.32°% 8.333 8.320 8.278 . 8.252
AC2)H-2 8.213  B8.208 8.185 B.166 8.0%9
© U3 g-b 7.737 .
’ C(3'H-8 . . - 7.718 .
G{3)H-8 _ ' 7.92%
© AC3IYH-8 . : o : , 8.275
 A{3)H-2 o _ . - 8.:148
.!i§’ _ GC1)H-1' 5.888 §.733, 5.745 ° 5.74% 5.719 - 5.499%
: A(Z)IH-1" 6.07% 4.080 6.062 6.007 5.959
' UC3r)H-1" ' 5.843,
CC(3)H-1" 5.85%
Gl3rH-1" « 5.827°
A(3)H-1" 6.019
r
U(3:1H=5S . 5.742 -
CC3IYH-3 A : 4 5.849
/) 2Chemical shisfts are in‘pph relative to DSS using

tenﬁ-Eutylalcohol-OD as an intermal r%%ergnce'and ara

accurate tog§9.oos ppm. &
®i.0 M NaCl, 1.0 mM Na”H PO,, pD 7.0; e .
cone¢szntrations §5-12 mM approximately. -

Chemical shifts of oligomers GAC, and GAA ware racorded at
250.1335 MHz. - , T A

c .



P . . . ) . 162

o

Table 13. Chemical shifts® of the Diribonucleotide AU
and the Triribonucleotides AUX in D,0°. L

Proton A AU auv Ayc AUG AUA
AC1)H-58 B.313 8§.313° 8.306 ° B.304 8.271 B.245
AC1)H= 8.240 - 8.234 8.224 8.219 8.198  B8.15¢9
UC2IH-6 N . 7.7y FL749 7.762 7.729 7.723
; U(3>H-6 S . 7.769 - ' '
" C{3YH=6 T 7.798 ,
G(3)H-8 , : ' ’ . 7.963
A(3)H~-8 ‘ : 8.321
AC3)H-2 - _ 8.15%
AC1)H=1" 6.065  6.062 * 6.0645 §.049 §.023 5.993
- S U2 H=1 o 5.834 5.866 5.845 5.838 5.825
A UC3IH-1"' _ 5.866 | .
SEE C(3)H-1" _ : - 5.89% o o
f L G(3)H-1" T : s ‘ 0 5.847°
. AC3)H-1' ' ' : . 6.041
v ' - I
UC2)H-5 o 5.766 5.783 5.764 5.771 5.777
© UC3HH-5 : o 5.846 :
W C(3IH-5 ' - . 6.012
o - ) .~ AR
f ) -
.“ - . B ’-.._ . . l_. .. ) .

: aChemical*shiftsia:e'jn-ppm"relativelto DSS using
tert-Butylalocohol~OD as an internal refarence and -are
accurate to +0.005 ppm. ’ ' : _

. N .- . e A 0"
o i: by o M NaCcl, 1.0 mM NaH,PO,, pD 7.0; - o
=seoncentrations 3-12 mM approzximately. '
. N . N ,
B ' e



"-,. o
VLT H i .
‘ : © 163
v;./ , h
- v—? ::'
N £ # - -
Table 14. Chemical /shifts?® of the Dir iFonucleotide AC -
and the Triribonucleotides ACX in DZO‘?' By
4 Proton A AC ACU ACC ACG ACA '
AC1)H-8 8.313 B.31& '8&.304 8.304 8.264 8.23% %
AGCLIH=-2 8.260 8.210 ; 8.197, 8.187 8.170 8.138 .
C(2)H-6 7.737 7.723 T 7.700 ? 48 7.676 °
U(3)IH-6 17,758 ~ S
* C{3)H-6 ’ ,F\\\K C7.776 o .
© G(3)H-8 : - . T 7.952 -
AC3)H-§ . °8.324 ‘
AC3>)H-2" "B.169
AC1)H=-1 ' 6.065 © °6.054 _ 6.039  £.036 ~6.013 5.985
‘C(2)H-1" 5.8438 5.862 5.802 5.868 5.839
Uc3dH-1" . : .+ 5.83% - '
C(3)H-1" 5.681 S
G(3)YH-1* - ° . 5.834 .
AC3)H=-1" ‘ 6.041
C(2)H-5 " 5.873  5:84Qge 5.807 . 5.858 5.826
"U(3)YH=5S 5.804 LN
C(3)H-5 *5.960 .
- : ~
ichemical shifts are in ppm relative to DSS using . ‘
_tert-Butylalcohol-OD asan internal reference and are N )
accurate to +0.00S5 ppm!’ ' L ' - 1 It
‘ : - | , | )
By.om N:EQQ“1.0 oM Nanzso;% pdY 7.0; : \
‘concentrati s 3~12 mM approximatel’y ' v
. .
\V c.henucal shifts of o@ds ACU anéd ACC werae at
400. 135 MHz. P , ,\\_.
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‘*Table 15 . Chemical shifts® of the Diribonuclactide AG

and the Triribonucleotides AGX in D ob. '

2
Al
\‘\J‘_ s

Proton A ' AG " AGU . AGT  AGG  AGA
ACL)IH-8 8.313 .8.238 8.233 ‘8.242 - 812127, 8.185
AC1)YH=-2 8.260 8.18¢ 8.180 8.180 B.167 8.103 .
" G(2)H-8 . 7.942 - 7.943 . 7.926 7.906 7.898
- U(3)H-4 > 7.751 ‘ -
C(3)H-6 /4%‘h : ' 7,744y 7

G(3)H-8 = - e o . 7.935

A(3)H-8 s - _ _ © 8.286
AC3)IK-2 : T T . B.126
ACIYH-1"' 6.065 5./967 °5.967 $.974 5.946  5.922
G(2)H=-1"'. 77 . 5.842 '5.837 5.8112 $.785 5.743 S
UC3IH-1" 0 , 5.863 : - o
C¢3)H-1+ : 5.886 .

G(3)H-1" . o ' . 5.837

AC3)H-1" - L : : 47030

: 3 ‘ T 7 ::'

U(3)YH=5 ..5.775 . .

C(3)H-5 - 5:876

LS

iChemical shifts are in . ppm relative to DSS using @
tert-Butylalcohol-0OD as an internal reference and are

accurate to +0.005 ppm. . ' g

Bi.o m'uadgf 1,d\m&_ukﬂgboq, pD '7.0; . . SR A

cpﬁbentrathoqf's—lz mM approxzimately. - -

I
_Chemical shifts of the olibgmér‘AGU, were recorded a » L
400.13%, MHz . R . Co0
- / . | 2 o : S
Al , - N N ) 4 = . .. ] .‘ iih\_’l' \
’ =, 4 w < . "
$ s - i #2 - o Ve
o= L - -
a S\ N ) &, (\b_, LY ° =
- Y\.i ; y 3 - " a (_’_\ R —
| .. ' VA . .
t“\' - = '
[ g ‘ o - *b"‘ i
] ¢ 3 s ,b ‘\ - ‘
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*Chemical shifts are 1n<pp% relative to DSS using

tert-H tylalcoholignxé

) . u .+ ~- . )
by g m NaCl, 1.0 NaH, PO, pD 7.0;
concentrations. S-f£2-mM approzimately.

. .165
A% | —
-
* - 5
Table 16. GChemical shifts?® of the Diribonucleotide AR
and .the Triribonucleotides AAX in nzob, ’
j | , -
Proton A AA . AAU AAC . AAG ARA O
AC1)HZ8 : 8.313 8.210 8.225 §.235 Yg.191 8.172
CtyH-2  8.260 8.112 8.118 8.100 ~ B.091 8.043
AC2)H-8 - 8.297 8.294 8.276 8.243 g.210
AC2)H-2 8.167 8.193 8.175 8.142 . 8.072
U(3>H-% ' n . 7.695 -
CC3)H-6 . - 7.719
G(3)H-8 ‘ ' 7.901
A(3)H-8 o0 . : 8.239
ERELILEF L - & 8.120
ACIYHET" 6 .065 $.906  5.923 5.928 5.894 5.872
AC2Z)H-1" ' 4.032 - 6:024 5.997 5.963 5.906
U(3)H~-1" o ‘ 5.824 _ ‘ :
~C(33H-1" \ ©5.817 ]
»H-1" T “- : . 5.800 ’
[AC3)H=-1"" f 5.987
Uiarg-s Ty © . 5.710 -
C(33H=-5 o _ 5.841; -
| . ] - @
- #

an internal reference and are.

Chemical shifts Jfof the_oligomér AAC, were recorded at

400.135 MHz .

o
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o
PROGRAY SEQUEN 737173 1S TRACE ' - " OFIN L.B4S52 83702723, 20.53.40" PAGE
3y CONT INUE . _ '
o) , 355 CONT THUE _ £ o
: = SUDRQUT INS SSQUENCE -GEVSS THE FIRST SEQUENCE leu IHE BASES
\r I ASSENDING ORDER UyCyAsG.
v N " UCALL s:ou:Néva.Nn-
6y * FUNCTION FACT DETERMINES THE NUHBER oF po:squ SEQUENCES W
: FEON THL GIVIN OASE RATIO. s
n:rncr(n:ztrACItVV|1||-Factivv«21n~rncrlvviJ:n-rncrcVuaaiaa
WRITE(B, 350 H .
7u 35, FORIHAT (41HO,"NUMOER OF SEQUENCES = *,19X,110)
) 0o 115 1 1, H : - : _
JOTAL = 0.08 4y -
UBIFFER = 0.0 ;
» . COUNT =0 ¢ : .
’ o \ SUBROUTINE ASSIGH DE]’ RH[NES THE CALCULATED CH:HICAL SHIFTS FOR
' A GIVEN BASE SEQUENCE.
' CALL ASSIGNIN,BASE) ' )
" 00 20 KK = Ly 3
00 25 Il = 1, N :
HiN = 0.5000 / _ ,
_ - DD 30 J4 = 1.4 N .
, 3 PRODIFF(J]) = 0.5000 : - N
T . IF (BRASE(IT) (EQ. BASE (JJ)) PRODIFF (IJI=ABS(PROTON(TL,KK)=PEJS,KKD) o S
, IF (PRODIFF (JUD LT HIN) HIN = PRODIFFUJJ) '
9u L "
© 30 courlnue
. TOTAL = TOTAL v HIN
‘/,S ONC F1Y 45, FOUND THE CALCULATED VALUE 1S REMOVED FROY FURTHER
15 : CON IDE 10 »
A © KOURT = 0
. : . 00 B0 L = 1
: S 1rinin JEQ. PKODIFFILY) GO TO 72
1oL 60 10 60 .
.71 W . KOUNT = xouug
. .. IFCKOUNT .LT. 2 ) BIL KK = 0.000
60t conr1fuc : =
. » 2
1u§5 oL, IF{ ¥IN®.LT, 00430000 GO TQ 25 ‘
' - : " COUNE = COUNT v 1
. . TF € €OUNF 6T, 9 ) 30 To 110
116 \ © - [EHPOFY = ( HIN - 0.04200 ) :
© DIFFER = DIFFZR + T RPORY ' &
25  CON[IHUL .- _ o S
20 CONTINUE :
| AVEDIFF = TOTALZC W3 - ETTISY '
: : ' - f
<8 \) 2
FE .
v
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