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7~e sequ~~ce ~nd confor~a~ion of short RNA stra~ds

was investi~ated. by proton nuclear. ~aqnetic resonance

This physical technique gives confbrmatlo~a:

lnfor~ation about RNA strands in solution at the nucleoside

lev~l The shor t 0·1 igor i-bonuc 1 eo t i,des us ed in t hes e s t:ud i es
:'

were chemic~lly synthesized by the phosphotriester met~od

Neilson and associates which is capable of

~repar·ing a wide variety of sequences in the quantit~e5

req_uired for NMR spectrogcopic exper~m.ents. :£nc1 the many in

~

vi tro....-{t'erminat ion assays.
,"

Th e wo r k pre 5 en ted . in t his the 5 i s

was the first to demonstrate that NMR spectra.l informa'ti·'on

can be us~d to sequence RNA oligom~rs and that sequence and

cor-formation around termination c~dons can redeflne their

activity in yitro

A set of parameters ha.s been dev"~l'op&-d that;, provides

a new and accurate mathematical ap~ro~crr tor the assignment

oft h e NMR c h em i c a Ish i' f t 5 fo, r he t e rob a se r i n 9 an dan 0 mer i c

protons in ol1gorib~nucleotides The set of empirical shift

parameters was derived. , from- the chemica.l s hi f t s oj, RNA

oligomers and can also be app,lied to DNA specie~. The-

a.ccuracy of. the parameters is such tnat "they can be used to:

accurately determine the sequence of RNA oligomers

Th e 5 p e c i fie it'! '0 f in' v i·t I' 0 pro k a. r y 0 tic c h a i n

iii



RF-l dependent ter=ination was assAyed

:=o~ the relea3e of N-acetyl or N-tor=yl-methio~in. from

i~ltiation co~plexes contaIning N~acety:- or

N-formyl-met-tRNA:ribosomes:AUC or AUG (N)
m

In the AUG

case, 3. second oli~o'Q.er was a.dded to c~use: relea.se .

• Then a?ded to -the A;gC-bound inte.rm.ediate, hexam.er

UAAUAG, conta.ininQ:, t'andem term.ina.tion codons, was slight 1y

more effective in the release of N-acetyl-met-tRNA by RF-l

than UAA, UAAN (where N is A, C.' C, or l), and UAAUGA

whereas UAAUAA, was least effective.

AVGUAA,AUGUUA,AUGUUAA, AUGUUAU, and

Oligomers, AUGUA,

AUG(U)mUAA(~)lB_ZS (where m • 1-5) stimulated

""binding o,f N-a.cetyl-met-tR,NA a.nd release of N-acetyl-met by

RF-I, whereas AUGCUA, ,AUGCUAA and AUGUAA(A) , were less
n '"

a.ct ivi ty va.rying with mRNA s·equenoe context Th.e

e f fee t i v" e .

The sequence UA acts as relea.se sign,al {or

conformation surrounding VA is responfible which is

~ ,
dependent 'upo:n the na·ture .,f adj.1.cent nucleoside residues

This UA recognition 'is compet~d for by cogriate

aminoacyl-tRNAs.
".
Some ,of 'the I"'-esults ?re3ented in this thesis have

a p,p ear e d l.n the lit era. t u r e :,

,
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INTRODUCTION 

Chemic'al synthesis of oligoribonucle6tides ha.s been 

applied to v'arious pr-obler::::s of biochemicaL interest. The 

obj~ctive of this work is to pemonstrate how chemically 

synthesized oligoribonucleolides may be used to investigate 

aspects of conformation and sequence in short RNA oliQomers. 

Spec1fically. it will be shown tha.~,,; (i) when RNA oligom.ers 

are in a highly flexible conformational state the I H_ NMR 

chemical shifts can be used to sequence the oligomer, (ii') 

the sequ"ence and conformation of oligomers can effect the 

termination process in protein biosynthesis 

1.1 The Chemical Synthesis of Oligoribonucleolides. 

Chemically ~ynt~esized oligoribonucleotides have 

played a major rol~ in many biochemical studies SynthetiC: 

oligoribonucleotides were used in ~xperiments that elucidated 

the_triplet nature of the genetic code (Nirenberg .and Leder, 

1964 ) Chemically synthesized oligodeoxynucleotides have been 

used to synthesize complete genes (Khor~na, et al 1976; 

Edge, et al 1981 News and Views 1 9 8 1 )« C h em i cally 

synthesized DNA fragments are also used to induce site 

specific mutations (Ciampi, ~ !.l.. 

Synthetic oligoribonucleotides have been used as 

substrates by the RNA ligase enzyme to build the precistronic 

region of bacteriophage oS A protein (Neilson, et al 1979), 



2 

and to alter tRNAs so that structure function r~lati;nships 

could be investigated (Bruce and Uhlenbeck, 1978, 1;981 

Cumport .and Uhlenbeck. 1980-S Various short oligome~s that 

mimic regions of .mRNX have been ~ynthesi%ed to investigate 

seqtIence effects on translation2.! i1J.itiztio.n in vitro-

(Gan'oza, et al 1978; Neilson, et ~ 197.9 Gano:r.:a, et ~ 

19 B 2 ) 

Successful. chemical syn.thesis of oligoribonucleptides 

remains-'a challen9ing problem.- For instance nq automa.t~d 

procedure f 0[- RNA synthes is h-as' been de,{,e loped ;" whi Ie at 

least two such p.roc"eedures -are available for D,NA synthesis 

(Alvarado-Urbina, et ~. 19 B 1 Gait and Sheppard, 1977; 

Gait, et !.l., 1982; Tundo and Venturella, 11979). 

Before a specific 3' to' 5' internucleotide 

ph 0 5 ph 0 die 5 t ,e r lin k age, can be for m<e d •. 0 the r e qua I 1 Y rea, c t i .y e 

sites on the nucleosides must be made ~hemically inert ~y 

prior reaction with blocking compounds Th e n aft e r the 

internucleot ide inkages are formed, these blocking grpups 

must be removed without chemically modifying t~e nucleosi~es, 

or disru'pt in,g the phosphodiester linkages .. \Jor):: in the field 

has been divided between the development of appropriately 

blocked nucleosid'e ·precursors and of suitable phos~ho~ylating 

methods (Ika1cura. et ~<, 197'7; Reese. et !l" 1978)< 

Basically, tw,o approaches to the ch,emical synfhesis 

of oligoribonucleotides hav.e.-been used, the pho·sphodiester 
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method and the~pho5ph;;trie-ster method. Of the two, methods_ 

th..e phosphodiester method which has been used s-ucces.sfully, 

particularly for the synthesis of ~ligodeoxynucleotide~ is 

.largely .faIling into disuse. The appro~ch has several 

pitfal~s: the unprotected pho~phate linkage is subjected to 

branching or cl~avaqe during chain extension; the cha~ged 

phosphodiester intermed-iates become i~-creasing('y insoluble 

in organic solvents. which limits the scale of preparation; 

and,i .• he phosphodiester linkage is very sens~tive to acid a.nd 

ba.se, which ~an lead to problems during final purifications. 

Protection of ~h& phosphodiester ~inkage provided a solution 

to all of these problems. 

1 1 1 Blocking Croups Used in Oligoribonucleotide 

Synthesis. 

The $i_~ious functional s_ites ~hat ,are required to be 
.~. . 

. masked Cl-t various t iInes dur ing sy.nthe; is a.re th:e pr imary 

5 I _ ~ Y d r o'x y I, the 5 e c on.d a r y 3 I (i n rib os e Z')-hydr~.yl, the 

prima.ry amtno groups of cytosine_ adenine apd guanine, and 

the phosphodiester Blockiryg grbups must ~e easily 

introduced onto th-'f! nuc1eoside, -a.nd be t:emovahle -under 

conditions which do not a.lter other blocked sites 

Conditibns for removal of the bloc~ing gro~p$ should not 

alter the ph05phodieste~ or glycosidic linkages of the tree 

oligonUcl~otide. 
. , 
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; 

1 -1 _ 2 Srocking of t~e Primary Amino Groups of the 

Heteroba.ses. 

Acyl groups, whose use wer~ introduced in the 

• 
mid-sixties are the method of choice used ~o protect the 

primary amino function. The acyl group is stable to neutral 

acidi~ and mildly basic pH conditions, used to deprotect 

other functions selectively. The acyl group is removed by 

ammonolysis (cone. (v/v») 

1 1.3 The 2'-Hydroxyl Blocking Group. 

-During the deblocking of the 2'-hydroxyl function of 

oligo.~ibonucle?tides it is essentia.l tha.t the conditions do 

not dis·turb the phosphodiestet linkages. Mainlt 

phosphodiester isomeriz~tion must be avoided in all phases 

of oligoribonucleotide synt!'lesis, since it'<is not possible 

to separate the desired product from those containing some 

2'-5-' linkages __ The tetrahydropy~anyl group has been a 

popu~.; choice as a 2' blocking group. Jhe gro~p is easily 
,I 

remove;d in ,three -to four ho'Urs upon treatment with 0.01 M 

Hel aE room t~mperat,ure.·-conditions whic~ do n~t allow 
~ - . -

, 
phosphodies.ter isomerizatio-n. The o,nly drawback is that the 

~oint of attacbment on the teLra~ydropyranyl ring is 

asymmet..ri"c "leading to a. diast.ereomeric mixture -Qf the 

mo d i fie d . n u c 1· e 0 5 1. de; howe-v·e r the diastereomeric migtures 

- , 
.-

4 



can be separated by silica.'gel chromatography. Another 

factor in favour of the tetrahydropyranyl group is that it 

is bulky', and prevents 3'-3' phosphodiester formation, thus 

eliminating the need for separate 3'-hydroxyl blooking 

(Neilson. 1969). 

1 1.4 Blocking of the Terminal Primary 5 ' -Hydroxyl Croup. 

The blocking group chosen to protect the p~imary 

5 ' -hydrOXYL plays the majot role in block synthesis of 

lon9~r oligoribonucleolides. In a block synthesi~, trimers 

for example are covalently joined to yield a hexanucleolide. 

Th~ incociing block must have r free S'-hydToxyl, and all 

other reactive groups blocked. Thus. in block synthesis it 

is necessary to remove the 5' blocking group selectively, 

and in high yield leaving all other protecting gFoups 

intact The trityloxyacetyl (trac) group is ideal, ~ince it 

can be removed under mild base conditions (Verstiuk and 

Neilson, 1973). The trac group's selectivity towards primary 

hydroryls m~kes it a useful group in synthesis of 

01 igodeoxyr'ibonucleotideSi however the commonly used primary 

blocking group is the monomethoxytrityl (MMTr), or 

dimethoxy~l , which can be specifically removed with 

mil d a c i d . (Na r a. n g, .tl .!..!.., 19 SO) 

1.1,5 The Phosphotriester Blocking Croup. 

Th e t r i est t,:~ -9 r o-u pus e din 5 y nth e sis 0 f 

5 
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• 

oligoribonucl~otides for this work waS the 

2,2 / Z-trichlorethyl group. The group is stable to the mild 

base conditions used to selecti¥ely deprotect 5 blocking 

grotIps. 

The 2,2,2-trichlor~thyl group is removed by 
,-

reductive cleavage o,f the O-alkyl b~nd ,by t,reatment with 

copper-zinc couple in an"hyd.rous dimethylformide. Cleavage at 

the O~_alky[ bond is extremely important. since it· removes the 

possi~ility of internucl_eotide ~~nd cleavage, which can 

occur··if blocking group removal is ~ia_ ~he O-phosphoryl 

. ~ 
bond, a side rea.ct ion that -·ca.n occur with the para 

chlorophenol blocking grou~'.: 

" 
The versatile phosphotr~e~ter a~p[oach to the 

chem.ical synthesis of oligoribo'nucleotid~s. a.s devel.oped by 

Neilson and associates 
. , . 
IS perhaps b~5t illustratad by 

considering th&t all 64 trinucleosi,de diphospha~es and at 

least 100 other oligomers of defined sequencechave been • 
prepared by this method (Nei lson, ~!J.. ! 982 ) 

' . 

. 2 C~nformational Properties of Single Stranded 

Oligoribonucleotides a.nd P-'Olyribonucleotides.o 

The pr esen t unders t and ing of the conf o rom-a t i onal 

pr-operties of single stra.nded polynucleotides has evolved , . 
i.rom solid state (X-ray crystallography), semi-empirical 

conformational energy calculations, and solution state 

studies employing UV/~CD, i.luorescence and NMR as tools. The 

6 
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seven d-ihedral torsion a'~gles with rotationa.l freedom in a.-t 

nucleotidyl unit <Figure 1), makes complete understanding of 

RNA conformation very difficult. By compa.rison, 

polysaccharides and polypeptides have only two bonds with 

rotational freedom in their backbone structures, an~ even in 

these cases th~ factors governing conformation are not 

completely unders~ood <Gutte, ~ ~. 1979 ) 

1.2.1 Solid State Structure of RNA Strands. 

The use of X-ray crystallography in the 

det9rmination of the conformations ~do?ted by single and 

multistranded nucleic acids is classified into two branches 

based on sample preparation; single crystals ~nd fibres. 

Molecules within a sing.le crystal form a three dimensional 
J 

array.-Mathemattcal least squares type analysis of the 

diffraction pattern yields the unique position of each a~om 

in the crystal (Kim and Quigley, 1979) The resolution of 

this technique depends'on the si~e of the molecule and the 

number of reflections recorded. Resolution for an 

/) 
o I i 90 t" i bon u c leo tid e ma y rea c h O. 0 1 an 9 s t r 'o'm for a. 

din .. ucl~o5ide monophosphate (Kal.lenba.ch and Berma.n, 1977), 

b-ut is generally in the range 2-3 ang,strom for o~ligom.ers 

(Conner, II U., 1982) 

Polynucleotides do not' f'or~ single" crystals instead 

th'ey form fibres, 'The f rbres form order-ed struct.ures which 

will give results similar in quality to single cr.ystals 
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I 

Figure 1. 

8 

HO' O,H 
. - . 

:. ?!' ..... - . 
. . ' 

Structure of 3'-5' ApA, the nU,mbering scheme and---propdsed 
IUPAC-IUB nomenclature for the various· t"orsion· .. _~::mgles 
(Sarma, 1980). . \. 

, ' . 
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.-' 

: 



9 

(Conner. et ~ 1982). Usually the minfm-um amount of 

information reali%ed from fibre crystallography- defines the 

helical par~meters of pitch. radius. rise ,per residue. and 

helical rotation. Combining these data ~ith the more intimate 

details de"rived trem oliQomer crystals, it is pos~ible to 

generate a detailed conformation from the polymer <Kallenbach 

and Berman, 1977). 

Single strand and double stranded nucleic aC,id helices 

belong tq one of three classes; A'I E, or Z (Dickerson. et !.l 

1982). Most 0-£ -the torsion angle differenc~s between the 

helical classes are small~ especially between A and B helices; 

however, the helix types are overall quite different. The base 

tilt. and base 6verlaps; important component~ of base .stacking, 

are diff·eren·t for"A, E, and, Z. The A helix contains the 

C3'-endo s~gar pucker, the B helix the C2'~endo puck~r, and the 

Z helix an alternal-inQ C3'-, CZ'-endo .pucker (Figure: 2). The 

glycosy.l tor~ion angle is also quite diffe"fent for the three 

helices (Davies z.nd Zimme'rman, 1980; Conner, U.~ 1982). 

Studies on double stranded RNAs demonstrated that 

·ribose ring is in· the C3' -endo conformer (A·rnott, et .!.!., 
, .~ 

Arnott and Hukins, 1972; Holbrook, et aI., 1981). I1' an RNA-DNA 

.,-,. hybrid, an A type hybr id is formed even thouQh DNA usually 

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

Hingerty, 1978) X-ray crystallographic evidence of E type RNA 

helic·es has not been found, and along.with'o·ther factors such ~~ 

as hydration, it is likely that the 2'-hydroxyl is partly 

~.@:'. 
:;~~'lt.:;... 
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responsible for the observed C3'-endo preference giving the A 

helix <Kallenbach and Berman, 1977; Clementi and Corongiu, 

1981 ) 

x - ray 5 t tJ die son n u c 1 e 0 tid e 5 a n.d n u c 1 e os ide 5 1 edt 0 the 

idea of a rigid conformation jor the nucleoside torsion angles 

(Sundarai-ingam, "1969) .The sugar pucker presumably can exist 

o~ly as C3'-endo or eZ'-enda. This requirement means that there 

is very little flexibility about the C3'-C4' bond, (1jJ'), also 

the to~sion anq 1 e's show • very little variance and it 

been, proposed that most, of 't'he different conformat ions for 

, 

has 

ribonucleotides "resu·lt from rotation .. about the P-O bonds (w, w') 

and the C3'-C4' (1jJ') "bond (Figure 3) (Sundaraiingam, 1975. 

1981 Lee, et aI'., 1976; Evans and Sarma. 1976). 

. 
~Recent _studies whi?h compared experiment with theory 

demonstrated t~~t the pseudorotation bf ribose and deoxyribos,e 

sugar "moi~ties is restricted. Both t~e ~omputed potential 

en-:ergies afi'd the c'umulative X-ray data show that the pentose 

oscillates between nand, puckerings via the e ~uadrant of 

i~termediite states rather than over the entire range of 

pseudorotational space (Figure 4). Fur"theimore theory that 
-IJ,i , 

b e"V's t rep rod u c e 5 NMR co u P lin g con 5 t a. n t s s u g 9 e~ s t t hat t 11. e 
, 

potential barrjet in the e (nbmenclature of Olson. 1982~, 

quadrant lies ~be.tween 2 and 5 kcal/mol (Olson, 1982,i O-.1son a.n~ 

SuSsman 19,82) Th~se ene~gies are high enough to suppr-es5 

iritermediate forms (suggested by the lack e'f interm~diates 

found in cry~ta(s) but l'ow eri~~~h to perm~t th~ rapid • 
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Figure 4a. Schematic presentation of the main conformations 
.N and 5 of the sugar moiety of nucleosides in solution. The: 
phase angles P are indicated for each conformation. 
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the phase angle P indicated. 
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interconversion of nand 5 stales (suggested by NMR studies) 

Nevertheles5 the rigid nucleoside concept, especially in 

solution, remains controversial at the present ~ime_ 

I. 2 . 2 Torsion Anoles and Conformation Derived from 

Minimum Eneray Calculation. 

Potential energy functions have been develop~d to 

estimate the pseudorotational motions of ribose and 

Z'-deoxyribose sugars. These calculatiions are semiempiricai 

in nature, and the total pot¢ent ial energy is us'ually calculat~d 

as a sum of nonbonded, torsional, and valence angle strain 

contributions (Olson, 1978, 1982; Olson and Sussman, 1982). In 

general torsion angles <x.¢. W' ,4>,4>' ,w, w') are varied while 

other bond lengths, bond angles and atomio coordinate~ "are 

derived from X-ray (Levitt and ~arshel, 1978). 

deviations of valence bond angles from standard X-ray values 

are found to perturb the normal motions of the furanose 

drastioally (Olson and Sussman 1982). Minimum energy 

conformati"ons are derived from starting conformations 'arrived 

at by using various combinations of the preferred values for 

the seven dihedral angles known from X-ray and NMR studies. 

Energy calculations proceed while the torsion angles are ~aried 

from their starting values through the pseudorot~tional·cycle. 

Recent calculations have confirmed the hindered ring 

flezibilities suggested by solid,-state and solution studies of 

low ~olecular weight nucleic acid analogues. These 
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r.esults a.iso 5ug-ge~t t'nat -the ciistinct conformational 

differences of ribos'e and 2"--'deoxyrtbose stem from the 

com~ina.tions of n6nbo~ded forces and gauche interactions 

associated with the two sugars. Ster~c int~ract'ions 

combined with the strong tendenciQs 'of the' O·-C-·C~O bond 

sequences ,to adopt gauche rO"tational ar-cangement-s induce the 

ribose to adopt n- or S-"t.ype p~ckerings A prot,on in the 

2'-deoxyribose introduces a strong imbalance in the gauche 

interaoti6ns, and the single O-C-C-O sequen'ce in 

2'-deoxyribose pushes the n/s equi.i.ibrium. firmly into ,the 
,i 

s-type pucke~ing5 Thus the gauche effect appears to be a. 

major determinant of ring puckering (Olson, 1982b) 

1.2.3 NMR Studie:s vn the Solution· Conformations of 

Oligonucl~otfdes 

NMR spectroscopy is at present the most powerful 

technique .. availa.ble for studying the solution conformations 

of oligonu~leotides or a.ny mOlecu'le for that mat-ter The 

magnetic resonance of l H , 13 C ,( 31p," a.nd associated 

chemical shift and coupling constahts allow the research'et 

-to, monitor on a.n a.tomic lev~l specific regions of the 

molecule while changing surrounding conditions, 

speci f ically. changes in the sugar-ph_osphate backbone and 

heterobase stacking. Measurement of coupling constants 

which vary i,n magnitude with the conformition about a 

covalent bond allows the calculatlon d~i'rectly or indirectly 



of the various conformations (Altona. 1975; 

Cuschlbauer,1980; de Leeuw, a.nd Altona, 1982) 

Much of the investigations of mononucleosides, 

~ononucleotides, and mononucteoside diphosphates are 

directed towards an understanding of" the sugar ring 

conforma.(ion and the effects of phosphate on the overall 

conformation of the mononucleoside ,in solution. Ultimately. 

the information on RNA and DNA building blocks should ,be 

useful in understanding the ~conformations possible in the 

po ly.mers Problem- in determininq solution conformat:ions 

from the NMR data is that . .t in ribofuranose only the 

and coupling 

constants are available whereas the solution conformation is 

fully described by five parameters. Therefore to elucidate 

the solution conformation ~t least two degree~ of freedom 

must be eliminated (de Leeuw and Altona, 1982) 
; 
C-enerally 

.the two iegrees -of freedom ~re elimin~ted by as~umptions 
.~ 

based on observed X:"'ray .and/or NMR da.ta. For e.xample 

Guschlbauer has assumed tha~ there is equal puckering in the 

Nand 5 conformer <tN :II 1">s) and t.ha..t the phase 

inter-related by symmetry = 

P
N

) ~he first as-sumption seems justified considering 

the average puckerings found in X-ray ~tructure5.· The 

second aS5umption ts not tenabl~ tor the ribose ring as Lt 

does not have C
Zv 

symmetry; that is, the Nand 5 

conforJIlers are not mirror-· images. For this reason a 

17 
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different a~proach has been sugges(ed too reliably estimate 

, 
~he_mole fraction of 5 confo~mer in solution. in this 

approach"'it is assumed that~the solution geometry is Similar 

to the solid geom.et~y wnen + 

equals 9 .. 4 + O.S'rH,; (de Leeuw-and Altona~. 1982) 

Dinucleoside mono- and diph~sp?ate~ hrive been useful 

compounds for studies on the backbone con1ormalion of single 

stranded oligonucleot~des in solution. By comparlson of the 

solution conformational ~yna~ics 0"£ the dinucleoside with 

the appropriate mononucleolides _an· understanding oC the way 

in which a neighbouring unit affects its linked-partner can 

be ascertained (Young and Krugh, 1975)_ 

Dinucleotides can be considered to be the building 

blocks of a ~ol·ymer in t~e sense that a trinucleoside 
, ' 

consists of two dinucleotides sharing a common neighbouring 

g-roup. The approach is only v~lid if the properties 

observed are the result of interactions mainly between 

neighbouring mononucleotidyl moities (Ts'o, et ~ 1969 ) 

Ring currents for the bases and shift effects calculated as 

a function of interpl~nar distance between bases suggests 

that shielding effeots are a nearest-neighbour phenomenon 

CGiessner-Prettre, et al 1975; Giessner-Prettre and 

Pullman, 1976). Empirically derived proton chemical shift 

p~rameters suggest that next-nearest as well ~s 

'" nearest-neighb~ur effects are important (EVerett 

1980; Be,ll. et aI 1 9 8 1 ) 



Short RNA and DNA strands ~2-14 base residues). used 

as models of longer natur-al RNA molecules and DNA molecules 

have been' extensively, investigated~ (Alkem<l. ~ ~ 

1981a,b,c; Bubienko. ~ a-l.~, f981 Cornelis 1979 ; 
, , 

Kan, et al 1973 Kondo. 197 S ; Krugh, 1976 ; 

Haasnoot, et ~" .1980; Pat.el, 1976, 1977, 1979; Patel tl 

!.l.r 1982a,b,c.d; Stone. et a1 1981; and references 

therein) . These studies have been aimed at understanding 

the biophysical consequences of sequence, on conformat~.j~' 

duplex formation and stabili%ation (Tinoco', ~ !:.l., 1971. 

1973; Ninio. 1979) as well as the bioChemical consequences 

fhat mismatched ~ases, un~atched bases, sequence and helix 

type, may have on mutation ~nd in the case of DNA. the 

effect e~erted on gene expression (Lindahl, 1981; Nordheim. 

eta I . 1981; Noller and \oloese. 1981 Patel, et al., 1982e 

and f) Similar stUdies using complete tRNA molecules have 

also related structure to function (Reid, 1979; 1981) 

Studies of short RNA strands have suggeste~ that a 

number of factors can be involved in duplex fo·rm~t{'on. 

Strong base stacking. which is' sequence dependent; is the 

major contributing factor (Alkema et a1. 198;. a,b,ei Turner 

eta 1 1981), 

The greater b~se stacking <fure 5) ability of an 

adenosine r~sidue over a uridine residue explains why the 

RNA oligomer AGACU forms a double strand RNA duplex, while 

~'CUCU does not (Alkema et al. 1982·)." Fui"·thermore, base 

19 
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sequence pl·ays a role, through base stacking, since oligomer 

CAAUG does no-t- form a stable RNA duplex (Romaniuk ~ ~ 

1979 ) 

Base stackin~_ appar~ntly accounts for the iormatioh, 

by the tr inucl.eos,ide diphosphate, GCA of a. m.lni RNA d'uplex 

GCA:GCA. However, the adeno'Sine residue, in this case, is 

riot involv~d in ~atson~Crick base pairing (Figure 6) but is 

involved in extensive intra-strand stacking which 

contributes t9: t-J\~ stabj.lity of this duplex <Tm = 33°C. Tm 

15 a. measure of duplex stabilL.ty.). The Tm equals that of 

th'e tetramer -duplex formed by VeCA. which contains 4 

\oJatson-Cr iO.k pairs (Alkema tl ll. 1981a.) 

Sequence and base stacking effects of bases at the 

c 

ends of he-~ica.l regions a.lso contribute to dupleK stability. 

01 igomer AAGCUA forms a. duplex (Tm of 4SoC) which is 

considerably more stable than that farmed by the parent 

01 igomer AGCU (Tm of 33°C) 

The "dang 1 ing" a.denos ine res idues enhance the 

stabiLity of the dup~eK by extefiding base stacking t·houghout 

the duplex. The adenosine residtie at the 3'-end makes the 

most~significant contribution since AGCUA:AGCUA his a Tm of 

45°C (Alkema. II ti .. 1981a) This result is consistent 

with temperature jump studies which demonstrated that the 

dupleK formed by ye~5t tRNA Phe and E. Coli tRNAGlu at 

their complementary anticodon reglons. was 1Q6 fold 

stronger than that expected for a. three base pa'ir duplex 



Supporting sugar 
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Figure 5. Diagramatic representation of th, ve,rtical electronic 
interactions, between parallel bas'e..s:~inherent in base 
stacking. . . 
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(Grosjean, et ~l", 1975) From fr;:.gmenta'tion" "s--tudies " it was 

concluded tha\ a 1000~ fold portion of the fncreas-ed 

s'tab-ility was due to the additional base stacking in the 

u"npaired regions n.ext to the double heliE .(Grosjea'n·~ et tl 

1976a, b). Continued temperilture jump s'tudies by Grosjean 

and coworkers culminate.d in a proposed
4 
physic~'al basis for 

ambiguity in genetic qoding interac.tions "(Grosjean, ~ .!.l 

1 977, 197"8 a , b ) . 

The dup~ex formed by ~AGCUA, mod~ls the D-loop s,tem 

region of tRNA molecules (Kim, et al.,19i3. 1974; Clark. 

1977) . Ve p~oposed that the invariant adenosine resid~es at 

pOs';itions 14' and 21 in the 'tRNA (Sprin~l. et !..!., 19-80) may 
~. 

be involve~ J:n sta.b!li%;ation of-=- the we.ak .helical reg_ion of 

the D-stem (Alkema et al 1981c) Thi,s. idea is consistent 

with the findiJ'}g that in' yeas~ tRNAPhe the.,acce-ptor stem 

melts first followed b'y the D-"stem (Johnston ahd Redfield. 

1981 ) 

Stud~~S of short' RNA str'ands speCif~c~I'lY GCA. AGe; 

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

proposal that base stacking i,5 ·direct.'i_onaL and the stacking 

• d ire c t ion wh i c h ~i 5 S e CfU e'n c e , , dependent, stabir'i%;6.s dupleX'-es 

when the stacking direction is 51 to 3 1 (Alkema.. et 2...!." 

198ia) Since a' change in stacki.ng dire'ction can cause, a 

change ).in duplex st~,bili~Y" this m_ay playa role in 

tRNA:mRNA translocat,ion where a chang~ i·n stacking direction 

of the a~ticodon ~:oop takes plaoe during the ~cod·on-anticodo"n,. 

-. 
( 



<.,'--

-,Y 

interact.io-n (C;ho_~h and Ghosh, 1970; \loese, 1970~ Lake. 1977; 

Urbanke' a-nd Maa.5s, 1978; Geerdes. et ~. 1980a, bi Labuda 

and .Porshke, 1980). 

A'n e ~ ,t en 5 i on __ eft h e ide a t h.a t .... 5 e que nee a f fee t 5 

duple-a __ s--..~abi 1 i ty in a direct lonal sense has 1 ed Borer and 

coworkers to"Mconclude 'that RNA helix conformation in 

solution differs fr~m that in th~ solid state, where crystal 

5t~uctures suggest th~t there i o co_rrelation between 

bas e",,;p,a irs equenc e and RNA ation <Holbrook, et .!..!. 

1981L This sug-g-,estion wa.s .ba ed on proton NMR 

investiga-tions of .~h·o-rt RNA oliQomers which are consIdered 

bette.r: approximat lo.ns of naf'ural:ly occurring RNAs than 

,. 
mono'nu'cle"otid~es or. dinuci-eotld'es (Cru-1;, !.1 al., 1982). The 

suggestfon is that ~uplex reqtci~~' that are made up of 

alternatln'g purine-py·r.im.l-d-.ine-'~r-.e most 'stable because of a 

c .. ~a~ge in th.~ b~·li--x ~indi."g angle W-, that leadS to the 

po s sib I lit y o. fin t e r - s t r a n.d:· b'il s est a c kin 9 . This mode.! has 

. ,.a I so,. be~,i i,ed"·t';· sugges t a physica"l b~sis for 
/ 

the 

codon-anticoCion f~tera~s:r-t!on' (Borer, et .!..!.., 1982). 

I"d'en"tiflcation of resonances in 1H NMR Spectra. 

< • 

/ 

~Ch o.f the'~dvantage of using' prot'on NMR as a 
, . 

technique to .:JIlonl to'r ·the solut ion conformat ion of small RNA 

and DNA moleoules is th~t regions of the molecule can be . ' 
monitored. The~ dis.advantage is that a ,NMR spect rum has a. 

" 

~ 

high information content and in molecules made up of 

23 
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-repeating units individual resonances become increa-singly 

~ 

• 
"~ 

difficult to identify_ Complete and accurate identifica0-on 

of resonances is needed if. the function of biological ~, 

molecules is to be established based on structure , 

conformation,,:, For instance, the direction of bas~ stacking 

cou'ld n6t be detfirmi".ed without accurate .?ssignment of the .. ~. 
I 

spectral resonances to their protons ('Alkema, et al 

" 1981a) Also the model for base overlap p~opo5ed. by Borer 

and coworleers (Cru%, et al. 1982) 'depends criti~,lly upon 

chemical shift assignment, ,especially sinc~ resonances from 

base pairs at the helix ends are n~t."used in the fittin_g 

process as they are in! lUEi.J1:ced by rapid ,fraying a,nd possibly 
"' 

end-to-end aggregation (Bubienko, et ~., 1981; ~atel and 
. \ 

Hi 1 be r 5, 1 975; R oma n i uk,' 19,79). Borer and coworkers point 

• 
out that one of the reasons that DNA spe~.tral d~ta fitting 

to B-,hel'-i,R conf igurations is unsuccessful is b"ecause t~,er, 

is a lack of shielding data on DNA oligomer dupl~xes where 

resonances are uniquely assigned. 

Presently the incremental assignment procedure is 

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

oligomer~. This 
.. )~ 

proc"eduI.:,.~ jhowever . .. requr~es one to have the 

spectra of each sequentially intermediate ~'trand (Borer et 

~., 1975). Also, in some oases unambiguous assignments 

cannot be made without reference to·~ther oligomer sp"ectra 

(Everett et ~., 1980) Proton NMR-NOE experiments can. arlso 

be used to identify resonances; however the experiments are 

24 



time co.nsuID:ing and generally require high sensifi~_it'y 

in.struments <Petersheim and Turner, 1982b) In this thesis 

1 present,a new metho~ which ~a~ been usftd successfully to 

iden~t ify proton resonaces in both RNA and DNA 01 igomers. 

1.3' Factor~ in Prokaryotic Translational Ter~ination. 

Translation of mRNA "can be divided into three stages 

comprising'the initiation, propag~tion •. and termi~ation 

reactions of protein chain assembly. Each of thes-e stages 

has be~n investigated with model systems where the 

require~ents for partial reactions can be studied more 

e,asily. -In particular, the use of a~tifi..cial mRNA templates 

has been a major tool. Th~ s~udies have led t9 the 

di.~cove.ry of numerous f-acto,rs .involved in each "step of the 

pro~ein synthesis pathway (Gano%a. 1977; Met~ler~ 1977; 

Lodish, ·1976; Hall, et D., 198Z). 

In the initia~i'on react~on, nonribosomal p~otein5 , 
d'e 5 i g 11 ate d I F - 1. I F - 2. .a n d I F - 3. tnt he pre 5 en 0 e 0 f G TP are 

required for optimum formation ~f a 30S ribosomal 

su'bunit: fMet-tRNA
f 

c..omplex. The joining of the 50S 

~ibo50mal particle to this 30S intermediate.m~y require 
, 

srill other. less wel'I-characterized proteinCs). The 

joining event results in eject'ion of the initiation factors 

CMet'zler. 1977). 

Chain elongat.i:on beg~ns when the soluble proteins 
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~F-Tu and EF-Ts in conce~t withflTP bind aminoacyl-tRNAs to 

r i ~b 0 s:Om e 5 a t a 5 i t e wh i c h "i 5 P r·e 5 uma b 1 Y ad j ace n t tot h e 

bound initiator-tRNA. Positioning of both;the 

initia~or-tRNA and amino&cyl-tRNAs on ribosomes is 
.1 

accompa~ied ~Y GTP hydr~lysis~ This hydrolytic reaction is 

requ.ired before peptide bond synthe7~can be catalyzed by 

/ 
the pept idyl oi the 50S subunit that 

\, 
includes_prot~ins F-7 and L12. Pept,iide bond fo-rmation is 

! 
:/ 

thermodynamically favou~ed. thus lhe ~energ~y derived from GTP 

I ... ~ 

~t i 1 i:z;ed fpr al ~nment of aminoacyl-tRNJt:s. cleavage may be 

j '. 
'~~' ,p.~ 

! .. 
initiation and elongation factors. or ejectJon 

breaking: of the codon-anticodon inteta·ction after the 50S 

,particle hilS catalY~ pep~bond formaUon. Peptide 

synthesis involves movement "0-£- ribo"'somes r;elative to mRNA. 

Protein, E -G stimulates both ejection of ~eacylated tRNA ~ 

from. ri as well as translocation of the 

peptldy -tRNA:mRNA into the 'donor' position of the , 
apparatu This process. possibly mechanical, occurs wi th 

.joncomitant GTP hydrolysis, and ist~ oY,clie (V0'rse_, 1970; 

1977; Holschuh, et'~., l(gO, 1981) 

26 

The.end product of peptide elongation is a completed 

, 
protein esterified to the 3'-OH end of the ribose moiety of 

involved -in the recognition of 

Th ere 1 e a 5 e pro t e i n,s",-- are 

- I '----'--
termination signals, and ..... 

the- t~rminal adenosine of tRNA. 

induce the hy"drrlys is of peptldyl-tRNA by the pept idyl 

/' 
t,ra"rsfe7e. These proteins hAve 

/' 
been designated RF-l (UAA, 

\ 
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• 

VAG, specific') and RF-2 (UAA, UCA, specific). A third 

protein RF-3

1 P_p arentl Y stimulates the act-ivity of RF-1 

RF-2 (Caskey/. 1979; Capeechi, and KleIn; 1969). A·iter 

protein cleavage occurs on polysome5 , ribosome releasing 

and 

factor HR, dissociates ribosomes from t,nRNA (Ryoji~~ et.!J 

,1981 ) 

This detailed information on the partial reactions 
• 

of protein synthesis suggests that mechabisms respot).5ible 

for regul~ti~g translation of natural me~senger5 are well 

unde--rstood. 
. 'll 

CertaInly this~is the impre~sion obtained by 

reading a~y recent text in biochemistry (for e~ample see 

Metzler. 

'--'" 
1 9 7 7 ) 

Natuial mRNAs contain special untranslated regipns 

that ~punctuate genes and ar~ critic~l in determining the , 

frequency and order of gen, expression. Focussing on," 
()l 

• 
protein .chain termi~ation, it is clear that t,e~minati~n must 

yield 'prot'eins with the correct C-terminal end'; ,howevt"'. 

there are a numb~'r of factors ,th,at remain unr~solved (SienE 

• 
and Kulbi, 1982). 

~ 

In vivo~ ~onsense mutat,ions generate 
\ 

'--­
in-phase UAG,-

UAA, <tnd_UGA, codons. These codons cause premature 

f.erlll.inat'ion 'in nonsuppressing iCe1'ls (Sup ), in suppressing 
-. ". I t , 

oells (Sup+), mutant tRNAs in~ert an amino acid at ~he 

,nonsense site. If singl,e-,"nonsens'e. codons suffice to 

terminate protein synthesis, ~hen it i-~ ~ifficult to 

und~rstand why strong suppressor~ do not affect growth 
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L 

considering the many proteins ~ade by polygenic mR~. The 

single termin~tors at" as coat protein, MSZ rePlicas~ 
.\ 

protein, and A and B cistrons of tryptophan mRNA can be 

5 U P pre sse d" . Possibly single stop codons are i'Ulpor tant in 

evolutton of proteins of altered function, _th..e OS 

f 

read-through -protein is a- prime example (~ofstetter, et tl 

1974; GelIe'r and Rich. ~1980) 

The ,s_:tian~ard releas"e .assay upon which much of the 

\ 

understanding of termination is based fai.Is to re~pond to.'& 

protein, t-erm~d "rescue'~, which inhibits termination at UCA, 

and UAA stop codons <o(Cano%a, et !..!. 19.73; Ganoz:a, 1977) .. 
-~he "rescue" protein a150_ affects early' transl~tion 

(He-I" t. i.ng t on,. e t ~':' .197:5) . Thus at least one other facto"r 

is involved in translational ini~iation and termination . 

The 3'-e~d of 165 r'ibos6ma1 RNA, HO UUA .. has 
-, 

been p~o,posed, to be" in~olv~d with r~cognition of terminatiQn 

'cod~ns VAA, UAG, and UCA.- The stbp oodon VAA is readthrough 

with lo-w".efCicien'cy becaus,e basEf pair·ing (Figure 6), with 

UUA is complete el;minating SU'p~r~RNA"competiti.on 
(Shine and'D~lgaino, 1974) ;ReInoving,"the 49 nucleotides 

" " AI 
,fro'm,th.e,3'-end of ' the 165 r~NA elimi'naAed the termination 

{" 

,respOI),'sei how-ever, it also e.liminated am'inoacyl-_tRNA binding 

(C'askey, et' a'l., 1·977). Tlle data ar'e inc'oncl'-!sive as the 

removal of the 49:'nuc,leotides alters moYe than on~ r~bosomal' 

function. -r,urthermore removal of ~pecific ribosomal 

protejns near the .te.rmination c-odon' 'rec'~Qnition s'ite also 
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( he U!A and C·G base pairs . 
• £ Representation of t . b d' g and the numbenng F1gure Qo • h hydrogen on ln 

depleting t e . 
- f the bases. _ system or, 
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re~uces or eliminates the termination reaction (Armstrong 

and Tat e, 1 978; 1 9 80; 5 t 0 f fie ret '~., 1 982 ) . It has been 

shown that release fact-or competes with tRNAs fO~ 

termination ccdons presumably at the aminoacyl site (Ganoz~ 

and Tomkins. 1970; Ganosa, !L! al 1982 ) 

Other evidence that translational termination and 

initiation are_ linked stems from the similar results of 

recent experi"ments. In an in vitro experiment where 

ribosome releasing factor was absent, rib950mes reinitiated 

transla-tion "in pha~.5e" after the " termination codon UAG, 

without fMet-tRNA. These data do not agree with theories of 

"phaseless and sterile" travel between cistrons (R~ 0 ii, 

-" 
a I . 1981 ) Lysis gene expression of RNA phage MS2 in vivo 

has been demonstrated to require a frameshift during coat 

protein translation which leads to termination at either of 

two st,op codons (UAA), just precedin'g the lysis cistron. 

This ter,mina.tion is required for translation of the lysis 

~ 
genej'for if"the UAA codon is, removed, translation is 

abo, shed Furthermore th~ shorter the distance between 

terminafion and ~nitiation codons the higher the probability 

for re,initiation (Kastelein, et ~., 1982V' 1982) 

frameshift mechanism has also been shown to relieve 

premature termination in a yeast mitochondrial gene (Fox and 

30 

Veiss-Brummer, 1980> sU9gesting this.mechanism may commonly-

occur. 
~' 

/' ' 

Experime-.n-tal data suggests that rib.psomes prefer 



spec,ific nuc leot ides ,at the 5' 5 ide· of lhe initiation 

t'riplet (Ganoza' et \ .:..!. .; , 1978 ; 1982)-. It is likely that 

'\ 
~e~~ral nucleoEi·de~ are involved~in th£ selection of AUG, 

GUG, o_rl UUGs as start codons. The- Shine-Dalgarno r"egion "(a 

purine-~ich seqQence) 5' to initiator codons binds the 

t 3'-end of the 165 ri.bosoma! RNA <5' GAUCACCUCCUUA
OH 

3') 

and. helps in this selection (Steitz 1979 ) It has_been 

, 
suggested that the termination codons UAA, UAG~ ~nd UCA, 

which occur between genes. and ,are abundan"t in 

interc~stronic regions (Steitz and Jakes, 1975) serve a dual 

function, terminating translation and possibly priming the 

trc:.nslational apparatus for initiation (Ganoza, 1977). On 

ins p e c t ion 0 f 1!' e 9 ion 5 a r 0 u n din i t" i a tor c o'd 0 n s, 0 n 1 y the 

termination.codons UAA and UGA are present suggesting that 

these two particular stop codons function in initiation 

(Atkins, 1979)." Inter~stingly the stop codon UAA is 

"implicated in reinitiation (Kastelein, et al. 1,982 ) and 

these ·two codons are ,uppressed by "rescue" (Canoza., 1977) 

Initial studies to determine if initiation and 

termination reactions might be interlinked, probed the 

possibl~ entrance of N-formylmethionyl-tRNA onto the~;' 
, 

ribosome when AUG w~s ~receded or followed by a. covalently 
~ 1', 

joined termination oodon. Apparently AUGUAA bound greater 

than 70% of the added N-fmet-tRNA
f 

to ribosomes. No 

binding ,was observed with UAAAUC, and this hexamer did not 

inhibit formation of the initiation complex wit~ AUG or with 

" 
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AUG(N) (G~noza et al 
m 

1978) Also, UAAAUG stimulated 

hydrolysis of -ribosomal-bo?nd N-fmet-tRNA
f 

in the 

presenCe of release factors as effectively as UAA CGano%a,. 

1977 ) 

These data, taken together. sh"ow that the sequence 

neighbouring termination cedons can alter the termination 
c 
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response both in vi!t-ro and in ~. Termination cedons and 

the termInation reaction, also seem to playa role in 

tr~nslational initiation. In this thesis, data are 

presented tha.t demonstrat,es j that, the presence of an 

initiator codon, AUC, can alter the seouence specificity of <t. -

the fmet-tRNA:mRNA:70S ribosome:RF-l complex such that a 

" termination reaction is elicited in th~e presence of a 

partial termination codon. 

/ 

\ 
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EX-PER I MENTA~ 

l. Experimental" Procedures. 

2.1 Ma.terials ~;nd Reagents. 

All" reagents and solventS' used were cOmmerci"al 
• 

rea.gent grade and were u5~d wfthout ~urther purifica!ion 

u~les~ otherwise noted. Methylene chloride (BOH) was 

further purified by passing ~~rough silic~ gel (60-200 me5h. 

Bak~r Aria~yzed Reagent) 
1 . 

Mesitylene-sulfonyl chloride 

( AId ric h) w.a 5 r e cry g tall i %. e d from. hot pet r ~ 1 e um._. e the r 

pyridfne, dimethyl formamide and p-dioxane 

(Baker Analyzed Reagents) were ., 
molec~lar sieves prior to use. 

further dried "jer Fisher 

I 

Silica gel G plates (Analtech) w~re used for thin 

liver chromat"ography of protected nucleosides and coupling 

reaction mixtures. The chromatography solvent system was 

10~ methanol in met~ylene chloride. Sampie detection was 

---------".,.-'" ~ 
a-ccomplished by sprayingldf'he plates with 1'" c e r i/Cf( 

/" 
sulfate 

(H4CeCS~4)4) in 10~ sulfuric acid and heating to 

160_1aOoC.~ Most compounds appea,ied as blaclc-brown spots, 

except thos~e containing a trac group which appeared as a 

b r_ i 9 h t ye 1 ~ ow- brown 5 t>o~~ . 
. .~ 

5i lica ._gel (60-200 mesh, Baker Analyzed Re~gent)foF; 

column chromatograp~y was dried at 60-S0oC over NaOH for 

48 hours prior to use. Columns used for purification of 
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protecta~ nucleosides and oligoribonucl.otides were._prepared 

in methylen~. chlorid~ and co~po~nds eluted vi~ step 

gr'a~i~nts .,of methanol in methylene chloride." ,." 

'~hatman #1 and ~40 papers were used for the 
. -

descending paper chr oma t;~g).S~hy 0 f , free 
! 

ol~goribonucleotid~s. The solvent' was ethanol/NH
4
0Ac 

(1M. pH 7 3) 1:1 (v/v) "D"e b 1,0 c t dol i go rib 0 n u c 1 e 0 tid e 5 

ultra-vi~let light 

were 

det~c~ed by ~hort· wave 

.Th(Olumns used in the HP{C purificati,on: of 

Qligorib"Onucle,otides were Analtex Ultraspnere ODS 5 JJ (Z-Scm 

4. 6= I 0) (B e c i:man. U. S . A . and Bondapai: CIS (30cm • , 

3, .. 9m.m ID; 3000 plates 'min.) ,(Waters Scien-.ttft-c,Ltd. Canada.) 

HPLC grade ~acetonitrile and·~~thanol were PQrchased from 

Fisher Scientific or BOH Chemicals. and used without fUlher 

processing. The1water used for HPLC· a~plications was i 

~ 1. 
purt.fied by filtration through a. Milli-ROq··purification 

s y stem. (11 ill i po r e ) The ammonium acetale buffers (F"ish .... e:r 

HPLC grade) (O.lM. pH 7.0) were' filtered t~ugh a O.SlJ 

filter (Millipore) and degassed by stirring under vacuum 

prior to use. 

z.z Protected Nucleosides and Coupling Reagents. 

Nuct"eosid.,f! derivatives were synthesized and 

characterized by their melting points and lH NMR spectra. 

! .f' 
·These syntheses were routine and ~arr\e~out as published; 

• \ 



HOUtOH (~riffin ~ ~. (J66).HOC b 'IOH (Neilson & 

loIersUuk., 19711, HOCb'tOH and HOAb:tOH(Cregoire So 

N~.ilson, 1978) ,TracUtOH .(~tiuk &.N-&il·son, 1972) 

TracAb~tOH, TracCb'tOH and TracCb'IOH (Iolerstiuk & 

Neilson, 1973'. 

Coupling reagents ~12,2-trichlorethylphosphate and 

MST weie also_ ~ynthesized and characterized by published 

procedures '-:'~~;n.g"_la~d & Nei lson, 1976; Katagiri et .2.l. I 1974) 

respectively. 

2.3 Preparation' of oligoribonucleotides. 

Complete details for the sythesis of sequences 

pre~ar'ed for use in termination, parameter and sequence 

studies are present~d in Tables 1a and -lb. All of the 

"~~~tected ol~goribonucleot}des were.ponstructed using. 

publis'ed techniques (Enala~d & Neilson, 1976; loIerstiuk & 

Neilson, 1976) The stepwise synthesis of chemically 

protected UAA (Figure 7) is described to illu~trate t~e 
- e· , 

general procedure. 

2 . 3 . 1 2'-O-Tetrahy~ropyianyl-5'-0-triphenylmethoxy-

acetyluridylyl (3'-(2,2,2-trichlorethyl'-5') N-ben:oyl-

ZJ-O-tetrahydropyranyladenosine. 

The blooked nucleoside TracUtOH,(l,.9 g, 3.025 mmol. 

1 equiv.> was dissolved in arihydrous pyridine (ca. 2,fr mls) 
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Fig9re 7. Chemical Syn~hesis of .~hemicalli Protected VAA. 

Tr a. c + Hciu t oli" 

.'J .~. ' ..... , 
.~ 

TracUtOH 

1 ! 

",,", ,'-Y"OA" "H 

........ TracUt!'Ab·tOH 

1 

~ 

",,",,'''' ,o-y HOA" <OH 

I 

TracUt!'Ab'tEAb'tOH 

1 
i 

UAA 
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and fur,t'her dried by evaporation in vacuo from anhydrous . .. 
pyri~ine (3 x 20 mIs) and sealed under dry nitrogen. 

The incoming monophosphate ester 

2,2,2-trichlorethylphosp·hate (England & Neilson, 1976) (1.4 
, c,. ~ 

g. 6.1 mmol, 2.·9 equiv.>:;'was evapolC,a.ted in vacuo from 

an h y d r 0 U 5 P Y rid in e (3.x '3" O. in 1 5) t o~ con v e r tit tot he 

----' 
pyridin"ium $~l',~ (as .ev'idenced, by~ formation of a," white 

37 

prec"ipitate) . The coupll-ng agent MST <3.0 g, 12.1 =01 

" 
4.2 

~ 
equiv.> was added to the py'-ridine',5uspension (ca. 40 mIs) 

and the solution was warmed (30_40 0 C, 1-2 h) un~er dry 

.' 
n.i~t·r egen. 

/ 'The sOlu"t ion of the ~ct ivated~,p,hosphate was added to 

'. 
the pyridine solution of TracUtOH, the total volume was 

reduced .in yacu" (ca. 30 mIs), seale4 under dry nitrogen.and 

let stand at room temperature in the·dark. The tic of the 

, 
reaction mixture indicated the p~o5phorylation was·ca. 

85-90% co~plete <R
f 

0.8 • 0.3) after 48 hours. The 

, 
reaction was que:nch.ed by the addition 'of ice (ca. 3-5 g) 

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

<c~ .. 80 mls) and exttacted with methyle~e chloride <41[ 50 

c 
~1s) and evaporates in vacuo to a light yellow-brown foam. 
I 

( c .. a. 3 .~O mmo I) wa s e v a po rat. e d from 

anhydrous pyridine (3 x 40 mIs, firial voIQme 'ca. 25 mIs) and 

MST~1.5 ... 9, 6:1 mmoL 2.0 equiv.) was added and tlJ.e 

r~a~tivation mixture sealed unde~ dry nitrogen. The 

solution w-asJli! warmed '(3Q-3SoC) for 1 'hour. 
~,,. 

'. 

An anhy-d'rous, 



pyridine 

HOAbZ~OH 
solution 

(1.37 g. 
---.., 

(ca. 20 rol) of 

3 . 0 romo 1. 1. 1 

, 

.?o •. " r , 

isomer of 

equiv.> was ~hen added, 

the final volume reduced in vacuo, an~ the reaction mixture 

'" 
sealed under dry nitt;ogen:-. After 5 'days of reaction at Ioom 

, 
temperature in the dark, tIc indi'c~ted the r ;~c t.j. on was ca. 

:.80-9001. complete The"reaction was 

q:uenched with "ice (ca. 3-5 g), poured into i'ce w~'1er' (ca. 80 

ml) c:.nd extract,ed with met~!,ylene chloride V~ x 100 rol) 

combined e~tracts were washed ~i~~ water (1 x 50 ml) -a~d 

Tr~ces of pyridine were 

, 
"removed by co-distilla~ion with toluene (1 x 10 ~l) and a 

tol,.uene-methylene chl,oride mixtuI.e ('2 x 10 rol) to give a 
;~I 

light brown foam. TracUtoAbztOH was purified by 
~ . 

chroma-t.ogr,apl1_y on 30 q. silica gel. _Elution with 2.5-3% 

The 

metn~nol-methylene 
b, 

chloride yielded TracUt£A . tOH (798 ~g. 
". 

0.78 mmol. Zl~.) 

Z. 3. Z ~l-O-Tet_rahydropyranyl-5'_O_:triphenylmethoxy-, . 

a.cet lur i 1 (3'-(2.2.2-trichloreth 1)-5') ·N-~~nzo ~~ 

2' -0- t e t rahiy"dr·<-opy:r any laden, I y I (3'.- (2., 'Z:', 2- t r.i ch~ e tihy ,1 ) 
I . " • 

~-/ - . ,'\,.... - ,~ 

-:-5' N-be;1.2:;.oyl-2'-O-tetrahydtopyrany.la-denosine. 

/' 
./ . , , 

The blocked din u c leo ~ ide :mo n 0 p h 0 s-p h <l. t e 

c" 
Tra';,,:it~OH - , , 

( 5 8'6_ mg, o . 5 S .'_'mmo I • 

in"an~ydrous pyridjne~an~ f~rther 

t 
I eq':li'v. 

dried by evaDor,at i on , . in" 

v""acuo from anhydr'ous pyti'dine (3 

~ 

• and sea.li;!:,d 
·t· 

uJ1d·_e r 
.' 

j , I 
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dry nitrogen._ 

The 2.,2,2-trichlorethylphosphate ,(253 mg, r 1 =01, 

2 ~quiv_) was converted, to ~ts pyridinium. salt by repeated 

evaporation in vacuo from anhydrous pyridine (3 x 20 mIs) 

and activated by l'IST'.(552 lItg, 2.2 mm91, 4 e'luiv.) 

hours. the activated solution was added to 
co 

th.e pyridine 

solution oCTracUt:eAbZ.OH, th.e volume reduced in vacuo'(ca. 

39 

15-20 mIs) and sealed under dry ni··trogen. After-72 hours at 

room temper~tureJ tic indic~ted the reaction was complete 

(R
f 

0.7 .. 0.2) .. Ice was addeQ, the reaction was then 

, 
pour .. ed into ice water (ca. 50 mIs> and re'peat,edly extracted 

, , 
with meth.ylene chloride- (4 x 50 mIs). The combined ext"racts 

, 
were washed with water (1 x 50 mIs) and evaporated irt vacuo , 

tp ~ yellow-brown oil. 

Trac)JtpAb:z:.tPO- (ea. 0 _ 5S mmol) was evaporated - - , 

from. anhydrou.s 't'y~'idine' (3 J[ 2P mls) and se'aled und~er dry 

nitrogen (final vol. ca. 10 m15~~ The phosphat~ was 

'. 
,reactivated with MST (276 mg, 1.1 mmol, 2 equiv.). After 2 

hou,r s , an.' a;hydro,us pyri'dine solut ion of 
. ~ 

isomer of HOAbztOH (275 mg, 0.61 m,mol, 1.1 equ)iv.) was 

added. After 3 ~~ys, tIc ind~ca~ed the reaction was 60-7a~ 

compiet e (~f 0.2 .. 0:6). ~ furth~r SO mgs of MST were 

adde~ and the reaction mixture resealed under dry nitrogen. 

, 
"Aft~r a further 24 hours, tIc indicated the r'eaction was 

complete (R
t 

0.6). Ice (ca. 3 g) was added, the reaction 

was poured into ice water (ca. SO mIs) and extracted with 

• 
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The combined extracts were 

and evaporated to a 

yellow-brown foa~. 

Chromatography of the foam on a 

·b-·b·~ 
yielded TracUtpA 'tpA\'fOH'~522 column 

- - I. " 

59'10) 
, I 

upon elution with 3-~~ methanol-methylene chloride. 
<> 

2.4 PreparatiQn 'Gf Oligoribonucleotides Via a Block 

Synthesis. 

st e~wise assembly is conv,enient for 01 igomers ,-up 

five residues in length. For longer oligomers, fragment . 
coupling is less tedious and gives better overall~yields 

(Wersliuk' & Neilson, i97Z) 

~he method is especially useful in constructing 

0--1 !gome"rs ~uch as 'UpApApUpApA whe,re a r.e~pea.ted sh~rter unit 

is con(i'Jtn-e,d wi th~n the seque~·ce (in this case i~, is UpApA-) , 

The chemical coupling of 'two ',oligomer ,blocks p.roceeds a'nder 

, 
conditions as coupling of t'wo -nucleoside 

. " thl' 

residues an .... d proceeds in a 5' to 3' direction (Figur'e 8) 

; For the block-synt,hesi.s to .. be r;asonable, the specific 

removal of the/" 1;rac bloclci·ng group mus-t be accomplished 

in high yield.· This stev ~n the synthetic prooedure an~ the . . 
, . 

subsequent coupling .. are described. 
. , 

.. 
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Figure 8. Block Synthesis of Chemically Protected UAA·UAA. 
" 

TracUtOH 

J 
- b. 

Tracut£O(~OA tOH 

~ --, 

TracUtpAb'tOH 

}' 

T< "",.,"'.A",,, Y'O" ,<," '£' '~'''' 

TracUt£A~'t!Abit£Ut!Ab'tEAb'\O~ 

,.... 'i' 

UpApApUpApA 

• 

, , 

.... ;.. 

. , 
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2 . 4 . 1 2!-0-Titrahydropy~anylurldylyl 

( 3 ' - ( 2 ,2 , 2.- t ric h 1 o.r e thy 1 ) - 5 ' ) 

N-ben.oy1-2'-0-tetrahydrop~ranyladenylyl 

( 3 ,. - ( Z, Z , 2 - t ric h 1 0 e thy 1 ).- 5 ' ) 

·N~b~n%OYI-Z'-D-tetrahY'droPt(anYladenOSine. 

equiv. wa~ dissolved in 30 mIs of reactio~ solvent 

Tll.e"'-r-'eaction was followed bS tlq 

Oc60 • 0.25 + 1.0) Specific remov~l of the 

42 

, 
( 1 'It_ v I v 

trlphenylmethoxyadetyl group was ev.idencad by the appeara~ce 

of a y'ellow ~pot at the solvent front. Aft •• 

r~action was 8S-90~ complete as eVidenced" by 

spots on ·tIc plate~. 

3 h~urs 1 the 

:ntensltt~ of 

\ 

The reaction was quenched by evapot'atlon in vac~o to 

dryness'. Chroma~ography of the w~ite foam on a <" 
1 2 9 5,i 1 i c a 

gel column ylel'ded HOUt·~Ab·tpAb·tOH (136 mg, 0.11mInol, 
) - --

80.2%) upon elution with 4% met~anol-me~hylene chloride . 

. . ," 

-
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2.4.2 2'-0-Tetrahydropyranyl-S'-0-triphenylmethoxy-

acetyluridylyl (3'-(2,2,2-trichlorethyl)-S' N-ben"~yl-
~ 

2 ' - 0 - t e t r a h y d r 0 p y ran y I a d·e n y I Y I (3' .- ( 2.., 2 ,2 - t ric h lor e thy I ) 
,[ ---

-5') N-ben:z:oY~1-2'-0-tetra.hydropyranyla.denylyl(31-

(2,2,2-trichlorethyll-S' 2'-O-tetra.hxdropyranyluridylyl, 
, . 

( 3 ' - ( 2 , 2. 2 - t ric h I 0 e thy 11 .- 5 ') N-b en" 0 y I - 2 ' - 0 - .r-

t e t r a h y d r 0 p y r a. n y I a den y I y I (3' - ( 2 • 2 , 2 - t·r i chloe thy I ) -.5 ' 

N-ben:z:oyl-2'-O-tetrahydropyranyladenosine. 

TracUtpAb'tEAb"tOH (300 mg.0.1S6 mmole, 1.4 

"'"' equiv.) was dissolved in 30 mls of dry pyridine, and 

remaining moisture removed by evaporati.o~ in vacuo from 

anhydrous pyridine (3 X 2Q mls> and-sealed under dry 

ni trogen-. The Z,2.2-trichlorethylphosphate (92 mg. 0.398 

mmote, 2 equiv.) was converted to ,its pyridinium salt by 

repeated evaporati.on in vacuo Lrom anhydrou~ pyridin'e, <3 X 

20 mls) an.d a.ctivated by MST (ZOl mg. 0.801 mmole, 4 

'equiv.> Atter 2-3 hours, the activated solution was added 

to the pyridine solution of Tra.~UtpAb·tpAbZtOH, the 

• volume reduced in vacuo (ca, 15-25 mls) and sea'led under dry 

.". 

nitrogen. ,After 72 hours at room temperature-, tIc indi'cated 7' 

that the reaction was oomplete (R 0.6 ~ O.ZI 
f -

.. 
, The 

reaction was quenched by the addi.tion of ice, the mixture 

was theri poured into loe water (ca. 40-50 mls) and 

repeatedly extraot'ed with methylene C~I~'~~ (4 X 50 mls): 



{-

I 

/ 

The comb1ned extracts were washed with water' (1 ,X SO mls) 
/ .. 

a.nd·evaporat~d .in vacuQ.-to ,a~yellow-b.r-o-wn oil 

-/ 'Tra.cUtE,Ab·q~Ab%q~.O- (ca .. 0_.156 mmole) .was 

eva.por,a..~ed from anhydrous {)yri,dine' (3 X 20 mls) a.nd sealed 

1.lnde,t dry nitroge"n- (final v'oI. ca. is'mrs) _ "The .phosphate 

was reactivat"ed with MST (100 mg, 0.398 mmole, 2 equiv. 

Af tet 2_3 '~ours', ,.. a.I}. anhydro'us pyrldine 
( 

solut ion of 

HOUtE·A b 't.!1A bZ t'OH (136 mg J .0.091 m;;'ole, 1.0 equiy.) wa'-5'-~ 

ad4ed'_. ,After 2 di;~. tIc indicated the i~~~tion was 60-7Q% 

complete (R
f
-: 0.2 +. 0.5 ... 0.60.) ... A further 50 l"g of MST L 

were a:dded a.nd, the "react ion mixttl.re r'ese:aled und,~s dr,Y. 

ni trogen. After a~further 48 ,hours. tIc indicated- the 

reaction was complete (Ri 0.65). Ice (ca.. 3 g).was 

,a.dde,d',' the react ion was poured into ice water (ca. SO ml's~) 

and .extract-ed with me:thy:~en~ chloride (4 X 50 mls) The 

c-~m.bined' extr·a~ts. were ~washed with water (1 X SO mls) and 

. e '1" a. p o'~ ate d t 0 aye 1 1 Iw- b r o·wn "f 0 am . " 

. Chr'o'mato,graPhY 0.1 the f~am on·~a 109 silica gel 

m.g~ 0.068 mmole, 75'f.) UP~? elution with 5-6'ft; 

methanol-methyl,ne ·chlorid~. 

r • 

Z-.S Deprotect'ion of \., . . 
Chemically 

o l-i go rib 0 n u c l'e 

.. ,'. 

Prot~ct d oligonucleotide '(20 mg) was dissolved ~n , 

44 
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1.0 ml DMF and Cu/Zn couple Ic~. 10-20 mg) was added. and 

left-~o react for 1-2 hours at saoc. Reaction (removal of 

phosphate blooking group, 2,2,2-trichloroethanol> was judged 

c omp let e by tic I R f ~ 0,. 0) . Methanolic ammonia 2.0 m.Is 

Im~hanol:cNH3' 1:1 lv/v) was added. the react ion 
\ 

vessel was tightly sealed, and the reaction left to stir at 
~ 

, 
room. temperature for 2 A ys. This effected removal of the 

Trac I and~ benc.0yl blocking, groups. The Cu/in couple was 
-1 .. -./ 

.filtered and/washed wl::'th IN • helex-IOO 

(NH + form) was a.dded to the 
4 

filtrate and 

washings' and stirred for 1 hour. The chelex' was filtered 

and washed w~th 1 N ammonia. The combined filtrate- and 

washings were evaporated in vacuo to dryness. The partially 

dep~otected oligomer wai purified by descending paper 

chromatography on "'hatman #1 in ethano 1: 1 M NH
4

0Ac (pH 

70) ( 1 : 1 , v/v). The des.ired band = 0.8 + 0.9) was 

cut-out, desalted by soaking in absolute ethanol (j hour) 

and dried in anhydrous diethyl et~er (20 min) and eluted 

with g·la~s distilled w~ter. Th~ pH of the eluate was 

adjusted to 2.0 with 2 N Hel, and left to stand at room 

temperature for 48 hours to·facilitate 

,1: 
tetrahydropyranyl 9~pU~. ·The solu~ion 

, r . 
wi th cone"ent rat ~d am.monia, '" evaporated 

removal of the 

was ·then nautralized 

in vacuo to dryness, 

and purified on Whatman #40 in ethanol:1 M NH
4
0Ac (pH 

7.3) 11:1, v/v). 

The desired band was cut-out, desalted as described 



and eluted with glas5 distilled water. The data for the 

.de~rotection of the oligoribonucleotides are presented in 

Table 2. The sequences were characterized by their 70 0
e 

1H NMR spectra. 

The HPLC procedure involves the following 

modification: After the combined filtrate and washings were 

evaporated in vacuo to dryness, the parti~lly deprotected 

oligomer (thp blocking groups not .removed) was purified by 

HPLC chromatography. -The dried oligomer was ~edissolved in 

a minimum amount of water, generally 200 pI and 100 pI put 

into each of two 300 ul sample vials (Waters) Two washings 

of 100 pI each are added to the samples. The entire 200 pI 

sample containing ca. 10 mg of oligomer and impurities is 

inj~~ted o~to a reverse phase .C-18 column and eluted by 

linear -gradient HPLC. Initial solvent s% v/v , 
Acetonifrile/O.l M NH

4
0Ac (pH 7.0) to 30% v/v 

Acetronitrile/O.l M NH
4

0Ac (pH 7.0) in 30 min, flow rate 

1.0 ml/min at 1500 psi. 

Fractions containing the ~artially blocked oligomer 

were collected and pooled.' The pH was adjusted to 2.0 by 

the addition of 2 N HCI. After 48' hours the sample is 

neutrali2:ed wi.th 7.5 N ammonia, evapor~ated in vacuo to-

dryness. and redissolved in a minimum amount of water 

(200-400 "I). The samples (200 ul) co~taining ca. 10 mg of 

oligomer and impurities are injected onto a reverse phase 

C-18 column and eluted by linear gr~dient HPLC. Initial 

46 
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1'\ NH
4

0AC (pH 7.U) in 30 min, at a flow rate 9f 1.0 

ml/min, at 1500 psi. 

2.6 Proton Nuclear Magnetic Resonance of 

• 
01 i 9 0 rib o~-u c.l eo tid e 5 . 

'The 90 MHz proton spectra were obtained in the 

Fourier transform mode of a Bruker \JH-90 spectro,meter 

equipped with quadrature detection. Probe' temperatures were. 

mainta~ned to within zloC by a Bruker B-ST 100/700 

variable temperature unit, and were calibrated by 

thermocouple measurements.,' The samples were lyophili:z:ed 

-. 
twice 'from 020 an~ then. dissolved in 

(Al.drich) or 100'10 DZD buffer (1.0 M NaC!, 10 mM 

NaH
Z

P0
4

, pH 7.2). t-Butyl alcohol-DO was used,as an 

internal reference and the chemical shifts are reported in 
J 

ppm relative to DSS. The field frequency lock was provided 

by the deuterium signal of 020' The spectra were 

recorded O~er a 1,000 Hz sweep width into 8 K data pOints 

" (4.096 5 aquisiti~ ... n tim.e). The pulse width was 3.5 JIS 

(67.5 0 pulse angle). The spectra of shorter s~quences 

~trimers and tetramers) were obtained in 100-200 transients, 

while those of larger seQ.uences (-hexam.ers," heptamers) 

~equired 500 to 1,000 transients. 

The 250 .1335 MHz proton NMR spectra were obt"ained in 



the Fou:ri~r transform mode of a Bruker \JM-Z5Q 
~ , 
spectrom.eter 

equipped with quadrature detection. Probe temperatures were 

maintained to within ::t1oC by a Bruker B-V.1; 100'0 variable 

temp.erature unit, and were calibrat~d ~y thermocouple 

measurements. Samples were prepared as described for the 90 

MHz spectra. Spec·tr~ were recorded o'ver a 2.,400 Hz sweep 

width into 1~ K data points (3.4079 5 'aqui5i~ion time). 

Pulse width was 11.0 ps (=90.0° pulse angle). Most spectra 

were Obtained with th~ HDO peak suppressed by irradiation of 

... 
the peak <3SL decoupler power). Many spectra were resolution 

'v 

enhanced. by~ guassian multiplication of the FlO by a negative 

line broadening ~-1 Hz) ~nd a guassi.an factor of O.ZOO. 

Spec't r a were obtained in 64 to 256 transients, in 

,. 
2,7 ,Rihosome.:Oligorihonucleotide Compr'ex Formation. 

Seventy 5 ribosomes were isolated from midlog ~. 

£..£..!..!. Q13 cells (Ga~oz.a and Barraclough, 1975; Ganoza, et 

al .• 1978), with the following modifications: Twice washed 

r~ibosomes in 0.01 M Tr!s-HCl. pH 7.4; 

at a concentration of 10 mg/ml were , 

• 
and 

centrifuged 10 minutes at 3Q~000 g. The supernata~t was 

spun for 160 min at 110,000 g. The resulting pellet w~s 
( 'C' 

susl>ended in O.Ol'M Tris-HCl. pH 7.4; 0,01 M MgCl
l 

and 

o . 5 M NH 4 C 1 ~ ( b u' f f e-r l)..,..a t a con c en t rat ion 0 f 10m g I In 1 

th~n oentrifuged as above. The ribosomal pellet was 

( 
'I 
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,.; . 

, 
suspended in Buffer 1 at a ooncentrat io'n -,of 100':::200 mg/ml 

The f[3SSlmet~tRNA was prepired as previous~j , f 

described ~,sing [. cO,ll B tRNA '<Cano:r;a ,and Nakam.ot'o~, 1966) 

Th e .. 5 p e c i~f i c a 0 t i v i t y 0 f 
. 35 .' '. 

formylat~d f[ Sl~et-t'NAf 

WaS 

f' 

determined by isotope dilution to be 108 x 10 3 

The extent of formyla.,tjon was analyzed on / 

aliq.uots of f[3SSJmet-tRNAf .. fter·l0min .... ydrOI~ 

.0.33 N,.-KOH at 3'OC. After neutr ... lidnq, 0.2; 1II1~~.1 N 

dpm/pmole. 

! 
HClwas ~ded and the f[ 35SJm~t 

~"", 

aoetate (~askey. et &1., ,- 1968). 

, 
was extraoted into ethyl 

:' 49 

Partially furified activating en:tyme~. obtained from 
.. ~ 

E. col i B superna,tant fr.a.ct ions (Cal)O:r;a. !j: !..!., 19?6)~ were 

wa...-eztract.,d with p:enol 'in Of~'~DS (-PaolO, ~ .!.!'" r~68)·. 
used to aminoac_y,'late pure- tR~~met ~he acylated tRNA 

3 . , • 
The [ Hlmet-tRNA was acetylate and purifiad as de~cribed 

(H,aenni and ~hai»eVille, 1966). Th~ specHic ~Vity of ,the 

,./ '-" 
N-,AcetYI-[3 HJ)'net-tRNA was approximatel.y. 19.5 x 10 4 

d'pm I pm 0 Ie. \ ! 
Unless "other\se stated', ,~ 

r ib~o'som.e: fmet -tRNA /;~,or i~.oi' i de comp 1 eKes were 

in an incubation volume '~'-O.045 ml containing 100 pg , 

f ou r times washed g-. col i 013 ribosomes, 300 pmoles of .. 

formed 

of 

~, oligoribdnucleotide and approximately 2.S pmoles of 

f[35S1met-tRNA or N-acetyJ[3HJmet-tRNA. The reaction 

was incubated &':t 240C for IS min an'd halted i'mmediately by 

r' 

• 



plunging tubes into ice. If b;indingo'f fmet-tRNA or 
I 

N-acetyl-met-~RNA was to be m.easured', apprQ.,lf'imately 5 ml of 

0.01 Ii ligCl
2

, 0.05 Ii T~is-McI, pH. 7.4 and 0.1 M . ' 
NH

4
Cl was added t'o ea.ch'" tube and react ions were- filtered 

. . 
oh Q.45 J.l filters~(MiIlipore),·wasl').ed with fhis bJlffe~,1 

dr ied', and count~ in. to'luene, PPO .. nd POPOP (Nirenberg-- anp 

Leder, 1964). 

2. 7. 1 Peptide'Synthesis. 

"---./ _ .J./' For edipep.t ide 5yn~thesis, react'i~~ix.,t.\Cre-5J' cont~i~ed.-, 

par t -i a. 1" l:y p u r-, i fie din i t i a t ion f act 0 r san d .?, F' - 1:.... I 'Ii i t i a. t ion. 
r-

fa6tors were isolated as described (Suttle, et ~ _, lt73) 

:::::a::>:::~:: :: r :~: ~p:: e: I a(~~:::::g t:e ::: ::: a.:: x ::: e s 

" /\ ~ - - 1 ' 
contai1ed tn approxikate 70-fold excess-~xanucleolide to 

rU050m~-. Reaction conditions were as described·'(Erbe and 

Leder. 1968). except tha.t incubations (0.045 ml). contai~ed 

~
s ug of hexan~leotide, 2.6 I'g 

F-T, 0.01 MM9~2' and about 4 

f[ 5S1Illet-tRNAf a;' unlabelled 

IF-I, 2.5 "g IF-2, 1.2 "g 

pm.oles ea.ch of 

leu-tRNA and 100 I'g of 

70S 013 ribosom.es. indicated,. 14 pg of release factor 

/ 
was added. Afte aO'min of incubation at 24°C. an aliquot 

'~ 

(0.03 ml) was withdrawn and hydrolyzed in 

30 min at 37 0 C. About a . a 5 III I '0 f th reaction mix"ture 
"~" 

'Nl-.t.~;'--1lapers and dr ied unde.r~ spotted onto Whatman 3 

! 
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~J.~ 
.~2 ~lectrophoresis was ca.rried out at 125 mA for 60 

(;200 V) .cm) in p y rid i n e :, 9 1 a. g_ i a...-l 
I ~ . 

acetic acid:.water min 

(1:10:lB9) Fo~\:Ylate'd' di"P;Pt ide st~andards were 5't-~ined by 

spray ing the 

'~acetic acid 
" 

paper' wi th- 0.1 N Na d'ichr~mate in· gr"aci' ~l 

(1:1~/.;) and then with~ 0.1 frA9N0 3· ... On~ cm 

-using to'luene, 1'1'0, 

, 

• 

,~ 2.7.2 ~rat51a:tiona.l Termination In Vitro. 

Af'teer 

/' 
formation, the re~ct ions were ':S-,topped :imm,7-diately b'Y . 

~'.::. ." '" 
plunging "the reaction tubes iQto ice. and ~hen 0.b3~ ml 

\ 

al iquots we,r;_e ad'ded ,co~~:a.ining 14':..P9 of'RF-l. 
, 

Tne release 

fa.ctor;~,-.wa.s ·prepa.red from-' t. -- - ~. 
c<> I'· i K 1 2' eel Is (Gano%a and 

Toml>kins, 197Q). Unless oth'erwise stfecifie'"d. th.e' 

termina.tion rea:ction 'p"roceeded at 24°C fO,r thirty min and 
-.; . 

r~·' 

was h~lt;'d by the addition of 0.25 ml of 0".1 M~HCl and 1.6 

ethyl a.cetate. The amount of N-ad':etYl-(3'HJmeth'"ionine 

> ~:~ H,3~SJmeth~;hYd3o.1YZed (released), wa. .. analyzed 

ml 

or 

after ex..:-tr'a~tion of 1 ml a.~iquots f~om the ethyl acetate 

J:ayer and c.ounf'ed 

',", 

" 

(Caskey, ~.e.!., 1.J6B) 

/ 

as 

D 
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RESULTS ANn nISCUSSi'ON 

3, 
,.,J 

Proton NiiR,St ud i es of""'",sequence and,Conformation us'inq 
" 

Short RNA Oligo~ers, 

~ v 

3.1 Chemical Synthesis of Olig~ribonucleotides. 
'~ 

All oligori~,bonucleotides used ,in \thiS work were 

prepared by th~ generai 
: ,~. -.' ~.;.; 

ph'Qsop,hotries_ter synthesis d,eveloped 

-by Neils'on and coworkers c'-Engla'nd & Nei15o~', 1976i~er5tiu1c & 

~:s~n. 1976)', The me t;hod' a;llows 1 a, [' g. e f' 5 C &. I e pre par a t i 0 n-,S 
" 

of olig~ribonucleot.ide-5~, suitable for use in these studie~l . . ' '- ' 

The':p~eparative data for the protected 

.... -.oli-90~i~b~_nucleotides are co~tained ·"'in Tables 

" 
la.b.c:;" Tabl .. Z 

gives chroma.tography dat& and the yi~ld5 of the pure~ 

ol~goribonu~leotid&s after ch,'emt cal ~ depr 0 ~ eot i 'on. The? da:t a , 
" 

illustrate that the chromatographio char .. cteristi~s of R-t'iA 

oli9omers ~ep~n:d!i on the lertg~h,; base 
,( fI! i' 

olt9~me[s~demonstrates 

Q6mpos i t i.on' and , , 
sequence,,, HPLC of RNA tha.t 

1 engt h / b.as-.e ~comp05 i t ion, -....... - .. . and 6eque~ce af~f~ots the tetenti.;ort 

time of both 21-\)-ietr&}l~d,rOPyranOl deriyatives and free ..... ~ 

:' 
oligoribonuoleotides :~~Table 3). "b:1lig-om.er length in general, 

has the greatest ~ffect 
; .. -; ;' 

~ , i. " 

~n r~tent'ioh time ~hile , , , 
<:;omposition and sequence .mofl'e moderatel"y affect 

. -', -:::: . " 

base 

_or e t en t ion , , 
.' 

time. T~ese trends are consistent with~those found for RNA 

- ~ 
and DNA 61igomers of simil~'r 

, ~ , .. , " 

, 
leng'th a.n~ b-ase composit'ion , 

1979; Fritz.)~ a l_t • ,1978), 
" ., 

, , 52 
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Table la. Summary of preparation of Protected 
Oligoribonucl~oti~esa. 

Reactants Products 

-:). 

Qu'antity Qu"a.ntity q.uantity 

Comp. mg Inmole Comp. mg mmole Comp. "'g '" Yield 

U 1·900 3.025 A 1370 3. 011 UA 798 21 
U 500 .796 G , H2 .875 UG 587 57 
UU 820 .713 A 350 ,769 UUA 720 56 
UA 586 .Q59 A 275 .605 UAA 522 59 
UA 540 .423 G 240 :510 UAG 540 66 
U;G 567 ' .439 A 221 .486 UGA 560 66 
UUA 390 .' 2 1 'I UUA 250 .165 UUAUUA 320 5S 
UUU 150 . 090 UUA 165 . 110 UUUUUA 75 25 
UAA 300 .156 UAA 136 .084 UAAUAA 245 7S 
UAA 323 .168 UAG 230 .. 140 UAAUAG 268 51 
UAA 215 . 112 UCA 1.25 :076 UAJAUCA 200 70 
AU,G 192 .089 CUA 130 . 081 AUGCUA 13S 45 
AUG ··100 .052 CUUA 80 .037 AUCCUUA 1 3 1 83 
AUG 208 .096 

< 
CUAA 170 .076' AUGCUAA 110 33 

aColu~"'n· 1 contains the 'S"-trityloxacetyl reacta.nts and U 
sta.t:1ds for tracUtdHi co·lumn 4 co'ntains the incoming 
nucleosid-es· .. and A stands for HOB.z· A"tOHi column 7 conta.ins 
the tr ~tyloxyac-et'fl product and UA 'stands for 
tracU-!'-B.z-AtOH. Pyridinium m 2,Z,Z-trichloroethyl 
phosphate (2 equlv) activate by 4 quiv of MST in anhydrous 
pyridine is used in each if osphoryla.tion step. The coupling 
step.to the incoming nucleoside is d'riven by 1.2 equiv of 
MS:I' . 

, . 
. ! 

-./ 
, 
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Table lb. St.nnma r y 0 f-- p r ey~ i'on of ...Frot ect ed 
01 i go rib 0 n u c 1 eo tie s·.a . '"". 

' \ 

'! 

Rea.ctants Products 
~ v!,: 

OJ 

Quantity Quantity Quantity 

Z~:(0':{) c ,'---..:. : 
"-, -...-'\ 

Compi. mg mmole Comp. mg mmole Com" '. mg '10 Yield 

G 435 .564 ·A 282 .620 GA 398 49 
GA 213 .150 U 54 .165 GAU 106 36 
G 980 1 . 270 G 659 1.398 GG 740 41 
GG 247 .172 A' 86 188 GGA 1 q 2 qO 

GG 247 .172 G 89 · 188 GGG 126. 35 
GG \247 .172 U 62 · 188 GGU 1 18 "",,-,::3 5 

G 435 .564 C 267 .620 GcJ 350 44 
GC 300 .215 / G 122 .258 ·'GCG· 78 18 
GC 208 .149/ C 7 1 · 164 GCC 184 61 .. 
G 1300 1 . 3 1.2 U q77 1 . 4''S 4 GU 840 49 
GU 210 . 16'2. A 82 · 180 GUA 113 36 
GU 210 . 1 62 G 92 .195 GUG 120 38 

~ 

GU 210 .162 C 79 .182 GUC lq8 48 
GU 210 .162 U 60 · 183 GUU 96 33 

U 898 1 .430 U 518 1.-579 UU 1000 61 
UU 500 .433 A 206. .453 UUA 300 39 
UU 232 .217 G 105 .222 UUG 204 52 
UU ,200 .17Q C 140 .325 UUC 217 70 

! 

·Column 1 cont~ins the S'-trityloaacetyl reactaQts and G 
stands for tracBz-GtOH; column 4 contains the incoming 
nuc_teosides and A .stands for HOBZ,-«"tOHi column 7 'contains 
the trityloxyacetyl p.roduct and CA stands"'for 
tr~cEz-Ct-p~Bz-AtOH. Pyridinium mono~2,2.2-trichloroethyl 
phosphate (2 equiv) activated by 4 equiv of MST in anhydrous 
pyridine is used in each pho5~orylation step. The coupling 
step to the incoming nuc"leoside is driven by 1.2 equiv of 
MST. 
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Table Ie. Spec i f1'"c' .Debloc'k of S· -Tr i tyloxyacetyl 
ali 9 ome r 5 a . 

Rea.cta.nts" Quantity 

mg mmole 

T,aeUAA .2'12 0 .. 110 
TraeUAG 350 0.180 
TraeUGA 350 O. 18.0 
TraeUUA 250 0: 139· 
TracUUA 312 o .. 173 
TracCUA:It . 1000 0.525 
TracCUAA* .980 .0.3&3 
TraeCUUA' 194 0.080 

. Tr aeUUAU' .'J ~4Q o . ~ 46 
(r' -.~ - , 

aAm.m.onia (0. Is Ml'in,Mfjth.anol 
Trac com.pound in 1 mil. 

*Pr,e-pared by Dirk Alkem~. n 

'( 
( 

.'-' 

Pro.du .... cts Quan-tity . . 
..... 

m,g .,. Yield 

HOUAA -<::" 1 3 6 '76 
HOUAG 230 79 
HOUGA 125 42 
HOUUA 130-0 62 
HOUUA 250 96 
HOCUA 436 53 
HOCUAA 574- 66 
1'0C.uUA 80 • 47 
HOUUAU 209 . 70 . 

was ... reactant sol.vent (10 mg 

.------, 

.. 

~ 

. ,"" " 

," 
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Table 2. EKper.i:nent"a 1 D a t a. of Free Oligoribonucleotides. 

\ , , 
C omp'ound a, R

f 
b A

260 
Un i ts Yield (%) c -'. ~'" 

'\";" 

.UA a .61 140 43 
UG 0.49 175 73 
UUA o .51 ·168 38 
UUG 0.56 135 40 
uue~ 0.54 100 34 

·UUU 0.62 118 37 
UAA o .28 310 89 
UAG 0.33 239 82 
UGA 0.41 154 47 
GUU o .35 163 43 
GUe < 120 40 
GUG 0.21 54 20 
GUA 132 ." 37 
Gee 117 41 
GeG 128 27 
GGU 0.35 76 26 
GGG 0.06 18 7 
GGA o . 1 0 137 36 
AUC o .39 97 28 
UAAA 0.25 168 44 
UAAG 0.29 37 1 7 
UAAC o .29 175 50 
UAAU 0.31 135 37 

< UUUUUA a .25 113 32 
UUAUUA a . 13 54 25 
UAAUAA 0.10 87 24 

" 
UAAUAG a . a 7 93 28 

'-, UAAUGA a . 09 134 38 
AUGUA a . 11 95 31 

AUGeUA 0.13 62 18 
AUGeUUA a . 10 30 8 
AUGeUAA 0.05 64 16 
AUGUUAU 0.06 35 21 
AUGUUAA o .09 34 .. ~ 19 

'. 
aRefer.s to the' free; chemically deblocked 
oligoribonucleotide: 

behromatography 
, 

sys t em: 1 . 0 1'1 ammon i um a.cetat ele thandl 

" (50/50. v/v) on \Jha tma.n 1140 paper. 

cCalculated from UV spectrophotometric data assuming a 9011(1 

hypochromic i ty factor. 
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Table 3. Experimental HPLC data ~f partially blocked a and 
free Oligoribonucleotides. 

",- Compound RTd <min) R't'b, C (min) 

partially blocked free 01 igomer 

CUA 
CUC 
CUC 
CCC 
CCU 
AAC 

18 .8 

14.5/ 
2 a'.? 
2 0.5 

1 2 . 1 

1 1 .6 

, \l 
8 . 6· 

19 .2 

.tet~ahydropyranal derivatives.--

bLinear Cradient HPLC, S~ v/v acetonitrile/.Q.l M 
NH

4
0t-c <pH 7. 0) to 30"lt. vlv in 30 min; f low rate 1 

mllm'in at 1500 p5 i. 

CApproKimately. 10 ~g5 in a 200 ~l ~ulse~ 

, . , 
dCradi~nt, HPLC, 

,7.0) .to 3"1t. v/v·, 
0% v/v acetoriitrile/O.l M NH

4
0Ac <pH 

if' 30 ,min; flow ra,t. 1.0 mllmln at 1500 pSi. 

"C'; ad i en't HPLC, 
7.0) to 5 1h v/'v, 

0'/0 
in 

v/vacetoni·trile/O.l 1'1 NH
4
0AC' <pH 

~O min; flow rate_ 1.0 ml/min a.t 1500 ps.i . 
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3.2 "Characterizati-on by Proton NMR Spectroscopy of 
~ 

Biologicaily Ac~'ive Synthe_tic Oligo~ibonucleotide5. 

The 01igomer5 UAA and UAAX, where X is A, C, C,' or U 
• 

were characterized by their 90 MHz' proton magnetic' resonan9 . .e 

spectra (lH_NMRl. Table 4 lists the chemical shifts 'of 
• 

all the non-exc-hangeable ,base 'protons and. the .ribose H-.l'" 

prot'ons· for these oligom"ers a.t .7.0 >,:t 1 0C"~. Table 5"1 ists the. . ., 

che1D.ieal shift data_ for th~-,tandem ~'top codens UAAUAA., 

UAAUAp. and .UAAUGA. Table 6aand6b lists the chemical shift 

data. for the sequences ""AUC(N) :-----T-he'-sn-rtt data. at 70 :t 
n 

1°C of the dip.'l1cleqside monoPh\6.sphates (-dime=--~~and 'the 
'-'-.~,------~ 

trinucleos'ide dlphosphates (trimers) used in these' st~die5 
v 

are contai~d in A~ppendix 1 , 
Since many, of" the oligoribonucleotide 

s'tudied were~ syfhe-sized sequen'tially from the 5 ' -terminus to.,-

the 3 I -terminus, a.nd the i~_NMR· spect rum. of ··~ach 

intermediate w·as obtained under identical con-diti-ons ~to· 
'-

those of the final,prod~ct tb~ incremental ~n~lysi~ method 

was used in the assi9!lm.ent of the spectrum of the ',f ina.l 

, 
product (Borer ~ . .!.J., Cha~ge5 .in the sp~ctra from 

one intermedia.te to~e ne'xt a"te due to the 

~ . . 
the resonances 'of the additional nucleotide 

appe~~a.nce 

" and i't~ 

shie'1ding effects on the pre,jiously present protons. 

of 

Shielding effecl~ are .observed at the dearest-neighbour and 

,----
next-neatest-npighbot positions'. The addition .of a. 

'. \. 
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Table 4'," ,Chemical"' Shifts a of the oligoribonucleotides 
UAA~ at 70 0 e in oz6 b .. 

I?roton .' UAA UAAU 

U(1l.H-6 7.659 7.689 
A(ZlH"8 8 . 2 8 9 8.317 
A<2 lH-2 8.1Z6 8 . I} 1 
A(3lH-8 . 311 8.336 
A( 3 lH-2 ". 8 .- 178 8 . 189 
'U(4lH-6 7.753 
C(<tlH-6 
G:(4lH'-8 ,. 
A(4lH-8 
A(4lH-2 

U(·1 lH-l' 5. 737 . 5.764 
A(2lH-l' 5.963 5.960 
A(3lH-l' 6 .. 042 6.058 

U( 4lH-~·' 5.849 
,C(4lH:"1 ' 

G ( 4 l H-l ' 
A.( 4,) H-l ' 

U ( 1 l H.- 5 5.773 
U(4lH-5 
C(4lH-S 

~Ch~micaf shifts 
tert-Butylalcohol-OO 

i ~> 

5.71.9 
5.749 

are 
as 

accur.ate to to.OOS ppm. 

b l . 0 ~ ~aCl, 
concent~nions 5-12 

..... 

in 

UAAC UAAC UAAA 

7.696 7.669 " 7.679 
8 . 3 3 0 8.241 8.292 
8.121 8.185 8.086 
8.330 8.274 8.292 
8.181 8.137 8.103 

) 
7.795 

7 .899 
8.292 
8 . 162. 

5.765 5.749 5.756 
5.975 5.910 5 .924 
6.035 5.965 5.971 

~ 

5 . 8 3 4 

5 . 803 

.6.~ 
5.777 5.777 5.766 

5.910 

_ ppm - reI a t i ve to 055 
an interna.l reference 

using 
and are 

pO 7 .0; 
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Table S. Chemical shiftsa 
UAAUAA, UAAUAG, and UAAUGA in 

tandem .. stop cedons 

Proton 

U( llH-6 
lI.( 2 lH-8 
A(2lH-2 
A(3lH-8 
A(3lH-2 
U(4lH-6 
A(5lH-8 
A(5lH-2 
G(5lH-8 
A( 6 lH-8 
J\..<..6lH-2 
G(6lH-8 

U(llH-l' 
A(2f'H-l ' 
A(3lH-I' 
U(4lH-l' 
11.( 5lH-I', 

<C(5lH-I' 
11.( 6 l H-I ' 
G(6lH-I' 

UAAUAA 

7.652 
8.261 
8.068 
8.252 
8.036 
7.639 
8.227 
8.059 

8.261 
8.132 

5.731 
5.916 
5.954 
5.745 
5.904 

6. a a 5 

5.757 
5.708 .... 

UAAUAG UAAUGA 

7.659 7.670 
B.273 8.262 
B. 094 8.074· 
B . 273 8.246 
8.081 8.024 
7.65.9 7.62 B. 
8.273 
8 . 11 I 

7.B65 
8:~ 
B.123 

7.915 

5.749' 5.735 
5.926 5 . 9 10 
5.973 5 .954 
5.757' 5.75Z 
5.973 

5 . 7 1 Z 
6. 027 

5 .814 
~ 

5.771 5.743 
5.724 5.674 

aChemic-al" 5hi~ts ar~ in ppm relat.iv.e to DS~USing 
tert-8utyla.lcohol-OD as an internal ref~ren~e and 
accurate to ±O-.OOS ppm. 

b I. a M NaC 1, 1. a mM NaH
Z 

PO 4' pD 7.0; 
concen"-ration-s 5-12 m.M approxImat.ely. . . Asslgnments could be --inte"rchanged. 

! 

, /-

, , , 

are 

60 
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Table 6a, Chemical shifts of 
o Ob at 70 'l;c.. 

the 01 igor ibonuc 1 eot ides 
AUG(N) in 

m 2 \ 

Proton AUGUUU c AUGUA AUGUUA d AUGUUAA AUGUUAU 

"" A(1)~.237 8 .'244 8.305 
A ell H-.z-----------'- . 140 8.170 8.257 

U ( 2 ) ".:: 6 i >,723---,-... 7.724 7.748 
G(3JH-8 7.921 7.929 7.977 

8.278 8.250 
8.145 8.116 
1 .. 128 1.7 19 
1.934 7.939 

U(4)H-6 7.7·73 7.715 7.779 1.749 7.742 
',1(5)1\-6 7.793 7.748 1.611 1.694 
A(5)H-8 8.333 
-"!(5)H-2 8 . 1 7 0 
U(6)H-6 1.8231 
A(6)H-8 ~7 
A(6)H-2 .,,/ .235 

8.235 8.362 
8.068 8.184 

A(7)H-8 8.296 
A( 7 )H-2 8. 145 

lU(7)H-6 1.753 

A ( 1 ) H-l ' 5.981 6.001 6.041 6.002 6.007 
U(2)H-l ' 5.754 e 5.833" 5.835" 5.830· 5.821 f 

G(3~' 5.812e 5.833" 5.844 
U(4 -1' 5.880 5.740 

~ U (5) H-l ' 5.897" 5.835· 
A(5)H-l' 6.051 

5.830.* 5.838! 

5.815 5.854 
5.170 5.800 

U ( 6 ) H-l ' 5.897· 
A(6)H-l' 6.090 5.948 '6.076 

A(7)H-,l' 6.025 
U(7)H-l' 5.865 

U(2)H-5 5.728! 5.785 5.810 5.183 5.782 
U( 4 )H-5 5.741! 5.8,75 5.828· 5.815 5.810· 
U(5)H-5 5.832 5.828· 5.183 5.·768 
U(6)H-5 5.863 
U(7)H-5 --h 5.810* 

\, ~) 

in ppm relative to DSS using aChemical shifts are 
tert-Butylalcohol-OD, as an interna.l ~ference a..pd' are 

': accurate to +0.005 ppm. 
b -

1.0 M Na.C!, 1.0 mM NaHl04, pD 1.0; concentrations 
5-12 mM approximately. 
cChemical shi.i\s foot': AUGUUU are reported at 31.1 o e. 

dChemical shif.ts fo~ AU~UA are for the oligomer in 
D

2
0 only. , 

e,fAssignments could b~interchanged. 
*Oenotes coincident peaks . 

• 

,). i" 

61 
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Table 6b. Chemical shifts of 
AUG(Nl

m 
in D20~ at 70°C . 

the Oligoribonucleotides 

.-' Proton 

A( 1 lH-8 
A(llH-2 

,U(2lH-6 
G ( 3 l H- 8 . 
C(~lH-6 

U(4lH-6 
U(5lH-6 
C(5lH-6 
U(6lH-6 

~A(6lH-8 

A( 6 lH-Z 
A(7lH-8 .. 
'A(7lH-2 

A(llH-l' 
U ( 2 l H-l ' 
C(3lH-l' 
U(~lH-l' 

C(4lH-l ' 
U(SlH-l' 
C(5lH-l' 
U(6lH-l ' 
A(6lH-l' 
A(7lH-1' 

U(ZlH-S 
U(~lH-5 

C(~lH-5 

U(SlH-5 
C(5lH-6 
U(6lH-5 

aChemieal 

AUGCUA 

8.276 
8.2~1 

7.757-
7.961 
7.757-

7.757-

8.397 
8.263 

6.032 
5.852 e 

5.858 e 

5.913 
5.858 

6.084 

, 
5.811 

5 .896 
5.817 

\ 
shifts are in 

AUGCUUA AUGCUAA 

8.281 8.27 ~ 
8.215 8 . 160 
7.756 , 7.7~1 

7.962 7.935 
7.8 f O 7,. 671 ,. , 
7.775 7.7~1 

7 <712 
8. 2 ~ 1 
8.092 

8 .399 8.298 
8.260 8.160 

6.030 5 .989 
5.851 5.835' 
5. 8 ~O 5.835-

5.976 5.847 
5.918 5.775 

5 . 8 1 6 
5 . 9"54 

6.115 6.033 

5.807 f, 5.788' 

5 .914 5.880. 
5.837 f 5.788-

\ 
5 .791 

ppm relative to DSS using 
tert-Butylalcohol-OD as an'inter;nal reference and 
accurat,e to ±0.OO5 .ppm. 
b1. 0 M Na. el, 1 . 0 mM NaH PO , pD 7. 0 ; 

2 4 . 
concentrations 5-12 mM appro~.imately. 
e, fAs5ig~m.ents could 

" 
oe i-p.t~.,:changed. 

AUGUCU 

8.26~ 

8.199 
7.726 
7.952 

7.772 

7 .'810 
7 .797 

.0 7 
5. 39-
5.839' 

-5:875 

'5.875 
• ,5 I' 875 

.• 5.79i;" 

5.858 

6.0 2 ~ 
5.911 

• 

are 

62 

, 
~ 
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31-terminal~yrimidine residue causes an observable 

"--next-next-nearest-heighbour effect (Tab-Ie 4) 

----The resonan~es of most of the trimers could be 

assigned by <?omparison to the resonances of dimers, as in 

the in~remental analysis method,- with the following 

guidelines. Resonances of the non-exchangeable base and 

ribose H-l' protons could be d~~ t.wo gr.oups; a 

low-field group. (S.4-7.Sppml containing AH-8, AH-2, GH-S. 

CH-6 and UH-6 resonances; and a h~gh-field group 

(6.1-S.3ppml containing CH-S, UH-S and the ribose H-l' 

(. 
two)groups ~everal 

"rules" of .. assignment .(at 70 ± ZOC)'hold f~all the 

signals 9 and 1 Q I. '-Ii thin these (Figures 

, . 

o~igomers 50 far invest i~{a'!t ed. 
I • 

For the low-field group, the 

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

GH-J. and U.CH-6. '-lithin the higher-field group, the AH-l' 

signal was the lowest field signal, followed in general by 

the CH-,5 and the remaining H-ll and UH-5 signals. The 

pyrimidine H-S and 'H-6 protons displayed'temper.ature 

i~variant 3 JS ,6 couplings o'f 7.6 Hz (C) and 8.2 Hz 

(UI . Ribose H-l resonan'ces had spli.ttings 

(mostly due to"couplin~ with H-2') which were temperature 

sensitive and'la.rgest in-magnitude <4_5-6.0 Hz) at high 

temp era t u res < Eve ret t, ..!LS... ~. I 1 98 0 } 

In some cases, assignments could not be made 

unambiguously by just considering .the spectra o~ incremental 

intermediat,es. This is particula~ly impo~tant in the 

, 

;( 
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ass ignment of the spe~trum of oligomers w~ich were 

synthesized" 6y -a, block coupling ~rocedur •. ? In these cases 

a~signments were made ~Y cfnsidering the assignme~ts in 

• 
related oligom~rs, considering observed shieldi~g 

trends <Everett, et.~ aI":,: 1980; B~11, ~. AJ..", 1981; H.ader," 

T 
'.-(~. ~. 1981). For example,. the a.ssignm.en~ of the spectru'in. 

of UAAUCA was facilitated by considering the aSSignments of 

\..-
resonances in the spectra oi oligo~er5 VAA, UAAU, UAAUAA, 

t 

AUGA, and UeA.:., The ,rat lenale being, that neighbours more3an 

three b'ases away from a particular>~due do not'. contribute 

signi~icantly to the observed chemical shift at 70°C 

(Had.er, tl. 2.l., 1981). loIith this in mind the chemical 

shifts'of the U(l) in UAA,UAAU, or UAAUAA, should be good 

" approximations of the chemical shifts of U(l) in'UAAUCA. 

This .i.s i"n fact found. The U(!)H-~ (7.659ppm) in lJAA and the 

U(!)H-6 (7.689) in UAAU suggests that ~e UH-6 ,esonance at 

l 
_ 7 .. 670ppm in the spectrum of UAAUCA corresponds to the 

U(1)H-6 proton. while the'r.esonance at 7.628ppm is a~signed~ 

to U(4)H-6 considering (U(Z)H-6 

that th~ proton ~ b~ fu,rt:er 

at 7.655(" ppm in AUG j , and 

shielded, by additional 

o i! 

5' 

and 3' next-nearest neighbour .adenosine residues. Other 

were 

'" , --'. ) 

~ '" , ~ i' , 
,/ .< 

,p-- . \\ 
, . 

~ ," 
.~ 

\'\ <ill ., , 
~( 

i.' 1 
f 
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3.3 Prediction of Proton Chemical Shifts in 

Oligoribonucleotides. 

The proton NMR chemical shifts of the 

non-exqhangeab~e base an~ ribose H-l' protons in 
\ ..,~ ," , 

01 igoribonucleotides' CAU, AUA, UAU, AUG and----e1..UAUG (Tabie 7) 

were recorded at iooe t~ avoid multistr~nd agg~egation 

\ 
(TS'O, et. ~.,1969; Martin, et !l. ,·1971) and to avoid the 

different con'fo'rmatlons presumaply present'at lower 
, 

tempe-ratur'es w~"1C'h-..!~a.y contI ibule to the observed chemical 

shift changes by alI'owing non~neighbouring ba.se's to come 

into close proximity (tee and .. Tinoco, 1980; Sto,ne, et .!l. 

1981). Thus at high te~peiatures ()70 o C) it "is ~s5umed 

that RNA mO,lecu.les -of any sequence have a simila.r ..,. 

distribution-between conformational microstates; that is, 

unde~ these conditions the oligoribonucleo"tides are largely 

unstacked and exhibit high conformational flexi"bility. 

Eviden~ 'supporting this conclusion is· t.hat in all oligomers 

so far. invest igated t-he" 3 
J 1 ' 2! co U pI i n~g con 5 tan t 5 

.,ol;>served at all of ~e H-l' sig~ large 

g/, .', 
at 

than ~fSH.,), fret lect lng a low degree of ,), , 

base 

(Lee. 

Sarma ,1978 L. 

. sOh if t S 0 f 
~ 
',a t 

the 

e t . a1.,1976; Ezra. ert'. a 1 . , 1 9 7 7 ; Dhingra. & 

Th e' ref 0 rea t ....... 
""7""" '-

the changes 

var ious proton5~oll" ~ 9i}en ba.se 

• 
\ 

~Q/due tare 

"'t 
ring anisotropy' 
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of nei~,hbourinj bases (Ciessner-Prettre~ et ai..,i976) For 

the ·chemical shift changes to be useful in. predicting the 

chemical shifts of a proton in a given sequence the ring 

eurrent anisotro.pic effects would'have to be different not 
. . 

only f~~S and pyrimidines,bu_t als'o between each base 

o· 
type. 

, 
This is in fa-ct observed'":'. The a-ddition ot • 

nucleoti-de pX to the 3'-end of a. dinucleoside thonopl\osphate 

p.roduces a.n X-dependent shielding of the dimer protons, 

whic'h decrea.sed in the order A}C>C)\J (Everett, tl. 

To d~monstra.te how the observed chemical shifts of ~ 

tri~S ca.n be ,used to predict the chemica.l 

protons in longer oligomers,· the predicted ~nd 

observe ch\emical shif tst o~he 01 igomer CAUAUC wi 11 be 
l " ).. I 

he predicted ~hemical shifts of the oligomer 

• 
CAUAUC were dttermined by ~veraging the chemical shi-fts of 

I 

overlapping trimers which ~~ge~her ~ould make up 
'-~ 

longer the 

oligomer. By averaging -L . the chemica.l 

,. \,~ 

rei ate ~ t r i~yre r s ~ & are s t 

ring cur r en t 

" 
both 3'. and 5' neighbours 

J 
ar ~' ccounted 

In 

for in this ma.nner 

For example, the resonances f the prot,ons in the~third 

~ . \ 
urac~l residue of CAUAUC' r predicted by averaging the\ 

'Ch:mical shit ts ObSerVed.t'-\~._th~ trimers CAUdi ... AA and UA~ 
,. <0>< 

for the uracil residue.~h":;i5' neares~ (a.den i e) and . , 
. . 

< 
next-nea.rest (cyt'osine) neighbour ring cu .. "rrent." s111eldin'gs. 

, ) J ,.o, 

68 
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r 
are Itef lected in the c~e_mica.l shifts of the ura.cil protons 

in CAU, Simi lar ly, the uraci 1 proton"s in tr iIner AUA ref lec t 

a S' nea.r·est neighbour effect of a.deno-sine and a,",3,' nearest 
/ 

neighbour effect of adenos~\, 

(ade.nosine) and nex~earest\(u 

In trimer UAU a. 3' nearest 

il) neighbour .re 

reflected in the chemical shifts of' the uracil U(l), 

protons. 

Thus, by a.v~raging the observed shifts of the uracil 

protons in t~mers CAU, AUA and UAU the chemical shifts 

of "the protons in the third uraet 1 r",e9id~e of CAUAUC a.~2 

found. Stmilar averages can ~e calculated for the other 

~a5e residua protons (see Table 7). T-he predicted chemica.l 

shifts df the protons are found to"be in excellent agr-eement 

wi lh' thos~erved. 

" 
·3.4 Calcu"'"iation of Proton Chemical Shifts in 

Oligoribonucleotides. 
i, 

.". 

With(the assumption that at 

oligoribonucleotides 'of any sequence havel' the same av~ra.ge 

conformation in 501utio"n. one can compilr a. !!let of pr-oton 

" l. 

NMR chemical 5 hi f t P a. r ame t e r 5 ~ t h a. tea. n be use d toe ale u '1 a_·t e 

the chemical shifts 

!j, ,1980;' Bell, e't 
'f' 

J:.J 

in O~hJ 01 igomers 

~",~1) A set oJ 

(!ver~tt, !.!. 

pa.ra.meters derived 

69 
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tr~-the 16 dim;:ers and 6.4 'trimer·s 
()i , " ': .,,,. ''''~-rr'"' · "'loW , 

has been used to ca.lc'Ulate 

Chemical'1i1~ ~j 
IpJp"pL.pM, the 

• 
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Table 7. Chem.ical Shifts (in ppml of the Nonexchangeable 
Aroma. tic and Anomeric Protons. in the Oligoribonucleotides 
CAU,~, UAU, AUG and CAUAUG at 70 :!: 1°C. 

Nucleotide Sequence 

( 
• Predicteda. Observed Obs d. i 

\ 
123 234 345 456 123456 123456 

Proton .CAU AUA UAU AUG CAUAUG CAUAUG D iff. b 

~(llH-6 7.687 7.643 0.044 
A(2lH-8 2 8.Z41 8.31Z 6.3 Z 6 a .014 

( 2 l H- Z 8. Z 5 8.157 8.204 8 .·154 a .0 SO 
U(3lH-6 7.744 ~Z 7 .698 7.7Z1 7.685 a . 036 
A(4lH-8 8. a 8.388 8.266 8.325 8.310 0 .015 
A(4lH-2:e 8.1'?4 8.241 8. 198 8.204 8.131 0·. 073 
U(5lH-6 7.766 7.7 Z 5 7.746 7.665 0.061 
G(6lH-8 7.957 7.957· 7.945 a . a 1 Z 

, 
C (1 lH!i'" 5 . 7 8 6, 5.786 5 . 7 6 4 0.OZ2 
A(ZlH-l' 6. 088 5.988 6.038 6.00Z o . 036 . 
U(3lH-l' 5.858 5.892 ~:768 5.841 5.8 a 4 0.037 
A(4lH-l' 6.038 6.100 6.019 6.052 6.002 a . 050 
U(5lH-l' 5.821 5.837 5.829 5.822 a .007 -. 5.8~5.83.Z G(6lH-l' 5 .-837 0.005 
C(llH-5 5. 9.Z 5 5.925 5. B 9 4 '0.031 
U(3lH-5 5.745 5.778 5·.839 5.787 ~. 5.736 a ... 051 
U(5lH-5 5.782 5.'7;67 5.775 5.7,51 o. a Z 4 

~. 

~.-

a.Predi_ct~d values are determined by averaging the shift 
val~s observed in related trinucleoside diphosphates. 
bDifferenc(s equal to or l~ss than 0,.04 -ppm a.re' considered 
not to be significant as differences in t'~1perature and 
concentration between trime~ data can 1~~ to changes in 
chemical shifts equal to 0.02 ppm.':oeo,., Dif~f'ences greate_t than 
0.04 ppm could be caused by lon~nge ring current effects 
of bases, not .. ,accounted for .io/tri~C.leOSide diphosphates 

~re 'Only -near~est and next:;neares~neighbour effects c(n be 
obser Evidence for thi~ i's the f"act that pr"o'ton I( 

'-":::;~o:::::::---"..themical ·fts in tetranucleoside triphosphates are better 
ap oaimations those in longer sequence~~ 

. <~ 

''0-'' 

." 

{ 

\ 
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shift of a proton on base K assuming onl~ first and second 

neighb"our effec"ts. The calcul·-a.tion is con'idered as Equation 
~ 

1 . 

... 
Proton Pr 0 t.in 3' 3' 5' 5 '. 

S = 8 . + 6. + 6. + 6. ,+ 6. .. 1 . 
K K ,mon 1 ,pL Z,pM 1 ,Jp Z. I p 

The' t:::.l term.s ,a.re nea.rest (f irst )-neighbour shielding 

effect9, a.nd the 6
2 

terms are next-nearest 

(second)-neighbour shieldings. The re90n~nce of the proton 

in the nucleoside at 70°C is denoted OK . There are ,mon 

four types of first"'neighbour e"tfects giving ·tour 

6,3'1 va.lues (L'2 A,C',e, or U) for each proton on K . 

. ----Simila.rly there are four va.lues for each of the empi~ic+l 

3 I 5 • 
6. 2 '6. 1 and 6.5 ' Z parameters. Thu5 a 

ta.ble with sixteen va.lues should allow the pr~diction of the 

c~h~mic~~t for ~ icular proton on a given res.idue . 

If the hypothesis about ~he ave:a.ge conformation is 

reasonable, .then a workable aS5umpti~n wo~ld be that the 

same empi r ical pa.ram~-t~rs ' 6 3 ' 1,,,' 'and 
\> • 

5 ' 
6. 1, Z 

could be used to calculate "the chemical shifts for ~ H-l' 

" proto~ on any of the t?r I?ases. 

dipho5p~ates are 64 trinucleoside to a. first a.pp""ox imat ion 
~J 

correct; however, ~_IC}ll.a.ted chemical 'shifts fit observed 

v~rues mo're exactly.if parameters derived for.a H-l' 
. . 

~, .. 
proton .. 

71 

-, . 

r 

.' 



I 

,72 

- \ , 
~/ 

<,~ .,on a particular base (for e.:~~ a 

used only in predicting the chemical 

H-l on 

shJlWi: ts 

adenosine) are 

Ot this 'proton 

1/ 

<.<fe Sec, 4,5) ""', Similarly paramet_er.s derived for "the 

pyrimidine H-S's, pyrimin~ine.H-~'s a.nd 'purine H~8'5 a.r~ to 
, < 

a first approximation equal Includiri"g: tne da.ta 
\ 

for the adenos-ine H-2 pr'oton tli.ere are·.5 .... 5e<t~ of 16 

3' ' 
6 1',2 and 5' 6 1 , £ 

parameters. Thus 

pro t on c h em i c a. Ish i f tin forma t i on' from the t r" in u c i eo 5-i de 

, 
diphosphates can be compi led_ into e'ighty (80)", parame.ters 

that with the chemica.l shifts of the ba.se and rib~5e H-.l' 

protons of the tour major ribonucleosides -·(Ta.ble 8;" there 

I < 

a.re eleven protons, see figure 6), allow to a. 'first 

the chemica.l shifts f9r each 
---<. . 

proton in an~ sequence .. 

. ) For example the: chemical shift parameters 

3' 
6 1 

~. 

( , 

for protons on an adeno,sine residue inf lu~ced by 

a 3'-n~ig'hbour ~uanosine can be q~antitated by' mparing the 

proton chemical shifts- in adenoSine[<A), to the proton 

chemical ~hi f t~s i~ the dinucleos ide,,' mon~h~te Ape, where 

. "'-l. _ ~ 
6 3 'for the denosi H a proton would be foun~ by 

,",:.. ... :' •• , .... ,," "'"' ,'" CO, "M." , ... ".~ ~ .. _ . 
val e in the dimer Equation 2, ~ . 

'-_~~~ :,-/ 1 \ ) 
') 

( • 
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To. 6( e 8. 
Consta.nts 

Chemical SJ1i f t As-.s ignments a.~ 
for the" Nuclepsides at .?Ooe 

A G 

J 
S ,6 

J 1 ~ .2.' 

Hz Hz 

5.62 

C 

,.ppm 

. 
S '. (, 2 

'. 

7.781 

5.894 
6 :073 

J '. 
S ,6 

J lor, 2 . 

7.34' 

3.66 
7.32 

i u 

7.798 
5". 887 
S . 907 

aChem1cai shiftg_~re in ppm relative to DSS using 
ter~-Butyl&lcohol-OD as a.n internal reference a.nd are 

" aocurate to ~O'.OOS ppm. 

b1.0 M NaCl, LO"i:M NaH
2

P0
4

, pD 7.0) 
conc.ntrat ions 5-12 mM a~prollim.&telY. 

~. 

\ 
" 

, 

, 

.' 
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5-,6 

J i', 2 , ... 

8.06 
4.88 
8. O' 6 

.. 
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3' 

6 = S 
AH-8 AH-8 

's o Z 0 

1 ApC 

S~~G8, ·is the chemical. shift of 

$iH' -S , 0 is the c h em i c ",I. ,s,h i f t 0 f 

_mono~~cleosrde adenosi~,. 

The :i' 6 1 parameter for 

A 

/ 
the AH-8 in dimer , 

the AH-S pr~ton° 

! 
, 

;' . 
t h.e 

in 

, 

ApC,~and 

the 

3'-nttighbour '9,uanosine can .1.190 be detet;nuned by comparisT 

of 5equenc~s such as XpA and XpApG. Second ,n~ighbour 

and values ~re obtained 

• 
bt comparison ~1 sequences 9uch as A~X a.nd ApXpC for 

3' . 6 .2 values and XpA a~d CpXpA for 
5' 6' values, 

2 

where -x. -is any of the four m~jo"r ~bonucleo5ides. For 

-axample th"e 3' 6 :2, va.lu,e fo'r" a1'). a.denosine H-8 proton is 

gi~_en by equa.tion '3. 

74 

3 ' 
6 

2 

A(llH-8 A(llH-8 

S . 
~, 
o 0 3 0 

ApC 

Th O ~l---";' '\'; 0 d d f 15 rea. t ",\~n/5 _~ p 1 S e r i v e rom ex pre s 5 ion s 

'-'" "- ". . 
el iminat ion 0"1 the terms correspond'tng'\ to th~ chemical 

p f the CH-8. in e monOnUCle"OSi~·a.,nd the term. 

~(see F i'iur e 

-::t'ways obt a 

1 1 In this way the p,a.rameter values are 

od !.rom. two 
. ' r--

.e(e.rimental numbers (Hadar, 

• 

(5) by 

s h' f t 
:)-
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Table 9. Proton NMR Chemica.l Shift Para.m.eters a. Determi~ 
From. a set of Trinucleoside DiPh~hate •. 

, , 
3' .l~/ 3 • 5' 5' 

Proton Base 6. 6. 6. 6. 
1 2 1 2 

" 
H-8 A -.081 -.048 - . 011 - .·050 

G -.058 -.028 '. 0 16 -.029 
e -.009 -.002 .053 -.006 
U .0'02 .002 

, 
.061 .005 

'f H-2 A - . 127 -.075 -.048 - . 081 
G -.058 -.036 -.028 -.055 
e -.027 -.013 .005 -.005 
U -.008 -.007 .009 -,012 

cf-

H-6 A -.086 -.043 -.020 /'- ,,047 

- G -.065 -.029 . 012 -.026 
~~-

e -, 006 .002 .049 -.011 
U .004 -.005 .041 - , 011 

H-S A -.064 -.031 -.11 S. -:046 
G -.042 -.031 -.087 -.018 
e -.032 -.027 -.023 -.009 
U ,"'\ -.012 "'- .001 .006 .022 

H-l ' A -.094 -.046 -.014 -.043 
G -.054 -.029 ,030 -.020 
e -.015 -,00,9 "'- .'Il27 -.008 
U .004 -,004 .046 .004 

r 

Parameters are in ppm "(a negative sign indicates shielding­
and- a positive Sign deshie-lding) I a.nd a.re-'~'derived froJ ' 

spectra recorded at 70 ± 1°C in D20~ ·0.,Q1 M-
NaH

2
PO'4' 1.0 M Nael (I'D 7.0), 

, 

.. 

) 
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Individual parameters are then combined according to 

ty-p-Ne.g. H-t', "H-5; elc.). a.nd a.veraged. Entries in Table 
""" -' -.. 

9" a~. the a.verages of four or more v,lues. This procedure 

\ 
g.ave exp~rimental justifica.tion for the a.ssumptions, and 

while there were variations in inR1vldual para.meters derived 

from the different oligoribonucleotides. th.e majori.ty. of the 

i~rameters are within a range of ±O.OO? ppm (probable' error . ... " 

of the m.ea.n). 

Application of the ~et of parameters is 

straight-forward and is illustrated by comput-at.ion of t-he 

predic'ted chemi?.!.! sh,ift of A(2)H-8 in the 

pentaribon cleotide,CpA~ApUpG. The sh,ift, given by equation 

( 1) is at 8.Z?'1ppm. which ag.ree!l favora.bly· with the 

observed shift t 8.ISSppm (difference O.OI9ppm). Calculated 

and observed lH chemical shifts of the protons in ACCU and 

CAUC, are coritain~d -in Table 10 The oligoribonucle~tides 

contain the same base ratio, 

s equ-enc es and 

iU; t\e y hi'-ve different 

the observed and calculated chemical shifts 

'are unique to each sequence. Agreement of 0.04ppm. or better 

be~een ~alculated arid observed shift is regarded as 

accepta.ble 

) a.greemen; 

(footnot~ e, Table 

is very good. 

---/ 
10), a.nd as ca.n- be noted, the 

is further empha.siz.ed by the 
( 

f) ~ire:.ement between th-e predicte.d chemical shifts c:.nd those , 
observ;d in the OligOribonuc"ieotid~ 

CCGGp, CCGGAp', A~CGGP' CCGG\lp ,'and ACC·GCUp 

r: ... 
(Tabie 11) where ,the 

76 
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Table 10 .. Calculated 
Protons in ACCU, and 

bse-rved d Va. lues . 

lH Chemical Shiftsa,b of the 

CAUC and ~ir Oif ferences". from 

ACCU 

::s 

Proton Ca I. Obs. D if!". 

A(llH-8 8.287 8.264 -0.023 
A( 1 lH-Z 8. 181 8 . 180 -0.001 

.C(zlH-6 7.714 7.679 -0.035 
C(3lH-8 7.971 7 .. 94·Z--.-0. 029 
U(4lH-6 1.8 a 4 .1.771 

A( llH-1' 6.036 6.006 
C(ZlH-1' 5 1 8Z0' 5.845 
G(3lH-1' 5.860 5.845 
.U(4lH-l' 5 .908 5.881 

C~Z)H-5 5.898 5.861 

"U(4lH-§.~.715 5.795 

/ 

-0.033 

-0.030 
0.025 

-0.015 

-0 . 0 Z ?'" 

-0.031 
0.020 

Proton 'cal.,f'. 
;''''1 

C ( 1 l H- 6 7.705 
A(ZlH-8 8.340 
A <;2 lH-Z 8.0Z5 
U(3lH-6 1.119 
C(4lH-8' 7.910 

" 
C ( 1 l H- 1 ' 5 . 193 
A(2lH-l' 6. 062 
U(3lH-l' 5 .801 
C(4lH-l' 5 .814 

C ( 1 l H- 5 5 . 999 
U(3)H-5 5.140 

I' 

Obs. D iff. 

7.665 -0.040 
8. ~'54 0.014 

8. 1"9~ -0. 00j9 
1.699 -0.020 
7 . 9 6 Z '- 0 . 0 0 8 

5.173 -O.OZO 
6.043 -0.019 
S.82Z O. a Z1 

'5.835 -0.039 

5 . 9 0 5 ,-j'r- 0 . a 9 4 
5.146'" 0.006 

are in ppm relative to DSS using 
an l~ternal r')eren~e and tert-Butylalcohol~OD as 

aocura_e to ~O.005 ppm. 
are 

b 1. a I'! NaC 1. 1. a 'mI'! NaH
Z
P0

4
, pD" 7.0;' 

concentrations 5-12. mM approxima:tely. 

CDi.fferenc~ are oJ)served-calculated value,.. . I' ~ . 

dThe observed shift aS~i9nm.ents were made i~d.ependent~ 
using thU-e-thOd of increm.enta.l analy'sls; ~i. e. oompar ison of 
the spectra of AC, ACe, and ACGU; and of the spectra of CA, 
CAU, and CAUG. • 

. ~ 
eThe~va.lue (O.042·) is. a maximum additiveterro-r that could 
be obtained when a ca.lcul~ted vaiue"is d ter~ined for a 
proton-~ residue which is influenced b a complete. set of 
neighbouts. i 

~ '. ~ ~ 'C ~ ~ 
\,,~ "~\ ~ ; .... ~~ • , '-Y~~, 
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Table 11. Ob!H!"-rveda. a.nd Calculated b Chemica.l Shifts "for --....J 

N~xcha.ngea.ble Protons at High Temperatu're (oC) .'-

CCGGp CCGGAp 

• 

Proton'~ calc. obsd. calc. obsd. 

5 ' 
AH-8 \0, 

AH-2 
AH-l' 
CH-6 7.762 7.764 7.762 7.7 57 
CH-5 5.986 6 .'1) 0 2 . 5.986 5.982 
CH-l,' 5.865 5.880 5.865 5.848 
CH-6 7.751 7.732 7.751 7.738 
CH-5 5.948 5.984 S .. 948 5.982 

", 

CH-l ' 5.824 5.849 5.824, 5.848 
GH-8 7.949 7.932 7.888 7.914 
GH-l ' 5.841 .5.782 5 .789 5.760' 
GH-8 7'.978 7.998 7.883 7.893 
GH-l ' 5.909 5".~0 0, 5.796 5 . 7 3 2 
UH-6 
UH-5 
UH-l ' 
AH-8 8.300 8.372 
AH-2 8.144 8.215 
AH-l ' 6.065//6.104 

ACCGG p 

( 7 2 t) 
calc. obsd. 

8.323 8.299 
8.204 8 ~2 05 
6.059 6.049 
7.751 7.724 
5~ 870 5.8"1. 
5.846 5.848 
7.710 7.700 
5.90'1 5. 943 
5.?? 6 5.802 
7.949 7. • 925 
5.84! 5.848 
1.978 7.970 
5 . 909 5.878 

\ 

ACCGGUp 

(84~1) 

c~16." obsd. 

r' 

.8.323 8.298 
8 , 204 8. '2,30 

6.059 6.052-

""6 751 7.7208 
5.870 
5.846 
7.710 ,". 704 

~', 90 ~ 
5 . 7 7 
7.951' 7.904' 
5.853 
7.981 7.970 

"".909 
7.780 7.780 
5.759 5.866 
5.887 5.978 

\,\ 
\-"7. 

~ 

3 ' 
( '----., 

aIn ppm from TSP; 1. a M NaCl, 99.8% O
2
°. 

bCalculated from parameters determined by 
11982; ppm from OSS; 1. a M NaC I, 100'10 D 2 0, 

Ta.ken from Petersheim. and Turner, 1982a. 

I 

.. 

Hader at 
70:tloC~ 

. ,.. 

•. l... .. 
• 

.!..l . I 

• 
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were reciorded in ~ 

b"f~ (Petersheim.& 

To some 

calcula~ing t.he chemica.l 

of the<' d,rUdger," involved in , 
shifts of all. he aroma~~c and 

the 

~J11eriC pro'tons in;a g;~en Oli.ibonUcleotide a S'hort 

( ~ortr.an progr.am ASSIGN hrlsbe,en. written which cieter!llines 

"---~roton che;nfcal ,'hUts from" the oligom:"r. ~rque"ce. T·he 

a.lgorithm determln-es the neigh}?ours, for a ~ven case 'tesidue 
,f 

in :the sequence, from. the 3' '\t.ci' ~the' 5' end. The parameter 

value for the ~p'ecific base neighbour and pro t on is then 

added to t'he Cihemica,l. 5 hi f t va l·u e 

re~idue.in question. Residues nea.r 
.~ 

'ii' ..() 

for 

or 

't.he pro t. o"n 

at· the.'end , 

on the 

of 

sequence ~r~ consi~ered to ha.v& neighbours ~itp param.etwr,s 

that don 0 t. c.o n t rib ute to: t he;- chem{"c a 1 
" .' is, the sh if t ~ that 

-p-a.,ra.meter value is zero.~e intormati,on returned to the 
) 

'user ~s a printou~ o-f the sequence ~*d the calcu(.ated proton 

pr o9 .. r am. 

.. 
" 

shifts 

H-8 

thti proJ:ons on e"a·ch residu'e, ~~the 

or H-6 &nd H-2· or H-~. A' 1 istin~th~ 
• < . 

for 

is. conta"ined in.~AppendiK 2,'" 

<IJ< , 
" ,." 

-
... .,-

~ 

'. • ~ 
• 
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i 
3 5 Calculation of ?roton'"themical Shifts in 

Oligoribonucleotides using an Eatended Set of Parameters 

In the derivation of the set of shift parameters ~o 

predict chemical shifts of oligoribon',lcleotides, three 

~ssumptions were made. To improve the accuracy of the 

,calculated .chemical the afisumptions were modified. 

For oligomers which are self complementary and have 

reasonably high Tms the assumption that they will be 

completely destacked at ?Ooe is not correct a~d predicted 

chemical shifts will poorly represent observed shifts." l~n 

these cases the calbulated.values r~flect the chemical 

shi1ts that would be observed at higher temperatures where 

the oligo'1iler is de:stacked and in a; r,a.ndom. conformation~ (for 

example see AACCUA Table 12) 

The assumption that all anomeric proto~~ (H-l') are 

"equivalent" in the sense that their chemical ,shifts are 

affect,~'~ similarly by neighbouring bases reg~rdle55 -of ~h~ 

n~~leosidyl moi~ty to which the'Y are bound ·~~n be r·el~Hed. 

proton.$ se.parately - . 
of 

dhemical shift p~ediction can be improved. For. exa.mple, the 

effec't o.L a. .3'-:nearest-neighbour "adenosine on a. gUa.llo.slne 

H-l·' prot'on is to shiel'd i,t by ~"O. 134 ppm.. (negat ive sign, 

'indicates 'shieldi,ng) 5~~ilar~¥ th~ adencsine'H-l' proton is 

shi.elded -0 .. 135 pp~:bi a. 3\-nearest-neighbour adenosine,. In" 

con,trLast the same a,'denosine ;sh.ields a 'cytosine H-l by 

~O,.058.ppp and ~ uridlne H~i :by -0.069 ~pm. The 



Table 

Proton 

A(A)H-8 
A(A)H-2 

A(1)H-8 
A( 1 )H-Z 
G ( 2 ) H- 8 
C(3)H-6 
U( 4 )H-6 
A( 5 )H-8 
A(5)H-2 

A(A)H-1' 

A ( 1 ) H- 1 ' 

G(2)H-.1' 
C(3)H-1' 
U(4)H-1' 
A(5)H-1' 

'\ 
C(3)H-5 
U ( 4 ) H- 5 

, . . ,{. . Chemical 
Oligomers 

5hi f t's a. of 

at 70°C in 
XAGCYZ 
D Ob Z . 

lZ3 
AGC 

8. Z4 2 
8 . 180 
7.926 
7.744 

5.974 
5.812* 
5.8.86 

5.8 i6 

8 

1234 
AGCU 

.248 
8. 1 76 
7 .929 
7 .737 
7 .768* 

5.97S 
5.791" 
5.903 
5.892 

5 .850 
5 . oS 21 

8 

12345 
AGCUA 

.2Z9 
8. 1 44 
7 .929 
7 .704 
7 .698* 
8 .343 
8 .186* 

5 .965 
5. 798' 
5 .869* 
5. 817' 
6.063 

5.839 
5 .793 

Series of RNA 

A1Z34S 
AAGCUA c 

8.196 
8. 114 

8 . 250 
8. 1 Z 8 
7 . 891 
7 .693 
7 .705 
8 .338 
8. 189" 

5. 900 

5 .958 
5. 766' 
5. 869" 
5. 834" 
6. 064 

5.884' 
5.806 

A1Z34 
AAGCU 

8.201 
8.084 

.... 
8.2Z4 
8.119 
7,. 844 * 
7.713* 
7.767* 

5 . 891 

5.930* 
5.710* 
5.869 
5.869 

5.788* 
5.806* 

·Chemical shifts are in ppm relative t.o DSS using 
tert-But~1a.lcohol-00 a.s a.n i'nternal rete'renee and are 
aceurat2 to :0.005 p~m. 

b l . O M NaC!, 1.0 mM NaH
Z

P0 4, pD 7.0; 
concentrations 5-12 mM·approxima.tely. 

CTh e' 5 pee t r-ulb. 0 f Oligomer AAGCUA was 
, ' Q. • 

recorded at 

*Indicates p're,dieted value is 'outside of the ob..ser,ved 
chemic~l shift by gteater' than O.·~4·O ,ppm. 
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Table 13 . Shielding Paramet ers for the In f I'u enc e of 
Neighbou,r ing Nucleotide res ~due5 ( X) , on the IH Chemica.l 
Shi f t. of Adenosine Ar'OI:latic a.nd Anomeric Protons in 

Oligori·bonucleotides. 

~ 

3' 3' 3' 5 ' 5' 5' 
Proton X c:. c:. c:. c:. c:. c:. 

1 2 3 1 . 2 J 

H-8 A -.093 -.059 - . 016 -.011 - . 053 - . 014 
G - .059 -.034 - . 0 1 0 · 016 - . 029 - . 018 
C -.013 -.001 .003 .064 .010 .005 

U .001 .000 .002 .074 . 011 .015 

H-2 A 127 -.075 028 -.048 .081 -.016 
G - . 058 \ 

- . 036 -.009 -.028 - . 055 -.029 
C -.027 I .013 -.0 a 2 .005 .005 .001 

U - . 008 -.007 .005 · 009 -.012 .008 

H-l ' A -. 129 - . 056 -.015 - . 0,28 -'.050 -.014 
G -.081 -.035 -.005 .023 -.025 - . 0 15 

C -.020 -'-.006 .005 · 022. -.003 .001 

U -.001 -.008 -.001 · 038 . 001 .008 

Parameters are in ppm (a negative sign indicites shieldtng 
and a positive sign deshielding) and ~re derived fiom 
~pectra recorded at 7oiloC in D

2
0 containing O.Ql M 

sodium phosphate buffer and 1.0 M sodium chloride (pD 7.0) 

82 
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Table 14 . Shielding Pa.rameters ! o-r the In! luence of 
Neighbouring Nucleotide residues eX) • on the lH Che~ica.l 

Sh if t s of G~anosine Aro::l.atic and Anomeric Protons in 
Oligoribonucleotides. 

"I 

3' 3' 3' S' S' S' 
Proton X .6 .6 .6 .6 .6 .6 

1 2 3 . 1 2 3 

H-8 A -.06~ -. 037 - . 010 -.010 -.047 _ .. 020 

G - . 0 S 6 - . 022 .00 . 01 S -.02B 

, C - .004 .004 . 001 .041 -.021 . 003 
U - . 004 .003 .000 .04B -.002 -.003 

H-t' A - 126 .OS6 -.00 B - . 041 .OSB 010 
G - . 074 -.031 - . 002 - . 029 
C -.OlB -.OO~ .010 .004 - . 013 .004 
U .000 -.002 - . 002 .020 - . 006 -.Op4 , 

Parameters are in ppm (a negative sign indicates shielding 
and a positive ~ign deshieldlng) and are derived from 
spectra. recorded" at 70.1 o C in D 0 containinn' 0.01 M - 2 • 
sodium phosph~te buffer and 1.0 M ~odium chloride. (pO 7.0) 

I 

8 
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Ta.b!·" 15 . Shielding Para~eter5 for the Influence of 
" Neighbouring Nucleotide residues (X), on 

Shifts of C"yto!Jine Aroma.tic a.nd Anomeric 
o 1 i go rib 0 n Q' C 1 eo tid e 5 . 

the 1 H C h em i c. 1 

proto'nJn 

3 ' 3' 3' ... "-5 ' 5' 5' 

Proton X 6 6 6 6 6 6 
1 2 3 . 1 ... 2 3 

H-6 A "-. a 9? - . 043 -.020 . 021 . -. 039 .022 
G - .076 -.034 . a a 1· .1>15 -.019 -. a 06 
c -.014 .004 .004 .059 -.003 - .'0 07 
u - . a 02 009 .010 .048 .022 

H-5 A -.088 -.048 - . 02'0 -. 132 -.041' -.037 
G _.060 -.037 -. 0'07 - . 1 1 7 -.010 - .'0 2 8 
G -.052 -.054 -.006 -.031 -.002 -'. 002 
U -.021 -.009 -. 007 .013 .031 

H_l' A -.052 -,035 - .010. .013 -.028 -.019 
G -.022 -. 030 -. a a 5 . 066 -.017 - . Ol 6 . 
C -.026 -.014 .003 .039 -'.005 004 
U .003 .001 .007 .074 .014 

Pa.rameters are' t'n ppm"Ca nega.tive sign indicates shielding 
and a p6sitive sign deshielding) a.nd -a.re derive~ from 
spectra. recorded at 70±loC in 020 containing Q,Ol M 
90~ium phosph.te buffer arid 1.0 M"sodium chlori~e (pD 7,0) 

0 

.. ~ 
"-

~_I 
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Table 16. ~hielding ?a=~~@ters for the :n!luence of 
Neighbouring: Nucl.eotide ~esidTJes· (X), on the "H Ch~I:l:'cal 

Shifts of Utidine Aro::latic and Anomeric -Protons l!'l 

Oligoribonucleotides. 

• 
3' 3' 3 ' 5' 5' 5 ' 

?:: otan 'X .6 .6 .6 .6 6, 
1 2 3 1 2 3 

H-6 A - 075 - . 042 .002 - 018 054 · 016 
G -.054 - . 024 .004 .008 - 032 - . 0 1 1 
C .003 .000 .034 .039 -.018 006 
U .009 .000 . 013 .033 .000 · 01 6 

H-5 A - . 039 - . a 1 4 -.005 - . 097 -. a 5 a -.018 
G - . 023 - . 025 .001 - . 056 -.026 -.009 
C - . all .001 .000 - . 015 - 015 -.007 
U - 00 2 .008 .002 -.001 . 01 3 · 01 1 

H-l ' A -.070 - 038 001 - 001 034 - 022 
G -.040 -.018 .006 .034 . a 10 ... 0 a 3 
c .003 -.006. .026 .043 011 - 002· 
U .014 . - . 00 5 .025 .053 .008 .020 

Parameters are, in ppm (a negative ~ign indicates shleldlng 
~ an"d a positive sign deshielding) and a.re:. deriv~d from 

spectra..recorded at 70!loC in D
2

0 containing 0.01 M 
sodium phosp"hate"buffer a.nd: 1.0 M sodium chloride (pD. 7.0) 

/ 
l 

.. 
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differe~ces betwe~n ?~rine"and pyrimidi~e shieldi~95 is ~ 

trend found throughout the chemical .hifts of 

oIigoribonucleotides used to detei~ine the shieldi~9 

para~eters ( Tables 13-16). and refl~ct5 theoretically 

c a. 1 cuI a. ted t- in 9 C 1J r r e t:d a.n i s~o t'r 0 p y (C i e S 5 n e r --pc ret t r e, e t !...!' 

1976 ) 

Other difference~ between shielding effects of 
• 

n-ei~hb?l:lring nucle,otide" r~sidues de.monstrate tha.t the 

calculated chemIcal shift~.will mo~e correctly reflect t~e 

observed chemical shifts if the'eleven protons (aromatic and 

anomeric), on the fO'ur majo'r, nucleosld,es are considered 

sepa.rately. For l"nst&nce- the effec·t· of"'& S'-nearest-/:ne'ighbo;.u,r 

guanosine is to shield·& cytosi~e H-5-p~oton by ~O.14? pp~, .. 
while the sam~ gu&nosine shields & uridine H-5 proton py 

-0.056 ppm, a d!ff'erence of 0.091 ppm. An average of thes_ 

numbers used to predict the H-5 proton chemical shi'f"ts for 

both uridin~ ~nd cytosine c~uses incorrect predictions_ 

T~e first approx'imation which calc~l&tes chemical 

shifts assuming only first and second neighbours contribute to 

th~ obser-ved chemical shift~ can be refined by allowing for 

third neighbour shielding effebts, ,The e~idence for \he t~l~~ 

neighbour shieldings ~an be observ~d in te_tranu6leoside 

triphosph&l~~ (tetr~mer5)' and a~e significant- for th~.p~rinj 

residues <Table 13), 

The eztended set of empirical chemical shift 

parameters includes da-ta from the 16 dimers, the 64 codons 
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? .: ;:- ~,e---l. : 
.5 :-:. :. I: t s -"-

\, 

,. '". S·.~ ~.(Cl ) H - B 5 oJ ~~ :':1 :If:.e oimeI" a-:1c tI":me:- by ell:n.l~ation" 

" ! 
AH-8 

S A 
and 

A ( 1 )H-8 

S 
ApC 

A(.\)H-8 

S 
ApCpG 

3' 
6 

= 

'.) = 

AH-S 3 

S + 6 
A 

AH-8 . 3 2' 

S .. 6. .. 6. 
,A 1 Z 

, ~ I-n _"l his w:a. y the 

~ 
parametaI"S aI"e always obtained 

~i~eriment&l numbaI"s_ 

For the genera.lized sequence 

" 

4 .' . 

5 

fI"om. two 

-chemica.l shift 
" f 

a. ',p rot 0 n '0 n I" e 5 i due 

Hpl?JpKpLpMp~ the 

K, 'sp,oton: 
K _ 15 given 

by equation (6) 

Prot'on Proton 

= £ 
K 

3 
.. -6 

3' 

+ £:::. 
2 

3' .. 
3' 

+ 

s 
6 + 

s " 
6 

z 

.5 ' .. 6 
3 • 

'Wh S Pro ton 
ere. K ' is .the che~ical shIft of t~e pI"oton on the 

mononucleoside K, (K = U, C, G, A in a.ctual cases), and 

a.nd 6~' 1 , 2 , 3 .r. 3' and. '5 '" ~hieldings 

of the fiI"st 3 second a.nd third··neighbour1.ng nucleotide 

residues, 

.6 



as ~ata !ro~ 36 tetra~ers 7~.:.s ex:.e:1ded 

~rst a?p:ox!.::lat:.on (where-

cert&:.n ?rotons were oonsi1ered equ~v~lent) Calculated 

chem!.ca~:sh:.! ts uSing the extended pa.rameter set more 
') 

~ccurat~ly retlect the observed chemical s~lfts of a 

Th e 0 hem i cal 5 h i f t 5 are: <-c ale u 1 ate d 

by a modi.fi.ed eq'Uatlon.(l) which includes the additional 

3 
to quantl,tate the 3' 

and 5:: third" rielghbo'Ur effec-ts (see Figure 11) 

a1'e de_termin~d~by 
I 

5ubtractlng 

For e:xamp 1 e 

the 

c~emical shi,ft-s of the adenosine residues in AXYC ftom th6se 

ln AXY, _'where XY "are res·id.ues common to both" sequences but. 

c-a.n va.ry In ~t.his way the 3'-third-neighbour eftect of a. 

gua.nosine." residue on adenosine protons is faun-d. 

Sin"ce ca.lc'ulations of chemical sh,itts in oligom.er.s 

-long~r th~n tetramers can be tedious;- a modified version of 

.f> 
~he Fortran program ASSIGN has been written which uses the 

extended !Set of parameters, and will calculate'the 
, \0 

predicte.d 

shift5 tram the oligomer sequence. 

3 6 5equencina of Short RNA Oliaomers 

The met~Qd developed by Sanger and coworkers for the 

sequencing of shQrt RNA strands (less than 20 nucleotides in 

length) has been used to establi.sh most known RNA sequences 

e5peCiallY~05e of tRNA molecule-so "The- technique .has the 



39 

7~e sequence o! the 

oiigonucle&tide :.5 deter.!:li:\ed by the a.ngula.r :Q.Obllity 

sh:fts .. In the first dImension, the Delative =obil~tie5 of 

two oligonucleotide intermediate~ in a homoloq~us par(lai· 

,digestIon series which d~ffer by a single nucleotide will 

depend both on ·the pKa. of the nucleotide by whlch U'\ey 

"differ a.nd on the 51:e ~nd ba.se composition of ,the sequenc~ 

cOm.mon to them . The second di~ension ~esolves an 

. oligonu91eotide mixtUre on the basis of 51:&, shorter 

oligonucleotides moving faster tha.n longer ones Also a. 

residue between two succeSSIVe ) 

intermediate~ in a. series of p~rtia.l degradation products . 

ca.uses a la.rger (a faclor of 1.5-2..5) "mobility shift th~ 

difference of one purIne 

f difference of ona pyrimidine residue. The end result il) two 

di:ensions is tha.t th~ s.tepwise removal of nucleot ides in a 
. '. 

h'omologous pa.rtial degrad~a.tion s~ries can be "read" as 

angular mobility shifts between successlvely shorter 

...! 
fragments Th e mobil i t Y 5 hit t 5 0 f all f o",u r n u c leo t .i des are 

characteristic and identifia.ble (Silberklang, !.J: .!.l 1979 ) 

The most common complicati'ons in "r,eading" two 

dimensional homochromatography patterns a r is e from the 

presence of extraneous spots in the autoradiogram or it:: 
t~he presence of ambig1lous or "unusual" mobility shifts 

Ex.traneous spots may either result from radioa.ctive 

impurities pr~sent in the oligonucleotide as eluted irom the 
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finger print. or be generated during partial diges'tion by 

contaminating endonucleases". Unusual mobility shifts in the 
I-

two-dime~s;onal homochromatograph patterns of partial 

digests may indicate the pr~5ence of modified nucleosides' 

(Silberklang. et al. 1979) " 

I present for the first" time. a spectroscopic method 

for determining the seq~ence of an RNA oligomer. This 

method is not intended to replace well established methods 

but to complement them because it is independent 

methodologically. 

" t ha t 

"\n. the :revi7Ch&~t.rs ;1 method ha.s been presented 

allows one to determine from a given RNA sequenc~ the 

expected chemical -shifts' 0'£ the aromatio'and anomeric 
r·,", 

protons. The resonances 

their particular chemioal shifts which depend on 

ohanA'es 
~.', 

-the,.-tfas"u 

immediately 
.',lit-..• 

a partioular J r~sidu~'::'ln a given 

in 

sequence. for instanoe the 5pectr~ of cue an~_ CCU ate. quite 

different (Figures !,2 t'~ 13) '." Furthermore, the sequence 

eJfect~ on chemical shifts of pr6ton~ o~ a p~~ticular 

o 
reSidue do not extend signi! ica.ntly /beyond the third-

(next-next-nearest) neighbour when is 
'I, ". 

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

~-llows the calculation of the chemical shifts of \he 'protons 

short ol_iQomers such as t~1mets,_ 
o 
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'concentr~1ionsr c.'l1a·nges in chemical shift 0.( the ·.various 

p.roton·s .o..n -a, gi .. ven 'n'ucleoside residue are considered -to b~ 

cau_seC! ~ainl.y .by ring current ·a.nis·ot·r,opy (Fi·gure loi) 0-1. 

1 9 7 6 ) For 

" .- , 
.,.the. ch~em.ic·a.l "sh-ift, cha.nges -to' be useful in- sequ,enc ing I tho . . . 

ring'curr~nt ~'a.n·iso.tropic effe..cts must ge d,ifferent not o-nl.y~ ..... ' 

.-
-.,~,-Thi.~ is in fact obser·ved; t'he.additio-n of a. nu~leot-ide pX to 

the 3'-end or Xp to th~ S'-~~d _of ,a.' dimer ~ro'duces a.n 

_~X-d'-ep-end.ent ~9·D.i··elding "o·t .the dimer protons, which decrea.sed 

.In tnt!. order A>G)C)U <Everet t 

1 9 8 1 ) 
, 

> 

To.- dem:o:rtst.~a.te "how.,the chemica.l s-hift param."e·te;~s' ca.n 

be ;s'ed ,to ·calculate' shift's of individual protons, and oence 

'- '" .. 
dQrt"rmine th..e· sequence of ol~goribon1.,1cleotides, the 

-pr~d-icted chemi.'ca.~ shi f tgO -of- . t.he '01 i9om.er~ AUGCUA, 

UCAUCA, a.nd~ AACCUU'· were -d~t'ermin~d ,by -solvin.g the 

. -
"-,appr,,,op.r ~.a.Le; ~heinic-a.l _shit t equat,iott 'for ,the J;?rotons. The 

'pr~ed,j.-cted"-an,d·obs._erved o·hem.'ic'al s'hift.s for the s...equences 

. (Ta"bles 1"7 a: a.nd "17b,) we~te c'ompare<1 and found to- be in good 

ag-~eement··,'--Va·l·ues diffe-ren"t- by less than ':t:O.042-'ppm. are~. 

congiderad_.-ac~ur·ate p-r~di~tlons. Althqugh_all totir sequences 

contain" th"~'?ame base ra.tio, ZA: lC":lC:2'U, the ca.lcul.~ted 

):.c'f1~m(c-a.l: s'hff t"s· for Furtherm.ore, 

the .calculated chemical shifts correspond to the o~'sefved 

chemical sbitts which are also'unique for a giien o'ligomer 

94 
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~able 17a. Calculated 
Protons- in CAUAUG, and 
Observ~dd Values. 

CAUAUG 

Proton C ~ I , O~s. 

C( 1 lH-6 7 .643 ' 7 . 7 as 
A(2lH-8 8 .326 8. 309 
A(ZlH-2 ,8, 1 54 8. 157 
U<3lH-'6 7 .685 7· 710 
A(4lH-8 8 . 310 8. 295 
A(4lH-.2 8. 1'31 8. 120 
U(5lH-6 '? .685 7 . 738 
C(6)H-8 7 .945 7 .970 

C( 1 )H':I.' 5 .764 5 .793 
A(2lH-l' 6.002 6,033 
U ( 3 l H-l ' 5 .. 8 ° 4 5 : 707 
A(4lH-l' 6.002 6.028 
U( 5"lH-l' '5.822 5 . 8 13 
GC6lH-l.' 5 .;832 5

/
874 

C(llH-5 5.894' 5 .999 
U ( 3 l H- 5. 5. 736 5 .'716 

U( 5 lH-5 S. 751 5 .773 

.3.Chemica,1 sh if t 5 are in 
tert-Bu~yl~lcohDl-OD a.s 
accurate to !o0.005 ppm. 

95 

~ 

1 H C h em i cal S h i f t 5 a I bot: the ~ 
AUGCUA a~d their Dffferences c ~om 

AUGCUA 

o iff P r' 0 t on C .. l. O·bs. o iff 

~ 

o. 062 A(llH-S S . 2"76 8 .2 Ii 6 0··. 010 
-0 . 017 A(llH-2 8 .214 8 .205 -0 .009 

a .003 U(2lH-6 7 ,757 7 .730 -0 ,027 

0 025 G(3lH-8 7' 961 7 .976 a , 015 
-0 .015 C(4lH-6 7 .757 7 .775 a .,018 

-0 . all U(5lH-6 7 .757 7 . 741 -0 · 016 
a .053 A('6lH-8 8. 397 8 .373 -0 ,024 
a .025 A(6lH-2 8 .236 8. 249 a · 013 

.. 
O. 029 A(llH-l' 6 .032 6. 042 a · DID 
o. 031 . U(2lH-l' 5 . 8"52 5.801 -0 · 051 

-0. 037 C(3lH-l' 5 .85& 5. 880 -0 .'0 2 2 

° . 026 C(4lH-l' 5 .,913 ' S, . 875 -0 .038 
-0. 009 U(S lH-l' 5 .858 5 .773 -0 .085 

° .042 ,A(6)H;-I.' 6 .084 6, 099 a .<l15 

O. 10 5 U(2lH-5 . 5 . 8.17 5. 706 -0. 1 1 1 
-0 .020 C(4lH-S S . 896 5 . 89 5 -0 · 00 1 

a .022 U< 5 )H-S 5. 817 5 .793 -0 · 024 
0 n 

PP'" relative to DSS USing 

an .internal referenoe and a i e 

b1. ° M NaC!' '1.0 mM NaHZPO q , pD 7. 0;. 
concentrations 5-12 roM approxi~ateJy. 

dThe ob-served- shift aS5i~nments were made i~dependentli 
dsing the m.-thod of inctemental ~na.lysis; -i.e. compirison Of. 
the spectra. at AU, AUG, AUeC and AUGCUA; and of the spectra 

of UG, AUG, UAUG, AUAUC', and CAUAUG (Hader 'U ~ 1981> 
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Table 17b. C"lculated\~ Chemical Shifts a " of the 
Prot_ons in UCAUGA, and ~uu and their Oiflerences c f=o~ 
Observed d Values. 

UCAUGA,_ 

Proton C a I . Obs. 

.:1' 

U( 1 lH-.6 7 .709 7.745 
C(ZlH-6~ 7. 663 7 .744 
AeJlH-8 8 .339 a .344 
A(3lH-Z 8. 182 a ·191 
U{4lH-" 7 .67a 7 .665 
G(5lH-B 7 ' a89 7 ,975 

A(6lH-8 8 . .3 ZO 8 ,330 
A(6lH-2 8 ' 160 8. 199' 

U( HH-l ' 5 · 9 11 5 .8Z9 
C( 2 l H- 1 ' 5 ,B33 5 .827 
A(3lH-l' 6 ,016 ,6.074 

U(4lH-l" i · 8 1 3' 5,749 
G ( 5 l H.-I' 5. 7B7 5. 76: '1 

A(6lH-l' 6,057 6 .098 

U( l'lH'-5 5,80 6 5' .810 
C(ZlH-5 5, 958 5, 985 
U(4lH-5 5,748 5 : 6 8 7 

· ' 
aChemical shifts a.r~e in 

. 
.1, .-. ter.t-B_utY.13:.1cohol-OD as 
~ accurate to ~~.005 ppm. 

AAGCUU 

D iff Proton C a I . Obs. 

0 .036 A( 1 lH.-8 8 .• 196 a . 1 a a 
0 · 081 A(llH-. a. 103 8 .. 083 
0 · 0 0 5·~ A(2lH-8 a. Z37 a .Z31 
a .009 A(ZlH_Z a: lZ8 8. 103 

~'o · a 13, O( 3 l'H-a 7 .867 7,. 90Z 
-0 , a 1.4 C(4lH-6 7 ,7"17 7 . 781' 

a .g10 U( 5 lH-6 7. 769 7 ,851 , 
a ,039 U(6lH-6 7 .79 1 7 .B36 

-0,082 A(llH-l' 5,941 5 .929 

-a :0 a 6 A(2lH-'1' 5,941 ~.97? 

. a .05B G(3ll;l-1 ' 5,741 5,B27 
-0 .064 C(4lH-l' 5, B 9 3 5.B79 
-0.OZ6 U(5lH-l' 5,8BO 5 .. 8 B 6 

a ,041 U(6lH.-l' 5,893 5,9Z1 

0, 004 C(3lH_5 5 .827 5.B60 
0, 027 U(4lH-5 5, p7 5, B 3 Z 

-~ 061 U(5r1i-5 5 , 8B 1 5,892 

ppm relative to .DSS using 
an internal, reference and' a.re 

. b i ,0' M Na C I, ,1. a mM 

concentration,s 5-1~ 

NaH
Z

P0
4

, pD·7.0; 
ml1 approxima.tely". 

. .•.. ~-
{ 

°Oitferences are observed-cal~ulate~ v~lue5. 

< 

D 1 f f 

0 .008 
0 · 'ozo 
0 · 00'6 
0 · a Z 5· 

-0 · 0'35 
1.:'0064 
"">.1h 0 a Z 

-0.045 

a 
'-..... . . ~. 
, 012 

-0 .03 B' . 

-0 .OB6 

a ,014 

-0 ,006 
- 0 .028 

-0 .033. 
-0 · 005 ' 
-O,OOB 

dThe observed shift 
~sing the method .of 
the spectra of ACe l 

spectra of UC,' AUG, 
1 98 1 l 

as'signments were'made independently 

incremental analysisi i.e. comparison of 
AGCU. AAGCU, and AACCUU; ~nd of the 

CAUG. UCAUG a.nd UCAUGA (Ha.der ~ a.! 

\./ " 
.i 



Moreover a fi~ting 6t th~ ob~erv~d chemical 5h~fts~ from the 

• 
oligomer. AUGCUA, for inst_ance, to the ch~:mical shifts of 0.1 

possible sequences c~ontainin.g the !5-ame bas'€!! ratio determines-

that the shit t5 calc'u-lat-~ed fo= the s2que!lce AU.GCUA best f ft 

the observed set of che~'ical shifts th~s "determining the 

oligomers sequence t~"be AUGCUA. 

In the -genera.l 'case, to de'termine tehe sequen,ce of an 

include the .!ol"lowing .st-eps. Th e _ s'p"e c t rum ,0 f the 0 I 1 g" OJlle r 

to be sequenced would be o b t a i n ~ d .. a,. s .. ~ ~"~' e ~.i 0 U 5·1 Y des c t. i bed ... ' .. 
> 

The oligoribonucteot"id,e-base :&.t.io is . .-immedia.,t,ely aV-3.ilable 

from the 'sp~ctrum, beca.use reso.nances (r,om- protons, sp,.ecfic 

for a given_base, are f~und-consistently in ~iml~a~ regions 

of. the spectrum., This, informa.tion is als,o used'to .a.ssign~ 

resonances to pro~ons by type. F.or i.nstance, in the 

resona.nces .. at 8 . ..276 and 8 ~7 ppm 

are AH-8 protons", the {eso·nances a.t a. 236 and 8.2.14 ppm are 

AH-2 protons, the resona.nce at 7 961 _ppm"ls' a GH-3 prot-on, 

while the doublet centered" at 7.7S7 ppm ~orre~ponds to thre. 

protons, two UH-& and a CH~6 In the ca!!e of CH--6' and UH--6-

p·rotons the proton fype is disc~rned by t h-e 3 J 
5 , 6 

coupling which:is ·7.6 Hz for Cyto~s~e H-6 and H-S protons; 

an.d 8.2 Hz 'for uridin.e 1;1-6 ·and H-S p~otons,. Simil~a.r-ly -the' 

doublet'resona.nces in the higher field group are assigned'~,Y 
.. , 

type as A'H-l' then Cn-l UH-l' and GH-l' and CH-5 and UH-5 

The H-l' and H-S resonances are. discerned by their coupling 
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- ~o1e 18. ~omparison of Sl!q,uence ~redicted by F-~tting of 
the Observed Chemical Shifts to those Calculated f~r 

Oli~omers of the Same Base Ratio. 

Sequence Fitting Criteria. 

Predicted 

AAGCUU , AAGCUU 
CAUAUG CAUAUG 

. JIUGCUA 'AUGCUA 
UC.AUGA CAU"GUA 

"'-~~ UCAUGA 
. ".,A. uyU AUGUCU 

'-..J' 
AU;GUA AUGUA 
AUGA AUGA 
CAUG CAUG 
ACGU ACUG 

ACGU 
AGCU AGCU 
AGUCU AGUCU 

AGC CU . AGCCU 
AGGC,u . AGGCU 
AGACU AGACU ... 

lI. )0.042 
(p pm) 

0 
'3 
1 
2 
6 
0 

2 

• 0 
1 
2 
3 
0 
2 

2 
2 
1 

Sum 0 t 0 i t f 
(")0.042) 

0 .00 
O. 07. 
0 .01'1 
0 .Q77 
0 . 213 
0 .00 

0 .0~7 
0 .00 
0 .004 
0 .054 
0.065 
o . 0 
0.043 

o . 036 
0 .047 
0.015 

Fi~ting criter-ia values were determined by u5ing 
SEQUEN (see Appendix). 

, Absolute 
" 

avera.ge 
Oit t . 

0 .020 
0 .025 
0 . 017 
O. 021 
0 .039 
0 .021 

0.026 
0 .. 01 a 
0.019 

y- 0.030 
0.032 
0.023 
0.023 

0.021 
o .024 
0.019 

the program , 
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constants 1;1 gener~l \J and G. H_1' resonances are 

r arbitrarily a.ssigned .. At this point resona.nc'e~ are assigned 

t 0 a. b a. 5 e t y p e (;"'-, G , C I U), b u: t the po 0 5 i t.:. 0 n S 0 f the b a"s e 5 1 n 

the oligomer are not ~nown. 

To determine the order of the bases in the oligomer. 

th~ chemical shifts of the- resonances a.re compared to t~o5e 

generated for a glven sequence Resonance\ then become 
• 

fully assigned reflecting not only residue .type but its 

'" position in the se:quence', based on minimi::ing the difference 

between the observe? and predicted chemical shift The 

correct sequence is found by minimizing three criteria- whIch 

u 
reflect the best fit .The first eri"terion minimized is the 

number of calculate~ ~nd observed chemical shifts .that 

differ by greater than Q 042 ppm. A second related 

criterion minimi~ed is the sum of difference between 

observed and calcul'ated values that do diff~r by greater 

than 0.042 ppm. When this .humber is' minimized the overall 

-fit between calculated and obs~rved chemical shifts is 

I 
The final criterion is" the c.bsolute average 

difference. whi'ch reflects the average di,fferen~e b~tween 

~ "the c'alculated and observed chemical shifts 
V 

Th i s val u e i s 

.! 

~ilso a. minimum ~hen" the set o~ calculat,ed chemi6a.l shifts 

best fit the observed set Table 19 gives a sample of the 

sequences which have been confirmed by this ~ethod In most 

cases, the known sequence was a~so the sequence which ~as 

,determined f"rom the fitting process OIigomers which were· 



hot correctly sequenced point to some of the limitatIons 6f 

the metn'o-ci. 

01 igomer 1 eng t h c ~ T\' be a J i TIl ita t i o<n for two rea.sons 
~ 

The numbe..r of, signa.ls in ,.a partic~ular spectru!:l that over_lea.p 

lea.d to inacc-ura-te "a.ssignment of tesonances t-o proton type.-

Thts problem becomes critical for oligomers longer than ten 

For oligomers containing more than iif-t~en-

"'; ,nucl,eoti?-yl residues the ca.lcu~a.ted chemi-cal Shl~fts must be 

very accurate,for unique sequence determination beca.use of 

the enormous n'Jmbe~r of seque'nce..,s possible fO'r a. given 'ba.se 

" ra.tio (see T?-,ble 19) 

01 ig~l!1e.r UCAUCA, when sequen~ced' b.y ,t-his l!'le_thod,' 

gives CAUCUA, and- t~e difference betweeh'the two sequences" 

en terms of itting values ,is 5igni~i~ant Th ere a 5 o'n for 

this, is th-at 01 igomer UCAUGA is self complementa~y and' has 

a. r e 1 a t i vel 1 h i '_Q h Tm, Thds the chemical shift data at-

Jooe used for the sequence ~etermina.t~ion is still 

infltienced by inte~sttand st~cklng int~ra.ct~ons a.nd 

~h~refore gives ·an-inc~rre~t sequence. det_ermin~tion. In_ 

5 i.tuat lo'ns whe"re a. unii!{ue ~quence ,"cannot be 

other __ 5~e-ctr-al iJnfo"'!rnat lon,WCh as sigm.oidal 

de t ermIned 

chemical 

cha.ng~s with temp'e-,'rature, indicating base pairing whIch 

s hi f t 

imits the pO$5ible sequences· Ot;: iniormat-i·o-n f:o~a proton 

Nl1R NOE exper iment cou.id be used to 'arrive a.~ ,a unique 

'sequence (Petershiem. and Turner, 1182b) 

The advantages of the method are that it is fast, 
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Table '19. The NUl!l.ber of Pcssibl,e Sequences for a "Ba.se Ratio 
I 

a.s a .Function _of the Oligomer Le'ngth. 

Nu c.l e o"t y d a 1 
Residues 

Pr 0 t~ons 

(Ma"aimum)a 

• 

aAromatic and anomeric pr«tons on each 'of the four ma}or 
bases A, G, C, V. 

bCalculated for t,he base ratio w~ich gives the maaimum 
~umber of permutations. 

/ 

\ 

t 
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one step, does not destroy the sample, is independent 

met!'todologically from the exist~ng chemic'a.l and enzymrlic 

procedures, and can involve Iittte interpretation. since th. 

i- sequence ~!termination process is ~omputeri%ed. Cenerally .. 

lH NMR spectrum of an-oligomer (300-500 pg/400 pL) can be 

obtained in 10 to 20 minut:s. Although the present sample 

size is large, being two or three orders of magnllude larQe"'I' 

than other sequencing techn.iques (Silberklang, et· a1., 

1979) f advanct!'menls' in NMR" instrumentation, especially probe 

senSitivIty. will drama.tica.lly:·redu~ ~_e sample size in the --
near future (Levy and Craik, 1981) Sample size can also be 

, <. 

reduced with the use of micI'osample NMR "tUbes. which reduce 

the needed volume to 60 pL and sample to' 45-15 ~g. The 

pre5en~ sample size is oonvenient'"for oheoking oligomers 

from chemioal synthesi~. 

Oligomers that are longer than six residues will in 

general ha"ve many possible seq'Uences for a given base ratio. 

For example the base tatio 2A:2~:lC:2U. gives 630 sequen~es. 

(-To determine the corre,ct sequence by manual -inspection is 

too time consuming. 'To shorten this procedure a Fortran 

program SEOUEN has been written. The program uses t'he' 

program ASSIGN as a subroutine to generate the che~ical 

shifts of the sequences that are generated by a .. SUbro~t ~inr-' 
from the gi~en base ratio. The program compares the 

calculated chemical shifts to the observe.d set of chemical 

shifts and"calculates the fit in terms of the three ~alues 

previously discussed. The sequen6e can .then be determined 



• 
by quick ~isual inspection. 

3 7 Prediction of Ch~mical Shifts in Short DNa Stra~ds . 

• 

The i~proved. technology to obtain"significant 

Quant it (es of DNA 01 igQmers by both ch~em.ical (Gait .. ' ~ .:!..l. 

1982) and en'tym.atic me ... ns has led In recent yea.rs to ,the 

increased use of NMR:'-s'pec"t"roscopy as a. tool~ in. determinipg' 

the de~ailed moiecular behaviour of these bi~logically 

important compounds. Th e a. b iIi t y t 0 a. 5 5 i 9 n"· the c hem i cal 

shifts of protons in individual nucleotide units of a DNA 

oligom.er is essential if NMR is teo be ,used- to its fu.ll 

advantage (Cru:. tl ll- 1982; Patel. ~ ~., 198.2e) For 

the first t'ime I report the succe~9ful applicition of an 

~xtehded set of 

chemical shifts 

RNA par ame t ~ r. t 0 'l!}~ p r ~ die t ion 0 f 

of similar protons~n DNA,olLgomers. 

the 

, 
~ I tis par tic u 1 a r 1 Y 9" iff "1 C u 1 t ~ t 0 ma. k e c h em i cal s h i f t 

assignments for individu~l prot6ns in oli~omers WhICh. are 

composed of simi la.r repeat ing uni ts,_, DNA wit-h four 

monomerIC nucleotideg"'- (dA,dG,dC,T)..,.is a..typical exa.mple: of 

this kind of o~igomer. Recent papers reporting on the
D

.
1H 

Nl1R spectra. of .DNA 01 ig~mers up to the dodecam.er . . level at 

the· highe~t available fielj stre:ng~hs h~ve been quite unable 

_to assign th~ maJority_of the res~lved heterobase and 

anomeric protons (~atel 1982a,b,c,d) The only 
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~n:actical appr'oach to mak:ing- chemical shif t assignments of 

DNA c~mp~unds to date has been the method ~f incremental 

an·a,lysi-s -SEorer-'e ~ .! .. f" 1975). -The ciisa.dvanta.ge Ot this 

- method is that requi.res the sp~ctroscopist - . - ~ 
to have 

available in "5uffi . .cient qu?nJit_y th-e p~ecursor fra.gments of , 

the 01 igomer ..<Under ·study. 

" In cons~ructirt4 a set of shift parameters for 

\ c. ' 

" c a I qUI a tin 9 ) the - c hem, 1 c i I . s hit ~ s 

unst~c~ed ~ate, it was reasoped 

ot. RNA q_-l igomers in the 

while DNA and RNA • 

. ~ 
d u P 1 ~1t r s h a v e s i 9 ~ i f i ~c ant d iff e r en"c e s ' (P a r d i I 1 9 81 ) 

a't highe-r temperatures <where strands are destac:iced) DNA 

singfe strands should be very similar to the coi~esponding 

RNA 5 i n 9 1 e ·5 t ran d 5 . A wide 'range o( ~on~ormational states 

are ex p e c ted .a n d the a. v era 9 et~ ~ mag net i Co- e f f e. c t 5 0 f 

ne~4hbouring nucleotides on a given proton in a. mobile DNA 

strand should be similar _ in magn,itude to those in RNA 
'> 

strands 

A'<2: c c r din 9 1 Y • the lH chem'ical sh.ifts ot the base 

and anomEtric protons 0'£ dA. dC, .. dC. and TI- were x::ecorded in 

solutions , These values appl ied 

with the extended set of RNA'~,shi.itop~r;a.m~t:ers (see Section 

4 . 5 ), we r e use d t 0 ~ a 1 c..u 1 a. t e t h e- '9 K P e c ted c h em i c a. Ish i f t 5 0 f . . . 
~~~tons in a number of DNA oligomers_ Calculations were 

c~rried 6ut using e.quati~n ,7» i wh ere O'K 
. ,mon 

1S tile 

chemical shift of the'approp"riate m_onom-eric deo1ty~ucieosfde~ & 

protons and the param~~ers 6 3 ' . 
1 J 2," 3 

and ~5., 
1 , 2, 3 
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Table 20 .. 'IH Chemical Shi fts a 

Oeox,nucleo5ide~ at io'~c. 

~Proton 

, AH-8 
AH-2 
AH-l', 

.' "GH-8 

CH-l' 
CH-6 . 
CH-5 
CH-l ' 

'TH-6' . 
T-I'!e 
TH-l"' 

dA 

8.280 
8.212 
6 . q 3 1 

.dC 

: 

in.~ for 

" 

de 

7.779 

6.06 5 
6.237 

-,"-

T 

9.587 

1 . 887 
6 . 1,.q 5 
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'. 
aShifts -a.re reeeranced tOo DS~, uSIng the ~ethyl absorpti.on 
of t-Su.OD at 1.3'21 ppm and a.re:·rec:orde-d~'in 10:0'/00 0 ' -

"':.. c.on~ta.ining 0.01 M sodium phospha.te: a.nd 1.'0 M sodi~m. chloride 
<pD'7··P) 



re?resent the shift contributions from the three neighbours 
... 

on the 3'. and 5' Sides respect'ively. The parameters were 

derived from··the chemical shifts of RNA spec_ies (see Section 

4 . 5 ) 

Since thymidine does ,not exist in RNA strands, 

pa~~met"~~'~ for the uridine H-S proton were used to predict 

the. chemical ·shifts of C-S methyl pr~tons. This assignment 

was.justified on the grounds that -th~ averaged magnetic 

env.ironment~;..of the three methyl protons should be equivl.lent 

to a pOint.slightly beyond the position of the uridine H-S 

proton but in t-he plane of the pyrimidine ring. The 

thymidin~ methyl would therefore experience.magneti~ effects 

sim~lar to ,a uridine H-5 from neighbouring resid~~s. 

To test the applicatiqn of the RNA parameters to DNA , 

6ligomets. ~.o*pounds were chosen fo~ which hi~h temperatur~ 

()70 o C) chemiciI shift data was a~ailable and where 

reasonable chendc.a'-l shift assignments have b.een ·made. The 

detailed re.ults for 

dCGCGAATTCGCG (Patel, 

/ 

dACATGT (Tran-O,nh, et .!.l. 1982)~· 

lL1 !.l., 198Za), and dAATTGCAATT~fff 
, '. . 

(Lanc"e·lo~. !...!: .!....!., 1981) a.re shown in Tables ··Z):·and 22-.~ A 

f,ew oC the protons show dit ferences between the predict'ed 

and observed val-ues that are gre~,te~ than.C.IO ppm but the 

m.aj or i ty are much'" be}ow this l.evel. or·he mean absolute 

dCCCGAATTCGCG, and 0.051 for dAAT.T~GCAATT, a.re reTllarkabl~' 

\':1he:n it- i,5 no.te,:~·-that ·the·.sh-i.fts of t'hese three oligomers 
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Table 21. Calculated and Observed 1 HNMR·Shif.t·s of 
d-ACATGT and ·d~CGCC.AATTCGCGa.· 

>. 

CGCGAATTCGCG,C 

Pr o.t on' Cal. Cal. ·Obs.d .. Di f·f'.. 

A( qH-;8 '8.222 . 8 . 22, 0 .002, C(11H-6 7:) 2 0 '7' .62 6 . 1'0 . 

C(21H-6 7.685 7.6'.3 0 .. OS 5 G(21li-8. 7 .. 963 7 . ,4. o .'0 23 
,A( 31H-8, 8 .' 270 8.30 -0.030 , C(,3'1 H':'.6 7.681 '7 .70 ,-'0 . 0 1 9 
T('41H-6 7 . 4- 9 I' 7.40, 0: 0'71 G(41H":8 '7.860. 7 .77 a . a 9 a 
G(51H-8 7.94-9 7.94 0.' 009 .. A(S 1.\:1-'8" 8,250' 8 .27' .-0,020 

1'(:61H'-6 7.582 7.57 a . 0'12 A.< 6.1 H" 8 8 . 2 4 8 8. 1 4 a .,108: 
A ( 1 1 H- Z 8.116 8. 14 '-0.024 ._='- . T<,71.H,-:6 7 . o.Z'- 7, . 50 0 .029 
C(21H~5' 5 .844 5.86 -0.016 l' <' 8 1H""6 7.S74 7 .5,'5 0 . 024 
A(31H-2 8.099 .8., .. 18 -0.08'1' C.(91H-&: 7.755 7 .} a a .OSS 
T(411'\e ~,'1. .. 739 b' G(101l-i-~ 7.969 ,7.94: a ~ 029 
l' (61 11e 1 .88 S b , C\lllH-6 7 .74S 7 . 7'0 a • ass 
A(11H-l , 6.361 6.31 O".OS,1 G(IZ1H-8: 7 .964 h94 0.024' 
C ( 2 1 H-.l ' 6.178 6 . 12' a . as 8 C(11H-5 5. 942 S'.97~.OZ8' 

C(z'lH-5 
, 

A(31H-l' 6 . '3 70 6.35 a . a 2 a ",. 5 ~ 842 5.90 - J.05~ 

l' ( 41 H-l ' 6. 165 6.06 a .,105 A(S'lH-Z'. 8.037 8.02 a . q t 7 
G(5)H-l' 6.176 6. 13 0.046 A(6)H-2 8.057 8.00 0 .0 S 7 
l' ( 6 1 H-, 1 ' .6.224- '6.24- -0.016 1'(7')11& 1 .741 1 .75 .-0,:009 

1'( 8 )I'\e ' 1 .796 1\ 78.3 o . 013 
C(9)H-S S.931 6.01 

, 
-0 .,0 7 9 

C(10)H-5 5 . 91 i 5.94 -Q .029 
Mea.n Absolute D iff. 0.041 , 

" 

.~ Mean Absolute D iff 0 . 0'4 2 

, " 

aFor spectra recorded in aqueous solutions relative to D5S 
as standard a.nd a.t temperatu,,re-s of ?OoC or great.er. 

bChemical shifts and aSSignments no't quot~d by author,S 
(Patel, 1976) 

1982 a, 

/ 

" . I 

, . 
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Table 22. Calcul-;"ted and Observed lH NMR Shifts of 
d-AATTGCAATT a . 

AATTGCAATT,b 

Proton Ca I.' Obsd . D i ff 

A(llH-8 . 8 . 196, 8.14* a . 056 
A( :;UH-~ 8.261 8.30* -0. 039 
T( 3 )H-6 7.549 7.50 0:049 
T( 4 )H-6 7 .501 7 .' 4 4 0.061 
G ( 5 ) H- 8 7 ,93L 8.07 -0.139. 
C(6)H-6 7 .699 7 .63 a . 069 
Ai 'I lH-8 8. 247 8 . 17' 0, 077 
A(SlH-8 B .,3 a a 8.30 O. 00 

, T ( 9) H- 6 7.537 7.49 a . 047 
T(10)H-6 7.555 7.57 -0.015 

A{llH-2 8. 079 8.13 a -0.051 
A(2lH-2 8: 120 8. 05 0.070 
T (3 l Me 1. 745 1.76 - a. 015 
T( 4l1'\e' 1.764 1.83 -0. 066 

. C ( 6) H-5 5.829 5.9i -o.osr 
k(7)H-2 8.0~0 8.05 -0.020 
A<'B )H-2 8.1.22 8'. as 0, 072 , 
T( 9')M .. 1.756 1 .76 -0.004 
T,( 10) Me 1 . 817 1.85 -0.033 

~Mean Abso l'ut e Difference 
;.; o .051 

~, 

, 
aFor ~p~ctra recorded irr aqueous solutions relative to DS~ 
as., stan'dard and at tempera.tures of ?OOC or grea.ter. 

* . . ~ 
Asslgnm~nt5 have been rev~rsed from those given by the 

author.,s. 

;", 



were recorded in diff~xent laboratories ~nd cindet c~nd'itlons 

of slightly different buffer concentrations tamp e r a"t u r e , 

.) and pH. Mor-eov'er, each of the- RNA parameter·s used has a. 

probable. experimental error of ~he order. of 0 007 ppm and 

for a base-which is influenced by six neighbours the 

comb in e d err 0 r C o"u 1 d be up toO 04 2 P p,m _ 

Shift pre~ictions have been made for other DNA 

01 igomers tha.t have high temperature lH NMR spec-tea 

=eported in the literature an~ the mean ~bsolute differ~nces 

between the predicted and asslgned shifts are shown in Table 

23 The agreement between calculated and assigned. chemical 

shifts is excellent Upon examining the data one notes the 

~ 
very' limited number of H-l' protons that have been assigned 

Frequently these anomeric proton-s are well resolved 

• 
resonances and the parameter set enables reasonable 

assignments to be made with confidence and efficiency 

Thymidin~ m~thyl resonances showed good agreement , 

between ~alculated and observed values with a mean absolute 

differen~e of 0 032 ppm for the 16 examples and the raticinale 

for·emploYi.~g the parameters for ur--idine H-5 i-s justified. 

The RNA parameter set may also be used In th~ 

reverse sense to sequence short ON~5tr.a.rids. 

NMR chemical shifts a.nd base composition are 9.iven" the baSI! 

sequence which best fits the NMR cata can be derived. 

Computer trials have indicated that .the current parameter 

s.t a-ocurately selects the correct seqtience for short DNA 

109 
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Table 23. Diff.er~nces Setween Calculated and Observed 1M 
NMRiShifts of DNA Oligomers a , 

'-

01 1"g ome r M.ea.n Difference Reference 

dCCCG ·0 . 016 Pat ~1976 
dCCCC 0.018 Pa tel. 1977 
dCCc,G 0.022 Pat el, 1977 
dCC'CCCC O. 047 Patel, 1976 
dCCAA 0.069 Cheng. JU ll· 1982 
dTTCC o _ 072 Cheng, ~ ~. 1982 
dCCAAC 0.059 Cheng, JU .!.l . 1982 
dCCA o .029 Cheng, ~ .2-1. 1982 
dCTTCC 0.041 Cheng, ~ ~. 1982 
dTCC a .066 Cheng. ~-ti· 1982 
dATCT a .040 Neum.a.n I !J ti· 1982 
dTATATA 0 .056 Phillips, Roberts,' 1980 

-. 



\ 
\J 

, 

',-

oliqomers up to the octamer level but that longer oligomers 

have base ratios that lead to an enormous-number of 

permutat ions. and unioue seouence predict~ion is limited by ., -

the accuracy of the parameters. 

3.8 The Eefect of Base Sequence and Conformation on 

Protein chain termination ?ccursDwhen the 

translational machinery encount~rs a nonsense codon UAA. , 

~UAG. or UGA <AGA or AGG in mitochondria (Anderson, et ~ 

1981», In the simplest biochemical assay, 'the i~itiator of 

translation. {met-tRNA, is bound to ribosomes with AUG and 

the separate nonsense codons UAA, UAG, or UGA are added in 
" 

conjunction with either of two release proteins: RF-l which 

responds t~ UAA and U~G, and RF-2 which responds to UAA and 

UGA (Caskey. 1979) Under th~se conditions N-formy)-met is 

hYdrolyzed from fmet-tRNA, The release fa-ctors RF-l <n~d 

~F-2, have been highly purified from E .. coli cells using 

chromatography and assaying for activity using the release 

of N-formyl-met (Ca'skey, 1979), or by the .proteins ability 

to promote hydrolysis of ribosome-bound peptidyl-tRNK 

pr~sumably adjacent to UAA (Cano%a, Cano%a and Nakamoto. 

1966; and Canota and Tompkins. 1970) or UAC (Klein and 

Capecchi. 1"971). 

Release prot~in ·RF~·1. competes with t~NA mediated 

suppression of UAG (Gano%a and Tompkins. 1970; Beaudet and 

• 

HI 
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Casic:ey. 1910) and binds o ribosomes In the pLQ5enCe of 

nonsense codons (Scolnick and Caskey, 1969) Bo th RF-l .and 

RF-2 also stimulate the bindi ~ ~i nonsense cadons <Scoinick 

and Caskey, 1969) Experiments in which antibodies to these 

proteins were used to remove them from crude extracts 

suggest that they partiCipate in termination of 

bacte~iophage encod~d prot~ins (Capecchi and Klein, 197Q, 

Thus complexes which include ribo~omes,"a" nonsense codon, 

and a release factor are proposed as intermediates in 

pro t e. i n<':,; c h a in term ina. t ion. 

Ii a non.sense codon is inserte\cL into different 

locations of the bacteriophage Tq rllb cistron, so that 

the sequence around each nonsense triplet varied, dramatic 

changes in the efficiency of tRNA-medjat,e'd.suppresion 

tha~ter,minat ion in vivo, may em.ploy 

signal longer t.han a single triplet (Fluck, .!.l ll-. 1977) 

suggest ing results, 

Read-through of UGA can, in more than one case, 

result in the generation·"odf two proteins essential to 

viability at a number of phages. Codon, UGA , can be 

recognized in two ways in strains 'which do not har,bout' a 

a 

nonsense suppressor-tRNA: It c~n either specify termination, .• 
or it can be translated as tryptophan', generatIng a longer 

:\ -- protein essential to function (Hofstetter, !J li" 1974; 

Yates 

fACh, 
\, 

!....!.!-.!... 1977; Veiner and \Jeber,- 1973; Celler and 

1980). Since the generation of tWO proteins from the 

same cis{r~'n by this mechanism is uncommon, the base 



sequ@nce neighbouring thiS nonsense codon may control the 

efficiency of this termination mechanism. Recentiy, a. 

report suggested that the base following UGA, e.g UGAA. 

might determihe the level ot tRNA-mediated suppresslon and 

.presumably the extent to which translational termination 

occurs 1n vivo, Since releas-.e factors cO!D.p~ete wi t~'1 supressor 

'tRNAs (~ngelberg-Kullca. 19'81);; 

Tandem termination ccdons i r at the end of 
") . 

number of bacteriophage q-cistrons but only 1 aGio a f all E. 

coli. proteins appear to use cont1guous termination t~1?I~t5 

in vivo (Lu and Rich, 1971) In such cases ta.ndem nonsense 

codons may ensure that termination occurs at the end of the 

cistron (Nichols, 1770) 

In this t'hesis.I addres,.s-two issues Whether bases 

surrounding the nonsense 
r 

cod.on\~AA c.;n 

) 
t ranslat ional termination; and whether 

influence in vitro 

UAA must be in the 

triplet reading frame with AUe for this reaction to take 

place-.. This 'f iner p'oint was conSidered important because'" 

UAA dan trigger termination when added as a separate 

triplet a situation where the- spatial relat,ionship between 

codons Aud and UAA is ·uncertain. This invest iga.t ion was 

( 
accomplished by chemio~lly synthesi%ing RNA polymers having 

the UAA codon at variabie locations 3' to AUG within the 

same polymer 

Since all amino acids are found at the C-termini of 

E.. coli proteins without bias~ (Spahr quoted in Lu 



a. n d Ric h, 1 9 7 1 ), add i t ion a lsi 9 n a 1 5 ~ i- 9 h t b ~ e x ~e c t ad,~" t 0 

reside. e~r. "downs;ream" or directly on the 3' side of the 

stop t'ti?let(s) The ability of UAAA. UAAG. UAAC. or UAAU 

to'stlmulate release of N-formylC}SSJmethlonine from 

N-formyl[~5S]met-tRNA:ribosome:AUG comple~e~ was te~ted. 

The" results show that each tetranucleotide terminates to 

.almo~t the same extent and rate 'as the UAA referen~e codon 

when pa.rtially purified preparations of RF-l were· used 

(Figu'te 15). Therefore one b~se a.t the 3' side of UAA does 

not affect the in vitro te'rmination r.eaetion, indicating 

that the E. col i recognition system differs from that of 

eukaryotes, because the latter responds to ·tetranucleotides 

better than to triplets (Caskey," 1979) 
[ 

The capacity of the termin"atio,p, as'say to respond to 
,I 

tandem nOfs.a1nse codons was also- studied. In cent'rast to the 

V 
tetranucle'otides'", the hexanucleotides,'UAAUAG, UAAUAA, a.nd 

UAAUGA, stimulated RF-l media.ted release to markedly, 

different e~tents (Figure 16) Hexa.mer, UAAUAG, slini'ulated 

the reaction somewha,t better than UAA~CAl but UA~UA~, was at 

lea.st" five-fold les's effectL-ve tha.n the other two 

hex a. n u 0 1 a 0 tid e s ~ t rip 1 e"t /U A A: Th e s e difference were 

maintained when the reaction time was extended up to 00 

minutes. The lower level of termination promoted by RF-l 

with UAAUAA, could no~ explained by the presence of 
"0 

inhibitors in the olig'onucleotide preparations, as mixing 

experiments ~ith UAAUAA and UAA failed to reveal inhibitors 
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15. St imulat ion of (35 5 ] fmet release by polym.ers 
form UAAN. 
Reactions were carried out as described in 

Experimental Incubations contained 300 pmoles of AVe, 100 
ug of four times washed E. coli Q13 ribosomes, and· 7.0 
pmoles of t~S5]fmet-tRNA. Termination reaction mixtures 
(30 min at 24°C) contained 14 ug of ~F-l and varying 
levels of UAAN. Urtsp~cific release .observed with AUG in the 
presence of RF-l and no UAAN was subtracted. 

(. 
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in th~ hexanucleotide. It is of interest that UAAUAA ~as 

not yet been ob5erv~d In prokaryotic ter~in~tion regions 

(Caskey, 1979; Steege and 5011,1979). It seems likel,y that 

the conformat~pn ot this ~examer restrIcts recognition of 

UAA. A previous dbservation that the ~UCUAA~A)2S 

oligomer was unable to stimuCate efficient release of 

N-formyl-methionine (G~noza and Th~ch, 1969) whil-e 

AUC(U)3UAACA'n successfully ieleased f~et-phe, can 

also be explained by the proposal that" t.he ~ontormatlon 

adopted by the oligomer on ribosomes, may influence the 

~. termination reaetio,n. 

The effect of sequence and conformation cannot be 

~ex~mined using triplet UAA , and since tetranucleotide set 

NUAA, is ineffective in terminat~on <Ganoz&, unpubl,i~hed 

results), two types of longer oligomers were assemble~. The 

first was AUG<U) UAA(A) having AUG at the S'-end 
m n 

which was covalently linked to the terminator UAA, by z.ero 

to five bases, and the second wag a seri~s of short 

oli.gomers (5-7 bases),_ eich starting with AUG; AUGUA, 

AUGUAA. AUGUUA, AUCCUA, AUGCUAA, AUGCUUA, AUGUUAA, AUGUUAU, 

AUGAUG, AUGUUU, AUGA~C, AUCGCU, and AUGUCU. 

The abi~ity of these oligomers to trigger 

termination was tested. Each of t.he first set bound 

fmet-tRNA to approKimateli the same extent (Table 24) The 

bound fmet-tRNA was active in peptide bond synthesis. 

quant itat iv.ely yielding an fmet-puromycin pr .. oduct (Canoza; 
(' 

\ 
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"Figure 16. Stimulation of N-acetyl(3HJmet release by 
tandem stop polymers, UAAUAA, UAAUAG and UAAUGA. 

Conditions for initiation complex form"ation were as 
descr'ibed in Experimental with 300 pmoles AUe and 2.5 pmoles 

3 . 
~t N-acetylt HJmet-tRNA. Termination reaction mixtures 
cent·ained 14 ug of RF"-l and varying levels of UAA or of 
UAAUAA, UAAUAG or UAAUGA. Incubation was for 5 min at 
24o~. Unspecific release obtained withvAUG in the 
presence of. RF-l a~d no UAA or UAA-conlaining polymer, was 
subtracted. 



Table 24. Re-lease Reaction with mRNAs of Formula. 
'AUG(Ul UAA(Al 

m n 

Ofigomer 

AUGAAA(Al 
AUGUAA(Al

n 
n 

AUG(Ul UAA(Al 
AUG(Ul'~UAA(Al: 
AUG(Ul 4UAA(Al

n 
AUG(Ul UAA(Al 

~ n 

'," ,. 

Bound 
d pm x 1000 

36.7 
35 .6 
3 4 ~ 0 

"" 41.7 
41.6 
43.6 

Polymer~ ~f composition AUG(A) or 

Relea.sed 
dpm x 1000 

Z. 4 3 ' 

2.8 3 

9 . 8 4 

9.1 4 

9.2 S 
5.2 5 

118 

n 
AUG(Ul .. UAA(Al were synthesized by use of 
prime~~depend:nt polynucieotide phosphoryl.a.se as described 
(Ganoza, 1978) ~nitia.tion complex formation and 
termination reactions were preformed as described in 
experimental using 86,300 dpm ~(35sJ"met-tRNAfand 220 
pmoles of each polymer.' .. . 

Numbers of experiments, binding e~periments were 
duplicates. Values are averages of samples which were 
within 10% of each other, and are not corrected for 
unspecifi.e /deacyla.tion. 
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unpublished result) Oligomers which lacked nonsense 

cadons, i.e. AUG(A) 
n 

did not hydrolyze" fmet-tRNA a.nd as 

previously observed AUGUAA(A) did not 
n 

c'hain terminate 

<Ganoza and Thach. 1969). Significant hydrolysis of 

fmet-tRNA did oc~ur with AUGCUl
1

UAACAl n and .. 
AUG-CU) UAA(A) , where 

4 n~ 
the termination codon Is 

out-ai-phase from AUG by one base. ali game r 

AUGCU) UAACA) 
3 n, 

containing in~phase UAA 'Iso chain' 
<. 

terminated, whereas AUGCU) UAACA) 
5, n 

was far les~ 

effective. ·Th ish y d"r 0 i y's i sin res pons e t 0 5 P a. c e dan d lor 

~,out-of-pha.se nonsense cadons was lurt~er investigated using 

shorter oli~o~ibonucleotides containing UAA juxt,aposed to 

AUG,. or separated by one or more nucleotides. 

The level~ of ribosoma.'l com.plex forma.t ion with each, 

oligoribonucle?tide w~s measured <Tabla 25) 01 i.90mers, 

AUGUA, AUGUUA, AUGCUA, AUGAUG, AUGUUU, and AUGAGC, all bound 

N-acetylmet-tRNA with equal efficiency, supporting the 

previous concl·usion that:'lt'h·e base immediately following AUG 

does not affect ribosome-oligonucleotide interacti9ns as 

much as the n,ucleotide 5' to.th-e initiator (Ganoz.a, tl II 

~1 9 7 8, 1 9 8 2 ) , Lower levels of AUGCUAA bound to ribosomes 

indicating that t~e sequence following AUG may be important 
, ,J 

S.omewhat· unexpe-cted results were observed when ·the 

fraction of N-acetyl-met released was compared. About half 

of the ribosome-bound ~-acetylmet-tRNA was hydrolyzed with 

--,..!lUGUUAA or AUGUUAU~ Nea.rly 40% of the bound subs t r at-·a 
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Table 25. Binding abd Re-lease Reactions with Vari-OU5 

AUG-Containing POl,mer~~. 

Po l·ymer N-Ac.ety 1 r: 3Hlmet-tRNA 
Bound Bound " 100 

(p'mo 1 es) 

AUe; 27.9 
AUe;UAA 14.7 
AUe;UA 1 9 . 0 
AUe;UUA 19 .3 

. AUe;UUAA 14.0 
AUe;UUAU 13.7 

AUe;CUA ·17 . 2 
AUe;CUUA 14.0 
AUe;CUAA 11 . B 
AUe;AUe; . 22. 4 
Aue;uuti 19 . 7 
AUe;C;CU 19 . 2 
AUe;UCU 14.7 
AUe;Ae;C 20 .4 

N-Acetyl [3Hlmet 'IoRelea.se 
Relea.sed x' 100 

(pmoles) 

o .0 O. O· 
3.S 23. B 
7 .3 38.4 

. 
7.1 37.4 
0.7 47.9 
O.S 47.4 

" 2. 1 12 .2 
'0 .0 0.0 
1 .9 10 . 1 
0.0 0.0 
0.2 0.1 
o .2. . O. 1 
o . 6 o . 4 
0:2 0.1 

aValue9-a~e the average of triplicates ~hich were within 
10% of each other. OverSO'lt.Qf the bound label reacted with 
pUE'omy'cin' wi.th'AU-C, and e-ach penta-
or heKa'ribonuc1a:o-t id-e p'to9ra:mmed-·ribo$·-om~. 

hydrolysis1a.bout 0.1 pmoles) fmet~tRNA was 
each . 

1 , 

Non-~nzyma.t ie 
5ubt"racted· trom 

"'",,' ;-"-- . ~ 
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hyd-rolyzed when RF-l was added to ribosomes progra.ed by 
;" , \ 

, 
AUGUUA, about observed with AUGCUAA 

" 
20% hydrolysls was and 

or AUGUAA.~.~he hexamer AUGUAA was more effective than 

01 igomer AUGUAACAI :(Table 25) 
"0> n 

Oligomer AUGCUA, 

stimulated ~2°/1 of..-·the, hydrolytic reactio-n while AUGUA 

"~' 
st.im~lated hydrolysis nearly 4 Q0.lo, implying that t"'~,e VA pa,rt 

• " 
of the sequence is partly responsible for t~e sp~eificity of 

these in:; vitro termination;re·aetions. Hexamers,2 AUGAUG, 
,:' '>" 

AUGUUU, AUGGCU, AUGUCU, and "AUGAGC, ~-ere i n'a'~ t i v e , 
" , 

indicating that th~ in vitro assay f~r ter~inat~on r~5porld~ 

only to oligomer~ that conta-ln at- ieast pa:rt of a. 
.,./-

termination codon CTable 25) ~ Since AUGUU~, ~UGUUAA, 

AUGUUAU, and' AUeUA,· stimulated relea.se to apprOXimately the 

same e K ten t ~ the common UA porti.0n:of t-h·e 0 I i 9 ome r 9 appear,;S , , 

fo be equall,Y effective whether i't is positioned ad:4:....cent 

to~ or one base aw&y from, AUG bound N-acetylmet-tRNA. 
-"1,; 

By comparison,"', AUGUAA, c':aused less response ~h~/ 

, 
o.bservad for j\.UGUA. The resul t is in t ~ res t i'n g be c a,iu 5 e 

" ( .. , 
._ J .';'!' -

codon whereas AUGUA,; AUGUAA', intact nonsense contains an 
'\ i , --,­

does not.' F.,ur~erm;~",re an ad;~iti~~l 
• -I!i; . 

AUC;UA, deorea.sed ·the a.mount of 

a.dep.o~ i ne 3' residue 

"... " 

releas-~e'- considerably and 

extra'adenosi~e residues ih oligomer AUCUAACAi 
~ n 

depresse~ the react ion even fur:lher In 

cont rast, the ol~gomer5, AUGUUA, AUGUUAA and AUGUyAlj , 
1, , 

stimula~ed a p pro x"'i ma tel y the same level of re'lease 

in die a tin 9 t hat add i t i o;'n 0' f e i the r ad en 0 sin e 0 r uri din e 

'". 

to 
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residues· 3' to UA' does not affect the abilities of these 

oligomers to stimulate the terminat.ion reaction. A 10wer 

·levil of r~lease was observed with AUGCUA and"AUCCUAA 
,~ 

indicating tha.t cytidine'"S' to VA does restrict the 

rea.9tion. The oligomer AUGCUUA, did ~ot ~etecta.bly cause a 

terminatiori ieaction indicat ing that when the UA region is I 

two bases from AUe it is not pogition~d correctly to cause a 

resp,onse. 

Since the sequence, UA. when covalently linked to 

;AUG, c~used hydrolysis rif N-formy'lmethionine (or 

N~acetylmethioriine) free VA and UUA we~e compaied with UAA. 

(Figure 17) Neither UA nor UUA stlmulated the .model 

terminatio~ 'reaction verifying earlier rasult~ that'onl~ 

nO,nse.nse tr iplets st imulate hydroly~.is (Ca.skeYI !..! .!l.. 

i94S) 

The t·ime course ~f the teruina.t~.on reaction 

pro'grammed by AUGUAA., AUGUUA, a.nd a miKture of the !"ree 

triplets, AUG and UAA , is shown in Figure 18 As expected, 

different ooncentrations of UAA trigger rel~ase of 

N-ac~tylmethionine:from N-aeetylmet-tRN~:ribosome:AUC:RF-l 

complexes. The eKpected lag of a.bout t.~enty minutes in 
f. ,_ 

t reactions progra.mmed with low ~_Ievels of free UAA wa.s 

; observed (Ca.key, ~ ti., 1948; Cap~cchi, 1967). Th i" I a 9 

w~s markedly diminis~ed in rea.~tions containing AUGU~A, 

,;. , , ·'whereas rea.ctions programmed by A,.UGUUA, proceeded a.t the 

~. 
fas.t'·est rate without detectable time 'laps'e,' indica.ting thai 
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Figure 17 . Lack of st imu lat ion 
3 . 

of N-acetylC Hlmet 
release by UA and UUA. , 

Conditions for initiation complex formation were as 
Gdescribed in Experimental with 300 pmo,les AUG and 2.5 pm6Les 

of? N-acety 1 (3HJmet-tRNA. Terminat ion reac t ion ,mixtures 
I . 

~jntained excess RF-l and varying levels of VAA, UA or UUA, 
~d were incubated for 30 min at 24°C. Unspeclf;c release I ''''n.' ,W"" '"0 ',n ,,. ".".n'~" 'H woo ",n", .. '.' 
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the N-acetylmet-tRNA:ribosome:m.RNA:_RF-l complex reacts mo.re 

efficiently when the nonsense codon occurs wi-thin a mRNA 

(Figure 18) The fasier rate of release with AUGUUA,. 

5 U g 9 est 5 ',3,. 1 a c k 0 f 5 pee iii cit yon the par t 0 f \ R F - 1 Th e 

• . 
possibility of a protein .contaminant of RF-l causing. this 

h'y d r 0 1 y 5 iss e em 5 ···'u n 1 i 1:: ely as t his art i f act W 0 U 1 d h a. vet 0 

have very simila.r P,hYSicaV-;rOP"",erties' to R.F-l a..nd would have 

'.: . 
to co-purify through at least ;:our purifica.tion steps-

(Canoz;a. and Tom.ple.ins, 19"'7"G) 

Release factor RY-l appears -to recognize VA which is 

part of the ~AA or UAG sequence, and the sequence around VA 

is very- imp;rtant for t~is termint't ion .. A ser ious 

consequence ',of .1'bi9 lacle of specificity is tha.t RF-t. could 

~potentially elict release of growing peptides iro~ 

pep'tidyl-tRNAs in the neig·hbourhood of any UA sequence. 

Since" this dinUcleot~e oo.curs a.t too high a fre~Uenoy in 

amlnoacyl-tRNAs could effectively· . ' 

./ 
mRNA, the POSSibil[that 

coml'e"te, wi th the release factor dur ing Ch\-=- propagat lon ,was 

exami;ed. It was dat fmet-Ieu-tRNA 15- synthes1zea 

from AUCUUA, in;:::{~e presence of proteins, IF-I, IF-2 

\ (initiation factors), and EF-Tu, EF-Ts (elongat.ion fa.ctors) 
\. 

.as previously reported. for hexam~i, AUGUUU (Erbe and Led~r, 

1968 ) Addit ion of RF-l decreased the level of 

fmet-leu-'tRNA synthesiz~d and this effect was more 

" 

pronounced when UAA was added to ensure' th~t RF-l had bound 

to ribosomes (Table 26; Canoza. ~ ~. 1982 ) 

124 

V 



." ,,-,> 

• 

, 

L 

-rn 
CD 
0 
E 
a. -

"'0 
CD 
rn 
to 
CD 
CD .... -CD 
E 
~ 

I 
M 
~ 

>--CD 
(,,) 
to 
I 

Z 

.09 

.08 

.07 

.06 

.05 

.04 

.03 

.02 

.01 

o AUG + UAA 
A AUGUUA 
• AUGUAA 

o 

• 

o 

'~~~$_~~--~I--~--~----~~--~----~ 
a 10.,. 20 30 . 40 50 .60 

Time (mins) at24°C 

Figure 18. 
with AUGUAA 

Ti*e course of release of N-acetytC 3 HJmat 
~r AUCUUA or with the free. UAA codon. 

Initiation complex formation was carried out as 
described in Experimental with 300 pmoles 9f oligomer artd 
2.5 pmo!e~ of N-acety!C 3HJmet-tRNA. The ·acetylated tRNA . . . Q 
was bound to ribosomes with AUG or AUGUAA or AUGUUA as 

Release was initiated by adding 14 ug RF-1 described. 1n 

each ~.a5e a.nd 7.,6 nmolas. UAA where .ind'icated. ~ Uns~e,cif ic 
release observed in the presen~e o_t RF-1 was subtracted. 
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Ta b I e 26. 
Hydrol'ys is 

Effect of 
<Release)' 

Releas:e .Factor oh the Synthesis and 
of f-met-Ieu Programmed by AUGUUA.I . . l 

met-leu 
R~c~vered Syhth. 
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Additions (dpm) 

"" 
( dpm) 

met-leu 
( dpm) 

1 . IF - 1 , IF -'Z 
EF-Tu, EF-Ts 56000 . 10140 7060 SOO 

Z. IF-l,IF-2 
EF-Tu,EF-Ts+RF-l 5 !600 5000 7S00 1300 

~ 

~ 3. IF-I, IF~2, F- u 

EF-Ts+RF-l+U A ~ 

,. 
7100 1200 39000 2100 

4. RF-l 30600 12493 190' 
J 

S· None 30600 944 190 • 

~ 
Dipeptide synthesis was anaiy~ed \ , 

electrophoret lea.lly. Re"covery- of total radioact tvi ty was 
approxima.tely 8S~ of addad counts. Rela~se of fE3~SJm:t 
with 'added fa.ctors was due.~to a. trace of fmet-tRNA hydrolase 
in the IF-l preparat ions. Experiments 4 and 5:' used AUG a"nd 
fC35S]met-tR~ bound to" ribosomes as substrates. 
Non-specific hydrolysiS may account for about 10% of the 
f(3SSJmet-leu release~. Traces of EF-G ih RF-l could 
account for the rema.ining hydroly~is of fret-leu in 
experiments 2 and 'j. 

~Repre5ent5 background radioactivity. 

( 
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5,1 nc e a significant -fraction of RF-l 

bound to ri~m'es, and since 

is normally 

found loosely the release 

factor appears to be in compet'ition with leu_tRNA 1eu.- ior 

the seque~nce UU'A, it seems release factor could h'&ve a. dual 

function: namely. termination when nonsense codon~ are 

in-phase, or cleavage of nascent peptid~ chains when UA 

occurs ~n the p~oper sequence context and the ,'equired 

aminoacyl-tRNA is not immediately available to recogni~e the 

VA-containing triplet thus acting as a regulator of proteln 

synthesi,s. 

In this thesis it is reported for the first time 

that the se.quence VA, is reccgnized by RF-l to trig'ger chain 

terminat-ion in vitro. Thi_s ability of VA to Signal release 

depends upon the riature of nucleotides adjacent, both 3' and 

S', to this sequence. The result is interesting. because 

RF .. -l w.as conside-red to' be specific for the triplet .top 

codons, UAA and UAC (Caskey, Indeed, " when VA is 

added as a free dinktc,leotide to fmet-tRNA:ribosome:AUG 

c?mplex. terminatton is not observed with RF-l 

RE'-l exhibits different ~eCifiCity when potential 

terminator sequences a.re crva1e,nt ly I,inked to AUG. wi thin t-1\e 

'-" ' 

s'a.me polynucleotide!' as in mRNA. U"nder these circumstances, 
" 

within certain 'base context (i) UA functions as a 

termination signal and (ii) UA cont~in~ng terminator signals 

can be .read out of the AUG-aligned re6ding frame~ 

A' model based on the contorma'-tion adopted by 
, 
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Table 27. 3' Endo Conforma.tion as a percent for the 
Biologically Significant Trinucleoside Oiphosphates UAA, 
UAG. UGA. AUG. and Oligdmers UAAA. and AUGUA at_.:.;varipus 
Temp~.r~u res . ~~ ~: 
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.,. oliq"""!:oribonucleoti'des in aqueous solution may explain these 

results~ The conformat~Qns adopted by· a ~ligomer depend to 

a large exte~t on the"degree of base stacking within the 

oligomer', which iii turn is dependent upon the equilibri-um 

between 2'-endo and 3'-endo rib~furino5ide. Proton NMR 

S,pectroscopy allows one to monitorcthis sugar conformation 

equilibrium by measuring the coupling constant 

The 3 J 1 ' Z' 

coupling constant has been demonstrated to ref"leet the 

am.OT,lnt of base stackin-g. in short oligomers, and ?ence 

soluti()-n conform"ation. (Altona.. 1975). For"' example on 

complete base stacking, the equil.ibrium shifts to the 

3'-endo conformer an~ the anomeri~ H-l' doublet reso~ance 

collapses to a'singlet. 

.'; The chang'a with re~pecf:"~,~ t~mperature of. the 

3 J Coupll·n~ constant for the "nOmerl·c resonances . 1 I Z' ~. . ~ a 

of the oligomers UAA, UAG, UGA, AUG, AUGA, AUGUA, and GC;A, 

over the temperature range 10-ioOc, clearly show that the 

~rate" of base stacking is not the same for each base in the 
J 

oligor.ibonucleotides (Figures 19-ZS). Aljo the oligomers 

. . 
exhibit very ~ifferent ~verall stacking as a functi~n of 

tempe~a.ture. The trimer CCA which exhibits base pairing 

(Alkema. ~ ~., 19S1a,.b). is i'n a complete~y stacked 

, 
conformation,at ZOoC, whereas trimer AUC is largely in an 

unstacked conformation. Cal cuI a f ion 5 0 f' the .. per c e'n tag e 

3'-end~ conformer, illustrate that the termination codons 
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", 
" _ UAA, UAG, i~l!Rhtbit a hi~~her de9ree of base sta.cking 

.... ""- ,'-.. ____ ... >: J~ , -

than the initiator eodon AUG (Table,2?)'j" 
J . . )~'" 

Since local conformations ad'~'t\,ed bY(~ho:rt sequences 

within a. native RNA af,.e~st of the re_Cb~gnition signal . -~, 
\ ~" ~ 

within protein-RNA inter\!!ction.s- it is pla.~sible- that 

··conformat~.on can affdct the ter~~nati~n event. Assuming 

that ~he con~ormation adopted b,Y the trimer approximates 

the conformation of the sa.me trimer ~:.egion jn a 10ng,,'r ~ .. 

ol'rgomer,. a con.for~at ional h"ypothe,g"is can be p-resQ-nt. \ ~"~. /~:f:~y" . ""C"-
termina.tion results, For e~amll~~hk <~' e x ~ l~a in' the' in v i t r 0 

" 
amount of stacking in AUG is not altered~. si9n(,~icantl'y upon 

addi'tion of .. a pA residue fo the 3'-end of the molecule 

farming AUCA. .H.owev-er the oligomer AVCA oan also be 
• 

cO!1side"re.d a\;. th'e exten'sion of a UGA terminal: ion codon. In 

thi~ case the effect on stacking is significant 

Interestingly the t.tiplet UG~ is am,biguous, i.t codes .for 

both tryptophan and translational ter~i~ation. Furthermore 

release factor RF-2, can com.pete .-w.i-th try'ptophan for t.he UGA 

si te (Gano!;·a, person'al com.municat ion). If thee prot ,,-in-RNA': 

in t .; r a-c..t i ~ n (.a, ~ r 9 a. low, de 9 r e e 0 f s t a c kin gat 

site, then it is p~ssible that changes in base 

the RNA 

stacking 

required to terminate protein synthesis at UGA codons. 

are 

The most interesting aspect of tbe result was·that 

the i'n vitro termination reaction~responded to the presence 

of VA in the i~ediate vicinity of a.n AUG, il"!-;ti-ati"<;1n: o.6don. 

thus rede! ining the' speoif icity of relsa'se prote1n, RF~l 



• 

• 

Th~t RF-l recognizes UAA and UAG suggests that the 

intera.ction at 1'4lie third base in the terminati,on ~odon 
" 

reminiscent of the wobble type of pairing exhibited in 

is 

tRNA-mRNA interactions. A truncated ter~ination codon (U~A, 

UAG -+ UA) 

/~, 

h~l~-'"a. favorable positi--o:n ,on the ribosomes 

stimUlates t·he termination event, f'ndicating t~at th~ 
"base interaction is not essenttaI f~r the 

ribosome:tRNA:mRNA:release factor complex. This- idea. is not 

entirely un~ounded, ;;mr~ ~~·Al. 

') 

.-
(197Q), measured fmet -, 

release from ribosome:fmet-tRNA:AUG:release factor .complexes J . -

induced by a series of'UAA and UAG derivatiYes containing 

• 
substituted uridine residUes. The responsa pattern 

suggested that the N3 proton and C
4 

carbonyl 

moieties of the"pyrimidine ring are es~ential for termin.at·or 
\I 

codon r,ecognition. Substituents in the Cs posit,ion do~ 

not impa.i r function and are 

the positions required tor hydrogen bonding in ~atson-Crick 

base pair's. 

" 

The observations that AUGUA,AUGUUA, AUGUUAA, and 

AUGUUAU, stimula.te reaction to a.bout the sa.me 

ex'tent,' can, now be explained. Each.oli9om~r is bound to the 

ribo~ome:tRNA complex through its AUG portion. If the 3' 

unbound remaifider of each oligomer is assumed to ado~t t~e· 

same conformation that i.t would 'in solution, AUC;UUA, 

At)GUUAA, and AUCUUAU., would ex.hibit co..nformations where t.he· 
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! 

~ (G-3) 

the intervening 

and adenosine~ (A-6);:esidu~taclc 

uridine·residue (U-4>, to loop-out. 

forcing 

In this 

w'ay the UA region in sequences AUGUA. AUGUUA, AUGUUAA. and 

; 
AUGUUAU, would fa.ll in approximately the sam"e region o'n the 

rib~some <Figure 26). Since hexamer· AUGUAA. only effects 

approximately one-half of the termination response obtained 

with AUGUUAA. the UAA or UA region must be masked. Base 

stac~ing in AUCUAA between the gpanosine (C-3> and 

ade.nylyla.d@:.ne>,..sine residues could force the uriAdine (U-4) 

residue to loop-out (Cheng, et !.l., 1978; Lee and Tinoco. 

1980), or alternatively the a.djacent adenylyladenosine 

residue increases the amount of stacking thIOUOt-lout the 

'molecule. causing~ in either ca.se the oligomer .... be less 

I ~ 
extended, thus displacing the important UA port~on from its 

\ 
optimum position on the ,riboso~e. If this is oor'Tect. 

~ ~ I 

AUGUA. should exhibit a ~ore extended conforma~ion than 

AUGUAA. The ~i9hly fle.~ble conformation for AUGUA, is 

supporte'd' by' var iable temperat'ure NMR anal-ysis which, 

indicates that this pentamer exhibit_s a lar'ge anomerio 

coupling const~nt even at O'oC (Figur~ 24) 

0ligomers, AUGUUA and AUGUUAA, promote termination 

tD an approximately equivalent degree. The adenosine 

residue 3 1 to VA only sliohtly enhances tbe termination 

reaction. evidence thit the third base, interaction is not 

requi~ed by the ribosome:fmet-tRNA:mRNA:RF-l complex. 

That & truncated termination 'codon can effect the 
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stac~ing_ 

the VA 
"termination Signal" "in the in vitro termination complex. 

.'", ~ 
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. ) , 
relfta.e react i-on fails to explain why the termination event , 
is poorly directed by the model messengers, AUGCUA _~nd 

I • 

AUGCUAA. These oligomers are expected to exhibit more 

highly stacked conf~rmations in comparison -to the other 

olig.omers ·studied beca.use of the great~r ability of a 
l 

cytidine residue -relative to a uridine reSidue t6 base sfadk 

~ 

( A 1 k ema, ~ !.l., 19!3 2; Eve ret t 1980; 

, 
Giessner-Prettre, llll., 1975) The strength of the 

stacking interaction within these oligome'rs does.nol al16w 

the cy.t ia-dine residue to thereby 
. L 
positioning the 

sequence VA incorrectly and so preventing terminal'ion. 

Similar·ly in AUGCUUA, the UA is pos.it~oned -two ba.ses a.way 

.from AUG, ·in an ~nfa.voura.ble "configuration" for the release 

facto~ to effect a termination response. 

An exp'la.nation for t"he results obt·a.ined wi-th the 

tandem stop codons is possible considering ~onformation. I~ .. , I 
triplet UAA. base stacking between the adeno,sine residUes 

~eakly extends to the u.ri.din~ residue (T~ble 27). , 

Apparently thi~ conformation for ·the UA region is best 

recogni~ed by RF-l In hexamer, UAAUAA, base stacking 

through four adenos~ne 

loops out uridine (4 ~. 
AUGUAA, or A AA(Al 

n 

residues \ei(~t._ends to urid~ne (1) 

~, 
The more compressed VAA, as in 

is less 5uitabfe for RF-l 

recognition. In UAAUAG, the guanosine residue does n9t 

4 

and 

'. 
,--J stack as we adenosine,' conse'quantly the UAG, 

/ 
as an r eg,1 on 

L that of UA a.nd tha hexamer operates as two VA 

l4l 

/ 
I 

\. 
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'. 

units with the resultan.t enhanced release (compared to VAAl 

by RF-l, , Inthe

t7
se of UAAUGA, only one UAA, or UA, region 

i S ,a v ail a b 1 _e f 0 (r e,c 0 g nit ion by R F _- 1 , ' wh i let her e I a t i ~ e ly 

wea.ker stack.ing ~/ a. gua.nosine residue inhibit'9-' continuous 

stacking throughout the heaam.er 50plewhat 

expected by a UAA-containing hexamer compared to UAA, on , 
>/ 

steric and entropic groun r 

Base sta.Ck~ interact 
-<1 

ns clearly' e·xplai.n the' lack 
• 

of release with AUGUAA(A) and the stim.ulation of 
n 

termination by intervening ~ridi~e residues, which can 

disrupt the strong stacking by the poly A tail TJ:1e results 

predicted by the model ("Figure Z6) f are not only in good 

a-greement with those ob'tained in the present in vitro system 

but are consistent with recent in ~ studies wher~ it wa.s 

5ugges,t,ed that the presence of an adenosine residue next to 

a termi,na.t~i.on codo~ enhanc·ed suppression by tRNAs beca.u5~of 

enha.nced base stacking '(Engelberg-Kulka, • 1981). The 

sugges.ti·on that sequence effects are mediated by a 

conformational change 

the efficiency· of· the 

ma y a 1 5 0 ex p ~ in 

primary events in 

the '0 b s·e r vat ion 

tRNA-media.t ed' 

t ha t • 

suppr.ession ca.n be Sf\anged a.t least 50-fold by t"he reading 

! 
context (Salser, et .ll.*, 196'1) 

Examination of the products of synthesis and release 

suggests that ... bne or :more of the proteins required for 

dipeptide'·synthesis may ac~ .. ~vely··prevent release ·by the 

out-ot-phase UA "codon~'. Note tha.t RF-l inhibits the 
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AUG-UUA. pro-gramml!d synthesis of fmet-Ieu but does n'Ot 

proportionally increase the level of fmet released (Table 

26) . Elongation factor, EF-T, appears to decrease 

VA-dependent hydrolysis, however further study is requi~ed 

to determine if EF-Tu, EF-Ts or the associated subunits are 

involved or whetheI o.ther proteins, such.as "rescue" (Van 

der Meer and Canoza, 1975)·, play a r~le in suppressing the 

UA mediated hydrolysis (Canoza and Buckingham, unpublished 

results) . 

It is possible that VA stimulates releas~ .o-f fmet 

from ribosome: fmet":'tRNA:m.RNA:RF-l 'com.plexes but not a 

polyp'epti"de from r-ibosome:aa-tRNA:mRNA:RF-l complexes This 

would suggest th.t the fmet-tRNA ~omehow alters the ribosome 

release factor interaction such that release factor 

specificity is altered. This situation may·be bi~logically 

r e Ie van t n onet he 1 e s s, b 'e c au 5 e t h a in t i a t ion a. n d t e r min at ion 

events seem to be. interlinked (Canor;a, 1977; Atkins, 1979; 

" 
·Kastelein, .!..l ..!..l. 1982 ) However, it has been reported 

that essentially identical requirements are needed for 

peptidyl-tRNA ~nd fmet~tRNA in the' release reaction 

(Menninger, 1'71)_ 

,j­

Regar41ess of the explanation the observed l-ack '~i 

specificity is disturbing, in that, RF-t could potent'ially 

cleave peptidyl-tRNA during chain',growth if the supply of 

charged aminoacyl-tRNAs were,.limiting, ar if the translation 

r~te decreased fo~ any other reason. The selective 
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'. 
utilization within mRNAs of UA "lenn.i'na.tion signals", which , 

depend on base" context, may a.llow p~otein s,ynthesls to have 

many controllable stop signals. Nature could, through 

release factors, a.c1:lieve a measure of fine tuning of gene 

expr.;e-ssion at the translational level 

/ 
• 
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CONCLUSION 

) 

Much of dhe underst~ndin9 of the oonformational 

dynamics of DNA and RNA in solution.is based on studies 

which use 
l' 

H NMR speotroscop.y as the technique to .... 

determine lhe factors which Q~vern coriformation. This 

physioal technique is advantageous b~cause it allows one to 

.. 
monitor regions of the DNA or RNA strand at the molecular 

level .. Th-../e information'obta.ln'ed from an NMR experiment 1.5 

d-ramitioally di~inished ho~ever if resonanoes cannot be 

assigned. Currently assi9ninQ. the chemical shifts of 

anomerio and aromatic protons is laborious. -The incremental 

a.nalysis method (Borer. 1975), is ,presently the only 

convenient aSSignment 
.? 

soheme but it r:equires the 

investigator to have available a series of rela.t.ed 
*/1. 

oligomers 

of increasing length. a situa.tion tha.t most often is not 

praotic&l~ Furthermore reference to oligomers outside a 

sequential series is often necessary for un&mb~guous 

assignment (Everett et ~" 1980), Consideri'ng the 

~mportant role that 1 ' H NM~ has played (Davies • 

. 1978"; Kearns, 1977; Reid and Hurd. 1'977). and should 

continue to"play (Jones; 1980; Schmidt and Edelheit 1981 ) 

in understanding biochemical structure-function 

rela.tionshi~g of \hese"molecules. an·"ac~urate and convenient 

assignment scheme would'be of great ~alue. The set 0 f 
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c. 
• 

empirical chemical shift parameters d~termined in this work 

aI,lows one to assign accurat~ly and quickly the resonance$ 

~ 

of RNA and DNA oligomers oont~ining up .to twenty nucleotide 

.'. 
un its. Accurate assignments using th'ese para.meters ha.ve 

been'ma?e for the following RNAoligomers; AGCU, CAUG, AUGA, 

AUGUA, AAGCUU, CA,UAUG, AUGCUA, AUGUCU,' AGUCU, AG~'AGGCU, 

146 

/ ' 

~ . ') 
and AGACU_)\ AS,signments have a.lso been ~termined f~_r .th0Jr 
~ . 
~olLowing DNA oligomers; dAfATGT,dCGCGAATTCGCG. dAATTGCAATT, "", 
df"GCG, dGGCC, dCCGG, , dCGCGCG, dCCAA, dTTGG, dCCAAG, dCCA, 

dCTTGG, dTGG, dATGT, and dTATATA, The accuracy of the 

aS5ignm.e'nts based on" thJ 5h~pa.rameters is very goo~. 

'-=-using the calculated chemica.l shifts in a reverse sense the 

information fro,!, an IH~pectra can be US1 to 

determine the: sequence o:.)..n RNA or DNA o~ i9<Pmer. Di'ta are 

presented to demonstra.te that this technique is acc'ur;a.te for 

RNA oli~~ers containing uP' toei" nucleotide unitS, The 

R to s~quence RNA" oligomers complements the p~e5ent 

nzy a.t-l and 'hemioal techni..,ques beca.use it is indep"endent 

methodOIOgiCall The method should be useful for 
.;,. 

.coni irming he se.que:noe· of RNA or DNA 01 i gomers to be used 
N 

r 

i.n physical studies ~heie qu&nt~.tie5.are Aot a limita.tion. ~ 

studie$ of sequence effects on t.F,·-ans la.t ional 

ha.ve indicated 

,termination codons a. f f ec ~s 

that base context 

their suppress i on, 

r::, 

around,y// 

pr esumab ly by 
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altering the competition betw~en release fact~rs and tRNAs 
; 

for. the termina.tion site (Salser, et al., 19"69; 

Engelberg-Kulk~. 19811. The results presented in this work 

provide furth~r evidenc~ that release factors and tRNAs 

compete for oedons on a mRNA. 

B~e5 immediately following a "termination codon UAA 

did not siqnifica-Rtly alter. the in vitro termination 

reaction. Tandem termi£ltton codons UAAUAG and UAAUGA were 

slightly more and slig~ty less effective than UAA in the 

ter.1ninat 101:1 react ion. whi Ie 01 igomer VAAUAA· was almost 

i-nef fee,t ive in the terminat.iO~ ~s.ay'. 

The most compelling aspect of this work is that 

.r-- release 
.. I 

fa.ct·or specificity in '-1tro is ~ltered when the 
\ 

termination codon eliciting- the response, is covalently 

lin'tt;~ '\0 AUG~rming .. (1(· messenger RNA'. 

~qomers AUG~ AUGUUA. ard AUGUUAU. cause a termination r -, 
Furthermore 

~vent but do not 
'----- ". 

contain an intaot termination codon. They 

contain only a common UA sequenoe. a truncated teX\mina.ti~.n 

Codon. thus the VA re9io~ must act as a termination Signal 

~ for RF-';""",,,ThiS reaotion 

-messengers t'1lat do not contain a UA sequenoe 

is quite specific because model 

do not cause a 

..J 
termination event. Model messengers"~UGCUA. AUGCUAA. and 

AUGUAA Were ~ess effective 
\ 

in the termination 

UA reactipn indihting that base oon\Et around the 

termination si9na1 influenceS __ it:~eCOgnition. tt:t~,de,l 

messengers UAA~and AUGUAA(Al n ea~h co:}ain 
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,-~-

significa.nt adenos1.ne r---esi-.que's 
'-, 

and. each .:stimll"lates th'e 

~ 
t'e rmi na t i~' 

context of 

" , ....... 
reactio~poorlY. Thus ~o:n,s i,d-,~_~ ing 

the:- tndivid'lt~l 
/ 

messengers" and 
/ 

t lie i r 

the ba.~e 

in 

I cone 1 U<N>... that the UA term.ination 
\ 

signal !!lust. be held in a- favoura.ble.~"¢.ati:pl';l on the 
• f \ '\ !' . -,""' . I ~ . \/ . 

rib050m.e~u.st_ not.·~e iri"voly-ed iii extensive .,ba.se 

------ " 5 t ack,i,ng for optimum rec-ognition , by~relea.se 
\ 

factor 

.. 
5a~~ fact:r~,m.u5t ~lso influenc. terminator Qodon 

These 

, '~ 
suppression ~y tRNAs' and term..inat ion by r;alease faotors 

~ / 

". ~u r i n-g t he 5Y~ t hes ~ s of pr 0 t e i.ns fn in t ac t o.rga.~i--sm.9. 

,> ,,-. 

" 

• 
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Tab'Le 1. ,Chemical 
Tririb6nucleotides 

Sh(ftsa. of the Diribonucleotide UU and 
UUX in buf(ered D

2
0 b . 

Proton 

'"0> 

tF< 1 )H-6 
'U(2)H-6 

',U(3)H-6 

C.(3)H-6 
:C(3)H-8 
A(3)H-8 
A(3)H-2 

U(1)H-1' 
U(Z)H-1' 

UJ 3 ).H-1' 
C <' 3) H-1 ' 
C(3)H-1' 

A ( 3) H-1 ' 

U(1)H-5 
U·(2)H-5 
U(3)H-5 
C(3)H-5 

U 

7.798 

5.887 

5.907 

UU 

7.:.814 
7.824 

"5 !1·88 2 
5, 9Z 4 

'0 

5.89'S 
5.895 

UUU 

7 . 81 1 
7.825 
7 : 8 3 3 

5,. 871 
5,894 
5.925 

5.909 
5.883 
5:9()9 

UUC 

7.811 
7.837 

7.860 

5.861 
5 ,929 

5,941 

5.987 
5 . 868 

6.086 

aChe:mica.1 ~S.hifts' "a.re in ppm.relative t 
ter .. t~Butylalc.ohol-OD as a.n interna.l re 
accurate to to.OOS ppm. 

b 
1.0 M NaC!, 1,0 mM ~,:H:PpOpr4o'"P"mD •. t7, 

concentrations 5-12 ~-4 Q Q Iy. 

r 

", 

UUC 

7'.778 
7.764 

7.998 

UAA 

7.757 
7,740 

.8.385 
8.245 

5.844'0 5 ';827 
5.876 5.846 

5.89·Z 

5.876 
5.863 

using 

6.094 

5.861 
5,831 

are 
• 0 
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Tab 1 e 2. C h em i cal ~ a 0 f the 0 i rib 0 n u c. 1 eo tid e 
....... the Trir-ibonucleotides UCX in 02~b. ~ 

Proton UC UCU UCC UCG UCA 

, 'r- 0, 
",C"""l)K~---,\------------------------r 

",,-" . '\ 
U(l>tI-6 
C(ZlH-6 
U(3lH-6 
C(3lH-6 
G(3lH-8 
A(3lH-8 
A(3lH-2 

U(llH-l' 
C(2lH-l' 
U(3lH-l' 
C(3lH-l '. 
G ( 3 1 H- 1 ' 
A(3lH-l' 

U(llH-5 
C(ZlH-5 
U(3lH-5 
C(3lH-5 

7. H8 

5.887 

<5.., ?07· 
• 

7.806 
,7.832 

5.864 
5 . ? 3 9 

5.882 
6.058 

7.80 ? 
7.835 
7.814 

5.846 
5,.? 4 5 . 

5.908 

~ 

5'.88 ? 
6.043 
S .873 

7 . 8'06 
7.832 

7 .832 

S. 838 
5. ? 2 7 

5.9.27 

5.858 
6.018 

6 . 0 4 5 

7.772 7.710 
7.752 '7':701 

7.?? 5 
8.385 
8.251 

,5.8 }t-= 5.86 Z 
5 .? 1 5.8?1 

S. 884 
6.086 

5.850 5 .817 
5. ?? 8 5.?71 

aChemical shifts are in ppm. rel"ative to 055 using ",~ 

tert-Butylalcohol-OD as an inter-nal refer.ence and are 
ace'urate to .±Q,.005' ppm. • 
b 1 . 0 M NaC 1, 1. 0 mM 
concentrations 5-12 

" 

NaH
Z

P!3
4

, pOT.O; 
ml1 a p pro xi ma tel y . 

~ , 

'" 

.. , 

' ' 

. , 



T~ble 3. Chemical shifts a of 
the Triribonucleotides vex in 

the O-iribonucleotide 
- b ~ 

O 2° . 

Pr.oton U UC UCU UCC UCC 

~'"" 
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UC and 

... 
UCA 

U(llH-6 
C(2lH-S 
U( 3 lH-6 
C(3l·H-6 

C(3lH-8 
A (.:i l)y.! 8 

.7.798 7.723 
8.004 

7.724 . 

8.009 
7.806 

·7 . 731 

8.015 
7.701 
7.949 

-€I 
7.674 

!,~H-Z 

U(llH-1'f 5.8.87 
C(2lH-l' 

'U(3lH'-1' 
C(3lH-l' 
C(3l·H-l ' 
A ( 3 l H-l ' 

un lH-5 
U ( 3 l H- 5 
C(3lH-5 

5.907 

5.816 
5.907 

5.828 

5.809 
5.908 
5.908 

5.830· 
5 .. 830 

7.809 

5.812 
5.896 

5.932 

5.832 

5 .958 

7 .973 

·5.818 

5.844 

5.875 

5.820 

7 . 9 1.7 

8.329 
8.194 

5.761 
5.765 

6.069 

5.812 

aChemioa.l shi(ts are in ppm re"lative to DSS~ using 
tert-ButylalcohoI-OD'as an inl"ernal refe~~nce and are 
accurate to ±0.005 ppm. . .. 
b 1 .0 M NaC 1, 1.0 "'M .. NaH

2 
PO 4' pO 7.0; 

oonoentrat ions 5-12 mM appr_oxim.ately" 
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-table 4. ChemicaI-" shit t sa of 
t'he Triribonticleotides UAX in 

the O~.ibonucleotide 
D Ob 

UA and 

Z . 

~roton U UA UAU. ,UAG UA.>, 

, 
U( 1 lH-6 7.798 7.69·2 7.701 7.580 7.682 7.662 
A(ZlH-8 8.381 8.391 8 .. 325 8 .312 8.287 
A(2lH-2 . '8 . 264 8.242 8.195 8.193 8.128 
U('.l)H-6' 7.763 
C(3lH-6 7.766 
G(3lH-8 7 .949 
A(3lH-8 8.310 
A(3lH-2 8.176 

U(llH-l' 5.887 5.765 5.771 5.788 5.756 5 ... 739 
A ( 2 l H-l • 6.100 6.102 6.057 6.019 5.964 
U ( 3 l H-l • 5.840 
C ( 3 l H- 1" • 5 .873 
G ( 3 l H-l • 5.847 
A( 3>1[.,..1' 6.042 

U(llH-5 5.907 5.834 5.791 5.640 5.795 5 .777 
U( 3 lH-5 5.791 
C (3 lH-5 5.918 

.. 

aChemical shifts are in ppm relative to 055 using 
tert-B-'utyiaicohol-OD as "an intern~l reference and are 
aqcurate to ±0.005 ppm. 

b 1 . 0 M NaCl. 1.0 mM NaHzPO • PD·~ . 4 ,. 
concentrations 5-12 mM approxima.tely". 

". 

., 
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, 
'Tab'le 5. Chemical shifts.a. of the Oiribonucleot ide- CU and 
the Triribonucleotides CUX in °2 0b . 

'" ~. 

Proton C CU CUU CUC CUG CUA 

C( 1 lH-6 7.781 7 . 811 7 .. 784 ' 7.766 7. ? 5 2 
U(2)H-6 '7.826 7.836 7.766 7.752 
U ( 3) H- 6 7.822 
C(3JH-6 .,.. 
G(3)H-8 7.977 

'A (3) H-8 8.390 
A ( 3 ) H- 2 

,. 
S .244 

C(I)H-l' "5 , S 9 4 5.861 5:916 5.865 5.837 
U(2lH-l' 5.901 .5,916 5.865 5.826 
U(3)H-l' 5.916 
C ( 3 ) H-l ' 

G(3)\~-1 ' 5,888 
A(3);-"l' 6.0'72 

.7 

C(I)H-5 6.073 6.033 6.010 5,995 5.9.63 
U( 2 )H-5 5,873 5.'86>0 5.831 5.8l .. 0 
U(3)H_5 5.900 
C ( 3 l H-5 

a~hemi-c~l shifts are in pp~ re·lative to DSS' using 
tert-Butyl~l~ohol-OD as an 'interrial referen~e arid"are 
a~cura~e ,to ~O.q05 ppm. 

b1.0.M NaCl,'1,0 mM NaH
Z

P0
4

, pO 7.0; 
concentrations 5-12 mM a.pproximately. 
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I 

Ta.ble 6. Chemical 'shifts a of the Diribonucieotide CC. and 
the Triribonucleotides CCX 

Proton C ec 

C(llH-6 7.781 7.786 
C(2lH-6 7.832 
U( 3 lH-(; 
C(3lH-6 

. , 
ln Dab . 2 .' 

CCU 

7 .7S9 
7 .751 
7.ilO3 

," 

CCC 

G(3lH-8 .~-

~--A(3lH-S 
A(3lH-2 

./" 
C(llH-l' 5.894 5.85 Z 

.'. . .'/// 
.5,-8~.~/ 

C(2lH-l' 
oJ 

5.900 5.921 
U ( 3 l H-l '. 5: 9 49 
C ( 3 l H-l.' 
G(3lH":I' 
A(3lH-l' r\ 
C(llH':5 6.073 6.0 Z 0 6.004 '. .,,'. , 

C(ZlH-S 6.020 6.011' 
U(3lH-S S . S 7 8 
C(3lH-5 

CCG CCA 

7 .7 S 0 7.737 
7.750 "7.737 

7.984 
8.404" 
8.251 

5.884 5.861 
5.819 5.811. 

·s ."884 

6.099 

5.976 5.0;1 3 9 
5.954 ·S . 905 

aChemical shifts are in ~pm .rela~ive t~ OSS using 
tert-ButylalcQhol,-OD a,-s a'(l "internal refe'rence_,a.nd ,are 
a c.c u rat e . to :t 0 . 005 ppm. 

b . 
1.0 M'NaCI, 1 .. 0 mM NaH P0

4
, pO 7 ... 0, 

concentra"tiorf!i\S-12 mM tpprOXima,te,l'y. 

~ , 

, 
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Table 7. Ch~mi'qal.shiftsa of the Di.;ibo~ucle~tide CG a.nd 
the Triribonucl'~otides CGX in O

2
,0 'b 

":"', 
'-

Proton C CG CGU CGC CGG CGA 

~ 

C ( I l H- 6 7.'781 7. . 691 . 7.682 ) 7.693 7'.662 7. 656 
G(2lH-8 8.004 7.996 7.992 7.968 7.934 

·t](3lH-6 \ 7.787 
C(3lH-6 7 .788 
G(3lH-8 7,.942 
A(3lH-8 8.343 
A(3lH-2 8.214 

C(llH-I' .5 .894 5.823 5.804 5 . 805. . 5.803 5.795 
G( 2lH-I' 5.894 5.885 5.865 5 . 8 II 5.755 

'U ( 3 l H-I ' 5.895 ~ 

C (3 l H-I ' 5.911 
G(3 l H-l ' ;,,~~ 5.873 
A (3 l H-l ' 6 .080 

C(llH-5 6.073 5.975 5.947 5.931 5.946 5: 920 
U(3lH-S 5 .811 
C(3lH-5 5.931 

aC~emical shifts ar.e" in ppm relati~~ to 055 using 
tert-ButyLalcohol-OD a~'an internal refer~nce and are 
accura~e to ±O.005 pp~: 

b - =;....::L. 1.0 M Na.l.l, 1.0 mMNaH
2 

P0<v' pO 7.0; 
con c en trod ions 5 -12 mM a P~l" i ma. tel y . 

o , 

~ 

, 

J 



~able S. Chemical shif-ts a of 
tfi~ Triiibonucleotides CAX in 

the Diribonucleotide 
D a b 

Z . 

Proton 

. C( l>H-6 

A(ZlH-8 
A(ZlH-Z 
U(3lH-6 
C(3lH-6 
G(3lH-8'" 
A( 3 lH-8 
A(3lH-Z 

C 

7.781 

C<'l>H-l' ;.894 
A(ZlH-l ' 
U(3lH-l' 
C(3lH-l' 
G(3lH-l' 
A(3lH-l' 

C(llH-S 6.073 
U('3 lH-S 
C(3lH-S /" 

CA 

7.660 
8.377 
8.Z60 

S.779 
6.093 

S. 958 

1:AU 

\ 
7.687 
8.38 Z 
8 . Z 5 0 
7.744 

5.786 
6.088 
S . 8 S 8 

5.9 Z 5 
5.745 

CAC 

7.679 
8.369 

8.ZZ.¥' 

I 
7.7H 

5.769 
6.07Z 

5.850 

.CAG 

7.640 
8.30·3 
8.189 

7.92~ 

5 •. 752 
6.003 

5.83Z 

5.894'$ 5.897 

S . 870 

157 

CA and 

\ 

CAA 

8.294 
8.186 

5.743 
S . 953 

6.033. 

.5 . 86., 

~~--------------------------------~-j 

aChemica.l 5hitts'~are in. ppm relative to OSS using 
tert-Butyla.lcohol-OD as a.n'inter.l).--al reference a.nd 
accurate to ±O.OOS ppm. 

b 1 . 0 M Na C 1, 1. 0 mM Na H 2 PO 4' P D 7. 0 ; 
oaconcentrat ions 5.;.12 mM 'approx,imately. 

. f 
" , 

/ 

L 
• 

are 

I 
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Table 9. Chemical shift s 6 of 
~the Triribonucleotides GUX in 

the·Oiribonucleotide 
b D

2
0 . 

GU and 

~ 

• 

\ 

GU GUU GUC GUG GUA 

G(lrH-8 7.961 7.963 7.955 7.957 7.929 7.908 
U(2lH-6 7'.800 7.801 7.798 7,~ 7.732 
U(3lH--'6 • 7.786 
C(3lH-6 7.807 

/ 

G(3lH-8" 7.973 
A(3lH-8 8.339 
A(3lH-2 8 . 191 

G'(llH-1' 5.888 5.896 5'.885 5.875 5 .866 5.850 
U(2lH-1 ' 5.896 5.922 \~5.906 S . 846 5.813 
U(3lH-1' S . 8 7 ~ 
C C3 l H-1 ' 5.915 
G ( 3 l H" 1 ' ~ 5.8'69 
A( 3lH-1' 6.061 

...-J 

U(2lH-5 5.817 5.825 S.816 5.803 5.806 
U(3lH-5 5.866 
C(3lH-S 6.034 

aCh~mic~l 5hifts are in ppm relative to DSS us1ng 
tert-Butylalcohol-OO as an internal .reference ~nd are 
accurate to ±O.OQS ppm. 

b ' 
1.0 M NaC 1, 1.0 mM 

conoentrations 5~12 

-"t'~l 

NaH~ PO 4' pD 7 .. a ; 
mM' appr'oximately." 

/--" 
Chemical shif'ts of Oli9'omers GUX welle recorded at 250,-1335 
MH •. 

• 
17' 
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Table 1&. Chemi.cal shiftsa of 
and the Triribonucleotides eex 

the Diribonucleotide bee 
b 

in 0.0 . 

-Proton 

G (t'lH-S 
C(Z)H-6 
U ( 3 ) H- 6 
C(3)H-6 
G(3)H-S 
A (13 ) H- S 
A( 3 )H-Z 

G(1)H-1' 
C ( • ) H-1 ' 
U(3)H-1' 
C ( 3 ) H-1 ' 
G(3)H-1' 
A(3)H-1' 

C(2)H-5' 
U(3)H-5 
C(3)H-5 

G 

7.961 

5.SS8 

GC 

7.966 

7.780 

5 .874 
5.913 

5,910 

GCU 

7.967 
7.789 
7.789 

5 .913 
5.913 
5.861 

5.8S5 
5.841 

GCC 

7.964 
7.766 

7 .804 

5 .860 
5 ,898 

5.898 

5.857 

5.998 

GC~ GCA 

7.935 7 . 9 Z a 
7.712 7.709 

7.965 
8,348 
8 . 191 

5.834 5.81. 
5.894 5. 8,S 3 

5.855 
6.061 

5.861 5,837 

aChemical -shifts .are in ppm relative to DSS using 
ter.t-B'utylalcohol-OD as ,a.n interna.l re"ference a.nd a.re 
~ccurate to ±~.QOS- ppm. 

b 1.0 11 NaC 1, 1. a ml1 NaH. PO 4' pO 7.0; 
concentrations 5-12 m.M approx.imatel.y." 

i.'I. 

·Chemical shifts of oligomers ':CC, eCG, and eCA, were 
recorded at. 250.1335 MHz. . 

~ • 
.Q. :" 

159 

.,-

• 
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Table 1 1 . Chemical shiftsQ. of the Diribonucleotide GG 
and the Triribonucleotides GGX in b 

O 2° . 
~ 

Proton G GG~ GGC GGG GGA 

--
G(I)H-8 7.961 7.896 7.895 7.903 7 .874 7 . 860 
G(2)H-8 7 .971 7.973 7.977 7.9Z1 7.~06 
U(3)H-6 7.770 
C(3)H-6 7.774 
G(3)H-8 7.952 
A(3)H-8 8.309 
A( 3)H-2 8 . 176 

G(llH-l' 5.888 5.798 5.797 5.820 5.767 5. '761 
G(Z)H-l' /5.877 5.884 5.866 5.809 5.749 
U ( 3 ) H-l ' I, 

5.881 
C(3)H-l' 5.895 

. G (3) H-l ' 5.853 
A ( 3) H-l ' 6.051 

. U(-3jH-5 5.799 
C(3)H-5 5.914 

• 

aChemical shifts are in ppm rel~ti~e to OSS using 
tert-Butylalcohol-OD as an internal reference and are 
accurate to ~O.005 ppm. 

b 1.0 M N.aCl. 1.0.mM NaH zP0
4

, pO 7.0; 

/ 
\ 

(' 
160· 

:'( f 
!-

Jr) 
;j , 

concen·tr.ations 5:",12 mM approxim..ately. 

CheIQ,ica.;1 shifts 'of -oligomers GGU, 'GGG, 
at 250. 1335 MHz. 

and GG~Cor'ded 
~' 

\ 

, 
, .c.-? 
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Table.12. Chemical ~hiftsa of 
and the Triribonucleotides GAX 

~. 

the Diribonucleotida 
bf"<~ 

in 0.01' 
I 

Proton G GA GAU GAC GAG 

G(I)H-8 7.961 7.874 7.888 7.883 7.867 
A(Z)H-8 

-V 
8.3 Z 9' 8.333 8 .320 8.278 

A(2)H-Z 8.213 8.208 8 . 185 8 .166 
U (3 ),.-6 7.737 
C(3)H-6 7 . 718 
G(·'3)H-8 

... 
7.925 

A(3)H-8 • 
. >'( 3 )H-2 • 

G(l)H-I' 5.888 5.733 5.745 5 .745 5 .719 
A. ( 2. ) H- 1 • 6.075 6.080 6 .062 6 .007 
U(3)H-I' 5.843 
C(3)H-I' 5 .855 

'. 
G(3)H-I' 

q 
5.827 

.>'(3)H-I' 

U(3)H-S 5.742 
G('3)H-5 5 .. ,Ii 4 9 

161 

GA 

GAA 

7.849 
8.252 
8 .099 

8 ."275 
8.148 

5.699 
5.959 

6 . a 1 9 

aChemical shi ... fts, a.re 
~t ert -Bu t y.1 alcoho 1-00 

in ppm relative to DSS uSlng 
a.s an internal r~erence 'a.nd 

ace u r a. t e t 0 ~f . 0 0 5 ppm.. 

are 

b l . O M NaCI, 1.0 mM NaH
Z
P0

4
, p97.0; 

~oncentrations 5-12 mM approKimately. 

Ch~mical shifts of oligomers GAe. a.nd GAA were record~d at 
,250.1335 MHz. /-0... 

;~:. 

• .f-." 
\,. • 

~ 
/ i \ 
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Table 13. -" 'a Chemical shifts of the Diribonucleotide 
b and the Triribonucl'eotides- AUX in OZQ . 

Proton A 

A(llH-8 8.313 
A(llH~ 8.260 
U ( l! l H;' 6 ", ,. 

U(3lH-6 
C(3lH~6 

G(3lH-8 
A(3lH-8 
A,(3lH-2 

"A(llH-l' 
U( 2 lH-l ", 
U ( 3 l H- l' ' 
C'(3lH-l' 
G(3lH-l' 
A(3lH-l' 

U(ZlH-5 
U(3lH-5 

"'\C(3lH-5 

o 

, 
6.065 

, 

AU AUU 

...-r-
ei . 313 8 . 306: 
8.Z34 8.224 
7.759' 

) 
6.062 .. 
5.834 

5 . 7 6 6 

7·; 769 
7.769 

6.065 
5.866 
5.866 

5.783 
5.8,46 

-

AIlC 

8.304 
8.219 
7.762 

6.049 
5.845 

5.896 

6.012 

AUG 

8.271 
8. 198 
7. .729 

1.963 

6.023 
5.838 

5.847" 

5 . 171 

.AU 

AUA 

8.245 
8 . 1 S 9 
7.723 

8.3 i1 
8.'159 

5.993 
5.825 

6.041 

5.177 

aChemi~al~shift5 are in ppm relatIve· to DSS using 
tert-.Butylaloohol-OD as an intern~l reference and "are 
acourate to ~O.OOS pp~. 

, . ' 

b 1. 0 M' NaC 1 • 1 .. 0 mM NaH 2 PO 4' pO 7.0;. 
~oncent-rat ions 5-,12 mM ~pproK-ima.tel.y . 

• 
/ 

' . 

.. -. 

162 
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Table 14. Chemic~l ~hlf·tsa of 
and the Triribonucleotides ACX 

A( I lH-8 
ACI lli-Z 
C(ZlH-6 
U(3lH-6 
C.( 3 l H- 6 
G(3)H-8 
A( 3 lH-S 
A("3)H-Z 

A:( I lH-I" 
C ( Z l H-1 ' 
U ( 3 l Ii-I' 
C(3,lH-I' 
G (3 l H-I ' 
A(3.)H-I' 

C(2lH-5 
U(3lli~5 

C(3lH-5 

A 

8.313 
8.260 

6.065 

') 

AC ACU 

8.316 1'&.304 

8.ZI0., 8.197, 
7.737 7.7Z3 

'6.0.5 4 
!i.848 

. , 

5.873 

17~ 

6.039 
5.86 Z' 
5.835 

" 

5·,84<\r 
5.804' 

. , 

ACC ACG 

8.304 8.264 
8. 1 87 8.170 
7.700 7~ 

, 
7.776 

7.952 

6.036 6.0;13 

5.802 5.868 

5'. f8 I 

5.834 

5.807 5.858 
< 

5 . 960 '1' 

aChemical shifts are in ppm r~lative to DSS uS'ing 
tert-Butylalcohol-OD as,an internal reference 4nd 
ac~urate to ~0.005 ppm: 

b l . O M N~l' 1.0 mM NaH
2

PO,{: pti 7.0; 
'ooncentY=~5 5-12 1Ul1 approximatel-y. 

.L'i .... '''·' ~ I:l-,~ , \Ii"" .. ~em1cal shifts or"' o.~..Ls ACU, and ACe 
400.135· .MHz. -G

ll !), ~ 
.~ '\ 

, 
, 

., 

~. 

... ~ \'A • "<-
, It· \. ~ ", ~~( 

' .. ' \ ' . 

, 
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:,~., .. 

AC 

kCA 

8.239 
8.138 
7.676 

8.3Z4 
8. 169 

5.985 
5.839 

6.04 I 

5.8Z6 

... 

are ¥, 
" \. 

1 
j 
i 

i 

! 
j , 
I 

j 

1 
.j 
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'Table 15. C'hemical shlfts a of 
and the Trirlbonucleotides ·ACX 

the Dir-ibonucleot i.de 
in 0 Ob 

. 2 

Proton A 

A( L>H-8 8.313 
ACI )H-2 8.2.60 
G ( 2) H- 8 
U(3)H-6 1 

C ( 3 ) H- 6 c J 
" G(3.lH-8 

A(3)H-8 
A(3)H-2 

A( L>H-l' 6.065 
G ( 2 ) H-l ' . 
U(3)H,..I' 
C(3)H-l' 
G(3)H-l' 
A(3)H-l' 

U(3)H-5 
C(3)H-5 

AG 

8.238 
8.186 
7.942 

AGU 

8 .. 233, 
8' .. 180 
7.943 
7. 7S 1 

5.'967 '5.967 
5 . ~'4 Z '5.837 

5.863 

5.775 

AGe. 

8.242 
8. 1 80 
7.9Z6 

7.744,_ 

5.974 
5.812 

5.886 or 

5: 876 

, 
\ .. ..J •. / 

AGG 

S: 212 
8 .. 16 7 
7.906 

• 
7.935 

5 :946 
5.785 

5.837 

AG 

AGA 

., 
8.185 
8 . ~ 03 
7.898 

8.286 
8. 126 

5.922 
5.743 

6 .'03 ° 

.... 

aChemical shifts are in_ppm rel~t~ve to OSS usi~g 
tert-Butylaloohol-OD as an internal ~eference and are 
accurate to to.005 ppm. ~ 

b 1.0 M Na~ 1. O~PO 4' pO 7.0; 
cp'~ntr .. t\iOns·5-12 mM .. ppro.imately ... · 

" . "\ 
.Chemical shifts of the oli~mer ACU, were recorded a 

40~. 13; MH: .~~ 
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Table 16. Chemical shif'ts a of 
and .the Triribonucleotides AAX 

the Diri~on~cleotide 
in 0' Ob 

Z 

A AA AAU AAC AAG 

A ( I ).H-" a 8 . 3 I 3 8. Z1 a 8. Z 2 5 8.235 '"\ 8.191 
A( llH-Z 8. 260 8 . liZ 8.118 8.100 8.091 
A(Z)H-8 8.297 8.294 8.276 8.243 
A(2)H-Z 8.167 a. 19'3 8 . I 75 8.142 
U(3)H-6 7. 69~ 
C(3)H-6 

, 
7 .719 '-

G(3)H-8 7.901 
A(3)H-8 

A( :l~H-2 , . .of. 

A'( 1) Hd , 
6 .065 5.906 5.92.3 .5 .92 a 5.894 

A( Z)H-I' 6. 032 6: 0'24 5.997 5 •. 963 
U'(3)H-I' 5.824 

'C(3)H-I' 
\ 

5 .8 I 7 
,,B-1 I /~ 5 .800 

'A(])H-I'" / 
I 

IJ( 3 )'-5 
' . 

\ S. 710 
C(:J)H-5 I 5 . 841 : ! 

". 

165 

AA 

AAA 

8.172 
a. 043 
8.210 
8.07 Z 

8.239 

8.120 

S.87Z 
5.906 

S . 987 

'---------------~~~----------------------------f I 

. ~ 3.Chemical shifts are in.~pp~ relative to DSS usin.g 
tert-EttCYlalCoh~l-~~ an \int_~rna.l reference a.nd 

..... ac-Lurate to ±O 'iPO~ p . 
~.. ~{ ! 

b'1 . 0 JI! Na C 1, 1. 0" 2"aH Z PO 4' pO 7. a ; 
concentrations S:t,.2---mM approximately. 

are 

) 

Chemical shift.s o't tlJ,e.ollgomer AAC, 
400.135·MHz. 

were recorded at 

" . 
. ; 

... ; .. 
( • 
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I\S~ 1f" lJ/17~ 15 TFACE FTN It.IH'50 

, I nJlf 
700 

fP(Cl1ftt' A~SI(""IINFUT,(l'TPIJT,'AFE5=lNFUl,T.aPE6!CUTJlUTl 
FfIL NJP11'5,5,5It"'JP?P'I-5,511NJP,1(~r,5·tSIIN5P1l5,5.'iI,N 
"EIIl t;tjP3 ~ 5.5 ,PI20, ~ , tU td .lIe- Itl ttf2 Itl /. 
INIEGU Rid, lfHIH, JAl20l, AI70I,DASEI<OI,NllHRER' 
lNlf(";EF kl2ul, 111201 ' 

p(Ar('i1tOOOI IfIKI. K=t,ltl .. 
F·r.Ft'AT ~All ... 

'PEAnI5/7001 {H1(Il,1I8(U,.I?fIl, I=l,~1 
fCJ;f'''T(:! lO.b} 

rn2 I: 115 
rOJJ=,1j 

112(5,5.51 

00 1 • - I . . 
FE An ( ~ I i '5 ~.1 P 1 ( I , J ,K' ,N 3P;: « I • J. K I IN 3P J « I ,oJ. K) t NSP 11 I, J , K I , 

C~~F?(l J K1,~5P3(11J.K) •. 
"~lh 1f.,e;'lH,Hll.1 ,J,.I<) ,t-.3r2(.l,J,KI,t.:JPJfl,J,KI ,N5P1Cl,J.KI t 

n5F"lfJ,·I,"~rlll,.J." . ~, 
·3 
2 

.5' 

VS 

co~ IrlUf' , 
con hUE 
r(~"'~111HO,EF10.~1 
rO~~'II&flll." 
FE'Dc~,l1rol "'lJ~nf" 

IJO( F(f<MflYfll'51 
'. ~ OC lOoo I<K ::; 1. NUt-fER 

~
~ET All p~o,~~ V~lUE~~lO 7E"0. 

o 1 IJ = I. 20 
, 

".,{ , pC I JJ = /' 1 
'J9':~ PttJ,JJ = O.C 

t (n""]~U[ . , 
. , RFA" IN THE lENGHT~nF TtlE ~[OUENCE TO OE OETERMINED • 

7' 
r..or15 1z'51 lE"CH 

, FO",«"III~1 r: 
H(,'P~ f E PfA05 ~I\ 111f ....rUf. s aUENr.r. fOlf HPTr.1t Hlf CIIEHICAL 

\" 
, 

,.1 ~ , ' 
'0 

•• 

~I-' F.15 ARE Te eE rETEt---nINf • 

E~rI5!]~1 IAII), .1= t,L _~GTIII 
F(FHAlI2uAlI 

\ojJ<I1E{E,~OI 0) 

Ff"t'Af(lHtllIlO,'JfiX,16t1~ ,E C, U F NeE 

H~rTE({;,~1j1( A(I1. I :. 1, l-ENGUlI 
rC~t'~Tf1~OII1110~~5~I~OAll 

., HH F"JCTCF \-HIeu "'~TEFH[f<fS fIIiS' At\O SEcmlO nAS[ Tvpr 
... It \ J~ OETERt"rt--Er AT 4l .. t~ POYt--T • 

I 

"111=1 I ro 5 I ~ 1, lfNG'11 
FIlSflI1 :. 1 

nn 5 J = 1 I' 
JFII't tI.EC.llfJII 11\(1+11 J + 1 

( 
-

~ 
• 

l"" 

c) 

ftl/06/JO. 1~.5q.l" rAGE I 

/J 

-

~-, 

f-"v 

.. " .. , 
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i 
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--. 
en 

" 

~ 

.' t 
"S~]( ,., 73/11~ J~ JRACF 

5 fOt-TJt-UE 
nr. 10 t ::: 1, l(N(lH , 

DC /IJ G J :: t, II 
If{AIIl.~E.~IJII (010 RO 

no e I! tt -: j. J 
IlCKHI ::: ItK 

j 

FTN 4.,,.508 

r 
f ' 

10 

~ .\,"" 
"0 

\
FCIIIKt11.r.TolENGTUI l11K+11 =0 
I(Kt,., ::: I-K 

JFfJlIK+4

t
O (£.01 IlIKf4) : 0 i COf.THUE ro qO JK::: ,1 

~ KIJKl = 1 ( IICJK) .. t 1 
, CO~InUF ' 

rlI,II=HIIJIt~JP1I ,J,'IZllfNJP21I,J,KlJlltNJPJII.J.KI411 
(tN~"1f1,JIK(S)IH'~f2( /J,KI.f))f"r;PJf ,J,Kf111 

7" 
y" 

~. '," 

U" 
qO 

q, 

I Q G 

/ 

-~rNTPY pnrNl~-­

~ 

'. 

./ 

.. 

11111 
r,tA 

-1 

IF IJ.l .ZI GO H 18 
Pll,21'H.IJlf~JPI1JlJ,'IZI1f~JP2IJ,J,KIJllf\'JPJIJ.J.KlOll 

(.Nljpll:!tJ,K(SII.Nt;rllJ._J.l(tE11.N~PJIJ,J.KI7 ) 
F II ,3 1="J2 IJ I HJPI ",J, nUl .HJPZ I 4',J, K 1 J II'HJPJIO.J.,K 1" I 

,(.,.~ ~ p 1 ( It, • K I r;) ) "" I,; f z( It , J. K If: I ) .. N '3 P J (It • J, K ( 7) 1 
r 0 '0 1'0 ' ' 

IA( CCHll~UF • 
FII,21'"AIJI'~JPI1Z,J,'IZII'NJP212\J,K1JII'"JPJI2.J.KI411 

(" N S p 1 f" • J I " ( Ij) I Hi!; p, « , I J t tc I 61 I f N!3 p ~ Il ,J. K 11) ) 
IFIJ.~F.1l -(0 10 Ie 
FI ,Jl;H2IJ).~JPl !!J!~12').~JPZI5IJ'K(3)1.NJPJI5.J.K(~11 

(+N~Pll~IJ.I«(Ij»)H"~Pi!'f •• J.K'£:I)+NSP (S,J,K(7) 
AO CC~I NUf ' 

10 rO~THUE ' 
.,RITE If: 'i101 rnASE lIt 1=1 lE~GfH) 

~10 FO~~~11IHCllll'IOtl0X.l~ nlSE ,~qX.l0IE) 

S1S 

~?O 
r~ '>2C; 

W. "E IE. ~ 151 I A 1 II • I' I.LE NG TI" ' ' 
fOP .. "'U .. O,'30ll,1CA6) ~ 

'~I'~'11~19)J'~!!I!I:l"= a_lplE~~,g:IOf6,JI 
W~~I~!\1;~a~J/a!:I'l.~"·H!A.h~~GT~~7X.IOF6.JI 

510 WH/W lf~B~J/~H: I h. AH=II!~ .h~~GJl:~;x .Im'.JI 
70cr r.rNTHUf 

'00 
~l(P 

HIC 
7 

,",PITE IG,ECO) 
F~RHA'(lH(.14H EN( OF OUTPUI 

AC:~'H" 
TAFff' 

ll! (NPtlf. ,540 OUlPUll 

• , 

~ 

I 

'~ 

) 

f 

62/0b/3D. 14.5q.34 FAGE 2 
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• I 
In or 

• 1 g · , P !~I~ 7 "D 
• e , In OB 
• ~ 1 Ii F 771P. 
• I 00 F !C2jO 
• ,. 0 0 {l n 11tA 

--u~prAEl~ ~,~--

A . r II 
A I II 

1 p2E 
1 76P 

III P II 
\-46 R tJ 

Jl( I,F 
1l'6E 

I • " I (ill£! 
I J I t:1r.SF 
1 t.pr.J:'. -

F 

~' 
'" 

73/173 15 TPACE 

I""-CO. !':1fi U JOP I,I. 

.1 

.15 
• It ~ 
.'!o 
.~2O 
• 70 n 

c: 
" 

20 
~ 
~ 
~ 
20 

[:tffRt;H. 
J I 
J' I .. "I t"t'IIPP\I: \-

tt 1 i e 
(~'"' ~ f; Bf 

1 "'ZF 
;,- f)(lERt.~L. 

"3Pt P 1I 
t-JP.l P 11 
N51"l? P U 
OUTCY. 

·OUTPI/T, 
510P. 
1 ~ n[ f.; 

, 

Lt~7P 
p~~2P. 
j '!]P 

t;lt£l 

t;lt E 

lOnon PFr)(,f'A":JJ~JJT lft-OP 
d-

~~OOOR c~ ST(PA~r U~fr 

~ 

/:,-- : 
ii ,L 

"-~~ 

(l ", 
'\ 

00 

I.E~2 

t 2 '5 
F~ 2~ 

/-

OUle I. OUTeR. 

18 00 

f m~ 
In 00 
F 1002E 
F 74flO 

Ac'<'p;N 
RA~ 
112 
I 

" IIIPCI. 
IIFUI' 

JJ 
~ 
lOGTlJ) 
NII~ DE R 
113P2 

m~ 
CUT ,CR. 
P 
IVE5 • 

'--

I 
·R U 
1 
I 

I 
I 

J 
II U 

~ II 
II 

0 

, .,. 

rTN ,.,8*506 

STOP. 

.3 . 10 

.~5 • 5 f 

.! eo 

.525 F 

.1000 f 

1 lTD E~IRY 
2 7 ~ 3~ • 
27 370 
12100 
27f70 

00 

mn 
56JO 

10 TO 
T~~O 

OIERtJAL. 
30 E IIIRY 

21'60 
12120 
25~IO 
12030 
2J~~11 

UHB .' 
FXTERNAl. 

8210"IJO; 1~.5q.3~ 

'. _., 

20 
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20 
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.5' 10 
• ~5 • 0 b 
• 51 8 f 
.53 f 
.11 00 F 

20258 . .60 
30 ENIRY 
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'l /. 
/ "" PI\OGR·d S;'Qt}tN '73/113 TS H:ACE / ' .. ; .' 

/ 

• 

} 
. ; 
. / 

flU It. fit 55~ 

'. 

~J/02/2J. 20,5J.l~ 

~ 
/ PP'OG~AH' SE OUI: U (I NPUf • OUT PU r, 'A, Pf 5= INPUT, r AJ'f6.'::OUT pur. , . 

I. P~OGRA'H stQUEN IS A ROUJINt: H~[nlN TO FI'iO A r.tVlN RNA 

• • 
• • 

O~ Olf~ SlQU~NCi FHOH·PRorON ·N.M.R. SPiCYQ4 DATA. 

rUl BAS[ RAllO IS HfAD- IN [N-'fltE ORD'~ U C.A,r.. 
NEXT Tilt: CII~HICAl SUlFr IIAl·Ut:5.A~t: RtAO Itt ALONG HUH flfEIR 
PARlICUlAP OASE IVP. OR KINO. FO~ INsIANCE AN 11-' VALli[ S f'R! VIOUSlY 
UE TlRHII~[O TO 'IE AN AOeNDSIN, OR eNOS! NE. 

, 11) 

. 1 'i 

n 2J 

<!I.i 

10 

j 'J 

I. 
" OJ 

4, 

" 
57 

, 

{ 
,.. 

• • • • • 

, . , , 
• ,. 
• 

-. 

~, 

" , 

! 
~ 

.~ 

100 

J 
~ 
SS 

IS 

1000 

1005 

500 

550 

I J 

, . 
THe rUN(rIOU or (ttl: HAIN PROGRAH IS Til FIT Oil CA.lClJlAfEO VALUES 
fOR A GIV,N SEQUUIC .fO H, OOS[~VEO VALUES. . 
fHE SlQUEHCL HIIICII S C~NSIDE~EO JHl COPRLCI SEQUENCE IS TltE 
OllE THAT liAS [Itt La ,ST ClUNT ANO' OlfFE~fIICE VALUES. . 

. H'.!lIlN OY PAUL A. HADi R 1 q81 ./ 

COHMOU VLC(201 !NjPlt5,-S,st,14JP2C5'r5,st ,NJP3CS,5,sr, 
C NSP! I SIS' SI. ' ~s p2 f S , S ,SI , NSP] IS, 51" ,II i I 41 ,11&1 "' ,112 f 41 , P I 20, JI 

REAL "II lH6,IIZ l N]PI,NJP2;NJP],N,P ,N,PZ,NSp],r,p"OIOtll<Ooll 
REAL PRuOItFI<OI, lUll, DIFFER. . ' 

INTEGER VlC,BBAStIZOI,COUNI,N,V¥l4I,BASU20I,H,FACI 
" REAO(5,7001 IIIIII ,11811 ,IIZ(II, 1=1,41 . 
FORHATf3~10.GI . . • 

DO 2 1= 1,5 . . . . 
,,00 J J=I,4 .. \\J 
, 00 J K = 1 S . " , 

REAOI5.15)~3Plll,J,KJ ,N3P2([,J.KI .NJPlf(,J,KJ ,U5PlII,J.K.J:, 
CIlSP211 J KI "SPJII,J/KI 

HR If E 16 t 5 51 Nl P lIt J, K' t Nl P2 t 1. J • K I • Nl P 1I t" I J, K 1 , H5 Pl' [ ,J , K, , 
CN5PZII/J,K),.,5PJU,J,KI ' 

CON I NUE 
COIlII NUE 

FORI1A r IHIO, 6F 10. ~ I 
fO~HAT (GFIO.SI 

00 ~2~ lP : 1-~ lij 

r-, RE.AO lU THl 6~Sl RATIO If4 "IE. ORm.R U .c·, A , G • 7roR UNA ~E.AO IN f~l OASE ~~ a IN 'II~ aAnER' Twc,A,~ • 

RfAOfS/IOOOI IVVIII, =1,41 
f·ORIlA (4131. . 

Wf<lfE.(6,··10nSI. evVt I I=l,~) , 
FOkJ-lA"~·lr. "NlJl1IJ R Of RASlSI",2X.IJ,"U",IJ,"C",·IJ,'""",IJ."r,"/IJ 

U=V\I'11*vv'd/tv JltVV I~I 
IFIN.[Q.O p'. . 

RLAOl5,5001C SqU,I:l,NJ' . j' 
FORHA 1120 
00 5~ S I( = 1, ] 1'-' 

IF-I. U .tT. !:I I r,o fO 33 ~ 
R£A 0 IS. 550 I I PRO T ou (J. K I , J:: 1, N I 

F ORH~ T (Sf 10.51 
GO 10 J. 

.. 

Ri-AOC~ 550) tPROTON.(J,KI rJ. = 1 61 
F.I:.AOI5,55LI,IPROTUNtJ,1( ,:J = 9, HI 
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PI"uG~(\'1 St:JHJEN 73/11'3 T5 fl.'ACE flU It.B+'J52 "J/02/23. lO.'jJ.lf"' 

oj 

b', 

,,, 

" 
» , 

"' 
qU 

,·i 
10 L 

lU~ \', 

tlu 

¥' 

"f;r 

, 

~ 

~ 

." 5$5 . 
~ , , , , 

J 5. 

, 

:~ 

, 
, , 

30 
, \ 

!~ 
'I 

, 
, 

1U 

60 '\ 

25 
20 

CONl ]NUI:. 
cour IUU[ {~ ". 

SUllROUTINf SfOU[NCE GIV~5 THE fiRST SEaU(~C[ HITII INE OASES 
IN ASSENOING ORDER U,C,A,G. 

. CA~l SfaU:Nc~vV,H. 

fUNCTION fACT OEIERMINES IHE NUMDER Of POISIOLi SEQUENCES 
F~UI1 rut GIV::I~ OASl ~A' JO. . J:I 

H: FA C I W II I f AC " VV' 1111 'F AC II V V 1211 'F ACT I V. V III I 'f A C r IVV 141 II 
liRITU6,351 11 . 

fOrcI1ArCllto,~"NtJt1lJf.R OF SlQU£NC[S = ",1-l)(,II0' 
001151=1,H . 

TOTAL = 0'.00 
UIfFER = 0.0 
COUNT =' 0 £ 

, 

SUUROUlINE ASSIGN OITl~H[NES 
A GIVEN OASE SEQUENCE. 

THE:. CALCULATED Ctlc.HICAl SlUffS FOP 

CALL ASSIGNIN.OASll 
OOZOKk=1.3 

00 ,5 I I = 1 tN' 
H[H : 0.5000 / 

00 JO JJ: 1 , N 
PROOIfFCJJI ::;; 0.5000 

[f 10ilA SEC n I. [Q. nASE IJJII . P~OD[ff IJJI =AOS I PROTON C1I, H I -PI JJ, KKII 

[f I PROOIFf IJJI .• l T. M[NI M[N : PkOOIFFI JJI 

CONllllUE ( 
lOIAL : TOIAl • HIN 

ONCE A flf IS FOUIIO IHE CALCULAIEO VALUE [5 REMOVED fROIl fURlIlER 
CONSIOEK IOU. '" . 

KOUtH : 0 
DO 60 l : 1 I N 

" IFIH II .Ea. PIiOOIffllll GO TO 70 Go TO 60 . 
~ KOUNI : KrutH • 1 

D' IFI_oUNI .IT. 2 I· PIL,KKI • 0.000 corn l,jue - . 
IFI ~1I1·.1I. o·.O'JOOOI GO TO 25 

COUNl :=- COUlH t 1 
IF I ~OUNI :GT. q I jO TU 110 

- . rEHPo~r = C MIN - ~.O~200 
UIFFf.R : 0 IfF~R' E I.POR.Y .' 

CUNlltlUl 
COlIT'lIlUE 

AV~OIFf = JOrAlie U·3 - VVCltlt 

v ~ 
~ 

• "" 
'" 

.'/ 

\ 

PAGE 

\ , 
"'----/ 

2 

\ 

8 

", t· 

~. 

" 

, ~ 
" 



. . 
\; 

iJ 

/1--' 

.I 

." 

7 p /'--.J' 

( 
"" 

/ 

r 

~ 
" 

< 

!7 . , 
, I 

/ 
PROG,IH ~EatH N 73/173 IS I"AC. '..' FJN ',.8+552 83/02123. 20.53.1& 

t 1 S 
2JO 

."" 1 DO 

.~ 

HRIIElo,2001'IV,CIJI, 
FC~MAIIIHO, 20A1I 

HRIHI6,IOOI COU,,,, ~IFF" I AHOlfF 
FORHAICllt',3.0X,"COUIH = ",110 ,:OIFFERtIlCo ",flO.4,5)(, 

C"AOSOLUTE AVE. "IFf. =",fIU. . 
110 . CONTINUE. ll~u 

• 

£~ ':i 

.115 

dU *r?22 

, 
- -COli'IOU OlOCK.S --) 

1512£J II 

-_-~llr~r PJlrlfS--

30 

SJOROUNTINE SEQ GIVlS E.AClt Ui.li SEOUI:.NCE AFJLR ritE LASl,ONr liAS 
CALCULAflO 'AIIO flTIEJ 10 IIIE OOSE~V.EO VALUES. 

CONTINUe. 

CONlINUe 

STOP 
END 

'CALL 'SEQINI 

~ 

" 
,"0 OlJrPLlTt 1J 70 SEQ~EN 

,/ t--. 5'0 lAP' 6' • 
-.-l.Kft.ifIAlS--

IHP(' 

ASSIGN FACI . .INP:: I. I UP: R • ~HURPV. ·OUICI. OUleR. '. SEQ 
SEQUENC STOP. 

--';IrAfF !"UU lAOElS--

.2 10 00 

.25 0 S7JU 

.35 F , t6Sij 
• 100 F U.S 
.222 0 6260 
,700 F' 6400 

~~ 

--VARIAuli. MAP--

" 
A liS < IHIRlNSIC 
AHOIFF 'I 12.4&0 
OOAS~ I U 12150 - OIFF,R 'I 11170 
III Q 14020 II 

"" 'I litO 6U 1/ 
II I 121,30 

I 

i 
\ ,/ 

~ 

.3 

.B 

.55 

.110 

.500 

.1000 

20 

4 • 

10 
I~ 

F 
F 

'J 

00 
00 

6429 
6200 
6610 
6479 

ASSIGN R 
OASE I 
COUNI I 
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