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. ABSTRACT
A variety of short oligoribonucleotide sequences were synthesized

using the.phosphotriestef.chemical synthesis developed in Neilson's

“«

laboratory. These sequences were designed to incorporate a variety of
. ‘ - M ¥

features that would aid:in the study of pertﬁrbetione of'helix structure

>

aﬁd stability Variable temperature proton nuclear magnetic resonance

(NMR) spectroscapy was used in this study and provides a powerful ’

‘technigue for the’ study“offnucleic acid conformations and for the

_invésfigation of the effects of the mispairing end single stranded

regions caused by the'helix imperfécfions iﬁtroduged.

The assignment procedure for NMR spectre‘was-improved th:eugh
the etudy of a eeiies of related sequeeees. This study detetmined;the
effects that the additioﬂ of a nucleoﬁide to the terﬁinus ef a sequeﬁce.

.

or the insertion of a nucleotide into the middle of a eequence‘would'

~

have on the chemical shifts from the rest of the sequence.

A series of self-complementary pentaribonucleotfides, with a
‘ .4 ‘ S

central non~base paired opposition (AGXCU, where X = A," G, C or U), was .

studied to determine the effects of Smail loops on dupleX'stability. In-

contrast to earlier results, these pentamers fo;méd'stable duplexes when

- X = Aor C, although the duplex’tn's were significah% reduced. These

eequeﬁces also proyided the opportunity to study the sequence effects

of adjacent intermal G-C base palrs oe duplex stabllity when the

L4

middle base pair was A.U, G.C or G.U. Comparison with earlier results

uéing corresponding A-U base pair neighbours,démonstrateﬁ the enhanced

»stabilization of G-C base'paifs.

¥
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The effects of terminal no;-bas; paired (dangling) adenosines
were more-closely inyestigatec and found to contribute an average of
11°C to the thermal stability of the duplex formed. This study also
demonstrated that 5'~dsngling adenocsines contribute less to overall
stability than do 3;—dangling adenosines. However, this effect did

display some sequence dependence,

The triribonucleotide GpCpA was the first trimer shown to form
a stable RNA duplex (Tm = 33°C). The duplex comsisted of two G-C base
pairs and two 3'+~dangling adenosines and had a stability equal to that
of ‘the tetramer duplex UpGpCpA with four Watson-Crick base pairs.

The influence of base stacking on duplex formation was studied
and it was discovered that the direction of base stacking had a definite
influence on helix stability. Stacking in the 5'-+3' difection'was more
favourable to duplex formatibn than stacking in the 3'+51 direction.

Lastly, the significance of invariant adenosines at position 14
and 21, in the D—stem of tRNA was investigated through a model study
that.suggested the adenosines contributed to D-stem stability.
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or accepted for publication.in: ) .
i, Jeremy R. Everett, Donaid W. Hughes, Russell A. Bell, Dirk Alkema,

Ihomas Neilson and Paul J. Romaniuk.""Neareét-Neighbour and Next-Nearest-

“Neighbour Effects in the Proton NMR Spectra of the OIigoribonucleotides

ApGpX and CpApX." . (1980) Biopolymers 19 557.

2. ' Thomas Neilson, Paul‘J. Romaniuk, Dizk Alkema, Denald W. Hughes,

'_ Jeremy R.” Everett and Rnssell A. Bell "The Effects of Base Sequence

on the Stability of Short Ribonucleic Acld Duplexes.“ {1980) Nucleic

iv

FANPRAVE SRR S R

[
L

pr

o e et A el LS A e U v 1 S



Acids Res. Sym " Series No. 7, 293. \

3. Dirk Alkema, R.A. Bell, P. A Hader and T YiNeilson, ‘\“Triplet

GpCpA Forms a Stable RNA Duplex.” (1981) J. Am. Chem. Soc. 103, 2866.

) - Y
4. Russell A. Bell, Jeremy R. Everett, Decnald W. Hughes;\ Dirk Alkema,
Y

: o
Paul Hader, Thomas Neilson and Paul J. Romaniuk. "Nearest—Neighbour and

- l

~ Next-Nearest-Neighbour Effects in the Proton NMR Spectra of the Oligoribo—

'nucleotides ApoG Cp3XpG, CpApXpUpé, ApGpoC and ApGpoCpU " (1981)

Biopolymers 20,71383. . T ' o -‘ |
5. °  Dirk Alkema, Russell A. Bell, Paul A Hader and Thomas Neilson. S

"Short RNA duplex Stabil;ty:_Cantributiou from non—base paired residues

\‘tb the direction of stacking." (1981) in "Biomoleculaf!Stergodynaﬁics"

o Magﬁetic Resonance. ! (1982), Accepted for publication in FEBS Letters.

R.H.. Sarma, ed., Adenine Press, Elﬁsford; NY., p: '417.

&

6. Dirk Alkema, Russell A. Bell, Paul A. Hader and Thomas Neilson.

"Invariant Ade;osine_Residues StaBiiize tRNA D-stems.” (1982)-Accepfed

for publicatioﬁ in FEBé Leﬁters. | ' _ |

7. Dirk Alkema, Paul A. Hader, Russell A. Béll and Thomas Neilson\

"Effects, of Flanking G-u Base Pairs on Internal Watson~Crick G U and

Ncen—~Bonded Base Pairs Withip a Short RNA Duplex.”" (1982) Accepted for

publication ln“Biocheﬁistryi' |
'Twp.additio;alrpublications will appear shortly:

1. Paul A. Hader, Thomas Neilson; Dirk Alkema,-Erdc C. Kofoid and

M.C.‘anOZa. "Sequencing of Short RNA Oligomers by Proton Nuclear

2. Paul A. Hader, Dirk Alkema, Russell A. Bell and Thomas Neiléon.
"Parameters for Proton Chemical Shift Prediction in Oligoribonucleotides."

(1982) J. Chem. Comm. (in press)




ACKNOWLEDGEMENTS

My appfeciation to Dr. T. Neilson for his encouragement and’

guidance. I wou;d also like to thenk the members, of my supervisory

committee,‘Dr. R.A. Bell and Dr. W.W.-C. Chan, -for their suggestions.

I am grateful to Dr. D.w. Hughes and Dr. J.ﬁ. Evereﬁt_for their
eontributions to the deveiopment of the NHR spjgrrel assignment procedures.'
Discussions with Dr. P.J. Romaniuk and Mr. P.A' Hader were also
appreciated. ’

I wish to acknowledge Dr. M Smith and Dr. C. Rogers of Bruker:
Spectrospin in Mississauga for the 250 MH spectra and Dr. R. Lenkinski
of the Southwestern Regicnal NMR, facility, University of Guelph, ﬁor-tpe
use of the 400 MH, epectrometer. | . .

Special thanks to my ﬁife, Sylvia, for herrlove and support. g



ABSTRACT

TABLE OF CONTENTS . -

ACKNOWLEDGEMENTS

——ﬁ

LIST OF FIGURES

ABBREVIATIONS

" LIST OF TABRLES |

1.

INTRODUCTION

1.1.

1.2,

1.3,

1.4.°

1.5.

1.6.

Solid State Studies
1.1.1. X-ray Studies

1.1.2. Calculatiomns of.Minimim Energy Conformatioéns -

Solution State Studies
1.2.1. Optical Studies
1.2.2. Nuclear Magnetic Resonance Studies

tudies on Loop Formation

3.1. Bulge Loops

.3.2. Internal Loops

..3.3. Hairpin Loops

Sequence Dependence of Duplex Stability

1.4.1. Effects of non-Watson-Crick Base Pairs

Effects of Dangling Base on DuﬁleX<Stability - J'f

Effects of Base Stacking on Duplex’ Stability v
1 6.1. Direction of Bade Stacking

SYNTHESIS OF OLIGORIBONUCLEOTIDES

2. l.

L

Chemical Synthesis of Oligoribonucleotides by the
- Phosphotriester Method

' 2.1.1. Blocking of Functional Groups

2.1.1.1. . Protection of the Terminal’

: 5! -HYdTO}Cyl ~—
2.1.1.2, Blocking the 2'-Hydroxyl -
2.1.1.3. ' Blocking of the Prima:y\Amino Groups
2.1. 1.4. The Phosphotriester Blocﬁiﬁg\G:ng

3 £ \\

vii

Page

iii

i4 -

16
19

24

24
25

28
29
1

32
37

39
40

41
41

42
43
A

$ 27

o e



3.

EXPERIMENTAL PROCEDURES

3.1.

3.2,

3.3.
3.4.

3.5.

4.1,

Materials and Reagents
3.1.1. Preotected Nucleosides and Coupling Reagénts

Preparation of Oligoribonucleotides
3.2.1. N6-benzoyl- 2'-0~tetrahydropyranyl—5'—0—

triphenylmethoxyacetyl—adenyl[3 2,2, 2-trichloro—

ethyl)-5' Jn2 -benzoyl—Z'—O-tetrahydropyranyl-
guanosine -

'322.2. 5-benzoy1—2'-0~tetrahydropyranyl—5'—0-

triphenylmethoxyace ladenylyl[3'-(2,2,2-
trichloroethyl)-5'[N -beqzoyl—Z'-O—tetra—
hydropyranyl guanyliyl[3'(2,2,2-trfchloroethyl)-
5']Ns—benzoyl—z'»O—tetrahydropyranyladenosine
3.2.3. 6-benzoyl—2'~0—tetrahydropyranyl—5'-O—
triphenylmethoxyacetyladenylyl[3' -(2,2,2-tri~
chlgfoethyl)-S N2 -bgnzoyl-Z'—O—tetrahydro—
pyranylguanylyl[B'-(Z 2,2-trichloroethyl) -
5' ]Nﬁ-benzuyl-z'-0—tetrahydropyranyladenylyl—
[3'-(2,2 2—trichloroethyl)-5']Na-benzoyl-Z'-Oé
. tetrahydropyranyleytidine
3.2.4. 5—benzoyl—2'—O—tetrahydropyranyl—s'-O-tri- .

phenylmethoxyacetyladenylyl[3'~(2,2,2-trichloro-

_ethyl)- 5'-]Nz-benzcyI—Z'-O—tetrahydropyranyl—

guanylyl[3'-(2,2,2-trichloroethyl)=~5"' IN6-benzoyl-

2'-O—tetrahydropyranyladenylyl[3'-(2 2,2-txi- .
bhloroethyl)—S'4]N4-benzoyl—2‘—O—tetrahydro—

» pyranyleytidylyl{3'~(2,2,2~trichloroethyl}-5"]-
2'-O-tetrahydropyranyluridine

Block Synthesis
Deprotection of Short Oligoribonucleotides

Methodology for lH—NMR Characterization of Sequence

RESULTS AND DISCUSSION

Development of NMR Strategy
4,1.1. Results .
4.1.2. Discussion
4.1.2.1. Shielding Trends

Effects of Flanking G+C Base Pairs on Internal Watson-

Crick,G-U and Non-Bonded Base Pairs Within a Short RNA
Duplex ‘
4.2.1. Results

viig’

-Page

&7

48

48

48

53

54

55

56

59

60

63

63

64 -

65
71

.93

94

e e g e P o



\ ' Pag-e‘
4.2.1.1. Effects of a Non-Complementary Base .97
- Opposition on the Stability of a o
. Short Duplex .
4.2.1.2. Studies on Duplex Formation in , - 97
. Complementary Sets. ’ o
. 4.2.1.3. Formation of a G-U Wobble Base Pair . 98
<« © 7+ . Within a Double Helix -
4.2.2., Discussion - T o 98
4.3. The Effects of Base Sequence and Dangling Bases on the - 115
- . Stability of Short, Ribonu\cleic Acld Duplekes = )
, 4.3.1. Results S 117"
L 4.3.1.1. CAUG Series = R 118,
4.3.1,2.+ UGCA Series o °. 118
4.3.1.3. AGCU Series R ¢ 1231
4.3.2. Discussion . : T 125
4.4, Triplet GpCpa E“'orms a Stable RNA Duplex PR 149
4o4.1. Results S 7149
4,4.2. Discussion - - . “151
4,5. Contribution from Non-Paired Residues to the Direction 159
of Stacking and Its Importance in Duplex Stability .
4.6, invariam: Adenosine Residues Stabilize tRNA D-Stems - 180
5. CONCLUS IONS . 184
6. BIBLIOGRAPHY 189

ix

i g g 0 e 1 e v



y.

5 g o A e st

Hz

IR

ppm

ABBREVIATIONS

:édenoéine

éﬁgstrﬁm Eld_s cm) .
cytidine “
circyiar diehroism
coﬁper—zinc couple

2'-deoxyadenosine

2'~deoxycytidine
_‘2'-deoxyguanosine
deuterium oxide o
N,N}diﬁethylformamide
#l‘ - -
deoxyribonucleic acid
{
guanosine
gauche . ' <

enthalphy of single base pair formation

. hertz (cycles/second)

T
infra-red

cohbling constant
mesitylenesulfonyl 1,2,4-triazole
messénger RNA \

nuclear magnetie resonance

optical rotatory dispersidn

© parts per million

ratio  of distance travelled by solute to that of

.solvent



B P

RNA : ribonucleic acid
T. thymi'ﬁine
St C trans .
d;p ) ) s | tletrahydropyrany].. ‘ ’
tlc ' ‘ thin layer chr'omatography
- ﬂ'l‘m - l melting temperature of a duplex at which 50% of
ool - the strands exist In the duplex form.
Tps-N1 = - | ‘ HZ 4 6—triisopropylbenzenesulphonyl nitroimidazole
trac . trityloxacetyl ‘
. tRNA- » - transfer RMA o |
;RkA?et /g o formyl methionyl. transfer RNA
t:RI\I'A'Phe o phenylalanine tranafer RNA
v, o uridine
: UV . ultraﬂolet

. -
A .
-~

mononucéotides and oligoribonucleotides are abbreviated in the
standard format (IUPAC-IUB Comission on Biochemical Nomanclature, 1970).

pA Tepresent 5'-‘-ad‘eaylic acid, Cp represents 3"-cytidylic acid and CpA

r

trepre'sents cytidylyl (l3'-'5") adenosine. Unless otherwise noted, oligo-

.ribonucleotides are numbered sequentially from the 5 terminus.
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i the geometry of the individual nucleotide units and the.interactions

_uracil (U) and thymine (T), aftached‘po the e~1' of the sugar ring in

[P

1. INTRODUCTION .o . !

: |
Deciphering the structural conformations of ribo- and deoxyribo- ;
nucleic acid molecules has cccupied the tiﬁe,'energy-and resources of a
great many researchers. "This is understaﬁdable considéring these
biopolymers forﬁ thé‘biochemical basis of ail life. A quote from Sarma's
intreduction to "Nﬁqléi%égcid Geometry and Dynamics" {1980) -describes , .
nucleic acids as ﬁfhé :ééhiveg in which the basic blueprints to the
mechan£sm {of Iife) are prége¥éed and.xéroxgd.“leoﬁever, degpite
iﬁtensive research aﬁd numerous attempts to présent qonformagionai%modeis,
a satisfactqrf overall structﬁre'that fits any givenhclass.of RﬁA ;i DNA
has yet :to be determined. Most transfer RNA sequences can® be thgofetically
fitted to the secgndary1c10ver1e;f£structu;e prdposed by Holley et =al.
{1965), but requi;e‘assumptions'of tgrginai base_pair étabilities;
ﬁéarest-neighbour effects, as well as allqwénce for the cdnéribu;icn of
nog—comﬁlemen;ary base éairs'and 1oops.to éonformational stability "

(Ninio, 1979). A tertiary L-structure for tRNA has been intérpretéd from

Phe

X~ray studies of yeast tRNA (Kim et al. 1974; Robertus et al. 1974)-

and E. coli .tRNAZ®C. (Woo et al. 1980) but is still disputed.

The molecular structure of nucleic acids is a compilation of .

. . \
between the nucleotides. Structural features of nucleotides include:
1) the furanose ring that is ribose for RNA and 2'-deoxyribose forSDNA,

11) the hetefocyclic bases, adenine (a), guanine‘(G), cytosine (C),




' Figure 1. Structure of 3'-5' ApA, the ndmbg&}ng scheme and proposed

IUPAC-IUB nomenclature for the various torsion angles
. (Sarma, 1980).

T
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" the B—gonfiguration;and iii) the 3',5' phosphodiester linkage jcining
the individual nucleotide units. A complete conformational analysis of

- ) . )
nucleic acid molecules requires the consideration of a number of bonds,

2

within these structural features, about which rotation can occur (Figure

1). Calculation of the various torsiom anéles and determination of the
prefgrred ofieﬁtation or minimum energy conformation ébout these bonds
is required. For a dinucleoside aonophospﬁate this involves determining:
1) two sugar base torsions, f.e. glycosidic‘toréions, il
and xé ‘
. ii) the mode of ﬁucker of the two éugér rings
. i#i)' torsion angles:’a, B, f, g, £,
iv) torsion angles of the free exocyclicys'-hydroxy methyl groﬁp,
.i.e.re' and §° | | -
(Sarma, 1980)
In the case 6f‘a trinucleoéide diphosphate thié proéédqre becomes still
- more complex, with three glycosdidic torsiﬁns, three sugar puckers‘and
13 othe; angles: to CDnsidef. Calculations and vari;tions for longer
‘ seéﬁences soon become unwieldy.

The structural analysis is simﬁlified by recognition of seﬁeral
g;i;:al features. Sinéle crystal data determined tﬁat‘ﬁﬂe furanose ring
exists, in the majority of cases, in é conformation where either the
C-2' or C-3' atom is displaced toward the C-5' from the plane of:thg
other furanose ring atoms (Sundaralingam,1969). When C-2' 1s displaced
the édnformation is-designated as C(2")-endo and when C-3' is displaced
as C(3')—gndo (Figure 2) (Sarma, 1980). Figure 3 displa;s the Newman

projections and the notation ﬁged to describe the rotations about the

e
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Figuré 2. The two major conformations of the sugar ring.
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Figure 3.

ANTL . SYN

Schematic representation of the bond angles about the
a) C(4")-c(5") (c) bond, b) C(5')-0(5') (&) bond,

c) C(3')-0(3") (c) bond and d) the glycosidic linkage
(x)} (Sarma, 1980). : -

C,




&
Cc4'-C5"(e), €5'-05'(8) and C3'-03'(0) bonds and the glycosidic linkage
(¥) of the various ‘conformers. In addition, the position ef-the base in
Vrelaticn to the sugar is genereziy either anti (y = o £ 90°) or syn
(x = 180° % 90°). | .
Determination of ;he rotation about ehe vafious bonds is
+ dependent epon interactions between the ndclebgide units. Hydrogen
bonding between c0mp1emeutary bases (G-C and A*U(T)) (Figure 4)? ﬁaﬁ—
Watson-Crick base pairing (Crick, 1966) and non—coﬁplementary base
oppositions in. duplexes as well as vertical electronic interactious
between the bases (base stacking) and hydrophobice bonding, all contribute
to the preferred nucleic acid conformation.
" Conformational analysis employs a number of techniques to study ¥
nuclelc acids in both the solid and solution state. Solid state studies
" use X-ray analysis of crystals and fibres, semi—empirical energy
calculations and model sfudies.'-Circﬁlar_dichroism (CD), dptieal rot;ry
dispersiog (orRD), infra-red (IR), ultra—violet (UV),wiiuorescence,-
temperature-jgmp, calorimeﬁfie‘and nuclear magnetic resonance (NMR)

techniques have all proved useful in solution state investigations.

1.1. SOLID STATE STUDIES

1.1.1. Xcray Studies | - .
Xéfay diffraction studies have played a erueial role in
" understanding the discrete structures formed by nucleic acid molecules
. ) N
by .revealing the interatomie bonds‘and angles. X-ray diffraction of
single crystals has led to the succesaful determination of the structures

of a variety of oligonucleotides such as UpA (Sussman et al 1972), GpC

(Arnott et al. 1973), pApTpApT (Viswamitra EE.EE: 1978) a?d CpGpCpCpCpG



Figure 4. Repredentation of the U:A amd C+G base pairs :
- depicting the hydtogen bonding and the numbering : [z
system for the bases, . e
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‘(Wang et al. 1979) as well as yeast tRNAphe ( Kim et al. 1974 Robertus

‘ccncert with static crystallographic structures which provide initial %

‘distinguishing it as a 'B'—type double helix (Milman et al. 1967) Both ~

'MH&sxeﬂ@EMM&wﬁhmEM%sMtMamiﬁmmumnmd

_protonated the N-1 of adenine preventing the exjccted basé_pai;ing. The”

et, al 1974)-and E. coli tRNA ¥ (Woo et-al. 1980). -

Pnfortunately; specific crystals crystallize in a conforﬁation‘

which is not neceséarily thc most favourable conforqation in solution °
(Seemanz 1980&): Therefore, solution studies are required to‘compiement‘
crystal ctucies. However, - solution techciques are most powerful in .

reference points. )
Despite these lihitations, X-ray analysis has provided valuable
B N \:/ | .
Insights into the conformation of nucleic acid structures. Studies with

RNA sequences indicated that the ribose ring was in the CCB Y~endo

‘_confo;mation resulting in a double helix known as 'A'—type (Arnott_ggggt.

1969). In the case of DNA, the sugar moietf adopts the C(é')—endo pucker

approximately 10 base pairs per turn in the B helix and 1l per turn in

the A heldix. Crygtéllographic evidence of B-type RNA helices‘ has not

been found and perhaps!‘ye 2'-hydroxyl is partly responsible for the
observcd'C(B‘)?endo conformational prefetence (Kallencach and Berman,
1977)._ These stcdies detefmiﬁcd base tilt and base overlaps, Iimportant
qbﬁpc;eﬁts of base_stackiné, are different for A- anc B~type helicec.

" The first crystal structure of a naturally occurring dinucleoside
monophosphate, UpA (Sucscaﬁ et al. 1972; Rubin et al. 1972) contained two
molecules incorporated within the 'lattice, neither of which. adopted the ‘k

3

standard Watson-Crick pairing. Apparently the acidic cpcditions used,




significant finding was that the conformations of each of the four .
nucleosides were virtually identical. The f#;anosq rings were all in '
tﬁe C({3')-endo pucker, the base§ were in thé anti region (XCN) and the

. . v
interphosphate torsion angles were very similar. In fact, the only major

differerices were in the W torsion angle about the phosphodiester bond.
These results supported Sundaralingam's concept of a rigid nucleotide
. (Sun@aralingaﬁ, 1969, 1975): the various conformations of dinucleotides,

‘

%
trinucleotides,; etg. could be interconverted by changes in w, w' énd that i
the suéar pucker can exist only as C{(3')-endo or C(2')-endo. Later ‘ _ E
studies, both solution and s‘oiid state,” have cast doubt .on,this concept
(Evans & Sarma, 1976;\fattabiraman et al. 1980). .
Thé'first deox&dinucleotide to unﬁg;go eray crystal anélysis'
wasld(prT) (Camerman Eﬁ.ﬂl' 197§). Although the\backbone to;sionﬂapg%es
were very similar to UpA, the structures were quite_differéht because of
a preferred C(2')-endo sugar conformation in d(pTpT) rather than ‘the
C(3")-endo puckerrfoﬁnd in UpA. . ) o ‘ j
The first_crystallographic evidence that oligoribonucleqtides'
‘ form‘staﬁle, Wgtson—Crick; right-handed, anti-parallel, doiple helices

came from diffraction studies on the sodium salts of ApU (Rosemberg

.EE.EE' 1973) and GpC (Armnott EE'EL.~1973).‘ Direct quantification of a

number of importgh; parameters associated with the RNA double helix were
obtained. _These:h;iicai parameters were slightly différent.owing to the
different binding ;égaition of the sodium fon.

X—ray‘studiés‘with‘louger sequences have also proﬁided interesting
" results. The sfructuré:of d{pApTpApT) (Viswamitra EE“§l~-197SX indicated

the sequence formed a 'splint-like' double helix molecule.
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A striking feature of this ioose DNA structﬁre ﬁas the existénce .
of an alternating sugar conformation. The adenosines alllhad the C(3')-
endo conforﬁation, as found in normal RNA structures, wheresas the ° ' : i
thymidines extiibited the C(2' )—endo conformation.
More ré:;h&hy the crystal structure of d{CpGpCpGplpG) was
published (Wang et al. 1979) revealing a left-handed helix -called Z~DNA
which.co#tained 12 residues perrtﬁrn.' The alﬁernating cytidines and
guanogines were,in-different conformations with the guanosines adépting -
the less comﬁon "syn" conformation, with the C(3')-endo sugar ﬁuckég,
while‘thecz?fidines are C(2')=endo and anti in the relationship of"fhe CF
.hase to the sugar. The 3'-terminal guanosines, ﬁowever, adoptea a
C(2')-endo conéormation as a result of aﬁ‘end éffect. With normal
WatsonfCriﬁk base pairing, the backbone tecrsion angles adopted
confoimations whicﬁ resulte& in a left-handed helix. Thils structure ) ?f

had no major groove and the helix axis was found in the minor groove,

It is valuable to note that methylation of cytidine, in poly(CpG),
to give 51methy1—gytidine (m €) resulted in the adoption of the Z-helix
conformation at nearrphysiologicallconditioné (Behe & Felsenfeld, 1981).
Thia result suggested the relativély high freQue?cy of m¢ might be

involved in transforming normal B-DNA to Z-DNA under the right conditioms.

Z-DNA has been‘suggested,to be involved in the contrel of gene expression
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-
.

(Behe & Fesenfeld, 1981) and has beeni;ound‘in reétriction fragments

and plasmids (Wells et al. 1981), -
The sequence dependence of helix formation was studied using the .

self-complementary deoxy—dodecamer d{CpGpCpGpApApTpTpCpGCpG) (Dickerson

& Drew, 1981). Apparently local helix pafameters of twist, tilt and

roll were more strongly influenced by sequence than by crystal pécking..

The central GAATTC segment was a B-helix flanked on either side by

-

dupléx regions having A-helix charagtér. . It was suggested that the
tobology of.thg‘vari6u§ site sequences might be related to"attack‘by ‘
different resfrictiqn enzymes. ., ;

The ability of X-ray diffraction stqdies to‘iﬁQestigéte non-
Watson-Crick type base pairing was recently demonst%ated by a sfudy oﬁ
r(GpGpCpU) (Mizuno et al. 1981). This RNA tetramer kormed an A-RNA
duplex séructure with two terminal G-U base éairs and two intermal G-C
base pairs. -_ o _ 4

X-ray studies have also revealed the tertiary stfucture ﬁf-tﬁNA,
In particular yeast t:RI;l'Alﬂ:le (Kimlgglgi. 1974; ﬁobertus et al. 1974) and'.
E. coli tRN_A?et {(Woo EE.El' 1980). Important facets of RNA confc;mational
fiexibility wére shown. Althéugh most of the ﬁucleotides in'this tRNA
’ moleculé.adqpt tﬂe C(3')-endo sugar conformétibn, several residues’ A
adopted the less common C(Z})—endo conformation. bHowever, all of these . o L?i
nﬁcleétides were located éither at sites where the chain undérgoes a
change in ‘direction or where bulges occur in the pelynucleotide chain
(Rich et al. 1980)% | .

Crystal studies of tRNA molecules have also cdnfirmed_t@e
existence of G-U gase pairs and tertiéry base pair assoclations of

@

" unusual types (Ladner et’'al..1975; Quigley et al. 1975).
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1.1.2. Calculations of Minimum Energy Conformations

Calculations of minimm energy conformations are largely semi- |
empirical (Olsomn, 1978) but have provided important insights into the
preferences of RNA sequences for an 'A' type helix while DNA duplexes

are found as A or B-type helices (Broyde & Hingerty, 1978; Hingerty &
Broyde, 1978). These manipulations also help to explain the relative
stabilities of single strand and double strand helices (Broyde &
Hingerty, 1978; Olsbn; 1978) and helix flexibility (Thiyagarajan &V‘
‘Popnuswamy, 1978, 1979; Olson, 1980).

In general, the total potential energy is calculated as a sum of

the non-bonded (E ), electrostatic (E ) and torsional (Etor)

contributions to energy:

Etotal_= Enb + ;es + Etor

(Thiyagarajan & Ponnuswamy, 1978, 1979). The total potential emergy is
minimized by simultaneously varying all seven, relevant, dihedral angles,
within a2 given nucleotide, until ‘the conformation with the lowest
potential energy is found (Thiyagarajan & Ponnuswamy, 1978, 1979).

_ Alternatively, only a couple of the dihedral angles can be altered while
'_;maintaining other angles in fixed positions as indicated from X-ray

data (Olson, 1978, 1980).

Calcnlations.of the low energy conformers’ for the 'A' form of
diribonucleoside monophosphatee (Broyde & Hingerty, 1978) and for the
"A;'and 'B' forms of deoxydiribonucleoside monophOSPhates (Hingerty &
Broyde, 1978) revealed that they would form single strand helices
( A -type for RNA and A and B —-type for DNA) with sequence dependent

geometries that tended to be narrower and more tightly wound then

¢
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dupiexes found in X-ray studies. Additionally, the intrastrand stacking
was generally greater in the calculated single strand than in the multiple
strand structures. The DNA study indicated only small amounts of energy
were required to promote changes meeded to éermit Watson-Crick base
pairing (Hingerty & Breyde, 1978), whereas some of the RNA sequences
required 9-12 kcal/mole to convert the single strand to the duplex

(Broyde & Hingerty, 1978). These studies indicated that while the
differences in the conformational angles betweeﬁ single stranded and
double stranded helices were small, they translated into substantial
differences in helix geometry. :

A comprehensive study of ApA that p;éduced 30 conformers fo£ :
both the C(3');éndo and C(2')-endo sugar conformations found th;t whiie
17 C(3")~endo conformers lie within a range qf 5 kecal/mole energy
difference, only 7 CtZ')—endo'conformérs 1lie within the same range
(Thiyagarajan & Ponnuswamy, 1978). This was an indication of the ‘
flexibility of the ribonu?leotide'sequence‘in a €(3'")-endo conformation”
as compared with the C(2')-endo form. Surprisingly, for the C(3')~endo
conformation, the lowest enefgy conformer would promote loop formation -

in a duplex, whereas the normal A~RNA and Watsop—Crick type conforﬁations

_occurred at‘energy levels about 0.5 and 1.0 kcal/mole, respectively,

above the lowest eﬁergy 1evél.

For ApA with Fhe C(2')-endo sugar pucker the best preferred
conformation turned out to b; an extended helical structure with no base
stacking. ‘This agrees with ofher studies that found RNA sequences, in
aﬁ extended; non-base stacked form, were predoﬁinantly C(g')—endo {Lee

et al, 1976; Ezra et al. 1977; Broyde & Hingerty, 1978).

T e I
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A simllar study with d(ApApA) also demonstrated that C(3')-endo
was more flexible than C(2')-endo and that the lowest energy conformer

would pfomote loop formation (Thiyagarajan & Ponnuswamy, 1979). This

flexibility is essentially the result of small changes in torsion angles

but readily demonstrates how severely limited rotations of a rigid

backbone are magnified into the -enormous flexibility of a long poly-
nucleotide chain (Olson, 1980).

Potential energy calculations with wvarilous 3NA1himers have
indicated that the 'B' form of RMA subunits is energetically disfavoured,
relative to the 'A' form, by at least 6 kcal/mole. This is due to the
unfavourable contatt between the 2'-0H of tﬁe.3'-ribose and the 5'-base
in 'B' type, C(2')vendo'ccﬁ§ormations (Broyde et al. 1975a,b) .

Recently, a GOmplete; mathematical, conformational analysis of
B-DNA resulted in a theoretical double helical model with flexibility
limits consisfent with the smoothly supercoiled DNA in chrpmatin

"(DeSantis et al. i981a). The model proposed agreed wifh the reported

crystal structure for d(CGCGAATTCGCG) (Wang et al. 1980).

- 1.2. - _SOLUTION STATE STUDIES

' The overall aim of investigations iqto polynucleotide structure
and factots affecting conformation is to be‘able to predict secondary
and tertiary structures from the primafy sequénce. A compﬁterizeﬁ
attempt to predict the structure of 55 TRNA, in‘cyanobacterium of
‘Anacystic midulans from its primary structure, utilizing published
values for base palring energies, ﬁrodqced 30 differeAt structures with_

.a best possible f£it of the duplex reglons (Studnicka er al. 1978). The

proposed secondary structures for the A protein gene (Flers et al. 1975)
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replicase gene (Fiers et al. 1976) of bacteriophage MS2 RNA and 16s RNA
(Noller & Woese, 198l) were very complex and indicative of the problems

faced in elucidating the secondary structures from primary sequences.
ihese struétures were proposed simply by cmmpute; maximizing Epe bésg
pairing in the strands. However, many other factors which control the
most stable conformﬁtion were ignored. For example, the cénsideragion
.that widely separated reglons within the same molecule can base pair
equally, greatly increases the number of structures that can be fopmed
(Krol et al. 1978) E

Even transfer RNA, the smallesﬁ néturally occurriﬁg polynucleotide
; mdleculé; does not always conform to the accepted secondary g}ovq;leaf.
structure of Helley et al.(1965), simply by ﬁaximizing base pai;
formAtion. HoweQer, the progability of tRNA cloverleaf.strﬁcture,
determined from the primarYA§tructure, can be imp%ovgﬁ by including the
contributions from bulge loop regions, wobble and anon-complementary base
paifs to cgnformational atability, by re-evaluating the energies of
terminal G-C and.A-U base pairs and narrowing thevgap betweeq G-C/G-é
and G-C/A-U contributions (Ninio, 1979). -

Tinoco pointed out th;t in order to evaluate proposed secondary
structures based on a known primafy sequence, it is nécessary to .
understand how the sequence of duplex regiloms, thé placement and si@s of
loops within a double helix, the presence of neightouring single strandéd ¢

‘.

regions and non—comﬁlementary base bairs,.contribute to stability and
overall secondary structure (Tinocé et al. 1971, 1973).
Sdlid.state studies have provided part of this iﬁformétiqn but

from a relatively static point of view. However, since ﬁolynucieotide

-

ema e

B T



16

conformations are dymamic, a comprehensive understanding requires

solution studiles.

1.2.1. Optical Studies

Properties of the purine and pyrimidine base ohromophores allows
the use of UV hypochromicity, CD and ORD spectroscopy, temperature-jump
and fluorescence techniques in the study of duplex formation,between
eomplementary oligonucleotides of defined sequence. Kinetic and
thermodynamie parameters can be derivedjfrom the results.

Initial studies, on duplex formation,~relied heavily on readlly
available homo-poi&nucleotides (for review, Ts'Q, 1974). The later
introduction of enzymatically and synthetically prepared sequences
v._greatly advanced this research by providing an increased variet& of
sequences capable of duplex formation.

. One of the first ORD studies, on the assoclation of domplementary
triribonucleotides, ‘showed that a stabie duplexlof the type thought to
occur‘in codon~anticodon interactions could not form (Jaskunas et al.
1968) and therefore duplex stabilities were questioned Also, oligoribo—

nucleotides containing guanosine residues (i.e. GGC Gce, AGC), self-

aggregated or formed multi-strand aggregates. Subsequent CcD investigations,

with G-containing triribonucleotides, indicated that, in the absence of
‘compiementary bases, guanosines promoted destacking (Brahms gt;gl.‘l969).
This effect was particularly proncunced whenever noh-base paired
guanosines were foundlnext to uridine‘residues, suggesting possible
sEquence effects (Brahms et al. 1969). CD spectra, of sequences ‘
containing 5'-uridines with different nearest neighbours, suggested UpA

eand UpG sequences were essentially unstacked in . single—stranded RNA
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{Gray et al. 1972). Destacking sequences could conceivably influence
the stru%kures and functions of natural RNA molecules.

. Reéults of thils nature prompted closer_inspection of the effects
of base sequence on dyplex formation and stability. An ultra-violet
examinétion of a series of block oligoribonucleotides, of the type
(Ap)_(Up) ;U (where m and a vary individually from 3 to 7) indicated
the individual oligomgrs formed bimolecular helical ccmplexes.(when m>n)
or multichain aggregates (when m<n) (Martin et al. 1971). The temperature
dependence of the perfect dﬁpleies (m=n) yielded enthalpy changes per base
pair, AHl{ that increased from —6.4 kcal/mole bas; pa{F for (Ap)a(Up)3U
to =7.6 kcal/moie base pair for (Ap)7(Up)6U. The chain length dependence
of AHl was attributed to eﬁd effects and/or variations in the gtack;ng '
energies of the adenosine sequences (Martin et al. 1571).

A subsequent study (Uhlenbeck et al. 1971) demonstrated the

1 T

" ingertion of a cytidine or guanosine between blocks of adenosine and

uridine sequenées,‘(A)nX(U)n (where X = C or G), destabilized any helix

formatdion. Differencés in the T8 from the various duplexes, indicated
cytidine-was more dgq&abilizing than guanosine and equivalent to the
removal of two A-U b;se pairs (Tm decrease? by‘7°c). It wﬁs suggested
that guanosine was less ‘destabilizing because the duplex could rearrange
tb accommodate guanosine opposite qridine:

1.e.  ApApApApGpUpUpUpU

ﬁpépépﬁpépipApApA

(Uﬁlenﬁeck.gs_gi. 1971). Equimolar mixtures~éf AnCUn‘and AnGUh résﬁlted
in a duplex with one internal G-C ﬁase pair with a rm that increased by

8.5°C (Uhlenbeck et al. 1971).

i
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Follow-up studies by these workers (Porschke et al. i973),
established the stability of duplexes containing G-C base palrs was
greater than a corresponding A-U duplex of the same length. Moreofer,
this research demonstrated helices of the same base compositionm, but
different sequence, have quite different stabilities. Déferminaticn of
the kineties of double helix formation, from temperature-jump experiments,
revealed the recombination of the strandé to Ee second order, with rate
constants dependent on chain length and nucleotide sequence (Porschke
et al. 1973). In additiom, nucleation of duplex formation occurred,

. preferentially, at the sites of G-C.base pairs. |

Two comprehensive studies (Borer EE:EQ' 1973, 1974) ofJES pe&fect_

duplexes, with chain lengths of 6 to 14 base pairs; determined the AG,

A and AS values of formation for all 10 possible Watson~Crick base

paired nearést-neighbour seqﬁences and found a striking sequence dependence
.of helix stébility. Thg results were used to develop an équation‘tha;
could predict tﬁeirm of any known séquencg.and has been used to predict

the éecoqdary structure of RNA from primary‘sequence (Tinoco ég_gl. 1973).
" Recently, the effects of_séquence, on CD spectra, with 18

synthetic pquribonucleotides were Investigated (Gray et al.198l). This

work extended andrrefined the findings by Borer et al. (1973 & 1974) and

. . -
was able to approximate the CD spectra of all other RNA sequences by

fir;t-neighbour formulas. Relatiomships feor the calculétion of Tms‘for
- any RNA or DNA sequence were also derived: -

2
. Tm(DgA)‘? 44,0 + 36.1 HG + 9.2 HG

-

“-'Tm(RNA) = 42.8 + 58.4 H, +11.8 B2

G

éhere EG is the fraction 6f G-C base pairs in the sequence (Gray et al.

1981). -
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Unfortunately, the equations presented in these studies had a
limited application ta smaller sequences. Romaniuk (1979) found that
the formula developed bf Borer predicted 5 Tm of -3°C for the duplex
formed by r{CAUG), whereas the actual Tm, from expefimental data,.was

24°C. Similarly, calculation of a Tm for duplex, AGGCU:AGCCU, using the

equation for RNA developed by Gray EE_EéQ'C1981), resulted iy a Tm of
82°C, whereas the experimental Tm was 54°C (Section 4.2).

The use of the equations presented in both ;tudies is probably
limited because the techniques employed‘were not capéﬂle of evalgatiﬁg
iqdividual nearest-neighbour and next-nearest-neighbour interactions.

End effects constitute an additional problem.

1.2.2. MNuclear Magnetic Resonance Studies

Optical sﬁudies have significantly advanced the understanding of
nucleic acid soiution conformations. However, the usefulness of these o ‘
tecﬁniqués is limited by their ability to monitor only changes in gro;s_ i
structure or qverall stability as an avefage‘qhangerthroughout the
entire molecule, even though the change may be %; one gpecific location.
On the other hand, nuclear magnetic resonanceifﬁgx) spectroscopy can
obgerve changes in local micro—en#ironments of nucleic acid molecules by
foil&wing anisotropie shifts of spe;ific resonances. .In this way it is
. fossiblg to focus on local modificatioms whicﬁ alteg'seabilities and/or
~conformations. |

Early.NMR investigations of oligonucleotide conformations were

x : ‘ .
limitedrﬁd base stacking and sugar ring puckers by analyzing base‘proton

chemical shifts and anomeric proton spin coupling constants. The

cbmplexity df the spectra, as—well as the poor signal to noise ratio,
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prevented complete analyse;. With the advent of high frequency Fourier
transform MR systems, multi-nuclear capabilities, highly sophisticated
interactive computer simulation capabilities and the development of
f}lective deuteration techniques, hetero- and homo-decoupling, nuclear

Overhauser effects and solvent suppressilon techniques, many of the problems

associated with spectral analysis were resolved.

NMR.has developed intc a powerful tocl forrthe structural
elucidation of nucleic acid molecules because of its ability to moritor
the differgﬁt atoms involved in determining the ﬁolecula; structure,
Phosphqrus'(BlP) NMR has been used to e%amine the structural aspects of
the phospha;e backbone of nﬁcléic acids (Patel & Canuel, 1976; Patél,
1980; Lermer & Kearms, 1981). éhanges in éhe m‘m"pﬁosphodiesfér bonds
from the g;uche—gauche (helical étacked) to the gauche;tréns (coi;
strucfure)'were'rééiected by upfigld shifts of the 31? resonapces.(Patél
& Canuel, 1976). 12 '

C-WMR spectra, of 13C-enriched sequenées; are used
‘.‘, N . .

te study sécondary and tertiary structures of tRNA (Schmidt et al. 1980),
as well as for‘observing the conformaticnél dynamics of DNA, tRNA and
other polynucleotidé sequences (Bolton &-James, 1980), by following thé
motion of the carbon atoﬁs. Studies of this nature revealed that
furanoside carbons were moré mobile than hetero-base-carbons and that DNA
conformations were far more diverse than RNA cﬁnforma;ibns. This
difference between DNA and RNA was thought .to be a ﬁanifeéﬁation of the
conforﬁationai mobility of thelr respective sugar rings (Bolton & James,
1980). ,

While 31P and 13C NMR studies provide:valuable.structural data

about nucleic acids, by far the most widely used NMR, in ﬁucleic acids,

-
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is proton NMR ELH-NMZR). lH-NI{R can observe base pairing in duplexes by
monitoring the exchangeable ring N-H protons invelved in the hydroém
bonding of base pair formatien. In additiom, lﬁ—NMR ﬁan exﬁhine.the
conformation of‘nucleic acid furanosides under.;arious conditioné by
méasuring the various proton coupling constaﬁgg,rbut especially the
Jl'-2' coupling constant. Changes in the Eheﬁicéi.;hifts of the non-
excﬁangeable base'protons are indicatdive .of changés in the orientation
6f the nucleotide units within a helix.

When the temperature inc;eases the.ring nitrogen protons

involved in base pair hydrogen bonding, exchange with deuterium atoms from
DZO and Hébondingvis‘ﬁisrupted. The N-H resonances disappear with increasing
temperature an& Ean be assigned (Kearns, i971; 19763 Kan_g;_éi..1975);~ -
These exchéngeable protons are normally found in the very low-field rggi;n
(11-15 parts per million) of the spectrum tKearns, 1571, l§76; Hurd & Reild,
1979) becaﬁse the ring N-H fesonancé; are significantly deshielded by
H-bonding (Katz & Penman, 1966), providiﬁgva relatively gésy means for

obse:ving base pair formation. More important, each basg pair conta;ns
only one ring N-H hydrogen bond and‘fherefore the number of resonances
found in this low-field region of the spectfa correspondé to the number
‘of stable base pairs formed in éolu#ion (Reid EE.EL' 1979).

Monitoring tﬁe exchange faggs of these N-H bonds was used

egtensively to explore the secondary and tertiary structures of ;RﬁA.
The stabilities of the different duplex regions of tRNA were found to
vary Qignificantly, with the D~stem being tﬁerleast sﬁable (Hilbers &
-Shulman, 1974; Kearns, 1976). 'lHaNMR experiments with tRNA molecules

indicated there were 19-20 secondary base pairs and 6-7 teftiary base

ke =
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palrs per molecule (Reid et al. 1979). The use of nuclear Overhauser

effects (NOE) (Johnston & Redfield, 1978, 1981; Hurd & Reid,‘1979),

paramagnetic ion effects (Hurd et al. 1979) and saturatfbn recovery

techniquee (Johnston & Redfield 1977; Johnston et al 1979 Hurd & Reid,
A 1980) has led to the identificetion _3£ all possible base pairs ~
| formed in several tRNAs.- lH-NHR prones into thedeéfects of the tertiary
baselpe1rs and their location in the tRNA molecnle (Johnston & Redfield,:
1977, 1978, 1981; Reld égigl. 1979; Hurd .& Reid, 1979a,b).has confirned.

B - o . .."
" the three dimensional tRNA structure, preposed from crvstal studies -

S e

{Kim ggfgl.—l974; Rich & Schlmmel, 1977). A reJlew by Reid.(1981)- _ j :
eummerizes MR investigations on rRNK
The non—exchangeable protons in nucleic acids include the AH—8
AH-2 GHrB, CH~6, UH—G, CH—S -and UH—S, on the base, as well as the
- various CH ribose- protons, but aspecially the anomeric carbon H-1"
(Figure 4). The non—exchangeable protons produce well defined signale
at all temperatures;.unlike the‘N;ﬁ protons, making it&bossible to cnserve .

structural chenges above and belon the melting temnerature of the nelix.ws . - w
o The temperature dependence of the _non-exchangeable resonances has been '
. used to examine ~the melting behaviour of'a number of duplexes (Arter

et al. 1974 Borer et al. 1975 Krugh et al. 1976; Romaniuk et al. 1979)e
"uAnalysis of these resonances  was instrumental- in resolving the

conformational anomalies of a number of single strandrhelices including

- r(CCA) (Cheng et al. 1978), r(AAA) (Eva 5 & Sarma, 1976), CAXUG (where

= A, G, C w - G(Romaniuk et al. 197 \, AUCCA (Stcne eb al. 1981),
structures of 15 dinucleoside monoph sphates (Lee et al 1976 Ezra et al.

1977), as well as contributions of bulge loops (Romaniuk et al. 1979;

T e P g
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Lee & Tinoco, 1980), terminal dangling ;esidues‘(ananiuk EE_El.'l97§;
Neilson et al. 1980) and base sequence (Romaniuk et al. 1979; Bubienko
et al. l981), to helix stability. Changes in the chemical shifts of
these;nonexchangeable resonances have been used to monitor the‘effects
of oligomer concentration (Rrugh & Young, 1975; Cheng et al. 1578;
Romaniuk et .al. 1979; Bubienko et al. 198l); pH (Ezra et al. 1976), salt

v

concentration (Borer et al. 1975) and metal ions (Ezra et al. 1976) on

-

duplex formation and stability ! "
Measuring the various furanoside ring proton ccupling constants
reveals much about the structural conformation of the ribose and its

effects‘on the helix. The temperature dependent J

" has been used to explore the helix conformation in both single (Lee EE.El-
rng

1976; Ezra et al. 1977) and double strands

. large Jl' 2,‘value (5-6 -Hz) at high tenperetures (70-80°C) decreases'as

the temperature is lowered,_indicative'of a'shift in ring cenfbrmetion

from' the C(2')-endo (unstacked, extended coil) to the C(Bf)—endo {stacked,

compact helix) sugar pucker (Lee gtigl. 1976;MEzre‘g£‘§l.,l977).

Changes in the chemical shift of the non-excbangeable proton
resonances also reflect the influence of the phosphodiester linkage. on
conformation‘(Kondo-et al. 1970; Ezra et al. 1977) ard have been analyzed
to help resolye such diverse concepts as nucleotide rigidity (Evans &
Sarma, 1979) and flexibility (Early é Kearns, 1979 Neumann et al. 1979)

Clearlyﬁ nuclear magnetic re%onance analyses play an important
role in elucidating nucleic acid struztﬁre. NMR can also investigate

[ !

interactions during drug intercalation with nucleic acids (Jones &

53 Kearns 1975' Patel, 1976; Patel and Canuel, 1977 1979; Kastrup et al;-

.

Bubienko et al. 1981). The

112 coupling constant u’.
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1978). The interactions of a DNA helix—deétabilizing protein, the gene-
S5-protein of E. coli phages (M13fl and fd), with an octadeoxgribq—
adenylic acild sequence (dA8) have also been explored by NMMR (Alma et al.
1981). The dynamic properties of various DNA restriction fragments have
bee; similafly examined by MMR (Early et al. 1980; Haasnoot et al. 1980;
Early et al. 198la,b). l

1.3. _STUDIES ON LOQP FORMATION.

The secoudarf structure of naturally occurriﬁg RNA molecules
consisfh\gfxépprdximately 50% duplex fegions, tﬁaﬁ stabilize the.overa;l ‘
structure, separatéd by single stranhed regions that can form loops.

These loops appear in three differeepvformsu

L3

1.3.1. Bulge Loops

Bulge loops comsist of hon-base paired residues that may adopt.
an extrahelical or intrahelical conformation within one of the duplex

strands. A review of bulgg loop studies, with homopelymer-cepolymer

mixtureﬁj(Lomant & Fresco, 1975), indicated that bulge loops:preferen-.':
tially gdoptéd the extrahelical conformgﬁion regardless of the type
of non—bbndedrépposition. Thé extrahelical confqrﬁation‘was.favodfedb{’:;y
entropicéll; and‘p?rmitfed greafer solvation due to increase%§§—ﬁé#q;?gmi

with the solvent molecules. In addition, the extrahelicalipqsiﬁiﬁﬁ?fl:"
required the least backbone distortion (Lomant & Freseo, 1275).:;1@ej

. . @~ A e Ce
extent of duplex destabilization was dependent_gn“ppe"felétiye stacking

tendency of the looped-out residue (decreasing in the oré}iﬁﬁA>G§Cg>Ujﬁ

L)

i.e. the ability to stack with nearest nelghbours in the duplex strand ~ ~

(Lomant & Fresco, 1975). Most destabilization occurréd when the

stacking interactions were interrupted. Hewever, the least &estabilization‘
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occurred if fhe loop extended stacking. It was noted that destabilization
by an internal mismatch increased with lemgth, but was proportionately
the lérgest for a2 single residue (Lomant & Fresco, 1975). One derived
value on the effect of a single 'looped-out' base on duplex stability
was an addition of +2.5 kcal/mole to AG (Fink & Crothers, 1972).

MNMR analysis of the complex formed by r(GUG) and r{CC), in the
presence of ethidium bromide, suggested a stable RNA mini—helix with two
G*C base pairs, the uridine residue bulged outside the helix and ethidium
bromide intercalated between the G:C pairs (Lee & Tinoco, 1978). The &
complex atéong;y supports‘the potential for for@ation'of extrahelical
loopq,in.small dﬁpleies and Indicates a model fof fraﬁeshift muFafions.
Later studies (Lee & Tinoco,1980) of 13 triribonucleoside-diphoephates,
2ll with the sequence purine—pyr£;idine—purioe, and unable to dupiex, |
_showed these sequences couid form singie stréno helices with the
- pyrimidine bulged-out and - the two purines stacked on.each other.

. These studies suggested that helixsstability was determined by
maﬁimizing'base stacking interactioms. "In the case of bulge locps this
requires that the residue adopt an extrahelical conformation (Lomant &
Fresco, 1975).

1.3.2,- Internal Loops

The conformefional coneidef;tious for bulge loops apply eqﬁall?‘
well to internal loops (tomant & Fresco, 1975). Although most of the -}
‘ iofqrmation on the conforﬁation of Intermal loopélcomes from homopolymer—
coepolymer miéing%experiments (Lomant & F:eseo,.lgaS), they coqld‘not
quan;itativeif provide the thermodynamics of loop formation. This |
inéormation wes obtaiﬁed from otudies‘witﬁ enzjmatically prepafed

?

sequences,

.
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One such study showed that when cytidine vas inserted into the
self—complementary duplex r{(AnUn), the staﬂility of the resulting
bimolecular helical complex was reduced; The effect of the two opposing
non-base paired cytidings on the Tm of the duplex was equivalent to the
loss of two AU base pairs (Uhlembeck ég_gl. 1971).

O;igomer f((A)AG(C)n(U)A)? formed imperfect diger helices, when
n > 4, with the intermal loop becoming more déstabilizing as the loop
size increased (Gralla & Crotﬁers, FQ?Bb). Comparison with the study
by ﬁhlenbeck and co=-workers (19715 revealed the free energy of 1oop
closure was léss fof a G-C base pair than that for an .A‘U base pair,
‘suggesting the destabiiizing effecf of a loop could be sequénce
dependent (Gralla & Crothers, 1973b). ‘ ’ .

— NMR investigations of inte;nal loops Thave providéd éome

- Interesting rggults. For éxagple,'the triﬁer,'rﬁCUG), formed a'stable
‘RHA mini-helix composed of twﬁ C+G base pairs, with the internal opposiné
uridines iooped out, in the presence of ethidium bromide (Lee & Tinoco,
1978). MNMR studies with the deoxy dodecamer, d(ATCCTA(T) TAGGAT),
(Corne%}us.gg_él. 1979; Hadsnoot gg_gl.‘lgao) produced interesting and
contrasting results. ﬁhen ; =1, ; dimer structure fofmed,but'fhe
opposing thymidines appeared to form a wobble base pair rathér than
adopting the expeéted extrahelical conformation (Cbrﬁe}ius et al, 1979).
Although this intérnal T-T wobble pailr significantly lowerea ghe dﬁplex
stability, a normal B~DNA structure waﬁ,maintained. Also,when n = 3, &4
or 5;'a Hairpin ;;ructure formed, while for n = 2 both structures were
found (Haasﬁooﬁ ég_gi. 1980). Another interesting point from the DNA .

L

study was tﬁe effect of ‘the non-bonded residues in tbg 1oop; on duplex

“:
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stability, appeared to be strietly local. No influence on the stability
of distant duplex regions was observed (Haasnoot et al. 1980).

A proﬁon NMR examination of the pentaribon;cleotide series,
CAXUG (where X = A, G, C or U), each of which could theoretically form a
duplex with an internal/mismatched'base pair, showed no duplex formdtion
occurred over the temperature range 10°-70°C (Roméniuk et al. 1979).
Instead, the cheﬁical shift versus tempeéature plots indicated that
stacked single strand helices fofmed without‘lobped—out bases (Rom#niuk
et al. 1979). ' |
1.3.3.. Hairpin Loops - L.

Hairpin ;odp formation was exémined‘in a ﬁhermodynamic study of
' (n =4, 5, 6), using UV and CD

6CmU6

(Uhlenbeck et al, 1973). .Data indicated the most stable loop structure

" occurred when m = 6. The smaller loop structures were strained and might

the larger loops (m = §) the probability of loop cloaure diminished
(Uhlenbeck Eé.él- 1973). Hairpin loop stability might also $e depé;dent
on ;he sequence of the loop, since there was a loss in ‘the enthalpy of
farmation, thought to be a result ofldestaéking of the loop bases
(Uhlenbeck et al. 1973). |

Kinetie studies of hairpin loop formation, with the sequence

'AAG(C)nUA’ demonstrated that nucleation of loop closure (intrémblecular;‘

n =35, 6) was 10°

fold faster‘than‘iﬁtermqlécular (n = &) nucleation

. /

(Gralla & Crothers, 1973a). 1In this case, the loop was closed by G'C

base pairs, rather than A-U bag; palrs, resulting Iin a lower free emnergy
s ] . ‘ b

of .loep:closure (CGralla & Crothers, 1973a).

-

' require base pailr disruption to form a stable loop structure, whereas with

A
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1.4. Sequence Dependence of Duplex Stability

The effects of bése sequence must also be cénsidered in
determining helix stability and structure. Consideration of the ﬁumbgr
of H-bonds in the two normél Watson-Crick base pairs, A-U witﬁ two B-bonds
and G:C with three H-bonds, suggests that G-C base pairs will confribu:e
more to duplex stability than A-U base pairs. These coﬁtributions to
duplex stability were confi?med by comparison of the Tms of the homo-
polymers poly(A-U) and poly(G+C), which are 38°C and §7°C, respectively
(Gray et al. 1981).

Ingerting a G-C base palr into a duplek of 10 A-U base pairs,
enhanced the Tmlby 8.5°C and two G-C base palrs doubled the effect

~ (Uhlembeck et al. 1971). A subsequentstudy (Porschke et al, 1§73)
showed that the stability of duplexes containing G-C base palrs was
significantly higher than that of A-U duplexes of the.éame length.
Further observation showed that sequences with the same base-gatios and

I,length had different stabilities. Ihe enthalpies (AHs) of formation for
these seﬁuences were éhefsame, indicating helix stability was entropy
dependent and that différenées were due to the effects of siﬁgle st:and
stacking (Porschke et al. 1973). | |

Tinoco et al. (1973) found two adjacent G-C base pairs were
coﬁsidéréﬁljﬁﬁore stable than two G-C base péiré separated by an AU base
palr in a sequence of the same length. Comparisonrof the NMR studies

. with tetramer, r(CAUG) (Romaniuk et al. 1978), which exhibited a Tm‘of
24°C, and tetramer, £ (AGCY) (Neilson et al. 1980), with a T of 34°C,
supports this finding. Borer et al, (1974) pointed out the moré subtle

. . N B}
effects of sequence when it was demonstrated rthat qﬁ sequences were more-
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-
stable than G¢ which were in turn more stable than ¢ sequences. This

C¢ &
interesting aspect of sequence dependent helical stabilities is inspected
more closely in following sections.
| Investigations have determined that nucleation, the initiation of
éuplex formation, occurs preferen;ially where G-C base pairé are located

(Ran et al. 1975; Borer et al. 1975) and on melting, A-U(T) base pairs

dissociate before G-C base palrs (Kan et al. 1975; Haasnmoot et al. 1980;

Early et al. 1981). All these results are consistent with the qbse;vation

that the duplex stability is proportional to the percentage of G-C bgse
pairs present (Krugh et al. 1976; Gray et al. 1981).

" 1.4.1, Effects of non-Watson-Crick Base Pairs

" The wobble hypothesis,'propoéed by Crick (1966} to expiain'the
degeneracy of the genetic code, suggested a number of non-Watson-Crick
. type base palrs couid exist. The most important of these is the wobble

G+U base palr, The exiétence and biological importance of G-U base pairs

have now been discussed in a number oflpapers..

—_— -

Early studies on .the association of the codon GUG with khe .
comp lementary anficodon, CAU, of f-met-tRNA (VUhlenbeck et al. 1970) as
well as QD studies of poly(G-T) (lezius & Domin, 1973) ‘and poly(G-U)
CQray & Ratcliff, 1977) sugéested the exis;eﬁée of G-U basé_pairs.-
However, it was the use of NMR that firml& established G:U base pairs
with tw; hydrogen bonds occurred in both short ribonucleotides (Romaniuk
et al. 1979) and tRNA molecules (Robillard et al. 1976 Hurd & Reid,
1979;3, and G*T base ﬁairs in poly(G-T) (Early EE.Slf 1978). "NMR also

"econfirmed that G:U and G*T base palrs adopted the wobble conformatien

proposed b& Crick (1966) (Early et al. 1978;’Reid et al. 1979).

e,
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Clarke (1977) proposed that a G-U base pair could be accommodated
by an RNA double helix without causing gross helical distortion. ﬁowever,
it would be-a_point of potential weakness because a shift is required,
in the glycosyl torsion angles from the angles usually assoclated with
Watson-Crick base pairing, for two hydrogeq bonds to be made (Mizuno &
Sundaralingam, 1978), The NMMR study of the short RNA éﬁ;lex; CAGUG: CAUUG,
which contains én internal G*U base pailr, confirmed this proposal
(Zomaniuk et al. 1979). The resultant duplex had a“Tm‘of 24°C, with
‘stability equivalent to that of the self-complementary duplex r(CAUG)
even though there was an extra base pair. .The G-U base pair did not add
éﬁy apparent stability to tﬁe duplex. Earlier work had indicated that
the stabiiity of a terminal G-U base pair was equivale;t to a términal
AU sase‘pair (Uhlenbeck Eﬁ!él' 1970). However, comparison of the du%lex,

.CAGUG:CAUﬁé, with'tﬁe duplex formed by CAAUG:CAUUG,'with an internal
A+U base pair, inéicated the intérnal G'U base pair contributed less to
helix stability than an intermal AU base pﬁir (Romaniuk Eﬁ al. 1979).

. However, it should be noted that thé G'U base pair in this sequence,was
flanked on either side by A°U base pairs which are less stable than G-C
basg fairs and, therefore, probably less tolerant of the unusual
conformaéion of the G-U base pairs. This 1s a problem that must be
examined more closely since it_may be that the strength of the G-U base

N

pair is sequence dependent.
Next to G°U base pairs, A+C base pairs were thought to be the
most stable (Lomant & Fresco, 1975; Grosjean et al. 1978; Ninio, 1979).

Accurate predictions of ﬁucleic acld structures require further:

iuvestigations of the contributions to helical stability from non-

i
i
)
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complementary oppositions such as T*T (Cornelius et .al. 1979) and others,
as found in the duplex regions of tRNA (Nimio, 1979).

1.5. Effects of Dangling Bases on Duplek Stability

The effects of single stranded regions, found adjacent to double
stranded regions, on duplex stability, has also received some attention.
Investigations of this phencmenon have used synthetically prepared

~ sequences that will form dppiéxés with one or more non-base paifed

(dangling) terminal residues:

s e B o '-
i.e. AGHAG 3'-dangling adencsines

The positive contribution of a dangling résidue to duplex
stability was suggesteﬁ-iu an ilnvestigation of A-U 5lqck polymers, . formed
by‘f(AmUn) that disdoﬁeégd the Tm.of the duplex waé increased when m>n
and'that the increase wés ;pproximately additive for one to three

 dangling adenosines (Martin et al. 1971).

Kinetic studies, employing temperaéure-jump methods, démonstrated

‘that duplexes formed bf two tRNA molecules, Fomplemgntary‘anticodons; were

-stronger by é factor of 106, than expected f;r aithree base pailr duplex '
. (Grosjean et al. 1976, 1978). Partlal fragmentation of these duplexes

‘  concluded that a 103-fold portion of this iné:eased stability couldobe

attributeélﬁo the additional base stacking of the single strand regions

adjacent to the double helix (Grosjean et al. 1976).

Examination of the duplexés formed by r(CAUGA) and r (CAUGU)

F

:(Romaniuk et al. 1978b) determined that a single 3'-dangling base
signiﬁicéntly:stabilized the duplex., The effect of a dangling adenosine
was eduiﬁalent to a terminal A-U base palr, while the effect of a

dangling uridine was about half that of adenosine. The stabilizing "

b i e
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influence of dangling bases was attributed to the increased stacking

interactions that resulted throughout the duplex (Romaniuk et al. 1978b).

e AP, oA ——rer e

A recent thermbdynamic determination of the effects of both 3'-

and 5'-dangling adenosines on the duplex formed by r(CCGG), indicated
the extra adenosine stacks increased the Tﬁ by at least 10°C (Turner
E£‘3£-71981). The magnitude of the AH values obtained suggested base

stacking was a major contributor to duplex stability. In addition, the

" magnitude of the enthalpy was different for 5'-dangling and 3'-dangling

adenosines, intimating a possible sequence effect on the stacking

interacticns (Turner et al, 1981).

1.6. Effects of Base Stacking on Duplex Stabilitz

Throughout the investigations on factors affecting the structural

conformations of nucleic acids, outlined in this thesis, reference has

‘been made to the importance of base stacking interactions in determining

‘helix stability. Base stacking Interactions essentially involve vertical
electronic interactions between any two parallel bases (Figure 5) and
includes; dipole~dipole, dipole-—induced dipole and induced dipole—induced
.dipcle forces. Base stacking is dependent on -the interplanar distances
between ,bases, however, the best geometrical overlap between the bases
need not necessarily mean the most favourable stacking interaction has
been found (Gupta & Sasisekharan,71978a). Minimum energy calcnlationscof
a'variety of,decxy-diribonucleotiqes (Gupta & Sasisekharan, 1978b}l
Hingerty &_ﬁroyde, 1978) and diribonucleotides (Broyde & Hingerty, 1978)
indicated hase stacking effects were also dependent on helix gecmetry

and sequence.

The important role of base stacking in nucleic acid conformation

i g s S s
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Planar H-bonded
Supporting sugar base pairs
phosphate backbone i

Overlapping
orbitals

Orbitals

RESULTANT BASE STACKING

Figure 5. Diagramatic representatiocn of the vertical electronic.
’ interactions, between parallel bases, inherent in base
stackirg.
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and biological function has been suggested by several studies on the

anticodon arm of tRNA. Removal of the Y-base, found adjacei

anticodon sequence, changed the coding properties of yeast tRNA phe

(Ghosh & Ghosh, 1970).

It was suggested that the removal of the m ied

base altered the stacking pattern and the anticodon loop configuration.
As a result of the codon-anticodon interaction, an allosteric
& .
rearrangement of the tertiary structure of tRNAPhe occurre&, exposing

the TYCG sequence for binding with the CGAA sequence of the 55 rRNA in ?

' the 50s subunit (Swartz et al. 1976). Further investigation revealed

this rearrangement only ocourred'upon binding of the appropfiate codon

(Swartz & Gassen, 1977}. Apparently, in free tRNA, there was a complete

_ base overlap within the anticodon stack, comparable to an oligo A stack .
" When double strand formation occurs between the cedon- and the anticedom, -

the characteristic anticodon helix may become extended. It was thodght :

this rearrangement of 'the tertiary-structure was caused by the change in

the anticodon conformation (Swartz & Gassen, 1977). " Semt-empirical

energy calculations subsequently determiﬁed that the stacked.single stranér—

was more compact than the duplex (Broyde & Hingerty, 1978; Thiyagarajan

& Ponnuswamy, 1978, 1979). n fact it was determined that energy would be

required to destack the single strand sufficiently to allow duplex ;

formation. These fesultslsupport the suggestfon that the anticodon. . _i
configuration changed when it duplexed with the/Tespective anticodon ‘ N ﬁé

(Swartz & Gassen, 1977).

An 1nvestigafion on the influence of codon context on the genetic

code found the efficiency of a suppressor tRNA, in translating the stop

-"w

codoﬂ“ﬂAG Waggincreased ten~-fold if the 3'-neighbour cytidine was

ey
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replaced with adenosine (Bossi & Roth, 1980). The ;uthors felt that an

increase in th_e stacl_cing energy of the codon-anticodon interaction, due&

to the adjacent adenosine, accounted for the increase in suppressor -

efficiency. S ‘ S
These studies and proposals gtronglj suggest t&?? a_detefmination |

of the rela;ive contribut{ons,‘to conformation and stability,‘from base

stacking is required. It is'a;so important ‘to leﬁrn what affects base

stacking. ’ oo =

S,

Semi—empiricallcalculations are possible to determine the ' :
contrihutions of base stackiug: In the abseﬁde of h&drogen bonding and
base stacking, the-calculétioné predict extended, randomly EAiled
conformatiéns (0lson, 1978),-in agreement with NMR studies (Evaﬁs &
Sarma, 1976). Calculgtion of the minimum'energx,conformers of staéked .
helices &etermined tﬁe_baSES were approximately parallel andlseparafed
by a mean perpendiculér distance of 3.5 % p.Z Z (Olson;.1978) and ?
.corresponds to thelr van cier Waal's thickness, poin_ting to the :Lx_nport:a-ncea ‘
pr non-specific van der Waal's forces in sta;kihg'intgractioné.

Calculations involﬁing Fhangeé in tﬁe torsién pﬁgle Xy indica£ed
that changing the base orientation from syn to anti,.gramétically |
increased the degree of base stacking and conformaticnmal stability (Olson,

1978). The minimum energy conformers for the nucleotide Sequences L osans

-occurred when there was a High antl conformation of the base (Thiyagarajan

& Ponnuswamy, 1978; Olson, 1978, 1980).
Minimum energy calculations for d(AAA) indicated that the 5'-
"phosphate group of the nuclebside reslidue had a definite effect on the

base orientation, keeping-it in the normal high anti region and, therefdre,




[+

fa ) N ) . 36

affecting the base stacking property (Thiyagarajan and Ponnuswamy, 1979)
CD studies with a number of triribonucleotides (Brahms et al.

1967; Gray:gtﬂal.pl972) as well as homo— and‘copolymers (Gray et al. 1972;

Lomant & Fresco; 1572} showed that not only were stacking effects gequence
0 . S

dependent, butqa}so that the tour major bases have different stacking v

abilities (A>€TC>U) The results also indicated that uridlnes tendedvto'

promote destacking of the sequence (Brahms et al, 1967; Gray et al. 1972).

Energy calculations of a variety of DNA (Hingerty & Broyde, 1978) and

-RNA (Broyde & Hingerty, 1978) dimers found the stacking energies were -

.'?"-’ -

sequence dependent

Invan attempt to extract the thermodynamic parameters of helix

. formation (Borer et al. 1974) it was shown that helix stability had a

.striking dependence on seguence and that the 1argest contribution to helix

-
atability probably. came from the vertical stacking of the bases. This

C¢
. ~3=
duplexes were"more'stable-than 4 which were more stable than QQ Also

o ‘ e > | G

duplexes of alternating A-U‘sequences 3:3 were more stable~than duplexes
. ‘ S uxA _ o

o2
thorough UV investigation, E\\g oligoribonucleotides, showed that 43

-

A-A

e “ﬁ-ﬁ:' In addition, duplexes fo;ped'by sequences.with'blocks of G-C

i P

base pairs and blocks of A-U base pairs were more stable than duplexes

of alternating A U and G c base pairs. These results were attributed toA\\\\

stacking patterns of the sequences {Borer et al. 1974)
A study with the sequences r(A GCU Y} and r(A CGU ) found that.
A U—G C stacking interactions were more. favourable to duplex formation

than A'U-CfG stacking interactions (Ravetch EE.EE' 1974)

formed by a strand ofladenosine33§ase paired to a strand-of uridines = ®

3
i
e
i
|
i




Invéstigations of pblynucleotides that form sfackéd single
stranded helices, have estimated the contributions of intrastragd
sﬁacking to hélix stabllity.' Poly rA (Stannard & Felsenfeld: 1975) and
poly rC (Porschke, 1976; Frier et al. 1981) undergo a transitiom, at

“neutral pH, ffom a random coil conformation, at high temperature; to a
helical, stacked conformation, at low temperature. The enthalpy changes,
_for pol& rA stacking, iange from -3 to -13 kcal/mole stack Qfo£ review
see Turner et al. 1981) and when compared'go the value of -7 kecal/mole
base pair associated'ﬁith'the fully stacked double helix, poly rA:poly rU

(Swurkuusk et al. 1977), can either suggest-that base-base gtacking

contributions to duplex stability could be minor or dominanﬁ,

Recent reports have proposed that singlé strand stacking accounts -’

for more than half the enthalpy associated with duplex formétion (Frier
et al. 1981; Turner et al, 1981).  This*aprees with minimum enefgy
cdleulations that indicated stacking in the single strand was greater

than in the duplex whexe Qfacking is constrained by base pair formation.

(Hingerty & Broyde, 1978; Broyde & Hingerty, 1978,1979) but that stacking

islstili the dominant factor in dﬁplex stability (Desantis et al. 1981b).

 1.6.1. Direction of Base Stacking - o ﬁ‘ '
.Studigs with tRNA anticoéﬁn‘loops haﬁé also i;dicated that the

direction of base §tackingdth‘éiso important. Carl Woese (1970)

proposed that the Sblecular mechanics of traﬁslation dependéd on

‘conformational changes in the kRNA.V He determined the diregtibn_of -

-sfaéking, in the anticodon, wﬁs enérgetically favdureé in the 3‘ to Sf

direcﬁion when thg tRNA was charged and paired to the godon. Wheq the-'.

tRNA was not charged, the favoured direction for—tﬁe:sﬁack;ng interactions

was 5' to.3' (Woese; .1970). | _ j{
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Urbanke & Mass {1978) observed a conformzational t£ansition in
the anticodon loop with temperatﬁre. The alteration was attriﬂlted to a
change in tﬁe stacking pattern, of the anticodon loop, from 5'—st;Eked'
at high temperatures; to 3*=-stacked at low temperatﬁres. : ﬁ
Stacking iﬁteractions have élso been, Implicated in the eloné;tion
cycle of protein‘granslé;ion. Lake (1977) pfoposed translocation of the
éorrec; aminoacjl‘tRNA‘;o the A~site ffgm the recognition site (R;site),
‘on-the small ribosome, involved a change in tﬁe»stacking interactions of
_ the énticodon loop. The defaiis_include recognition at the Rrsife by an
-aminoacyl tRNA, with its anticodon in the 5'-stacké& conformation.
Moﬁemeﬁf from the R-site to the A-site required a switch, in the stacking
pattérn of the anticedon, fromftﬁe 5'~-stacked couformatiog tg(ﬁﬁe 3'-
stackéd conformati&n (Lake, 1977). o
Preliminary.resﬁlts from Turner's géoup Cl981) indicated that
sequences ﬁith a dangiing 3'e.or 5'~ adenosine inéreased duplex
stabilities due fd stacking iﬁteractions bug thaf‘the 3'—dangliﬁé adenosine
contributed more ;han the 5'-dangling to stability.; This wés’an
indicatfon that stacking contributions from one end qf‘.tﬁe ‘duplex had a -

r
greater effect than from the other end.

] \ ' ..
Further investigations into the direction of base stacking and
the_ggher-factors affectidg base stacking are required for cdmpleEF

understénding of this phénomeﬂon and its contributions to double Helical ‘ .ii

stability and conformation.
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2, SYNTHESIS OF OLIGORIBONUCLEOTIDES

Currently a number of methods, both chemical and enzymatic, are

available for the synthesis of oligonucleotide sequenees. Each method

has certain drawbacks and, therefore, some thought must: be given as to

whieh method 1s of the most value to a particular project: The i
strategies developed fer oligonuclecotide synthesis include: i
1) Phosphodiester synthesis-
11) ?hosphotriester synthesie
ii1) Enzymic synthesis: - ! i
v . .
iv) Combined ehemicallenZymafic synthesis _ _ . ' - g
. The chemical appﬁdaches_to synthesis have provéd te'be'gxtremely j
successful in fhe‘preéaration of both deoxyribose and ribose sequences. Chem- ;
. o n : 1
ical'synthesis also provides lerge scale amountslok any eesired :
. i
. seé&enee. However, this technique is limited by the leegth of the '
sequence thet éen be'efficient}&.pyoduced. Although seqﬁences of ugy to
20 bases have beee made, this method 1s_faf more reliable foe the
preparation of sequences ‘of 10 bases or less. . : .
While the enzymatic methods ar\z:‘ar more 'successful in the ' »

: preparation of longer_sequences, the quantities produced are mﬁchfless.

*

_The amounts produced are sufficient for blological studies but are

iargely insufficient for the structurai studies reﬁorted‘in this fhesis.
For this reason all the sequences investigated were chemieally prepared
The two approaches to the chemical synthesis of oligouucleotides

differ in .the nature of the phosphate‘bridges of the blocked.oligomers.
39




In the phosphodiester method the phosphate bridges are monocanionic,
whereas in the phoéphotriester méthod the phosphate ester is nequal.
Although the phogphodiester method has been successfully employed in the
. preparaticn of qligonucleotides, the monoanionic nature of the phosphate
estér can result in possible side reactioms, during chain exténsiun, ‘ |
leading to branchipg_o; cleavage of the chain.  Also:the phosphodieézer
linkage i3 sensitive to acid and base so that carelqust be taken when
working up reactions. | |
The phospﬂot;iester synthesis protects the phosphodiéétgr-

“linkage and thus solves‘these problems. The draﬁback of the phospho~
triester approach is one of time. The phogphoryl&éioﬁ and coupling ) ' ;
reactiéns are more iengthy énd'thus élow down the_éequeﬁce buil&ing.

- However, the increased yilelds and.purity cf the compounds more, than
gompensatebfor the loss of time. . The phosphotriester chemical synthetic
procedure developed in 'Neiison’s laboratéry has proved éspecially ‘
successfui in the production of relatiyélf large-quantities of pure,

_biologically active,short oligbribonucleotidesAbf'any'desired squence.

;Tﬁis is the method of choice for the Tesearch réported;

&
2.1.° Chemical Synthesis of Oligoribonucleotides by the Phosphotriester

.--H'e_thﬂ‘ . . - ' ! y
 _The'phosphotrie§ter approach used w%s developed beque
initiatioh of this reséarch and detalls of the bLocking’groups and the
' procedures employed have'beeﬁ~fully reported elsewhere (Neilson, 1969:
Neilson & Werstiuk, 1971a, 1971b; Werstiuk & Neilsom, 1972; Neilson

et al. 1973;.w2rstiuk & Nellson, 1973; Neilson & Werstiuk, 1974;

Neilson et al. 1975; Wérstiuk_& Neilson, 1976; Englandf& Neilson, 1976;
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England,‘1976; England & Neilson, 1977; Gregoire & Neilson, 1978).
However, a brief description 1s provided to famlliarize the reader with
the strategy used to synthesize the sequences of interest.

In order to relate the synthetically prepared sequences to
naturally occurring RNA molecules it is essential that proper 3'-53'
internucleotide ;hosphodiester linkages are formed without altering the
-glycosidic bond eor causing loss of naturel conformation or‘oiological
activity. To ensure the formation of the correct phosphodiester linkage

. !
other reactive centres on the nucleosides must be chemically blocked
Then, after the internucleotide linkages are formed, these blocking
groups must be removed without disrupting the nucleosides or the

phosphodiester bonds.

2.1.1. Blocking of Functional Groups

Functional grbups that require-blocking at different tines
during synthesis incié;e the primary 51 —hydroxyl the secondary 3'-~ and
2'-hydroxyl the primary amino groups and the phosphodiester linkage
The most important prerequisites for a‘successfuliblocking group are the

_ easy introduction onto the nucleoside and selective removal under

‘conditions that leave other blocking groups intact. It is also essential.

that ‘the inrermediates of blocked nucleosides can be readily_identified,
in a routine manner,'to ensure the blocking group is attached atrthe
lcorrect'oosition. NMR analysis provides a simple procedure for this
identification, (Reese, 1978)

2.1.1.1. Protection of the Terminal 5'-Hydroxyl

Sequences are usually built in the 5'+3" direction with a

phosphare on the 3'-hydroxyl reacting with the free 5'-hydroxyl on the

o A s ey g = e e ey
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incoming nucleoside. Short sequences (2-5 bases in length) .are normally
synthesized in.a stepwise fashion and thus require fhat only ;he 5"-
hydroxyl of starting nucleosidé_be blocked. However; with longer
sequences (6 and up) a Slock synthesis is often employed to reduce the
number of steps and increase yields. For example, in block synthesis,
two triﬁers are joined together to yileld a hexanucleotide. The incoming
block must have a free 5'-hydroxyl but alllother reactive groups must

be protected. Therefore the blocking grodﬁ chosen to protect the 5'=-
hydrox&l‘plays a pivotal role. It 1s necessary éo belablé to remove the
'5' blocking group selectively, leaving ali of the other pfotécting groups .
intact. The tripﬁenylmethoxyacetyl (tfac) group, developed b& Neilson
and co-workers (Werstiukl& Neilsqn, lg;é), is ideal since it c;n be
selectively introduceg to tﬁe 5'—hydroxy1.protected nucleoside

derivatives, and is removed under mild base conditions (1% methanolic

.ammonia) which do not deprotect the-N-benzoyl groups. An additional

feature of this bibcking group 1s the readily identifiable yellow spots

it produces on t.l.q. plates when sprayed with ceric sulphété. This

makes monitoring of phosphorylation and coupliﬂg reactions éasier."

2.1.1.2, Blc;cld.ng the .2'-Rydroxyl s ' .
.N Proper blocking of the 2'-hydroxyl is important in otder to
prevent 2';53 phosphodiester linkages from occurring. The use of base
labile‘acyl groups 15 uufavourable_bégause of rapid migration.between
the Bf and,Z'—hydroxyis-in a pyridiqe solution with only traces of .-
water present, as obtained during work-up of reactioﬁ mixtures (Reesg &

Trentham, 1965; Griffin et al. 1966). In addition, the equilibrium

favours the 3'-isomer over the 2'-isomer. Aiso, studies on diribe-
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nucleoside monophosphates demonstrated that 0.1 M HCl at 80°C causes
up to 50%,acid catalyzed, migration of the 3" -phosphodiester linkage to j
the 2'-hydroxyl as well as chain cleavage (Brown &t al. 1956). Both

types of isomerization must be avoided because it is not a simple

procedure to separate the desired product from those containing 2'-5’

-

linkages.
These restrictions.have made the tetrahydropyranyi group the ‘
most appropriate 2'-hydroxyl blocking‘group (Smrt & Sorm, 1962; Smith.
et al. 1962). This group is easily removed in three to four hours upon
treatment with 0.01 ﬁ HCl‘at room temperature, conditions which. do not
lead to phosphodiester isomerization. The thp gtoup can be

*

specifically attached to the 2'-hydroxyl by blockiﬁg of other”fuﬁctional

' 'groups and specific removal leaving the 2'-hydroxy1 as the only reactive

v

site (NeilSon et al. 1973 Gregoire & Nellson, 1978) Although the  *

-.point of attachment on the thp ring is asymmetric, resulting in a

3

diasterecmeric mixture’ of the modified nucleoside,.the two diastereomers
ate-easily resolvéd by silica gel chromatography and can be crystallized. .
In additionm, both ‘diasterecmers can be used in codﬁling reactions to . =
yield the proper linkage.

The bulky nature offtﬁe thﬁ group 1s sufficient to ﬁrevent‘ _' _ ié
3'-3' phosphediester‘formation without the need for separate 3'- |

hydroxyl blocking onAthe incoming'nucleoside (Neiison, 1969).

2.1:1.3. Blocking of the Primary Amino Groqps

Adenosine, guanosine and cytodine all have primary amino groups
on the base that must be protected to preyent the formation of phospho—

ramidates via nucleophilic attack om the phosphorylating agent during:
S

4
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chain extension (Schaller et al.1963). These primary amino groups are
protected by base labile benzoyl groups (Lohrmann et al. 1566}. This
benzoyl group is stable to neutral, acidic and mildly basic pH
conditions‘used to_selectivelp deprotect other functions. The group is
removed -by ammonolysis (7% methanolic ammonia).

2.1.1.4. The Phosphotriester Blocking Group \\ <

It is this blocking group phat distinguishes the phospho-"

. triester synthesis from the phosphddiester synthesis. A variety of

-

blocking groupshhave been investigated for this mest important-posiEIbn

(Michelson & Todd?-1955; Leteinéer & Mahadevan, 1965 & 1966; Letsinger

& Ogllvie,11967 & 1969; Eckstein‘& Rizk, 1967a & b) as well as a numberx

of deblocking pfocedures {(Van Boom et al. 1974;v0gilvie et al, 1976;

Adanuak Eé.ﬁl' 1977; Reese, 19f8). The versatile phosphetriester

¢

synthesis of oligoribonucleotides déveloped in Neilson s laboratory

_uses™,2, 2—trichloroethy1 as the phosphate protecting group (Eckstein

& Rizk, 1967a & b) with good success (Neilsou, 1969; WErstiuk &

Neilson, 1973 1976;'Neilson & Werstluk, 1974). .Carefully prepared

copper-zinc couple completely deprotecte the trichloroethyl groups, in
N
anhydrous dimethyl formamide, by O—alkyl bond cleavage, from sequences ,

as long ag a nonaribonucleotide, in reasonable yields (Neilson &

e

_ WErstiuk, 1974 Werstiuk & Neilson, 1976)

Therefore the basic features of the phosphotriester synthesis
useddlo prepare, the sequences in this report are:
| 1) terminal 5'—hydroxy1 is Blocﬁed by a eriphenylmethoxyaeetyl
“w group which can be specifically removed by mild base for

block synthesis.
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i1) 2,2,2~trichloroethyl phosphate blocking group, removéa by
carefully prepared éopper—zinc couple via O-alkyl bond ot
cleavage with no chain cleavage.

iii) the tetrahydropryanyl group blocks the 2'-hydroxyl and is
removed by treatment at pH 2.0 at room temperature with no \
appreciable phosph#te migra&ion. The bulky natﬁre of the thp
group prevents 3'-3' internucleotide bonds Vithout 3'-
hydroxyl protection (Neilsom, 1969).

iv) _priﬁary.amino groups are protected by benzoyl, removed by
ammonolysis. |

vy phosphorylations and couplings are affécted'using the
pyridinium salt of 2,2;2rtricﬁioroethyl phpsphate';nd‘
‘mesitylene—l,Z,A—trfazolide as an activating agent{’

After cbmplete\synthesis of a desired sequénce is comple;e, a

. “—three step deblecking procedﬁre is uged to obtain the free oligoriﬁo—
nucleotides (Englan& & Neilson,” 1976). ‘

‘ \\i) " treatment for one ﬁour at 60°C}in DMF with Cu/Zn couple to

remove the trighloroethyl groups.

ii) treatment for two days with 507 methanolic ammonia to

remove the trac and benzoyl groups, followed by purification

by Whatman 1 paper chromatography. "

—

111) treatment for two days at pH 2.0 and room temperature to
* . .

remove the thp groups followed by purification by paper -
chromatography'pg Whatman_&ﬂl '
o ‘ The versatility of this procedure is éttes;gd to by the number

‘and variety of sequences that have been prepared for this study as well

/\/
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'as others (England & Neilsoﬁ, 19763 Werstiuk & Neilson, 1976; Ganoza

et al. 1978; Romaniuk et al. 1979; Neilson et al. 1980b). 'I'hei seguence
integrity is checked by NMR and has been confirmed enzymatically (Ganoza
et al. 1978). Another importaqt feature of this synthesis is the
confirmed biological activity o\f the free oligoribonucleotides {(Ganoza

. . _ . , .
et al. 1978; Neilsen et al. 1980b). In addition, this synthetic method
is the only one that is capable of providiné satisfa_f:tory coupling to
guanosine residues in sequences longer than a trimer for oligoribo-

nucleotides (Ganoza et al. 1978).

LT Y T DR



3. EXPERIMENTAL

3. Experimental Procedures

3.1. Materials and Reagents - )

¢

All reagents and solfents were cfhmercial reagent grade and- used
ﬁithout further purification except for the f9110wing: masit&leﬁesuiphényl
chloride (Aldrich) was recrystallizéd from.hét'petroleum ether (30° -
60°C); pyridine, dimethyl forﬁamide and Q—Aioxane (Baker Analyzed |
reagents) were dried over Fischer AR'molécular sieves prior to_use.

It is essentiai.that all moisture be excluded from condensation
reactions. Afte; evaporaﬁion ;glzéggg.of the pyridine solutiom, nérmal
pressure 13 restored with dry nitrogen. . |

The-emﬁlsidns frequéntly qbtained during methylene chloride
extfac;ious‘of aqueous pyridine solutidns.gére broken by addition éf .-l
saturated sodium chloride solutionr(l—z ml).

“Protection of nucleosides and coupling‘reaction miﬁtures were
followed by.thin 1ayer_§hromat0g;aphy ﬁging Piescofed Silica Gel G-
plates (Analtech) ruﬁ‘in'loz methanol in methylene chloridé, Detection

was accomplished by,spraying with 1% che(304)4 %9 10%Z sulphuric acid :Aé

and.heating to 150°-200°C. Comppunds containing‘trityi groups .appeared
| as yellow spots‘énd those witﬁout aﬁpeared as brown spots. .
' Silica gef (40-140 mesh, Baker Analyzed) used in column
chrqmétography was dried at .80°C over NaOH for two days pgior to use.:
Columns were prep#red in methylené chloride aﬁd eluted using a'step

gradient of methanol in methylene chloride.

>
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The deprotected sequences were purified by descending paper l
/% chromatography on Whatman #1 and #40 papers. The solvent system was
ethanol/NH40Ac (1M, pH 7.3), 1:1 (v/v). A short wave UV 1aﬁp was used

to detect deblocked oligonucleotides.- - -

3.1.1. Protected Nucleosides and Coupling Reagents

The nucleoside derivatives were synthesized and characterized
' bz

by published procedures: HOU OH (Griffin et al. 1968);H0C "OH (Neilson
& Werstiuk, 1971a}; Trac u OH (Werstiuk & Neilson, 1972); Trac APZOH

and Trac Cb 0H (Werstiuk & Neilson 1973); HOGbZOH and HOAP 0H (Gregeire

& Neilson, 1978).
The coupling reagents also were synthesized and characterized

by established procedures: 2,2,2'-trichloroethyl phosghate (England &

Neilsen, 1977); MST (Katagiri et al. 1974); TPS-NI (Van Boom et al. 19722.

¥.2. Préparation of 0ligoribonucleotides

Tables 1 and 2 provide the complete détails for fhe synthesis‘
of the sequences psed in this study. All werg‘made using published
Fechniqueé’(Eugland & Neilson, 1976; Werstiuk &‘Neilson, 1976). Tﬁe
stepwise synthesis~of fully protected ApGpApCpU 1is detailed below to 
illustrate the general procedures.(Figure 6).

| 3.2.1. 6—benzoy1—2'-O-tetrahzﬂrOpyranylus'-0-triphenylmethéxyacetyl—

adenylyl[3'(2,2,2-trichloroethyl)-5'] Nz—bﬁgzoyl 2'—0~tetra-

hydropyranylguanosine (Trac A pG OH)

A sample of 2,2 2-trichloroethylphosphate (England & Neilson,
1976) (1220 mg, 5.3 mmole, 2 equiv.) was evaporated in wvacuo from
anhydrous pyridine (3 xASO wl) to convert it to the pyridinium salt.

To activate the phosphate, MST (2660 mg, 10.6 mﬁolé, 4 equiv.) was added

7 g e =
L e bR b
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bz
TracAtCOH
+
bz . bz
TracAtpd™ . HOGEOH
bz bz - e
" TracAtpGtOH ~  ApG
.t S '
- bz bz bz
TracAtpGtp = . HOAtCH
o .
bz bz bz
TracAtpGtpAtOH -  ApGpA
+ + . .
bz bz bz = bz
TracAtpGtpAtp— =~ HOCtOH
bz bz bz bz -
TracAtpGtpAtpCtpOH >  ApGpApC
. + :
.bz bz bz bz bz
: TrachEGqEAqRCEE : HOUtOH
. : . | D . .
. bz bz _{ﬁz bz
TracAtpGtpAtpCtpUtOH
ApGpARCpY

Figure 6. ' Schematic diagram for the stepwise chemical synthesis of
- the pentaribonucleotide ApGpApCpU by the phosphotriester
" methed. - In addition to the abbreviations recommended by
"IUPAC-IUB (1970) the following are alsoc used: Trac,
triphenylmethoxyacetyl; t, tetrahydropyranyl; EQCD s
. 3'-0-(2,2,2~trichloroethyl) phosphate; p between two
charactexs, 3',5'-(2,2,2-trichloroethyl) phosphotriester.
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|
SUMMARY OF TEE STEPWISE PREPARATION OF J
‘ T

PROTECTED OLIGORIBONUCLEOTIDES?

Sy

Reactants . Products \
. : " 1
Quantity - . . Quantity ot Quantiry i
. . i . . a . ‘3
Compd mg mmole . Compd .- mg  mmole ~ Compd mg Z Yield
A 2000 @ 2.65 - G 1500 3.18 AG ©2200 59 1
AG | 500 0.35 A ° 191 . 0.42 AGA 370 51 {
- AGA 250 0.12 - c, =~ 43 0.17 AGAC - 208 . 64 . g
AGAC . 160 0.06 U 22 " 0.07 "AGACU 113 59 T
AG . 500 0.35 C 181 0.42  AGC - 470 65 -
* AGC 350 0.17 C o 109 0.25 AGCC 292 - B4 ;
AGCC 220 0.08 U, 33 0.10°*  AGCCU 160 61 !
AG .. 500 0.35 U 138 0.42 AGU - . 340 50 ‘ ;
CAGU 250 0.13 C 69 - 0.1 - -acuC - 213 65
AGUC, - 7.v% 213 - 0.08 U 33 0.10 AGUCU 127 50
AG - 700  0.49 G 278  0.539° AGG | -+ 480 47 ‘
AGE 200 0.07 - . C 62 0.14 _AGGC -150 58 oo
AGGe 110 - 0.04 - U 16 0.05 AGGCU - 61 46 ;
AGC © . 200 0.10 U 40  0.12 AGCU | 125 . 48 i
AGCU .120 0.05 A 21 0.05 - .AGcUA” 63 4 g
A . 1980 - 2.62 U 1040 3.17 At 1400 - 42
AW 1400 - 1.10 G 620 1.32 AUG - 1520 .- 71 i
€ 4860 © 6,65 U 2617 7.98 cu - '.3778 45 -
-CU . 300 - 0,24, G 135 0.29 CUG 293 59 4
CU . 1780 1.42 A 759 1.67 CUA 1900 .7 ‘
cU . 1780 1.42 u 547 1.67 cuu 2030 81
cuu . 1000 0.56 - A 306 .0.67 - CUVA " 867 63
L ‘ : SvibE . ,
7 a‘ R S . - ‘ ‘ . . bz
Column 1 contains the 5'-trityloxyacetyl reactants and A is Trac AtOH. O
Column 4-contains the incoming nucleoside all of which are protected at i
the 2'-0H group with a tetrahydropyranyl residue and all except U are Co
protected at their NHy groups with a benzoyl residue. Columm 7 cﬁ#taiﬁs T
' the trityloxyacetyl products ‘and for example, AG stands for Trac- fp~ %OH._
Two equivalents of pyridinium monc”2,2,2~trichloroethyl phosphate attivated
by 4 equivalents of mesitylene sulphonyl 1,2,4-triazolide (MST).i1n anhydrous
‘pyridine are used in each phosphorylation step. ,The coupling step to the . - =
incoming nucleoside derivative is driven by 1.2 equivalents of MST. : - .
b l-'Compounds prepared by Mr. René Grégoire. o ,(f— B

: : B ; . : B
%&gﬁ%ﬁgt S
= S
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¢ - 4 . "
o TABLE 2 - - e
STMMARY OF THE STEPWISE PREPARATION.OF - -
Af " . ‘ PROTECTED oLIGOR;BoNQCLE%T_IDEs ;
. | Reactants | . ‘ | Products J | :
' Quantity o Quantity " Quantity , .
C_ﬁmp_d mg mmole Compd ng mmole . Compd mg % Yield
v 550 0.88 . G 430 0.8 UG 560 49
UG 500 0.40 ¢ 175° ©0.41 UG 480 . 63 ?
.- uee 350 0.19 A 95 0.21  UGCA s 77 1
. . UGcA 300 - 0.12 A 60 0.3  vecas® 180 47 4
G 2500 3.24 c* - 1677 3.89 . GC 1860 41
.ec. 180 132, A . 721 LS8 GA 18z - 69 |
. GCA . 400  0.20. A 106 0.23  GCAA 270 51 !
c T 6%  0.94 -+ G 532, 1.13  CE 445 - 34
ce 415 - 0.30 - 164  0.36  CGA . 222 N7
A - 43 058 ¢ 25 0.58  AC 608 65
ac . sz 0.37 ¢ 20:"’> 0.44 - ACG 508 67 :
Loa o om0 40 A, 2293 - 5.06 A 4987 84
" aA 4937 3.51 G 1986 4.21  AAG 3880 . 54
| { . 1000 1.59 c 823 1.1 uc 1300 65
‘ — o ~ | _
- _a For synth.;e_j;ig details see ufootnbte to Table 1 . 6
b ) Compounds prepared by Dr. P.J. Romaniuk = c :j
" . Synthesis of CAUG, CAUGA, CAUGU, CAXUG, CAX and CXG (vhere X ;}‘t:; Cor'uy
" - has been previously reported in the Ph D. thesis of Paul Romaniuk (1979).
# : T ' l
. - .
_ , d
. e : ¢
s . ﬁ_— N . -ab .
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to the pyridine-solution (25 ul) and the solution was warmed (40°C, 1 hr)
under dry nitrogen. This solution of activated phosphate was added to :
a pyridine solution (ca. 20 ml) of Trac AE:'ZOH (2000 mg, 2.65 mmole, ‘ T ;
1 equiv.) and'the total volume féduced ‘EE'Y&S&Q ca. 25 ml, sealed under
NZ end-let stand at roocm tempera.ture in the dark. Tlc indicated the
phosphorﬂation’waé ca. 807 complete after ome day (Rf 0.80 ~ 0.30).

Additional MST (50 mg, 0.20 tn;:ole) wag added and the reaction was

complete after two days. \The reaction was queneﬁed- by addition 'qi. ice % ‘;;
(ca. 5 gm). Aftet 30 minutes, the reaction‘ mixture was poured.into-ice

water {ca. 100 ml) -’and extracted with methyleﬂe chloride (5 x 50 ml).

The comhined organic extracts were washed with water (1 x 50 ml) and
evapbrated_iggg_c_gg_ to a light yellow oil, . .
. Trac AI:ZEO- was‘ evaporated from anhydrous éyr,idine (3 x50 ml,

final volume ca. 25 ml) and MST (800 mg, 3.18 mmole, 1.2 equiv.)added.

The so'lu.tion was warmed gently (35°C) for one hour. -A pyridine solutiocn

Z0H (1500 m mmole, 1.2 equiv) o

was then a'dded, the final volume reduced in vacuo ca. 25 ml and the

(ca. 20 ml) cof high R. isomer of HO

ot o

. e ‘
reaction mixture sealed under dry nitrvogen. The reaction mixture was

then stored at room temperature, in the dark, for two days. Tlc

indicated tﬁ%&éaction was 95% "cbmplee (R 0.30 - 0.70). . The reaction

‘ was quenched with ice, pou into ce 'water (ca. 100 ml) amd extracted

_,/f'

with water. (1 x 50 ml)‘ and e . ._ated EP.E?EE to dryness. The last
traces of pyridine were removed by co--disti.;l.latidn with toluene
(3 x 15 ml) to give a yellow foam. The foam was purified by silica gel -
(25,gnf3 chromatography. Pure Trac Abszb OH eluted with 3% methanol in 1 |

methylene chloride {2200 mg, 1.32 mmole, 59%). : * L ’l"-,

a0 Wt ) ‘ !



-and evaporated in vacuo to a yelluw oil.
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3.2.2, Nﬁ-benzoyl-Z'-O-tetrahydropyranyl—S‘-0—triphenylmethoxyacetzlr

adenylyl[3' (2,2,2-trichloroethyl)-5"} Nz-benzoyl-Z'-O-tetra—

deropyranylguanylyl [3'(2,2,2-trichloroethyl)-5'] Ns-benzoyl—

2'-O—tetrahydropyranyladenosine {Trac Abszbz A OH)

2.2.2—trichloroethylphosphate (161 mg, 0.70 mmole, 2 equiv.) was
converted to its pyridinium salt by repeated evaporation in vacuo from
anhydrous pyridine (3 x 20 wl) and activated by MST.(Bdl mg, 1.40 dfincle,.
4;equiv.){ After warming’for l‘hr.; the activated solution was added to
a pyridine solution of Trac Ab przou (500 mg, 0.35 mmole, 1.2 equiv.) ~
and the volume reduced in vacuo ca. 15 ml. The reaction_stoodqat Toom
temperature under dry nitrogen. After 2 daye, the reaction was coﬁpiete
(Rf 0.70 - 0.35). Ice (3 gm) was added, the reaction poured into ice
water (ca. 50 ml) and repeatedly extracted with methylene ehloride
(4 x 30'ml). The combined extracts were washedjwirh water (1‘x 50 ml) :

The Trac Ab EG pO was then evaporated from anhydrous pyridine
(3 x 20 ml, final volume ca. 10 ml) and activated with MST (105 mg,
0.42 mmole, 1.2 equiv.). ‘After 1 hr.,.a pyridine solution'of the high

Rf isomer of HOAP ‘OH (4555 mg, 0.43 mmole, 1.2 equiv.) was added, the

fipnal volume reduced in vacuo ca. 15 ml and the reaction sealed under

dry~nitrogen and stbred in the dark.: After two days the reaction was

70% complete (Rf 0.03 - 0.66) and some MST (30 ug, 0.12 mmole) was added

. . . ‘ ‘
to push the reaction to completion. Next day the reaction was complete

and queqched with ice (ca: 3 gm), poured into ice water after 30 minutes

. ‘and repeetedly extracted with methylene chloride (4 x 30 ml). The

combined extracts were washed with water (1 x 50 ml) and evaporated to a

2w
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‘volume reduced igfvacuo'gg. l0'm1 and the reaction sealed under dry N
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‘yellow foam.” Purification om a 15 gm silica gel column yielded pure
@

Trac A:szzzBAEZOH (370 mg, 0.16 mmole, 517) upon elution with 3%

-methanol-methylene chloride.

3.2.3. Nﬁ—benzoyl—Z'-O-tetrahydropyranylhéh—O—triphenylmethoxyacetylé

adenylyl [{3'-(2,2,2-trichlorocethyl)-5'] Nz—benzoyl-Z'—O—tetra-

hydrépyranylguanylyl[3’-(2,2,Z—trichloroethy;):§?].N6—benzoyl-

2'-0-tetrahydropyranyladenylyl{3'—(2,2,2~trichlorcethyl)~5']=
' bz bz ,bz bz

Né—benzoyl—z'-O—tetrahydropyranylcg;idine (Trac At EGt EAt pCt 0H) .

A sample of 2,2,2-trichloroethylphosphate (56 mg, 0.24 mmole,

“2 equiv.) was converted to its pyridinium salt by repeated evaporation

. from anhydrous pyridine (3 x 10 ml) and activated by MST (122 mg, 0.48

mmole, 4 équi&.). After 1 hr, the activated solution was added to a

pyridine solution of Trac AizEGzzEAEZOH (250 mg, 0.12 mmole, 1 equiv.)

and the volume reduced in vacuo ca. 30 ml. The reaction stood at room
temperature under &ry nit;ogen.. After 3 days the'feactlon was complete
(R 0.60 - 0.30) and quencnéd by addition of ice (ca. 2 gm). The
‘reaction was poured into ice water (ca. 25 mi)'and extracted with

méthylene chloride (5 x 25 ml). The combined extrécts were washed with

-

water (1 x 25 ml) and evaporated in vacuo to a-yellow oil.

Trac A:ZEGZZEAZZBO~ was evaporated from anhydrous ?yridiné

(3 x 15 m1, final volume ca. 10 ml) and activated with MST (36 mg, :0.14

L3

mmole, 1.2 equiv.). After 1 hr, a pjridine solution of the high R

isomer of HOéZ

£

ZoH (63 mg, 0%14 mmole, 1.2 equiv.) was added,‘thé £inal
N 2 )
After 3 days the reaction was complete by tlec (Rf 0.30 -+ 0.50) and the

reaction quenchéd by addition of ice (ca. 2 gm). The reaction mixture'

- was then poured into ice water igg, 20 ml) and extracted with methylené

1




T T T, T PR PR

chloride (5 x 20 ml). The combined extracts were washed with water A
(l X 25 ml) and evaporated im vacuo to a yellow foam. Purification on

a 10 gm silica gel column yielded Trac ApszbszbszbZOH (208. mg,

0.077 mméle, 64%) upon elution with 4% methanol-methylene chloride.

. 3.2.4, Ns-benzoy142'-O—tetrahydropyrenyl—s‘—O-triphenglmethoxyacetyl-

adenyly1l3!—(2,2,2-trichloroethyl)—5'-] Nz—benzoyl-Z‘—tetrahydro—

pyranylguanylyl[3'-(2,2,2-trichloroethyl)=5") Nswbenzoyl-Z'-O—

tetrahydropyranyladenylgl[3'—(2,2,2—trichloroethyl)—5']’NA-

beuzoyl~2‘-O-tetrahydropyranylcytidylyl[3'—(2 2 2—trichloroethy1)-

5' ] 2'-O-tetrahydropyra_yluridine (Trac At Bsz AbzpCszszOH)

A sample of 2,2 2—trichloroethylphosphate (26 mg, 0.11 mmole,
2 equiv j was converted to its pyridinium salt ‘by repeated evaporation
}E_vggggﬂfrom anhydrous pyridine (3 x 10 ml) and activated by MST
-(56 mg, 0.22 mmole, 4 equiv.). After 1 hr, the activated solution was
added to a pyridine solution of Trac Ab przEAbz CbZOH {160 mg, 0.056
mnole, 1 equiv ) and the volume reduced in vacuo ca. 10 ml The
.Areaction stood ataroom temperature under dry nitrogen After 3 days,-
the reaction was ca. 802 complete (R O 50 -+ 0.30) and MST (10 mg) was
added. Two days later the reaction was complete and ice,‘ca. 2 gm, was
edded, the reaction poured into ice water (ca. 20 ml) and extracted with.
methylene chloride (5 x ZS.ml). The comSined extracts Were washed with

- water (1 x 30 ml) and evaporated in'vacuo to dryness.
bz bz b \\35}
Trac A pG At E EO wag evaporated from anhydrous pyrddine

(3 x 15 ml, final volume ca. 10 ml) and ‘activated with MST (20 mg,
0.078 mmole, 1.4 equiv.). After 1 hr, a pyridine solution of the high

R, isomer of HOU OH (22 g, 0.067 mmole, 1.2 equiv®) was added, the -
: D : ‘ ' :

oA
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final volume reduced ca. 10 ml and the reaction sealed under nitrogen

and stored in the dark. After two days tlc indicated the reaction was

r

80Z complete (R 0.30 = 0.48) and MST (10 mg) was added. After two more
days tle indicated the reaction was complete. Ice (ca. 2 gm) was added,
30 mins. later the reaction mixtureéﬁes pcured into, ice water (Eg, 20 ml)
and extracted into methylere chloride (5 x 25 ml). The combined extracts
were washed with eater (1 x 30 ml) and evaporéted in vacuo to a yellow

foam. Purification on a 10 gm silica gel column yielded pure Trac Apz

Esz AbzRC Eubzou (113 mg, 0.035 maole, 60Z) upon elution with 5%

‘methanol-methylene chloride:

3.3.  Block Synthesis o - LI

While the stepwise procedure had been ver&_successful in the
. frd X
production of short nucleotide sequences, -the yilelds after each addition
were often less than 70Z. As a resuit, final yields for sequences of 6

or more bases were qulte small‘.l’ Occasionally" then, it: was necessary to

use the procedure of block synthesis to prepare longer sequences

{Werstiuk & Neilson, 1972) .Figure 7,gives agscheme for the block

synthesis of AAGCUA. i .

-

To synthesize AAGCUA by block synthesis first required the -
bz_, bz _bz

' stepwise synthesis of two trimers, Trac A pA EG OH and . ~

Trac C BszEAPZOH. Trac ApApG-CH was phosphorylated in the usual

manner, as described above. However, in order to afford a linkage with
the second trimer a free 5'-hydroxyl is required. It is, therefore,
necessary to first remove the'5'—O—triphenylmethoxyacetyl (Trac) blocking

group from TracCpUpArOH, selectively. Thie is accomplished by d;5901ving

 the sequence to be deprotected in a prepared solutioﬁ'of 17 ammonia in

methanel (I ml of solution per 10 mg of aequence).

\
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bz o bz
TracAtOH _ o TracCtOH
. . ”
¥ o ¥
bz . bz
TracAtp0—  HOAtOH | TracCt:po@  HOUtOH
bz bz S | " bz bz
TracAtpAtOH -+ ApA TracCtpUtOH -+ CpU
¥ , _ - +
bz bz = bz : ' bz . =, bz
TracAtpAtp0 HOGtOH TracCtpUtp0 HOAtOH
,Bz bz bz bz bz b
TracAtpAtpGtOH ApApG TrachEU:RAtOH - LpUpA
4 +
* bz bz bz C§ bz
TracAtpAtpGtp0 Hoc:tp_Utp_AtOH
— - )
bz bz bz bz - bz o
) TracAtpAtpGtpCtpUtpAtOH _
- . . +

-

ApApGpCpUpA

Figure 7, Schematic representation for the che
. . of hexaribonucleotide ApApGpCpUpA Ab
in Figure 6. '

ak block synthesis

ions used as

.
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TABLE 3 .+~

SUMMARY OF THE BLOCK SYNTHESIS

OF OLICORIBONUCLEOTIDES?

Reactants f .o : Products \

uanti ‘ ' uan ti © Quantity 1

_ | = ;

. !

Coﬁpd ng mmole Compd Mg nmole Compd ng 7z Yield é

MG . 649 0.31 CU 359  0.33  AAGCU 718 71 !

AAG 322 0.16.  CUA 300 0.19  AAGCUA . 380 63 i

AAG 284 0.14 coU 243 0.17 . AAGCUU 454 65 |

MG - 311 - 0.15 . CUUA 384 0.18 AAGCUUA 455 = 57 i
AC 150 0.11 AUG 186 0.11 acauc® - 155 44
UC ™~ 183 - 0.15 ©AUG 262 0.16 vcaue® 180 40

;
Bl
.-;
!
{
1
i
i
H
s
{
SR
1
3
]
1
i
]
3
N
|

a Footnotes as in‘Table 1

Compounds prepa:ed'by Ms. E.S. Quittkat
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The reaction was followed by tle. 4s the reactlon proceeds, the
yellow spot assoéiated.with Trac groups mgves to the solfent front and
a brown spot with a 1qwer Rf appears (R.f 0.70 - 5.40). The brown spot
indicates removal ofithe Trac group. Care must be takeﬁ-to avoid
leaving the feaétion too long or removal of N-benzoyl biockiﬁg groups
will .also occ{sr.(Rf 0.30). lThe reaétiou_is quenched Ey evaporation
1in vacuo @nd Hb—C]:zEU]::_zEA:ZOH purified by silica gel chromatography.
This tfimer now has a free‘S';hydroxyi and.can be reacted with .

phosphofylated_TracApApG—OH in the same manner as with thefstepwiée

synthesis couﬁling reactions, to yield fully prbtected'TracApAbGﬁCpUpA—OH.»

In this way larger ylelds of longer sequences can be obtained. Table 3

r ~ . . .
provides the preparative 'éa for the sequences made using the block
synthésis procedure.

3.4. Deprotection of Short Oligoribonucleotides

All protected oldgori nucleotides were deblocked in the same

.
manﬁer (England & Néilsoq, 1976). The:?roteéted.ol@gonucleotidé'

(10 or 20 mg) was dissoiﬁed in O.S-ml oéiﬁry dimethylf%rmgﬁide and

Cu/Zn couple (ca. 10—2Q}mg) was;a;Zéd. Tﬁigrreagtion waé then stirred
". fd; 1-2 hours at SQ°C;.and mbﬁitbred-bflglé;_ The feact;on was judged to
Eabéompléié when the sﬁot on the tle did not move off theﬁorigiﬁ

(R, 39
_‘the reaction vessél tightly sealed, and left to stir for two days AE

0.0).. Methanolic ammonia [methanol:cNH,, 1:1 (v/v)] was added,.

- room temperature. The Cu/Zn couple was filtered and washed with 1 N
: L o s

ammonia. Chelex~-100 (NHI form) was added to the combined filtrate and

washes and stirred for 1 hr. The chelex was then filtered off and.

waShed'wifh 1N ammagia. The combined filtrate and wadhings were then
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evaporééed in vacuo to dryness and the partially deprotected oligomer
was purified by descénding paper chromatography on Whatman)#1l paper in
ethanol: 1 M NHaoAc (pH 7.3) (1:1, v/v). The desired band (X} 0.8 - 0.9)

"was cut oﬁt,:desalted by soaking in ethanol (1 hr) and then ahhydrous
diethjl ether (15 min). The bands were &luted with glass digtilled
water. The pH of the eluate was adjusted to 2.0 with 2 N HCl and left
to stand for'twq days at room temperature. The solutiop was neutralized
witﬁ ammonia, evapérated'to dryness and pﬁ¥ified using descending paper
chromatography on Whatman #40 papef with the same solvent system as

- before. Th:desired ba‘ndAwas cut out and eluted wii':h glass distilled
water. ' .

A1l glassgare us;d in this procedure ﬁas acid washeq to-pfévgnt
,possiblé ribonuclease digestion of the free oligo:ibonucléb;ides. ﬁata
A‘fo; the deproté;tion of the oligomers used in:this study‘ére p;ésented

in Table 4. The séquences‘were characteriied by their pmr speétra:

at 70°C.

3.5. Methodology for 1H-NMR.Characterization of Sequence

The variodhq&H-NHR spectra required for this stﬁdyAwere obtained‘
.from‘BrukeriW?-SO, WH-90, WM-ZSd and.WH-AOOMHzspectrometeré, all
éperating.in the Fourier Transforﬁ mode- and equipped with quadratufe
degsction. 'Probe témpefatures were maigtained to within *1°C by Bruker
variable temperature units anﬂ calibrated“by thermocouple measufements.l
The samples wefe.lylophilized‘- twicf ,E_.a\m Dzo gpd then dissolved in 100%
D,0 (Aldrich) which contaitféé_/o‘:)l M s:c?ium phosphate buffer
(pD ca. 7.2) and 1.0 ¥ sodiun chloride. Sample concentrations were o

10_3 - 10—2H. t-Butanol-0D was used as an intefnal referénce-(l.231 ppm)

-
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TA.BJL’Q 4 ’
=
CHROMATOGRAPHIC DATA AND DEPROTECTION YIELDS \ E
Com.pounda ube Yield in Zé Compounda ' be Yield in 2 . é
a6 040 60 ° UpGpC 0.49 - 57
ApU 0.5 - 71 - ApGpApC 019 79
ApC 0.52 . 65 _ . . ApGpGpC 0.21 77
ApA 0.46 66 - " ApGpCpC 0.20 . 62 . s 7
e 0.50 23 4 . ApGpUpC 0.20 49 |
. Cpu 0.67 N0 ApGpCpU’ 0.3 33 ’
CpG - 0.40 © 23 ‘ CpUpUpA - 0.32 . 51 ,
UpE  0.47 . 39 | UpGpehA 0.24 37 S
UpC 0.62 27 . GpCpApA ' 0.35 - 38 .
ApUpG  0.43 69 ApGpApCPU - 0.15 62 T
ApCpG  0.42 54 © ApGpGpCpU L 0.17 . 32 |
 ApApG  0.29 49 - ApGpCpCpU_ -~ 0.17 77
ApGpA  0.29 " 73 . ApGpUpCpU’ 0.16 = 81 ]
ApGpC . 0.36 " 60 ° ApGpCpUpA. 0.12 36 ‘
ApGpG  0.32 - 26  ApApGpCpU . 0.12 © 41 oo
ApGPU  0.34 85~ UpGpCpApA 0.14 - 40 o

GpCpA  0.35 ‘45 _ ApCpApUpG  0.13 . 45

CpGpA | 0.31 46 '_UpcpApUpG, 0.16 30

CpUpG 045 66 . ApApGpCplpU'  0.10 4o
'CpUpU 0,53 81 . ApApGpCpUpA = 0.08- 41
CpUpA .. 0.46 - 84 . ApApGpCpUpUpA  0.07 - 45

SRefers to the free, deblocked oligoribonucleotide.

bChromatdgrgphy system: 1.0 M ammonium acetate-ethanol (50/50, v/v)
on Whatman No. 40 paper, :

CCalculated from U.V. spectr‘ophot’:ometric‘data agguming a 90%
-~ hypochromicity Tactor. .
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and the chemical shifts are “reported relative to sodium 2,2-dimethyl-2-
silapentane-5-sulphanate (DSS). The field/frequency lock was,provided

by the deuterium signal of'DzO.

For the purpose ot checking sequence integrity the eamples were.'g
;run'at 70°C to ensure no‘secondary_structure.interactions occurred. In
“order to study duPIex formation the spectra were taken at intervals over
the temperature range 70°—10°C Graphing of chemical shift versus .,
temperature yields curves that can be interpreted. Upfield ég;;t;’are
indicative of generallstranc etecking whereas downfield shifts usually
mean looping out has occurted. Curves displaying sigmoidal behaviour
are interpreted as beilng Indicative of baee oairing and'thus.duplex
formation. ‘ | )
The base ratios.of the oligoritonucleotide sequences are reedily

; available frcm the distinct aromatic signals at 1ow field Sequence |
integrity is checked by the procedure of incremental analysis (Borer B
. et al. 1975) which involves checking each intermediate in the stepwise
synthesis of a sequence. Sifce the sequences are built in the 5'.

‘direction only, there is 1ittle chance of an incorrect sequence being E

made. NMR analysis also provides a method for checking the purity of

" the compound.



e

4, RESULTS AND DISCUSSION

4.1, Develcpment cof NMR Strategy . Q'h

(Everett et ai? 1980; Bell et al. 1981). o
| . ' -
Proton nuclear magnetic resonance (1H—NMR) spectroscopy has
. . y
become an extremely useful technique for conformational studies of - .

' nucleic acids in aqueous solutions,. ';H—NMR spectroseopy has been.applied

to montonucleotides (Blackburn et al. 1970 Imoto et al. 1976= Davies,

q

-
1978y ,- dinucleoside monophosphates (Evans et al 1975 Krugh et al 1976,

Lee et al. 1976; Ezra et al 1977) dhigher oligomers (Borer et al, 1975‘

Patel, 19763 Romaniuk et al. 1978 1979 Early et al 1981) and complete

natural nucleic acid molecules (Reid & Hurd, 1977; Kearns, 1977;

"~ "Johnston & Redfield 1978 1981). Protggachemical'shi%ts and hcmonuclear

l\
(1H lH) and heteronuclear (lH lP) cOupling constants are the most

frequently uaed parameters. However, nuclear Overhauser effects (NOE),
- . ‘ e, c

relaxation times andtianthanide;induced shifts have all been used to aid

in the conformational analysis of nucleic acids.

A chief advantage of lH--NMR spectroscopy over other solution

—

techniques such as circular dichroism (CD) and ultra—violet (o) spectro--

scopy 1s the ability to monitor changes in local micro-environments by
—
recording molecular events at specific atOmic sites in the molecule,
rather'than monitoring&iﬁe molecule as a,whole. More simply, several
signals are usyally obtained from each huéleqt&de residue in the

- -‘ . - ' B
molecule yielding spectra with a high information content. However,
. s

this very feature can also become;e severe disadvantage with oligomers

63
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containing more ‘than three nucleotide units, since the é\mplexity of the )

" gpectra makes them difficult to interpret. The usefulness of NMR

spectroscopy is greatly diminished if unambiguous assignments’ cennot'be
B

made.; In the past,studies of longer sequences have been complicated by

this problem (Patel 1976)

Since this thesis deals primarily with sequences at the tetramer

" level or longer it was-fundamental to the thrust of_this thesis that the ' -

unambiguous assignmeﬁz of5the spectra for amy sequence could be achiev5§{4,

To this end a strategy for spectral assignment was developed.

Initially, two sets of triribonucleoside diphosphate sequences;

[ N -

- AGX and CAX (where X = A, G, C or U), were studied to determine the g\g)'“‘

:‘ ne rest and next—nearest-neighbour effects in.the proton NMR spectra of

L]

-3 nucleotide added to\the dimereAG or. GA (Everett et al 1980) This

study was followed by a }f;g that determined the effects of a base

inserted into the middle of a sequence on the chemical shifts of the .

- i sequence. This work studied the sequences CG CXG CAUG CAXUG, AG' AXE

Tal™

AGC AGXG and AGXCE/LBEll ét’ al 1981) The‘position of a nucleotide }

within an oligorih:nucleotide sequence ‘was found to: have effects on the

- . - .
chemical shifts of protons on residues at the nearest and, next—nearest- ‘L,

e - EY

e R
relative shielding abilities of the bases. o=

C 'neighbour positions. _The effects could h@lrationalized in terms of . 5‘

4 1. l.i Results

. . x

basé'p tons and the ribose H—l' protons in both the ApGpX and the CpApX '

series at 71 C % 2“C.‘ From the data in this table two sets of shielding

- parsmeters were obtained' the first set, listed in Table 6 shows the

& ek T ’ .. - : . - ‘ \.

Table 5 lists the ?H—NMR chemical shifts of all the nonexchangeable




.........
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shift.changes induced in.the'protons‘of the-dimer ApG on the addition of
a 3'-terminaf nucleotide pX; the second set, iisteﬁzin Table 7, shows °’
the corresponding data for{the CpKﬁX series of compounds. -Table_g lists
the ;HrNMR-chemical shifts of all the nonexchangeable base protons'and ‘
ribose H—l‘ protons in both. the CiG and AiC'series of compounds at

.- 71°C £ 2° C. Tables 10 and 11 list the corresponding\Safa for the CAXUG

;zand AGXC series of compounds, respectively Table 12 lists the
assignments for‘the AGXCU series. From each of, Tab@es 9—12 a set of

. shielding parameters was obtained correspondingAto ‘the effect of

[

-inserting arsucleotide X in the parent molecule. These shie ding data

Vare given in Tables 13-16. . " ‘ S -
"4.1.2. Discussion o . . /'

In the assignmént of resonaﬁces sevéral,genefal -well—knowh"

-~

principles are used as guidelines’ in the assignment of a particular

' resonance to a certaIn class (Borer et al. 1975) -
i) The chemical shifts ‘of the protons in’ the oligonucleotides
at high’ temperature c}qsely resemble those of the mono-
RN ) nucleotides.-
¥ ii) Tﬁe H—S and H-6 doublets from the pyrimidines have
| . temperature—invariant coupling constants with 35 6 values L
of 7.6 Hz for C and 8.1 Hz for U. The H-5 resonances and o
and the Héﬁ.resonahces are'separated‘hf‘about»l 8 ppm with >

the H—S resonances 1ocated upfield in the region of the

H—l' resonances. . ST ‘ ERRENE
s - V ’

‘.., l"" fii) {The Hﬁl' resonances"havebtemperature-sensitive'coupliﬁé
ﬁﬂ - o _coﬁstanfg, Jﬁ, zi,.which are 1ess“than S;Hz and are further - .

" reduced at. low temperatures.

I PP I s
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- iv) ‘The H-2 and E-8 singlets can be unambiguously distinguished

on the basis of their spin-lattice relaxation time, Tl' . o

The T; (5-7Asec.)‘of Hez‘isxiggger than the Tl (1:3 sec.) of ¥ 5
B8 (Ts'o e_t_il_ 1973). Therefore,. 1f the 90° pulse rate:is -
“increased in the FT mode for spectrumfsquisition, the signal

intenSity of the H-2 resonance decreases faster than the

other resonances which all have much shorter T values. . " 7}

1
SR : - The procedure of incremental analysis (Borer et al. 1975) was 6%9

PR . .
R

deveioped to aid in the assignment of 1onger sequences where a

: nucleotide residue 1s likely.to\be repeated. This procedure compares
;:S the'spectra o? a sequence related series of oligoribonucleotides, where ' L
< - “each member of the series is incremented one nucleotide unit from the

‘_ one before. The shortest sequence is assigned by staudard methods.‘
For example AG AGA AGAC and AGACU are- the sequences made in preparing
the pentamer AGKCU. Each intermediate can be studied separately by

: ;HrNMR and used to assign the subsequent intermediate_by comparison.
K C _ Changes'im the speéctra frem one intermediate to.the_nent louger one'are.'
due to the-appearance‘oﬁ the resonances from the additional-nucleotide
'\g ~ and itsrshieldiné effeors on the previously.present pro}pns.' Figure 8
- displays this tppe of'incremental.assignment and 1is based On‘a similar |

- representation by Borer (Borer ét al 1975).

. However, in the number of sequences dealt with in this work
guidelines had to be further modified and refined to ensure unamb/guous

-

: assignment of similar resonances and are explained below.‘ The.resonances

of the nonexchangeable base and ribose H—I:;protons could be divided into‘

_'two groups' a 1ow field group (8 4 - 7. 5 ppm) containing the AH—B AH—2
DS _ . . . .

i




AQH-B ANH2 GRIH-B ADK- GRIH-

o }_\pép&i o ' . " l
o -ADGPADC BN | - [

ApGpApCpU ‘ J | ] [ - J ]Il

I' l \ ,/ ’l' “ \:\ S
| A(3)H-8 AGH-2 U(S)H 6 CloH-6  ABHT / ClOHS) UBIH-5
‘ . U(5)H- CH-

AR 84 82 80 78 76 162 60 58 56
' CHEMICAL - SHIFT IN ppm. |

Figure 8. Incremental assignment Scheme for all the base and H-1* resonances
of ApGpApCpU.
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GH-8, CH-6 and UH-6 resonances, and a high field group (6.1 - 5.3 ppm)
containing the CH-5, UH-5 and the ribose H-1' signals. Within these
two groups several 'rules' of assignment (at 71 % ZJC) held for all the
compounds in this study. For the low field group, the signals'from low
to high field were in the order: AH-8, AH-2, GH-8 and U, CH=6. ﬁithin
the higher field group the AH-1' signal was the lowest fileld signal of
the whole group.

As stated earlier, the coupling comstants were also rseful in
the analysis of the spectra. The ribose H—l' resonances had splittingsh
(largely due to coupling with H—2 ) which were in general temperature
sensitive and largest at high temperatures.- The pyrimidine H-S and*® %—6 .

protons displayed temperature invariant J couplings of 7.6 Hz (C)

5,6
and %8.2 Hz (U). Although the H-G resonances were relatively easy to
distinguish at low fleld, the H-5 resonances often overlapped the H-1'
resonances at high field and thus were'sometimes difficult to sort out.
In such cases, pulsed'homonuclear decoupling'experiments were used to’
correlate coupled H-5 andpH-6 protons in ambiguous.situations; ln this -
procedure the H-6 resonance is irradiated causing the collapse of”the
coupling and.making it easier‘to pinpoint.

The assignment of the dimers AC and CA could ,be easily made on
the basis of the above guidelines and agreed with those of Sarma and

coworkers (Lee et al 1976 Ezra et al 1977). Many of the resonances

of the trimers (Table 5) eould- be assigned by comparison with the

lresonances for AG and CA as in the methdd of incremental analysis of

- era.

Borer, together with the guidelines outlined above However, the

%
assignment of some signals in the spectra was quite difficult and

e B e

g
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. compounds outside?the CKX and AGX series, "‘ v

- - > / N &

. _ o
the guanosine resonances in AGG.

- 69

-occasionally reqt;ired reference to compounds outside the Af.‘:f{ and CKX
series.v The examples belew illugtrate ‘the type of arguments used. The
71°C spectrum of CXU was as‘signed on the basls of the above guidelines -
with exception of the CH-1' and UH-1' protons which could not‘be' |
differentiate% by the pfeceeding' argméﬁts alone-. The signal at

5.765 pém,(Tabie_S) Qés]assigned to CH-1' on the basis that it should
be similar to the val;Je in EA because the addition of a 3'-uridine

residue, with its low ring current intensity (Geissner-Prettre et al.

1976) , would have little effect on the C 6r A ghifts.  Resonances with

- very sim‘ilar chemical shifts (3,765, 5.772 and 5.764 ppm) were found in

the 71°C spectra of CKUG, CAﬁGU and CAEGA, respectively, all of which. _

were assigned to the cE-1' (Romaniﬁlt et al. 1978a & b). A more

1

- difficult case was prese}lted by AEG. The “_assignment of all the adenosine .

resonances was facile but it was difficult to distinguish between the

protons of G(2) and G(3). The only method of assignment, at that time,

"‘was a comparison with the spectra of cée and CCGG which were already

éss-igned (Romaniul’:, 1279). In CEG and CEGG the terminal GH-8 protons

resonated at 7.968 and 7.9lypm4e§pet:tive1y, at 71°C. Thus, the signal
at 7.935 in the spectfuxh o AEG (Table‘5)_ was a/ss;ké_df(}\(?)ﬂ-& The

: 5 AR
G(3)E-1' in AGG was assigned similarly. »»ThC/remaining difficult cases,
o . -

presented by CKC, cAA and AGA were also ass gned with the aid of model

-

The use of incremental Qnélysis,_when applied to longer

sequences should be used with caution, for example, the ass_ignmeut of

4

s e e e e
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o

£ TABLE 5

4

THE CHEMICAL SHIFTS, 8, IN ppm OF THE NON-EXCHANGEABLE BASE PROTONS AND
RIBOSE H-1' PROTONS IN THE NUCLEOTIDE SERIES CpApX AND ApGpX AT 71 + 2°C

PROTON NUCLEOTIDE SEQUENCE®

CpA CpApA CpApG CpApC CpApU ApG  ApGpA ApGpG ApGpC ApGpU

 AQL)B-8 ' ‘ . 8.238 8.191 8.212 8.262 8.240 .
A(2)H-8 8,377 8,277 8.303 8.369 8.372 o
A(3)E-8 8.294 . o | '8.285
‘A(1)E-2 L ﬁisgiss"g:}za' 8.167 B.180 8,185
A(2)H-2  8.260 8.128 8.189 8.222 8.245
A(3)H-2 8.186 . ' 8.149 | :
A(LE-1' - Y 5.967 5.922 5.946 5.974 5.971
' A(2)B-1' 6.093 5.952 6.003 .6.071 6.083 - o .
AMBE-1' . 6.032 - . 76,033 |
G(2)E-8 : 7.942 7.891 7.906 ,7.926 7.944
o8 cn9 7935
G(2)E-1' L 5.842 5.736 5.785 5.812 5.841
e(3HB-1' . 5.832 .. 5.8
C(1)H-6 = 7.660 7.620 7.639 7.679 7.666- |
C(3)H-6 C» 7.740 - 7.744
C(1)E-5 5.958 5.865 5.897 5.894 5.910
C(3)8-5 o . . 5.869 5.876
C(1)E-1' 5.779 5.743 5.752 5.768 5,765 |
C(3)B-1" : 5.850 S - 5.886
U(3)H-6 . 7139 T 7.753
U(3)E-5 T 5.743 ‘ | 5.774

U(3)E-1" e 5.849 o . 5.867

aAll_seque:nces are written and numbered starting from the 5'-end to the 3'-end.

5
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. 4.1.2.1. Shielding Trends

~ protons; e.g. the C(1)H-6 proton in CAU. The shielding tienaqbbserved

" dimerization data‘of Sarma and coworkerS'(Lee et al. 1976' Ezra et al.

.1976J have’ predictegja maximal shielding of 0.2 ppm for a proton with

was carrled out at high temperatures (71°C). The data were recorded et

P

3 H

. y e . i

- . “i
i‘

.

o 71 .
' 1

- ) X . .§

i; will be noticed that the.initial §esignment of all sequences - . i

!

!

‘;

this temperature to avoid any seeopdary_interactions and multistrand

K

aggregation (Ts'o et al. 1969; Martin et al. 1571).

The H chemical shifts data obtained for series AEX and CAX

(Tahle 5) were analyzed in terms of the effect produced on the dimer

(AG or CG) prqtons,when a 3'-terminal nucleotide pX, was added to the

L s a6 S e

dimer. Table 6 contains the shiéidinés produced in the protons of It
when a 3'qferﬁinal‘nueleotide, pX, was added. fable 7 contains the
corresponding data for the CjX series, The-resul;s ehowed an aqugt
unbroken trend in the shielding fof protons of ;he two dimers.'.The : i , . ;
addition of the third nucleotide, px; to the 3'=end of tﬁe diﬁers.
produced an erependent shielding dfrthe.dimer protcﬁs which decre%éed

in the order A>G>C>U. 1In certain caees the anisotropic effect of pU

aqd pC were such that they produced a deshielding effect on some of‘fﬁe

was expected on the basis of ‘the ring-current intensities of the qgses

'(Geissner-Prettre et al. 1976) These same trends were ﬁresent in the : é

1977) who have discussed their work in terms of purines and pyrimidines.
The data (Tables 6.& 7) show the shielding trend operates at
the nearest—neighbour and the next—nearest nelghbour positions. Both

I

Krodn (Kroon et al. 1974) and Geissner-Prettre (Geissner-Prettre, et al.

an adenosine next-nearest-neighbour (ca. 6.8 A separation of the‘base

N - - ’.b’_
0 - . .
' S . .
. . .o .
o




TABLE 6

SHIELDINGS®, ASg, IN ppm OBSERVED FOR THE PROTONS

IN ApG UPON ADDiTION'PF A .3"~TERMINAL NUCLEOTIDE pX

b

NUCLEOTIDE X
PROTON A G .~ C U
A(L)H-8 -0.047 ©  -0.026 +0.004 +0.002
A(L)E-2 ~0.060 -0.019  ~-0.006 ~0.001
A(LDE-1'  -0.045 -0.021 +0.007  +0.004
6(2)H-8 -0.051 -0.036  -0.016 +0,002
G(2)E-1'" ~ -0.106 . -0.057  -0,030 ~0.001

aNegative values indicate' proton shielding, positive
values deshielding.

bA_ll shieldings are calculated for 71 + 2°C.

(/
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_ ¥
/ . TABLE 7
SHIELDINGS®, 484, IN ppm OBSERVED FOR THE PROTONS
IN CpA UPON ADDITION OF A 3'~TERMINAL NUCLEOTIDE pX
'NUCLEOTIDE X
" PROTON A G- c U ,
C(1)H-6 -0.040 -0.021°  +40.019 - +0.006
C(1)E-5 - -0.093 ~0.061 -0.064 -0.048
c(1)H-1' -0.036 -0.027 -0.011 ©  -0.014
A(2)E-8 -0.100 -0.074 . =0.008 -0.005
A(2)B-2 -0.132 -0.071 .  -0.038 ~0.015
A(2)E-1' . -0.141  -0.090 -0.022 . -0.010

r]

aNegat;ive ﬁalﬁés‘indicate‘proton shielding, ﬁosigiﬁe

values deshielding. - *

PA11 shieldings calculated for 71 ‘:-2°C.

5"
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planes). The maximum nextuneareet-neighbour shielding observed in this
work'was 0.093 ppm for the C(1L)H-5 protem in CAA. Next;neareet-neighoour
shieldings are predicted to drop of £ slowly as the‘position of the
affected nucieus is moved (in 2 plane at 6.8 2 separetion) away from the
adenine ring centres (GeissnerePrettre et al. 1976).. The observed maximum

shielding was lower than the theoretical maximum value probably Because,

at 7190, the trimers were largely unstacked and had considerable internal -

flexibility. Thus, any given proton may not, under these circumstances,

experience the full shielding of the adenine rings. In addition, a

..yarlety of different conformations are presumably present, inclnding

bulge-loop conformations, which may contribute to the observed next-
. -
nearest—neighbour effects by allowing the next—nearest-neighbour bases

to come into close proximity.‘ Under these conditions of high conformational
flexibility, the NMR‘shifts are an- average of all shielding and deshielding

effects, end it would be very unlikely that a given proton would show the

full theoretical shielding effect of a particular base ring.
Using the tables of shielding effects of the four major bases, ig,
it 1is possgible to predict the effect the addition of a particular base

“ . .
to theXEEd of e_eequenCEéwill have on the chemical shifts of other protoms

‘in the sequence. For instance, the chemical shifts of the G(3) protons 3

o
Y

LY : S
in AECA were predicted from a knowledge of the shifts of the protons in -

- AGG .together with the data from Table 6 which showed. the effects of

adding a 3'—terminal nucleotide, pA, to ie. TaBle 8 lists the predicted

and observed chemical shifts for the G(3) protons AGGA. In this case,

agreement was so good that a.&istinction between the two sets of G :

Q-
protons could be made on the basis of the shift parameters alone.

.
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PREﬁICTED AND OBSERVED CHEMICAL SHIFT OF THE

TABLE '8

o

G(3) PROTONS IN AGGA AND CGGA AT 71°C

‘ PREDICTED OBSERVED
. PROTON: SHIFT SHIFT
- {ppm) (ppm)
AGGA
G(3)H-8 7.884) 7.883 or 7.874
G(3)H-1' 5.730 5.726
CGGA
. <o
. 'G(3)E~8 7.917 7.913
6(3)B-1" 5.767 5.751
N
r' 4
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Table 8 also lists the predicted and observed chemical shifts for the

€

G(3) protomns in CGGA.

4 e

The study with AGX and cAx gave an indication of the shielding

3

+
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3

j
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K
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|

effects due to the addition of a nucleotide, épcrementally, to a sequence.

These incremental shielding effects are, to a first approximetion, due

only to the nature of the added nucleotide. The second ‘part of this
_study consisted of determining the substitutive shielding effects which

occur when a nucleotide Such as Ap is inserted into an oligoribonucleotide
such as XpY ..., e.g'.:
*-XpY -+ XpApY . . //

= }

“Sunstitutive shielding eftecte are manifested as changeé in the chemical
shifts of the protons of the X and Y reeidues. Consider the protons on

. the Xp nucleotide. -The changesrin:chemipel shift of;its pretons ere due
‘to chanéing 1ts nearest-neighbcur from Y to Auand'adding a next-nearest-

neighbour pY nucleotide.,

pe———
-

- . --a- e -+ -+ 5 > o
\ The sequences studied were AG, AXG, CG, CXG, CAUG, CAXUG, AGC,
AEXC, AECU and‘AGfCU (where X= A; G, C or U). The spectra obtained for
. these sequences were analyzed according to the'guidelines described -
previouél& and are found in Tables 9-12. Although the sequences cAuG
. ‘ o ‘ .
and the CAXUG series had been previocusly assigned and reported elsewhere

,n(ananiuk et al. 19783 b, 1979a b) they were eseential to thie study as

3
. well. The actual discussions’ of assignment of %he other sequences are

presented in other sections.:
A ]

The chemical shift data in- Tebles 9-12 were analyzed in terms of.

1

‘the shielding effects produced on the 1ower-field unexdhangeable protons o
; .

‘when a nucleotide unit/ X was inserted into the strand.' Table 13 shows

o
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" '-?" N TABLE 9 .
/ . ' . ’ . .
) o ~ % THE CHEMICAL SHIFTS, §, IN ppm OF THE NON-EXCHANGEABLE BASE PROTONS o
o ' AND THE RIBOSE H-1' PROTONS IN THE SERIES ApXpG AND CpXpG~ AT 71 + 2°C
‘f"PRorbN_ | -f NUCLEOTIDE SEQUENéE_
- _ApG ApApG  ApGpG [ApCpG  ApUpG ~ CpG'  CpApG  CpGpG  CpCpG CpUpG
A(1)H-8  8.238 8.191 8.212 B.264} 8.276
, © A()H-2 8,186 8,091 8.167 8.170 8.198 .
I A(1)H-1' = 5,967 5.894 5,946 6.008 * 6.023
T - -A(2)B-8 . 8.243 : . - 8.303
- A()H-2 8.142. 8,189
0 e(2)H-8  7.942 7..906 v 7.999 . 7.942
. G(2)B-1' 5.842 5.785 5.891 5.803 \
: i 6(3)B-8 7.901 . 7.935 7.952 7.963 7.926 7.968 . 7.984  7.977
o - G(3)8-17 ©. 5,800 5.836 5.834 5.847 5,832 5.873 5.884*2 5,888
S .~ C(l)E-6 ‘ - 7.686 7,639 7,662 7.750*1  7,766%3
< : c(1)H-5 ' 5.978 5.897. " 5.946 7.976 '5.995
C(1)H-1" ¢ .. 5.817 5.752 5,811 5.819 . 5.865
c(2)H-6 7.688 " ' 7.750%1
. C(2)H-5 - 5,850 5.954
: . c(2)H~1" ! 5.848 ' 5.884%2 .
. - U(2)H-6 7.730 7.766*%3
,[ v - G235 . 5.771 . 5.831
. S U(2)H-11 ¢ 5.838 5.865
'_ 'aAi;l seqﬁences are ,Q\rittén and numbered sgarting from the 5'end. )
e bry - t{vériap of two resonances 1. .
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TABLE 10 | | [

o AT ST P A L O L BT AR BB T R LTS

THE CHEMICAL SHI¥TS; &, IN ppm OF THE NON-EXCHANGEABLE BASE PROTONS  «
AND THE RIBOSE H~1' PROTONS IN THE SERIES CpApXpUpG at 71 % 2°%C °°

g
'PROTON _ : NUCLEOTIDE SEQUENCES ) §
CpApﬁpQ ° CpApApUpG  CpApGpUpG  CpApCpUpG CpApUpﬁfG ﬁ
C(1)H-6 7.661  7.623 7.641 . 7.672 7.659 !
C(1)B-5 - 5.912 5.865 '5.891 5.889 5.917 o
C(L)B-1'  5.772 5.750 5.759 . - 5.776 5.770 V4
A(2)E-8 8.349  8.2557  8.204 8.352 . 8.359 | s
A(2)B-2 8.196  8.079 8.160 8.183  8.206 i
A(2)E-1' -~ 6.037 - 5.928 - 5.975 6.042 6.062
| A(3)E-8  s.268t :
A(3)H-2 - 8.134
A(3)H-1' 5974 , .
~ G(E-8 o . 7.906 \
G(3)E-1' : 5.845 | :
C()E-6" o 7909 | A :
C(3)E-5 - ' 5,850
C(3)B-1' : R 5,824
U6 \ . ' | 7,716t
U(3)E~5 S - -7 5,764
U(3)E-1' - : 5.842%
T(4)H-6 7,692 7.656  7.703 -~ 7.709  7.731t
U(4)H-5 5.739 - 5.695 5,767 5.798  5.834
DEE-1' ™S.8M.  5.776 | (5.790 5,824 5.842%
G(5)H-8 7.958  7.942 7.958 7.978 7,978

 G(5)B-1" 5.843  5.830 5.845 = 5.871 5,871

TAssignments may be reversed.

%Coincidence.
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" TABLE 11 '!
THE CHEMICAL SHIFTS, §, IN ppm OF THE NON-EXCHANGEABLE.BASE PROTONS o
AND THE RIBOSE H-1' PROTONS IN THE SERIES ApGpXpC AT 71 % 2% ﬁ
: — . - ' B
PROTON NUCLEOTIDE SEQUENCE <
ApGPC  ApGpApC  ApGpGpC  ApGpCpC  ApGpUpC
CA()B-8  8.242 B.198  8.206  8.247  8.240 - ks
L A(E-2 . 8.180  8,133*  8.150°  8.168  8.185 . . -
A(L)E~1' 5:974  5.93  5.939.  5.979  5.973 R
G(2)E-8  7.926 . 7.904 . 7.916  7.927 7.950 ) }5
G(2)B-1' 5.812 ~ 5.730  5.770  5.785  5.826 X
A(3)H~8’ 8.289 - | ‘
A(B-2 ' 8.133% ,
A(3)E-1 : 6.026 _
G(3)H-8 SRR . 7.929
G(3)E-1' ' 5.816
C(PE-6 7,744 7.722
C(3)H-5  5.876 ‘  5.823
C(DB-1'  5.886 - K ' 5.873
U(3)H-6 I - 7.748
U(3)E~5 . 5 - _ 5.776 .. e
U(3)B-1" | - 5.876 .. - A
C(L)E-6 7.735 - -7.750  7.791 7.787 T
C(4)B-5 . 5.864  5.87L  5.978  6.009

c(4)E-1' . 5.83% o 5.888 5.886 5.901

4

*Coincidenée.
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\ " TABLE 12
CHEMICAL SHIFISa OF THE OLIGORIBONUCLEOTIDES, :
" ApGpXpCpU; TH D20b AT 70°C

PROTON  AGCU AGACU  AGGCU ~ AGUCU  AGCCU

A(1)H-8 8.248  8.196 = 8.210 , 8.237  8.245

A()E-2 . 8.176 8.121  8.164  8.185  8.170
. G(2)B-8 7.929  7.903  7.914  7.953  7.926

A(3)E-8 . g.281 '

A(3)H-2 8.134 .

G(3)E-8 7.928 \

U(3)H-6 7.752 T

C(DH-6 ’ 7.713

C(4)H-6  7.737  7.711. .7.752. 7.800  7.809

U(5)B-6 7.768  7.757  7.773  7.79%  7.796

AQE-1' 57978, 5.931  5.942  5.973  5.977

G(2)8-1' . 5.791 . 5.731  5.780 ' 5.780 . 5.780

A(3)B-1" © 5.998 o B
G(3)H-1" o 5.839

U(3)B-1" 5.878,

C(3)H-1' | | 5.844

c(4)B-1'  5.903  5.821  5.910 ~ 5.924  5.892
. U(S)E-1'  5.892  5.874  5.892° 5.927  5.912
T(E-S , 5.779

C(3)H-5 ‘ ! . -5.799

C(4)E-5  5.850  5.827  5.853  6.014  5.979

5.801 - 5.855

U(5)H~5

ht

5.821

5.823

5.843 -

qChemical shifts are in parts per million (ppm) relative N
to DSS, using t-butyl alcohel-d as an internal reference,

- and are accurate to 0.005 ppm.

b

pD 7.0.

-
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tﬁé shielding experienced by the protons of the dimers A;C and d;b wh
a nucleotide X was- inserted generating the trimers ApoG and CpoG
Considet the ApoG sexries. All the AL protcns now had a nearest-
neighbour A instead of a G, which, as ring;current calculatiens (Geissner~
'Prettre et al 1976) and experiments have shown, leads to greater shielding. i
(In terms of shielding abiliqy, “the order uf the bases 1is A>G>C>U) The
- shielding was enhanced by the presencé of the rext-nearest G. The_
contribution of the next-nearest G was discerned by considering X =-G.'
The shielding effects observed for'the A(l) protons were mainly due to
" the next—nearest—neighbdur G effect because with ASC *-hpEbG, any
additionai effects on A(l) must be due to G(3).. When X =-C, mnre
'complicated effects arose, The A(Ll) protons now hed a nearest—neighbour
.C which, when'compared to G, shielded: less (fab%e 13) (Geissner-Prettre _
EE.El-‘1976); thus deshiélding of the A(l) resonances was expected.

However, the next-nearestFneigﬁbour G shielding effect (observed when

4
a

X = G) acted in the opposite direction. The resultant effect was

-

dependent on.nucleoside geometry,'wiﬁh the A(1)H-8 and A(1)H-1' protens

L}

being deshlelded and the A(l)ﬁ—Z proton sfili,heing shie}ded. ‘Whenax = U,
the next—nearest-neighbour effect of the G ne 1onger compensa;ed io; the
very poor nearest—neighbour shielding ability‘(Tebie 13) ofxnnidine r
.(Geissner—Prettrelgg_3&, 1976), and consequently ali nhe A(Ll) p;otbns o ?é,
were deshielded in AUG relativeé to AG. A smaller rafionalization of the
shieiding effech observed for the G(3) pfotous in AXC and alsn c(1) and.
G(3) protons in CXG was made. ‘ 7

Table 14 shows the changes in chemical shift‘of the €(1), A(2),

U(4) and G(5) protons on going from CKUG tO'CAiUG. That the substitutive




- AND CpG UPON INSERTION OF AN INTERNAL NUCLEOTIDE Xp AT 71 + 2°C

“TABLE 13

A TABLE OF SHIELDINGS® A§ IN ppm OBSERVED FOR THE PROTONS IN ApG
- ) o

PROTON NUCLEOTIDE SEQUENCE
ApApG  ApGpG  ApCpG  [ApUpG  CpApG CpGpG  CpCpG  CpUpG
. . N N

A(L)H-8  -0.047  -0.026  +0.026  +0.038°

A(1)H-2 -0.095  -0.019  -0,016  -+0.010 .

A(LH-1' -0.073  -0.021  +0.041  +0.056

G(3)H-8 ~0.041  =-0.007 ' +0.010  +0.021 3

G(3)nB-1" -0.042  -0.006 . -0.008  -0.001
T c(L)n-6 =0.047  -0.024  +0.064  +0.080 i

C(1)B-5 ’ -0.081  -0.032  -0.002  +40.017

C(1)H-1' -0.065 -0.006  +0.002 +0.048
G(3)H-8 -0.073  -0.031  -0.015  -0.022
G(3)B-1" -0.059  -0.012  -0.007  -0.003

aNegative values indicate proton shielding, positive values deshielding.

toe
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TABLE 14 .
5 - g
A TABLE OF SHIELDINGS® AS IN ppm OBSERVED FOR THE PROTONS IN CpApUpG B

UPON INSERTION OF A NUCLEOTIDE X INTO THE MIDDLE OF THE SEQUENCEb

PROTON _  NUCLEOTIDE SEQUENCE

CpAPAPUPG  CpApGpUpG ., CpApCpUpG  CpApUpUpG

—

C(L)E-6 -0.038  _ .-0:020 +0.011 © -0.002
. C(1)H-5 . =0.047 - -0.021 ~0.023 +0.005 . B
c(1B-1' -0.022 . -0.01F = +0.004 -0.002 |
A(2)H-8 -0.094 -0.055  °  +0.003 +0.010
A@EBE-2 - -0.117 -0.036 -0.013 ,  +0.010
: A(2)B-1" . -0.109 -0.062 +0.005 +0.025
U(4)E-6 -0.038 40.011 . +0.017 . +0.039
CU(4B-5 | -0.044 40.028 .  +0.059  +0.095
U(4)B-1' . ~0.039 -0.024 . +0.010 40.028
G(5)H-8 - -0.016  0.000 +0.020 +0.020 ;
. . Q.
G(5)H-1" -0.013 +0.002 - 40.028 . +0.028 -

ar n.egative values indicate proton shielding -

b 4t 71z 20 : : I \ 3
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shielding effect op2rated at the next-nearest-neighbour level could be

seen by observing the shielding of all the C(l) protoms when X = A. This
_2 R

resulted from the much -stronger next-nearest-neighbour shielding effect

of an & on the C compared with a U on the C. For the A(2) and U(4)

‘protons the substitutive shielding effects diminished and became

deshielding as X was changed from A to G to C to U. This paralleled the

result for the CXG and AXG series. The small shieldings observed for the

G(5} protons when X = A were péssible evidence for the next-next-nearest-

neighbour effect by the A on the terminal G. The effect was small, as
expected.’ | | | |

Table 15 shows ghé changes in chemical shifé of the A(1l), G(2)
and C(4) i:rotdns_.,on goingv from AGC to AGXC. Again, the s.t;bs,tit;;téivé'
.shiéldiqg effects predictébly.fell‘off'and became deshieiding_as ﬁ was
Ehanged from A to G to C to U. ‘The déshielding produced on the c(4) |

protons for X = U was very'pronouﬁced; since in phis case a nearest—

neighbour G and next-nearest-neighbour A were replaced by a nearest-
" neighbour U, next-nearest-neighbour G and a next-next-néhrest—neighbour.

. = N
A. Singce the latter effect was probably very small and the other two

effects were deshielding, especially the effect involving the differencq'"

between a nearest-neighbour U and a nearest-neighbour G, it was not -

sﬁrprising to -observe large substitutive deshieldiné effects.. £

" Table 16 shows‘the experimental chemical shift changes caused by.

going from AGCU to AGXCU for the A(1), G(2), C(4) and U(5) protons.
Thése are very similar to the changes observed going from AEC to AEXC

© (Table.l5).

e ]
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TABLE 15

A TABLE OF SHIELDINGS®’"-IN ppm OBSERVED FOR THE

\: _.;

PROTONS IN ApGpC UPON INSERTION OF A NUCLEOTIDE X°©

PROTONS ' NUCLEOTIDE szquguén
~ ApGpApC ApGpGpC ApGpCpC ApGpUpC
d .

A()E-8 -0.044 -0.036 +#0.005  -0.002

A E-2 -0.047  =0.030  -0.012 .~ 40.005

A(LE-1" 0.040 -0.035 +0.005 - -0.001 ,
. G(2)n-8 -0.022  -0.010 40.001  40.024

G(2)B-1' .02 _' -0.042 . -0.027 +o.01{

cca)ﬁ-s -0.009 ~%o.ooe 40.047 . +0.043

C(4)H-5 | -0.012 -0.005 +0.102 +0.133

C(4)H-1" ~0.052  -0.002 ° . 0.000 40,015

-a

negative values indicate proton shielding
at 71 = 2°C.

i.e. ApGpC -+ ApGpXpC
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TABLE 16
A TABLE OF SHIELDINGS®’" AS IN ppm OBSERVED FOR THE o .
PROTONS IN ApGpCpl UPON INSERTION OF A

NUCLEOTIDE X INTO THE MIDDLE OF THE SEQUENCE .

PROTON- NUCLEQTIDE SEQUENCE -

ApGpApCpU  ApGpGpCpU  ApGpCpCpU  ApGpUpCpU

A(L)E-8 . -0.052  -0.038 -0.003  -0.011

ADE-2 | =0.055 0.1z -0.006 +0.009

AE-1T ~0.047 ~0.036 ~0.001 ~0.005

G(2)H~8  20.026  "~0.015 -0.003  +0.024

G(2)B-1" -0.061 -0.0i1 ~0.008 -  -0.01L.

C(4)H-6 -0.026 - +0.015 +0.072 © "40.063

CC4)H-5 ~0.023  40.002 40.129 . +0.164 :
c(4yE-1" ~0.071 40.007 +0.001 . 40.021 |
U(5)H-6 C-0.011  © 40.004 +0.028.  ° 40.025 .
U(s)E-5 -0.020  +0.002 .02 +0.03

U(5)H-1' . -0.018 ‘ 0.000 i :+0.001 +0.035

negative valﬁes‘indicate shielding

all values for 71 *.2°C

€ i.e. ApGpCpU -+ ApGpXpCpU




e N T

87

e

In order to test the generality of the shielding paramefers

obtained in the present study, the parameters derived for AEC +'AEXC 2
(Taﬁle 15); together with the chemical shift data for the protons in

AECU (Table' 12) were used to predict the chemical shifts of the A(1),

'Ggi) and C(4) protons in AGiCU (Table 17). Thus the shift for the i
A(l)H—S.proton in'AGKCU wds calculated uéing the A{1)H-8 chemical shift

- in AGCU and the deshielding parametef derived for AGC - AEAC (i.e. - ;
78.248 - 0.044 = 8.204 ppm) and compared ;o.that found expérimentally

for A(1)H-8, 8.196 ppm. Most of the predicted values were within

TS

0.02 ppm of the»observed chemical shifts, which was considered good
agreement. The assumption that AGC AEXC modeled the change
" A%cU » AGKCU appeared justified.

- The use of.these substitﬁtive shielding effects as well as the
Vinérement;i shielding effects énable.the researcher to predict éhangés'
in chemical shifts due to an additional nucleotide residue in the sequénce
and thus are a tremendous aid in the urambiguous assignyent of resﬁnances
in‘the spectra. With thg constantiy increasiné library of éompletely
assigned sequences, prediction of chémical sﬁifts for any given sequence
should becope possible.

Additienal alds to the assignment of signals weée oﬁtained by » é
stdﬁying the femperature depeﬁd;nce of thé various protqﬁs, over'the 'f%
:tgmperature range 10°C - 70°C on the sequences ACX and CAX. Table 18 |
gives the chemical shift difference AST (ppm) between 71°C ‘and iO°C for
all the nonex;hangeable base and ribose H-1' protons. Flgure 9 é—d shows '

the full variable temperature behaviour of these proéons in the two

' regpective compounds, AEX and CKk. For somé_protons the plots of
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Figure 9(a&b). Variable.cempe‘racure regults for the aromatic
and anomeric protons.in ApGpG.
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~ C : / TABLE 17 - ' 4

OBSERVED AND CALCULATED CHEMICAL SHIFTS 6 IN ppm FOR THE NON—EXCH.ANGEABLE BASE

; PROTONS AND THE RIBOSE H-1' PROTONS IN THE SERIES ApGpXpCpU®

PROTON _ - *  NUCLEOTIDE SEQUENCE .
ApGpApCpU ApGpGpCPU ApGpCpCPU ApCGpURCpU.

Observed Ca.lculated Cbserved Cglcula’ted - _Ob"'served —C'alculatedl

8.210 8,212 8.245 8.253 8,237 8.246

8.164 8.146 8.170  8.164 8.185  8.181

‘ 5.042  5.943 5.977  5.983 5.7 5.077

N G(2)h-8 7.903  7.907 7.914 . 7.919 7.926 7.930 7.953 7.953
G(3)H-1' 5.731 - 5.710 5.839 - 5.750 . 5.784 5.765  5.878 5.806
C(4)H-6 7,711 7,728 7.752  7.743 7.809 7,78 7.800 7.zao. '

‘C(4)H~5 ~ 5.827 5.838 - 5.852  5.845 © 5,979 5.955' .- 6.014 5,983

. C(4)H-1" 5.821 ° 5.840 5.919 5.890 - 5.853 - 5.892 . 5.924 5,907

At 71 & 2°C
, > .
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TABLE 18 .

R ~ - T S
X CHEMICAL SHIFT DIFFERENCES, AS,", IN ppm BETWEEN “71 AND “11°C FOR THE

]

NON—EXCHAﬁGEABLE BASE PROTONS AND THE RIBOSE H-1' PROTOﬁS

. PROTON- : ' - : " . NUCLEOTIDE SEQUENCE
CpAb CpApA ' CpApG CpApC CpApUb © ApG . ApGpA ApGpr ApGpC ApGpU
A(1)H-8 ’ . ' ~0,048 -0.062 -0.029  -0.017 -0.026
A(2)H~-8 - +0.007 -0.081 -0.123 +« -0.075 -0.052 , '
A(3)H-8 : - -0,137 ' . =-0.124 <
A(1)H-2 : ' , e . -0.176  -0.241  ~0.144  -0.189  -0.183
A(2)H-2  =0.054  -0.186  -0.237 7:29.094 ~0.049 , -
A(3)H-2 ' -0.094 / : -0.153 '
A(1)E-1' ) -0.101 -0.077 -0.059 -0.078 -0.060
A(2)H~-1" -0.015 -0.079  ‘-0.102 -0.067 -0.037 . ‘
A(3)H-1' -0.120 . -0.089 .
G(2)H-8 , ~0.085 -0.120 --0.111 -0.225 -0.173
G(3)H-8 : ¢ =0,154 it o -0.084
G(2)n-1' ‘ : -0.096 = -0.155 -0.132 ~-0.223 -0.175
- G(3)H-1" . , -0.134 . o -0.072 .
C(LH-6, ;. +0.021 . 40.046  +0.080°  +40.110  +0.093
o e()n-6" 7 ' - =0.123 o . -0.083 )
c(1)H-5 = -0.123 -0.293 -0.249 . -0.231 -0.183 - b
C(3)H-5 * * o '=0.301 , ' -0.313
C(1)r-1}  -0.105 -0.139 -0.155 | -0.148 -0.123- :
0(3)3—1' -0.199 R _ -0,108
U(3JH-6 o ~0.079 ' _ -0.054
U(3)H-5 _ ( S , -0.228 : , -0.252
_U(3)u-1' o - L -0.069
negative values indicate proton shielding, positive values deshielding . i

for this compound the low temperature limit was ca ,!ZB“C.

- gé,’-l
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chemical shift versus temperature were streight lines, however, most
of the plots gently curved toftigh field with decreasing temperature.
Ocecasionally a plot went gradually to lower field with decreasing
temperature, however, this was generally a2 sequence effect. From the
variable‘temperaturewresuits some general concluéicns, useful in the
assignment‘procedure, could be made;
i) The adenosgine H-2's were usually the most sensitive to
R temperature chenge in comparison to the H-8's.
‘ii)_ The pyrimidine H-5's were more sensitive than the H-6's.
ii1i) If a uridine or cytidine was present in a molecule, its
shielding usually exhibilted the greatest shielding of any
proton 4in the molecule :

The temperature dependence of chemical shifts of the protons in
these comp0unds probably arises from the temperature dependence of the
stacking—destacking equilibria (Kan et al. 1973), although solvent
effects may also be significant. As the temperature is lowered and the

trimers become, more: stacked, Suitably oriented protons will experience

-

the shielding influence of the base rings to a greater extent and move
to higher field, as is observed for most of the protoms. v

The -evaluation of the shielding effécts, from the four major‘

1 .
-

basés in a nearest- and next-nearest-neighbour position, .on the

-chemical shifts_of the protons on the othér bases in a given sequence,

-~

coupled with the incremental analysis procedure (Borer et al. 1975); has
‘ ] - ; .

proven to be imvaluable in the assigmment of the large number of

sequences used in this study. These methods have proven to be both

reliable (reproducibility of assignments in sinilar sequences) and very
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efficient. The versatility of this assignment procedure will be

demonstrated in the following secticnms.

4.2. Effects of Flanking G-C Base Pairs on Internal Watson—Crick, G-U

and Non-Bonded Base Pairs within a Short RNA Duplex

(Alkems et al. 198la, accepted by Biochemlstry)

In an earlier study (Romaniuk et al. 1979)- a series of penta-
riﬁogucleotides,‘cgiﬂG (whe;e X.= A, G, C'or U), was studied to determine
whether or not duplex formation’bcdﬁrred with a sequence containing a |
non~-bonded internal base padr. -The-nqn-bonded base palr was flanked by

two A:U ba;e palrs and‘wés"ﬁouﬁd to totally disrupt duplex formationm.
. Instead, the pentaribcuucleofides,'CAiﬁG,‘preferred to -adopt a stacked
singie-s;randed conformatioﬁ.‘

However, some earlj optical studies witb lopger sequences
containing iﬁtefﬁal nop~bonded cytidines found RNA double helices-with
bulge loops (Uhlembeck et al. 1971; Gralla & Crothers, 1973). More

;recgntly a stable DNA dqpiex with a éiﬁgle non—bondedIT-T‘oppqsitiOn was
sﬁudied_(H;asnoot et al. 1979, 1980): "Also a lH—NMR‘study of .the complex
formed between ethidium bromide and cic (L‘ee‘ & Tinoco Jr. 1978) revealed.
the fqrmafion of a smhll duplék-where‘the misﬁatchedrbases.;dopte& an
extrahelical conformatidn. Although the'(CﬁG)z—minihelix only formed

-in the preégnce of ethidium bromide, it éid suggest that non—boﬁded base
0ppositions:€ould exist iﬁ small duplefés. : -
| Since'qén—bonded base oppositions are a common feature of RNA

secondary structures (Lomant & Fresco, 1975; Clarke, 1977}, additional-'

;reqearch‘iﬁto the péﬁsible formﬁtion of duplexes with non—bﬁnded bases |

was coﬁsidered.yalid and important. 'To this end a series of pentaribo4
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nucleotides AG?CU (where X = A, G. C or U) was synthesized. Theoretically

this sequence can form a duplex containing a 'looped-cut' region:

-
agey
UC.GA

£

Such a duplex would be an ideal model to probe the effeét small ngg—_

(X =4, G, C, U) ' :

a

bonding regions have on the formation of adjacent base pairs. In
additicn, because in this-sequénce the non-bonded regicn.is flanked by
G+C base palrs, as opposed to A-U base palrs iﬁ CAiﬁG, comparison with'
-thé study on_CAEUG (Romaniui et al. 1979) would provide information on
‘the éffect thatlthe composition of.adjacent base pairs has on non-bonded :
regicns. é;mparison of the series of pentamers, AGXCU, with;th;t of
CAiﬁG, also allows for the investigation of sequence related effects to
-lodp §1q3ure. -

The four pentaribonucleotides, AGACU, AGUCU, AGECU and Aclcy,
were also used to study the effect of the single insertion of an
additional A-U (AGACU:AGUCUD), G-C (AGECU:AéECU) or G-U (AGGCU:AGUCU) base
pair on the stability of the duplex formed rela%}ve to reference duplex
AECU:AECU (Ne%lsén ég_él. 1980). This study can also be compafed to
that with the CAfUG‘series (Romaniﬁk 35‘3;. 1979) and would be helpful
in establishing rules of sequence stability. The study with an~iﬁterﬁa1
G:U base pair is significént‘in that in the duplex‘formed by‘AGECU:AGﬁCU
the G+ base pair is flanked by G-C pairs which may have a significant
effect on its stability.
" 4.2.1. Results

Each of the four pentaribonucleotides was studied by 1H—NMR at a ..
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concentration of 6.3 mM, as were each of the mixing experiments. Lmw

was used both to check sequence. integrity and to observe changes in

conformation as q‘function of temperature.

The low field nonexchangeable proton cheﬁical shift assignments
for the four pentamers were determined by tw0 methods: comparison with
NMR data on AGCU (Neilson et al. 1980, Table 12, Section 4.1)‘and by the
ﬁfszzgi:e.of incremental analysis (Borer et al, 1975; Everett et al. 1980).
Th? 70°C spectrum for AGAcU ias two additional singlets at 8.281 ppm and
8.134 ppm, as well as a doublet at 5.998 ppm (cf. AECU) corresponding to
the A{3)H-8; AkS)H—Z and A(3)H-1* proton resonances, respectively. Thé
upfield shifts exhibited by the proébn resonances of éhe neighbouring
residués, when compared to AECU, was explained by the'sfroﬁg ringfcurrent
shielding effect of adenosine (Geissner—Prettré et al. 1976). -

. The two GH-8 resonances in AGCCU were difficult to digiinéhishA

[y

" since they occurred at 7.928 ppm and 7.914 ppm. The G%;S resonance in
L] 3 .

' AECU occurs at 7.928 ppm'(Npilson et al. 1980), however, the G(2)H-8 of

AECCU was assigned - to the,higheré@ield resonance (7.914 ppm) beéause the

G(3) residue would ggsultain some shielding of its neighbours (Bell et al.

1981). The G(2)BH-1' and é(SJH—l' signals were more readily distinguishable

at 5.780 ppm and 5.839 ppm respectively. In the spectrum of AGUCU the

additional resonances were readlly assigned tc the U{3) ﬁrotons at 7.752
ppm (H-6), 5.878.ppm (H-1') and 5.779 ppm (H-5). The C(3)H-6, H~5 and
H-1' protons in AGECU reéonated.at.7.713 ppm, 5.799 ppm and 5.844 ppm
while the C{4)H-6, H~5 and H-1" protons occurred at 7.809 pfm,!5:979 PO
and 5.892 ppm. Simple coﬁparison‘of this sequence with AGCU was

insufficient, so the method of incremental analysis, developed by Borex

 (Borer et al. 1975) was'gsed to confirm the assignments (Table 19).
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~ TABLE 19

INCREMENTAL ANALYSIS OF AGCCU IN Dzoa AT 70°C

PROTON - AG AGC ", AGCC AGCCT i

CHEMICAL SHIFTS é
A(LE-8 8.238 8,236 | 8.247 8.245 é
ACL)H-2  8.186 8.170 8.168 8.170 %
G(2)H-8  7.942 7.93%  7.927 7.926 | .%
C(3)E~6 . 7.748  7.722 7.713 :
C4yE-6 ' 7.791 - 7.809 a
-U(S)H—6 : : ' ‘ 7.7§é]

:

A(L)E-1" . 5.967 5.969  5.979 5.9
G(2)H~1' - 5.842 5.809 5.785 - 5.780
C(3)E-1! | ~ 5.889 5.873 5.844
C(4)H-1' 5.886 - 5.892
U(5)H-1". : ) 5.912
C(NE-5 - 5.872 5.823  5.799
C(4)E-5 _ . © 5.978  -5.979
U(5)E~5 o _f 5.843
a

pH 7.0, concentrations 9~12 mM

Chemical shifts are in ppm relative to DSS using t-butyl
alcohol-OD as an internal reference and are accurate to t
40 + 0.005 ppm. : - )
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4.2.1,1. Effect of a Non-Complementaxy Base Opposition on the Stability

of a Short Duplex

Theoretically each AGXCU pentaribonucleotide can form a duplex

containing a looped-ocut regiom:

. .. =4, U, Cor G

¢ -

A duplex of this nature would provide 'valuable information on thé effects
that single base bulge looﬁs have oe'the formation of adjacent base pairs.
Figures 10-13 provide the results of the variable temperature experiments
on each pentaribonuclectide. |

Unlike the CAiﬁG sequencee, which displayed only minor upfield
shifts wlth temperature (Romaniukkggfﬁl. 1279); the AGXCU series of
compounds display sigeificant upfield shifts. Some preton curves display

‘ sighoidal behaviour which could indicate base pairing.

4.2.1.2. Studies on Duplex Formation in Complementary Sets
| Before observing the‘formation and stability of an internal G-U
base pair, the effects of other internal Wateon-Crlck base pairs on the
gm of AECU were.studied; The duplex formed by AGKbU:A&ﬁCU illustrated
the effects of an addltibnel internal A-U base pair. Dpplex AGACU : AGUCU
has a Tm of 45°'(averagee from the 15 sigmoidal curves) in Flgure 14{,
This_represents a Tm 11° higher than that obtained for AECU (Tm 34°C).
V‘Similarly, the effect of an additional internal G:C base pair
on duplex stabillity was determined using the complementary set,

'AGGCU: AGCCU. Figure 15 shows the results of this‘experiﬁent.‘ Averaging

e A A A

¥
5

5y
1
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D T T o
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the 18 curves displaying sigmoidal character produced a Tm of 54°C, a
full 20° higher than the parent tetramer duplex, AGCU.

4.,2,1.3. Formation of a G.U Wobble Base Palr within a Double Helix

By mixing the sirdgle strand pentamers, AGGCU and AGUCU to make
the resultant duplex, it was possible to observe the formation of an
internal G-U base pair. The sigmoidal behaviour of ' the chemical shift

versus temperature plots, given dn Figure 16, clearly indicates that

duplex Actcu: AGUCUwforms -and averaging the 10 curves gave a E of 44°C.
‘*’:f

Comparison with duplex AGACU AGUCU (T 45°C) demonstrates that the .

W5

internal G-U base pair is virtually equivalent to the internalva-u base

cpairin its ability to stabllize duplex formation. This result contrasts
earlier studies with series CAiﬁG (Romaniuk et al. 1979) where a G-U base
pair neither stabilized nor destabilized the duplex forme&ﬁby CAGUG CAUUG,
vhich had a T of 24°C similar to that of the ‘parent tetramer CAUG -

(Im =.24° C).

4.,2.2, Discussion

This work bresents an extension ofi a study that established the .
‘ , ‘

existence of an internmal G-U base-pair within a normal RNA-duplex

(Remaniuk et al. 1979), although the G.U base palr appeared to resul 'iﬁﬁhqw

a distinct centre of instability. 1In ﬁomanidk's etudy the internq;;G-U:
base pair in the duplex CAUUG:CAGUG was flanked by two Watson-Crick A-U
base pairs. The present 5£§d} is interested in determining the effect
of G-C, A-U and G-U base pairs when flenked by two Wateon-Criek G-C
oaee pairs and comparing these results with those from the earlier etudy

where the Internal base pair was flanked by two weaker'A-U base paire.

Since the Im for reference duplex, AECU, is higher than that for duplex,

N

i
i
!
3
i
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CKﬁG, by n10°C, the possibility of duplex formation by the single stréggej%
AGXCU where X = A G, C or U is conceivable.
! 5 - -+ -+
Four pentaribonucleotide sequences, AGACU, AGUCU, AGGCU and AGCCU,

were prepared. Each of these sequences has the potential to form a duplex f

AGXCU

of the type, UC.GA’? with internal nou—complementary base opposition and

£

can be compared to the reference. duplex AGCU AGCU ellson et al. 1980).
Subsequent mixing of two of these- pentamers provided a duplex with dn \ :
additional internmal A-U, G.C or G.U base pair. By studying these
different duplex systems over the temperature range 10°-70°C, it was
possible to determine the effects of (1) non-complementary base
oppositions or (2) an additional base pair on deplex stability when
flanhed by G-C base'pairs.; ‘ g o o
. In studying the AGXCU series some unexpected results were obtained.
In Figure 10, a siéﬁificant number of the chemical shift vs, temperature
plots for AGKCU resulted in curves that‘showedrlarge ugfield‘shifts with
strong sigmoidal characteristics which are normally associated with
duplex formation (Gralla & Crothers, 1973), or strong cooperative
stacking interactions (Stanmard & Fesenfeld, 1975). However, lH—NMR
evidence of looping out of non—complementary base pairs is a downfield
shift of the chemical shift with decreasing temperature similar to the @
effect on the GH-S rescnance for the 'looped out'.G of' AGA single
stranded oligoribonucleotides (Shem, 1977) Therefore, either AGACU was
_forming_a‘highlyaetacked gingle strandee structure, such as the rod-like
structure séen with poly rA at very low temperatures (Stannard & Fesenfeld,
1975),0r duplex formation had occurred with a non—base paired A- A

oppositicn in -the centre of the,duplex. However, the upfield shifts




‘IN ppm.

CHEMICAL SHIFT

75

781
7.7

76-

. . dARHB
AANH-8 QABH-2
AANH-2 & cuyH-6
© G(2)H-8 P USIH-6

- .

n 20 40 50 60
- TEMPERATURE IN °C

70

CHEMICAL_ SHIFT IN ppm.
2 B8 9g

o
w
Sy

i

A A(1)H-1:
Gl2IH-1
< Al3HA
O CIH-5
“OclH-
[ UiSH-5
UBIH-1

o,
N

Figure 10, Variable temperature results for AGACU.

10 20 30 ‘40 SO0 60 70
TEMPERATURE IN °C

GOT



101

(deshiéiﬁing) of the chemical shifts seem to indicate that locoping-out
did not occur. Perhaps duplexing of the sequence with the adencsine

’ 2 .
residues stacking cooperatively into the sequence is being observed.

The A(1)H-2, A(1)H-1', C(4)H-5 and C(4)H-1' protons all show sigmoidal

behaviour and these bases could base pé&r. Thé A{3)HE-2 also displays¥® - --

siémoidal behaviour but cannot form a base pair. Adenine, however,
stacks better than any other base and is perhaps drawn cooﬁerativély
into a stacked conformation allowing the rest of the sequence’ to duﬁlef.
: . ‘ ,
Related studies (Alkeha et al. 1981b) have shown that terminal non—pairgd'
adenosines can in fact dé;érmihe stacking direction and duplex étability.
Therefére, in duplex AGKCU;AGKCU:it is likely that the central adencsine,
'instéad of loopiﬁg out of the sequeﬁée and thus disrupting the‘gtacking

-

and base pairing of its‘héiéhbogrs, stacks with the other‘baseéiand while

e =

" still reducing the overall dﬁﬁleﬁ stability, does mnot totally disrupt’

dﬁplex formation.

~

In their review, Lomant & Fresco (1975)'gave a rough estimate for

on—compleﬁentary base

‘calculating the duplex iﬂsgabi;ity caused by a
opposition. In a duplex containing 50% A-U an 50% G-U base.pairs, one
non—complement#ry base Dppgsitiqn for every A00 normal base pairs
reduced the T by “°C. Duplex AGACU: AGACY 1s 50% AU and 50% GC
coﬁtaining one non-;omplementary base pair 6pposi£ion for four normal
base pairs, which is eqﬁivglentnfo 25 1n 1$0, reducing the‘Tm by 25°C.
The Tm_fbrﬁthe duplex AGKCU:AéﬁCU is 45°C. ‘Therefore, the ‘T  for.

" AGACU:AGACU could be predicted to be n20°C or compared with AcEcut actcy .
(Tm‘= 54§) to §e n29°C. From the average of thg five sigmoidal cdrvas_

in AGACU: AGACU (Figure 10) a Tm of 26°C was obtained which suggests that

1 e e gt e

!
l
i
t
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AGKCU may form a duplex with internmal A-A oppositions that does not loop
out but rather stacks within the duplex. |

Figure 11 shows the curves for the temperature vs. chemical shift
plots ‘for AGECU. Tkis sequence also exhibits many protoﬁ upfield shifts.
Again several of the curves show sigmoidal behaviour indicating duplex
formation. These curves are more difficult to interpret because the =~ -

C(3)H~6 curve shows a slight downfield shift, while the C(35Hr5 shows

. sigmoidal behaviour and the'H—l' proton for C(3) displays a simple upfield -

shift. However, siﬁce cytidine is a poorer stacker<?han adenosine, a
weaker effect on the stackiﬁé of the rest of the sequence could be
expected. Very likely an;gguilibrium of different states éﬁists: one
may exhibit some looping -out while.another shdys cooperative sﬁécking‘
within fhe duplex and still another is the stacked singie stra;d.
However, duplex formation could occur with C;C opposition_causing duplex
instability. This dﬁplgx would also contain 50% G-C and 507 A.U base
pair mikfure with one‘non~co?p1ementary.bése pair oﬁposition and four
‘normai base pairs. Again, a T, between 20°C_agd 29°C could be expected
according to the guidelines of Lomant apd Fresco (19755. In fact,‘an
ave¥age of the five curves that shbw sigmqidal'behaviour indicates a
T Qf 25°C.

Figufe 12 contains ‘the chemlcal shift vs. temperature plots for
AGECU. Once again sigmoidal behaviour of a significant number of curves
(8 of 13; can be noted with an average Tm of 30°C. Several expiénations
aré‘possible for this seﬁuepce, also. First,'a duplex of a similarl'
nature to that already described'for AGKCU could form. éecon&iy, a

duplex of the nature described by Lomant and Fresco (1975) could occur

]
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resulting in a duplex of the type, AGGCU where cne G residue is found

UCQA - . s
+G PR b
-

in an extra-helical positiom. However, a third possible duplex, with

two terminal 3'-non-bonded adenosines, similar to that formed with -

AGGCU -

ACAUG (Neilson et al. 1980) could arise. This resultant duplex, UCEGA,

which contains two 3'—dang1ing adenosines, two terminaliG-U base pairs

“and two internal G-C base pairs is the most likely, since.relateﬂ*&uplex

cécu: GGCU with two terminal G-U.base pairs (Mizuno et al. 1981), forms
with a T of ~30°C (Alkema et al., unpublished observations) Therefore,
it is unlikely that a duplex with G-G opposition forms from AGGCU.‘ |

Figure 13 displays the ;hemical shift “vs. temperature plot for
AGﬁCﬁ. Unlike the other sequences this pentaribonucleoﬁide‘shows

: : ‘. : - : ;
absolutely no sigmoidal behaviour, only general upfield shifting of the

iresonances; despite a possible U-U opposition. Looping out of a uridine

residue should result in the least disruption of base stacking because

it stacks the poorest of the four major bases. Why then does this
sequence show no sign of duplex formation? The answer lies iIn the fact
that urecillisﬁa 2g£z_poor stacker '(Everett ég‘gi. 1980)._ Since-stacking

plays an_important role in duplex formation and stability (Alkema et al.

- 1981b; Turmer et al. 1981; Section l),.the presence of a non-bonded

uridine may be sufficient to disrupt stacking of the sequence totally

and thus prevent the cooperative process of duplex formation.
. . o
' These results, obtained from the AG%CU series of pentaribo-
nucleotides, were entirely different from those obtained in an earlier
study of the series of compouﬁds, cAXUG (Romaniuk et al. 1979). A
sequenceleffect was probably responsible, since the ‘G-C base pairs are )
+ , o ‘ ’ :
o | o

1

i,
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immediately adjacent to the region of instafility in AGiCU, whereas in
CAXUG thiq region is flanked by weaker A-U base paigé. This has been
noted previously when the Tm for AEbU (34?Q);was’ébmpafed to tﬁe Tﬁ for
ciuc (24°C). 1In addition, the ‘sequence AGXCU also possesses a better
stacking arrangement with wracil at a terminal position where it is less
disruptive than in an internal fosition as in CAiUG. .
Mixing of ‘the aépropriate pentamers Yesults in duplexes wiéh an

additicnal A-U, G-C or G?ﬁ base pair to illustrate the effects of
additional internal base pairs, on duplex stability, wﬁen flanked by
G-C base pairs. | ‘ |

hE An additional internal A-U base pair, as found'fn‘the duplex
formed by Aé&*cuzAGﬁ’cu, resulted in a T of 45°C as determined by
averaging the sigmoidal-curvéé in:Figures 1l4a and bj .The Tm for
AGAcu: acticu represents an 11°C inc?ease over‘fhaﬁ found for‘AabU
(Neilson éﬁ.él‘ 1980), shown‘in Téﬁle 20. On the other hand, an intermal
A.U base.paii in CAKﬁG:CAﬁUG only increased the Tm by 5°C over théé for
chug gRomaniuk‘gg_éé. i979), The difference in the amount of étability
conferred by ;ﬁ A*U base péir'is primarily aue torsequéncé. The fact
that the A-U basedpair'is now flanked by G-C ﬁase pairs rathér than AU
base pairs is.significant. -Thia result is supported by earlier work

(Tinoco et al. 1973) which indicated that the freé energies of

3 + ) -> +
?_% and ._? sequences are greater than for % ? and ?-? sequences. It is
c:U U-6 T - UzA AzA

notéworthy.that the Tm of duplex, AGKCU:AGﬁCU, is'comparable to that
_found for the duplex, AGCUA:AGCUA (T_ = 46°C) (Neilson et al. 1980)
where 3'-dangling adenosines adjacent to the dupléx;“AECU:AECU,- .

o -

stabilize to the same extent as an ifternal A-U base pair.
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Figures 15a and b illustrate the chemical shift vs. temperéture
plots for the duplex,'AGECU:AGECU. The average Tm for this duplex is
54°C, Table 20,and represents a_20°C increase over the Tm found for
reference, AECU, which dewonstrates the duplex stabilizing effect of
~ three G+C base pairs as comp;red with fwo G+*C base palrs. This increase
:Ln‘Tm also indicates that the contribution to stability of a G-C basg
pair when flanked by two G-C base pairs is 9°C more stable than that of
an A°U base palr flanked by t#o G*C base pairs. Or, in othgr words,
replacing an internal G-C base pair with an A'U base pair destabilizes
the duplex, as previOusly suggested (Tinéco.gfléi. 1973). | J

Sequence depgndeﬁce of duplex stabilit§ was demonstrated by
lnserting bése péirs Into different cﬁres, for example, refereﬁce
tetramef duplexes AECU:AECU (aC

G
| + ¢
of a G-C pair in a'gg core showed an increase of 6°C over a similar

> - .
insertion inte a corresponding ﬁi core (Table 20), taking into acconn%

that the Tm difference between reference tetramer duplexes is 10°C.

> .
core) and CKhG:CKUG (%E core). Insertiom
. e

Similar comparison of A-U pair insertion into the same cores also
showed a difference pé 6°C. The Tm’ therefore, of a duplex c0ntaining
a Watson-Crick base pair flanked by two G*C péirs ﬁill be 6°C greater
than the correéponding duplex which contains the same base pair; flanked
by two A-ﬁ pai;s.

The two single strands, AGECU and AGﬁCU, gave a camﬁleﬁeﬁtafy
duplex, AG&CU:AGﬁCU, containing aﬁ internal G-U base pair. Averaging
the Tm's from the eurves ;n Figure i6 gave a Tm of 4450, which fepre;ents
an increase in duplex stability of.lO°C over the reference duplé§?’1n

‘contrast to caGUG: CATUG where the GU base pair did not enhance

<



COMPARISON OF T_ VALUES FOR AGXCU AND

CAXUG SERIES OF DUPLEXES

TABLE 20

Duplex T (°C) Duplex - (%)
AGCU 34.0 CAUG 24.0
UCGA . GUAC
Acecu 44.0 CAGUG 23.0
UCUGA © GUUAC ,
ACGACT 45.0 CAMUG 530
UCUGA . GUUAC ‘
 AG6Cu 54.0 cAcuG 38.0
UCCGA GUCAC :

Y
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st;ability (Table 20) (Romaniuk et al. 1979). 'In the Ac¥cu series, the
G+U base pair results In-an increase of duplex stability equivalent to
the insertion of an additional A-U base pair. |

Possible reasons for the‘divergence between the two series are
related to sequence. G-C'base pairs flanking the G-U base pair are
probably more tolerant of the altered helix’ conformaticn than,
corresponding _A-U'base pairs. In addition, stacking interactions are
stronger with a GEC stack in one strand and a GUC stack in the other
as compared to a’ AEU ‘and AfJEU stack in the CA}-){:UG series. ﬁU sgqu'ences,
especially, are very poorly stacked aﬁd thus inhibi:t strong 'strand
sAtack:L.ng within CAﬁUG, ‘which if turn weakené duplex folrmation..-

In Summary", ‘shg‘rt oligoribonugleotid_e‘sequences containing
perturbations from normal base pair.s have the potential to form duplexes.
Non-complementary base oppositions A;A and C-C existlwit:h.in duplex
AG_}ECU (where X = A or C). Contribution. to duplex stability of any. base

pair whether A‘U, G*C or G-U is erhanced when flanked by G*C base pairs,

4,3 The Effects of Base Sequence and Dangling Bases on the Stébility of

Short Ribonucleic Acid Duplexes (Neilson et al. 1980).

The secondary structure of an RNA molecule consists of loops -
separated by Wats;on—Crick hydrogen bonded duplex regions (Fie;'s et al. *
‘1975, 1976;' Gross et al. 1978). Contribution to helical stability by |
staéked noh—basg paired ré_gions adjacent to dﬁplexes has been the
subject of some research (Martin et al. 1971; Uhlenbeck _é_gﬂ. 1971;

. Tinoco et al. 1971; Tinoco et al. 1973). A dangling adenosine residue
increases t:h.e melting temperature (Tm)‘ of duplexes formed by oligoribo-.

]

nucleotides of sequence AEUn (Martin et ;a_]_._; 1971). Temperature jump

N

T A USRI
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studies indicated longer non-base palred sequences enhance stability in
short RNA helical regions (Grosjean et al..1976; Yoon et al. 1576; -
detailea in Section 1).

Fraying of terminal base pairs.ﬁn short duplex reéions of RNA
may also play a role in the stability of RNArﬁNA interactioné and the
stability of large ioops in gecondary structures. Fraying effects we?e:
considered important in calcﬁlations of t@erﬁodgnamic values derived from
optical‘studies of the helix-coil transition of short AmUa block oligo-

" nucleotides, élthough end effects would be‘éxaggérated iﬁ short duplexes
compared with those for 1ongef sequences (Martin et al. 1971}. Terminal
A-U base pairs are known to be less stable than G:C base pai?s

| (Uhzenbeck et al. 1971; Pohl, 1974; Grosjean et al. 1976). Direct
evidence for fraying of terminal base pairs came from NMR studies on the )
helix-coii transition of the self-complemeﬁtary hexanucleotides, AAECUU '

-(Borér et al. 1975; Kan et al. 1975) and d(ATGCAT) (Patel & Hilﬁers, 1975;
Hilberé & Patel, 1973). On.the other hand, NMR studies of short duplexes
wi£h termipgl;G'C Base pairé have indicated negligible fraying (Arter
et al. 19745 Hughes et al. 1978; Romaniuk et al. -1978).

The following work was a continuation of an earlier study of
3"-dangling uridineé and adenoéines‘(Romaniuk‘gE al. 1978; Romaniuk, 1979)
but iﬁtroduces imﬁortant new findings which musf be comsidered in " ‘
coﬁjunction with.these earlier studiea., A set of three Self-complementary
teﬁramers, GKﬁG (Tﬁ = 24°C), AECU (Tm = 34°C) and uécA (Th = 33°C), each

containing two G-C and two A-U pairs, but haﬁing considerably diffe:én;_

. _ ‘ L
properties, were used as reference duplexes. CAUG:CAUG has terminal CG

base pairs which do not fray. AﬁCU:AECU, however, contains terminal A-U
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base pairs that exhibit indications of fraying. On the other hand,

% UGCA:UGCA which also has terminal A-U baee pairs display no sign of
fraying. Each tetramer was studied individually by lH—NMR spectroscopy.
The corresponding duplexes containing terminal non~bonded nueleotides
were then synthesized and monitored by NMR to observe the effects a
dangling‘base has on duplex stability A-further loock into'the fraying
phenomena was attempted by repeating the experiments with AAGCUU (Borer
et al. 1975; Kan et al. 1975) -and then adding a 3'—dangling .adenosine to
determine whether or not dangling base residues would reduce fraying as
previously suggesued (Kelleubach & Bermau, 1877).

4.3;1. Results | ._ T R : - ‘ :/;
The following free oligoribonucleotides were used io this etué§:
ABcU, AGCUA, AAEECU AAGcua, AAGCUU aacCuua, CAUG, calica, calicu, ackue,
/\UCKUG uGca and UGCAA. Sequences, adcu, aclua, cdue, CAGGA cacU
//t" .. (Rcmgniuk et al. 1978; Romaniuk, 1979)_aud AAGCUU (Borer %E_gk. 1975;
—~ Kan ég;gl. 1975) have been'described previously, but were an integral
part of thie study. The results reported-here plus those In a following
section firmly establish the role of terminal non—base paired residues
in dupIEx stability |
The procedure of incrementai‘enalysis (ﬁorer et al. 1975) was ueed
to make the chemical shift aosignments, which are summarized in‘Tables"
21-23. The simultaneous irradiatiou of any:pyrimidine Héﬁ‘resonanees
* with the subsequent collapse of the corresponding pyrimidine H-5 ‘
resonances proved‘useful in the assignment of the: anomeric (H-l ) ribose .

resonances as well as the H-5 signéls. Often UH-1' and CH-1' resonances

were equivalent at 70°C,. but separated at lower temperatures. At low

ub
.
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temperatures (<30°C), ribose H—i' proton signals we}e often observed as
uioad singlets (J1', 2' <1.0 Hz). Such a reduction in ;he coupling
constant reflects a high degree of base seacking (4ltona, 1975).
4.3.1.1. cale Serdes (Table 21) -

The:reéoﬁEnces for'CKﬁG have been reported previousiy (Ganoza
et al al 1979) Extension of ‘i:he sequence to CAﬁGA'resuifed in the
appearance- of two additional singlets and a doubIEt in the 70 C spectrum:
‘A(S)H-S (8. 320 ppm), A(5)H-2 (8.189 ppm) and A(5)H-1' (6 060 ppm). Both
AH=-2 :esonances are ehemically equivalent at 70°cC. Addition of 5'-

i edeuusine residue resulted.in,au overall ehieidiug'thrdughoue the
sequence. Aupearance'of additioﬂal douﬁlets; U(5)B-6 (7. 825 PPm),

‘ U(S)H—S (5.812 ppm) -and U(S)H—l' (5, 873 ppm) confirmed the spectrum of

CAUGU.

Extension of GAUG to ACAUG and UCAUG resulted in’ the' appearance .

of the expected additioual‘resonences:”A(l)H-s (8.229 gpm), A(le—Z
(8.129 ppm) and A(l)H—l' (5;585'ppm), and U(l)H—GN(7.762‘ppmszﬁU(l)H-S
(5.808 ppm) and U(1l)B-1' (5.861 ppmj respectively. The‘shielding of the
additional A residue exuended part wdy;albng Lhe'sequence ACKhG whereas
the additional U residue caused a slight overall deshielding.

4.3,1.2. UGCA Series (Table 22)

°

The resonances of UG were'assigned by comparison with published
data (Ezra ét al. 1977). Extension to UCC resulted in the eupearance of
three additional doublets in the 70°C spectrum. C(3)Hﬂ6 (7. 809 ppm),
C(3)B~1' (5.932 ppm) and C(3)H-5 (5.958 pPm) . )

The adenosine resonances of UGCA spectrum-were_easily identified

by the appearance of two additional singlets: A(4)H-8 (8.362 ppm) and

~ .
S
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- "TABLE 21,
CHEMICAL SHIFTS OF CAUG SERIES AT 70°C IN' D)0
PROTON CAUG ’CADGA CAUGU 'ACAUG UCAUG
i > CHEMICAL SHIFTS®
A(1)H-8 " ‘ - 8.229
A(2)8~8 - 8.354 8.343 8.352 ' : :
A(3)H-8 ) ‘ 8.305 8.365
A(5)H~8 . 8.320- :
A(1)H-2 _ o g 8.129
A(2)H-2 8.196 8.189 8.199
A(3)H-2 ' . ' - 8.134 8.177
A(S)H-2 : 8.189: T - '
. G(4)n-~-8 74962 7.896 7.958 ,
G(5)B-8 , : - . 7.950 . 7.963
C{1)H~6 7.665 . 7.644 - 7.662 o
C(2)H-6 ’ 7.688 7.730-
~U(L)H-6 : o . 7.762
» U(3)H~-6 7.699 7.682 7.692 : :
~ U(4)H~6. ‘ C 7.688 7.705
T U(5)B-6- - 7.828
A(1)B-1" ' S 5.985
A(2)B-1" 6.043 . 6.047 . 6.037 N L
‘A3)H-1" IR T 5.997 &.047
. A(5)H-1' 6.060 o - ' :
- G(4)H-1! ' 5.835 5.739 5.848 - _ i
G(5)B-1' .~ 5.850  5.840
\ c(L)-1'" - 5.773 5.783 5.772 S
C(2)g~1' - S . 5.82 .  5.814
C(1)B-5 '5.905 5.923 5.912 . g
. C{(2)H~5 - e ‘. 5,864 5.954
U(1)H-1' : . } _— 5.861 .
U(3)E-1" . 5.822 5.796 . 5.814 :
U(&)H—l" ' 5.795 5.814
- U(5)E~-1" 5.873 :
U(1)H-5 o . S 5.808
U(3)H-5 ' 5.746 5.762 "5.749 , : ,
U(4)H=5 s : . 5,731 - 5.733
© U(5)H~5 & 5.813 ‘

/3 5D = 7.0;

b’

concentratioﬁS' 9 4 12 mM

' =

Chemical shifts are in ppm relative to DSS using t-butyl alcohol-OD
as an internal reference and are accurate to %0, 005 ppm.

o
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TABLE 22
(CHEMICAL SHIFTS OF UGCA SERIES AT 70°C IN D,0%
PROTON UG UGC UGCA UGCAA
CHEMICAL SHIFTS® -
A(4)E-8 8.362  8.270
A(5)E-8 o 8,278~
A(4)E-2 ' 8.202  8.069
D A(S)E=2 , v B.166
“ 7 6(2)E-8 8.004 8.015 7.975  7.966
. C(3)E-6 7.809 7.711.  7.692
~uas  7.723 7731 7716 7,710
1(4)3—1’ ' 6.068  5.948
AG)E-L : 16.020
. JG(Z)H—l' 5.906  5.896 5.794
Cc(EL | 5.932  5.875
. c(3)B-5 5.958  '5.853.  5.838
| U(I)E-1" 5.816  5.812  5.8lL |
D(1)E-5  5.828 - -5.832  5.811 5.807
5

Footnotes: see Table 21

120
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. A(4)H~-2 (8.202 ppm) and a ribose doublet, A(4)H-1' (6.068 ppm). A
general shielding trend extended along the sequence and agrees wvith the
findings for AGCUA. |

Comparison of the 7Q°C spectrum of UGCAA with its precursor‘UEhA
shows the appearance of another set of adenine-slgnals: A(5)H-8 (B8.278 ppm),
A(S)H—Z (8 164 ppm) and A(S)H-l' (6. 020 ppm) ﬁgain a general shielding
occurs.
 4.3.1.2. A8CU series (Tables 23a & b)

'hThe tesonances of AE were assigned by-comperison with published
dathf?Lee Egugl.‘19l6). Extension of the seqnence to AEC resulted in the
--\appearence of three additional doublets in the 7Q°C‘spectrum: C(3)H-6
(7.744 ppm), C(3)H-5 (5.876 ppm) and C(3)H-1' (5.886 ppm). |

_ Aro;atic base resonances of‘the AECU spectrum were.reedily assigned“
by‘observing two additional doublets U(A)H-G (7 768 ppm), U(4)H-5
'(S.B?l‘pnno Ribose U(4)H—1"coincided with the C(3)H-l‘ at 5. 892 ppm
Cbmparison of the;lp_c spectrum of AGCUA with that of adcu shows
the appearance of thteeznew signals: A(S)H—B-(S'déB ppm), A(5)H-2
.(8;186 po;) and A(5)B-1' (6;063 ppm}.. Addition of the terminal A resulted

dn a general shielding of mosE\of the resonances. The only difficulty
- T

this shielding caused was in the assignment of the AH-2 resonances. The
more . shielded resonsnce was assigned to A(l)H—Z which reflects the -

general sh%elding trend throughout the sequence.

s e “

The respnances attributable to the additionel 5'-adenosine in
.AAabﬁ were routinely assigned.by reference-to the‘AGCU 70°C spectrum;
A(1)H-8 (8.204 ppm),. K(l)H;Z (8.986 ppm)tend e(l)h—l' (5.891 ppm). This
dangling_adenosine'results in some‘shieldinglof the neighbouring residues

but is not as'extensive as with the-3'-dangling adenoine 1in AGCUA.

T T L L MY = rim oy T TR byt e Ty, 2 T T W11
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TABLE 23a )
CHEMICAL SHIFTS OF THE AROMATIC PROTONS IN THE

AGCU SERIES AT 70°C IN 1)20";l

Vi

internal

reference and are accurate_to *+0.005 ppm.

CHEMICAL SHIFTS’ L
. : : @ 85“c @ 85°C

. PROTON AG  AGC  AGCU  AGCUA  AAGCU  AAGCUA = AAGCUU  AAGCUUA
A(1l)H-8 8.238 8,282 8.248 8.229 8.201 8.182 8.196 8.200
A(2)H-8. - 8.224 8.224 8.253 8.237
A((s)u-& 8.343

A(6)n-8 o 8.323

A(7)H-8 ' ‘ 8.1354
A(1)H-2 8,18  8.180 8,176 8.144 8.084 - B.038 8.147 8.114
AC2)H-2. : : LA - 8.119 8.051 8.130 8.091
A(5)H-2. 8.1%6

A(6)H-2 ‘ i B.114

A(NH-2 ' _ 8.192
G(2)H-8  7.942 7.926 7.926 7.929 :

GT3)H=8 : _ ' 7.844 7.810- 7.880 7.866
C(3)H~6 7.744 7.737 - 7.704

C(MH-6 7.713 7.667 7,729 7.716
U(4)H-6 7.768 7.698 o

U(5)H-6 _ . 7.767 7.686 7.767 7.738
U({6)H-6 4 : - , e 7.783 7.716
a »

% pD = 7.0; Concentrations: 9 — 12 mM \“
‘b

Chemical shifts are in ppm° relative to DSS using t-butyl aledhol-D as an

(44"



TABLE 23b

CHEMICAL SHIFTS OF THE ANOMERIC H-1' AND AROMATIC H-5 PROTONS

e

-

OF THE AGCU SERIES AT 70°C IN D

a
40

CHEMICAL SHIFTS®

@ 85°C @ 85°C

PROTON AG AGC AGCU  AGCUA  AAGCU AAGCUA - AAGCUU AAGCUUA
A(L)H-1' 5.967  5.974 5,978  5.965  5.891 . 5.888 5.899  5.896
A(2)n-1' ' ©5.930 5.922 5,960  5.542
A(5)H~1' 6.063 ’ .

A(6)H~-1' ' . 6.040

A(DE-1' , 6.069
G(2)H-1' 5.842 5,812 5,791  5.798
G(3)H-1" - -7 5.710 5,695 5.768° 5,742

e(3)u-1! 5.886 5.903 - 5.869 o
C(4)H-1" ' : 5.869 . 5.812. 5.899  5.876
U(4)H-1" 5.892 5,817 .

- U(5)H-1" 5.869 5.790  5.899  5.830
U(6)H-1' : 5.899 5.853
C(3)H-5 5.876  5.850  5.839 : . :
C(4)H-5 : : 5.788 5.730  5.866  5.825
U(4)B-5 5.821  5.793 .

~ U(5)B-5 5.806 5.712 5,846 5,855
U(6)H-5 : 5.884 5,805

Footnotes - see Table 23a.

XA
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The spectrum for AAECUA which contains poth an additional 3!
and 5"adenosines over AGCU was assigned by comparison to the spectra
for AKGCU and AGGUA. The Tesonances correspending to the A(1)H-8,
A(1)H-2 and A(1)H-1' were assigned ;5 8,182 ﬁpm, 8.053 ppm and 5.888 ppm
respectively., The signals appearing at 8.232 ppm, 8.114 ppm and 6.04C
ppm were assigned to A(6)H-8, A(6)H-2 and A(6)H-Ll', respectively.
"The spectra for both AABCUU and AAGCUUA were taken at 85°C to.

1

eliminate all secondary interactions which weré in evidence, tova L %
significaﬁt degree, even at 70°C\ Uselof the incremental procedure or
comparisqn between similar sequences, to assign the spectral sigﬁals,
depends on the assumption that specific inter- and intrastrand effects.
are minimized‘andrthat oligomers adopt a similar averagg'conforﬁation .
under th;s'condipion.‘ Under‘the;e conditionsdphe oligoribonucleotideé
are largely unstacked. ‘
K\ . The speqtrﬁm %ar AAGCUU was assigned by comparison to AAGCU with
\“\Eﬁb additiénal uridine signals‘éppearing at: 7.783 ppr(U(6)H-6),5.884 ppm
(U(G)H—S)aﬁd 5;899‘ppm(U(6)H—l;), Thé—h(ﬁ)H—l; resonance wés cnincidéntal
| Qith the U(5)H-1;, C(4)H~l and A(i)H—l' signals but was assigned by
‘Integration of the peaks.  Also the U(6)H~1' signal sepérated out at
1éwer témperatures: The assignments were in agreeﬁent with those made
by Borgf (Borer et al. 1975). o . R -
| Assignment of'the,additional.adenoaige rggi@ué iq AAGCUUA was
’ facile by comparison with AAGCUU. The adenosipg signals were quite

distinct and resonated at: 8.354 pﬁm (A(7)H-8), 8.192 ppm (A(7)H-2) and

%.069 ppm (A(7)H-1'). Once again the addition of an adenosine resulted’

«

in a'shielding of many resoﬁances, as.previoﬁsly noted with both AGEﬁA

and UGCAA. *
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Chemical shift values for each aromatic and‘ribose signal were
plotted against temperature (Figureé 17-29). Cooperative behaviour of
duplex.fofmation was Indicated By the sigmoidal nature of the curves.
Table 24 contains the average Tm values forrthe duplexes from the éKﬁG,
UGCA and ACGCU series. Table 25 shows the Tms for each curve in the atcu
and AGEUA'duplexes and the average Tmsrfor tﬁe individual base pairs in
both duplexes. Difference in G-C and AU base pair values will be
discuésed later in the context of strand fraying. - A
4.3.2, Discuss;on

‘Secondary RNA structure results from more than merEVWatson-Crick-
base pairing. Base stacking controlled by length and nearest neighbour
interactions (i.e. seqqence), non-complementary base-pairs, danéling‘bases,
loop size and terminal fraying effects, also contribute‘to“;enéral
stability. Optical-gfudies can‘providé values for overall conformational
-cﬁange‘but fail td‘evaluate the algebraig contribution of e;ch feaﬁure.
Variable temperature 1H—NMR spectroscopy has‘that capability. Alreadf
this methodology has been used to identify various nﬁnkbonded interactions
_‘anle%U base pairs as ﬁertﬁrbations withiq short duple#es. The role of
dangling bases in short RNA duplex stability will h;w be discussed.

The seriés of synthétic oligoribonucleotiqes CAﬁCA, CAﬁCU, ACXUG,-
UCKﬁG, each c;ntgin the éommon self—compleﬁeﬁtafy sequence, CKUG, and an |
additional residue destined to become the 3'- or 5'-dangling base on
duplex formation. ' . |

CAUGA
e.g. 2 callea 2. '}lLL (3"-dangling A duplex)
AGH ‘ &
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Stabilities of duplexes with 5'- and 3"-dangling bases, both adenine and
uracil, were compared with the"reference dﬁplex,_CKﬁG:CKﬁGA(Table 24).
Cléﬁrly, the-dangling bases Increase stability, purines more than
pyrimidines, with melting temperature differencesNQE 12°C for adenine
and 5°C for uracil (Figures 17-21).

The effect of a dangling adenosine on referencq CKUG is
especially stfiking when compared with‘tﬁe reference dupiex containing
an ?nternal A-A non~bonded p;ir, CAEUG:CAKUG, which‘has'a‘Tm <0°C
(Romaniuk et al. 1979), The dangling adenosine stabilizes the duplex by
as much as 12°C whereas tﬁé internal-A;A pair destabilizes the dupiex Sy
at least 24°C. Even with duplex, AGKCU:AGKCU (Tm'= 26°C) the A-A pair
disrupts the referencg, AECU‘(Tﬁ = 34°C), by 9°C (Section 4.2).' Thi;
was notewérthy in light of the fé;t that all duplexes conﬁain the_same
ﬁatson-Crick pairs and each single sﬁrand contaips the same bases.

-Apparently, in the dangling base duplex the adenosines-ektend.and
stréngthen the b?5§m§E§EEEESAQE¥EE9 dupleg whereas the inﬁerﬁal non-—
bonded aaenosines distupt dupleéx formatiom.

Another valuable comparison was poséible with the reference

‘duplex containing an additional A-U pair, CAUUG:CAAUG (T_ = 28.5°C)

(Romaniuk g&jg}, 1979) indicaﬁing that the increase in Tm resulting from

an additional internal A-U base ‘pair (cf. CKUG) was similar té thé
increase that results from having a_dangling uri&ine’at each terminus,
but less than the feéult from a dangling‘adenoéiné. _In view éf the fact
that Ease stacking should be similar in all single strands ;nd that the
‘dubleﬁ containing the additional inEf:zzl AU fair has g}zg‘Watsoﬁ-Cfick

palrs compared to four in the dangling“base dufléx; a satisfactory -
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TABLE 24
MELTING TEMPERATURES OF BASE PAIRED DUPLEXES

INCREASE IN Tp
DUPLEX - AVERAGE T, (°C}  OVER REFERENCE

_ CAUG 24 ref
ACATG 35 11
UCAUG - 30 | 5
CAUGA ™~ * 36 12
CAUGU 30 5
CAATG <o
UGCA 33 ref
UGCAA 46 13
AGCU 34 ref
AGGUA 45 11
AAGCU 30 -4
AAGCUA 49 15
AAGCUU 54 ) ref.
AAGCUUA 65 11 9

— - — e — e e — e - — e m—— — e — — E—
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explanation for the magnitude of the dangling base contribution to duplex
stability was not immediately apparent. However, if result$ for the

insertion of an AU ?ase pair into tetraner duplex, AGCU (fm = 34°C), to

 give Ehe duplex, AGKCU:AGﬁCU (Tm = 46°C), were considered, it was noted

. to contradict a previous study with duplex AAECUU (Kan et al. 1975 Borer

" that the additional A-U base palr increased the T by 12°C, similar to N

the effect of the.dangling adenosine on CAUGA,  This impifed thaé the’

three A-U base pair core of CAKhG:CAﬁﬁG is'actually less stable than

expected This may, be due to the poor stacking of %ég sequences as

'suggested in Sectinn 4, 2

This study demonstrated that dangling bases can add stability to

sequences with non—fraying ends Therefore, increases in the stability

of: duplexes with dangling residues _was mot merely a result of a reduction

in terminal base palr fraying, but rather was due to an: increase in the
extent and strength of'tase stacking. ,

7' Stabilities of duplenes_formed by UGCA and UGEAA‘were next
considered (Table-24‘ Figure5'22 and 23). The duplex ucca (T = 33°C>'

was stabilized by 13°c when the 3'-dangling adenosine was added to give

.duplex UGEAA (T = 46° C) and was in agreement with the findings for CAUG

Although A U base pairs occupy the terminal positions of this

duplex, U&CA' no, fraying was observed (Figure 22) This result appeared
-~ -

» et al. 1975), where terndnal A-U base pairs appear to fray, ize..the

ayerage Tm from the terminal A“U base pair plots were significantly

lower than the T, for those of the internal G-C:and A-U base pairs

(Table 26). The fact .that UGCA gave no indication of fraying suggests

that fraying may be a sequence—dependent phenomenon, a result supported

ped
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by work with the duplex formed by AECA:UECU. This duplex elso has two
termipal A-U and two internal G+C base palrs, but there was no
significant difference in Fhe Tms of the various sigmoidal curves,
indicating fraying was aﬁsent (Romaniuk, 1979).

A study of the stabilities fer the AECU series was significant
in that the Tms observed for the individual curves for AECU (Figﬁre 24)
reveeled iifferences Between.the terminal A-U and internal G-C base pairs
(Table 25) (Romaniuk, 1979 Neilson et al. 1980), possibly indicatihg
fraying These results were In’ agreement with those for the earlier ‘
AAGCUU study (Borer et al. 1975; Kan ‘et al. 1975).

- Two tetramers, AGCU and UGCA, each centaining (1) an equél
gumber of A-U“and G-C baee pairs and (2) terminal A-U base paifé, were
now shown to,pessess different termiﬁal base pair stabilifiee. ’Prfﬁary-J
’sequence would appear to play an important role in this phenoﬁenon. ‘ -

Since all stra;de of ﬂoth duplexes‘were comﬁletelf stacked (all Jl"ZT
.<l.0 Hz) the less staﬂle A-U pairs must,posse?s ; greater tendency-to
unwind in the Aabb duplex. Sigﬁificantly, addition Qf adenosine to give
| duplex'Ac;EﬁIa.. (Flgure 25) increaeed the T by 11°C to 45°C from 34°C for
AGCU This increase was similar to that seen for CAUG Closer-
inspection of the T s for the individual base pairs (Table 25) revealed
that the degree. of instability was greater in the parentlAGCU duplex
(A Im e Im (G*C)- mtA'U)=5°C than in the AGEﬁA duplex (Tﬁ e 2°C),.an
. observation that s. ports an earlier hypothesis that dangling bases.
| could reduce,fraying (Ke11Enbach_& Berman, 1977). The extension of -the
base stackiag in AGEﬁA; reselting from the addition of tﬁe danglipg

adenosiﬁe, strengthens rerminal A?U3Ease palrs, so increasihg their

v
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. TABLE 25
DETERMINATION OF MELTING TEMPERATURES )
OF AGCU AND AGCUA
Resonance T (°C)  Average Tm/ = Average Ty
« - y Base Pair for Duplex S
(1) AGCU
, S awE-2 o3
' A(L)E-1' 26
UC4)E-1' 34 31 B
U(sHE-5 T 34, . _ 34
G(2)H-8 33
. E(3)E-6 38 S - ST o
C(3)B-5 % 3 ' |
G(2)H-1" 43 )
C(3)B-1" 33 R
A\ R
(2) AGCUA
A(5)H-8 &4 _ .
A(1)H-8 44 o - ’ IS
A(5)E-2 44 | ' |
A(1)B-2 43 7 44
A(5)B-1" 44
U(4)H-11 43 N
U(4)ES 47 o 45
G(2)H-8 45 \
C(3)H~6 45
- C(3)B-1' 45 46
M5 49 )

G(2)B-1" 48

%
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individual Tm's relative to the internal G-Crpairs. Examination of the
variable temperature plots ior AGCU and AGGUA (Figures 24 and 25)
duplexes reveals Ih values eannot be explained by end-to-end duplex
aggregation since all‘melting curves exhibit sigmoidal behaviour and a
_‘deerease in temperature dependence of shielding at lower temperatures
(Patel, 1970).

In thelAECﬁ duplex, all H-1' doublets were reduoed.to.broad“
singlets (Jl"z' <1.0 Hz) at.temperatures (<30°C). Ihis result was
consistent with a high degree of base-stacking (Altona, 1975) necessary
. for duplex formation. The A{5)HE~1' doublet of AGEﬁA, hoﬁever, remailned

s

well’resolved (31,,2, = 2.4 ﬁz.at 20°C) at temperatures below the duplex

Tm’ while tne other anomeric signals nere already singlets at 46°C. ’//;//////i/.
‘This observation implied that the dangling adenosine was less stacked ” :
relative to the‘residues involved in base pairing and so enjoyed more

rotational freedom reminiscent of the orientation of the CCA arm in :

tRNAs (Rdich, 12}7). All bases in the CAUG series duplexes were highly

stacked, includiﬁk the dangling bases, conmsequently such rotational

freedom of’the dangling A in the AGEﬁA duplex is consistent with non_
stable tgrminal A-U base pairs in the ACCU series. o
The results in this;stud& were c¢onsidered open.to question
beca;ae of the reiatively small differeuce seen in the Tms for the . ‘ ;ﬁ
. terminal A*U and internal G- C pairs in AGCU. Borer (1975), in nis
studies, found much larger differencas in the T s for AAGCUU . It was
decided to repeat the experiments with AAGCUU to determine the extent of
fraying, 1if any, then add an additional 3= dangling adencsine and
*determine if any difference in fraying or duplex stability occurred

(Figures-26 and 27).
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- Results for AAECUU and AAECUUA are presented in Table 26 and
deviations from Borer's results ere immediately obvious. Borer's
results indicate that the terminal A*U and internal A-U base palrs melt
well before the G*C core. On the other hand, studies eith AAECUU in Ehis
laboratory showed no significant differences in the T s of the individual
base pairs. These results were difficult to explain since the assignments
at high temperature agree with those of Borer. Also, the tempera}ure

versus, chemical shift curves ghowed behaviour similar to those preSenfed

3

by Borer (Figures 26 and 27). However, Borer was able to follaw ‘the -
‘chemical shifts to far lower temperatures and, "in addition, could back

up hig results with observations of NH resonances which are directly
involved with H-bond formation in base pairing. Despite the differenees
in the Tme for .the individual base palrs, the average\Tm for each duplex

was ver& eimilar. The differences between‘the:two studies cannotf he

satisfac orilf explained without much additional worﬁ, including study

2 NH resdﬁances. -Hewever, the results ebtainee with the rest of
e gtudy are significant. When a dangling adenosine was added to AAGCUU
to give-the depler-AAEbUUA tﬁe Tm increased to 65°¢. Oﬁce_egain the. |
-dangling aéenosiee §tabilizee_the duplex. by 1;°C in.agreement with the
previous results. ihereﬁore, whether AAECUU frays or not, the dangling
adenosine increases'euplex srability.

| ﬂFrde TabIQS"éﬁ—?G‘a comparison of‘rhe increase in Tm values
.reveals that whether the eeeuence was suspected of frayiné or not bad no’
effectwon the increase‘in duplex stebility from'a.dangling adenosine,
.fn eaeh case a daﬁgling adencosine atabiliees the duplex by ll°;l3°C.

A dangling base ﬁés thought to stabilize een-fraying duplexes simplf by

s
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TABLE 26
COMPARISON OF THE Tms OBTAINED FOR THE
A+U AND G-C BASE PAIRS IN AAGCUU

SEQUENCE (Tm in °C) -

Base Pair AAGCUT AAGCOU ~ AAGCUUA

(Alkema, 1981) (Borer et al. 1975)
Terminal . — o : o
D .55 _ _47 64 o
Internal -
AT 52 48 66
Core ' . : , ' o ;
ore 53 | 57 67 ' : |
Average o os4 53. 65
- . : )
E
5 ;
&
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extending and_strengthening base stacking throughout the sequence and
thus stabilizing the base pairs to a greater degree. ‘On the other hand,
witn fraying duplexes a dangling base was thought. .to reduce the fraying
of terminal base pairs (Kallenbaeh & Berman, 197f). However, it would
still increase base stacking as well and, therefore, adenosine
contributes in two ways to the stability of duplexes that fray.

Accordingly, duplexes that have a tendency to fray should exhibit greater

‘changes in T than duplexes that do not fray when a. dangling adenosine

1s added. AECU and UGCA have similar T e but ACGCU is thought to fray,
while UaCA definitely does not. Also, when a dangling adenosine was

added,-both duplexes were stabilized to similar extents and in feet

uéca shows a greater.inerease in T . Similarly,'AAECUUA only increased

by 11°C over aateuy. CAUG ‘which does not fray, was alse stabilized by _‘—

ll°-12 C when a5~ or 3'—dangling adenosine was added These?results
suggest that a dangling adenosine stabllizes the duplex only by
extension and strenghtening of base stacking throughout the duplexrand
has little or no effect om fraying.‘ Alternatively, it_éuggests that the .
traying'bases have little effect on duplex stabiiity.which is determined
by the G-é core;: | |

Tetramer, AECU also servedlas reference duplex for the effects
of a 5'-dangling @denosine in ouplex AAGCU (Figure 28) and for the

effects of a 5'- and 3'—dangling adenosine on the same sequence in the

duplex AAGCUA (Figure 29) Table 24 presents the results obtained for

these studies. The presence ofla 5'-dangling adenosine on AAGCU‘ectually
destabilized the duplex (T, = 304C vs. 34°C}. This dangling kase did
not eppear to extend base stacking and in fact seemed to‘disr"pt base

-
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pairing. This result is in direi::t contrast -to the studies of 5'-
dangling bases on CKUG An explanation for thit interesting finding was
not available until after trimer GCA was studied (Section 4.4).

' Cofiparison of the duplex from A_AGCUA, which has two terminal A-A
non-baseepai.red nairs, with its parent tetraine'r duplex AECU was |
significa.nt (T 8 49° C vs. 34 C) A*A pai'rs are ceni‘;'res of instabil:l:r:jr.‘.'5 &

within duplexeS' for example, duplex CAAUG CAAUG cannot be detected .

(Romaniuk‘_et al. 1979) -and duplex AGACU: AGACU (T - ZQ C) was significantly s
: o - e B
less stable®han the parent ACCU. However, in the duplex with terminal

1o

AA Dairs. sufficient geometric flexibilitv must exist to tolerate the '

7 ‘ o S adenosine residd’es in opposing positions and still mainta:l_n extension of
e * ' base stacking to these same adenosine‘residues. A partially “nwound""

hexamer duplex appeared to be more stable than a "tight" tetramer duplex N

. o

- ., with a similar WatsonQCrick base-pbai‘r‘ed core. - This finding has _d_ir'ect. P
.bearingl'on the j{mction of dupleic .and non-duplex regi’ons within native - - ‘

RlNIA ’molecules.» Purine residues m' ‘the immediate non—paired nositions'

may contribute to overall stability despite their apparent steric

interaction. - B ?-' o -
) - From the results obtained it is clear that dangling bases
T \ contri‘bute significantly to the overaﬁ duplex stability The studies
presented here _serve as models’formlex regions that have 1oops

ﬂ »
adjacent to -them.' ThereSultaysuAp\p-brt earlier theor;Les that Lloop

. : A
regions stabilize duplex regions (Grosjean et al. 1978) but that -
. . stability was dependent_up'on—the natufe (l.e. sequence) of base residues:

within the dangling sequence. The results also question the :me-oriance

L o [ . ) .
of. base. fraying. and the -effect that dangling bases have on fraying.




cOmp1ementary tetr%mé? duplex, formed from UECA, which contains four,

- residues wﬁose-contriggt ons to duplex stability apéroxiﬁate.those of

:ueing the phosphotriester method. Variable temperature lH-NMR spectro-

.Bcopy "was used to‘mcnitor duplex stability. .The chemical shifts were’ ‘

% . . : 149

4.4, Triplet GpCpA Forms a Stable RNA Duplex (Alkema et al. 1981)
]

Perfect RNA duplexes containing three Watson-Crick base pairs

are unstable under physiological conditionsy(Jaskunas et al. 1968;

Brahms et al. 1969; Borer et al. 1974). Triribonucleetides,‘however;

s o . N
have been found to form stable duplexes if there are adjacent single

stranded helical regions, such -as in tRNA 106ps,‘where the bases aiteédy-

stacked in the_heiix‘accdunt'for the enhanced stability (Uhlenbeck 55155.

R , -
1970; Grosjean et al. 1978). An alternate means of increasing base

étackihg,.and éo streﬁgthening the overall duplex; is the presente of
dangling bases (Martin et al 1971; Neilson et al. 1980 Section 4.3).

In the constant search for factors: that affect duplex stability

.and in the ongoing attempt to.synthESize, analyze and characterize all
‘64 poseib;e trimers; the firet triribonucleotide to form a simple stable

deplex, GEA:GEA_wae discorered. Duplex_GCA?GCA contains two G-.C Watspn—
" Crick hase'pairs and twor3'—daqgling'adenosines: markably, this

'duplex had a stability similar to that of the ¢ responding self-

)
Watson-Crick pairs.  The \trimer, -therefore, must derive its stability\\\\\\§;) -
sine

" , . & <
over the dinucleotide duplex GC:6C by virtue of 1ts 3'-dangling adenos
' ‘ Y

'.'0113- ) ‘ eotides, GC, GCA, GCAA and AGC were synthesized

routineiy-assigned by comparison to UGCA aii the chemical shift vs.

A
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TABLE 27 |
NMR CHEMICAL suiF: AséchMENrs FOR GCA (7.3 mM)
" DVER'?ﬁE TEMPERATURE RANGE 70°c-d°c
70.6° 59:6°- 47:9° .38.5°  27.1° ° 20.0° 12.0° 076°‘ T ®°

Y

A(3)H-8 8.348  8.340 8.310 8,264 8,191  8.156 - 8.120  8.085  30.5

A(3)E-2 - 8,191 8,153 8,069  7.955  7,790° . 7.703  7.624 . 7.564 32

G(M-8.- 7.920  7.925  7.941  7.969  8.009  8.031  8.045  8.053 132
C(2)E-6 7709 - 7.699  7.685 , 7.669° 7.647 -7.642 s7.641  7.634  NSB
A()E-1'  6.061  6.057  6.046  6.03  6.027  6.022  6.017  6.010  NSB
C(2)H-1'  5.883  5.850  5.808  5.744  5.652  5/600  5.554  5.516 32

G(Lye-1'  5.812  .5.807 75.800 | ‘5.801 = 5.811 ' 5.817. 5,812 5.798  "~ NSB
C(2)H-5 r\\\5‘837 . 5.774  5.659  5.527 '5.362  5.287  5.216. - 39

Average T = 33
m

NSB : No sigmoidal behaviour
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temperature changes for the aromatic and ribose H-1' protons of GCA are
shown in Figure 30 and ligzed,in Téble 27. . The averaged Tm for the

sigmoidal plots of these protons is 33°C at 7.3 mM. The plots displayed

T .
in Figure 3Q are only consistent with a GCA duplex containing two Watson-

Crick base pairs. The chemical shift of CH-5 changed by 0.615 ppm to
higher field over the temperature range 70f—10°C, and fhis upfield
movemenﬁ~is characteriétic of a CH-5 on a cytidine invélved in normal
G°C Watson-Crick base paifing as shown by the 0.559 ppm.upfield:shift
.for the CH-5 in the UECA duplex (see'TablehZS and Figure 2Z in Section
§.3.2.). Pfotoné, AH-8 and AH-2, cn the dangling adenosines also
exhibit-prdnouncedlupfield chemical shift chaﬁges.during GCA duplek
lformation, iﬁdicating their'involvément in duélex formation.. Iﬁ
addition,'the Jl,fzy‘coupling constants for.the ribose H-1' proﬁons of
tﬁe,gdanpsine and cytidine residues collapse to <0.5'H; belﬁw 30°C while '
the Jl;’2; values for the adenosine decrease buf do not bgcomé <Q.5 Hz -
untll temperature approaches 0°C. This was indicative of-stréng GC
stackiné, wﬁile thé 3'— adenosine unit stﬁ}l fetained some flexibility
in the duplex (Cheng et al. 1980).
*4.4.2., Discussion | _
VAiﬁhéugh the trimgr, GEA, contains a purine—pfrimidine—purine‘
- sequence, these results proVided an interesting contfast to those
3 . .
obtained from studies with similar type base séquences which ﬁreferred‘
internal bulge‘base‘éonformations (Lee & Tinocb, 1989) at lowe; -
;emperatufes. ‘ . : . .
The épectacﬁlér stability of the ¢EA‘dupléx » with its 3f;

b .
dangling adenosine,_was even more dramatic when compared to the

i e il a e e

]
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L - TABLE 28

| . | R A .
NMR CHEMICATEMIFT ASSIGNMENTS FOR UGCA (8.2 mM)
dVER THE TEMPERATURE RANGE 70°C-0°C '
Resonance 70.6°  62.0°  53.3°  43.4°  38.5°  33,4°  27.9°  19.8°  12.1°  2.5° T°
M-8 B.362  8.359  B.349  8.320  8.274  8.232 8,167 — 6092 _8.014  7.977 ' 30.5
T AH-2 8.202  8.183  8.147  8.066  7.978 7,887  7.760  7.616  7.463 7.39  30.5
Gi-8 7.975 7.975  7.978  7.98%  7.978  7.978  7.958  7.919  7.864 . 40,5
W6 7706 .7.727  7.747° 7.193  7.819  7.845  7.874 - 7.874  7.825  7.78L  NSB
oH-6 7.711 - 7.700  7.692  1.675 _ 7.664. 7.661°  7.642  7.646  7.638 NSB
AH-1! 6.068  6.063 '_76.062 6.057 6.049 ~ 6.045  6.039 ,'6.055 6.027  6.021 32.0
cH-1" 5.875  5.865  5.845  5.808  5.777  5.812 . 5.812 5.819  5.806 - NSB
' CH-5 . 5.853  5.806 ,_3.749 " 5.640  5.565  5.488 5l407 5.335  5.259  5.221  38.0
é“\ -5 . s}sfii 5,798 5,790, '5.7937‘ 5.791  5.798  5.798 5,782  5.764  5.749.  NSB '
w-l'  5.811  5.803 5.811  5.769  5.733 5.682 50627  5.511  5.477  5.467  30.5
Gi-1' 5.794  5.812°  5.811  5.769  5.770  5.739  5.627 - 5.526 5.646  5.524  32.0

Average T = 33
m

'NSB: No sigmoidal behaviour -

A - e e eyl e s e e
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TABLE -29

NMR CHEMICAL SHIFT ASSIGNMENTS FOR AGC (16 mM) .

OVER THE TEMPERATURE RANGE 70°C-0°C

. 72.1° . 60.6°  50.0°  37.7°  31.7° . 20.6° 9.6° . 0.4°

AH-8  8.238  8.235 '8.235  8.227  8.224 8.213  8.191 ' 8.191
@ AH-2 8,170  8.143  8.116  8.072  8.050  8.004 7.845  7.909 :
GR-8  7.93%  7.909  7.882 . 7.842  7.820  7.768  7.687  7.627. |
@-6  7.748  7.737  7.725  7.707  7.698  7.67B  7.643  7.627" |
AH-1' 5,969  5.960  5.953  5.935  5.926  5.899  5.846 . 5.821
B-5  5.872 5.834  5.788  5.724  5.698  5.639  5.533 5.493
CH-1'  5.889  5.866  5.854 5,834 5.826  5.802 5.767 5.740
M eme1'  5.809  5.778  5.754  5.702  5.678  5.630  5.566 5.526
| . :

.
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trinucleotide, AGC, which contains a 5'-dangling adenosine. Chemicsal

shift vs. temperature changes for the aromatic and ribose H-1' protons
<

. .
e e et e i e et i

of AGC at' 16.0 mM are shown in Table 29 and Figure 31. The small
chemical shift changes observed are typical for all reported trinucleo-

tides (Lee & Tinoco, 1980; Everett et al. 1980) and implies that for tﬂe'

be <0°C.

.
e vt ——
© imEaien -

o APSNIEPIPE.

normal molar-ponoeatration range (1-10 mM) the averaged Tm value would \§\J//
The behaviour, of the CH~5 proton of AGC 1is-also indicative of
there being no significant interactioﬁ of cytidine and guanosine in the

normal Watson~Crick manner, at temperatures down to 0°C. 0bservatiops

that 3'—daninng residues contribute more to duplex stability than

corresponding 5’—dangling resldues have been previously reported (Gennis

& Cantor, 1970, Section 4.3.2.). The greater helical overlap of a 3'-

daﬂgling base residue generates increased aromatic ring-current inter-

?

action within a strand, enhaneing base stacking, which in turﬁ'streﬁgthens
duplex formation. Additional studies have indicated that within single

strands, chemical shift parameters for 3"-adjacent bases are greater than’

those for eorresponding 5'-neighbours. Larget shift parameters (Kearps
& Shulman, 1974) are used- for flanking 3'~nei uboors when assigning S
ring protens in A-U and G-C hydrogen-bonded systems.

Comparison of Géa with UGCA is

zg,.teﬁperatore data tor the\aromatic aa
" at. 8.2 mM are contained in iab}e 28 and its avé}égerTm was 33°c.
‘Reﬁarkably, the GCA duolex'whieﬁ contains ouly two ﬁatson—CricE base
palrs and two dangling adenosine residues, ‘18 equal in stability to the
UGCA ‘duplex which contains four Watson~Crick base pairs. It is

considered that a combination of factors: base-stacking,:hydrophobic

Vo

. . t
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TABLE 30

‘

ACAYH-1' 6.038  6.024

CA(HH-1' 5.977  5.957

CH-5
CH-1'

GH-1'

NSB: no

FMR CHEMICAL SHIFT ASSIGNMENTS FOR GCAA (7.3'mM) )
OVER THEVTEMPERATURE RAﬁGﬁ720°ch°c
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interactions, solvation and entropic effects, as well as Watson-Crick
hydrogen-bonding, contributejto duplex stability.

Stabllity of the GEAA duplex was ;lso studied and its Tm round
to be 34°C at 7.3 mM (Table 30, Figure 32). Behaviour was similar to -
that for GCA and it was noteworthyrthat the effects of 3'-terminal

dangling adenosines were cooperative. However,‘thelresidue inmediately

'adjacent‘to‘thehbaseepaired €E§ion’appearsto make the major.contribution

.to duplex stability;considering‘the additional 3'—adeqpsine;made little

contribution to overall duplex stability S

4,5, Contribution from Non—Paired Residues to the Direction of Stacking

.and 1ts Importance in Duplex- Stability (Alkema et al. 198l).

- The preceding sections strongly indicated\tb?; the secondary

structure of RNA results from more than.simple Whtson—Crick base pairing.
-

Non—complementary base pairs, dangling baseg, loop size and terminal

fraying effects, also contribute to general stability. These,factors

all affect base stacking and it is becoming apparent'that base stacking

is as important to duplex stability as base pairing. Base stacking_is

also controlled by length and nearest—neighbour interactions (i.e.

sequence). However, the results obtained with GCA, when compared to

AEC,'ﬁﬁve brought forward an influence on base stacking that strongly

\Ve

affeéts doplex stability. The role of the direction of baselstacking in -

N

. short RNA duplex stability will now be considered.

@

" The results obtained in the GtA study were significant not only

because it was the first trimer to form a duplex but also, because of

‘the comparison with aGc which did not duplex.. ihe,S’-dangling adenosine

in AGC.did not stabiliZe the duplex. This finding'nas.supported by the
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results for duplex AAECU (Tm = 29°C)-Which‘also has a 5'-danglin'g:‘
adenosine and was less s‘table than the reference duplex, AECU‘(Tm = 34°C).
However, the duplex AGEUA with a 3'-dangling .ad'enosine, was considerabl-y
more stable ‘than ::he reference, with a T = 45°C (Table 24). AlthOugh
the 5'-dangling adenosines ‘did result in some shieldi,ng of the other
resonances, as with a 3'-dangling adenosine, this shielding was not an
indication of -its effect on duplex stability. The problem was further
complicated when the results for ACK.UG and CAiI*GA were considered. ' In
:these duplexes ‘adenosine '.stabili‘zed to the same extent whether 3' or

5! (Table 24, Section 4.3.2). . -

.-r'

In addition to providing tpe changes in chemical shift with

‘temperature. to indicate duplex formation, lH—NMR spectra also -providea//
information on the solution conformation of the individual nucleosides-
Within a sequence and“ thus of the entire sequence. This Information can
b'e o’;:aained'by measuring the- distance between peak._s .’un the H;l' doublet
(in ‘Hertz) The anomeric proton signal is split bvy“c:Oupling with the: ‘

© C-2'" proton and is called the Jl' 2,‘ coup'lin'g constant " These coupling

-

‘ constants are temperature dependent and show a gradual, if sometime
erratic, decrease in magnitude as the ltemperature 1s lowered. Low
values of the coupling constant are associated with high degrees of base
stacking and a 3'-endo’ ribose ring conformation (Evans & Sarma, 1974)
High values are associated with low degrees of base stacking and a
2 —aendo ribose ring conformation. 'I'herefore, as the temperature is
. -

B P
,loweredwthe coupling constants ‘decrease indicating a shift in the

equilibriem from the 2'-endo state to-the 3'-endo state-,—- Figure 2.

‘2') = % C(3")-endo

A simple equation: o 10(10 Jl'




-

were possible.. In general, the ngnitude of: the J

€ . P

provides an estimate to what percent each base exists in the C-3'-

or C-2"-endo conformation. Grsphing the percent C-3'-endo conformation

!
or the J 2" coupling constant of each base enables the researcher to®

determine which nucleotide stacks first and lastt .

The studies with,the trimer series, AGX and CAX (Everett et al.

1980 Section 4. l), discovered that. two different trends of stacking L

17, 2, values, in the

CAX serigs decreased in the order TASC at all temperatures whereas

v

- in the AGX series the-opposite trend, A>G>X, _existed Figures 33 and 34

show the plots of - Jl‘ 2, against temperature for two representative

cases, CAG and AGU. In two cases, CKC and CAU, there was. no clear trend

. and in some cases; such as-AGU the trend was A; G>U. However not one"

Y

case was observed where the trend was broken by following an opposite o

4

\{\

thst the AGX series ‘of compounds stacked‘ rom the 3'~end'to the 5'-e

order for a given series (e g. ALGSX).. At face ‘value® the dsga implied\\*\
nd

while the- CKX series stacked from the 5'—en to the 3'¥end ‘The reasons;

for ‘this interesting divergence in behsviour of the two series were }

unclear, especially since the trend for stacking abtdity was accepted
@

as being A>G>C>U. These results seem to imply that the diiegtion of

: stacking is sequence dependent. '. ‘f . -

- .
j3’%'"\1ook at the coupling constants for GCA and AEC revealed that

each of these sequences«had different and distinct stacking patterns

(Figures 35 and.36) This suggested that the direction of base stacking‘ o

might play a role in duplex stability Consideration of this new_‘uf
W
information 1ed to a reinvestigation of other duplexes with dangling

hases. An intriguing sequence related effect soon: emerged.

-
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Sequences, GCa, adc, Afcu, acCua, aata, aageut, AAGCUUA,
AAECUA UGCA and UGCAA all fit into a general type with a GC core,

‘
terminaluAﬂ base pairs and a 3'- and/or'S'-dangling adenosine. Duplexes
formed from GCA UGCAA AGCUA and AA&CUUA all clearly demonstrate the
increased helix stability derived from the contribution of a non-base
paired adenosine residue. Comparison of GCA with UGCA (Section 4, 4), both .
of which exhibit a T of 33° C dramatically illustrated that the |
stability of GCA was primerily due to the presenee of 3',well stecked;
non—base paired adenosine residues which were equivalent te A'U“pairs in ‘
their contribution to Auplex s‘tab‘ility. - On the other hand, the - R | ‘ '
5brtesp05ding duplex from AEC, also contains a'GC core but had 5'- *
dangling adenosines and exhibited an_estimeted-tm‘=0°c. ‘These adehosine
residues, a150'non§bese—paired, must contribute less to overall duplex
stability. Pteéunably, the greater helical overlap of a §f-ﬁase-re;idue‘
generated a greater aronetic ring-current interaction witnin*a sttand;
enhancing oveteii base stacking which, in turn, strengthened duplex
fotmatien;]‘This cbservation dlearly_contrasted with those seen esrliet in i
”'.the case'ot. . oligomer cAue (Tm = 24°C) where the dangling adenosine. <;
residues increased stability by +11°C,‘itrespeetive of'whether tﬁe_base
was. 3' or 5' (Neilson et'ei. 1980; Sectien 4:3). It should be noted, !
however, that the 3'-dangling adenosine flanked a guanosine residue |
in CAUGA and the 5'—dangling adenosine flanked a cytidine residue in Ji_ o ?ﬁ
AcRuG. o _ | .

The Jl' 2,vc:oupl:l'.ng constants obseﬁed- at alilthe -1’ .signais

¥
“in GCA and AGC showed a gradual decrease in magnitude as the temperature

was lowered. Figures 35 and 36 show the plots of Jl' ' against

-
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. 1'
- data imply that the trimer AGC. stacks from the 3'- end tor the 5'- end
\

temperature for these two trimers. Two opposite trends in the behaviour
of these coupling censtants were noted. Tn the trjimer Aab the magnitude

of the J 2,'valuea decreased in the order A>G>é, whereag in the

1,

oligomer GEA the oppesite direction of etacking (AZC>G)<existed; *:
In the dinucleoside monophosphate series, low valuealuf the

coupling ccnstants have been assoclated with a C(3')-endo ribose ring

conformation and a high degree of base atackihg-(Lee et al. 1976; Ezra

et al. 1577) If a similar relationship exigts betWeen the magnitude of

ot and base stadking for trimers as for dimers, then the present

. while the GCA oligomer ‘stacks from the 5'- end to the 3'- end.

The direction of stacking in the two trimers appeared to have’ a -
significant influence on the process of duplex formation.‘ The 5( to 3'
direction of stacking enhanced duplex formation while the 3' to ?f-
direction seemed to have an unfavourabie effect on duplex stability.

To investigate this idea fuzrther, some- additional trimers which,

theoretically could form dwplexes sinilar to cCa, uer‘e studied. Table 31

1ists a number of trimers investigated and indicates the direction of

.

stacking found'in each Surprisingly, only-GCA formed a stable RNA

’ duplea. Even CGA which was expected to duplex did not (Figure 3n.

"Although CGA displayed the favourable 5'+3'" gtacking direction (Figure 38),

"

the CG core,‘knnwn to be less stable than a GC core, appears to prevent

duplex formation ‘of the trimer. Still the chemical shift va. temperature

.plots ahowed strong upfield movement indicative of strong base stacking

and the effect of the 3'—dangling adenoaine. On the otﬁ%& hand ACG

with.its‘S‘ﬁdEngling adenosine, showed ‘no direction of stacking and

P
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. " 1aBLE 3¥
Direction of stacking in a - ° :
variety of triribonucleotides T
. . . b -
DIRECTION
OF ,
SEQUENCE: 'STACKING T IN °C
~ “pe—
‘ | W
ecA .51 3 33 .
AGC 3"+ 5 <0
CGA ) 5" + 3 <0
ACG | None <0 .
GU - 3"+ 5 <0
o .
uGce .None <0
e 3 +5' <0
CGG 5 +.3' - < 0
c6e 3'Fst <o
. - 5 , ;
CcCG 5t>3 <0 ‘ ' S e

J . temperature plots did
1|'27st emperatu P o i

not indicate a eclear direction

i .
of stacking
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almost stralght lines in tne'temperature ¥s. cﬂ%ﬁ{cal shift plots
(Figure 39a.& b). ' 7 7

The difference in the stacking patterns of the trimers with
terminal adenosines suggest that edenosine may influence the overall

stacking pattern of the sequence. In addition, a : CG core contriﬁutes

e e e R -
N n ~ ¥ i e
. . . -

less to averall duplex stability than a GC’ core, as suggested in earlier. *

LS studies (Borer et al. 1974),

4 ke it

This result is supported by work with ACGU
which has a T_ of 29°C as opposed to AGCU with a T_of 34°C. These two .
. duplexes differ only in the orientation of their G-C base pairs, ’

]
indicating that a CG sequence destabilizes the duplex,.

.

. With the results obtained with GCA- and AGC in mind, attention
was tnrned to the direction ofAstacking‘in sequences AA&CU and AGﬁﬁA.
Duplex f&%med—by oliéomer AAabU, which'cbntaine a 5'—dangling‘adenosin£
residue, also exhibits an dverail 3'- end to 5'- end base etacking s

(Figure 405, while the duplex‘fren EGﬁUK} which contains a 3r-dangling j o
- adenosine, exhibits the‘ncre stabiiizing 5'- end to 3°- end base
stacking (Figure 415,kand‘hes a va= 46°Ce(fet1e 24), Duplex AAECU hae
;_ ‘ an‘even.lower Tﬁ (30°C)  (Table 24) tnan that of the parent duplex‘AabU
X (T = 3ﬁ°C) 5'-dangling adenosine reeiduee'apperently'destabilize the

duplex formed by AAGCU by altering the base etacking direction,

- subsegnentby lowering the-helical overlap of the base residues and o
i . . _ . i . . - . L L i
possibly increasing instability of the terminal base pairs in the AaGcu - o
duple&. In contrast, in duplexes formed by oligomers AGEbA and’ also . REPE:
-

UGEAA the 3'-dangling adenosine’ residue extends the 5'- end to 3'- end ‘

base stackin;}‘strengthening'the‘terminal AU ba;E pairing, endlincreasingv
‘the overall stability. S o L '
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With both the AAGCUU and AAGCUUA duplexes the bases stack in
‘the favourable 5" to 3" direction overall. However, in both cases the
5'-adenosine was the last base_to stack (Figures 42 and 43). This

P

result indicates that the 5'-adenosine behaves in a manner similar to t

the 5"-dangling adenosine of AAECU where strand stacking occurred in the
opposite direction. Because the 5'—adenosiﬁe is H-bonded in A-U tase
pairs in both AAGCUU and AAECUUA‘duplexes, it does.not'appear to
destabilize duplex forﬁatioo, tﬁe laok_of stacking interaction is
compensated for by the 3¥bonding {Gupta & Sasisekharan, 1978a).

‘Duplex Formed from AARCUA oontairls t'(wo 3'- and two 5'-dangling
adenosines and exhibited a slightly higher T (48°C) than duplex AGCUA.
Apparently the effect of the 3'-dangling adenosines predominated and
directed base stacking to adopt the 5' to 3' direction (Figure 44). The
- additional 5'-dangling adenosines became an extension to this established
stacking and so enhanced duplex stability. | - ) R
| doosidering the results presented above, wﬁy did both 5'- and L
- 3'-dangling residues on tetramer CKUG stabilize to the same extent |

* {Section 4.4)?7 When the J . coupling constants for these sequences
; 2

1,
were studied, no pattern or direction of stacking could be detected.

Instead the coupling constants appeared to collapse at higher

temperatures, than in CIUG indicating that complete stacking of the : ’
" bases occurred earlier and thus would result in base peiriog at higher

‘temperatures and therefore a higher T . 1 g . co 7€f

The results presented in this section demonstrate the importance

 of the direction of base stacking on duplex stability. (This phenomenon

appears to be sequence depenrdent and is, therefore, of importance in
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the consideration of sequencessto be used In stability studies. It is

tempting to speculate on the bilologieal sighificance of possible changes

-

in duplex stability promoted by reverse base stacking as a result of
interaction with proteins or other nucleic acid molecules, for example,

in ?olymerése.récogniticn sites.

4.6.' Invariant édenosine Residues Stabilize tRNA D-Stems (Alkema et al.

1981; accgpted by FEBS Letters)
‘EXaminat;on of the dupiex formed by AAGCUA proved that éerﬁinal
A-A nqp—base palred cppositions could éxist_and‘in fact stabilized duplex‘
formation significantly.‘ If the terminal adenosines are‘conside¥ed to

be the beginning of loops adjacent to duplex RNA stems:

then this is direct evidence that loops stabilize stem regioms as
previously suggested (Pohl, 1974;-Grosjean,gﬁJ§l. 1976) . These results
also suggest a possible role for the frequent 6écurrence‘of adenosines

© -

at posiéions 14 and 21 of tRNAs. .

Sequence inspection of reported tRNAs reveéls that two adenosine
residues nearly always occupy‘Positions 14 and 21 at the D-loop stem
junction. Apparently, the naturé 5% these residues hgé been conserved
and perhaps tﬁey\are‘invoLﬁed in somé_tRNA function, for example, émiﬁof
acyl-tRNA syntﬁetase recognition (Dubock EE;Ei' 1971; Roe et al. 1973).
Their‘presénce méy also satisfy.a structural aspect controlling native
conformétioﬁ, namely an invériant A-U base pair (Kim EE'EL;‘1974;;RiCh’

1977). The controversy may be resolved by proposing that the invariant

adenosines stabilize D-stem duplexes; features of secondarf cloverleaf
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structure (Helley et al. 1965). D-stems contaln only three or four
Watson=-Crick base pairs while other stem duplexes pav? five or more.
Melting studies have shown D-stems to be the least stable regions
(Bilbers & Shulman, 1974). ‘
Three-dimensionél tertiary sfrugture of tRNA showed adenosine )

residues 14 and‘Zl (see Figute 45), to be coplanar, and each base

stacked to the adjacent D-stem duplex (?ich, 1977). Steric tolerance
exists, however, siﬁce the adenosine at position 14 was displace& within
‘the helix as a result of its participation in a tertlary Sobell—typé A-U
base‘pair (Haschme;er & Sobell, 1963) witﬁ an invariant uridine at
position 8. This_displécement from the normal'RNA;A helical geometry at
the epds of a duplex can be considered és paftial strand unwinding;
Extetsion of base stacking to the invariant adenosine residues, is still - '~
boésible; and therefore emhances cveraleruplex sﬁability. '
In the ééntinuing quest to evaluate the various factors affectiﬁg '
ﬁNA dﬁ;lex stability, .1t has been established that basd stacking plays
a significauf role. The cﬁntribuﬁion from non-base paiked 3'-tgrminal

(dangling) adenosines was a major factor influencing overall heiical
s ‘ . ’ N i
stability (Section 4.4). 1Internal A-A non~bonded pairs have been -

confirmed as centres of instability, for example. CAKﬁG:CAKhG (Tm <0°C)

and AGACU:AGACU (T_ =26°C).
£ Y

Model studies on D-stem melting can be cArried cut using the

duplex formation of AASCUA:
| Az
cC
=+ 0
* Uckd
A< A\

-
2 AAGCUA
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Figure 45, General tRNA cloverleaf structure indicating the invariamt .

and semi-invariant bases for tRNA's other than initiator .

tRNA's, Y stands for pyrimidine, R for purine, H for hyner-

- modified ourinn Numbering system corresponds to that of .
veast tRHA?he (Rich, 1977).
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Comparison ‘of the effects for opposing terminal adenosines with a single

terminal adenosine is presented in Table 32.

Table 32. Melting temperatures of synthetic duplexes.

0ligomer T (°0)

AGcU 33 :
 actua ' 45
__AAGCuA 48

L

-

Clearlf, terminal non-bonded adenosine residu;;aéontribute tp duplex
stability. The ability of the short duplex :5 partially unwind.at.the.
ends allows the terminél adenosines t; exist in oppésitién to each other;
however, the;displacement was not of sufficient magnitude to interrupt
the extended base stacking whiqh was enhénced by thése adenosines.

When these model sﬁudies are applied to'tRNA seéondary.structﬁée;
D-stems flanked by two adenbsinéé at the neck-~loop junction'ﬁill be more
stable than stems lacking adjacent non-bonded adenosines. Y"évolution" of
tRﬁA structure has resuited‘{n a delicately balanced steric arrangement
where a tertlary Soﬁelatype A-U basé ﬁair displaces an adenosine residue
sufficiently to remain opposite another:a&engsine , but not to interfere
with extendeé base-stﬁcking intéractions. T#e invariance of a&enosines
at positions l4 and 21 ensures a more stable D-stem as well as distinct

loop formation due to strand separation.




5. CONCLUSIONS

R

’

The phosphotriester method, developed by Nellson and coworkers,
for the preparation of short oligoribonucleotide sequences, was
extensively employed in the synthesis §f a 1aige,variety of RNA sequences.
These sequences were designed with several feg;ures,'found in naturally
occurring RNA, that would allow the stpdy'o% perturbations affecting RNA
helix structure and stability.[ Features invéstigated include: non-
,compiemeﬁtary base opposifions, non-base p?ire& regions found adjacenf
to duplex regions, changes in base sequence, G*U base pairs, invariant
adenosines and bagse stacking.

The study of short RNA sequencég-requi¥es a technique capable of
measuring conformational changes in the individual nucleoside residueg.

" Proton nuclear ﬁagnetic resonance (1H—NMR)_sﬁectroscapy'has thatlcapability.
By moﬁitoring éhaugeS‘in the local microenvironments of the various
nhydrogens found oﬁ fhe nuclecgide residues, it was possible to discern
how each nucleotide in the sequence was affected by the perturbations“
inkroduced. ‘ A
Monitoring the changes in chemical shift over a specified
temperature fange (70°C-0°C) enables the deterﬁination of the melting
pdlné (Tﬁ) of any duﬁlex. ‘Changés in the Tm due to disruptions in the
‘ duplexes‘provid‘e a means® for measuring the effect of the alteration on
helix staﬁility. Change?‘in the anomeric coupliqg constant, measured
from the spectra, méke it bossible to cbserve éhanges in ribofuranoside

conformation and in the base sfacking of the sequence.

el et
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In order to use NMR to its maximum capacity in the study of

nucleic acids, it was essential to be able to make unambiguous assignment

of the spectral resonances of most protons found in any giveﬁ sequence,
To this end, series of trimers, CKX and AEX (X = A, G, C or U), were

-studled to determine the shielding effects that adding a nucleotide to

[
1
!

the efd of a sequence would have on th}é chemical shifts of the dimers
cd and AG. The magnitude of rthese"shieldings decreased in the order
A>G>C>U.  Similarly, the sequences CXG, AXG, AGXRC, CAXUG and AGKCU were
studied to determine the effects of inserting a nucleotide residﬁe‘ into
a- given sequence, had on the chemlcal shifts of neighbouring residues.
In al‘l‘cases, the order was A>G>C>U. The;e resulté; coupled with thé
iﬂcrémental assignment proceduré of Borer et g. (1975) provide.s an
accﬁi‘éte assignment procedure.’ _

Synthesis of the pentaribonucléotide series, AG-)ECU, provided a
systém 'fof the study of the eff;zcts of an internal non—c0mpl_’ementary
ba.*‘ae‘ oppositi&n on dup;gx'stability. All four pentamers could
theoretically form a duplex with‘ én internal non-bdnded base’ pair.
Earlier results with the CAiUG series indicated duplex formation did not

" occur (Romaniuk et a_.l._.}9\7\9). However, the AGXCU study revealed that.
the neighbouring ¢-C base 1}\311'8 provided sufficient stability for duplex
formation to eccur wh}n/l?/was adenosine or cytidine. Duple:.( AGACU: AGACU
had a T of 26°C and duflex AGCCU:AGGCU had a Tm of 25°C. It was
suggested that the stac;king ;Lnteraction's of the mismatched bases /,ra’/.;.ong

their individual strands allowed duplex formation to occur, althlbugh .it

was significantly destabilized. AGECU also formed a stable duplex with

a Tm of 30°C, however, this duplex was probably of a different hature,
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with two intermal G-C base pairs, fwo terminal G-U.base pairs and“two

5'-terminal dangling adenosines. The poof stacking interactions of

uridine weaken the overall stacking of the singie strand, AGﬁCU, and’

-disrupted duplex formation by this,pentaribondcleotide.

~

Mixing of two appropriate pentamers in this study made it ~ |

‘possible to determine the effects of an’additional A.U, G-C or G.U base
pair on duplex stablility when compared with the parenf‘&uplex AECU (Tm : .
= 34°C)., 1In addition,‘;hese éxﬁeriments.provided dat# that could be ‘
used to ccmparg'the effecgs on flankiné.G-C or A.U g;se pairs on duplex . %
stability by using‘Ehe results from thg CAiUG'study‘(Romaniu% et al. 1979).1
o The duplex formed by AGKcU: AGTCU had a Tm of 45°C while the dt;plex
- AGECU:AGECU had a Tm of 54°C. It was dPermined that the G+C base pairs
flanking the addition internal base palr provided an‘adéi;i;ﬁal'6°é of
thermal stability as compared with flanking A-U base pairs.

Investigation of the duplex formed by AGCCU:AGUCU (Tm = 44°C)
which contains an internal G-U base pair, found that this G-U base pair

t

was equivalent to an interal A'U base pair ;n its contribution to dgplex
stability.- This providgd>an inte?esting cqnf;:st to earlier results
which indicated that an internal G+U base ﬁairvwas destégi;izing
(Romaniuk et al. 19%5). The difference was aﬁtributed to the stronger,

neighbouring G-C base pairs béing aﬁle to accohmbdate any helical

“ distortion due to the G-U base ﬁaif. . | o " o

The effects of non-base pai;ed regioné'adjacent to duplex regions”

was considere& important in codon-ajti@odon iuteractioﬁs (Gfpsjean gg_gg.

1976). To study this phenomenon closely, a number of sequences with 5!

and/or 3' terminal non-base paired (dangling) adenosines were assembled
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and examinéd. These-studies showed th;t a terminal 3'-dangling adenosize '
contributed a& average of 11°C to the Tm of the duplex or 1s approximately
equal to a; additional AU base pdi;. This stpdy was also the first to
reveal that a 3'—dangliné adenosine coul& Cohq;ibute signific;ntly more

to duplex stabilif} than é 5'—daﬁgling adenosine, although this effect
_-was.also sequence dgpendent. It was found that the duplex’forped by

AGGUA had 3'—dangling'adenbéines and a Tm of 46°C compared to that‘of ;
A8CU (Tm = 34°C). However, the duplex formed by AAGCU had S'Qdaﬁgu'pg . |
'adenosines'and had a>Iprf only‘309C. In this case, the 5'-dangling- '

adenosines actually destabilized thé duplex. - —t
B ‘The study of Gﬁh'was the fi?st to demonstrate that a'ériribo—
nuclecotide could form‘alétable-RNA duplex;‘ This duplex héd‘twq.G-é b;se .
.pairs and two 3';dangling adeﬁosipes with a Tm of 33°C. The stabLlity
6% this trimer-was,equal to that of the tetramer duplex fqrmed by UECA
:with fpu; Wagson»grick base pairs. Interestingly, Fhe trimer AEb,-ghich
coula form-a duplex similar t6 Gca but with~5'-&ahgling adenosines, -
showed no iridication of duplex formatién.-
The results from-dangling adenosines and GEA studies weré":

interesfiﬁg 1n that they indicated that duplex sféﬁiliey wés dependent

on more than Qimpi; Watson~Crick base pair form;tion. ADang;ing ‘
adenosines through extended base stacking enhance duplex étability. Also
of significanéé, it-appeared that the direction of base stacﬁing was-

involved in duplex formAtion and stability. Moreover, the location of

the dangling adenosine appeared te influence the direction of base

stacking. -

A closer look at the coupling comstants of the sequences with
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dangling bage; concluded th;t with A 3'-dangling‘édenosine, such as in
AGCUA or GCA, the base stacked from thé 5" end to thé 3' end and duplex
stability was enhanced. However, sequehce§ with 5'—dangiing adenosines,
such as AEC.and AAECU, the bases stacked from thé 3' to 5"end and the
duplex 'stability decreased. '-Therefore, the direction of base stacking

| definitely plays a role in helix stability. _ o

The séquence, AAECﬁA, was studied and found te form a duplex with -

boths3'- and 5'-dangling adenoéines;and4a Tm of A§°C. THis sequence
proﬁided—é model for the D-stem reglon of tRNA which conﬁgius invariant
adenosineslat positions 14 and 21 and purines at‘pQSitions 9 and 26. It
was proposed that these invarian; adenosines stabilized the D—étem which
is  the weakest duplex reéion in tRNA (Hilbers & Shulman, 1974);.

| These results establish‘the importance of base sequence in duplex

stability and alsc show that single non-base paired oppositions within

a duplex can occur. In addition, the importance of non-base paired

régiogs in deterﬁining duplei étability was confirmed. The contribution_ ~. .-

of base stacking and the direction of base stackihg was eﬁﬁhatically
_demonstrated. '~ These studies also firmly establish the utility and

success 6f NMR in the study of ﬁucleic acid molecules.

.
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