SEQUENCE DEPENDENCE OF STABILITY
AND INTERCALATION STUDIES
ON SHORT SYNTHETIC OLIGORIBONUCLEOTIDE DUPLEXES.

By
(© ALISON SINCLAR, B.5c.

A Thesis
Submitted 10 the School of Graguate Studies
in Partia] Fulfilment of the Requirements
for the Degree
5 Doctor of Philosophy.
McMaster University
September 1986



Permission has been granted
to the National Library of
Canada to microfilm this
thesis and to lend or sell
copies of the f£film.

The autheor (copyright owner)
has Teserved other
publication rights, ang
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

ISBN

L’autorisation a &té accordée
a la Bibliothégque nationale
du Canada de microfilmer
cette thése ‘et de préter ou
de vendre des exemplaires du
£film., :

L'auteur (titulaire du drois
d'auteur) se réserve les
autres droits de publication:

al la thése ni de longs
eéxtraits de celle-ci ne
doivent @étre imprimés ou

autrement reproduits sans son
autorisation écrite.

G~315-35897-1

-



OLIGORIEONUCLEOTIDE STABILITY AND INTERCALATION STUDIES



DOCTOR OF PHILOSOPHY (1986) : McMASTER UNIVERSITY
(Biochemistry) ' Hamilton, Ontario.

TITLE: Sequence Dependence of Stability and Intercalation Studies on Short
Oligoribonucleotide Duplexes. - -

AUTHOR: Alison Sinclair, B.Sc. (University of Victoria)
+ SUPERVISORS: Professor T. Neilsoz, Professor R.A. Bell.

NUMBER OF PAGES: xxv, 319

i1



ABSTRACT

A phosphorriester synthesis was uscd 10 prepare short oligoribomicleotides
for study by variable texperarure 'H-NMR. The duplex == single strand transition was
mo-nitomd by the associazed changes in chemical shift and coupling coestant for the
ribose base, iming, and anomeric protons, A measurable parameter of stability, the
meltiag temperature (Twm), was extracted from the chemical shift versus temperature
data, o

The sequence dcpcndcncc of stability was studied for a series of tetramer
Sequences comprising exclusively suanosine and cytdine residues. These sequences

formed perfece duplexes with stabilites: (GGCC}: > (GCGC): > (CCGG)‘,_ = GCCG.CCGC >
(CGCG)s, which Ied to 2 racking of stabilities of neares: aeighbour interactions: GC:GC
.2GGQC> GG,
Study of complementary mixnures of GC-rich u-imc.rs-in the presence and
‘ absence of salt revealed 2 highly salt dependen: self-aggregation of the G-rich strand.
A stucture for the GCG aggregate is proposad, -

Studies of stability and structure of base-base mismatches in GC-rich
oligoribomcleotides were performed on six peataribonucleotides derived from the GC
teramers. Two sequences, CCAGG and GCUGC, fermed duplexes of comparable stability, |
containing AxA and UxU mismatches respectively. The mismatched bages stacksd into
the dupiex. One sequeace, GGACC, did not duplex; the others (GGUCC, CCUGG, GCAGQT)
formed suctures not incorporating mismatched hase pairs: Mixing experimens on
the complementary peatamears (e.5., GGACC:GGUCC) aliowed study of the effect of
mroducion of AsU base pairs on the GC terramer suability.
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Intercalation of proflavioe into the m:sma:d: contaning duplexes CCAGG and
GCUGC (and Lhcu- pareant duplexes CCGG and GCGC) was studied 1o compare intercalation
into mismatch and non mismarch sites. Addition of increasing ratios of proflavine
produced a steady increase in Tm and shielding for most protons, but there is no
indication of site preference ar looping cut of mismarched bases. GCUGC tabled 2
threefold higher Tm increase than GCGC, but the starting Tms are 100 widely separated 10
allow direct com;;arison of binding affinities.

v



AP

ACKNOWLEDGEMENTS.

F'wish to thank the following people for their contributions to this work:

Dr. Dirk Alkema, Dr. Don Hughes and Dr. Jan Coddington'for their assistance in
learning techniques of synthesis and instrumentation in the early stages of this
project; Mr. Garry Buchko, Mr. Brian Allore, Dr. John OrbanYor stimulating discussion
in the latter stages; my committee of Dr. R.A. Bell, Dr. R. Epand and Dr. G.E. Gerber for
their advice and antention; and especially my supervisor; br. Thomas Neilson, to whose
memory ﬂgf thesis is dedicated.

I also wish 10 thank the National Scicnces and Enginecring Rescarch Council

and the Medical Research Council of Canada for their financial support.



CONTENTS

Abstract
Acknowledgements
"List of Figures
List of Tables
List of Abbreviations
1. Introduction.
1.1, Necleic acid structure,
L2 NMR theory.
L3. 'H-NMR on mcleic acids, -
1.5.1.  Assignment of single strands and duplexes.,
1.3.2. Conformational azalysis of the single szand,
1.3.3. Monitoring the single strand to duplex transition.
1.3.4. Coaformational analysis of the duplex.
1.4, Phosphotiestsr synthesis of oligariboauclsoddas,
Z \‘.[zxcnals and methods.
21 Ciligoribonucleotide svnthesis,
21.1. Materals,
212, Preparamtion of N¥-beazoyl-2-O-terahydro-
pyranvicytidine,
2121, 35"-0-[1,1,3,3-tszaisopropyl-1,3-
disilexanediyl]-cytdine,
2122 I\“'-Bc:::oyl-S',S'-O-[I,I.3,3-&:.":"..isopmpyl- 1,3-
distloxanadivl]-cyidins,

Vi

Page

Xviii

xxiv

12

w
Pt

W)
)



2.13.

2.15.

[
—
=~}

2.123. N4-Bcn:oyl-3'.5'-0-[1.1.3.3-hcn'.xisopmpyl-1.3-
d.isiloxnmd.iyl]-?.'oo-wtrahymp;myl-
cytdige.
2124, N‘-Bcnmyl-z'-o-mmmpmnylcyﬁdim.
Synthesis of oligoribonucleotdes.
2.13.1. N2-Bcn=oy1-2'-o-mmydmpymyl-s-o-u:iphcnyl-
mcahoxy-ac:tylguanylylB'{’..?.,Z-u-ic.h]oroc:hyl)-S‘]-
N“-bcn:oyl-Z'-O%cunhydmpymnyIcyddinc.
Nz-Bcn;oyI-z'-o-acmmpmnyl-s-o-uiphgnyl-
mczhoxy—acczylguanylyi[3'-(‘"-3.,2-:xichlomczhyl)-5’]— ‘
N"-bcn:oyl-Z'-O-tcmhydmp}mylqﬁdylyl-
[3-(.2.2-michloroet1yl)-5]-N2-benzoyl-2-O-

)
0
b

tetrahydropyranylguanosine,

N Z-Bcn:oyl-?.'—O—::mhydropymnyi—S‘—O-m‘phcnyI-

r)
B
L
(V)

methoxy-acetylguanylyl(3’ 2,2 2-trichicroethyl)-5)-
N*-benzoyl-2'-O-tstrahydro pyranylcytidvlyl-
{3'—@.&2-:::‘chJemc:hyz)-S']-Nz-bcmyl-z'-o-
tetehydropyranylguanylyl [3'—(2,2,2-t:ichlorocthy1)-5']-
l\u""-bcn::oy]-Z'-O-tcn'ahydmp}?mnylcytidiﬁc.

BlpekCeupling.

s

Deprotzetion frocadures for oligoribeaueleotides.

Purificaton of s=quences by High P;::'formanc: Liquid
Chromatograshy (FPLC).

'H-NMR methodology.

2.17.1.  Verification of sequeness.

vii

Page

-

36‘



Sequence dependance of stability studies on tri- and tetraribonucleotide

2.1.72. Observation of melting behaviour and determination of

melting temperature,
21.7.3. Observationof bydrogen-bonded iming

protozs.

duplexes coneaining suanosine-cytidine base pairs.

3.1

L)
h

tJ

Introducron -
3.1.1. Sequenecs dependence of stability.
3.12.  Sequencs dependence of soruenure.

\
1.3, Swmdies of the saquence dependence of stability of GC-

W

containing teiramers.
Resulrs,
21, Assigoment of proton specera

L

(73]

22, Assigamen: of CC by 2-D shift correlated
| speczoscopy (COSY).

323. Assignment of imino pToon reserances,

324, Secondary structure and suability of the six self-
complemenzary GC containing teramers,

525, Relative stability of GC cores.

3.2.6. The mixing experiments: Duplexing vs. aggregation.

3.2.6.1. The duplexes: GCCG:CGGC and GGC:GCC.

32.62. The aggregates: GGA with CCA, GCG with CGC, azd

with CCG in 1.0M sals; self-zggregnden of GCG.

Page

50
50

56

56

86
105

0=

CGG

107

3.2.6.53. The duplexes: GGA:CCA, GCG:CGC, CGG:CCG and GCG

120



)

Discussion. i .

3.3.1. Comparison of rtsulzs.for individual sequences with
previously published oligoriboruclentide studies,
Relative stability of diribonucleotide cores.

[#9]
L
N}

e
N
i

Comparison of the duplexing behaviour of RNA and DN A
terramers, |
334, Applicaton of the RY mods] 1o the tetramer resuls.
33.5. Nawre of the GCG aggregas.
3.3.6. Salt-dependence of aggregation, *

3.3.7. Compaison of calculatad and obscn’c:\:l
imiro prota shifts. .
3.3.7.1. Assignmen: of iming PIOIon resonances Sor the
; AGXCUAGYCU sedes.

3.3.72. Discussion of the Teads i imino protwon
behavicur,

Conclusioas.

The efFecs of the inroductdoa of canal base-base mismarchas on the

4-

Secoadary srucnire and sability of the GC tetmamess. \

Intoducdon
<.1.1. Published saidies on base-base mismaichas,

<12 Studieson mismch-con:aim’ng cuplexes derived from the

GC teznmars,
Ragulg, v



Page
4.2.1.1. Stability and secondary stracture of GGUCC and

GGACC. # 168
-4.2.12. Effect of insertion of an A-L'T base-pair:
GGACC:GGUCE. 179
422 Sequences derived from-parent CCGG. 183
+22.1. Stability and secondary structure of CCUGG and
CCAGG. BERLE
4222 Conformanon of the AxA mismatch: CCAGG 191

225, Effecs of ms.:rnon of A=U base p:urs. CCAGG:CCUGG

and C%&LJGG. ) 182
42.3. ~Sequeaces darived from pareat GCGC. \‘ 200
\ :
Z.3.1. S:ability and secondary sucture of GCUGC and
GCAGC. C 200
+.2.3.2. Conformatioa of the Uxy mismazch: GCUGC. 217
42.5.3. Effect of insertion of AsU base pairr GCAGC:GCUGC
and GCAUGC, 218
<3 Discussion 7
<3.1. Effect of insetion of base -base mismatches upon duplex
stability, 227
432 Effect of insermion of AsU base pairs upon
" Cupiex smbility, 230
433, \c~ghboue..:c:s o2 the chemical shifts of the cenmal \
adezesine in the AeU miznpes. 232
=4 Cozxsiuvsions, 234
izterenlazion of croflavine img i s.:ax:-:—co:::z.‘;:i:g Cuplexss. 234

- _
2 =



5.1,  Introduction
5.1.1. Biological effects of intercalation.
512, chucncc preferences of intercalation,
5-13. Detail of the intercalation site: 1. The intercalator
Qrieatation,
5.14. Dct:ul of the intercalation site: 2. The nucleic acid
conformation.
5.15. Intercalatior into imperfect duplexes.
5.1.6. Studies of the intercalation of proflavine into GCUGC
and CCAGG.
52, Results.
52.1. Intercalation of proflavine into GCGC and GCUGC.
52.2. Intercalaton of proflavine iﬁo CCGG and CCAGG.
5.2.3. Duplex stabilization,
5.2.4. Proflavine orientation.
! 5.2.5.. Binding sites: GCGC and CCGG.
/ 5.2.6. Binding sites: GCUGC.
5.3.  Discussion.
5.4.  Conclusions.
6. Conclusions

References

&

Page

2

38

239



Figure
1.1
1.2
1.3
l.4a

1.4b-
15

1.6

-
)

2

12
)

Wow L oW
LU ¥ I T

(%]
W]

w)
Cn

LIST OF FIGURES
) Page
Structure of the oligoribonucleotide GCGC.
Normal base pairing.
Structural parameters used o describe base pair conformation.
Exchangeable and nonexchangeable protons in the aromaric
bases. Sl
-~ Nonexchangeable pmtEnsTxI_ongihg"m*:h—cTibosc‘ﬁng. -
IUPAC-TUB nomenclature for the torsion angles in a
dinucleotide unit. ;
Idealizad Newman projections for the classical rotamers of backbone
torsion angles, '
Idealized conformars of the ribose ring,

Preparation of N“-bcnzoyl-Z'—O-tcu'ahydropymnyIcytidinc.
Chemical synthesis of GCGC.

RY model overiaps.
COSY spectrum of CC.

- Chemical shift versus temperanure results for CC. ‘
Temperature dependence of line widths of hydrogen-bonded iming
protons of GGCC.

Temperature dependence of line widths of hydroger-bonded imino
prowas of CCGG.

Temperanure dependence of line widths of hydrogen-bonded iming
protons of GCGC,

Chemical shift versus temperature results for GGCC in

1.0 M salt buffer.

Chemical shift versus temperature resuits for CCGG in

1.0 M sailt buffer.

+J

L) W
w

2R

~)

L)



Fi

3.§m \ Chemical shift versus temperature results for GCCG in
1.0 M salt buffer,

3.10 ical shift versus temperature results for CGGC in
1.0 M salt buffer, o

3.11 ChmimlshjﬁvcrsusmmpcmmultsforGCGCin
1.0 M salt buffer. '

3.12 Chemical shift versus temperature results for CGCG in
1.0' M salt buffer.

3.13  Chemical shift versus temperarure results for CGCG in
0.1 M salt buffer. .

314 Chemical shift versus temperaure results for GCCG:CGGC in 1.0 M salt
buffer. &

315 Chemical shift versus temperanure results for GGC:GCC in 1.0 M salt
buffer. .

' 3.16  Variable temperature ‘H-NMR spectra of GCG:CGC in 1.0 M

salt buffer, _

3.17 Chemical shift versus temperature results for GGA:CCAin 1.0 M salt
buffer,

3.18 Chemical shift versus temperature results for GCG:CGC in 1.0 M salt
buffer. .

3.19  Chemical shift versus temperature results for CGG:CCG in 1.0 M sals
buffer. :

320 Chemical shift versus temperature results for GOG in 1.0 M salr
buffer.

3.21 Chemical shift versus temperature results for GGA:CCA in no salt
buffer. ]

322 Chemical shift versus temperature results for GCG:CGC in no salt
buffer.

3.23 Chemical shift versus temperature results for CGG:CCG ia no salt
buffer. .

3.24 Chemical shift versus teznperature results for GCG in
no salt buffer.

3.25 Base pair overlaps in the A and B keljxas.

Page

83

89

97

99

106

108

110

111

118

121

128
136



Figure
326

3.27

3.28

W oW
SIS

4.1

4.2

4.4

4.5

4.6

Temperanure dependence of the anomeric proton couplmg constann;
of GGCC.

Temperature dependence of the anomeric proton coupling constants
of CCGG.

Temperature dependences of the anomeric proton coupling constants
of GCGC.

Tcmpmnu-c dependence of the anomeric Proton coupling constants
of CGCG.

Possibie basa pairing between guanosine residues,

Proposed structure for the GCG aggregate.

Trends in winding angles between terminal  base pairs from iming
proton data.

Chemical shift versusg temperatere results for GGCC in

0.1 M salt buffer,

Ch:mcal shift versus temperature results for GGUCC in

0.1M salt buffer.

Chemical shift versug temperature results for GGACC in

C.1 M salt buffer. '

Chemical shift versus emperatere results for GGAC in

0.1 M salt buffer.

Chemica] shift versus temperature results for GGACC:GGUCCin 0.1 M
salt buffer,

* Chemical shift versus temperature results for CCGG in

0.1 M salt buffer.

Chemical shift versug temperature results for CCUGG
in 0.1 M salt buffer.

Chemical shift versus temperature results for CCAGG
12 0.1 M salt buffer,

Chemical shift versug temiperature results for CCAGG:CCUGG in 0.1 M

salt buffer,
Chemical shift versus temperature results for CCAUGG in 1.OMsal
buffer.

Page

139
139
140
140
142

143

153

169
171
175
177
180
184
186
189
164

197



Figure
4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

5.1
52
5.3
5.4

5.5

5.6

Chemical shift versus temperature results for GCGC in

0.1 M salt buffer, ' .
Chemica] shift versus temperature results for GCUGC in
0.1 M salt buffer, ‘
Chcmimlshiftvmtcmpmmmu]sforGCAGCin
1.0 M sak buffer.

Chemical shxftvc:'sus temperature results for GCUG in
0.1 M salt buffer.

Chemical shift versus temperature results for GCAG in
LOM salt buffer,
Chcmimlshifrvcm:stcmpcmnmmulrsforGCAin

1.0 M salr buffer,

Temperature dependence of the anomeric proton coupling constants
of GCAGC.

Chemical shift versus temperature rasults for GCAUGC in
0.1 M salt buffer,

Changes in T of GCGC upon addition of proflavins,
Changes in Tm of GCI}GC upon addition of proflavine.
Changes in chemical shift of G(1)H-8 of GCGC upon addition
of proflavine,

Changes in chemical shift of C(2)H-6 of GCGC upon addition
of proflavips.,

Changes in chemical shift of G(3)H-8 of GCGC upon addition
of proflavins,

Changes in chemical shift of C(4)H-6 of GCGC upozn addition
of proflavins,

Stuctures of common intercalarars. \

Page

201

206
210
212‘
215

216

235
259
259
261
261

262

262



Figure Page
58 Changes in chemical shift of C(2)H-5 of GCGC upon additdon

of proflavine. 263
5.9 Changes in chemical shift of C4)H-6 of GCGC vpon addition
of proflavine, 263
5.10 Changes in chemical shift of G(1)H-8 of GCUGC upon addition
_ of proflavine, 264
5.11 Changes in chemical shift of C(2)H-6 of GCUGC upon addition _
+,.of profiavine. | - 264
5.12  Changes in chemical shift of U(3)H-6 of GCUGC upon addition
of proflavine. . 265
5.13  Changes in chemical shift of G(4)H-8 of GCUGC upon addition )
of proflavige. 265
5.4 Changes in chemical shift of C(5)H~6 of GCUGC upon addiion
of proflavine, 266
515 Changes in chemical shift of C(2)H-5 of GCUGCE upon addition
of proflavine. 266
5.16  Changes in chemical shift of U(3)H-5 of GCUGC upon addition
of proflavins. ' 269
5.17  Changes in chemical shift of C(5)H-5 of GCUGC upon addition
of proflavine. 269
518 Changes in Tm of CCGG upon addition of proflavine. 281
5-19 Changes in Tm of CCAGG upon aidition of proflavine, - 281
520 Changes in chemical shift of C(1)H-6 in CCGG upon addition
of proflavips, 282
521  Changes in chemical shift of C(2)H-6 in CCGG upon additon
of proflavine. 282
52 Changes in chemical shift of G(3)H-8 in CCGG upon addition
of proflavins, 283
5.23 Changrs in chemical shift of G(4)H-8 in CCGG upon addition
of proflavins, : 283
5.24 Changes in chemical shift of C(1)H-5 in CCGG upon addition
of proflavins, : 284



Figure
5.25

5.26

5.27
5.28

5.29

Changes in chemical shift of C()H-5 in CCGG upon addition

of proflavine,

Characteristic chemical shift versus temperature curves for
proflavine in oligoribomucleotida complex. '

Potential intercalator binding sites in tetramers GCGC and CCGG.

Schematic diagram of possible imino proton spectra for intercalation

complexes in slow exchange.
Potential intercalator binding sites in mismatch-containing
pentamers GCUGC and CCAGG.

xvii

Page

284

289
290

254

297



Table ‘
.1
2.1

23
24

25
26
27

2.8

LIST OF TABLES

Chemical shifts of Bon-exchangeable protons in the ribose monomers
at 70°C.

Preparation of oligoribonucleotides.
Preparation of oligoribomucleotides.

Cﬁgorﬂ:omldcoﬁdc deprotection yields.

Incremental assignments of proton NMR spectra of tetraribonucleotides
GGCC, GCOG and GCOC.

Incremertal assignments for etraribomicleotides

' CCGG, CGGC and CGCG.

Incrementat assignments for pentaribonucieotidas
GGUCC and GGACC.
Incremental assignments for pentaribonucleotides
CCUGG and CCAGG.
Increments] assignments for penzaribonucleotides
GCUGC and GCAGC.

Summary of assignments for tetraribonucleotides at 70°C.
Hydrogen-bonded imino proton chemical shift assignments
for GGCC. .
Hydrogen-bonded imino proton chemical shift assignmens
for CCGG.

Hydrogen-bonded imino prown chemical shift assignmenrs
for GCGC,

Hydrogen-bonded iming prown chemical shift assignments
for CGCG.

Hydrogen-bonded iming proton chemieal shift assignments
for GCCG.

Page

i4

s1

52

54
55
69

74

75
80

80



Table

3.7

3.8

Hydrogea-bonded imino proton chemical shify assignments for
Chmicalshif:vmtcmpcxmda&forGGCCin 1.OM
salt buffer, '

Chemical shift versys temperature data for CCGG in 1.0 M
salt buffer. _
Chemical shift versug temperature data for GCCG in I.0M
salt buffer.

Chemical shift versus temperature data for CGGC in 1.0 M
s2lt buffer,

Chemical shift versus temperature data for GCGCin1.0 M
salt buffer,

'

ChcmimlshiﬁvcrmxstcmpcmmdamforCGCGinI.OM -

salt buffer,
Chemical shift versug tcmpcmwcdamfchGCGinO.l M

salt buffer.

Summary of Tms for emaribonucleotides and trimer mixtures studjed
in section 1.

Chemical shift versus temperature data for GCCGCGGCin 1.0 M salt
buﬁ::r. : .

Chemical shift versus remperature data for GGC:GCC in 1.0 M salr
buffer,

Chemical shift versus temperature data for GGA:CCA in 1.0 M salt
buffer.

Chemical shift versus temperature dam for GCG:CGC in 1.0 M salt
buffer,

Chemical shift versus temperature daga for CGG:CCGin 1.0 M sair
buffer, .

Chemical shift versys temperanre data for GCG in 1.OM

salt buffer,

Hydrogen-bonded Imizno proton chemical skift assignmenrs for
GCGin 1.0 M salt buffer.

Page

81
85
86
90
91
95
98
100
102
105
109
114
115
116
119

119



Table
3.23

3.24

325

3,26

3.27

L
L)
o

()
L)
[u

4.1

4.2

4.4

4.5

4.6

Chcmicalshiftvcrsusv:mpmnn-edamforGGA:CCAin <

1o salt buffer.

Chemical shift versus temperature data for GCG:CGC in

00 sait buffer. '

Chemical shift versus temperature data for CGG:CCG in

no salt buffer. .
Chcmica]shi&vmtcmpcmuncdamforGCGinno

salt buffer,

Comparison of Tms and chemical shift changes upon complexing for
tewraribormcleotides and their deoxyribomucleotide analogues.
Comparison of observed and calculated hydrogen-bondad imjno
prowoa chemical shifts,

Hydrogen-bondad imino proton chemical shift assignments for
AGGCU:AGCCU.

Hydrogen-bonded iming proton chemical shift assignments for
AGGCU:AGUCU.

Hydrogen-bonded iming proton chemical shift assignments for
AGACU:AGUCU.

Summury of published studiss of base-base mispairing in
oligonucleotide Systems,

Chemical shift versus temperature data for GGCCin 0.1 M

salt buffer. . .

Chemical shift versus temperature data for GGUCC in 0.1 M

salt buffer.

Chemical shift versus temperature data for GGACCin 0.1 M

salt buffer.

Chemical shift versus temperature data for GGAC in 0.1 M

salt buffer. ]
Chemical shift versus temperature data for. GGACC:GGUCC in 0.1 M
salt buffer, '

Hydrogen-bonded iming proton chemical shift assignments for
GGACCGGUCE,

4

Page

122

124

127

129

146

149

149

150

159

170

172

176

178

181



Table
4.8

- 4.9

4.10

4.11

4,12

4.13

314

4.15

4.16

4.17

4.18

.Jx
3

Chemical shift versus temperature data for CCGG in 0.1 M
salt buffer. |

Chemical shift versus temperature datz for CCUGG in 0.1 M
salt buffer.
Clmmimlshiﬁvmmtcmpuamdamfm-CCAGGinO.l M
salt buffer,

Chcm;calshlﬁmusmmpmnncdamforCCAGG :CCUGG in 0.1 M
salt buffer.

Hydrogen-bondad imino proton chemical shift assignments for
CCAGG-CQUGG.

Chcmzcalshxﬁvcmxstcmpmm damforCCAUGGmO 1M
salt buffer,

Hydrogen-bondad imino proton chemical shift assignments for
CCAUGG. .

Chemical shift versus temperature data for GCGCin 0.1 M

salt buffer,

,Chcmac:zishzftvcrsustc.mpcmmrcdamforGCUGCmOIM

sait buffer.
Hydrogen-bonded imino proton chemical shift assignments for
GCUGC.

Chemical shift versus temperature data for GCAGC in 1.0 M
salt buffer,

Chemical shift versus temperature data for GCAGC 0.l M
salt buffer,

Chemical shift versus temperature data for GCUG in 0.1 M
salt buffer. ‘

Chemical shift versus temperature data for GCAG in 1.0 M
salt buffer,

Chemical shift versus tcmpcrature data for GCAGC:GCUGC in 0.1 M
salt buffer,

Hydrogen-bonded i Lming prowon chemical shift assignments for
GCAGC:GCUGE,

Page

185

187

180

193

196

198

199

tJ
O
t9

208

211



b3
A

~

Table
424 Chcmimlshiﬁmmmmpﬂ‘am data for GCAUGC in 0.1 M
‘ salt buffer.

425  Hydrogen-bonded imino proton chemical shift assignmenrs for
GCAUGC.

5.1 Chemical shift versys temperature dat for GCGC with proflavine,
single strand:drug 15:1.

52 Chemical shift versus temperanure data for GCGC with
proflavine, 4:1. .

53 Chemical shift versus temperature da for GCGC with
proflavine, 2:1. -

5.4 Chemical shift versus temperature data for GCGC with
proflavipe, 1:1.

55 Chmnicalshiﬁvmwmpcrann-c data for GCGC with
proflavine, 12,

5.6 Chemical shift versus temperature data for GCUGC with
proflavine, 20:1. )

5.7 Chemica] shift versus temperature datz for GCUGC with
proflavine, 6:1,

5.8 Chemical shift versys temperature da for GCUGC with
profiavine, 4:1. '

5.9 Chemical shift versus temperarure daa for GCUGC with
proflavine, 2:1.

5.10  Chemical shift Versus temperature data for GCUGE with
proflavine, 1:1.

5.1 Chemical shift versus temperature data for GCUGC with
proflavins, 1:2.

=2 Summary of Tms of GCGC with proflavine,
'5.13 ummary of Tess of GCUGC with proflavins,

5.14, Hydrogcn—bolidcddlmino proton chemieal shift assignments of GCGC

\(/ with proflavines,
3.15  Hydrogen-bonded imiro proton chemical shift assignments of GCUGC
with proflavins.
i
— .
s/

Page

224

248

249

256

{

258

268



T e e . - T ———
B

Tabl&
5.16

5.17
5.18

5.19

5.23
5.24
5.25
5.26

5.27

Chemical shift versus temperature datz for CCGG with
proflavine, 10:1,

Chemical shift versus temperature data for CCGG with
proflavine, 4.6:1.

Chemical shift versus temperature data far CCGG with
pmﬂavmc, 3.5:1.
ChcmmlshxftvcmxswmpmnncdamforCCGG with
proflavine, 2:1.
Chcnﬁcalshiﬂvusm:mnpmnmdamforCCGG with
proflavige, 1:1.

Chemical shift versus temperature data for CCAGG with
proflavine, 5:1.

Chemical shift versus temperature dats for CCAGG with
proflavins, 2:1.

Chemical shift versus ccmpcmnm: data for CCAGG with
proflavine, 1:1.

Summary of Tms of CCGG with proflavine.

. Summary of Tas of CCAGG with proflavine,

Hydrogea-bonded iming proton chemical shift assignments of CCGG
with proflavine. .

Hydrogen-bondad imiro proton chemical shift assignments of CCAGG
with proflavine,

Chemical shify changes upoa intercalation for GCGC with
proflavine, 2:1,

Chemical shift changes upon intercalation for CCGG

with proflavine, 2:1,

Comparison of average Tms of internal and terminal protons

for GCGC.

Comparison of average Tes of int "n..I and terminal protons

for CCGG.

Comparison of average Tz of internn] and termigol protons

for GCUGC.

X



Cu/Za
D0
DHP

DMF
DNA

G
HPLC

TRNA

MSNT
MST
NMR
NCE
NSB

LIST OF ABBREVIATIONS

adenosine
benzoyl

cytidine

2-D shift correlated NMR spectroscopy
Copper-zine couple

deuterium oxide .
dihydropyran

N,N-dimethylformamids
deoxyribonucieic acid
4.4—dimc:.hy1—‘.—silnpcnmns-1-sxﬂphom
Suanosine .

high performance liquid chmmawgmp‘f::y
her= (cycles/second)

couﬁ:ling constant

methyl

messeager RNA
I-(2-m:si:y1cms~dphonyl)-3-nirm— 1,2, 4-triazole
I{Z-mcsirylcncsdphonyl)- 1,2,4-triazole
zuclear magnesc resonance

uclear Overhauser affacs

20 sigmoidal bekaviour

h-d-odld



P ’ K phosphate

o] Mz-uidﬂomcmylphosﬁhaw

pPpm . parts per million ;

pro . proflavine |

pur © purine

pyr " pyrimidine

Re - ratio of distance travelled by solute to distance travelled
by solvent

rRNA ribosomal RNA .

RNA ribonucleic acid |

T® thymidine

r tctrhhydrtfpyranyl

TIPS L1 ,3,3-tcﬁniso propyldisiloxane

TIPS-Cl 1,3-dichloro-1, 1.3,-tetraisopropyldisiloxane

te _ , thin layer chromatography’ )

Tm melting temperature of a duplex, at which half the strands

are in duplex form

TPSNI 1-(2,4,6-triisopropylbenzenesulphonyl)-nitroimidazole
Trac trityloxyacetyl =

RNA - " transfer RNA

RS ‘ uridine )

uv o ;:Itmviolcz

2 mononucleosides and oligoribonucleotides are abbreviated according to standard
formaf. GpC represents guanylic(3-5")eytidine. ‘
Oligoribonucleotides are written and numbered sequentially from the §' terminus,

T RXY



B T e e e

1. INTRODUCTION

In the forty\ two y'c:us since deoxyribonucleic acid was 1dcnuf' ed as the
medium of transmission of genetic information, research into the structure and
function of the nucleic acids has advanced unti] the major pathways and participants
in the transmission and expression of genctic information have been identified. The
structure of double helical DNA. the armngancnt of its constituent aromatic bases,
sugar moietics and inorganic phosphate groups, was clucidated in 1953 (Watson and
Crick, 1953), The salient features of the mpdcl. with regard to the transmission of
information, were the variability of the bases within an invariant framework—the
double hclica]'backbonc. The specific geometry for hydrogen bonding between bases
belonging to Opposite strands allows each 10 be uscd as a template for the synthesis of
2 second seCof information, which can then be divided between progeny during cell
meciosis.

Genetic information was subscquently found to be cncoded, lincarly and
contiguously, on sccuons of the chromosomal DNA; thesa coding units are termed
genes. Expression of this information occurs through a transient intermediate
mcsscngc.r molecule, messenger ribonuclcic. acid (mRNA) (Jacob and Monod, 19:;1:
Lewin, 1983). RNA differs from DNA only in that the Sugar moicty is ribose, instead of
deoxyribose, and the base uracil is methylated to form thymine; this permits transfer
of information from DNA to RNA by 2 process anzlogous to thag of replication,
transcription. Three major types of RNA are produced, the aforementioned mR'NA.
information carrier, and ribosomal an;! u-:_.nsfc: RNA (rRNA and tIRNA), bothof -
which are involved in the synthests of proteins from mRNA, the final step in the

expression of genetic information (Lewin, 1984),

1
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o Unlike DNA, RNA is not synthesized to have 3 complementary strand; it has
regions of complementarity, and will self-associate and fold to form L-shaped tRNA

{Rich, 1977, and other papers in same issue), and, in association with numeroug

proteins, globular ribasomes (Noller, 1984), The secondary and tertiary structure of

mRNA may also be involved in regulation of processing and translation (Yanofsky,
1981; Gottesman, 1982; Ziff, 1980). In the absence of direct observation of the
secondary structure, which has so far only been possible for the smallest natural
RNA molecule, tRNA, various methods of prediction of secondary structures have
been invcsrigatc_d, in the c:'cpccmtion that structure will give indications 2s 10
function. The stuc}y of short oli goribonuclc—o;gd.e single strands and duplexes, model
sequences for tlie secondary structure elements in natural RNA, provides insight into

the factors determining RNA secondary structure and stability.

h_LI Nucleie acid strugture

_ Asingle strand of RNA consists of a backbone, with ribose residues
conncczcd‘to one another by phosphate diestér linkages between the §' hydroxyl of
on¢ sugar and the 3" hydroxy! of the next. The aromatic bases, purines adenine and
guanine, pyrimidines Cytosine and uracil , are attached by ring nitrogen N1
(pyrimidine) or N9 (purine) to the ribose 1' position (Figure 1.1). DNA differs from
RNA in that the ribose moiety lacks 2 2' hydroxyl group, and thymine replaces
uraci] in the bases.

The aassic double helix, as proposed by Warson and Crick (1953), comprises

two DNA molecules entwined to form a right-handed helix of diamster about 20A. The
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sugar-phosphate backbones are on the helix exterior, and are aligned antiparallel to .
each other—the 3' terminus of one strand being opposits to the 5 terminus of the
other (Watson and Crick, 1953; Sacnger, 1984). The bases have their planes
perpendicular 10 the long axis of the helix, and each is hydrogen-bonded to one on
the opposite strand, with the normal pamngs bcmg G+C and A-U. (Figure 1 2)
Ordering of the base pairs is unrestricted; it is in their order thar the mformauon
resides and thmugh the specificity of pairing during replication that it is propagated

(Crick and Warson, 195") Aboutmnbascpansmnewcsm-ypannn,andbascpaus
::cls;pxzm by 3.4A. The helix coheres by hydrogen bonding and vertical
bydrophobic stacking 1 interactions between aromatic bases.

Fibre diffraction studies of DNA and synthetic polynucleatides and, later,
single crystal structure determinations on tRNA and oligodeoxynucleotides, have
resulted in the identification of three major classes of DNA helix, A, B (including the
subclasses B', C, C, C", D, E and T DNA) and Z, and two of RNA helix, A and A’ (Saenger,
1984). Other structural parameters have also been inroduced: Base pair
ult-mchnauon of the base pair long axis from the perpendicular to the helix axis;
base pair roll--rotation of the base pair around its long axis; twist—-rotation of tha
base pair in its plans around the helix axis; propeller twist—rotation of the two base
planes relative 1o each other (Figure 1.3).

The DNA helix types are intzreonvertible through adjustment of humidity
and salt conditions, but differ in backbore conformation, base-pair stacking, and, in
oﬁc case, sensc of winding, which resuits in different proportions for all threa, By

- changing the sugar puckering from C2' endo, as in the ‘B helix, to C3' endo, as in
A-DNA and A- and A~ RNA, the phosphate groups move 1A further apart, producing a

squartier, thicker helix; the base pairs then ult relative to the axis to improve
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" stacking interactions, and the base pair separation is reduced t0 2.8A. The tilt of the
base pairs in A-DNA (and A-RNA) results in 2 hollow centred belix, while the interior
_ of the B-helix is filled in. The shift of the helix axis from between the base pairs in
- B-DNA to the major groove side in A-DNA (and A-RNA), deepens the major groove, and
reduces the depth of the minor groove. In both types of helix, the plane of each
member of a base pair is tw:stcd relative to that of its partner by 16 - 18° to improve
stacking (Saenger, 1984).
| In B- and A-DNA the conformation of the glycosidic linkage between base

and sugar is gnti, with the base pointing away from the sug:;r, whereas in left handed
Z-DNA, a conformation peculiar to alternatine g pyrimidine-purine sequences in high
saIt solution, every purine residue assumes a syn conformation. Sugar puckering is
mixed, with purine C3' endo and pyrimidine C2' endo, and the backbone forms a
characteristic zig-zag pattern. ‘The minor groove is deep and the major £roove
absent. Base pair tilt is smaller than in A-DNA, but present, but there is no propeller
twist as it will not improve stacking (Saenger, 1984).

In contrast to the polymorphism of DNA, RNA exhibits two closely related
double helical forms, A at low ionic strengths, A’ at high. The A-RNA helix is similar
0 the A-DNA helix, with 11 base pairs per turn, 2 deep major groove and shallow
minor groove. A-RNA differs from A-RNA mainly in its number of basc\phirs per |
turn, 12, and its pitch (pitch being the height of a full murn of the helix), 36A for A'
RNA 25 opposed to 30A for A-RNA. A-RNA has 2 smaller rise per residue, 2.73 - 2.81A,
and a larger base pair tilt angle, 16 - 19°, compared with 3.0A and 10° in A~RNA. The
conformations of the individual nucleotides are the same in both (Saenger, 1984).

The previous descriptions are of average parameters; the single crystal

structure solutions of deoxyoligonucieotides 2 - 12 base pairs in length (Berman and



Shich, 1981; Kennard, 1984), have shown local variations from the average for the

DNA helixes in sugar puckering, turn angle, tilt and propeller twist, with appaEnr |

. anticorrelation between members of 2 base pair: they deviate equally to opposite
sides of the mean conformation (Dickerson, 1983). NMR studies have shown a similar,
albeir subtler, variation of geometry in solution (Patel et al,, 1983; Clore and
Gronenborn, 1985)

No oligoribonucleotides have as yet besg crystallized. Details as to the
solid-state helical forms of RNA havc been extracted from crysiallographic smudies of
rRNA which has shorz (4 - 6bp) double hchcal sections (Rich, 1977).

12, NMR theorv

Physical studies of nucleic acids have been concamed with two aspects,
stability and structire, in the éxpectation that both might be related to function.
Among the physical techniques available muclear magnetic resonance (NMR) is

*unique in thar it can provide information on local structure aad stability of portions
of the duplex.

The basis of NMR is the Possession by certain mclei of 2 magnetic moment,
In free space the cacrgy levels of this magnetic moment are degenerate, bu: upon
application of a magnetic field, H, this degeneracy is removed, and'they becoms
separaied by an enerpy of E - YH/2x , in the case of nuclei with 2 nnclcar spin of 1/-,

( *H, 3¢, I9F, 31p), whers v is the magn:togync ratio; at field strengths curreatly
available this u':msmon absorbs electromagnatic mdxanon in the radiofrequency
region (Williams and F!emmg, 1973; Jardetzky and Roberts, 1981). Proton NMR was

the first to become well established on account of the kigh intrinsic sensitivity and
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abundance of the magnetic isotope !H.
The frequency at which a given micleus absorbs can be modu'icd b@

number of factors (Williams and Fleming, 1973; Jardetzky and Rgbcrts, 1981). Firstly,

clectrons have a shielding influence, and the electron density around the nucleus
reduces the effective field sean by that mucleus, causing it to resonate at lower
frequencies. For pm:ons ihc electron density is primarily dependent upon the
electronegativity of the atom to which the proton is bonded, Sccondly, aromatic rings
have su'cngshzcldmganddahxcldmgcffccs duc to the induced ring currents in

the x-bonding system. The cffcct above and below thcnng is shielding, causing any
protons within this volume to absorb at lower frequency. Inthe planc of the ring

the effect is deshielding, CIUSIng 2 proton 10 resonate at higher frcqucncy Thus the
transition from a random coil 1o a stacked coil may be momton:d because the
chemical shifts change with the changing influeace of the ncighbou:ing bases.

‘Thirdly, protons separated by two tofive bonds may interact with each other

(through the electrons in the bonds) and affect the fields seen by each other, and

* therefore the frequency at which each resonates. For the pyrimidine ring system,

for instance, there are two protons attached to adjacent carbon atoms, Depending
upon the orientation of its Spin, each nucleus will add or subtract a small component
from the field cxpcri;:nced by the other, resulting in the splitting of both signals inro
doublets, with equal separation of both lines,

More detailéd information in the interaction between magnetic nuclei has

become availabie with the advent of Fourier Transforma NMR (FI-NMR) Spectroscopy.

Instead of scanning through all frequencies successively and observing absorbance
at 21l frequencies, 2 single strong radiofrequency pulse is applied at the start of the

experiment, exciting 2ll nuciei. As thesa nuclei retumn to their equilibrium state,
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cach re-emits its own characteristic frequency; these frequencies are collected as a
decay signal over time, and Fourier transformed to yield a normal spectrum. Within
the ariginal decay signal--collected over time—is information 2 to the lifetimes of
the magnetized states of each proton. These lifetimes depend upon, among other
things, the size of the molecule, the flexxblhty of the moiety to which the proton is
anached, the proximity of other magnetic mclei, and exchange with the solvent:
they can be interpreted 1 provide information on structure and flexibility (Jardctzky
and Roberts, 1981; Kearns, 1984).

Fourier transform techniques also provide for specific cxcimtion of one

. proton, with the intention of supprcssmg 1ts signal (solvent wpprcssxon)
wpmmg its coupling to :mothar nucleus to allow identification of that nucleus
(dccouplmg), or pcrmrbmg another nucleus with which it exchanges magnetization
(Nuclcar Overhauser Effect, NOE). Since the efficzcncy of through space exchange of
magnetization is dependent upon separation, the NOE has proven extremely usefil in
structural analysis since it can be used to identify close contacts (<3.4A) iaczween
protons in the helix (Clore and Gronenborn, 1985).

A further level of sopt_xistication 1s available through the use of multiple
pulse experiments, whereby the muclei are perturbed by 2 series of pulses separated
by delay times which allow for interaction between the nuclei, transfer and
exchange of magnetization (Feigon ef gl 1982a; Kearns, 1985). Variation of the
leagths of these delays allows the time-course of these interactions 0 be followed,
yielding intensity vs. time d:;;:a in two dimensions, which may then be Fourier
transformed to provide frequency information in two dimensions. 2-D
shift-correlated spectroscopy (COSY) (Aus et al, 1976:; Feigon et al,, 19832,b) and
spin-echo correlated spectroscopy (SECSY) (Nagayama et gl., 1679; Lankhorst etal,
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1985) , which provide information on coupled spin systems, and 2-D NOE (NOESY)
(Macura and Ernst, 1980; Jamin gt 31, 1985) Spectroscopy, which provides information
on close contacts within the molecule, have all been applied to the assignment of
Tesonances and the analysis of structure. Othc_g\ potentially powerful techniques
include relay coherence transfer mpy (RELAY) (Bolton, 1982; Eic.h etal,
| 1982), which ideally should allow identification of all signals bclongmg 10 a single
Tibose residue, and double quantum spectroscopy (DOUBTFUL) (Hore et 2], 1982;
. Hughes g3l 1984), which is another technique for identification of coupled -
resonances. Pulse sequences have also been devised which allow supi:n:ssion of
solvent peaks, particularly for the observation of the hy&mgcn -bonding protbns in
water; the pulse may be manipulated so as to create a zero spcctral density at the
frequency of Lhc undesired peak (Clore and Gronenborn, 1983:1)

\

L3 1H-NMR of nucleic acids

L3.1_Assignment of single strands and duplexes

The most immcdiatc challenge faced in the analysis of '"H-NMR spectra of
oligonucleotides is the accurate assi gnment of the si gnals for on this depends correct
interpretation of structure., Each aromatic base has one or two non—cxch:mgcablc
protons and at least ope exchangeable proton which may be observed in water when
hydrogen bonding slows the exchange rate (Figure 1.4a): guanine H-8, H-1 (imino),
NH,, adenine H-8, H-2, NH,, cytosine H-6, H-5, NH,, uracil H-6, H-5, H-1 (imino), NH,.
The non-exchangeable and ; imino base protons were the first 10 be observed and

monitored through the single strand 0 helix ransition in AAGCUU) (Borer gt al,
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1975) and (CCGG) (Am‘nnl., 1974). Each ribose moiety contributes six additional
signals, belonging to H1', H2', H3', H4', HS and HS" (Figure 1.4b); deoxyribose has an
additional proton at H2". The assignment of certain of the ribose protons has proven
refactory due to extensive signal overlap, while those i deoxyribose are better
dispersed; in part for this reason much of the studies on longer sequences have been
performed on deoxyoligonucleotides. o

Each of the base and ribose signals has 2 characteristic chemical shift and
coupling pattern in the monomer (Table 1.1), but the addition of eighbouring bases
changes the magnetic environment experienced by these protons (Barer et al, 1974:
Everett et 21, 1950). The signals of all protons shift, since even in a random coit
conformation the protons will experience some shielding or deshielding effect from
as far'away 3s their third neighbours. The carliest assignments, generally of the
base and anomeric (H1" protors alone, depended upon the comparison of relatad
sexies of compounds, for instance the Precursors in a stepwise chemical synthasis, to
follow the movement of the resoaances with addidon of each new residus (Borer g;
2L, 1974; Everett e a1, 1980; Bell et al,, 1981). Larer these effects were reduced to a
general series of parameters, so that the chemical shift of a proton in any single
strand could be calculated by computer summation of the effacts of the neighbouring
residues (Hader gz 21, 1981). Selective deuteration has been emploved for the
assigamen: of the oligoribonucleatida AAA (Kondo et 2l,,, 1975). Initially the NMR
instuments were of too low Seld to permit resolution of the fhose region, but 25
instumentetion imaroved, small oligomers could be at leas: partally assigned by
stepwise homodecoupling experiments, with verification by computer simulation of

-~
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‘:.Q\ | Table 1.1: &uﬁmlshiﬁassigﬁmcmsaﬂdcoupling constants for the
. tonexchangeable base and anomeric protons of the nucleosides at
o/ 70°C, 7.3mM, iz 1.0M salt buffer, relarive tDSS, - . -
s denosi .’ cirosine -
proton doumt  lggorki proton 2.(ppm) - Iggaclyy
Hz) ' Hz
AH-8 8313 - GH-8 7961 - -
i AH-2 8.260 - _ :
AH.T' 6.065 5.6 GH-1' 5:888 5.6
i Uddi
proren 2fm) Iygoclio proton 2pm) Aggorlyo
(Hz) ' H
CH6 7.781 7.3 UH-6 7.798 8.1
CH-1" 5.894 3.7 UH-1 5.887 49
 CHS 6.073 73 UH-S 5.907 8.1
—
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the spectra (Sarma;nd Dhingra, 1981; Lee, 1983).
. . ¢
With the advent of bigh resolution NMR and multiple pulse techniques it

became possible to ass:gn an oligomer without referenca to precursors. The members

of aribose spin System may be identified by spin correlation cxpcrimcnts. such as
COSY, SECSY and RELAY (Mellema st a1, 1984; Laakborst ez 1985). Their associarion
with particuilar base signal may be determined by observation of NOEs berween base
and ribose protons (Petersheim and me,igssa; Frecheteral, 1983). The
assignmeat of a particular ser of base and ribose signals 10 a residue in the siuglé
strand can be achieved by the observation of inter-residue NOEs, which alow
identification of residues adjacent to each other, The longest single stranded
oligoribonucleotide to have bean completely assigned is AUAUAL (Lankhorst etal,
1985) while other Sequences to have been assigned are at'the trimer to pcnmmér- .
ievel (Hanel etal, 981; Lakkhorse et ol 1982; Doornbos exal, 1985 Gronenborn e gl
1983). |
An alternative approach, one applied to the assignment of longer fully
duplexed DNA_ sequences, is to assgn the duplex rather thap the single strand, again
Lhroﬁgh spin correlation experiments, and, especially, NOEs, since the duplex
provides an intricate network of direction-specific I\;OEs, which, ideally, allow ona to
“walk through” the molecule in question (Erechet eral, -1983; Clore .':nd Gronenborm, &5

1985; Gronenbom and CIorc,‘11985). DNA sequences assigned in this fashion tnclude:

: d(CGCGAA'I'I‘CGCG):,_ (Hare gt 41, 1583), d(CGCGTATACGCG)Z, d(CGCGA_LTATCGCG): (Patel gt

aL, 1985a), d(CGA'I'I‘ATAATCG)z (Patel et a1, 1985b), d(CGCGCG)z (Frecher gt o, 1983),
d(ATATCGATAT):,_ (Feigoner al, 1982, 1983b), d(ATATGCATAT)z (Feigon gt a],, 1983a),
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d(CCAATTCC), (Broido ¢t al., 1984); mixed RNA:DNA duplexes r(GCG)d(TATACGC)Z

(Mellema et a1, 1983) and d('I‘CACAT):r(AUGUGA)Z (Reid gt 3l,, 1983) and the RNA

duplex r(CUGUG) T(CACAG) (Clore et al,, 1985). Observation of NOEs between the

exchangeable (imino) protons, have enabled complete assignment of the low field

proton spectra of tRNAphe (Hare ef al, 1985) and tRNAval (Hyde and Reid, 1985).
Whether ass:ﬁnmcm is of the single or double strand, the assignments can

then be applied at other temperatures by following the change of chemical shift with

temperature for the individual protors. |

13.2. Conformational aﬁalvsis of the single strand .

The conformation of every residue in a nucleic acid.stmnd 1s defined by six
backbone torsion angles, &, 8, ¥, 9, ¢ and {» one base-torsion angle x (TUPAC, 1983)
(Figure 1.5), and the sug;;r puckering geometry (five tarsion angles). Some, though
not all, of these angles may be determined through analysis of three bond *H-1 ang
31p.1H couplings. For !H-'H vicigal coupling, the relationship hetween Jepy and
torsion angle @ is given by Jrpg = Acos@+B (Karplus, 1969) where A and B are
cmpirically determined constants. Various modifications to this cqﬁadon kave been
proposed, incorporating an additional cos@® dependence (Altona and Sundg‘ahngham
1972, 1973}, and thc effects of electronegative substituents on coupling constants
(H;asnoot et al,, 1980).

The angles @ and ¢ ¢annot be directly determined from coupling constants,

but the 3!P chemical shift has been correlated with the values of these angles
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(Gorenstein, 1975; Gorenstein st al,, 1976). 8 (C4'-CS-05'-P) is best monitored by
31p.1H couplings betweea ribose HS'S™ and phosphorus atached to OS', 315p and
g Y (C3-CH-CS-05) by 3 gug. and 3 yev, and € (C3-C4-CS-05) by e
(reviewed, Sarma and Dhingra, 1980). The conformations obtained from the coupling

constants are generally described 2s mixwures of the populations of classical rotamers

(Figure 1.6), by equations such as p(y") = (13.3 - (Jg50 + Jggm)¥ 9.7 (Lee and Sarma,

1976), where p(~v") is the percentage population of g~ conformer (see Figure 1.6), and
k the constants have been experimentally determined. The results of classical
conformational analysis are quﬂhﬁvc. and dependant upon the accuracy of the

- determination of the limiting values for the coupling coastants. Particular

L 4

t4

) combinations of conformations around two adjacent torsion angles allow for the
observation of long range couplings between protons linked bya copIanar‘sexies of
bonds: Coupling berween P and H4' is observable wheny and 8 are gt and ¢ ‘
respectively, and coupling between P and H2" appears when the sugar ring is S

-(approximately 3' endo) and  is g™ All three angles, 8, v and ¢ demonstate
conformational preferencs (Figure 1.6): B'= 180°, over a narrow range, under all
temperatures and sugar Szonformation.s, ¥+ predoxﬁinarcs iﬁ the émclcéd strand, with
increasing populatioas of v~ with increasing temperarure (Altona, 1982; Lee, 1983).
The conformation around e “cannot be directly determined from the siﬁglc coupling
3IS'P' but by observation of a long-range coupling it is dediced to be et in the
stacked state,

An 2ccurate value for d may be obtained from its comrelation with the sugar

ring geometry (see below).
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GAUCHE (g*) GAUCHE (g~)

3
g
3
X
: "
figure 1.6: Idealized Newman projections for the classical rotamers for ’\\
the backbone torsion engles 3,8,£ and X. Conformers ,

preferredin the right handed stack are shaded.



The base-base tarsion angle x may theoretically be determinsd fmm.:he

four-bond 'H- 13C couplings 41, and “Tiy1:5 (For pyrimidine), and ‘g 20d
JHI'C4 (for purine) (Sarma and Dhingra, 1981; Altona, 1982). In certain Pyrimidines,

a five bond coupling between H6 and H1' has been obssrved. In the single stranded -
stacked conformation x is exclusively anti, while in the random coii there 1s an
appreciable population of the syn conformer, pamczﬁa.rly for purines,

Various approaches have been developed for the analysis of sugar geomerry,
all of which have had to address the problem of defining five torsion angles from
three coupling constants. Fornately in the eyelic riboss system the torsion angles

are interdependent, and kﬁowlc’dgc of the values of three torsion angles permits

calewlation of the other two (Altona e al,, 1982). * Ribose geomery is commonly

dascribed as an equilibrium betwean C2' ¢ndo and C3' endo puckered conformers .
(Figure 1.7), in which either the 2' or the 3" carbon is displaced wowards C5' fromthe . .

mean plape formcd by the other atoms (Evans and Sarma, 1974; reviewed, Sarma,
1580), or altcmazcly between S and N conformers (Altona and Sundaralingham, 1972
reviewed, Altona, 1982) (Figure 1.7). According to the fatter approach the
conformation of the ﬁng is represented by a continuum of displacements of each
successive ring carbon from the plane; this is commonly depictad as a whesl
(Saeager, 1984). The two preferred conformations of the ribose ring fall into the |
zorthern (N) and southern (S hemisphen:s._ A pseudorotation phase angle P may be

defined as
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CH,OR - T“e ] s _ Bese
3-endo 2-endo -

N-conformer «

S-conformer
(2'-exo0~3'-endo)

(2-endo-3"-exo)

Figure 1.7: The two pairs of idealized conformers useqd in analysis of
ribose conformation: J-endo and 2*-end

0. and N-
and S- conformers. )
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tanP = (T +T,) - (T,+7,) . (+180 for negative T, ).
| 2%, (sin36°+5in72°) To~ T, ring torsion angles.
The meximum Puckering amplitude T 1s defined by T, =T, cosP,
(Seenger, 1984) ‘

The phase angle and amplitude of pucker may rh?n b:: used to calculate the
value of 9 from 3 =120.6 + 1.1cosg(P + 145.2) (Altona, 1982).

Early application of detailed conformational analysis included fiftaeq
diribonucleotide monophosphates and fifteen deoxydiribonucleotda morophosphates
(Sarma, 1981, and references z.hcn:‘in). Stacked diribonucleotide diphosphates
demonstrate a SE preference, and stacked deoxydiriboncleotide diphosphate§ a °E

+ preference, which is the same preference as is observed in the double helix.

Exteasion of these studies 1o the trimers AAA (Dhingra and Sarma, 1979), ACC and CCA
(Cheng gt al,, 1980) determined that the conformational preference at low
Imperatures was a right handed stack, but, for CCA, species in which the central
aucleotide in the trimer is excluded from stacking between the end units contribue
to the conformational mix (Cheng et al,, 1980). Similar "bulged” conformations have
been observed for members of a set of thirteen oli goribonucleotides, particularly for
those of the f_orm pur-pyr-pur, in which the central pyrimidine is forced out from
the pur-pur stack, with 2 concurrent increase in flexibility of the ribose ring, and
higher populations of the "unstacked" 2E conformation (Lee and Tinoco, 1981;
Lee,1583).

Altona and coworkers (reviewed in Altona, 1982) have lately incorporated a

gezeralized Karplus equation (one accounting for the effects of electronegative
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substituents upon coupling constants) into a numerical algorithm which generares
amplitudes and phases of pucker for each of the two extreme ribose conformations N
and S, and caleulates an equilibrium constant K for their interconversion. This
method has been applied to the single stranded series m62AUm52A (Lankhorst et 2l
1982), m8, AUmS, AU (Hartel g1 2l,, 1981), w8 AUmS, AUm®,A (Lankhorst gt 41, 1983),
and 1o AUAUAU in its single stranded form (Lankhorst et al,, 1985), with confirmation
of the earlier observation of a preferred 1,3 purine-purins stacking with bulged
pyrimidine in oligaribonucleotides with alternaring pyrimidine-purins sequence.
(Lee and Tinoco, 1980; Les 1983). Analogous deoxyoligonucleotides d(ATAT) and
d(TATA) show 0o such pattern (Mellema eral, 1984).

Comparison of the results of conformational analysis of short oligomers of
RNA acd DNA reveal some further differences (Altona, 1982, review). For RNA
ohgomcrs the amplitude of sugar pucker for the N conformer 1s the same for s:ackcd
and unstacked strands, whersas this is not the case for the S conformer of stacked and
unstacked DNA oligomers. Stacked DNA shows a 5' - 3' transmission effect in ribose
conformation: pyrimidire residues 3' to purines favour the S conformer. Stacked
RNA shows no apparent sequence effects, RNA backbone angles seem 10 undergo
mmmal changes upon formation of the duplex from the stacked single strand,
whereas for DNA larger changes seem to be necessary, at least for the compounds .

studied (Altona, 1982).
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L13.3. Monitoring the sinele strand 10 duplex transition

§

Any observable parameter whoge value is different for single sand and
duplex may be used to monitor the single strand 1o duplex transition, M+=M,. UV
absorbance, circular dichroigm, fluorescence and proton chemical shifts havc-ail
besn used. Ifapm:on_rmna:cs at dMin the singlcstmndandaxaMzinthchcﬁx
then the observed frequency Jobs in the limit of fast exchange will be:

dobs = XMOM + XMy3aM, = 3M + ( My - M }XMy, XM and XM, being the mole
fractions of the proton in the helix and single strand respectively. If the equilibrium
constant for the process is K and the inital concenmration M, then substitution for
XM, yields: ‘

dobs = OM + (M, - OM 1 +4KM + V(1 + 8KM,)/ 4KM_]. (Cantor and
Schimme], 198 1).

K is temperature dcpendcm: K = -RTInAG; this dependence results in

sigmoidal variation of debs with temperanire between the extrema represented by oM

‘and aMz. If, by analogy with a true phase change, a melting temperature Tm is

defined to be that temperature at which AG = 0, K = 1, thea Tm = AH®/ AS®, and may be
determined as being the inflection point of the plot of dobs vs UT, and is an indicator
of stability (Borer et al., 1974; Cantor and Schimmel, 1981). Thermodynamic dara may

be determined directly from the concentration dependence of the melting

n——

lemperature 3s being
(Tm)y! = (2.303R/ AH®)log C + AS°/ AH®, where Cr istotal oligomer

concentration (Borer et 2], 1§74). This approach has bean applied to the
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determination, largely from optical data, of the Lhmnodyna:mc parameters for
perfect and 1mpcrfcc: duplexes (Borerer al, 1974 Freier et al,, 19853), and of their
constituent structural elements (nearest neighbour clcmmxs. mismatches) (Borer et
aL, 1974; Frczcr:;_al., 1985b Hickey and Tumner, 1985; Freier et 3l,, 1984). Real systems
deviate from the simple two state model by fraying, particularly of terminal A«U and
AT base pairs (Borer gt a[,, 1974; Patel and Hilbers, 1975), mulnsu'andcd aggn:gauon
{Sagan and Walmslcy, 1985; Hopkirs, 1984), paracularly of GC rich sequences,
premelting transitions (Patel et al, 1982a), and base stacking prior to duplexing
(Alhzma, 1982). 'Ihcn'.nodynamxc pammcrm; calculated from NMR data for a single
sequcncc can show a wide variation in thc processes observed by each individual
proton (Cantor and Schimma], 1981).

- Until recently measurement of the thermodynamics of the helix-coil
ransition relied upon measuwrement of a wide range of concentrations, a 7
time-consuming procedurs for the NMR spectoscopist, for whom the available
concentratioss are limited by instrument sensitivity at the lower end and by
aggregation effects at the upper. Variable iemperature NMR spccrroscopy bas bezsn
used primarily to monitor the structural details of the transition and 1o correlate
assignments mada for the single sirand to the duplex resonances and vice-versa
(Romaniuk et a1, 1979; Alkema et 3, 1982; Pa;cl eral, 1982a). This may change with
increasing access to high-field instruments and eo;npmcr systems, leading to
developments such as the differentiaj concentration profiles method (DCPM), which
uses computer least Squares analysis of the chemical shift behaviour to isolate

thermodymanic parameters for both stacking and self-association, each process
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being described by a two-state model (Hartel ¢1 a1, 1982). Computer fitting of models
of binding site affinities are being used to study the binding of intercalating drugs to
duplexes with multiple binding sites (Nelson and Tinoco, 1984, 1985) (See section 5).

Analysis of coupling constants is the preferred approach to conformational
analysis of the single strand, but duplcxmg is t;requcnﬂy accompanied by broadening
of NMR signals, due to chemical exchange and slowing of umbling, resulting in loss
of coupling informarion. Although analysis of coupling comstants has been applied
0 some systems (Sanderson eral, 1983), the most usyal approaches to analyses of
duplex conformation rely upon analysis of chemical shifts and NOE measurements.

. Analysis of conformarion by chemical shift involves the testing of shifts
computed for a giver geomerry against observed shifts. Giessner-Prettre and
Pullman (1965, 1969, 1970) caleculated the ring currents in the four bases, and from
these dc:ivcc{isoshiclding contours at 3.4A above 2nd below the rings
(Giessner-Prettre and Pullman, 19762,b). Borer ot al. and Arter gt al, used the ring
curren: results and helix paramieters derived from fibre diffraction data to caleulate
the expected values for ;:hcmical shifts upon duplexing in AAGCUU (Borer g al,, 1974)
and CCGG (Anter et al,, 1974), and 10 determize that botk duplexes were A-type. Arter
and Schmidt subsequently published extensiva tables of parameters for the
caleulation of chemical shifts for any protoz in an A, A’ or B kelix (Arter and

Schmidt, 1976). When testad 2gainst the available data, these parameters showed -
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reascaable to poer agm:im:ﬁx-poc& when applied to GC rich sequences, which was

weaatively explained by aggregation, and by the contributions of the anisotropies of

the base functional groups and the phosphate (Arter and Schmidt, 1976). Pazel

employed a similar approach to determine that the thres deoxytetraribonucleotides

- dGGCQ), 4(CCGGE), and d(GCGC) formed B-type duplexes (Patel, 1977, 1979).

- Chemical shift changes upon duplexing have been used to argue for the

- swacking in or bulging out of mismatched or non-paired bases (Alkema é1.4L, 1982;

Patel ezal,, 1982b; Haasnoot et al,, 1979): The H-8 and H-2 base protons of unpaired

A(4) in the duplex formed by d(CGCAGAATTCGCG) show comparable upfield shifis and _

melting temperatures 1 the base paired adenosines A(6) and A(7) (Pael etal, 1982b).
Computer fitting of chemical shift data has been used to adjust the base pair

“overlaps in the A-RNA khelix to dcriwi 3 model in which the turn angle varies with
the sequencs (Cruz et al,, 1982; Bubienko e al, 1983) (See section 3.1.2). ]
The reladve intensities of intra- and intermolecular NOEs, indicative of
wnterproten distance relationships, may be used to determine the type of helix
2copted.  In particular it has been used o distinguish betweea fight 2nd lef handed
conformations, to monitor the Bto 7 transition in DNA oligomers (Tran-Dinh g1 21,
1984; Feigonet al,,, 1984) and to resolve whether the unusual circular dichroism
spectum: of (CGCGCG) results from 2 low sait Z form (Uesugi et al,, 1984: Westerink et
2L, 1984)—which it does rot. In Z-DNA, where the purine residues have adopted a gvp
conformation with 3' endo sugar pucker, the reladve intensites of: the
fntamcleotids NOES are Nygy. s 5> Niows = Npoe.igs - whereas in B-DNA, with

2n4 and the sugar 2' endo Ny prg >> NE-:I'-I—-IB (Groneaborn and Clore, 1985). The two

?



right handed helixes may be distinguished from each other by the relative intensities
of the NOEs between the base protons and the H2' and H2" protons on adjacent
mucleotides. Thus the duplexes formed by d(ATATCGATAT) (Feigon et ., 1982),
, d(CGTACG) and d(ACGCGCGT) (Gronenborn and Clore, 1985) have been shown 1o be
*. B-form in soluticn whilc (€GCGCG) (Uesugi et al., 1984; Wcstcnnk :Lal., 1984) and
r(CAGAG):r(CUGUG) (Clore et gl,, 1985) are A-form,
More detailed conformational analysis is possible if a reference distance is
available for calibraton of the Ni OEs, for micleic acids, the distances between
members of the pyrimidize H-5 - H-6 system, and the deoxyribose H-2' - H-2" may be
. used. Then the distance T betiveen any two atoms i, I 15 givenby < rijﬁ > U6 {
cI-iSHG’ o )'1’5 rHSHG where GI-HHG’ e :11::: the cross relax:m'ou rates bcxwécn HS,H6
“and i (Gmncnbom and Clore, 1985). Du'cc: structure dctcrmmauon by NOEs is not
possible because they arc far fewer in mumber than the degrees of ﬁ*ccdom ofthe
. duplex. The favoured approach has been to use NOE data to compuwr rcﬁnc -
'sx_:rucmn-cs derived from classical geometry. Detailed structural studies of this typo
have been performed on d(CGTACG) (Clore g1 al., 1985), d(ACGCGCGT) (Clore and
Groneaborn, 19843, 19848) and CACAG:CUGUG (Clore e(al, 1985, Local variations in

torsion angles, propeller twist, base roll, are all observed (See section 3.1.2).

T
L4, Phosphotrjester svnthesis of olicorihonucleotidas

" With the advent of zutomated DNA synthesis, and the promise of aurormated
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RNA synthesis, chemical synthesis of oligonucleotides has become the preferred
method of preparing short oligomcleqtides for structural and bwlogxcal studies,

largely supemedmg enzymatic synthesis. Chemical synthms of

oligoribomucleotides has lagged behind DNA synthesis largely bccausc of the
difficultiss entailed in protecting the 2' hydroxyl group in such a way that, while the
blocking group is smblc under the phosphorylation and coupling conditions, it may

be mmovcd without cleavage or isomerization of the adjaccm 3'and § hnkagc ‘The
symhcs:s used for preparation of the ohgonbonudeond:s ip ﬂns wark was developed
by Dr. Neilson and coworkers (England and chlson. 1976; Werstiuk and Ncﬂson, 1976)
and rhc strategy is as follows:

I Protection of the reactive sites on the monomers, usmg blocking groups
tha: may bc removed mdepcndcmly of each other: The aming Zroups on adcnosmc,
cytidine and guanosine are protected by base-sensitive groups, the dbose 2
hydroxyl by an acid sensitive tetrahydropyrany! group, and the ribose 5' hydroxyl of
the 5 terminal residue by a mphcnylmcthoxyacctyl (TRAC) group, which may be
removed by very mild base.

2. Coupling 5" 3': Phosphorylation of the 3 hydroxyl position of the '
tctmm:ﬂ n:s:duc with BBE-mchIomcthyIphosphatc followed by coupling to the 5§
hydmxyigroup of the incoming bIockcd moromer. Repetition of as many cycles of
phosphorylation and coupling as required, _

3. Deprotection of the final sequcnec Removal qf the trichloroethyl
blocking group with anc/copper couple, followed by removal of the base-protecting
" groups with methanolic ammonia and the ribose Protecting group with aqueous acid.
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2. MATERIALS AND METHODS | N
21 QI— ﬂ I -1" I . ’
2.L1 Materials

Fully protected monomars N?'-bcnzoyl-Z'-O-rcn‘ahydmpymnylguanosinc

HOGE Om), Nﬁ-bcnmyl-z'-o-:emydmpmnyladcnosiic'(HOAbztofi) dod
Z'Gmmhydmbmnylmidinc (HOU OH)were synthesized according to previously
published procedures (HOU,OH, Griffin et al., 1968; HOAL® {OH aod HOGPZ OH, Gregoire and
Neilson, 1978; Tracl;OH, Werstiuk and Neilson, 1972; Tracabz .OH and Trachz OH,
Werstiuk and Neilson, 1973) from monomers obtaired from Terochem Labor:uoncs Lid,,
Edmomo&, Alberta, Canada. N‘-benzoyi-z O-tctmhyd:qpymnylcyndme was
synthesized using 1,3-dichloro-1,1,3,3-tri- isopropyldisiloxane as 2 tempgrary blocking |

. group for the 3 and 3" positions (Markiewicz andW:ewxérowsh 1978; Markiewicz,
1979)during benzoylanon of N* and addition of the tetrahydropyranyl group ar the 2°
Position as described in detail below. Cytidine and 1,3-dichloro-1,1,3,3-1r-

‘ isopropyldisiloxane were also purchased from Terochem Laboratories Lid.

' Blocking group u-iphcnylmc;hoxyaccrﬁrc (Trac), coupling reagents
triisopropyl- sulphonyl nitroimidazole (TPS-NI) (Van Boom etal, 1977) and
mcsitylcnsulphonyl triazole (MST) (Katagiri et 21,,, 1974) and phosphorylating agent |
BBB-mchIorocr.bylphospha:c (BBB) (England and Neilson, 1977) were synthesized as

previously described, Sramng materials triisopropylsuiphonyl chloride,
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mesitylenssulphonyl chloride, 1,2,4-triazole, aitroimidazole and 2,2 2-rrichloroethano!
were obtained from Aldrich, Miwmxbc, WL Coupling mgem mesitylenesulphonyl-4-
nitrotriazole (MSNT) was symhmmd according to Jopes et a1, (1980); 4-nitrotriazole
was also-obtained from Aldrich,

Rcacuons were monitored by silica gel thin layer chromatography,

Pre- scoredmhcagthpIamﬁ'omAna]wck, Newark, DE. Plareg were run in 5% or 10<;
v/v methanol/methylene chiorida and developed by cerie sulphate spray (155 wrv
C.:-(Sod)_2 1n 10% sulphuric acid) followed by heating 1o 350°C on a hot élan:

Blocked sequences were punﬁcd after each coupling siep oa silica gel (60-200
mesh) obtained from J T Baker, Philipsburg, NI or by ﬂash column chromatography on
Merck Kieselgel 60 (230 - 400 m.csh) obtained ﬁ'om BDH Chemicals, Onmno For

conventional chromatography stepwise gradient elution was used, 0- 10% mexhanol‘in
mct.hylcnr: chlorzdc For flash chromatography a linedr gradient of
mcthanovmcthylcnc chloride was cmployed.

D0, 99 9% and '100%, was obtained from Aldrich. 99.9¢; D/:QO was distilled from
EDTA (40 mg) before use,

212, _Preparation of N4-henzov]-2" =O-tetrahvdopvranvieviidine- (Hughes, Alkema,

Sinclair and chlson unpuplished proccdurc) (F:guxe 2.1).

2121 3'.5'—0-f1.1.?.3.-Tcuni<onmo!1-1 ?-di':ﬂoxancdivﬂ-cvﬁdinc

1,3-Dichloro-1,1,3,3-tctraisopropyldisiloxanc (12.28 g, 0.042 moql (315 g/mol;

-

1.001 g/ml)) was added 10 a stirmed suspension of cytidize (10 g, 0.042 mol (243 g/mo1y)
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Figure 2.1: Schematic digram for
the synthesis of
blocked ¢ytidine

using the 1,3-dichlore-1,1,3,3-

tetraisopropyldisiloxane blocking
group.
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in dry pyridine (iO mi/g; 100 ml). Clearing éf the suspension occurred a;ftcr45 min,
and the reaction was complete in 2 b, as monitored by silica gel tle with 10%
methanol/methylene chloride mobile phase. Cytidine appeared at the on'gl:n, and the
product at R¢ 0.4 - 0.5. Upon completion, tﬁc reaction ;as quenched with ice and the
mixture extracted three times with CH,CL,. The solvents were evaporated to dryness at
reduced pressure, and toluene was used to azeotrope the residual pyri(\ﬁnc. The product
was purified by silica gel chroma_.tography with methanol/methylene chloride as a
mobile phase, the solvent was removed at reduced pressure, and the residue redissolved
in CH,Cl,. The product precipitated overnight as a white powder, Thc'produc: was,
verified by‘H-NMR.

Yield 16 g; 88%.

'H-NMR (CD40H, 250.13MHz): 9 7.953 (H-6), 5.844 (H-S), 5.897 (H-1', T 0p. 0.5

Hz}, 0.99 - 1.15 (isopropyl) (D.W. Hughes, 1982). -

2122 N*Benzovl-3.5-0-11.1 J.3-tetraisopropyl-1,3-disiloxanedivll-cvtidine

3',5‘-0-{1,1.3,3-Tctmi_sopropyi-1,3-disionancdiyl]-cyﬁdinc (16 g, 0.036 mol
(441.1 g/mol)) was dissolved in a mini.muxr; volume of absclaluu: eihanol (100 mi). The
flask was equipped with a stirrer and fitted with 2 reflux condensor. Benzoic
anhydride ( 24 g, 0.108 mol (226 g/mol)) was added 1o the refluxing mixnre in three
cqual portions at one hour intervals. The progress of the reaction wa§ monitored by
silica gel tlc, run in 10% methanolVmethylene chloride. The starting material appeared
at about Ry 0.4, the product about R%O.S. In the case of incomplete reaction a further 1

¢q benzoic anhydride was added and the reflux continued for another hour.

o~
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Thc reaction was quenched with ice, and the mixture extracted with
mc:hylcnc chioride three nmcs. The combined extracts were reduced to dryness in
vacuo. The remaining ethanol was removed by azeotroping with tolucnc two to three
| times under reduced pressure. The residue was chromatographed on silica gel, with
methanol/methylene chloride as the mobile phase. Early fractions of the product
tended to be contaminated with ethyl benzoate, and 50 were collected separately and
fcchmmatogmphcd. The product was verified by 'TH-NMR.
Yield: 17.2g; 84%.
H-NMR (acewone-dg, 250.13MHz) 3 8.283 (H-6), 7.408 (H-5), 5.759 (H-1%), 0.99 -

1.15 (isopropy}), 8.150, 7.653, 7.551 (benzoyl) (D.W. Hughes, 1982).

chnzov! 3.5-0-11,1.3.3-tetraisopropvl-1 ‘%-d1sﬂox1ncd1vﬂ 2-0-

ietrabvdropyranylevtidipe

N®-Benzoyl-3',5-O-[1 »1,3,3-tetraisopropyl-1,3-disiloxanediyl-cytidine (14 2
0.025 mol (545 g/mol)) and p-toluenesulphonic acid (3.6 g, 0.01% mol(190 g/mol )) were
dissolved in dry dioxane (10 ml/g nucleoside: 140 ml) with added molecular sieves (4A)
' (1-2g).. The mixture was stirred in an icebath unl thc' dioxane began to freeze, and
cold dihydropyran (10.95 mmol/ml; 10 eq; 20 ml) added portionwise, slowly, with
stirring or agitation. Upon completion of addition, the reaction mixture was allowed to
warm slowly to room temperature, and the progress of the reaction monitored by silica
geltde, runin 5% mcmanoUC}IzClz.; The starting material appears at R 0.7, the
product at 0.9, and a brownish gmm:Iar spot due to products of dihydropyran side

reactions at the solvent front, Completion of the reaction took a few hours, sometimes
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overnight. When mhpkm the reaction mixture was cooled for 5 min, carefully
neutralized with conc. aqueous ammonia (if madc alkaline, precipitated
p-toluenesulphonate wifl redissolve), filtered to remove precipitated salt and sieves,
and evaporated to dryness in vacuo, usmg toluene to azeotrope dioxane. The resultant
sticky foam was chromatographed on silica gel using methanolmethylene chlorids as
the mobile phase; the product eluted at 1 - 2% methanol and dried to a white or pale
yellow foam. '

Yield: 14.5 g; 88%.

Tewabutylammonium flucride, 0.1 M, in tetrabydrofiran (stock solution 1.OM
diluted 1/10 with THF; 1 eq; 17 ml) was added to dry N-benzoyl-3'.5'-O-
[1,1.3.3—tcunisopropyl-1,S-disiloxm;ediyl]-Z'—O-tcu-ahydropymnyIcytidinc (I1g,0.017
- mol (645 g/mol)), and the solution stirred at room temperature for 15 mimtes, after
which silica gel tlc showed the reaction to be complete, The starting material ran just
behind the solvent front in 105 methanol/methylene chloride, and the product
appcamdas two isomers in approx. equal quantities at R 0.55 and 0,45,

Tﬁz: reaction volume was d_gtibled with methylepe chloride, the mixnre poured
onto water and extracted with methylene chloride three to four times. The combined
' extracts were reduced to dryness in vacuo, and the THF azeomroped with toluede. The
residue was dissolved in methylene chlonide, and any product which precipitated after

sitting overnight was filtered before the Supernatant was chromatographed on silica

1. .
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The isomer with low Ry was recrystallized from methylene chloride and the one with -
high R¢ from methylene chloride upon addition of hexancs, or else used as o foam. The
product was verified by li.{-NMR. | '
P %cid: (total, both isomers) 5.6 & T7%.

' TH-NMR (DMSO-d¢ + 1 drop H,0) high Rf (400.13 MHz) 3 8.552 (H-6), 7.338 (H-5),
5.830 (H-1', J ;.. 2.1 Hz). 7.960, 7.616. 7.498 (benzoyl), 4.935, 1.36 - 1.86, 3.3 (THP).

low P (250.13 MHz) 3 8.423 (H-6). 7.320 (H-5). 6.035 (H-1', .. 4.8 Hz), 7.978,

" 7.619, 7.500 (benzoyl), 4.832, 1.33 - 1.74, 3.313 (THP) (D.W. Hughes, 1982).

2.13, Svnthesisof oligoribonucleotides

Quantities and yields for preparation of all oli gonuclcoudcs used in this study
_arc given in Tables 2.1 and 2.2. The procedures used have been previously published
(England and Neilson, 1976; Werstiuk and Neilson, 1976); the synifiesis of protected
GpCpGpC will be used 10 illustrate them (Figure 2.2).

All reactions were carried out under dry nitrogen.

-~ 2 [ ' L3
2131, N-<Benzovl.? -Q-tetmphvdropvranvi-5 -Q-triphenvimethoxvacetvl-

mmnvlvlr‘a"(z‘z.?,-trichlomczhvl)-S'I-N4;hcn20vi-2'-0-tctmhvdronvranvl-

gvtidine (TracG,b*C,%20H)

BBS-Trichlorocthylphosphate (0.9 g 0.39 mmol (230 g/mol)) was converted to
the pyridinium salt by reducing to dryness from pyridine three times. On the last
cvacuation, the final volume was left at about 5ml, and 1.95 ¢ MST added. The solution

was activated by heating 10 40 - 50°C for 1.5 h, undl the MST had dissolved.
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Table 2.1: Summary of thé Preparation of Oligoribonucleotides?, quantities used
and yields of product.
eactants ) ) products
copd mg mmol cmpd mg mmo} *  cmpd mg %
G 150 1195 G 80 180 GG 1070 38
GG 500 035 C 150 035 GGC 270 40
GC 270 o4 c 61 0.14 GG ‘167 47
C 1000 135 C 640  1.50 @ 700 39
C 650 048 G 260 053 QG - 430 49
QG 430 02 G 110 023 QCGE® 325 58
G 1500 195 o 760 . 176 ce 1650 62
GC 360 025 C 111 026 co e 320 66
GC 280 0.5 G 61 014 GG 178 47
C 1200 14} G 820 170 . G 1330 59
CTEY TN, TG T 10 03 G 385 61
GG 300 0.15 C 70 0.16 ‘OGGCY 165 43
G 1500 1.9/5 C 760 1.76 GC 1650 62
GC r400 ok~ g 152 0.32 GG 200 36
GOGC 300 y{ls e 69 016 Gaoc- 170 42
C 1280 175 G 930  1.90 G 1120 50
GG 500 036 C 175 0.40. ecel 390 54,

G 350 017 G 95 0.19 , CGCG® 270 59
G 500 0.36 G 195 040 CGG 430 58
QGG 400  0.20 A

95 0.21 CGGA® 190 36

3G, Cand A in all ¢ompounds in columns 1,4 and 7 stand for the fully protscted
residues Nz-bcnzoyl—Z'-O-temhydmnop}mnylguanosim,
N‘-bcnzoyl-Z'O-mmhydranopmyIcyddinc and N(’-bcnzoyI-Z'-O-
tetrahydropyranyiadenosine, respectively; in addition, the § terminal S'-ribose
hydroxyl position of the compounds in columns 1 and 7 is blocksd bya
trityloxyacetyl group. - GG represents GpG with two protected Suanosine residues
linked by a protected phosphate group, the phosphate blocking group being

22 2-richloroethyl. The coupling reagent in al] cases was

- mesitylenesulphonyitriazole,

®Cozmpounds prepared by Dr. P, Romaniuk (P.J. Romariuk, 1979)
“Compounds prepared by Dr. D. Alkema
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and yields of products.
[e3ctants prducts
copd mg mmol cmpd mg mmoi “cmpd mg %
G 2340 330 G 1400 330 GG 2420 55
GG 370 025 U 84 025 GCU 236 47
GGU 220 Q.11 a  nus o GGLOC 130 36
GG 2000 146 A 632 . 149 GGA 800 30
GGA. 400  0.19 C ‘93 0.19 GGAC 270 s6
GGA 400  0.19 aC 202 019 GGACC 70 12
G 4140 5.40 C 2300 52 GC 3300 45
GC 1300 0.93 U 305 0.82 GCU 940 56
GCU 940 049 G 235 05 GG 2630 51
GCUG: 600 023 C 104 024 GCUGC 340 46
GC 2000 146 A 756 146 GCA 1380 47
‘GCA 1300 0.65 G 300 064 GCAG 770 45
GCAG 385 014 c 161 0.14 GCAGC 210 44
c 2700  3.69 c 1590  3.60 @ 2940 59
@ 1000 076 U 252 0.76 ocU 860 59
QCU 850 - 045 G 212 04s QUG 570 48
UG 550 0.2 G 108 02 UGG 210 30
ac - 1800 134 A 302 134 cA 1470 53
1000 0.48 G 234 05 QCAG 520 41
CCAG 450  0.17 G 79 017 CCAGG 180 33

®G,Cand A inall compounds in columas 1, 4 and 7 stand for the fully protected
residues Nz-bcnzoyI-Z'-O-tcunhydmnopymnylguanosin:,r
N‘-bcnzoyl-z'-o-mmmmﬁopymylmdim and N®-benzoyl-2-0-
terahydropyranyladenosige, respectively; in addition, the 5 terminal 5'-ribos=
hydroxyl pesition of the compounds in columns 1 and 7 is blocked bya
trityloxyacety! group. GG represents GpG with two protected guanosine residues
linked by a protected phosphate group, the phosphate blocking group being
2,22-trichloroethyl. The coupling reagent in all cases was
mesitylenssulphonyltriazole,
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Tigure 2.2: Stepmse synthesis of protected GEGC by the phospho-
triester method.
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TracG (1.5 g, 0.19 mmol (771 g/mol)} was dissolved in pyridine (15 mi), and
dried azeotropicaily by cfapomtio'n of the pyridine at reduced pressure, This was
repeated twice. Dry nitrogen was admitted to the flask after each evaporation. The
activared 888-MST complex was addsd by pipéme, using dry pyridine s rinse and the a3
wholc‘ submitted to evapartation at reduced pressure to give an oil. The flask was then

filled with dry nitrogen, sealed and left in the dark at room temperature
| The progress of the reaction was monitored daily by silica gelde. At10%
methanol/methylens chloride TracGOH appeared as 2 yellow spot at Rf 0.9, and TracGpO-
as ayellow cusp at R 0.2 - 04, After three days the reaction was over 95% complete
* and was wor]md. up. A small quactty--about eqﬁal 0 the reaction volume—of ice was
added, and the flask let stand for fifteen minutes. Methylene chloride (10 ml) was added
to dissolve the oil and the mixure let stand 2 further fiftesn minutes. ﬁcnt.hc mixture
was poured info water (io 1) and extractsd witt methylene chloride (4 x 20 - 30 mi),
The combined cxtr:zcr.s were washed once with water and mduccd to drymess, first on a
water aspirator rotary evaporator, and then op a vacuum rotary cvaporator Thc
residue was redried by reducing to dryness from pyridine three umes, MST (0.5 giwas
added 1o reactivate the phosphate, and the flask was et stand at room temperature for
1h, unul the MST had dissolved.

HOC PZOH ( 0.76 g,0.17 mol(431 g/mol)) was dried by reducing to dryness from
pyndmc three times, and added to the reactivated Tmcth"'pO . The volume was reduced
and the flask resealed under dry nitrogdn and lef; at room tcmpcrnmrc in the dark.

The progress of the reaction was monitored by the dsappcamnm of the
yellow cusp bdongigg to 'I‘racth"'pO‘, and of the blackish spot bcllonging to the

incoming aucleotide, and the appearance of a yellow spot around R 0.6, above the cusp.
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Thctlcshowedall the phosphorylated material to have bccnoom‘umedmﬁvcd:x s
almoughmnoqbfonmmd,mmmpommconmamydmbmm

The workup of the reaction was identical to that for the phosphoxylauon. the:
reaction was quenched with ice, the oil redissolved in methylere chloride, poured into
- water and extracted with methylene chloride. The residual pyndmc was azcou'opcd
with wlucnr. and the toluene with methylene chlonde . : _
The residue was dxssolvcd in 100 mi methylene chloride and loadad onto 2 10 g silica gel
column. The elution was performed with 100 mi each of 0 - 2 mc:hanol! methylens
chloride, 250 ml'3 - 4%, 100 ml 5%. Ccrtamofthcpmductﬁnmonsappcm'ed o
+ conraminated with small quantities of the i moonfmg nucleotide. The final yield was 0.65
 §0f TracG,%C,**OH (a single spot by tlc) and 1.2 § TracG,"“C,™“0H + HOC,%OH (4:1 by
Uc); approximately 75%. _

&,

N 2£cnznv1—2'-O-tctrathmnvmnvI-‘s"-O-tﬁnhcnvacihoxvacc:vI-

Suanvivi{3'0 2 2-trichloroethv])-51 N"_EEZQ_LZ&QMMH_L
SdyIv] [3'2.2 2-trichlornethv)-51 N-.h:n.g\;lﬂ:&mﬂm :

guanesice (TracG,**C,b*G,=0H)

o)
=t
=
kD

BBB—Tric.hIorocthylpho.‘;pham (110 mg, 0.48 mmol) were converted to the
pyridinium salt by evaporating from pyridine in vaeyo, leaving about 5 m! solvent in
the final evaporation. MST ( 240 mg, 0.56 mmol) were added, and the mixturs hasted (s}
40 - 50°C unril the MST bad dissolved. 'I'hcnthcac:ivazedcomplexwas added o a
predried pyridins soluzioa of TracG,%C,%0H 300 mg, 024 mmol), andthe flask sealed.

The progress of the reaction was monitored by silica gel te plares run in 105
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methanol/methylene chloride. The reaction was complets ia three days, as indicared

by the conversion of a yellow Spotat Re0.7 to a yellow cusp, rf 0.2 - 0.5. The reaction
was quenched with ice (2 g), let stand for 15 min, mobilized with methylene chloride,
poured into water (20 mi), and extracted with methylens chioridc (Gx 20-30 ml). The
combined extracts were washed once with wamrandcvapormadmanqﬂ. The oil was
redried in preparation for the coupling step by reducing to dryncss from pyridine ‘

three times under vacunm, MST ( 60 mg, 0.24 mmol) were added and the flagk let stand
until the MST had dissolved (1 b), then a pre-dried pyridine solution of 114 mg HOC,"*0H
_was added to the activated TmcG:sz[hzn the volume of solution reduced and the flask
resealed undcr nitrogen.

,-'Qt_m\acu'on was completé by tle after four days standing in the dark. The .
yellow cusp at Re o.g - 0.5, and the black spot for incoming nucleotide at of 0, 4, had been \
replaced by a ycHLpot atRe 055 The reaction was quenched with i ice, theoil
dissolved in me;bylcnc chloride, poured into water and extracted with methylene
chloride. The combmcd residues were reduced to an oil, and the residual pyridins
- removed by azeotroping with toluene. The residue was chromatographed on silica gel
(15 2) with mcthanoljmc:hylcnc chlondc as the mobile phase, 1o give 130 ¢
HOG,**C,>*G %0H (32%)

The preparation had to be repeated once, on a comparable scale, to obtain
sufficient starting material for the next step.

H

2133, NZ:Bcnzo‘d-2'-O-zctrahvdronmnVI'-S'-O-tn'nhchImerhoxvacctvI-

guanvlvi[32.2 2-trichloroethvl)-57] N"'_bsnsz.LZQ_mmh_gdemL

cvtidvivi [3'2.2.2-trichloroethv]}-51 Nz-bcnzov1-2'-0—tcmhwironvran\rl-




texahdropyranyl-cwidine (TracG PG b2G, %G, =0m)

BBB-Trichoroethylphosphate (74 mg; 0.32 mmol) was converted to its
pyridinium salt by repeatsd Vaporations in vacyo from dry pyridine, to a final volume
of Sml. MST( 161 mg,064mmol)wasadded,andthcm1xnrchea:cdfor1hmacnvatc '
the complex. The activated complex was added to 300 mg HOG 27C,5%G,P*0H (1869 &/mol;
0.16 mmol), andthcﬂaskscalcdundcrdrymrmgcnandlcftmthcdark,azroom
temperature, methcthudtothcﬁﬁhdaythcdcindica::dlitﬂpchangcinthc
propertion of reactant (R 0.5) 1 product (Re0.2 - 0.4), and the reaction was therefore
stopped.

The reaction was quenched with ice, the oil aissolved in methyleze chioride,
poured into water and extractsd with mcthylcnc chloride (4 x 20 ml). The combinsd

extricts were washzdoncc with water and reduced to dryness, the resulting oil was
| rcdncdbythmcumxcvaporaungﬁ'ompyndmcmg, and the flask sealed under
nirogen. MST (40 mg, 0.32 mmol) was-addad and the flask let stand at room
wemperature for 1 h to allow the MST to dissolve. A solution of HOC l""‘OH ( 6§ mg, 0.16
mmol (431 g/mol)), predried by evaporation 1R v2euo from dry pyridine, was added, the
volume reduced, the flask resealed under dry nitrogen, and the reaction left 1o sit at
room temperatire in the dark.

After four days the de indicated complete reaction of Lhc phosphorylatcd
material, with formation of a spot at about Rr 0.45. The reaction was quenched by
additon of ice, poured into water and extracted with m:th‘ylcnc chioride (4 x 20 mI). .

The combined extracts were washégi with w:;un- and reduced to dryness. Parification of
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the mdnc by silica gel column chromaxpgraphy, with mcthaﬁollmcthylcnc chloride
as the mobile phase, yielded 170 mg TracG,%%C,%%G,%*C Y20H (43%).

Z.Lé._Blemniing

Cenain sequences were prepared by block coupling (Werstiuk and Neilson,
1972).’ The 5" terminal protecting group (Trac) of the 3 fragment was removed using
1% ammonia:methanol, 1 ml/10 - 20 mg protected oligonucleotide. The progress of the
| reaction was monitared by tlc by the disappearance of the yellow spot belonging to the
5’ protecred mucleotide and the appearance of a black spot belonging to the §'
deprotected material at lower rf and a yellow trityl spot at the solvent front. The
reaction was quenched by reducing to dryness upon first appearance of lower Rfspom
resulting from rcmov:_ﬂ of base protecting benzoyl groups, and separated from =
uareacted starting material by column chromatography. .

The deprotected material was used as an incoming micleotids in a normal

coupling reaction. /—Q/)
;

,‘I'

The deprotection procedure has been fully described elsewhere (England and

Neilson, 1976). The dzprotection of TracG,P*C,02G,b*C B20H will be used as illustration of
: t t -t

the method. Yields of deprotection of the oligomers are given in Table 2.3.
All glassware used in this procedure was washed with chromie acid to remove

»

waces of ribomucleases,
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 Table 2.3: Chromatographic data and yields

following deprotection for deprotected

.45

sequences. ., .
Sequencea-  Rp * Yield %c Sequencea R Yield %c
GG 048 17 a 0.68 46
GGC 0,025 = 16 R
GGU 0,0.26 15 o 0.50 44
GGA 0,029 32 cca 0.49 38
GG 06 7 G 0.48 25

' QUG 0.39 20
GGAC 13 CCAG 0.26 16
axsG 0.13 ) 27
GGUCL 0.14 11 QCUGG 0,025 8
GGACC 0.10 6 CCAGG 0.14 7
. CCAUGG  0.05 6
G 0.51 3
cso 0.48 35
GCU 0.35

- GCA 0.35 12
GG 02 25 GG 0.43 10
GG 021 A 12 CaOG 0.21 19
GCUG 0.27 17 QcGe 0.32 27
GCAG 0.17 35 CGGA 0.22 26
GaGe 0.07 12
GCUGE 0.18 3
GCAGC 0.15 38
GCAUGC 0.05 10

Refers to the fully dsblocked oligoribonucleotids, written 5' - 3,
amman =1, #40 paper, mobile phase 1:1 1M ammonium acetate:athanol.

Calculated from UV absorbance at 260

factor.

nm, assuming a $0% hypochromicity -



L—Rﬁmmmﬂhwnmm (deprotection of the phosphate):

TracG, %, %G, b2C Y20H (15 mg) was d:ssolvcd 0.5 ml dry dimethylformamide (DMF) in
2 screw-cap sample vial, 30 - 50 mg nndcoppcr couple (preparation described in
Legofferal, 1964)andamagn:ricsxirringﬂcawmaddcd.andthcmixmrcsﬁmdat

40 - 50°C until the tle showed complete cc;nvmxion to a charged species (one yellow spot
atthe origin).

% Removal of the Trac and benzoyl groups, Methanol and concearrated
ammonium hydroxide (2 ml each) were added 1o the cooled DME solution, and the

" mixture left to SUT 2t room temperature for 2 days..

The ammonincal solution was filtered 1o remeove the spemt zmdcopper couple
and the vial and filters were washed with 2 x 2 ml of 1M aqueous ammonia followed by
washing with 2 x 2 m! methanol. Chelex-NH,* was added 10 the filtrate, 2nd the mixture

‘ was stired ‘for 1 h 10 remove the Cx_xz*‘. then the chelex was.removed by filtration and -
the filtrate rcduccd to dryness and transferred 1o Whaunan #1 chromatography pai:cr.

The papers were eluted overnight in descending mode with a mobile phase of
1:1 1 M ammonium acetate: absolute ethanol. The desired band was located byi s
fluorescence under ultraviolet light, just behind the solvent from. The band was cut
out, the acetate salts removed byalht unmcrsxon in absolute ethanol, and the band
dried by a 20 min immersion in ether, followcd by air drymg The oligonucleotide was
eluted from the band with distilled water.

3_Removal of the tetrahvdropyvranvl etoyups, The above eluent was acidified

to PH2 with 2 M hydrochloric acid, and let stazd for 2 days, then seuralized 1o pH7 -

PH8 with 1 M 2queous ammoniz and reduced to dryness ip vacuo. The residue was
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nansfmudwwyanmn#wchmmmogmphypapcr(wmnmn#lwasusedfarhm

appcamda:aanot‘0.0‘l. The band was cut out, the acetate salts removed by soaking in
. absolute ethanol for two 1 h pmods. and the band dried by saaking in cthyl ether, and
fivally the oligonucleotide product was removed from the band by clution with distilled
The volume of final eluent and Axey ofa\rl_lO dilution were measured and used
to caiculate the yield in optical deasity units, ODs. The % yield was calculated using the
following extinction coefficienss: Ap 15.2 x 103 Gp 13.4x 103, Cp 13.4 % 103, Up x 103, A
149105, G 13.6 x 105, C .1 « 103,10.1 x 103, For GCGC % vield: 1265, |
Certain sequences, particularly the longer onss, were further pr.;riﬁcd by
repeat chromatography on Whatman #40 (#1) under the same conditons as the fipal

step.

2.L6. _ Pudbfication of seruences by Hioh Performanes Liquid Chromatosmnhy (HPLC)

A few sequences, most notably CCAGG and CCUGG, were purified by high
performance liquid chromatograph, using a reverse phase C-18 column (Watars
nBoendapack C-18) on a Waters HPLC with solvent gradient programmer. The mobile
phase was 0.IM ammonium acetate (pH 6) and methang], Detaction was achieved by
onitoring the UV absorbance at 254 am, with a Waters Model 440 UV
Specuophotometer,

The two gradients most commounly used were as follows:
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0.0 0.8 100 0 06
30 08 70 30 dew 06
32 0.8 60 |40 06
35 ' 0.8 60 " 40 06
37 0.8 100 0 06 .
50 0.8 100 0 06
(mU/min)
0.0 0.8 100 0 06
30 2 08 75 25 06
32 ‘ 0.8 60 40 06
35 08 60 40 .06
37 0.8 ‘ 100 0 06
- 50 0.8 100 0 06

The desired compounds eluted ‘with retengon times of approximately 12 - 14 min.

~

217, 'H-NMR methodalogy

Most proton NMR spectra were obtained on a Bruker WM-250 NMR spectrometer
with a double tuned 1B/ 19F probe and Aspect 2000 computer. Other spectra were
obtained on a Bruker AM-500 spectrometer with a double tured 'H/ 13C probe,
operating at 500.14 MHz. Probe temperatures were maiatained to £1°C by a Bruker
varizble temperature unit and calibrated with a thermocouple. The internal refersnce

 was 1-butyl alcokol (1231 ppmm) and the resonances were reported relative 10 DSS
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(sodium 4,4-dimethyl-4-sila- 1-pentansulphonate).

Suppression of the residual HOD resonance in samples dissolved in D,0 for
observation of the nonexchangeable base and nbosc protoas was accompanied by
homosuclear solvent supprmmn (PRESAT in the Bruker microprogram hbrary) with .
selective urad:auon of the water pcak. Spectra were aquired in 16 K and zero-filled to
32K -

Suppression of the H,0 peak in samples dissolved in 90/10'H20/D20 for
observation of the exchangeable imino protons involved the use of a 1:1 kard pulse
sequence to > generate zero spectral density at the frequency of the water pcak, as
dcsmbcd by Clore and Gronenborn, 1983,

The COSY spectrum used to assign CC was aquired using the mic'obrogram'

COSY.AU (Bruker microprogram library), with SI1 = 256W, SI2 = 128W, TD1 = TD2 « S12W.

The final eluent from an oligonucleotide preparation was frozen and lyophilized
to dryness, and twice (or three times) reconstituted in D50, frozen and iyophilized to
remove residual water. Stock NMR buffer was prepared in deionized w:ncr, frozenin 1

ml ahquots. Iyophilized and reconstituted in 100% D,0. Buffers consisted of either 1.0M

 NaCl, 001M NaH,PO,, pH 7 (often referred to a5 1.0 M salt buffer), or 0.1M NaCl. 0.01M

N2H,PO,, pH 7 (referred 1o as 0.1 M salt buffer); the latter was adopted on account of the
improvement in resolution of the GC sequences at low temperature in lower salt, and to
increase the solubility of the intercalatar complexes studied in Sectien S.  The dry

oligoribonucleotide was dissolved in 400 ul reconstituted buffer, with 3 ul of 0.1%
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I-butyl alcohol-OD as reference. A H-NMR spectrum was obtained at 70°C, and the

'dwnﬁajshifsandeoupﬁngmnsmnmcompamdmmoscoﬂhcscqucmcpmusom,

and those predicted by the parameter set derived from triribonucleotide data (Hader et

* al, 1981) (in the case of samples in 1.0 M buffer) (See Tables 2.4 10 2.8).

2.1.72.2 Observarion of melting behaviour and determingtion of meltine tgﬁmcmmrc

Following satisfactory characterization, a serjes of variable lemperature spectra
were obained for the sequence éwcr the range 70°C (in some cases 80°C) to at least
below 30°C (lower limii depending upon the Tm and the resolution at low temperatures)
at intervals of 5 or 10°C. The chemical shift and coupling constant vs, temperature’
da.r.'z was plotted for inspection, Individyal melting Lcmpcm for all protons

fitting the experimental chemical Shlﬁth'Sus INverse temperature (also sigmoidal) to
a fifth order polynomial curve, and then differentiating 10 obtain an mnflection point.

The calculated inflection poinl Wwas used as the individual proton Tm and the average of

— - - . theindividual proton Tms was taken to represent the overal] duplex Tm.

2173, Ohservation of imino protons
A Y

The sample was frozen, lyophilized, and reconstituteg i 400 ul 90/10 H,0/D,0
with 5 ul 1-butyl aleohol-OD for refersnce, Spectra were obtained at 8 - 15° intervals
from -5°C unti] the 1Imino protons broadened and disappeared. Assignment of iming
proion spectra is discussed in Section 3.2.3.
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Table 2.4: Chemical shift assignments for the base and anomeric protons of
" GGCC, GCCG and GCGC at 70°C by incremental analysis and computer
prediction. All data and predicted values for 1.0M salt buffer, relative

3

to DSS.
Chemical s ¢

Swene G GG O GOC GX G0 GGCC GO0 GOGe
 Prown .' | obsd glc, obsl, cale absd, cale,

GDH-8 7961 7.896 7.966 7.903 7.935 7.964 7.910 7.909 7.952 7.936 7.936 7.534

G(2)H-8 7.971 7977 ' 7.949 7.976

CRH-6 7.780 7.766 7.712 7.739 7.748 7.698 7.724

G()H-8 1065 7.8427.970

C3)H-6 7774 7.804 . 7.740 7763 7.733 7.745

G(4)H-8 . ' ‘ ' 7.976 7.981

CHHS6 ~ 7787 73815 7.760 7.787

CQH-S 5.910 5.857 5.761 5.841 5.8675.842 5.842

CEHS 5.895 5.998 5.828 5.894 5.943 5972 |
_C4)H-5 _ 5967 6004 5.8875.926

G(1)BE-1' 5.888 5.798 5.874 5.820 5.860 5.834 5.825 5.807 5.852 5.860 5.827 5.873

G@R)H-1' 5.877 5.866 53851 5.859

C)B-I’ 5.913 5.898 5.894 5.868 5.904 5.8935.924
GO)H-1" 5.855 5.8515.839
CG)H-1' 5.895 5.898 5.870 5.917 5.868 5.895

G(&)H-1" 5.868 5.904

C4)H-1' 5.887 5.900 5.8935.938 .

*2



Table 2.5: Cﬂ:cmimlshiﬁassignmcnmof:hcbascand

and CGCG at 70°C by incremental anal
and predicted values for 1.0M salt bt;ﬁ"cr, relative to DSS.

anomeric protons of CCGG, CGGC
ysis and computer prediction, All data
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Sequence
Proton

C()E-6.
CRIH-6
G(2)H-8
CR)HS$
GG)H-3
CH-6
G(4)H-8
C(1)H-5
CRH-S
CGIE-S
C(4)H-5
CH-1
CRH-T
GR)H-1
CE)H-1
GG)E-1'
CE)H-1
G(4)H-1'

7.832

8.004

Chemical shifs (pom
C & & o6 O ar  oGs LGGC Coeg
obsd. e, gbsd, gale, obsd, cale,
7.781 7.786 7.691 7.750 7.662 7.693 7.746 7.734 7.666 7.6757.692 7.710

7.750

7.542 7.992

7.984 7.968

7.788

7.710 7.730

7.918 7.925

7.957 7.959

7.935 7.952 7.968 7.974

7.951 7.977
7.764 7.770

7.7057.718

7.9687.952

6.073 6.020 5.975 5.976 5.546 5.931 5.970 5.977 5.935 5.970 5.9195.954

6.020

5.954

5.931

5.935 5.45

5.904 5944

3.851 5.894

5.854 5.900 5.823 5.884 5.803 5.805 5.868 5.881 5.798 5.845 5.856 5.836

5.852

5.8%4

5.819
5.811

5.884 5.873

5.865
5.911

5.795 5.833

5.814 5.806

3.840 5.876

5.783 5.809

5.854 5.855
5.895 5.939

5.800 5.836
5.8855.932

5.816 5.861
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Table 2.6: Chemical shift assignments for the base 20d anomeric protans of

GGUCC and GGACC at 70°C by incremental analysis and computer
prediction.  Experimental data in 0.1M salt buffer, predicted values in

1.0M salt buffer. . -
| _—
e “hemnical if (opm) | -

Sequence G GG QQU  GGA GGAC GGUCC GGACC
Proton . obsd,  pred  obsd  pred,
G(1)H-8 7956 7893 7.895 7862 7865 7.895 7.909 7.865 7.965
G()H-8 79T 7582 7919 7925 7989 7888 7.865 7869
UG)H-6 7.797 7797 7778
AG)H-8 8326 8331 ' 8321 3286
AG)H-2 - 8.175 8.150 8.128  8.136
C)H6 TS 7837 770 7717 793
C(5)H-6 ' 7848 7.855 7.818 7.795
UG)E-S 5.826 5818 5816
CH-5 5862 6030 599 5.977 5.851
C(S)H-5 | 6013 6044 5797 5973
G(DE-I' 5899 5801 5801 5754 5762 5804 s899 5768 5768
GE-1 5872 5888 5768 5355 5871 5888 5762 s76p
UGHH-I" 5.888 ‘- 5.884  5.908 |
AGH-T' ' 6.055 6.043 6018 6,038
COH-1' 5842 5920 5910 5793 5848
CSH-T 5920 9951 5883 s5.388
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Table 2.7: Incremental and predicted assi
protans of CCUGG and ¢
0.1 M salt buffer sale,

gnments for the
CAGG at 70°C.
predicted values for 1.0M salt b

base and anomeric .
i data at 2. 5mM in
uffer,

Sequence
Proton

C(I)H-s
C2)H-6
UG)H-6
A()H-8
AG)H2
G(4)H-8
G(5)H-38
C(1)H-5
C2)H-5
UG)H-S
C(DH-1'
C)H-1"
UG)H-1'
AG)H-1
G(4)H-1'
G(S)H-1

-

7777 7.806 73825

7.838

6.046 6.009
5.863

5.876 5.899
5.853

7.856
7.787

5.987
5.959

5.910
5.820
5.910

Chemical hif (o

7.759
7.736

8.409
8.244

5.900
5.886
5.867
5.864
5.800

6.092

7.782
7.834
7.767

7.994

5.983
5.959

5.897

5849

5.878

5.878

7.731
7.722

8335
8.168

5.911
5.892
5.837
5.836
5.810

6.021
5.829

obsd,

7.771

7.825
7.730

7.931

- 7.979

5.983
5.950
5.834
5.506
5.836

5.813

5.813
5.868

pred,
7.759

7.804
7.740

7.936
.7.980
6.004
5.976
5.829
- 5.864
5.501
5.862

5.825
- 5.884

obsd,
7.736

7.722

5.962
5.749
5.810

¢ « mmmm CUGE  CCAGG

nred
7.736

7.709

5.828
5.846

6.038
5.763

3.832

54

-



Table 2.8: .Chemical shift assignments for the base

and anomeric protons of

§5

GCUGC andGCAGCat?OTbyinmcnml'amlysisandcompumr

prediction. Expaimcnraldamobtaincdforﬁ.lMsalt.cxccptforGCA,

GCAG and GCAGC, which were in 1.0M salt. Predicted values far 1.0M

salt. \

\ o

Sequence G &K U GCA GCUG GCAG GCUGC GCAGC
Proton ¢ obsd. g, obsd, gale,
G(DH-8 7956 7.969° 7.967 7.920 7.952 7903 7.549 7.963 7.870 7.908
CRH-6 7.796 7789 7.709 779 7.670 7781 7764 7.684 7.668
UG)H-6 7804 7793 7735 7751
AG)H-8 8.348 8275 8261 8.283
AG)H-2 8.191 8.133 8.09% 8.139
G4)H-8 - 7.983 7913 7.977 7.984 7901 7.927
C(5)H-6 7.821 7810 7.757 7.750
C2)H-5 5879 5885 5.895 5837 5344 5895 5892 5.845 5825 -
UG)H-5 581 sg10 5.845 5.845
C(S)H-S 5548 5985 5359 5.913
GIDH-I' 5899 5873 5913 S812 5.858 5799 5839 5.837 5795 S5.814
-C(Z)H-I‘ 5919 5913 5383 5839 5920° 5910 5.839 S.849 5.850
UG)H-T 5.361 5.858 5.856 5.875
A(3)H-T' 6.061 5.798 5.950 5.976 -
G4)H-1" 5895 5.819 5961 S5.877 5773 S.815
G(S)H-T" 5928 5970 5367 $.927
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3. SEQUENCE DEPENDENCE OF STABI[IJI'Y STUDIES ON TRI- AND
TETRARIBONUCLEOTIDES CON'ITAINNG GUANOSINE-CYTIDINE BASE PAIRS

3.0 Inmoducti
3LL S ! ; f stability -

‘ ' Pﬁ;mxysu'ucmrcmmkﬁ&thcmodcmnudcicacidchcnﬁstonlyinasmuch
as it dictates secondary and higher order structure the duplexing and folding of
complcm:nmxy strands or regions. Quiwccm. bNA is fully duplexed; functional tRNA
contains fetir short double-helical regions, and further tertiary base pamng.

nbosomal RNA is cm:nswcly duplexed, with form.mon of mumerous regions of
base-pairing (Woesa QL::L. 1983; Noller, 1984). Further subtlety is introduced by those

=s which involve more tharra single secondary structure: Partial meldng of

/>

translatiod am:nuar;ion involves alternative sacondary structures in the mRNA

(Y anofsky 1981); the acnvy of scIf-q:hcmg RNA from Ictmh\;mena hymmophila is
abolished at low tcmpcrum{'e by subilizing mumugns in agysak putative helix (Tanner
and Cech, 19852,b), suggesting that mclnng of this kelix is required for activity. Thus,
especially in RNA, the mmwd@ma ofsc%ndmy sm;,crure the helizes, are required
whavea consrd.crablc range ofsmbxﬁry from smbb h:hxz&whxch serve mainly tol -
suppor: and orientate funcuon..rszm to unsmwxs which undcrgo transition ,/ :
from the duplcxca tﬁ'thc smgl. szmnded state as conditions a .qua&ncm—conformzdon :
of adjac:n: clcmcms solvanon, bmdm" of proteins—aiter thc.r cthbnum comstant. - -

..s ’ . . - . K M — ry .
PR ) . - ? St "' ~ -
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Length of helix alone wouldnotpenmtsmh vmauon, it has gradually become
thatthcsmbﬂxtyofhothzthNAandRNAdmzblchchmamhxthy
v mzhgmssmod!ﬂanonmsrabﬂ;tybmngawomphshadbyth:G-C
: toA-'I‘(U)rano MMMmonmengﬁMMpmbm
and,inRNA,thcad&nonofunpmmdordanglmgbmto:hccndofthcs:ack. T -
l 'I’hcﬁxﬂdsmbcdcffectofsequ:ncc tabilirywasthcgrcamsrzbﬂityof
DNAsﬁchinG-Cbascpairs. An expression ean be vcde.xpreasmgthcmclung
‘emperature Tm forasmsofhchxesofthcsamclcngthaccordmgtothczrpcmcmagc
composition of G-C(CanmrandSchxmmd 1981)
Thccarhﬁ;t attempts predzc:secondmy structure smbmry from primary
s?qucncc relied upon the summarion of contributions from mdmduabbasc pairs and

« helix defects (hairpin Joops, interior loops and bulges)(Tinoco et ], 1971) this

arder of basc p:urs & well as on composmon, fori mst:mcc two G-C base pairs separated
byanA-UpmrprovedtobcIcsssmb!cmanmo adjacent G»C pairs flanked by an A-U.
Most subsequent approachcs to the prediction of secondary structure stabilicy .

‘- . have cmploytd the n:m mghbour appmmmanon, which assumes thar 3 property of

any polymer mzy bc :zppmxxma:cd by the Summarion of nearest peighbour i interactions

of all its clcméms in the'case of a nucleic acid douch belix, the elotents being umts of

- rwo n..xgﬁbounng base pairs, for convcmaﬁ:c referred 1o hereafter as dmuclcoudc

cores.” Thus attempts were thde to determine the free energy of formation of the ten
dmuclcoudc;co::s in the expectation that summauon of the free energies of the
conm"oumxy dumdcoud.. cores would provide a relizble estimats of the free cn:rvry of - , L

.orm:mon cf thc stmcum: s 3 whole,

-

Smdlcs of the dimucleotids monophospharss themselves yielded h‘r.ﬂf:
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satisfaction in dns direction. Krugh and coworkers (Krugh stal, 1976) found from
NMRdmthatonIerpG anerpCdlmmzdundcrmnrcondmons, and they could not
csnman:anethbmnn constant forthclawd:mcrfmm their data. Results for §° ‘ "
monophosphorylated deoxyribomucleotides wers more complctc, giving an order of
sability d(pGpG)«d(pCpC) > d(pGpC)+d(pGpC) >> d(PCPG)’d(pCPG) (Young and Krugh,
1975; Krugh and Young, 1975).

Nearsst neighbour thermodymanic parameters derived from &
ohgon“bomzdeondc datz were published by Crothers and cowarkers (Gralla and -
Crorhcrs 1973z, 1973b; Uhlcnbeck::_al,, 1971), and then by Tinoco and Borcrand
coworkers (Tinoco et 3, 1973; Boreret gl., 19‘74) The later pubhc{uon comamcd the
fesults from darg for 19 ohgo-mc:s, which, when fitted 10 an all-or-nothing mode] of

(4

helix melting, allowed determination of six values for fres cncrgms of formation of the

ten dmbomxclcoudc cores—an average value had to be obtained for certain of the cores

since the data sat was insufficently large to provide a unique valus for all. Unique

values of the fmc enargy offormanon were obtained for the three G-C conizining

cores, GC:GC, GG:CC and CG: CG, .3, 48-8ind -3.0 kCal/mol ar 25°C, following initiation
(Boreret al, 1974).

Various éIgorithms were derived for the computer prediction of RNA
secondary structure (Salser, 1977; Nussinov and Jacobson, 15980; Zuker and Stiegler,
1981; Auron &t al, 1982). Most of thosc applied used oligoribonucleotids data 0
dstermine the corntributions of the various structure cIcmcms. The mediocre
performance of these Programs in predicting. tha cloverigaf IRNA strucnire prompted
Ninio and coworkérs to a radicaily dfﬁ"cmnt approach (Ninio, 1579; Papanicolasy etal,
1984): They computer gcnmmdxwo sets ofp..ramcrms the first based on the

assumption that statistical oc&r?encc of dinucleotids Cores was indicative of stability,
. e
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the $econd, empirically, by repeated iteration with small changes in each parameter,
with m%xt 0 maximize prediction of the cloverleaf structure for thczr set of IRNAs,
They, too, predicted an ordcrofsxabxluy of GG:CC>GC:GC > OG- CG, with AGs of 4. 1, 3.,6/\
and -3.1 respectively,

Omstein and Fresco tested the predicted Tms from empirical potential
calculations against publ:shcd data for 16 RNA (Omstcm and Fresco, 1983a) and 20 DNA
(Omstcm and Frmco 1983b) polynucleotides of repeating sequence, and by adjusting
contributions to their empirical potential function and by varying parameters such as
base overlap, obtained a fit to the data with correlation coeff cient > 0.99. For both RNA
and DNA the order of GC commmng dinucleotide corcs was (descending) GC:GC > GG:CC> .
CG:CG ~note the reversal of the first two cores from the p iously established order of
GG:CC> GC:GC > CG:CG. Interestingly, while in V. the three GC containing cores ranked
first, scc;md and third in the overall list, in DNA, the corresponding cores ranked first,
fourth and sixth, order unchanged, but now interspersed with mixed GC/AT cores, a
demonstration of the greater relative stability of dA«dT with respect to dG-dC compared
t0 rA=rU with respect 1o 1GerC, 3 difference the authors attributed 1o the van der Waals

contribution of the thymidine methy! group (Omstein and Fresco, 1983a, 1983b).

Subscquent to the study described in this section, samples of certain sequences
were used by S.Freier and coworkers in the preparation of perfect hcxarébonucleotjdcs
containing only G-C base pairs. From the optical melting data for these sé:qucnc::s and
others, they obtained free energics of formauon (following initiation) for the thrcc GC

cores of GC:GC, GG:CC and OG: CG of -3.3, -;.2 and -2.3 keal/mol rc@ccuvcly. the order of

stability now being GGG > GG-CC > CG:CG (Freicr et al,, 1985). e,
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As ongma.lly proposed, Ihc d0ublc hchx was a ﬂawlcssly invariant struciure,

-

with cach unit of backbone identical in confi iguration to, and related by a simple
rotation-translation to, each one of i its neighbours; only the idcntity of the attached
bases differed.  As detailed information on structure has become available, through
X-ray cxysmliogmphxc s:ud:cs (reviewed, Kennard, 1984) of dcoxyohgonbonuclcoudcs
and NMR structures of' bo!h dcoxy and ribonucleotides, it has become apparent that it
is not so. B:_:ckbonc conformation is sequence dependent with significant variation of
all parameters around a mean close 1o the classical values.

Altemating C2' endo and C3' endo sugar puckering was observed in the first
paired oligonucleotide structure, d(pATAT) (Viswamitra gtal, 1973), and gave risc to
the suggestion thar a helix could be assembled from repeating two basc-palr L‘S‘ The
octamer d(ACGCGCGT)-, m solution has an alternating structure wnth nucleotide
repeat, with altemation in the helical twist, and backbone conforrn:mon,,as
. dctcrmmcd by NOE measurements complemented by manual model building (Clore
and Gronenbom, 1984). The alternating hexamer d(CGT ACG), shows sequence v
dependent variation, but the repeating backbone unit is a single nucleotide (Clore
and Gronenborn .}-983b) ARNA-DNA hybrid, XGCG)(T: ATACGC) (Reid ¢t at,, 1983a:
Jamin c_{_a_L, 1985) also crystallizes as a helix with altemating pynm:dmc-punnc
residues, but the difference between the A- -type (GCG):d(CGC) temini and the more
flexible d(TATA) core obscures any ajtcrn:ning pattern (W angeral, 1982a).  The
ﬂcxibility of the d(TATA) region is also observed in the crys:al (Shakked gt al, 1983)
and solution (Jamin gtal, 1985) structures of d(GGTATACC)., intriguingly, in the |

crysml the helix formed i i1s A-type, wthc the solution NOE data is best fit by 2 B-type

A
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belix - _ - -
ThcnmstcmnmccﬁmmplcofanaltcmaﬁngstmcturcisZ-DNA,inwhich

alternating pyrimidine- -purine repeats, with purips x YN and sugar 2’ endo, and

pymmdmc X annandsugm-B'cndo masscmblcdmfmmalcfthandcdhchx with

its characteristic Zig-zag backbone (Saenger, 1984). The Z-helix has been seen in

¢ arystals-of d(CGCGCG) (Wang:r._al_, 1579), d(CGCG) (Drew et al,, 1980; Crawford etal,

1980), d(CGCA'I‘GCG) (Fujui :1_31_, 1985), ((TGCGCG) (Kennard, 1985) and d(CGCGTG) (Ho

1L, 1985). The latter two conta.mGTwobecmispamngs )
The dOdemma- d(CGCGAA’I’I‘CGCG) forms a full turn of B-helix and has been

studied intensively, both in erystal structure and solution, In the crystal structure

(Wing et al,, 1982), the twist aogle measured between C1" vectors of adjacent bases

varies between 27.4° and 40.3° around 2 mean of 35.8°, with the Towest valyes being

observed for the intérnal CG sequences. Sugar Ppuckering, base pair tilt and propeller

twist are also sequencs dcpcndcnt, obedient o the principle of antdcorrelation

| between members of one base p:ur It has been proposed (Callandine, 1983) that thc

observed reduction of the turn anglc and propeller twist in Pyr(3-5)pur sequences

mhcvcs Van der Waals conmct between purine nings and functional SToups resulting

from the propeller twist of the bases. Clashes oceur in the major groove for

pur(3-S)pyr Sequences, and in the mingr groove for pyr(3* -S'qur. This proposal

was developed into a series of empirical sum functiogs for the dctcrmmanon olf

22¢ in (CGTACG), (Clore 2 Grozeabors, 19830, by restrained least-squares
i ~ - > .

¢
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refinement of the structure o the basis of interproton distance data (by NOIé).

 Resulis of these studies, and of a thearetical 'H-NMR study oa dCGCGAATTCGCG),

(Giessner-Prettre and Pullman, 1982) indicate that the local variations in structire
are less pronounced in solution thag in the crystal. Solution structures of two other

'scqucnms, however, do not conform to the sum rules (Clore and Gronenborn, 1985).

A numbcr of DNA sequences crystallize in the A-form: d(GGGGCCCC) (McCall

" eral, 1984), A(GGCCGGCC) (Conner et all, 1982), d(CCGG) (Wang et ol 1982b),

HGCG)ATATACGC) (Wang et 2l 19822) and the helical stretches in (RNA. Greater

uniforrity of structure is expected--and has been observed—since both the

displacement of the helix axis, and the 20° tilt of the base pairs eliminates major

groove purine clash, leaving only the pyr(3"-5")pur clash in the nunor groove
(Saenger, 1984). Propeiler twist and roll angle only can be predicted by the sum )
rules (Dickerson, 1983).

The solution structure of a single oligoribonueleotide duplcx CUGUG:CACAG
has been determined by restrained least Squares refinement 10 fit NOE-determined
distances. While there is local variation of Structure it does not conform to the sum«
rules (Clore ;_;_aj_u 1985)

Bubienko uh\IQSSJ have employed solution NMR data from

oligoribomcleotide dupch&; in an alternate approach: They adjusted the winding
angle (the angle between the glycosidic bonds of neighbouring residues) so that the -
proton dmmica}\shift values calculated (for A-RNA geomety) using base
isoshielding contours best fitted dara pubhshcd for assorted short ohgonbo:mclcoudc
helixes. The new winding anglcs were scqucncc dcpcn.dcnz. 20 +10° for RY.RY 50.
£10° for RR:YY and 45 +10° for YR:YR, where R is purine and Y, pyrimidine. (For
YR:YR sequences this is in direct contradiction tb the deczosed winding angle

.

e T



pmposedfora(YR):d(YR)fmmmcu'ymlstmcuntdam.) Inconsoqucncc the
stacking interaction in RR:YY and YR.YR cores is cxcluszvcly mrcnm'and-the two 3’
rcs:dzm stack upon each other—and that in RYRY cares is cxcluswcly

intrastrand— !hcpmncsracksuponthcpynm:dmc(Fguch 1). By this model any
RNA duplex coheres through the interaction of stacked : segments of two (any of the
dinucleotide cores in mclanon) o four (in the uence RYRY) bases, the length and

._In addition, the vadation of

was pmposcd as a feamre for €0zyme recognition.

313 Studies of the ssquence dependence of stabilitv of QC-containine tetramers

At the time at which this study commcnced, the set of cxpcnmcmally
determined stabﬂmcs of the three GC oligoribomucleotides was over eight years old,
and, moreover, had been derived from sequences pnm:mly_compn‘scd of A-U base
pairs (Borer g1 al, 1974). The initial approach to the determination of relative

stabilities was to complets the set of duplexes,

A RN _

@A @
AGC AGC ACC
~— ~— <~

the simplest system in which all three GC cores could be studied. GCA was already
known to form a duplex, and CEA a0t do do so (Alkema gt 7], 1982), accordingly the
sequences GGA and CCA were synthesized and their behaviour in a mixture studied. I
emerged that in 1.0 M salt buffer, GGA seif ao aggregation was prcfcm:d over duplex

formanom

63



N e e

RY - :

W,
RS-
Gb

RY
<

(X1

Iigure 3.1: The base stacking for the three cores RR:TY, RY:RY and
' TR:YR in the clessical A’ heli and in the RY modet
(after Bubienko etal 1583)



Longer sequences were required; the core stabilities would then havc o be -
o extracted usmg the nearest neighbour approximation. The sequences OCGG, CGGC and
CGCG had been synthesized and studied at low NMR resolution by Dr. Paul Romaniuk
{Romaniuk, 1979). For this study the synthesis of GGCC, GCCG and GCGC completed the
set of self-complementary tetramers each containing two guanosine and two cytdine
residues, and the sccondary structure of all six was studied by variable temperature
H-NMR of the exchangeable and non-exchangeable protons at 250 MHz resolution.
Subsequently deprotected samplts of certain of these scqucnces were sent to Dr. S,
Freier and Dr. D.H. Turnerin Rochcstcr who determined thc melting
thermodynamics and used them as precursors in the enzymatic synthesis of
™ self-complementary hexamers; their results for the tha-modynamic parameters of

the three GC cores were published as Freiere1 a1, 1985a.

. The sequences may be grouped for comparison according to the type of
secondary structure available to them, GGCC and CCGG may form only discrete

duplexes comprising four bass pairs, three dinucleotide cores.

L=

— _—
266cC —= gggg 20066 — ggig
A N
. o
o ) CiCCG and CGGC may form only sraggcrcd duplcxcs comprising two base

pairs, and fou;aoublc-danglmg bases, which may be either 3' or §' dangling, and

which may then overlap to form an extended loose dup]cx.

.
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2606 —> 06 GOCG  __. GCCoGees

STOGCCG or  Gocg T GCCGGCCG
- < A —

—, —
2666c —  CGGC CGGC  _~  CGGCCGGC
. < CGGC  or CGGCc CGGCCGGC

GCGC and CGCG may form either discrete duplcxcs, or staggered dupiexes with
Jors danglmg bases, with aggn:gauon.

—_ — *

GCGg: T “z6c60 = Geee GCGC —a Gcsc_:gt_:gc;

CGCG SGCE of CGeg Y 2GCGCGCG
;ﬁ- A <~ <~

— _ —a

COC —~ Leoes — CGCG RN CGCGCECG

GG T TG of dlec T GdGcddac

~ - -7 . -

The stability of duplexes of:he same typc ie., pcrfcct or staggered, can be
o co:npamd, and the relative contribution of cach‘of the three types of cores assassad.
' The duplexing behaviour of the mixture of GCCG with CGGC was also studied:
the stability of the duplex formed provided a check on the deduced order of stability

for thc constituent cores.

—_—

GalG + cooe = Sggg | Q
. —
Mixing experiments were also performed on with the complementary
Timers (tetramer precursors) GCG with CGC, GGC with GCC and CGG%wirh CCG, wézich
potentiaily form three base pair duplexes, and were expectad to provide a further
/™ |
e
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;hcckonmcdeduéd;rdaofsmb;;is.
GCG + CGC
GGC + GCC
CGG + CCG
<
\
N

1

1

GCG

CGC

eGC
CCG

Go6.

GCC

————
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mmemmmbymmmmmofmmmm
Pprecursors, and the assignment verified by computer prediction of single strand -
chemical shifts. Resul:sforth:twomc:hodsmeshowanablcsz4and2.5 and the
ﬁctmm:rass:gnmcmssnmmanmmeabIcSI Agrecmembctwecnrhcobscrvcdand
rhccalwlamdsh:frsmgoodmmos:mscs bmasthcshxcldmgparamct:rshavcbccn
derived largely from trimer data, of which only two duplex with ngm.'m:rthan0°C
the predictions at 70°C tended 10 err on the high (dcshxcldcd) side far sequences whxch

~ form high-melting duplexes, as do GGCC, CCGG and GCGC. The chemical shify versus
¢

mperature curves of protons in those sequences have appreciable slope at 70°C,
indicating that base stacking has already bcgun it is not surprising that they should
deviare from prcdxcwd values,

322 _Assienment of CChv 2-D shif comrelated spectroscanv ¢ COSY

L
Upon initial assignment of CCGG by incremeatal methods, the behaviour of the
eouphng Constants and chemical shifts with temperature of C(I)H-I and C(2)H-1' as

The i mcrcm:nm} analysis of CC-CCG-CCGG had besn without .momaly, accordingly the
assignments for CC itself were reexamined.

——
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Table 3.1: Summary of chemical shift assignments for the base and anomeric protons
of the GC tetramers at 70°C in 1.0 M salt buffer.

G(1)H-3 7.910 ' 7.952 7.936

C()H-6 7.746 7.666 7.792
G(2)H-8 7.949 7.935 7.968
C(Q)H-6 : 7710 . 7.739 7.698 °

GE)H-8 | 7.918 7.951 7942 -
C(3)H-6 7.740 7733 7705
G@H-8 7.957 7.976 " 7.968
C4)H-6 7.787 7.764 7.760

C()H-S * 5.970 5.953 ‘ 5.919
.C()H-5 . 5935 5.841 5.842

C(3)H-5 5.828 5.943 _ 5.851
C4)H-5 5.967 . 5.904 5.887

G(1)H-1' 5.825 . 5.852 5.827

C(DHE-1' - 5.868 5.798 5.856
G@2)B-1' 5.851 ' . 5783 5.800 -
C)H-T' 5.795 5.868 5.893

GEG)H-1' 5.814 5.854 5.851 |
CGR)H-1' 5.870 5.868 '5.885
GH-1' 5.840 5.868 5.816

C(4)H-1" 5.887 o 5.895 5.893

i/
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A spin correlated spectrum of CC (7 mM in 0.1M salt buffer) was obtained using
a sandard Bruker microprogram. In the COSY spectrum the normal spectrum is
projected along the diagonal, and spin-coupled 'signals show cross peaks at the
inzersection of the horizonral and vertical perpendiculars from both mermbers of the
system.  The COSY spectrum of CC is shown in Figure 32. The ribose protons are
extensively overlapped; the interpretation proceeds as follows:

The H-5" and H-5" of the 5" terminus appears most upfield, as a distinct
muitiplet pattern. The coupling betwesn C(1)H-5 and C(1)H-5" is responsible for the
tght square in the vpper right hand corner of the specrum. Coupling to C(1)H-4'
gives two cross-peaks, which place the C(4)H-1" within the largest group of peaks,
second after the water peak Emlnsion of the perpendicular dropped from the H-5' to
H-¥' crosspeak bisects the crosspeak betwesn the secoad systemn and the first,
indicating coupling between H-4' in the second system and H-3'in the first. The only
crosspeaks exhibited by that firse system are between the H-1" signals (exueme lef:)
and the second, indieating that the C(1)H-2" is overiapped with C(1)H~4' and belongs to
tat second systemy Of the two H-1' signals, the downfield H-1' signal exhibits a
coanectivity to Lﬁc second system after the water peak, while the upfield H-1"has a
crosspeak 1o the first. Itis the downfield H-1' therefore, that belongs o the ribiae
System containing the free 5 tarminal hydroxyl group.

The assignments ¢an be checked using the relative positions of the H-3'
protons in the two residues. The H-3' of the carboz to which the phosphorus is attached,
ie., C(1), will be expected 1o appear more deshieldad than the E-3' at the 3' terminus,
C{1)E-3" kas already beer locazad within the firse system uplield from the water signal,

CR)E-1"exhibits 2 conzectvity 1o the first system of peaks, indicating C()H-2' is also
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partof it. C(2)H-2" will be coupled to C(2}H-3', but the only crosspeak possible for this
coupling appears betweea the first peak and the second, therefore C@)H-3" is cither
superimposed upon C(2)H-2', which is not indicated by the area under the peaksin
system one, or part of system two. Therefore C(1)H-3', as assigned, appears in system
one and C(2)H-3' in system two, the first downfield of the second, as expected.

The H-1' assignments, made at 30°C, can be related by variable temperature
data to the assignments at 70°C (Figure 3.3); there are no crossovers, so at 70°C the

upfield peak is assigned to C(2)H-1" and the downfield 1o C(1H-1"

323 Assignments of imino protan esonances

The accepted convention for the assignment of the hydrogen-bonded imino
protons observed for oligoribonuclestides in 90:10 H,0: D0 at low wemperature is that
the resonances which broaden first are cither adjc;ccm to the ends, or to a site of
destabilization, such as 2 base-base mismatch, the rationale being that the broadening
1s due to exchange, the exchange to the transient opentng of the base pair, and the
Opening occurs most reaclily at less constrained sites (Patel and Hilbers, 1975; Fritzsche
et al, 1983). Most of the sequences for which imino protons were observed had four
base pairs related by  an axis of rotation accordingly, two imino proton signals were
observed, and one preceded the other in broadening; it was assigned to the terminal

base pair, and the other to the intzral base pair (Tables 3.2 to 3.4; Figures 3.4 to 3.6).

Thus for GCGC (Table 3.4; Figure 3.6) at 2°C two signals were observed, one at 12.77 ppm

which r..s already beginning to broadan at 9°C, and the other a1 13.05 pp?n, which did

not begin to broaden until above 19°C: the first was assigned to the me base pair,

72
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Table 3.2: Chemical shifts of hydrogen-bonded imino protons of GGCC, (a) at 1.5mM, in
1.0M salt buffer, (b), at 2.8mM, in 0.1M salt buffer, (¢) 2t 2.5mM, in no salt

buffer.
(a) Chemical shift (ppm)
L - -
Temperature 10° A7 19.4° 29.2° -
' Proton
Internal 1352 1354 1339 13.39
Terminai 12.32 12.40 12.35 12.32
) -4.8° &1° 450 25.0° 30.0°
Internal 13.49 13.46 13.44 13.37 13.26
Terminal 12.40 12.44 12.47 12.47 -
(c) -43° 5.7° 5.2° 253°
Intarnal 1355 13.47 13.41 13.16
" Terminal 12.45 12.46 - -
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Table 3.3; Assignments of hydrogen-bonded mino protons of CCGG, 2.5mM,

in 0.IM salt buffer.
Chemical shift (ppm)
Proton , ‘
Temminal 13.34 13.30 13.25 13.05
Internal 12.53 1255 1246 12.39

Table 3.4:  Chemical shifts for the hydrogen-bonded imino protons of GCGC, 2.5mM.
in 0.1M salt buffer.

Chemical shift (ppm)
Temperature 2.0° 2° 19.0° 2L0°
Proton
Terminal 12.76 12.84 12.87 (13.0)

Internal 13.05 13.06 13.0¢ (153.0
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the second to the internal. Similar reasoning was applied to the results for GGCC, CCGG
and CGCG. Assignment —of resonances for the duplex formed by GOCG:0GGC proved more
problematic. The molecule Iacks an axis of rotation , and 2 distinct signal was
expected for each of the four base pairs. Three resonances were observed (see Table
3.7), but the highest field signal had an area of approximately double the others, an

area which decreased to unitary value upon warming, demonstrating that the peak
comprised the overlapping signals from one terminal and one internal base pair,

Signals at 12.84 and 12.63ppm were assigned to the terminal base pairs by their early
broadening and disappearance (measurements of line widths not possible on account of
overlap of signals) while the remaining two signals, at 13.37 and 12.63ppm, were
assigned to the internal base pairs. The right-handed sense of the double helix results

in the 3' neighbour being the most influential as regards shielding of the hydrogen
bonded imino proton (Kearns, 1976; Arter and S;hmid:. 1876). One terminal base pair
has a cytidine residue 3" to it, the other a guanosine. Guanine has greater shielding
¢apacity than cyiosing; accordingly, the upfield terminal iming signal is assigned to

the base pair with a 3' neighbouring guanosine (base pair 4 below), and the dowrnfield
signal that with a 3 neighbouring cyvtidine (base pair 1). The same reasoning was

a;ﬁplicd to the internal base pairs, one of which (base pair 3) is flanked by two
guanosines, and is therefore expected 1o occur upfield of the other (base pair 2}, which

has two 3’ cyiidine neighbours.

Comparison of the observed iming proion chemical shifts with those predicted



Table 3.5:  Chemical shift assignments for the hydrogen-bonded imino protons of
CGCG, 2.5mM, 1.0M salt buffer, at 2.0°C

AN

Chc:mr:alshxﬁ (ppm)
Tempemue 200
Proton

[
Terminal 12.87
Intemnal 13.15

Table 3.6:  Chemical shi& assignment for the hydrogen-bonded imino protons of
GCCG, 1.9mM, in 1.0M sait buffer, over the tempezature range -5

15°C.

Chemical shift (ppm) N
Proton
Duplex 12.60 12.58 -
Oveslp 13.36 13.30 -

80
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Table 3.7:

81

Chemical shift Bsignments for the hydrogen-bonded immno protons of
GCCG:CGGC, 1.7mM each strand, in 1.0M saie buffer, over the
emperature range 1° 1o 31°C, :

Numbering is from the 5" end of GCCG.

Proton
G-C1
G2
G-C3

Chemical shift (ppm)
1.0° 8 7o ) 10 40 3100
12.84 12.87 12.84 -
c_'13 34 13.38 1334 -
12,65 12.66 12.62 -
12.63 12.66 12.29 -
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based on isoshielding contours and classieal helical geometry reveals some interesting

differences. Section 3.3.7 is dedieated to
other sequences.

Ll

discussion of these differences, in these and

324, Secondary sxucars and stability of the S5 GC COMINMNG tetramere

GGCC and CCGG have a single simple secondary szructure available 1o them:

ciscrete duplexes with four base pairs:
266c =

LN 5

3. G :.g 20066 —— CCGG
CCGG v GGCe
A N

The chemical shift versus temperanure curves of the donexchangeable baga

and amomeric prowas are s; oidal for tha majoritv of the e such proons in each
D faevs! Hapty

(see Figures 3.7 and 3.8); nozsigmoidal behaviowr is T0st conspicuous in the curves of

Frotess beloaging 1o the 5 terminal base, which, accarding to the HI' data, stacks

- -

poesly (ssz section 3.3.4), aad the E1' protons, some of which are outside the shielding

wlueace of te base sack. For GGCC, individzal proton Tms occur over the range 49.9 -

33.8°C, with 22 average 0f S4°C (see Table 3.8). For CCGG, five protons have Tes 45,3 -

$9.8°C, while the sixth_ CiH6 hasa Tz of 54.2°C; the average T is 47.6°C (Table 3.9).

Repeddoz of thaga studies in 0.1M NaCl buer 1ves identical resuls if allowanee is
<P &

ace for the depression of T by_:h‘g__l\owc:- lozic swength: a2 2 SmM in 0.1M sai: buker,

Le Tz o GGClis 52.1°C, and thar oF CCGG, 4410 (ses Section 4.2). Low l=pernmure

Spectz of the hvdrogen boadad iming PrOeTs show two distingt resonanges for each

Sequanes, ozz of whick disapnears befams

=, &
2

&2 other with rising temperanres. For GGCC
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snoqeric protons of CCGG, 1.9 mM, in 1.0 M salt buffer.
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1

\

Table 3.9\ Chemical shift assignments and anomeric proton coupling constants versus
for protons of CCGG, 1.9mM, in 1.0M buffer over the temperature
range 70 - 7°C. NSB denotes no sigmoidal behaviour,

Chemical shift (ppm)
Proton
C(H-6 7.7467.776 7.812 7.853 7.901 7.937 7.940 7.930 7.899 7.857 7.803 54.2
CH-6 7.710 7.725 7.748 7.779 7.821 7.862 7.890 7.901 7.899 7.9027.900 49.8
GG)H-8  7.918 7.887 7.850 7.800 7.722 7.645 7.587 7551 73 127487 7.463 453
GG)H—S 7.9577.917 7.857 7.781 7.660 7538 7.439 7.375 7.300 7.263 7.242 453 .
C(DH-5 5.9705.963 5.966 5.974 5.981 5.979 5.967 5.949 5.918 5.875 5.854 NSB
C(2H-5 5.9355.895 5.858 5.815 5.756 5.689 5.636 5.606 5.561 5.526 5.494 45.3
C(H-I" 5.868 5.865 5.857 5.854 5.846 5.837 5.829 5.822 5.810 5.803 5.797 NSB
CRIE-1' 5.7955.777 5.764 5.758 5.747 5.737 5.729 7.724 5.718 5.7155.712 NSB
GE)H-1' 5.8145.790 5.772 5.758 5.712 5.674 5.642 5.619 5.594 55795560 NSB
G(4)H-1' 5.8405.811 5.784 5.723 5.652 5.555 5.453 5.355 5.250 5.142 - 458
Average Tm 476
Coupling constant (Hz)
CDH-I' 51 49 4«
CQ)B-1'" 55 45 23
GEEH-1'" 43 32 21
G@H-1' 48 45 . 3.8

»
-

28 13 17 - - _ ..
25 - - - <

[ 92)
(V3]

W
b -

20 - - - L L _

b
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Table 3.8: Chemical shift assignments and anomeric proton coupling constants for protons
of GGCC, 1.7 mM single strand concentration, in 1.0M salt buffer for the
temperature range 70 - 21°C. Chemical shifts are measured relative to DSS,
using {-buty! alcohol as reference. NSB denotes no sigmoidal behaviour,

Mmﬂf.@_ﬁt_ﬁf.ﬁﬂﬂﬂ_ﬂjﬁTm

G(EL8 7.910 7.921 7930 797 7.925 7.901 7.874 7.848 7.825 7.800 NSB
CE-8 7.949 7.925 7882 7.793 7.713 7.632 7.575 7.530 7519 7.485 5ig
COEES 7.740 7.732 7719 7.706 7.692 7.680 7.669 7.666 7.658 7.650 54.6
CCOE:6 7.787 7.783 7.771 7.752 1732 7709 7.705 7.688 7.677 7.680 545
CORLS 5.828 5781 5699 5.567 5.464 5.363 5506 5260 5249 5212 554
COOELS 5.967 5.935 5.880 5.782 5.712 5.645 5.601 5570 5554 5.501 5.8
CIDE-I' 5.825 5.842 5843 5.845 5.852 5.852 5.848 5.845 5.840 5.821 NS
@I 5851 5822 5799 5.772 5725 5.664 5615 5567 5549 5.538 453
COMLL 5870 5844 5799 5.730 5.67¢ 5.622 5.588 5567 5555 5,548 555
COMLL 5.887 5879 5856 5.833 5811 5719 5.757 5757 5724 5.704 40.5

- Average Tm 54
Coupling constant Hz)
GDH-1'58 18 24 -— - - - - -
G@EI 44 55 55 - - _  _  _ -
CEH-1"49 25 33 - - - - - -

C4H-1" 3.8 35 1 - - - - - -
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at 2.5mM in 0.1M salt, the signals- occur at 13.49 and 12.39ppm (-4.5°C), with the latter
being the first to broaden, and therefore belonging to the terminal base pairs. For
CCGG a1 2.5mM in 1.0M salt, the resonances appear at 12.53 (internal) and 13.34ppm
(terminal) at -5°C.  This is consistent with formation of a four-base-pair structure with
an axis of rotation  ; the assignments and variable temperature data are provided in
Tables 3.2 and 3.3. The high average Tms, ooopcx.‘ativc melting behaviour as indicated
by the narrow range of individual proton Tms, and the imino proton data, support the
formation of the cxpccwd four-base-pair perfect duplex by these two sequences.

GCCG and CGGC may only form staggered duplexes, comprising two G-C base
pairs and four double dangling bases, with subsequeant overlap of the d:mg;,ling bases to
form an extended loose duplex. There are, however, two alternatives for the staggered

duplexes for each structure, a duplex with 3° dangling bases (left), or one with §'

dangling bases (right):
— b _
26ccG —> 06 GG GCCGGCCG

GCCG or  GCCG S — GCCGGCCa
< ~ ‘ ~ <

5 ~ . NN
scoge —>  CGGC  CGGC —  CGGCCGGT
N CGGC ©°r  CGGC ~ CGGCCGGE
N <~ < o

The chemical shift versus temperature plots for the protons of GCCG and CGGC.
are shown in Figures 3.9 and 3.10 respectvely. Thecurves are incomplete, owing 10
broadening at low temperatures due to formation of high molecular weight aggregates;
an aucragc. of computer-picked inflection poinrs for five of thé ten curves give a Tm for
GCCG of 355°C, and one for CGGC of 26.4°C (see data in Tables 3.10 and 3.11). It is possible

to discern the preferred direction of staggering through comparison-with similar
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Table 3.10: Chemical shift assignments and anomeric proton coupling constants for the
protons of GCCG, 2.1mM. in 1.0M salt buffer over the temperature range 70 -

30°C.
Chemical shift (ppm)
Iemp, MMMMMMMM'Tm

Proton

G(1)B-8 7952 7960 7.963 7.965 7'.964 7937 7.837 7.708 329
-C(2)H-6 7739 7732 7729 7725 7.720 7706 7672 7650 36.4

CG)H-G 1733 1732 7729 1.725 7.720 7.713 7.688 7675  36.6

G(4)H-8 7.976 7.978 7978 7.977 7.973 7947 7.866 7.786  34.6

C(2)H-5 5.841 5792 5764 5.730 5.586 5.605 5429 5259 350

C(3)H-5 5.943 5.911 5.893 5871 5.844 5791 5.714 - 36.5

G()H-1" 5.852 5.849 5847 5845 5.837 5.814 5801 5780 395

C@E-1 5.868 5.849 5839 5.825 5.804 5768 5.678 5592 34.7

CG)H-1" 5.868 5.862 5.859 5.856 5.851 5.840 5810 5780 373

G@)H-1' 5.868 5.839 5.823 5.807 5.787 5.749 5.666 5592 353

Average Tm 355
Coupling constants (Hz)

6(1)H~ Iy 4.4 44 45 4.9 4.2 3.5 - -

CQH-1 4.9 4.4 45 4.0 3.9 3.7 3.1 -

CEH-1' 4.9 5.4 5. 53 52 5.1 - -

G@H-1 4.9 4.2 33 3.6 34 27 3.1 -

[=,3




Table 3.11: Chemical shift assignments and anomeric proton coupling constants for the
protons of CGGC, 2.1mM, in 1.0M salt buffer over the temperature range 70 -
15°C.

Chemical shift (ppm)
Temp, 0F 803° 505° 397° 351° 302° 27° 187° Tm
Proton |
C(1)H-6 7666 7.673 7.681 7.701 7.721 7756 7.813 - 28.1

G()H-8 7935 7934 7926 7914 7894 7.846 7.707 - NSB
G(G)H-8 7951 7.941 7.926 7.887 7.843 7.741 7.691 .. 31.5
C(4)H-6 7764 7762 7956 7.747 1737 1714 7.664 - 24.5

C(1)H-5 5.935 5.914 5885 5.853 5.835 5.806 5.755° 5723 255

C(4)H-5 5.904 5878 5842 7.792 5748 5717 5.703 5689 NSB

C(DH-1' - 5798 5790 5775 5.753 5.739 5.696. 5581 NSIé

G@)H-1' 5.783 5.774 5.'/"63 5.753 5746 5743 5.736 5.711 NSB

G@3)H-1' 5.854 5.845 5833 5814 5799 5779 5.733 5695 236

CéH-1 5.895 5.86 5.877 5.860 5.845 5817 5756 5.720 25.0
' Average Tm 26.4

Coupling constants (Hz)

C()E-T 37 35 3.8 3.7 35 24 - --

GQ)H-1’ 47 45 4.4 3.7 2.8 1.3 - -

GG)H-1' 46 40 3.2 3.4 34 2.6 - -

C(4H-1' 3.0 3.1 3.6 3.5 3.1 2.8 - -
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sequences which may form only one of the two possible structures:  GCC, which ca
fmmaGC:GCcomwdthtWOB'dangﬁng‘Cyﬁdim.isamodcl fo;tthCCG staggered
duplex with 3 dangling bases, while CCG, which can form a CG:CG core with two §'
dangling cytidines, is 2 model for the staggered duplex with §' dangling bases.

_ GCC GCCG
20CC = GCCG
CCG
- —
2cc6 = F 68
=
G\EQ GCCG

GCC has a Tm of 19°C at 7.3mM, in 1.0M salt, while CCG at 8.1mM does not duplex;
the more smbl; structure is that with 3' dangling bases, 3 not unexpected result
(Sinclair gt al,, 1984), '

Similar reasoning can be applied for CGGA and AGGC as models for the possible
structures of CGGC: CGGA has a Tm of 20°C at 2mM, while AGGC has no Tm above 0°C
(Sinclair gt a1, 1984).

icee cGae
—
2AGCC = .. céae
- — < -
CGGA cGae
N G
2066A — et CGGE

Trus for both GCCG 20d CGGC the secondary structure having four 3'



double-dangling bases is preferred over that having four 5 double-dangling bases.
GCGC and CGCG may (on paper) form either perfect four-base-pair duplexes

(left), or staggered duplexes with aggregation.

—
GCGC

CGCG

—

—
CGCG

GCGC
—T

—
= 26GCGC

— 2CGCG

—_ N\
LN GCGC G-CGC

— GCGCGCGC

: CG—CG or  CGCG CGCGCGCG

-

—
CGCG  CGCG

—_—
— CGCGCGCG

: .GCGC o GCGC © GCGCGCGL

- 7

—_—

The chemical shift versus temperature curves of the base and anomeric

protors of GCGC show a well defined average Tm of 49.9°C in 1.0M salt at 1.9mM, for eight
of ten curves with a range of Tm s of 44.5 - 54.7°C (Table 3.12; Fgurc 3.11). For GCGC at

25mMin Q. lMsalnmnnopmmnsxgnnlsamobscxvcdatIowtcmpcmum at 13.05 and

12.77ppm (2°C); both persist to at least 19°C, and the downfield to 31°C, though poorly

defined. (The Tmin 0.1M salt is 48.1°C at 2.5mM). The downfield resonancs is thus

assigned to the internal base pairs.  Variable temperature data are given in Table 3.6.

The high Tm—between those of the perfect duplexes GGCC and CCGG—the completenass

of the sigmoidal curves, in contrast with those of the staggered duplexes GCCG and CGGC,

and the imino proton data are all consistent with formation of the perfect duplex (Ieft,

above)

CGCG was originally thought to form a staggered duplex: its Tm in 1.OM sait is

35.4°C, low compared to the Tms of th:: perfect dupiexes GGCC, CCGG and GCGC, and its

curves incomplete due to broadening of the sign;ls which made the lower temperatures
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Table 3.12:  Chemical shift assignments and anomeric proton coupling constants for
protons of GCGC at 1.9mM concentration in 1.0M buffer over the temperature

range 70 - 20°C.
Chemicsl shift (ppm)
Temp, 202° 60.0° 553° 503° 456° 407° 356° 30.8° 202° Th

Proton

G(1)H-8 7.936 7.952 7.959 7.952 7.926 7.892 7.861 7.835 7.787 NSB
CR2)H-6 7.697 7.704 7.717 7.740 7.764 7.781 7.795 7.805 7.815 52.2
G(3)H-8 7.942 7.897 7.843 7.764 7.680 7.616 7.540 7.489 7412 495
C(4)H-6 7760 7.734 7.699 7.648 7593 7.555 7537 7.523 7490  S1.0
CQ2H-5 5.842 5.747 5.658 5533 5403 5302 5233 5.182 5.120 50.8
C(4)H-5 5.887 5.794 5.705 5.578 5.45b 5.363 5.307 5.27 - 50.5
G(DHE-1".  5.827 5.814 5.800 5.789 5.773 5.760 5.755 5.748 5.736 51.1
CQH-1' 5.893 5.838 5.797 5.748 5.688 5.641 5.608 5.586 5.557 495
G@)H-1' 5.851 5.815 5.800 5.752 5.688 5.631 5.5‘76 5533 5489 458
C(4HH-1 5.893 5.869 5.842 5.800 5.754 5.715 5.686 5.665 - 48.7

Coupling constant (Hz)

GHH-I' 47 40 28 29 - -~ - . _
C@QE-1" 41 42 45 21 -~  ~ -  _ .
GEHEI 71 40 28 25 -~ - - _  _
C(;‘r}H-l' 41 33 30 21 15 - - - -




unsssignable (Figure 3.12; Table 3.13). Published reports which described discrete
dupluswondmymcuncforCGCGmO lMs.nl:pmmpa:dsmdyofCGCGaﬂowmmc
strength. In 0.1IM sal: resolution improved, allowing more rclmblc assignment of the
lower partions of the curves; the Tm obtained was 37.2°C, an average of the individual
values for sevea curves, with 2 range of 29.5 - 43.5°C (Figure 3.13; Table 3.14). The
exchangeable proton spectrum of CGCG shows two distinet signals, at 13.15 (intemal)
and 12.87ppm (terminal) (Table 3.5). This tends o suggest perfect duplex formation,
although the Tm is stll low encugh thar competion from the aggregate may be
significant—GCCG and CGGC, which form caly the staggered duplex with aggregation,

have Twms of 35.5 and 29.2°C respectively in 1.0M salt.

328 Relative stabiliny of G¢ . comes

The relanve suability of the dimcleotide cores may be deduced by
comparison of the smbilities of the secandary structures formed by the six
sslf-complementary tetramers with reference to their core compaosidon,

" The order of subility of the cores GC:GC and CG:CG, previously determined as
being GC:GC more stable than CG:CG, is confirmed: 1. The discres= duplexes formed by
GGCC aad CCGG have two GG:CC cores in common; they differ, however, in the
compositiozn of their central core.. GGCC, which has a central GC:.GC caore, is 6° more
swable than CCGG, which has 2 ceneral CG:CG core (Table 3.15).
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figure 3.12: Chemical shift versus iemperature curves of the bese angd -
enomeric protons of CGCG, 12 mM in 10 M salt bulfer.
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Table 3.13: Chemical shift assignments and anomeric Proton coupling constants for
protons of CGCG, 1.2 mM, in 1.0M salt buffer over the temperature range 70
- 15°C.

¥

‘ Chemical shifts (ppm)
T F 0 05 2P B0 02 27 52 1
Proton
CE-6  7.692 7.693 7.673< 7.647 7.630 7625 7.613 7578 454
C@H-8 7968 7.963 7.953 7.852 7.788 7730 6.645 7595 335
COHES 7705 7708 7.742 7817 7859 7890 7.890 7.861 414
G@HE 7968 7965 7950 7919 7.8sg 7.858 7.806 7771 285
COOES - 5919 5898 5885 5.895 5.006 5913 5901 5901 NSB
COME-5 5851 5800 5709 5565 5478 5412 5335 5279 335
CUE-I'" 5856 5455 S850%5.849 5847 5845 5342 5830  NsB
CG@HEI' 5800 5789 57665 5757 s.681 5637 5575 5542 301
COME-1' 5885 5862 5313 5713 5.657 5576 5422 5279 © 23,0
CEE-I' 5816 5804 5792 5783 5790 5789 5785 5777  NSB
Average Tm 36.2
. .Couph'ng constants (Hz)
COE-I' 511 560 492 401 240 212~
CEI 38 362 35 200 108 . - _
COE-I 455 403 3545 260 o - -

G4)H-1’ 400 327 22 - - - -

w
bt
ih

-
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. Proton

7.728
7.974
7.749
7.963
5.908
5.868

C(1)H-6
G(2)H-8
CG3)H-6
G(4)H-8
C(1)H-5
C(3)H-5
C(1)H-1' 5.849
G(2)H-1' 5.799
CG)H-1' 5.901
G@H-1' 5.815

C(E-1' 5.1
G@)H-1' 3.7
CGH-1' 4.2
G@H-1' 4.2

7.748
7.967
7.735
7.956
5.890
5.813
5.845
5.784
5.873
5.805

How
(9] ~J

W
n

7.791
7.949
7.710
7.927
5.882
3.721
5.842
5.757
5.823
5.791

7.827 7.871
7.932 7.911
7.691 7.671
7.897 7.857
5.887 5.899
5.652 5.576
5.842 5.842
5.735 5.706
5.789 5.734
5.781 5.782

Coupling constant Hz)

4.8
2.7
28 23
2.8

-

‘3.1

1.0.

25

7.950
7.774
7.627
7.627
5.806
5.312
5.836
5.540
3.366
5.777

Average T

24 -

— -

Tm

ts) W
= 33 L)
H h (o,

NSB
42.0

NSB -

29.5

35.6.

NSB

374
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G GiC C] G[G Clc
iccicg! cle gis
cdd o
iesicc Gig Cic

2. The discrete duplex formsd by GCGC in 0.1M salt is more stable than that formed by
CGCG by 11° (Table 3.15). GCGC forms two GC:GC cores, and one CG:CG core, while CGCG

forms one GC:GC and two CG:.CG.
- GeGC GCGC
calca CGCG
clcde i&?&
GiCGcC (GGG C

3. The staggered duplex formed by GCCG, which has a single GC:GC core and four 3"
double dangling bases, is more stable by 6° than that formed by CGGC, which has 2
similar structure, but with 2 CG:CG core (Table 3. 15).

. The stability of GG:CC appears to be betwesn that of GC:GC and that of CG:CG.
GCGC and CCGG both have 2 central CG:CG core; GCGC has two terminal GC: GC cores, and its
Tm 15 2° higher than CCGG, thch has two terminal GG:CC cores. Substitation of two
GG:CC cares for two GCGC cores (GCGC to CCGG) causes 2 smaller decrease in T than

~ substitution of a single CG}.CG core for a GC:GC core (GGCC o CCGOG).

4
£
-
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Table 3.15: Tm data for the six self-co

mplementary tetramers, the model]

S ————
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mom mixing experiments. 1.0M salt buffar unlcss
Sequence Conen (mM) Average Tm (°C)
GGCC ) 1.7 54.0
CCGG . 1.9 47.8
GCCG 2.1 35.5
CGGC 2.1 - 29.2
GCGC 19 49.9
N CGCG 1.2 369
GCC 9.0 20.0
CCG 7.8 noTm
CGGA 3.6 19.2
AGGC 22 no Tm
GCCG:CGGC 2.1:2.1 47.7
GGA:CCA, 1.0 M salt 5.1:5.1 oo Tm
no salt | 25:25 217
- GGC:GCC 1.7:1.7 24.0
GCG:CGC, 1.0 M salt 4.3:4.3 no Tm
| n0 salt 2.5:25 214
GCG, 1.0 M salt 7.3 noTm
\ no salt 2 25.8
CGG:CCG, 1.0 M sait 17:1.7 no Tm
70 salt 1010 <10
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GClGC iC CiG Gi
cgce 5 Gic ci
Gl cjc CiC G6
clc Gj6 GG Cic

Thus r.h;: order of s:abilitics is deduced to be GC:GC more stable thag GG:CC more stable

than CG:CG. Tlns differs from the published results of 1974 which gave fres epergies of
formation for the cores as GG:CC 4. 8kCal/mol, GC:GC -4 -3kCal/mof and CG:CG -3.0kCal/mol
(Borergt 3L, 1974) but is in agreement with thc:modynam‘ic parameters caleylated

from GC connining sequences only: GC:GC -3.3kCalimol, GG:CC -3.2 kCal/mo] and CG-CG
-2.3 kCal/mol (Freier gt 3], 1985a).

328 The midne experiments: Dunlexine VeISUS ageTeontion

-

Five pairs of oomplcmcnmry mixtures were studied in 1.0 M salt buffer: GGA
with CCA, GCCG with CGGC, GGC with GCC, GCG with CGC and CGG with CCG. Of these, only
two duplex normally to give a measurable Tm: GCCG:CGGC and GGC:GCC. In the other
thres mixtures sclf aggregation of one of thie stmnds 1s preferred over duplcxmg with

the complementary strand. This self-aggregation aIso occurs in molanon particular

attestion was given 10 the behaviour of GCG. Upon removal of the salt from these
aggregate-forming mixmures, two, GGA:CCA ard GCG:CGC, formed duplexes with 3
measurable Tm, while the other, CGG:CCG, exhibitad the upper portion of sigmoidal

curves, but had 2 Tm too low to be measured. GCG also duplexed in the absencs of salt.
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3261 The duplezes GOCG:0GGE a0 GGC.ACE

"GCCG and CGGC are self-complementary, forming staggered duplexes with 5°
danglmg bases, Tms 35.5 and 26.4°C respectively (ses section 3.24). The ch:mxcal shift
VEISUS lemperature curves are incomplets, with loss of signal at low temperature due to
end- to-end overlap and aggregation. Thcchcmmlshxﬁvcmistémpcmmm
for the base protons of the 1-1 mixture are sigmoidal (seven out of eighy), compiets, and
have Tms ranging from 43.5 - -49.7°C, with an average of 47.7°C (see Figure 3.14, Tablc
3.16). Thmetmmopmronmonamm-cobsmedm 1.0°C, occurring in
approximately a 1:1:2 ratip at 13.34, 12.84 and 12.66ppm, carresponding to four
individual ba-scpm'rs in the non-centrosymmetric helix. Their assignment is discussed
in section 3.2.3. All signals Persist to at least 19°C (see Table 3.7). The high Tms of the
nonexchangeable protons in the mixure compared to the single strand, and the
persisteace of the exchangeable protons to > 19°C, compared to the disappearance of
those observed for GCCG aloae below 15°C (Table 3.6), supports annezling of
complementary strands to form 3 perfect four-base-pair duplex.

From the order of relative stability for the GC cares, GC:GC > GG:CC > CG: CG, one
would have predicted 2 T for the duplex GCCG: CGGC less thaa thar of GCGC, since,

The Tm of GCCG:CGGC (2.1mM:2.1mM, 1.0M salt) is virtually identical to that of
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Temp, —70.2°

‘Proton

G)H-8 7.955
CQH-6 7.744
CEH-6 7.734
G@H-8 7.971
C(5)H-6 7.672
G(6)H-6 7.941

G(MH-6 7.935

C(9)H-8 7.760
C(5)H-5 5.893
C(8)H-5 5.930
C(2)H-5 5.835

C(3)H-5 5.939

90,40

7.970
7.748
7.732
7.956
7.698
7.892

7.930

7.740
5.824
5.890
5.7654
5.924

7.974
7.756
7.726
7.930
7.726
7.827
7.920
7.711
5.747

5.846

5.705
5.924

7.975

7.771
7.719
7.885
7.778
7.735
7.901
7.667
5.621
5.780
5.621

5.628

5.957
7.796
7.709
7.827
7.843
7.567
7.861
7.589
5.471
5.680
35.497
5.934

7.930
7.814
7.700
7.758
7.881
7.449
7.824
7.533
3.352
5.632
5.402
5.929

353°

7.903

7.823
7.696
7.705

7.898 -

7.382
7.789

7.493 -

-—

5.601

5.915

AQ “~o

7.876

7.815
7.693

7.678
'7.893

7.337
7.753
7.464

3572

5.894

Average Tm

NSB
49.7
49.2
47.4
472
47.9
435
47.4
47.4
49.6
474
NSB

47.7
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CCGG (1.9mM, 1.0M salt), 47.7°C compared with 48.0°C for base protons alone. This
suggests, as cordfirmed by Freier et a1, (1985z), that the difference in the stabilities

. between GC:GC and GG-CC is small. ¥4

Of the four complementary trimer mix: studied, onl}.r GGC with GCC
produced a set of sigmoidal chemical shift versus temparanre curves, of which
thirteen out of fifteen were sigmoidal (the exceptons being G1HS of GGC and G3HI' of
GCC; ses Figure 3.15) with Tms of 22.0 - 26.4°C, average 24.0°C (Table 5.17). No imino
proton spectrum could be observed for this duplex; the Tm was too low.  GCC in isolation
at8.lmMhas a Tm of about 20°C, while GGC does not duplex. The narrow range of the
individual proton Tms supports formation of 2 complementary duplex.

AddiﬁonofaGCbascpairm:hisduplcxmiss the Tm by 24 - 30°C: The Tm of

the GGCC duplex, formed by addition of the bass pair to the 3' end of GGC, is 54.0°C, while
C :

the Tm of GCCG:CGGC duplex, where the base pair is added 5" to GGC, is 47.7°C (Table 3.15).

3262, Theageresates: GGA with CCA, GCG with CGC and CGG with CCG in 1.0 M salr

Equimolﬁr mixwures of GGA with CCA, GCG with CGC and CGG with CCG do not
form complementary duplexes; instead, in all three mixtures, the resonances of the
G-rich strand (GGA, GCG and CGG) lose intensity with decreasing temperature untl at
low temperature only the signals for the complementary strand (CCA, CGC and CCG)
remain, little perturbed from their position in isolation (ses Figure 3.16, for example of
spectra; Figures 3.17, 3.18 and 3.19 for chemical shift versus ienperature plots; Tables
3.18, 3.19 and 3.20 for data), Study of the "vanishing” sequencas-alone revealed that the

loss of intensity and disappearance is due to considerable broadening of the signals
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Table 3.17: Chemical shift assignments and anomeric
protons of GGC:GCC at 1.7:1.7 mM in
70 t 10°C. Numbering schemne: 1

-

GGC
CCG
6 4

proton coupling constants of the
1.0 M salt buffer over the range
3

Temp, &.2°
Proton

G(1)H-8 7.903
G)H-§ 7.967
CG)H-6 7.768
GAH-8 7.967
C(S)H-6 7.768
C(6)H-6 7.807
CG3)H-5 5.906
C(5)H-5 5.855
C)H-5 5.999
G(1)H-1' 5.800
GQ)H-1' 5.365
CGH-1' 5.897
G@&H-1' 5.860
C(5)H-1' 5.897
C(6)H-1' 5.897

G(1H-T'
GR)H-1'
C(3)H-1'
G(4)H-1'
C(eE-1'
C(e)H-1

ol VI SEFN
U)U)--..lb).b.-...l

59.4°

7.908
7.959
7.764
7.975
7.764
7.812
5.875
5.807
5.980
5.799
5.857
5.80
5.857
5.870
5.850

wowow W ow

~1 O3 09 4n

7.914
7.945
7.758

17.984

7.758
7.815
5.836
5.753
5.956
5.795
5.850
5.876
5.850
5.850
5.883

& i

Chanicalshift(inppm)

7.922 7.923 7.908 7.873
7.912 7.860 7.772 7.637
7.758 7.765 7.786 7.813
7.994 7.993 7.973 7.930
7.739 7.711 7.659 7.612
7.816 7.808 7.786 7.755
5773 5.702 5597 5.465
5.677 5.605 5502 5.379
5.917 5.875 5.805 5.688
5.790 5.773 5.738 5.688
5.843 5.818 5.767 5.638
5.857 5.841 5.805 5.758

5.843 5.841° 5.842 5.843

5.816 5.785 5.731 5.655
5.871 5.855 5.824 5.785

Coupling constants (Hz)
43 3.6

39 3.0 20 -
34 31 21 -
3.8 3. 2.2 -
28 27 3t -
3.2 28 21 -

20.6°

7.842
7.821
7.900
7563
7.751
5.392
5.282
5.626
3.657
5.626
3.726
5.838
S5.611
5.758

10.7°

7.795
7.486
7.826
7.887
7.743

5312

5175

5530
5.616
5.530
5.669
5.837
5.530
5.701.

Average Tm

Tm

20.7
2.9
26.4
227
24.3
26.4
26.2
24.7
23.4
23.4
22.0
227
NSB

S -

23.7
22.0

24.0

e
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Table 3.18: Chemical shift and coupling constants for GGA:CCA, 3.5mM each strand,
I 1.0M salt buffer, over the temperature range 70 to 0°C.
Numbering scheme: 1 3 4 6
GGA:CCA

_ - Chemical shifts (ppm)
Temp, 709° 60.7° 51.0° 413° 3527 295° 245° 200° 102° 0.7°
Proton : '
G(DH-8 7.851 7.861 7.863 7.871 7.884 7.907 — .  _  _
- G@H-8 7.911 7903 7.8%0 7.855 7.815 — .  _ - -
A(G)H-8 8313 8302 8286 8251 8214 8156 - L= -
AGME2 8.171 8154 8137 8.112 8.090 8.061 8.033 8.006 7.930 7.911
COH-6 7.724 7.731 7.743 7.759 7.774 7.790 7.804 7.816 7.859 7.890
COMH-6 7.738 7.736 7.735 7.733 7.732 7.751 7.730 7731 7.731 7.732
A(6)H-8 8393 8400 8.405 8.407 8.405 8.400 8.396 8395 8362 8.351
AOH-2 8.238 8225 8206 8.177 8.149 8.122 8.096 8.076 7.946 7.863
C)H-5 5.893 5.851 5.805 5.739 5.702 5.663 5.631 5.604 5541 5.491
COMH-5 5.921 5.896.5.875 5.844 5.836 5825 5.818 5.810 5.809 5.799
G(DH-1' 5.752 5744 5745 5736 5736 — . . - -
GQR)H-1' 5.766 7.754 5.743 5736 5.736 -  _  _ - -
AGMH-1' 6.052 6.044 6.036 6.024 6.015 6.006 - 6.002 5.995 5.994
CH-1' 5.875 5.841 5.812 5.783 5.760 5.740 5.723 5.710 5.666 5.638
C(SH-1' 5.798 5.778 5756 5.727 5.708 5.689 5.674 5660 5626 5597
AGH-1" 6.090 6.087 6.083 6.080 6.073 6.069 6.064 6.062 "6.046 6.034
Coupling constants (FHz) -
GOHE-I'S3 52 38 24 as - - _
G@H-1'52 51 38 24 a5 - _ -_
AQHE-I' 49 49 47 44 40 .27 _ 27 23 12
COHI' 45 39 33 30 29 25 21 20 1q1 .
COE-I'38 35 30 19, 20 20 17. 1g 12 -
AGH-1'50 51 50 49 46 47 3.9 43 41 39
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Table 3.19: Chemical shift assignments and‘ano_m:ric proton coupling constants for

Temp. 706°
Proton
G(DH-8 7.936
C(QH-6 7.718
GB3)H-8 7.966
C(4)H-6 7.699
G(5H-8 7.992
C(®H-6 7.790
C()H-5 5.869
C(4)H-5 5.927
- C(6)H-5 5.937
*G(1)H-1' 5.831
C()H-1' 5.893
GB3)H-1' 5.855
C(4H-1' 5.800

G(SH-1' 5.862

CH-1' 5.909

G(DH-I' 4.7
CQ)B-1' 45
GEH-I' 5.4
CAH-1 4.1
G(5)H-1' 4.1
C(6H-1' 3.7

7.941

7.711

7.961

7.711
7.990
7.788
5.826
5.898
5915
5.825
5.875
5.853
5.788
5.851
5.902

47
4.0
3.9
4.0
5.1
5.6

7.947
7.700
7.947
7.725
7.983
7.783
5.761
5.859
5.889
5.817
5.843
5.850
5.770
5.844
5.891

45
42
49 |
3.4
32

34

Chernical shifts (ppm)
45.0° 400° 356° M_Ziﬁ

7.951 7.955 7957 ~  _
7.698 7.692 7.691 7.692 7.589
7.929 7.910 7.887 7.850
7.734 7742 7752 7.763 7978
7.977 7.970 7.963 7.952 7.929
7777 7.772 7766 7.758 7.742
5.709 5.657 5.606 5537 5.432
5.830 5.805 5.779 5.749 5.704
5872 5.856 5.842 5.806 5.810
5.808 5.802 5787 -  _
5.824 5802 "~ __ -
5839 5827 -~ . _
3-758 5.745 5.733-5.715 5.686
5.842 5.834 5.821 5.818 5.804
5.881 5.875 5.865 5.854 5.854
Coupling constant Hz) -

35 45 37 -
24 45 . _ o _
50 35 - .
35 32 29 25 15
38 36 28 40 26
31 23 34 30 23

7.794
7.905
7.717

5.648
5.795

5.648
5.804
5.804

7.810
7.895

3.553

te
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Table 3.20: 'H chemical shifts at 250 MHz for CGG:CCG at 1.3 mM each strand
concentration in 1.0M salt buffer for the range 70 to 10°C.
Numbering scheme: 1 34 ¢
CGG:CCG
Chemical shift (ppm)
Temp. 877  594°  5Q1°  403° 303° | 206° 107°
Proton
C(1)H-6 7707 7713 7720 7730 7.748 -~ -
G)H-8 7.966 7961 7952 7.932  7.889 -~ -
GQB)H-§ 7.940 7936 7929 7915  — - -
C(4)H-6 - 7794 7782 7818 7.832  7.847 7864 7865
C(5)H-6 7780 7782 7795 7783 7782 7780  7.800
G(6)H-8 7996 8000 8002 7.998 7748 7968 7936
C(1)H-5 5967 5959 5939 5912 588 ~
C(4)H-5 6012 5998 5985 5964 5941 5918 5891
C(5)H-5 5984 5959 5929 - 5.889 5.837 578  5.726
C(1)H-1’ 5789 5777 5766 5748 5720 @ — -
G@)H-1' 5.804 5793 5782 5765  5.749 - -

- GE)H-1' 5.869 5860 5.856 5847 - - -
C(4)H-1" >873 5860 5840 5815 5784 5745 5711
C(5)H-1' 5815 5.800 5782 5759 . 5725 5679. sem
GO)H-1' 5881 5831 5.876 3868 5860 5847 5832

' Coupling constant (Hz)
C(1)H-1" 45 3.4 5.0 4.0 - - -
G)H-1' 5.0 7 5.8 4.5 3.6 - -
G@E)H-1' 5.4 3.7 4.6 5.2 5.9 - -
C(4H-1' 3.7 3.6 3.7 3.5 3.1 - -
C(5)H-1' 3.9 3.7 3.8 1.9 1.8 - -
G(6)H-1' 5.4 3. 5.0 5.4 4.8 4.6 -
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which is associated with formation of high molecular weight aggregates.

GCG has been the best studied of thess séqucnm, since the duplexing of
sequences of the type GCX have established 2 norm from which it conspicuously
deviates, As dcscribed in the introduction, GCA, GCC and GCG*, where G* § is guanosine
modified ar the N 1, O6, and N2 and O6 pasitions so as to preclude normal hydmgen
bonding, form minihelixes with a GC:GC core stabilized by two 3' dangling bases, and
Tms (at 7.3mM in 1.0M salt) of 34 - 42°C (A!kcma;_{_a}_, 1981; D'Andrea gt 3], 1983). The
chemical shift versus temperature curves of GCG, though similar in shape to those of
the well-behaved analogues over the upper portions, are non-s:gmo:dal Beginning
around 40°C the resonances broaden and lose intensity, until they become
unassignable below 20°C (Figure 3.20; Table 320 Coincidentally, a new signal appears
ar 5.95ppm, at lower field than any of the H-1" or H-5 resonances, and increases in
Intensity with decreasing temperature, until by 20°C it dominates the spectrum,
Neither the marked broadening of s:gn::.ls nor the appearance of the new peak havc
any parallel in the spectra of GCA or the modified GCGs.

Low temperature spectra (6.6°C) of the exchangeable resonances have been
obtained for GCA and GC1Meg (spectra by G.W.Buchko). As cxpccn:d they show a single

signal within the hydrogen-bonded imino region. In GCA the signal is at 12.2ppm and

in GCIMCG at 12.5ppm, the difference being accountable by the greater shielding
capacity of adenosine.

The imino region of GCG at 6.6°C shows three resonances, ar 13 43,11.54 and
11.22ppm. The first appears in the region in which GN1H iming proton of a G-C
hydrogen bond might be expected, while the Iatter two appear where a-GN1H bonded 10
a carbonyl group (as in a G+U base pair) would be observed. All three resonances
persist untl 30°C: it is hard to determine which, if any, disappear first (Table 3.22).

17z
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Table 3.21: Chemical shifts and anomeric proton coupling constants for the protons of
GCG, 7.3mM, in 1.0M salt buffer over the temperature range 70 to 20°C.

_ Chemical shift (ppm)

Temp. 700° 60.0° 50.8° 450° 4L0° 360° 312° 259° 200°
Proton

G(DH-8 7.935 7.940 7.949 7.95¢ 7.960 7967 7.974 7.974 7.995
CQ@HE6 7.712 7705 7.693 7.688 7.680 7.673 7.665 ~7.660 7.650
 GO)H-8 7.965 7.959 7941 7.928 7916 7.902 7.886 7914 7.847
CH-5 5862 5815 5741 5.698 5656 5.611 5569 5.519 -
G(H-1' 5.832 5827 5821 5818 5815 5814 5813 5.820 5.818
CQE-I' 5.895 5877 5.850 5.826 5812 5789 5771 5748 5728
GEH-1' 5.885 5.848 5842 5.857 5834 5831 5829 5827 5818

Coupling constant (Hz)
GE-I'48 51 49 44 41 38 35 34 15
CRHL'45 53 38 40 26 30 23 15 15
GEE-1'48 46 54 51 52 44 41 32 1s

Table 3.22:  Chemical shifts of signals observed in the imino proton spectra of GCG,
5SmM, in 1.0M salt buffer, over the temperature range 6 to 31°C.

Chemical shift (ppm)
Temperature 6.6° 16.1° 20.0° 3Q.1° 2500
13453 13.42 13.32 13.30 -
11.54 11.51 11.45 11.41 -
11.22 11.22 11.15 11.13 -
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Section 3.3.4 is dedicated to the discussion of these results and of a postulated
structure for the aggregate,

3.2.63 The dun]t:xcs: QGA:CCA. GCG:CGC. CGG:CCG and GCG in the ahsence of salr

In no salt buffer (ro sodium chloride, 0.01 M sodium phosphate, pH 7), GGA:CCA
{2 mM each strand) forms a duplex with an average Tm of 21. 7°C, for eight of sixteen
protons with mdmdual proton Tms ranging from 14° t0 33.1°C (i 1gure 3.21; 'I‘ablc 323).
Jhe sigmoidal chemical shift versus temperature curves are evenly distributed between
the two strands.

For GCG:CGC (no salt buffer, 2 mM each strand), saven of fifieen chemical shift
VETSUS temperature curves are sigmoidal (Figure 3.22), with Tms ranging from 14.0° to
30.1°C, giving an average of 21.4°C (Table 3.24). However, GCG by itself at similar
coacentraton, in absence of sajt, gives a higher Tm of 25.8°C (Tat;lc 3.26), and the
resolution of the lowast t=aperarure specira for the GCG:CGC mixture is extremely poor,
suggesting cith& aggregation, or competition for formation between the GCG:CGC and
the GCG dupiexes.

The chemical shift versus temperature curves of GCG (1.5 mM, 00 salt buffer)
(Figure 3.24), are ideatical in appearance and in the distibution of sigmoidal and

* nonsigmoidal behaviour to those of GCA (see Figure 4.16). Five of the seven curves

have well-defined in&ividual Tms‘ ranging from 20.1° to 30.1°C (Table 3.26), with an
average Tm of 25 8°C. Thus GCG appears to be forming a duplex compmung aGC core
stabilized by two 3 " dangling guanosine residues.

The low temperature hydrogen-bonded imino proton spectum of GCG in the ..
absence of salt at -5°C i, however, identical to that of GCG in 1.0 M salt (though much
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]

Iemp, 688° .

Proton

G(1)B-8
G(2)H-8
A()H-8
AG)H-2
C4)H-6
C(5)H-6 7.769
A(6)H-8 8.410
AG)H-2 8.245
C(4)H-5 5.900
C(5)H-5 .5.895
G(1)H-1' 5.759
G()H-1' 5.775
AG)H-1' 6.059
C(4)H-1' 5.874
C(5)H-1' 5.802
A(6)H-1' 6.094

7.866
7.924
8.333
8.182
7.730

G()H-1' 5.7
G@)H-1' 5.5
AG)H-1' 5.0
C(H-1' 473
C(5H-1' 3.6 .
A@6)H-1' 5.3

7.866
7.920
8.327
8.168
7.736
7.767
8.420
8236
5.876
5.854
5.753
5.764
6.062
5.852
5.784
6.093

7.867
7.909
8.312
8.149
7.748
7.764
8.430
8.220
5.844
5.794
5.743
5.755
6.043
5.823
5.755
6.090

3.0
2.7
4.3
35
2.7
4.8

"5.1

Chemical shift (ppm)
411° 314° 212°

7.872
7.891-
8.291
8.130
7.762
7.762
8.434
8.197
5.822
5.742
5.744
5.744
6.035
5.797
5.732
6.086

7.894
7.832
8.235
8.095
7.798
7.760
8.424
8.152
5.804
5.666
5.755
5.739
6.023
5.752
5.697
6.077

7.945
7.713
8.134
8.041
7.863
7.764
8.382
8.004
5.815
5.592
5.791
5.746
6.011
5.694
5.662
6.061

Coupling constant (Hz)
5.1 5.1 3.8
4.1 3.1
45 4.4
2.1 1.7
2.0 1.6
4.3 2.0

4.6
3.1
2.2
5.1

8.020
7.550
8.002
7.974
7.951
7.775
8.309
7.807
5.848
5.533
5.848
5.765
6.004
5.630
5.630

Tm

14.0
14.8
163
24.8
14.6
NSB
NSB
NSB
NSB
33.1
NSB
NSB
NSB
24.8
314
NSB
21.7




WY SHmrpy.

Xty o

B Semriggun,.

Lol
-

Kl ao

8.0 T
7.9
*- G(1)E-8
O -
284 / C(2)H-6
‘- G(DHE-3
77 - C{4)H-6
' /'l , 4= C(SE-6
fal
' 4 Cc(6)T-~5
7.6 E/ (&
73 + + + —_—
0 10 20 30 40 s 60 70
TEMPERATURE/
6.0 T
-
59+ T - (2)F-5
HW ==A$=A O C(‘i}E-S
5-8 T 7 ﬁ- x.._.—x )
- - (6)"-5
S7¢+ X
56 +4: a / ~b- C(z)H_l .
S5+ / ° o G{3)X-1"
8 / X= C4)E-1
s«l . . “ o
8 / F= G(5)H-1"
53T = C(6)H-1"
52 J& + + + + ——y
) 10, 20 30 40 50 &0 70

TEMPERATURE/C

Tigure 322: Chemical shift versus temperatur

€ curves for the base

and anomeric protons of GLGCGL, 2.0 =M each st- and,

in no salt buffes.

123



124

Table 3.24: Chemical shifts and anomeric proton coupling constants for GCG:CGC,
2mM each strand, in no sajt buffer, over the temperature range 70° to 0°C.
Numbering scheme: 13 : .
- GCG

CGC ‘ -
6 4

Chemical shifts (ppm)
Temp,  688° 6120 s00° 4120 A& 212° 110° 13° T

Pfoton ‘
‘G(I)H-8 7.940 - 7.946 7.955 7.963 7.991 7.998 7.944 7835 NSB
C@H-6 7.740 7735 7.726 7.716 7705 7703 7.730 7762 NSB
GG)H-8 7.963 7.965 7.955 7935 7.880 7.796 7.696 7.611 173
C(4)H-6 7.704 176 7735 7757 7799 7857 7912 7.908 245
GHH-8 7.993 7992 7.987 7.97% 7956 7911 7.839 7762 NSB
COE-6 7.816 7.815 7.807 7.796 7771 7722 7645 7565 NSB°
CRIE-5 5.861 5823 5760 s5.683 5548 5402 5285 5214 30
C(HH-5 5909 5886 5.855 5.830 5.808 5.803 5.820 5.825 NSE
 C(OHS 5950 5901 5.555. 5.809 5732 5623 5488 5377 154
GBI 5839 5854 5.828 5.819 5.805 5.800 5.791 5782 NSE
C(AH-1" 5858 58490 584z 5819 5777 5702 5635 5594 234
GE)H-1' 5.848 5844 5828 5.835¢ 5.834 5.838 5.848 5847 NSB
CH-1" 5804 5791 5.771 5751 5714 5652 5526 5470 140
GOH-1' 5.926 5905 5377 5.843 5812 5761 5.759 7.782 NSB
COH-1' 5.926 5916 5905 5.388 5.864 5822 5791 5782 243
- AverageTm  21.4

Coupling constants (Hz)

GE-I'47 44 38 29 37 23 - - -
CROHEI'" 44 43 359 36 28 _ - -
GOHE-1'50 53 47 52 4z 35 . - -
CEHT 40 38 37 32 _ Ly - -
GOE-1'46 40 247 29  _ - - -
COE-1'"38 38 36 3 28 23 - -
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weaker), suggesting that the removal of salt depresses the temperature of onset
aggregation more than it does that of duplexing, but does not prevent aggregation
entirely. This conclusion is strengthened by the behaviour of CGG-CCG in the absence
of salt. The beginnings of sigmoidal curves an: obscm:d (Figure 3.23; Table 3.25) at low
temperature, but the curves are incomplete, with Tms in the mgmn of 10°C or lower.
Between 8° and 0°C the signals belonging to C(1)H-1' and G(2)H-1 both on the CGG

strand, d.:s:zppcar into r.hc baseline, suggesting the onset of aggregation,
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in no salt bulfer.
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Table 3.25: Chemical shifts and anomeric proton coupling constants for the base and
: anomeric protons of CGG:CCG, 1.0 M each strand, in no salt buffer over
the temperature range 70° to 0°C. Numbering scheme™ 1 3
CGG
GCC

- 6 4
- Chermical shift (ppm)

Iemp.  690° 595° 497° 393° 2950 185° 80° QQ°
Proton ' -
C(DH-6 7.670 7.675 7.680 7.693 7.720 7.774 7.842 7.903
G@)H-8 7.945 7.943 7937 7.927 7920 7865 7.795 7.737
GG)H-8 7.978 7973 7.967 7.954 7.904 7833 7.685 7567
C(4H-6 7786 7.787 7.784 7.790 7.797 7.815 7.842 7.861
COM-6 7.759 7.772 7.788 7.804 7.835 7.839 .7.938 -
GOH-8 7.974 7982 7.985 7.981 7.966 7.916 7.822 7.737
C(DH-5 5923 5906 5.885 5.854 5832 5.815 5.820 5.839
C(4H-5 5950 5926 5.891 5.947 5796 5.751 5.663 5.610
COME-5 5939 5926 5.906 - 5.884 5868 5.864 5.868 5.864
C(UE-1'96.798 5.789 5775 5753 5.728 5.690 5.617 -
G@H-1' 5815 5.806 5783 5.757 5724 5.664 5.547, -
GEH-1' 5.864 5862 5.856 5.845 5838 5832 5.834 5839 ]
C(4)H-1' 5.892 58735 5.847 5814 5774 5724 5.663 5.623 :
COMH-1' 5819 5806 5793 5.780 5.767 5.760 5.764  5.774
GOH-1' 5.864 5862 5.856 5.850 5.848 5.844 5.842 53839
: | Coupling constant Hz) |
CHH-I'42 42 60 36 36 24 -
GH-1' 55 44 352 - - - - -
GEE-1'55 58 56 46 46 55 41 -
CAH-1'"41 47 37 34 27 - - -
COHE-I' 12 44 52 46 42 31 - -
GEOH-1'55 58 56 30 55 53 4.1 -
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Figure 324: Chemical shift versus lemperature curves of the bese

and anomeric protons of 6CG, 1.5 mM. in no salt buffer.
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Table 3.26: Chemical shifts and anomeric proton coupling constants for the protons of
GCG, 1.5mM, in no salt buffer, over the temperature range 70° to 0°C.

) © < | Chcmi;alshifts(ppm)
Temp.  200° 601° 501° & 300° 188 97 1a0 7o
Proon :
 G()H-8 7.943 7949 7958 7.067 - 7992 8.027 8055 8078 223
CQH-6 7.741 7.734 7728 1714 7691 7.667 7.656 7msS 30.7
. GO)H-8 7.962 7.962 7.954. 7.944 7899 7.831 7.774 7.728 201
CQH-5 5855 5812 5770 5.692 5566 5318 5329 5256 287
G(1)H-1' 5.839 5.833 5.829 5.824 5823 3.826 5.832 5.837 NSB
C(2)H-1'_5.917 5901 5.884 5.850 5789 5716 5.664 5629 27.3
GB)H-1' 5.845 5.840 5836 5830 5825 5.826 5.826 5.857 NSB
Average Tm '25.8
) Coupling constants (Hz)
GE-I' 49 44 46 36 30 20 - ~
CRHE-I'45 43 41 35 29  _ - -
GOH-1'S6 52 57 53 531 29 _ -
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3.3.1 Comparison of resulte with previousty Uublishcd oligoribonucleotide stmdias
o ]

-

CCGG was one of the first sequences 1o be synthesized and studied by variable
temperaire proton NMR, by Artergt 3], in 1974, The chamxcal shift versus temperature
data they obtained are identical to those depicted in Figure 3.8, except that the latter are
displaced to lower temperatures, due 1o the lower strand concentration, with an average
of 48.6°C (1.7mM) (Table 3.9) s opposed to 51°C (13mM) for the GHS and CHS protons.
The hydrogm bonded iming protons were observed by Arter et 3], at 12.45ppm
(inzernat) and 13.18ppm (terminal) in 1.0M sai (Arter gtal, 1974); in 0.1M salt, at the
lower concantrarion, thcy appear at 12.53ppm (internal) and 13.34ppm (terminal) (Table
3.3). | .

CCGGp was studied by NMR by Petersheim and Turnar, who found identical
curves, and a Tm, at 0.8mM in 1.0M salt, of around 38‘;C (Petersheim and Turner, 1983b).

The inter-residue NOEs of CGCG and CGCGCG were recemly studied to resolve

whether the duplexes in 1.0M salt were A- or Z- form, as the circular dichroism
spectrum of each ar low temperature shows 2 large negative band hitherto believed
unique to the Z-form (Westerink sral, 1984; Uesugi et al,, 1984). The published chcmxcal
shift versus temperanire carves are identical in shape to those in Figure 3.13; the quotéd
Tm was 40°C (2.9mM, a1 0.1M salt), with no indications as to which prowon Tms were
avéragcd, which is comparable to the value of 37.2°C (Z.5mM, 0.1M salt) averaged over
all protons, of 39.4°C, for base protons only (Table 3.14). The magnitude and pattern of
the inter-residue NOEs verified that the duplex was A-form (Uesugi er 3], 1984).
CCGG, CGGC and CGCG were also 51;11dicd by PR Romaniuk (Romaniuk, 197%). All
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thmegawsiﬁ:ﬁarrcaﬂgsmthoscob@hm;mshmmidcnﬁm!, and the
differences in Tms were accountable by the concentration difference. CCGG (92mM,
1.0M salt) formed a perfect d:.rpl_cx with a T of 50°C, avnraé_gd for the CH6 and GHS
protons—compared to a Tm of 48.6°C, for CCGG at 1.7mM. CGGC displayed the same marked
broadening mrhcanvc of farmation of an extended loose duplex, Tm 33.5°
9.2mM--compared no aTmof 29.2°C a21mM. The resulr.s of CGCG did not allow a dcc:sxon
to be made regarding whether the duplex was perfect or staggered with aggregation,
The curves for the GHSs had an average Tm of 41°C, while thoss of the CHGs averaged
47°C there was no indicarion that some base pairs might be formmg before others. The
quotzsd Tm was 44°C, for base protors, compared to 39.4°C.

According to an early stady which involved monitoring of the interaction
betweea GGC and GCC by optidn] rotary dispersion, these two trimers formed a .
(GGC)-,__B(GCC)E complex (total single strand concentration 9.3 mM), with considerable
GGC self aggregation (Jaskunas et o], 196$) particularly in the presence of magnasium
ion. In the NMR spectra the sig;xals of GGC and GCC displayed similar broadening, but it
Was 0ot possible, in the absencs of observable imino protons, ar without a continuous
variation experiment at NMR concentrations and conditions, to excluds the possibility of

a2:1 complex.

3.3.2 Relative stabilitv of dirthbopucleotide cores: Results versus litersnire

The ranking for the stability of the GC diribomucleotides cores obtained in this
study was GC:GC 2 GG:CC > CG:CG. This differs from the ranking of GG:CC > GC:GC > CG:CG in
the early published results of Borar and coworkers (Borer et al,, 1874), derived from
oligoribonueleotide data, and from the results of Ninio and coworkers, derived from
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compumrmﬁnmm (Ninio, 1981; Papamcolaw etal, 1984) It 1s in agreement with the
thl:rmodynamzc results of Freier et al, 1985 derived from measurements on sequences
wmchmmmmdcxdunvclyGCcoxm,andwnhthoscofOrnsminandFm. who used
computer fitting of estimated parameters 1o observed oligoribomucleotide stabilities
(Ornstein and Fresco, 1983a). The stabilities of GC:GC and GG:CC are very similar, and may
. bemodtﬂnmdﬁmhabysccondnc:ghbowcffm

Tke instability of CG:CG relative to the other two cores is.a common observation.
Its deoxy analog, d(CG):d(CG), is also less stable than the other two dGdC cores, and three
mixed GG/AT cores, according to the msuits omes:cm and Fresco (1983b). The
mstabxhty of CG:CG and d(CG):d(CG) might be am"buwd to puriee clash (Callandine,
1981), in both major and miner grooves in the B-form helix, and in the minor groove in
the A-form, and to dipole~dipole interactions between the stacked guanosines.

233, Comparicon of Lht:'. 'dtmlcxine behaviour of RNA and DNA tc:rarr;crs

The d.uplc.xxng behaviour of the deoxyribonueleotide sequence analogues of
four of the t:tmm::s d(GGCC), HCCGG) Patel, 19773) d{(GCGC) (Pazel, 1979) and 4d(CGCG)
(Pm.cl, 1976) has bccn studied by proton NMR by DJ. Patel. Tablc 3.27 shows in detail the
comparisons of individual proton Tms and chcmzml shifts upon dupchmg

In comparing the pmton Tms the large dxffcrcnes in concentration should be
noted. Even mWﬁmm whxch should be to thc advantage of the DNA
saqucnccs, the Trms of the protons in the DNA duplexes are lower than those | in the RNA
duplc,\cs in three of the four cases, while in the fourth (CGCQG) the higher Tm in the DNA
sequeace is probably accountable for by the sixteenfold concentration difference.

There is also the possfbihty that the perfect duplex/staggared ageregate cquﬂlbnum is
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Table 3.27:  Comparison of Tms and observed and predicted chernical shift changes
tpon duplexing for the aromatic base protons of the oligeribonucleotide
duplexes GGCC, CCGG, GCGC and GCGC, and their deoxy

< malogus(ﬁpmmcﬁmm) T

»~ . .
RNA DNA PREDICTED 2
Shift  Im Shif Im ARNA BDNA

GGceb '
G(DH-8  +012 +0.12 _ 0.03 4002
GR)H-8  >+045 51.4 008 "375 +034 4011
CEH-6 ~0.12 542 - 1033 40 +0.31 +0.08
C(4H-6 =~ =0.12 - >+0.39 +0.14 +0.02
CEH-5 >05 537  >+056 415 +1.12 +0.55
CAH-5 >:07 >+0.67 +0.5 +0.23
cceeb )
C(LH-6  -0.12 =00 -0.03 +0.01
C(2H-6  -0.17 47.2 +0.12 53 005 +0.01

- GGH-8  +027 4.7  +0.09* 35.6% +0.15 +0.04
G4)H-8 1055 442  0.04% 35% +042 - 1011
C(DH-5  +0.06 +0.14 -0.04 +0.01
C(2)H-5 1048 445 1027 42 +0.37 +0.22
GCGC*
G()H-8  +0.08 "-0.09* -0.03 +0.01
CQH-6 -0.12 465  +0.18% 395 4024 +0.02
G@)H-8  +0.33 0.05* | +0.24° +0.05
C4H-6 025 48.9  4<D.4x +032 +0.08
CQH-5  >+060 +041%  395%  .gog +0.52
CAH-5 54065 476 <+0.42% +1.10 +0.52

(Continued on next page)
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Table 3.27 (continued) -
RNA DNA - PREDICTED &
Shift  Tm  shift Im ARNA  B-DNA

CGCGd _ . . :
C(H)H-6 -022 | +0.05 -0.03 +0.01
G)H-8  +02 0.0% +0.09 +0.03
CEH6  +0.14 435 403 , 55 +028  +0.08
G@4H-8  +03 +0.05% +0.19 4005
CCDH-S =00 >+0.2 -0.04 +0.03
CQH-5 >+055 420 4045 50 +1.06 +0.52

ACalculated from tablés in Arter-and Schmidt, 1976.

PRNA data: GGCC 8N single strand-concentration, 0-8M salt buffer, CCGG, .
2.5mM single strand,\q.lM salt buffer. DNA data from Patel, 1977: d(GGCC) and
d(CCGG) 20mM single strand, 0.1M phosphate buffer.

CRNA data: GCGC, 25mM single strand, 0.1M salt buffer. DNA data from Patel
1979: d(GCGC), 20mM single strand, 0.1M phosphate buffer,

9RNA data: CGCG/2.5mM single strand, 0.1M salt buffer. DNA datz from Pate]

1976: (CGCG), single strand, 0.1M cacodylate buffer .

*Protons assigned ds to type, but not individually, therefore any two GH-8s, CH-&s,

or CH-5s can be interchanged, » ‘
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different for deoxy sequences, and the duplex formation is more favoured in d(CGCG).-
The overall result, that DNA duplexcs are less stable than RNA duplexes of the same
Icngthandbasc composmon,dmnotagmcwxrh that of Pardi gt a],, who found no
difference in stability of sequences of the type d!r(C.ASG CUSG) these sequencss, it must
be notad, are predominantly A-UCTJ (Pardi et a1, 1981).

Changes in-chcmiml shift upon duplexing for individual protons showed some
interesting differences, particularly in the shifts observed for the GHSs, which were

- substantially largcr in the ribomucleotide sequences (Table 3.27). If the overlaps

prcdxcn:dbythc classxcalAanchclmsmcxamxmd(FgurchS),msapparcmtha:
the B- Mbangmomughﬂywdmd,fmadjaccmbasc-pmmsmckmsscach |
other in such a way that thc GHS is always poorly shielded by the nm,hbommg%asc

pairs and this wﬂlbcumffecwd byadjustmcnrstothcmndmg angle. In the A helix the
bases lie along each other, so that where the geometry of the bases and rum angle

allows, the GHS proton expericaces shielding by one of the neighbouring bases. 5' GHS

mn GC:GC and GG:CC will always be poorly shieldad by its 3' neighbour becaysa of the
length of the purine base and the positive turn angle, buz 3 GHS in CG:CG and CC:GG are
shielded by G and 5' C respectively, to an observed value of 0.2 - 0.3ppm.

# Differences between the changes in the chemical shifts upon duplexing of the
CH6s tcndtobcsmau but in all c&s&c:hcshxﬁsuponduplcnngarcO 1-02 ppm more
upfield in the deoxy tetramers than ; in the ribo tetramers, Inspection of the overlaps
cannot immediately account for this, since such inspection would place the ribo CH6s in
a marginally better position’as regards shielding, It may be that the deviatiors from the
classical overlaps observed in actual Sequences shield CH6 to advantage in
deoxyoligomers without affecring GHS,

Due to the sdll appreciable slopes of the CHSs at 70°C—the sequences are nog
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Cotes

14 5l

Tigure 3.25: Comparison of the base peir overiaps according to the
clessical A- and B-helix models for the three cores
(after Arnottetal | 1973; Arnott and Hulkins, 1573).
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oomplcmly iz the random coxl—:t is possible only 1o put 2 lower bound on the chemical
shxftchange uponduplexanon ofthc rlbosc CHSs. In six of the c:ghtcascs where

CHSsoecm-onaS'mrmxnalcyndmc(CCGGandCGCG),and:hcshzﬁchangcsmsmaH
bu:shghﬂylargcrmthcdwxysequznm melarguchcnucalshxﬁchangmobservcd
farmostCHSsmthcn'boscqu:nccsmse—asdxdtbclarga-GHSshxfm—forthcmorc
advantageous ovuiapm:hcA-typchchx,whxchplaccsCHS directly over its shielding
neighbour, as compared to the B- typchchx,whcmthcb:mcpausmskcwcdrchnvcto

. each other, sothaxCI-L’ilsouts:dcthczon:ofmaxxmxmshxcldmg

334 _Application of the RY model 1o the letramer results

Using NMR data to adjust base overlaps, Bubieako et al. (1983), pro)pos:d a
modification to the A-RNA helix accarding 1o which the winding angles become
scqucnoc dcpcndcnr. Tke normal 33° winding angle of A~RNA is replaced by 20° for

RY.RY 50° for RR:YY and 45° for YR:YR (R denoting purine, Y, pyrumdmc) with the
result that mRY.RY the purine and pyrimidine for a i intrastrand stack, and in RR:YY
and YR:YR the two 3' residues in the dinucleotide unit form an interstrand stack (Figure
3.1).

The stacking interactions 2ccording to the RY modsal are shown below; dashes
indicate bases which are stacked upon each other.



-G/G-C/C ccC G G G-C/G-C . C G-C G

CC-QG GGCC C-GC-G GC-GC
Length of stack alone cannot be wsed a5 2 criterion of stability: GGCC, with a
_ Tm of 54°C has the samc number and length of stacks as CGCG, with a Tm of 36.4°C;
composition of stacks must also be taken into account, The stacking in GGCC is C-G-C,
whilcthminCGCGiéG—G-C. hm'crﬁapmﬁ;&cm;Mms, they mcnﬁomd.
:thG'CGappcm'swhavcananomanusmndmganglcof35° as opposed to a general
YR:YR valos of45°C, which mﬂtsmpoorG-Gsmchng (Crozetal, 1983).

The RY.modcl docs, however, predict the apparent greater flexibility of the 5
eminal residue in GGCC, CCGG and CGCG, compared to the G1 ia GCGC. The S residue in
GGCC, CCGG and CGCG are pot predicted to be-part of any stack, and the J1= couplings for
these residues are the 1ast to couapsc with decreasing temperanire (Fi 1gures 3.26, .:.27
and 3.29), and remain resolved to at least 15° below the average molecule Tm. In GCGC,
the 5 terminal guanosine is stacked upon its 3° neighbout, and the eoﬁpling constants of
G12a0d G3 collapse before these of C2 and C4, and all four are fully collapsed by 40°C, 8e
below the Tm (Figure .:.28)

435, A propoced structure for the GCG ggrepate

—
A structure for the GCG aggregate was sought which satisfied the following

-
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1. mmm:hmmmhmgwokbmmwmms'
d:mgﬁngguanom'ncmcidxm,sinccthcuppuporﬁonsofthc chemical shiff versus
wemperature curves of GCG (Figure 3.20; Table 320 are identical 1o tho'/sc forming a
duplex of this type [GCA (Alkema et 21, 1981), GCG* (D Andrca:;_al_ 1983) and GCI(D.W.
Hughes, unpublished resuits)]; there is, moitovm', only one imino proton observed in
the GC hydrogen bondmg n:gioﬁ (Table 3.22), thereby suggesting icicnrical
environments for all G+C iming pm.tons.:

2. Hydrogen bonding to and from G3 must make a substann‘al contribution o
thc forces holding the aggregate wguhcr since in the absence of avaﬂablc H-bonding
sites (as in GCI'M“G) aggn:ganon does not oceur.

' 3. Thc.%ggregarc must contain a single cnnmnmsm for G-C 1ninG protons,
poorly shieided (ons s:gnal appears at 13 43ppm) and two non-cqmvalcm - '
eavironments for guanosine imino protons hydrogen-bonded.to carbonyl oxygcns/

) Study of the properties of Suanosine monophosphate solutions have led to the
postilation of GG self pairing of the type shown in Figure 3.302 (Gellert ¢t al, 1962;
Sagan and Walmsley, 1985)./ This e be extended to include Watson-Crick base
pamngr.ocyndmc (Figure 3.30b), andr.hxsbndofsuummhas bccnproposcdto
account for the 2.1 stoichiometry observed in such systcm as mixnures of polyG and
+ polyC (Cantor and Schimmel, 1981), The G-G bonding in these structures would
produce xmmo protons in the upfield region.

A structure has been dcwscd comprising two extendad loose duplexes of GCG
dlma's which form the front and back faces of a cuboid arrangement, keid together by
G+G bonds along the side faces (Figure 3.31). Adjacent strands run antiparallel to each
other. Two levels of a thres Javel Tepeang urit consist of GeGeGeC bonding (which is

possible at least on paper—ses Figure 3.30c), while the third leva] consists of two

s
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(e)

Figure 330:
3 Bondmg a:"angements of GCG agg egeates (a) GoG



Xey to shading:

>'=3'top to bottom: . -3, dottom 10 top, back face
back face, W-C bonded to: >3, °

>'=3" 10p to bottom, 5'-3" bottom 1o top, front face
% front face, W-C dbonded to: E:; P

Figure 3.31: Proposed eggregate structure for GCG in 1.0 M salz.
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336, Sair dependence of ageresation

o the presence of 1.0 Misalt, GGA, GCG and GG aggregate, both in isolagion
and in 3 1:1 mixrure with their complementary Sequences, CCA, CGC and CCG

actuality, the dcpc.nd:nc:-is LTz proportional o InfM], but over parrow ranges of
temperature the two expressions are dpproximately equivalaat (Captdr and Schimrnei,
1981). Given that aggreganon involves the close association of numersus strands, thean
' coum:riox.: shiclding of the phosphate groups will be even more significans. |
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Parameters for thc prediction of imino proton chemical fﬁs, based onring_
ammmlauaﬁonsanddassim:hcﬁxgwnm:s,mvcmpubushcdbyxm

(1976) and Arter and Schmidt (1976), and applied to results for rRNA. Agreement was
msonablc although the method was eventually superceded by the development of NOE
techmiques for the assignment of larger molecules. Comparison of the predicted imino
protons spectra with those obtained fc.n"thc four, five and six base base pair duplexes
arcshowninTabb328;aconsismpamofdiffacmesberwecnpmdiaedand &
observed values is obsc.%d for most of the duplexes:

1. The terminal imino proton appears upfield of the predicted value, in all
cases except CCGG, and relaied sequences, and CGCG, In duplexes with terminal GC:GC or
GG:CC cores, the difference between predicted and observed chemical shifts is 0.5 -
0.6p;m, and in those with terminal AG:CU, the difference is 0.3 - 0.4 ppm

2. The imino proton of the first internal base pair appears 0.2 - 0.4 ppm
downfield of its predicted position. _ ~

The assignment of some of these sequences is discusseziinthcrclcvan:
sections in this thesis: GGCC, CCGG, GCGC and CGCG in S:ction 3.2.3; GGACC:GGUCC in
Section 4.2.1; CCAGG:CCUGG and CCAUGG in Section 4.2.2; GCAGC GCUGC and GCAUGC in
Section4.2.3. The compenent sequences of the complementary mixtires AGGCU- AGCCD
AGGCU:AGUCU and AGACU:AGUCU were synthesized, and their dupchmg behaviour
studied by variable temperanire proton NMR of the nonexchangeable protoashy
Dr.Dirk Alkema (Alkema, 1982; Alk:m;i et 2L, 1982); the imizo proton data was obtained
for samples already deblocked and mixad, '
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Table 3.28:  Comparison of observed and predicted chemical shifts for the imino
' }:n'o:onsofthcpufcctduplcxcssmdicdinSccﬁons3and4. ‘
Numbering ofbascpaimﬁomlcﬁtoﬁghtas shown.
Observed Predicted
| . Keams? A&SP
GGCC* G-C1 12.40 12.9 12.99
CCGG - G-C2 13.49 13.2 13.08
1 ' .
. GGACC* G-C1 . 1229 12.9 12.93
GGUCC G-C2 12.63 12.3 12.36
- 1 5 A-U3 14.49 14.2 13.91
G-C4 13.41 13.3 13.09
G-C5 12.29 12.9 12.99
_CCGG* G+C1 1334 13.35 13.32
GGCC G-C2 12.53 12.2 12.57
1
CCAGG* G-C1 13.31 13.4 13.20
GGUCC G-C2 12.34 11.9 12.37
1 5 AU3 13.31 13.1 13.61
: G-C4 13.12 12.7 12.92
G-G5 13.31 15.4 13.25
CCAUGGH* G+C1 13.31 154 13.20
GGUACC G+C2 12.36 119 12.31
1 AU3 13.31 13.8 13.68
GCGC* G-C1 12.76 13.4 13.23
CGCG G-C2 13.05 12.7 12.85
1 - -
GCAGC* G-C1 12.64 13.4 13.19
CGUCG G-C2 12.64 12.4 12.52
1 5 AsU3 13.59 13.3 13.63
G-Cé 13.59 13.3 15.16
G-C5 12.64 13.4 13.30
GCAUGC* G-C1 12.74 15.4 13.19
CGUACG G-C2 12.74 12.4 12.53
1 ASU3 13.37 13.8 13.56

(Continued on next page)
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(Table 3.28 continued)

CGCG* ‘GeC1 12.87 12.9 13.00
GCGC G-C2 13.15 12.7 12.81
1 .
GCCG* G-C1 12.84 134 o~ 1325
CGGC GC2 13.37 13.2 13.08
1 4 G-C3 12.63 122 2. 1257
G-C4 12.63 12.9 12.98
AGGCU+ AUl 13.55 13.9 14.0
UGCGA GC2 12.97 12.8 12.9
1 5 G*C3 1355 13.15 12.9
C GeC4 13.55 13.3 13.2
AsUS 1355 13.9 14.02
AGGCU+ AUl 1356 139 14.00
UCCGA GC2 12.97 12.8% 12.9%
1 5 G-U3 11.49/10.74 - -
| G-C4 13.56 13.4% 13.21
AU5S 13.56 14.0 14.02
AGACUT AUl 13.42 13.9 13.95
, UCUGA G-C2 . 12.61 12.4 12.42
1 5 A*U3 14.45 14.1 13.9
L GeC4 13.42 134 13.17
AUS 13.42 13.9 14.11

2Calculated using values from Kearns, 1976.
SCalculated using values from Arter aud Schmidt, 1976.
*Data in 0.1 M salt buffar,
in 1.0 M salt buffer. .
TCalculated assuming same Ting current effect for neighbouring GeC and G-U.
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3371 Assiopment of imino oroton esonances for AGXCUJ AGYCU ceriec

r’,'
At the lowest temperature, -2C for the AGGCU:AGCCU and AGGCU:AGUCU
mixtures, and 1°C for AGACU.AGUCU (Table 329,3.30 and 3. 31), hydmgtm -bonded imino

promnsmvmblcfm'aﬂﬁvcbascpmrsmanthmcmzxnms,ﬁvesxgmlsfor

AGACU.AGUCUamlAGGCU.AGCCUands:xfortb.cAGGCU.AGUCUmemn: By 10°C, two of
Lhcszgnalsocc:mngabom I3.5ppmmallmxxnnesarcnolong:rvxsfblc 'I‘hcothcr
sxgnalspmms:unnlarlcmWCmanseqzmm
mofmhmmmmMnﬁmEMymmWw
mean opening of the hydrogen boads allowing exchange with solvent. As these
chucmmmA*Ubascpm:s,ﬁamgofthcendsmortomclungmxghtbc
c.xpec::d,thcﬁrstsgnalsmbclostwouldbcthoscductor.hctmmznalA-Ubascpa:rs
Incachsequcncc,mrosxgm}s disappear at 10—20°Cbclow the others, suggesting that
LhcymductothcmmnalUNBHprotom Inadd:non.thcscs:gnalsarcauhcsamc
posuonmt.hcspccu-aofeachcfthcthmcmlxnms as might be expected, since the

three differ only in their second neighbours (Tables 3.29,3.30, 3.31).

Thcmonznccsdnctothcccnmbasc pa:rprotons may be assigned by their
uniqueness when the Spectra are-compared: Only the Spectrum of the AGACU:AGUCU
mixture has a signal a 14.45ppm, which then may be assigned 10 the central AsU base

pair.

spectrum, and since the latter two are in better agreement with pﬁbﬁshcd chemical
shifts for GeU and G=T base pairs (Robillard et a1, 1976; Kearps and Schulman, 1976;
Patel gt a1, 19822), they are tentanvely assignad to the G-U base pair,
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Table 3.29: Chemical shifts of hydrogen-bonded imino protons of
AGGCU:AGCCU, 2.5 mM each strand, in 1.0M salt buffer, over
the temperatire range -2 to 29°C..

Numbering scheme: 1 5

. AGGCU
. UCCGA
Chemical shift (ppm)
Proten _

. AsU1 13.55 - - ~
G-C2 12.97 12.95 1291 -
G-C3 1355 13.50 13.45 13.40
G-C4 1355 13.30 13.32 -

AUS 13.55 - - -

Table 3.30: Chemical shifts of hydrogen-bonded imino protons of
‘ AGGCU:AGUCU, 2.5 mM each strand, in 1.0M salt buffer, over
the temperature range -2 10 20°C.
Numbering scheme: 1 5

AGGCU
UCUGA
Chemical shift (ppm)
Tempermre 2190 J0.6° 20.6°
Proton
AsUI 1356 - -
G-C2 12.97 13.04 12.80
G-U3 11.49 11.53 11.60
10.74 - -

G-C4 13.56 13.65 13.67

A-U5 13.56 - -
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Table 3.31: Chemicai shifts of hydrogen-bonded imino protons of

AGACU:AGCCU, 3 mM each strand, in. 1.0M salt buffer,
C.

Numbering sc 1 5
AGGCU
UCCGA
&*

E Chemical shift (ppm) ‘
Temperamyre ~L.0° Al J94°
Proton
AUI 13.42 ~ -
G=C2 12.61 12.68 - 12.58
A-U3 14.45 14.46 1441
G-U4 13.42 o 13.48 13.42
AUS 13.42 - -~
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Spmofaﬂth:ccoompoundshavconcGNBHmonamcappcmg ator
bclow 13ppm, and one appearing above. The AGGCU:AGCCU mixture has an additional
GNBHrsonanceaspmofﬂ:cbroadpcakccnnedaLB.SSppm nh:s,thcn,xsasmgnedto
the central G+C basg pair,

The signals due to the internal GoC base pairs appear at 13.55 and 12.97 ppm
(AGGCU.AGCCU) 13.56 and 12.97ppm (AGGCU:AGUCU) and 13, 42 and 12,61
PPR(AGACU:AGUCU) ). Following the reasoning that the substitution of an AsU base pair

{©

foraG-Cbasepairinthcccnn-cpositionwoxﬂdinumsc the shielding of the iming
prownon:hcfncighbomingguanosincmeidmmomthantha:ofthc 3 -
ncxghbommgmsxdm.rhcmommamasmgmdas. GC4 (numbered far the strand

conining a central purine) 13.56 PPm (AGGCU.AGCCU and AGGCU:AGUCU) and 13.42

PP (AGACU:AGUCU) and GC2, 12.97 ppm (AGGCU:AGCCU and AGGCU.AGUCU) and 12.61
rrm (AGACU:AGUCU) (Tabhs 3.29,3.30, 3.31).

33.7.2. Discussion of the trends in imine proton behaviour

The opposing direction of the two trends of divergence of predicted and
observed imino protoa chemical shift--upfield for the terminal protons and downfield
for the internal ones—precludes simple adjustment of the z=ro positions. of the base
pairs to best fit the data. Both sets of shislding parameters have bean calculated for
11-RNA geometry and refined against tRNA data. The minikelixes in tRNA closa
bairpin loops, or have dangling bases, whereas the synthetic oligoribonucleotide
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* duplexes Have blunt ends. Imino proton spectra were obtained for certain available

mmbcrsofﬂr:mcsAGCUXandXAGCU which form minihelixes with dangling bases,
but the A-Uxm:.mpmmnscotﬂdnotbcobsa'vedat-TC.
Possible explanation of the deviations of observed from predicted values

‘ mdudcmd-wendaggmganob"t}-mngofthcmdaandalmadbascovmiaparmc

terminal base pairs.

Stacking of the duplexes upon each other at low temperamure would result in
shielding of the terminal base-pair imino protons; it :mgh: be expected, however; thar
as tbac aggmg:m: was dispersed upon warming, the imino proton signals would move
downfield towards their predicted value befare broadcning and disappearing, and this
movement is not observed. ‘

Fraying of the eads of the duplex with exchange between duplexed and
non-duplexed states would cause an upfield shift of the observed resonancs towards the
position of the free GNIH. Such an explanation would be more credible for the
sequmc&s-cnding in A«U, where the terminal imino protons disappear befere 8°C, than
for those ending in G=C, where the termina] imiro protons persist to 20°C and above,
and where the linewidths~which are also indicative of the rae of exchange—are
similar for the terminal and the intsrmal imino protons at low temperature (See Figures
53.4,3.5 and 3.6). The shifts before broadening and disappezrance tend to be
small-0.14ppm being the Largest, for CCGG—and can beeither upfield or downfield (See
Table 3.3).

Examination of the base overlaps Yor the 11-RNA geometries used to calculate
the shielding coefficients shows that for RR:YY and RYRY, the shx:!dmg of the imino
protons of the first base pair may be improved by increasing the winding angle, as
stown in (Figure 3.32). For RR:YY, increasing the windiag angle places the five
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mcmbm:dnng of the 3'p1mm:, ﬁmrcg:onofgrmmtsm:ldmg effect, directly under
the imino toninvolvedmthct:mnnalbond. Thcchangcalsomovrsthcimino
proton of the second (imcrnal)bascpmrmm aregzonoflws?shmldmg, which 1salso
eons:s::mwnhobsa'vanon. l‘hzsopcmngofmmganglc:saccm'dmgm the RY ‘
modal* (Fxgm‘c 3.1). - ' e
To mpmvz the shn:ldmg of the imino proton in the RY:RY unit, the winding
a.nglc must be opened subs:annally 10 move the 3* pyrimidine from beneath the 5
punnc,waposmonbc:wecnthcrwobasw,bcncazhthzimimpmwn(Fgum332)
This should, however, also result in mare advantageous shielding to r.hc internal base |
pair proton, 'Hzc RY model predicts a decreasad winding angle of RY:RY scqucnccs—-to
°. Crystal stmcums of dcoxyohgormdcouds show an mj:rcascd mndmg angle for
RY.RY units, accounted for by the avoidance of "purine clash” (Callendine, 1981)
Crysal structure data shows zo drastic changes in winding angle from
terminal rclanvc to interna] dimncleotide cares, dlthough all erystal sguctures’
pubhshcd 10 date are of deoxyoligonucleotidas.

Thc dun;)lc.xzng behaviour of seif~complementary tetramers and complcmcnmry
Mixtures of tetramers and trimers which forled duplexes consisting of GC base pairs
ws stedied with thei mzcnuon ot? using the srnbxﬁn&s of these duplexes to determine the
rcla.gvc smbzhncs of the thres GC dmbonuclcond: cores, GC: GC, GG:CC and CG: CG In
1.OM s..lt buffer the sequences which formed perfect duplexes were GGCC, CCGG, GCGC Q,
CGCG 2 and J:u: mixtures GCCG'CGGC ..nd GGC.GCC The belizes were A—typc;aobscrved

chemical shh"ts for certain protons are larger than :hose observed for the deoxy .

\\ _r‘:' t L
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analogues, for which data had been prl:vzou.sly published (Pan:l 19772, 1979)," owing i0.
thcbcwovu—lzpsmtthNAhchx. 'Ihcordcrofstabﬂztydcduccdforthc
chnbomu:leond: cores was: GC:GC 2 GG:CC > CG:CG, which disagrees in the ordering of
the first two cares with earlier thamodynanu;pm'amcm (Borer et al,, 1974) but
agrees with more recent ones (Freier et al,, 19853). '

The sequcnccs GCCG and CGGC formed staggered duplcm with a single
dumcleoudc core, and four 3° double-dangling bas&s—sucky ends which prg#note
overlap aggregation and formanop of an extended loose duplex. .

In the remaining mixmures 2t 1.0M salt buffer, GGA with CCA, GCG with CGC and
CGG with CCG, mcGnchsuandfmmcdasclfaggz-cgammpmt'/m to forminga

dupL::L This behaviour also ocan-n:d for these sequences in 1solation, and the

&

cbservation of a wcll-dcﬁncd imino proton spectrum for GCG allowed a proposal to be
made for the structure of thar aggregate,
The aggregation is salt-dependent: two of the three mixtures, GGA:CCA and P
GCG:CGC a.nd GCG alone fox:mcd duplexes with measurable Tms when thc salt was’
removed. Evidence of aggregation occuzziag at lower temperatures was observed for -

GCG and CCGCCE.

S
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4. THE EFFECT OF THE INTRODUC'IIO_N OF CENTRAL BASE-BASE MISMATCHES .
. ONTI-IESECONDARYSIRUCI'UREANDSTABH_ITY OF THE Gcmmy/\

Base mismatches in nucleic acid double helixas have been stwdied largely
from the standpoint of their identity in DNA, as replication errors giving rise to
mutation. The questions addrcssedpcminmthcmzchanimofrhcirinﬁoch;mon,
mcogmnon and excision by repair enzymes. Mut:mons ansmg from single-base
replication errors are of two types, point, ar ith point mutations being
further subdivided as transitions ar transversions—in the former case purips
substitutes for purine and pyrimidine for pyrimidine, aad i the latter, pyrimidine
rcplac:s purine a.nd vice versa (Stryer, 1981).

Two hypotheses have been proposed to account for the basc-basc'mispaiﬁng
required for point mutation:

1. The wobble hypothesis, according to which, pairing occurs betwesn
major tautomeric forms, with the basas sliding relative to one another to make the
possible hydrogen bonds (Crick, 1976),

2. The tautomer hypothesis, which bolds that pairing bctwc::n mismatched
pairs occurs with one base in a minor tautomeric form 0 maximize hycrogen bonding
and preserve the on:manon of the bases within the helix (Watson and Crick, 1953;
Topal and cho 1976). Tautomer f ;orm:mon cant be enhanced by chcrmcai
modification of the bases by mutagers. b A ™

Results from moest of the recent studies on deoxyoligoribonucleotides tand to

- ' 156
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wpportd::wobblcmodclofbascpmnngforunmodxﬁcdbascs.

Emmxﬁmnown-sbydclcnonormsmonofabasc,orbascs with
thcrw.ﬁ:tha:.shouldthc.mranonocaxmacodmgmgion.tha:pmﬁonofthcgcm
downsueaﬁﬁ'umthcmmaﬁonwmbcmnofphaséﬁnmﬁn:upsmam,rmﬂﬁngin
mistranslation, Accordingtothesuﬁsingahypoth&dusn'cisingam 1966), such
nnmnonoccms through mmmmbmmonofaSMrcmth "looped out” bases
on ope strand, posfblybyanmmlanngmoleaﬂc,

double helixes were t00 short to support intemnal mismarches aside from, G*U (which
forms 2 base pair of comparable stability to A+U) (Romaniuk etal, 1979a,b).
Accumleting information on the primary scqucncc and secondary structure of £
TRNAs and mRNAS suggests that thoss structures do contain helixes with internal base™
mispairings (Noller,’ 1974; Woesa et 3L, 1983; Thompson and Hearst, 198.:) Lha: those
m:smatchsamccnscrvedbczwcenspcas, andthmmeyarcncmsmyforpmtem

4
binding—for instance, binding studies of R17 coat protein to an RNA fragment

Th:cm-list studies of mispairing were performed on mixtures of
complementary polyribonuclestides in which 2 certain fraction of the strand were
non-p;'zixing, kaving m:h::r been introduced during synthesis, or chcm:cﬂly modlﬁad
..ftzrwards (Fink 20d Crothers, 197‘?;1, 1972b). Maximum bose paining was observed at 3

1:1 stoichipmatry of comp{cm.m..xy residues; it was concluded that normal base
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pairing occurred around the dcfec:. Inamzxmm ;fpoly(A,U)-pon(U) l.hcnnspa.lrcd
U residues demonstrated grca::r semsmmy to phorochc:mcal maodificarion, and this
wastakznasanmdxcauonthmmcywac,forathastpmofrhcﬁmc,mnsidcmcmmk
(Loma:aqurﬁco. 1973). "Bulge defects” ofﬂ_:istypcarcpmofthc Streisinger

Since the development of chemical synthesis of oligoribonucieotides and
dzoxyohgorﬂ:cmzcleoud&s base-mispairings have been studied in 2 variety of systews,
particularly by NMR, since NMR allows examinarion of local conformation. Table 4 1
conramsammmmyoftypcofdsfec:. System and reference.

Certain common conclusions emerge from these smdies:

chl:%c:mcm of G=C 3 in the duplex formed by d(CGCGAATTCGCG) (Tm 72°C,
0.7mM, 0.1M phosphate) by GxT or GxA destabilizes the helix by about 20°C, and by AxC
or TxC by 30°C (Patel e a1, 19843, b, ¢). Theoretical calculations concur with this ordgr
of effect (Keepers et al,, 1984).

The duplex formed by the mixture of d(CAACTTGATATTAATA) with
UTATTAATATCAAGTTG) is destabilized by 10°C (0.1M salt) by an AxA or AxC mismatch at
position 8, while GxT mismatches at postition 6, 7, and 12 or 2 TxC mismatch at postition
9 lowers the Tm by 6°C ('I‘ ibayenda et al,,, 1984).

- CAACTTGATATTAATA
GTTGAACTATAATTAT '
1 6 12

Aboul-ela ol have studied all possible mismatches in the system
ci(CA~XA-G) d(C.'I‘ 2 G), X=Y=A,C,G,T (Abcul-ela et al, 1985), and could r.hcn:forc supply
an overall ranking of the mishpatches (for this system). In descanding order of
3
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Table 4.1: Published studies on base-base mismatches in short oligomers.

{2) OLIGORIBONUCLEOTIDES

CxC,GxG - : %XUH n=4.5; X=C.G -
&C o ALGCU, nse

CxC, UxU, AxA, GxG CAXUG X=CUAG
GxU CAGUG:CAUUG

CxC, UxU, AxA, GxG,GxU  AGXCU X=CUAG

() DEOXYOLIGORIBONUCLEOTIDES -

Reference
Uhlenbeck et al., 1971

Gralla and Crothers, 1973a.b

Romaniuk ¢1 al, 1979;1
Romaniuk ¢t a1, 1979b

Alkema gt al,, 1982

(In the longer sequences, the bases involved in the mismatch are underlined.)

AnxGm Gn'xGﬂ . (G):(Clem‘Cx) m=1-6
(G):(CI?_Gm C) m-1,3-5

TxT ‘ - ATCCTATTAGGAT
GGG
TG ' CGIGAATTOGCG
v [ecesaiccl
CoT GOGETAC
(Continued on next page)

Reference .

Dodgson and Wells, 1977

Haasnoot gt al,, 1979, 1980,
Mellema gt al., 1984b

Patel ¢t al,, 1982b, 1984¢
Brown ¢t al,, 1985 (X-ray)
Kennard, 1985 (X-ray)
Kennard, 1985 (X-ray)

Paicl gt al, 1984ac-
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(Table 4.1 continued)

AxG

UxG, AxI, IxA* UxC

TxC, TxG, CxA, AxA

TxC. TxG. CxAl AxG

all mismatches

4

QGAGAATTCGOG -
OCCAAGATTGG -
OGOGAATTAGOG

trimer fragmeats

(CAAC’I'I‘GATA’I‘I‘AATA):
(TATTAATATCAAGTTG)
assorted positions

CGXGAATTCGCG and
CGCGAATTCYCG XY=TA

XY=AGCU

160

Patel etal, 1984bc
Kan et g, 1983

‘Kennard, 1985 (X-ray)

Chuprina and Poltev, 1983
(theoretical)

Tibayenda gt g, 1984
Kecpers gt al,, 1984 (theoretical)

Aboul-cla ¢t 3], 1985
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stability: GxT>GxG>GxA>CxT>AxA-TxT>AxC-CxC(Aboul-cla;LaL, 1985).
" The four-base-pair duplex fw by (CAUG) has 2 Tm ofé4°c (92mM, 1.0M
salt), but none of the pentamers of the HCAXUG) series, where X=A,G,C, U, form
duplexes (Romaniuk e1 1, 19793),
(AGCU) forms 2 duplex with Tm 34°C. [{AGACU) and {AGCCU) both duplex to
form helixes with a central base-base miismatch; the Tm of AGACU, with its central AxA,

2 Th;cffcc:ofthcinisma:chuponthccmhalpyofu'ansirionissalt
dependent. | - '

Patel and coworkers have stidied the enthalpies of the helix-coil ransition
of dCGTGAATTCGCG), in 0.1M salt and find that both the calorimetric and Van ¢Hoff
enthalpies are little chianged from thase of dCGCGAATTCGCG), (Patel et o, 1982b),
They ascribed the destabilization to entropic effects—strogoer geori::uilc constraints
: on the formation of a GxT base pair—but added the caveat thar the 20°C Tm difference
mhmmancn:rgyvalucwithintbcuncmzimyofthccxpaimcm. Sxmﬂé:g,
n:sulﬁwcn:J obiained for the cuplex formed by d(CGCAGAATTCGCG), which containg
two single uapaired adenosine residues (Pazel e g, 1982c),

Tibayenda et al,, measured enthalpies for the mismarch containing varians
of AT ATT AATATCAAGTTG).CAACTTGATATTAATAY, fn st concentrations ranging from
0.015M 10 L.OM, and observad thar in low salt the enthzlpies of the mismarch
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coopmﬁﬁtyofnbcuansiﬁon.whichwasasaibod;omcmomcffccﬁﬁsmbcningoﬁ
the backbone phosphams by counterions.
Aboul-cla et o, in their sudy of mismatches in d(CA3XAG):d(CT;YT;G) in
1.0M salt buffer, found that both AG® and AS® were dependent upon the nature of the
’ 3. Mismatches cause kinetic destabilization of adjacent base-pairs.
Patel et g, and Hansnoot ¢ a1, monitored the hydrogea-bomied irmice
- protons around the mismatched sites of the variants of d(CGCGAA‘I’I‘CGCG)z (Patel et al,
1984c) and the TxT containing duplc:?d(ATCCATI‘AGGA’I’)z (Haasnoot ¢t al., 1979, 1980)
andobsavcdaconssmmmwscofhnc«md:hmthscmnopmmns relative to the
pareat duplexes, indicating greater lability towards opening and exchange,
‘Saturation recovery experiments on the v:ﬁriams of d(CGCGAA’I'I‘CGCG):,_ ,

CGOGAATTCGCG
GCGCTTAACGCG

. 3456

A

which GoC 3 was replaced by GxT, GxA, AxC and TxC mispairs, showed that kinetic
deswbilization at G=C 4 accompanied introduction of all mispairs, while introduction of
AxC and TxC also destabilized A=T S and 6. The TxC mismatch proved the most
——
dsmbﬂifing (Patsleral,, 1984), :

% 1n the low temperature spectra of d(ATCCATATGGAT),, the hydrogen bonded
imino protons disappear in the order AT 1, A=T'2, G-C 3, followed by the cenral three
together. In the spectra of d(ATCCA’I'I‘ATGGAT)z wI:uc.h coptains a cearral TxT 7
mismatch, AT I and AT 6 disappear simultaneously, The mismarch has m:roduced an
additional melng site into the double helix {Haasnoor et al,, 1979).

4. Wobble-type pairing prevails for those mismatches capable of

162
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base-pairing. ' -
‘ The definitive ﬁmf of hydrogen bonding between bases is the observation
" of the hydrogen-bonding protons themselves. 'r(GxI;Y) imino protons have becn
bserved in the specira of tRNA (Robillard exal, 1976; Johaston and Redfield, 1975) |
aod shart synthetic oligoriboancleotide duplexes (Section 3.3.7.1), and d(GXT) protons
in d(CG‘I‘GMTTCGCG)z (Patel et 31, 1982) and d(CAACTTGATATTAATA):
d(TA'I‘I‘AATA‘IIAAG’ITG) (Tibayenda gt a1, 1984). Two imino protons are seen, since
both bascs in the major tautomeric form have one, shifted upfield compared o their
posinonmttharscn-Quckbascpmrs, since the acceptars are carbonyl oxygens
msrcadofnngmmogc.ns. ThJ.sxscons:st:m with wobble base pair fo oa but not
with tutomer paning. '
. Crystal strectures of tRNAs and of deoxyoligonucleotides duplcxcs containing
GxT base pairs, d(GGGGCI‘CC}z (Brown gt al,, 1985), d(GGGGT: CCC), and 4(T GCGCG)f,
(’Kcnn:m!, 1985), and d(CGCG'I‘G)z (Ho et al,, 1985) all showwobblc base pair formation,

hl
;

the laiter two in Z-DNA duplcm ’
A mxmbcr‘of possible pamng schemeas have been Pproposed for the GxA
mismarch, involving syn conformations of both basas and tautomerization (Topal and
F'mco, 1976). Intra base pair NOEs, particularly between the imino and purine
nonexchangeable protons can be used to differentiate thcm, and the eonformanon
appareatly preferred in d(CGAGAA’I'I‘CGCG)-, (Patel gt a1, 1984b ¢) and d(CCAAGA’I'I‘GG)q ,
(Kan et 21, 1983) has both bg\ss anti, and bydrogen bonding occurring between GNIH
and ANJ a and ANH, and GO6. Op= ImMine proton is observed.
This geometry is confirmcd by the X-ray crystal soructure of
UCGCGAATTAGCG), (Kenard, 1985), which stows that the C1-C1 distance for this
configuration is barely 1A Lzré;u- than that for a Warson-Crick base pair, a difference

/T
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madilym;mdamd‘by—dzcbackbom. .
" Detection of CxA base pairing in d(CG'CGAATTCACG)z (Patel et al,, 1984a,c) is

more problematic, particularly since in the absence of tautomerization of either base

an imino proton will not be observed, whighpmvcsmbcthcmsc. On the basis of the

absence of NOEs between the imino protozs of GeC 2 and 4, and A3H2 (in conwrast to the

: mﬂtbfor;hcduplexcom_::ininganAmismamh),andthcvcrysmallshiﬁofABI‘IZ

upon duplexing, a strucmre is proposed whereby the adenosine residue slides to
permit pairing of ANH, with CN3, pushing ASH2 into the minor groove.
5. "Non pairing™ mismatches are accommodnmd within the duplex stackings.
The small changes in enthalpy upon intoduction of 2 mismatch, have been
interpreted to mean that the mismatch does not radically alter base-stacking.
Tibayenda et a1, estimated the peaalties for formation of an interior loop with
unstacking of bases, or bulging of both bases, and concluded that since the > 23 kl/mol

' redum‘oninAGd.uctosuchconformaﬁonsissomuchlargcrthantha:obscrved(lz

ki/mol), the mismatched bases remain stacked to some degree (Tibayenda gt al,, 1984).
Pyrinn'din:-pyﬁm;dinc mismatches should, by their, geomerry, be

. DoR-pairing. Patel et al,, have proposst a hydrogen-bonded structure for the CxT

mj&match. based on their finding of 2 labile imino resonasce at 11.72ppm in\thc lIow

temperature spectra of d(CGCGAATTCTCT), , which they assigned to TN3H, binding

through a Bridging water molecule to the ?xcecptor groups on C. (Patel et al, 1984a.,c).
Haaspoot gt 2], have also observed an imino proton signal for a

pyrimidine-pyrimidine mismatch (Haasnoot ef oL, 1979): In the imiro proton

spectrum of d(ATCCA’I'I‘ATCCA’I')‘, the resonance 2t 10.3ppm is assigned 10 TN3H, shifted

upfleld from its single strand position in d(TTTT) of 11.2ppm. This upfield shift is

ascribed to the stacking in of the two thymidine residuss.
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Alkema gt al,, observe sigmoidal upfield movement of chemical shifts upon
coohngofpmtonsmAGACU mdmnvcofformanonofadnplcxw:thaccnualeA
mxsmanﬂl(Alkr.man_aL, 1982) Upﬁddsmfmwmobsmcdforth:pmmnsof the
cmmnlmsmmchchmdm,mggcsungthm:hcAsmsmkndasopposcdwbcmg
looped out. Results for AGCCU, wh:chformsach:plcxconnnmngaccnmﬂ CxC
mlsma:ch,amlcsdcﬁmuvc. Al:houghthcrcappc:n-stobcpamalstachngm.them -
maybcscv:ralcompcungsuucun-m,mth varying conformations around the
mismamh(Alh:magLaL,mSZ)..

Three studies have been published on systems oomammg single unpaired
bases, on d(CGCAGAA’I‘I‘CGCG) (Pate] g_:_al., 1982b), wh:ch duplexes to g:vc a double hchx
contammg two unpaired adenosipe residues, and on the mixtures of d(CA-CA—-G) with
d(CT¢G) (Morden g1 1., 1983) and d(CALG) m¢ d(CT4CT3G) (Aboul-ela et 3], 1985}, both
of which form a duplex with a central unpaired cytidine residue. Similar
dmtahﬂmnon of the sequence containing the mismatch relative to the parcm
sequence is obs:rved in these systems as in those coataining base-b&sc mismatches:
The Tz of d(CGCAGAATTCGCG}z (in 0.1 M salt) is 57°C, compared to 72°C for
d(CGCGAATTCGCG)z (Patel et 21, 1982¢) while the Tms of d(CA;CA,G): d(CTG) and
d(CAsG) d(CI‘ 6G) are 22° and 37°C respectively (at 0.4 mM, 1.0M sait) (Mordea et gl
1983; Aboul-ela gz_alu 1985). The striking difference between the results of these two
studies is in the conformations of the unstacked bases. Unpaired adenosine in
dCCCAGAATTCGCG), is stacked into the duplex, according to the large upfield shifts
observed for ASHS and ABH?. upon duplexing (Pazel et ai., 1982¢). Thers is o dcc‘case
i the enthalpy of the hch.«-coxl Tansition upon introduction of the m:.sma:ch

indicaring no dmpnon of base-stacking. In contrast, the cyddine in
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d(CA3CA3G):d(CTGG) is looped out (Morden et al.. 1985). An NOE can be seen between
the imino protons of the AT base pairs on either side, which indicates thcy areless
thnn4Aapar:. Srackmg in of the cytidine would cause them to be scparated by 7A.
There is a 2.9kcal/mol destabilization of this duplex relative to the parent, which is
ascribed 1o the loss of stacking interactions. According to'these results, the behaviour

of a single mismatched base depends upon its identity, and the nature of the

neighbouring sequences.

4.1.2. Studies on mismatch containine gligoribonugleotides derived from the GC

-~

letamers

-4

Duplcm conm:mng mismatches were of interest both in their own right,
and as suitable systcms for the study of drug intercalation into imperfect duplcxm
The three high-melting perfect GC tetramers, GGCC, CCGG and GCGC, seemed candidates
for such studies, potentiaily sufficiently stable to support the mmduﬁon'of internal
mismatches. Studies of GxG and CxC mismatches in these systems were precluded by
the likelihood of competing structures, but iroduction of  ceatral uridine o @ centea
adenosine iato the tetramer sequences g:zvaY series of pentamers which migﬁt dt.?plcx
around a UxU (GGUCC, CCUGG and GCUGC) or an AxA (GGACC, CCAGG and GCAGC)

mismatch.
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P AN A
GGUCC GGACC
CCUGG CCAGG
— —
A e

CCUGE CCAGG
GGUCC GGACC
—_— : B
— .

CGUCG CGACG
— - 7

Mixing of the A~containing with the corresponding U-conmining sequences
would provide a series of peatameric duplexes in which the central GC core was
memupied by an A-U bass patr, thereby allowing comparison of the sffact thar

imsertion of an A=U base pair would have on the stability of these duplexas.

A A L
eGace CCAGG GCAGE
CCUGE GGUEE CGUEE
- 7 - 7 7

In addidon, the sequencss GCAUGC and CCAUGG hac already been synthesized
bu:nc:s:udicd,byDr.D.Alkc:n:z,andasthcscscqu:nccswcrcdcivcdﬁumth:
cuplexes GCGC and CCGG by the insertica of two A+U base pairs im0 the interior, they
were im:.}ud:d to extand the comparisions: GCGC, GCAGC:GCUGC and GCAUCC, and CCGG,
CCAGG:CCUGG 2d CCAUGG.
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421, Sequences derived from parent GGCC

4211, Seahility opd secondary stuehire of GOUCC and GGACC

—_—

GGCC 2t 2.8 mM in 1.0M salt forms a four-base-pair perfect duplex with an
average Tm of.52.1°C derived from the curves for eight of ten protons with an
individual Tm range of 47.3 - 54.2°C (Figure 4.1; Tadle 4.2). Atlow n:mpannm,‘ in 90%
water, the expected two imino protoa signals are observed at 13.41 and 12.40 ppm,
assigoed to the interral and the terminal base pairs respectively. The downfield
(internal) resonance persists to at leas 30°C (Table 3.2).

GGUCC was first studied in 1.0M salt but extreme broadening of the signals
rezdess the lower portion of the curves unassignable at the point at which they were |
begimming to promise sigmoidal behaviour. Repesition of the experiment with 0.1M
salt buffer improved the resolution at low temperature, but points below 25°C quotad
in Table 4.3 and plotted in Figure 4.2 must be considered tentatve. The behaviour of
the curves above 25°C, where firm assignment is possible, is characteristic of the
upper portions of the sigmoidal curves, so the Tm of 24.8°C, averaged from the curves
of seven protons which could be followed throughout their transition (individual Tems
18.3 - 29.1°C), is reasonable, albeit less accurate than previously quoted Tmxs.,

Alleema gr a1 | (IéSZJ observed thar AGGCU forms a duplex comprising two G-C
a2 two G+U base pairs, with two § danging As, in preferencs 10 2 duplex with an
inzernal GxG mismatch. 2 view of these resulss, 2 competing secondary structurs may

be written for GGUCC:
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igure 4.1: Chemical chift vessus lemperature curves for the bese ead

anoeric protons of GGCC, 25 =M. in 0.1 M sall buffer,
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Table 4.2: Chemical shifts and anomeric proton coupling constants for the base
and anomeric protons of GGCC, 2.5mM, in 0.1M salt buffer, over

the temperature range 80 to 30°C.
Chemical shift (ppm)
m SQ qo_ 1Q ‘;0 ﬁQ {0 5q 80 SQ 80 4‘ EO EQ o 2+ ‘;Q IO Tm
Proton : _ ' .

G(I)H-8 7903 7.913 7.937 7.955 7.971 7.978 7.972 7.941 NSB
G(2)H-8 7.982 7970 _7.919 7.866 7.796 7.725 7.662 7581 51.4
C3)H-6 7.798 7.789 7.766 7.748 7.727 7.709 7.694 7.678 54.2
C(4H-6 7.843 7.844 7.829 7.811 7.786 7.762 7.739 7.709 512
CE)H-5 5.901 5.854 5.748 5.659 5.558 5.467 5.395 5314 53.8
C@H-S 6.021 5996 5879 5.862 5.785 5.718 5.665 5.612 47.3
G(1HE-1' 5816 5.816 5.815 5.809 5.792 5.763 5.727 5.652 NSB
G@)H-1" 5.85 5846 5.845 -5.852 5.860 '5.869 5.869 5.865 NSB
CGYH-I' 5923 5896 5.879 5.862 5.840 5.817 5.795 5.760 50.7
C4)H-1" 5.906 5.896 5.831 5.778 5.718 5.664 5.621 5575 542

Average Tm  52.1

Coupling constant (Hz)
GDH-I' 51 48 44 41 34 24 15 -
G2H-' 45 36 36 24 17 - - -
CEH-1' 40 37 36 26 1.7 - - -
C4H-1' 42 37 34 29 25 19 13 -
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figure 42: Chemical shin VEIsUs tlemperature cusves for the bace and

enoméric protoas of GGUCC, 25 =M, in 0.1 M sals bulfer.
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Table 4.3: Chemical shifts and anomeric proton coupling constants for the base
and anomeric protons of GGUCC, 2.5mM, in 0.1M salt buffer, over

thctc‘rfxpcram'cmngcmtol"c.

/ Chemical shift (ppm)

JTemp, mmmmmmmmmm&:m Tm
Proton {

G(1)H-8 7.895 7.897 7.900 7.907 7.917 7.933 7.949 7.897 7.943 7.922 7.892 NSB
G(2)H-8 7.989 7.987 7.981 7.964 7.913 7.862 — - - - -- NSB
UGYH-6 7.797 7.798 7.798 7.795 7.784 7.759 7.708 7.655 — 7.572 7.518 21.8
C(4)H-6 7.857 7.842 7.846 7.859 7.869 7.897 7.912 7.939 7.953 7.950 7.956 2
CH-6 7.8487.853 7.8557.859 7.850 7.833 7.797 7.784 7.768 7.760 7.716 2
U@G)H-5 5.8185.8055.783 7.752 7.717 7.657 7.580 7.468 5.421 - 5.294 2
C(4)H-5 6.0306.018 6.001 5.976 5.545 5.904 5.853 — - — - NSB
C(5)H-5 6.0155.9995.9805.955 5.933 5.904 5.841 - - -- - NSB
G(1)H-1" 5.803 5.800 5.798 5.795 5.792 5.786 5.776 -- 5.770 5.775 5.785 NSB
G@)H-1' 5.8725.875 5.857 5.866 5.866 5.873 5.875 5.875 5.883 5.892 5.865 NS
UG)H-1" 5.8845.879 5.865 5.833 5.803 5.756 5.669 5.610 5.563 5.537 5.494
C(4)H-1" 5.9205.903 5.881 5.852 5.831 5.786 5.765 5.7105.690 -- -
C(5)H-1" 5.9205.920 5.904 5.891 5.850 5.861 5.822 5.787 5.739 5.697 5.672
Avcr.zgc Tm

[ 2% T B |
& 1o =t
LW oL WGy

[ ]
4=
L]

Coupling constant (Hz)
G(IH-1'" 54 55 50 45 47 45 -~ - _ - -

G@H-' 51 55 52 34 41 32 - — -  _ - -
UGE-I' 57 59 46 57 45 48 -~ - . - -
C(@H-1'"41 41 35 37 32 27 < - - _ - -
COH-I' 41 37 35 35 32 27 - ~ — - - -
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GGUCC _ | — GGUCC
CCUGE ~ — 4O0UCC —— zois
< S

The low temmperature iming pmmn Spectrum suggests contribution from ar

* least two species. Five weak signals are observed at -4.5°C. at 13.69, 12.46, 12.06 (small),

11.02 (broad) and 10.33 ppm. G-U imino proton signals are observable in spectra of

t(RNA between 11.7 and 10.4 ppm (Robillard gt a1, 1976: Johnston and Redfield, 1978),

and have been observed in spectra of AGGCU:AGUCU at 11.49 and 10.74 ppm (Section

3.3.7). The low temperanre spectrum of AGGCU in isolatioa does ot show any signals,

G-U or otherwise. The duplex formed by GCUGC (Section 4.2.5) contains a ceatral UxU

opposition, and ar 2°C in 90% water the UN3H appears at 10.25 ppm, but thers are no

other peaks upfield from the GC imino region, 12.87 - 13.34 ppm. &k seems likely that

there is substantial conmibusion from the G-U com:nmng slipped duplex, but it alons

caanot accoun: for the multiplicity of signals assignable © GeC basa pairs. ‘I‘hcm

should bc a single G+C imino proton signal from this structure, and sinca it is flanled

by a dangling 3° cyridins, and a stacked, internal 3' guanosizs, it should appear upfield

from IJOppm. Thccxpmmcnmlspcmmshowstwosgmls ar13.69 and 12.48 ppm.

Tke G-C 1mino protons in the mismarch srucnre of GGUCC are predicted o dppear at
I2.9 (texminal) and 13,3 ppm (internal) (Keares 1976), but if these values are adjusted

accerding to the trends deseribed in Section 3.3.7, and in GCUGC, whers peaks predicted

& 134 (terminal) and 13.3 ppm (internal), zppear 2t 12.9 and 15.4 PP respectively,

thea they should be closer to 12.5 (tc:'minal; and 13.4 ppm (internal), which oz

well with the upfeld signal, bus less 5o with the the downfield signal. The signals,

bowever, were broad 2ad weak, angd 2oise and errors in phasing could producs errors
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in the assignments of their maxima.

From the rapid broadening of the spectra of the non-exchangeable protwons,
mdthcmnnbaofpc:bobsavcdinmcinﬁmpmmnspwuum,itwmﬂdsccmmm
that'mzncquihbdumbcnvccnthctwopossiblcmmncsmlowmpaunm.

Thcchcmicalshiﬁmustcmpcmnntmrvmobmimdforthcmtons of
GGACC at 2.5mM, in 0.IM salt are shown in Figure 4.5, while the data itself appears in
Table 4.4. On paper, GGACC can form a duplex with an internal A»A mismarch, flanked
by two GG:CC cores, but it appareatly does not do so in solution in the temperature
‘range of the cxpcnmcm. Although some of the protons show striking chanages in
chemical shift with temperanre, especially those belonging to C4, the majority of
curves are devoid of sigmoidal chamcter (Figure 4.3). The HI' coupling coastants
gradually decrease, indicating stacking. The inteasity and resolution begin to
degrade rapidly below room temperanure, leading to the incomplete curves showrn.

The imino protwn specum at <.5°C shows a single low, very broad peak around 11.5
PP, 00 far upfield from the expected positicn for GC protozs, and possibly due to G-G
aggregation,

The teorumer precursor GGAC, is expected to show o dup:x'_m;;}:our.
and does not. Its chemieal shift versus temperature curves (Figure 4.4; Table 4.5) are
{lat, cr have a slight slope, this slope being most pronounccd,'again, for protons
beloaging to C4, although it is less thas that observed in GGACC. The aomeric proton
coupling constanss steadily dacrease, again indicaring stacking. Although the
resolutioa becomes poor for the last two or thres spectra, it remains good a: onx;cr
temperatures than in GGACC. No sigzals are observable in the iming EToton spectum
a-8.5°C. .
-

L]
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Table 4.4: Chemical shifts and anomeric proton coupling constants for the base and
anomeric protons of GGACC, 2.5mM, in 0.1M salt buffer over the

temperature range 70 to 10°C.

Chemical shift (ppm)
Proton ' )
G(1)H-8 7.865 7.864 7.862 7.857 7.855 7.854 7855 —  7.856 --
G()H-8 7.934 7.938 7.549 7.936 7.927 7912 7.876 7.858 - -
A(3H-8 8321 8.310 5.292 8266 8249 §.229 8.204 8.177 8.121 8.081
A(3)H-2 8.128 8.110 S.089 8.066 8.056 8.052 8.058 8.085 - -
CHHS 7.717 7.689 7.656 7.616 7.591 7565 7532 7.498 7.464 7.390
C(5)H-6 7.818 7.818 7.820 7.817 7.814, 7.809 7.800 7.786 7.776 —
- C(#)H-5 5.818 5.757 5.697 5.630 5595 5572 5514 5465 5.418 -
C(5)H-5 5.979 5.960 5.937 5.90¢ 5.851 5.853 5.815 5.749 5.692 -
G(DH-1' 5.770 5.775 5.775 5.778 5.750 5.782 5.783 5.789 5.791 5.800
G(H-1' 5.762 5.753 5.751 5.74 5.735 5.729 5.721 5.711 5.692 5.663
AG)H-1' 6.018 6.003 5.986 5.965 5.955 5.947 5.940 5.939 5945 5953
CEH-1' 5.793 5.748 5.687 5.613 5565 5.522 5469 5449 -
C(5)H-1' 5.882 5.871 5.860 5.843 5.832 5.821 5.807 5.789 5.771 5.745

Coupling constant (Hz)

GDHE-I'S.6 39 56 46 42 358 40 420
GRE-I'54 42 56 50 47 45 43 43
AGH-I"40 37 32 28 25 22 _  _
C@OH-1"42 26 26 24 23 -  _  _
COEL 39 38 36 36 32 30 30 20
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Table 4.5: Chemical shifts and anomeric proton coupling constants for the base
, 1.7mM, in 0.IM salt buffer, over

C

e e e e e e e e __
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G(1)H-8
"G()H-8
AG)H-S
AG)H-2
C4)HS
C$H-s
G(IH-1
G)H-1"
AGE-T'
CHH-I

G(DE-1'
G(H-1'
AGH-1'
C(4)E-1"

and anomezic protons of GGAC
the temperature range 70 to 10°C.
Chemical shift (ppm)
70.3° 3 503 06 3,
7.865 7.865 7.864 7.864 7.862
7925 7927 7928 7.928 7.925
8.33 8.321 8308 8290 8.268
$.150 8135 8119 §.102  $.083
7.74 7.730 0 7711 - 7704 7.663
5.862 5826 5784 5736 5684
5.755 5.752 . 5752 5750 5.729
5963 7.758 -5.753 5750 5.729
6.0+7 6.0355 6.022 6.006 5.957
5842 5820 5.796 576§ 5.72¢
'Coupling constan: (Ho)
5.6 5.3 2.6 5.1 5.1
54 5.4 53 5.1 5.1
4142 38 34 29
3.0 2.5 3.3 3.3 3.3

.I\J :[;
AL W

£,
1




~ 179

2212, Effect of incertion of Ael base pairs, GGACC.GGUCC

~

A\ A 11 mixaure of GGACC with GGUCC ean form 2 complementary duplex

* comprising two GG:CC cores separated by a single AsU base pair:

- GGACC
GGACC + GGUCe ~— (l&Udc

\-.

At 25=M concemragtion of each sand, ..hc chemical shift versus mmpc:aum:
curves of nine of ejevea base protons ane sigmoidal (Figure 4.5) baving Tms ranging \
from 454 - 54.7°C (Table <.6), with an average Tz of 51.8°C. The tmino protoa spectra ‘
were obtaized for a sample at 1.5mM, since tie sazmple was ariginallv runina '
mietotube w achieve the desirad coacearaton, and had o be diluted 1o improve the
signal 10 oise for the iming Prowas. Previous experiencs sugeesiad that this diluzion
wo—uid oaly reduee the T by 2 - 3°C, and should 2ot affect the imino proton positions at
oW temperazire. Four iming proton signals were observed a: -5.0°C (;I‘ablc 4.7y 144
1341, 12,63 and 1229 ppm; the areas a: e approximazely 1:1:1:2, The peak 21 1229 ppm
loses inzosity fisst and is gone by 15°C, while the others persist 0 above 25°C. From "'-.: :
&, and from comparison with the pareal duplex GGCC (tarmingl GoC 1232 ppm), the
signals a: 1229 ppm =2y be assigned 1 the termingl Gol base pairs. The other three
signals can be assigned 2s follows—AU 3, wl‘.idu's 22 AU base pair flanked by N\
pymimudines, 1449 prm; GeC 2, 12.63 pr=and GC 4, 13.41 pprm, sines GeC 2 hasa 3
Sighbouring adsncsine, and is tharefors expeczad 1o be a: bigher {leld than G-C 4,
Wik 3 oeighbouring pyrimidines.

. 4
—’..7
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- ¢(9H-6
4= C(10)E-6

Figure 45: Chemical shift versus enperature curves for the dese
Protons of GGACCGGULCL; 25 M each strand, in Q1M

salt buffer.



Table 4.6: Chemical shifts for the low field aromatic

GGACC:GGUCC, 2.5mM

emperature range 80 - 30°C.
" Numbering scheme:

1 b
GGACC
CCUGG
10 6

cach strand, 'in 0.

protons of
IM salt buffer over the
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Temp.  80J° 7206°
Proton

E(T)H—S 7.866 7.866
G(H-6 7.929 7.929
AG)H-S 8326 8313
AGH2 8.149 §.122
C@H-6 7.726 7.702
C(S)H-6 7.805 7.802
G(6)H-8 7.892 7.896
G(TH-8 7.988 7.985
U®H-6 7.795 7.796
C(OH6 7.834 7.858
C10)H-6 7.844 7.847

—_— .

i — ——

Cheémical shift (ppm)

80 7.903

7.8?0\.§9
7.922 7

896 7.946 7.780 7.717

§
8.296 8.257 8.187
8.106 8.078-~8.031

7.681
7.799
7.900
7.977
7.799
7.840
7.846

7.648
7.788
7.909
7.952
7.798
7.8{"3
7.838

7.603
7.771
7.923
7.909
7.802
7.847
7.824

7.933

8.089
7.976
7.538
7.738
7.943
7.840
7.805
7.855
7.803

7.951

8.996
7.916
7.487
7.706
7.951
7.782
7.808
7.858
7.766

7.§49 7.910
7.665 -

8.949 8.875
7.880 7.835
7451 7413
7.681 7.666
7.949 7.910
7.739 7.702
7.807 7.804
7.866 7.849
7.739 7.702

Average Tm

Tm

Lh ¥,
'td —
~] lJl

Lh
t2
tJ

53.1
499
55.0
51.8
NSB
NSB
254
51.8
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Table 4.7: Chcg&:al shifts of hydrogen-bonded imino protons of GGACC:GGUCC,
15 ¢ach strand, in 0.1M salt buffer, over the temperature range -5 to

25°C.
N eme: 1 5
‘GGACC
CCUGG
Chemical shift (ppm)
Temp, =3.0° S7° 5.0° 23.0°
Proton
G+Cl 12.29 12.36 (12.4) -
G-C2 12.63 1260 - 1281 12.50
AU3 " 14.49 14.46 14.41 . 14.36
G-C4 13.41 15.43 13.42 1538 >

GCs 12.29 12.36 (12.4) -
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The average T calculated for the duplex GGACC:GGUCE from base protons only
is 51.8°C, compared to an average of $2.3°C for the base protons of the parent duplex
GGCC. This difference of 0.5°C is within experimental emror the two duplexes are of
similar stability.

3

42.2.1, Stability and secondarv sticture of CCUGG and CCAGG

CCGG, at2.5mM in 0.1M salt, has a measured T of 44.1°C, calculated from eight
sigmoidal curvu with 2 Tm range of 37.8 - 47.2°C (Table 4.8; Figure 4.6). As expected,
two imino proton signals ans observed, the terminal one at 13.34 ppm, and the internal
ore at 1253 ppm, assigned by the order of broadening (Table 3.3; Figure 3.5); these
valuss, uniike those for other sequences, agree with those predicted from ring
curreat calculations and classical geometry (see Section 3.3.7),

The spectra of both CCUGG and CCAGG broaden appreciably below room _
temperature, and therefore largs umcrtmnnﬁ attend the assignments of the base
protons The H-1' protons can"b;b@: followed through their transition since their
singlet signals (following collapse) remain of good intensity, and resolved from each
other. Sigmoidal curves can be observed for the majoﬁr}; of protoas for both
sequences (Figures 4.7 and 4.8).

The curves for the protons of CCUGG (seven protons) have individual Tms
ranging from 12.1 to 19.5°C, with an average of 17.3 (Figure 4.7; Table 4.9). The
exchangeable protoa spectrum of CCUGG at <4.6°C shows one srong signal at 13.18
pPm, with perhaps two broad and much weaker signals at 11.2 and 10.2 ppm.
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Figure 4.6: Chemical shift versus Temperature curves for the base and
aromatic protons of CCGG, 2.5 mM, in 0.1 M salt buffer.
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Table 4.8: Chemical shifts and anomeric proton coupling constants for the
base and anomeric protons of CCGG, 2.5mM, in 0.1M salt buffer,
over the temperature range 70 - 20°C

- Chemical shift (ppm)
Tamp.  203° 6L1° S5I° S04° 449° 30&° 205° 203 T,
Proton
COH-6 7962 7.772 7.787 7.811 7.840 7.871 7900 - 45.8

CE-6 7.786 7.813 7.846 7.886 7.930 7962 7.960 7.948 472
G(3)H-8 7.920 7.898 7.863 7.812 7.748 7.673 .7.583 7546 447
G(4)H-8 7.969 7.943 7.896 7.826 7.724 7621 7475 7.416 442
C(1)H-5 5.967 5.960 5.961 5.968 5.974 5.971 5.944 5912 ‘NSB
CH-5 5.967 5.937 5.906 5.860 5.799 5.718 5.639 5586 445
C(1)H-1' 5.867 5.861 5.858 5.856 5.853 5.848 5.839 5835 NSE
C)H-1' 5.802 5.789 5.780 5.767 5.752 5.736 5.716 5.709 455
GE)H-1' 5.842 5.821 5.798 5.767 5.732 5.683 5.641 5614 455
G(4H-1' 5.827 5.815 5.780 5.736 5.674 5.580 5.413 5292 378
Average T, 453
Cbuph'ng constant (Hz)
CHE-1'"53 52 50 45 38 23 1.9 -
CH-1'58 46 45 35 25 16 - -
GBH-1" 6.1 53 45 22 - - - -
G@H-I'"67 40 48 35 21 - - -




[a @yl i

YW ~Hm- g

Htitila

B Semegmoa-

Tigure 4.7: Chemical shift versus lemperaturs curves of the base and
enomeric protens of CCUGG, 25 mM, in 0.1 M sait buffer.

80

79

75
7.4
73 F - 4 +
o 10 20 30 40 S0 60 70
TEMPERATURE/*C
6.0 : !
_‘___’.‘__‘_‘_'——?-‘——.‘_-—O
59 G OO S___n,-—ﬂ
Cex T e T R X
x—-—z-—x—"x - - R
5.8 = — —+4 —_
S X
i\“‘? ;t;?.éxg"' -
5.7 f 2mx"
_of= a7
56 0 PR-ul
s—2 /
55 L /x
S.4 X
53 /
52 %

C 10 20 30 40 S0 60 70
TEMPERATURE/'C

4 C(1)H-6
©- C(2)H-6
- WI)E-6
O- G(4)H-8
4 G(5)E-8

- C(1)E-5
O ¢(2)E-5
B T(HE-5
4~ C(1E-1°
O~ c(2)H-1*
4 T(HR-1
X- G(4)H-1
== (SHE-1

186



187

Table 4.9: Chemical shifts and anomeri¢ proton coupling constants for the base
and anomeric protoas of CCUGG, 2.5mM, in 0.1M salt buffer, over

the temoperature range 70 - 0°C.
| Chemical shift (ppm)
Temp, mmmmmmmmmm Tm
Proton v
C(H-6  7.7717.7847.798 7.82 7.8667.903 7.932 7.946 7.933 7.876 305
CH-6  7.8257.831 7.836 7.843 7.850 7.859 7.861 7.862 7.753 7.841 NSB
UGH-6  7.730 7.730 7.730 7.731 7.736 7.740 7.740 7.736 7.728 7.712 NSB
G(4)H-8  7.9317.9277.922 7.912 7.887 7.865 7.834 7.8057.78 7.748 172
G(5YH-8  7.797 7.980 7.977 7.965 7.882 7.821 7.724 7.603 7.523 7.748 155
C(DHE-5  5.9835.967 5.947 5.919 5.867 5.824 5,766 5.702 5.649'5.612 16.7
CRE-5 5.9505.9575.923 5.909 5.905 5.910 5.913 5.9085.891 —~ NSB
UG5 5.834 5.821 5.806 5.785 5.750 5.723 5.690 5.661 5.6345.612 195
C(DE-1' 5.9065.891 5.871 5.846 5.801 5.766 5.750 5.6805.649 5.612 18.1
CQE-1' 5.8485.8195.799 5.779 5.758 5.752 5.746 5.7425.747 5.770 NSB
UGXH-1' 5.8135.803 5.796 5.785 5.742 5.705 5.651 5.608 5.5735.538 195
GH-1' 5.8135.803 5.795 5.779 5.743 5.697 5.602 5.5015.3925.225 12.1
G(S)H-1' 5.8685.865 5.861 5.856 5.850 5.848 5.847 5.8375.829 5.825 NSB
Coupling constants (Hz)
COIE-I'" 45 44 41 38 31 27 44 _
CQH-I' 47 32 45 49 41 44 32 _ _
UGH-1' 52 48 60 49 44 58 - _ _
GWH-I' 52 48 45 49 44 50 — _ _
GEE-I' 54 54 54 52 49 43 _ 23 _
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. Competing secondary structures similar to those for GGUCC (Section4.2.1.)
may be written for this duplex. CCUGG may form a duplex containing a central UxU
m‘mma:nh,or'onccominingG-Ubascpaim.withmfdangﬁng Cs.

' CCUGG
UGG N cues — CCUGE
¢ucc ~— <© Y GGUCE
GGUCC GGUCC

For the slipped structure (eft), one GoC imino proton, at around 13.4 ppm,
and two GxU protocs, between 11.5 and 10.7 Ppm, would be expected, while in the
mismatch-containing structurs (right) two G+C protons, at 13.4 and 12.8 pPpm, and one
UNH3 proton at around 102 Ppm would be expected. Neither pattern is observed in
full at -5°C; the duplexes are oo weak.

The individual protor Tms of CCAGG span the range 11.9 - 24.6°C (eleven of
thirteen protons), with an average of 17.3°C (Figure 4.8; Table 4.10). The scatter of Tms
is suggestive of the uncertainties associated with the lower temperature signals,

Imino proton signals are observed at 13.38 and 12.22 ppm, with a very low, broad
signal at around 11 ppm:

188

CCAGG can form a four base pair duplex comprising two GG:CC eore separated

| by an AxA opposition.

CCAGG
—_— e
20CAGE = 73
—

No competing simple secondary structures ¢an be written for this dueplex,

although the deterioraring low temperature resolution suggests aggregation is
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Figure 4.8: Chemical shift VEISUS temperature curves of the base and
anomeric protons of CCAGG, 25 M, in 0.1 M salt buffer.
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Table 4.10: Chemical shifts and anomeric proton coupling constants for the base
and anomeric protons of CCAGG, 2.5mM, in 0.1M salt buffer,
. over the temperature range 70 - 0°C. :

Chemical shift (ppm)
MMMM&EZ&&SMMM£ Tm
CDBG  7.7367.740 7.746 7.756 7.774.7.779 7.793 7.805 7.814 7.831 NSB

CQE-6 7.7227.729 7.739 7.756 7.796 7.8337.8797.9177.9347.950 20.4
AQ)H-8  8.304 8.296 8.287 8.273 8.253 8.2418.2198.2128.1958.185 18.8

A(3)H-2 8.1378.155 8.088 8.051 7.992 7.946 7.860 7.764 7.696 — 15.9
G(4)H-8  7.878 7.860 7.837 7.802 7.730 7.665 ~ 75007415 - NSB
G(5)H-8  7.949 7.945 7.938 7.922 7.890 7.8337.7627.704 7.649 — 174

C(1)E-5 5.9265.8965.8635.819 - 5.7345.700 5.664 5.621 5559 13.6
C(DH-5 5.8885.8645.8405.816 - 5.7905.768 5.7425.7185.682 11.6
C(DH-1' 5.8365.8295.8225.815 — 5.798 5.7945.7905.786 5.777 NSB
C(2H-1' 5.8365.8095.7905.761 — 5.697 5.6735.6415.621 5590 18.8
AG)H-1' 5.9625.9485.9345.922 — 5.9155.9205.9405.9575.970 11.9
GH-I' 5.7795.7615.7405.771 -- 3.6375.602 - 55505523 205
G(S)H-1' 5.8105.7975.7755.747 — 5.6885.6545.6415.6215.590 246
. Average Tm  17.3
Coupling constants (Hz)

COE-I' 53 54 55 55 . 51 49 40
CQHE1I" 53 54 52 41 - 27 535 _
AGH-I' 53 51 48 - - 27 _ ‘
G@H-1' 53 53 52 49 -~ _ _ _ /
GOH-1' 40 55 44 30 - 17 _ _ ’




191

occurring. Ttwaggrcgaﬁonmyalsobcrcspomiblcfortbcdcwcﬁonofthcinﬁno
mwmbdongingwthisweakduplcx;mcbxbadmonmmmundllppmcoiﬂdbc
asigncdtotth-Gbasapairswhicthm TthCiminopmwnsdo,howevcr,
confmmwumdscxpcmdinﬁ;csuimtha:CCAGGformswizhmlmdsequcmcs
CCGG, CCAGG:CCUGG and CCAUGG, all of which are discrete, high-malting duplexes. The
termina] G-Cpmﬁons appear around 13.3-- 13.4 ppm for all sequences, while the

intermal G+C protons, which appear at 12.53 ppm in the CCGG duplex, shift upfield 1o
.12.22ppmintthCAGGspecu'um,whcnaG‘Cb:ﬁcpairadjaecm:o:hcinﬁnopmmnis
replaced byanAonpposiﬁon.anddownﬁcldm 12.34 ppu:n;n both CCAGG:CCUGG:md
CCAUGG.whcnthchAoppositionisimlfrcplamd by an A«U base pair. The expected
crduofcffocﬁvnmofshiadingwmndbchA>A-U>G-c, which is as observed.

42,22 Conformation around the AxA mismarch

The broadening of the ponexchangesble proton signals obscures the H-1'
coupling constants before their collapse, preventing any dcdgcn‘on of arder of bage
stacking from the sugar conformation at the mismaich site. Both the A3H-8 and the
A3H-2 protons move up}ﬁcld, the former by 0.1 ppm, and the latter by > 0.4 ppm (Figure
4.8), which suggests some degree of stacking iato the duplex, although the upfield
shifts are by no means as pronounced as those in the relazed duplex CCAGG:CCUGG
‘(Figure 4.9), in which ﬂ}e A residue is involved in an AsU base pair, and therefore
fully stacked.  A3H-8q CCAGG:CCUGG moves upfield by 0.4 ppm, and A3H-2 by 1.1 pom.
The best evidencs for stacking of the adenosine residuss is provided by the position of
the imino proton of the G-C hage p:ziradja::m 6o] th:__m_x_'_,match, which is 0.3 ppm
upfield from its position in CCGG (G+C neighbour), 22d 0.12 ppm upfield from its

——
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position ia CCAGG:CCUGG and CCAUGG (AU nighbour). Not oaly is this imino proton
experiencing the effect of the 3' neighbouring adenosine, it is also expericacing some
shielding due t the 5" neighbouring adenosine—both residues are stacking in 1o the
duplex.

The.dRove is in agreement with published results. Alkemz gt 2l concluded

that the cenral xsine residues in the duplex formed by AGACU duplex were
stacking in 1o the duplex (Alkema et al,, 1982), and the calculations by Tibayenda et gl,
for their deoxyoligonucleotids system show tlm the formarion of two bulged bases
reduces the AG of the duplex by > 29 kI/mol, compared 10 < 12 kl/mol when both
mismatched bases are stacked (Tibayeada et al, 1984).

N
.//

\ "“j. Effect of incertion of AsU hase paire. CC AGG:CCUGE and CCALGG
A \’Q_\ '

A 1:1 mixture of CCAGG and CCUGG leads to formation of a duplex comprising

{ ™0 GG:CC cores separated by an A-U base pair.

CCAGG + CCUGG —— 333

Poor signal 10 aoise (the sample was un in 2 microtube to achieve the
desired conceniration), and extensive signal overlzp in the anomeric protoz region
restricted analysis to the low field aromasie protoxn signals; of these, nine of eleven
- showed sigmoidal behaviour (Figure 4.9), with Tos rangiag from 49.2 - 58.1°C (Table
4.11), and an average of 52.7°C, a1 2.500M of each sTand, in 0.IM salt, At <4°C, the Sve

expecied 1mino protoa signals are observed as thres sigzals, 0ae, representng three
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Table 4.11: Chemical shifts for the base protons of CCAGG:CCUGG, 2.5mM each
strand, m 0.1M salt buffer over the temperature range 70 - 20°C.
Numbering scheme: 1 5
CCAGG
GGUCC
10 6

Chemical shift (ppm)
Proton
CB-6 7.727 7.733 7.748 7.765 7771 1775 7.762 1.7797.779 NSB
CQE-6 7.716 7.724 748 7772 7800 - 7.867 7.889 7.896 49.7.
A(G)H-8 8.300 8.292 8.276 8249 $.205 S.164 8.115 8.4 - .49.6

AG)H-2 8.128 8.101 8.037 7.890 7.691 — 7332 7.1707.078  49.7
G($)H-8 7.872 7.851 7.801 7.701 7.600 — 7444 73607310 544

~1
v3
y &9

7.6637.614 544
7.979 7.983 7.0
8.028 - 58.1

G(5)H-§ 7.940 7.928 7.920 7.862 7.799 7.756
C(6)H-6 7.773 7.785 7.816 7.848 7.8%

L
!
~1
4
r—

CNHS 7.826 7.834 7.877 7.901 7.941 - — S.008

U@H-6 7.731 7.733.7.743 7.740 7.739 7.739 7.740 7.7447.746 NSB
G(9)H-8 7.929 7.921 7.901 7.862 7.829 7.782 7756 7.727 - 51.6
G(10)H-87.972 7.960 7.932 7.890 7.838 7775 T.735 7.6887.648 496

Avezge Tm 527
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*- C(1)H-6
©- ¢(2E-6
T A(DH-3
0= A(3HE-2
= G(4)T-3
o G;(S)H-s

- C(6)E-6
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Figure 4.9: Chemical shift-versus temperature cusves for the base

protwons of CLAGG:CCUGES, 25 mM each strend, in 01 M

) salt bu;‘re:'. .
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. other 13.31 ppm'signal 1o A-U3

Y

protons, at 13.31 ppm, a shoulder on that peak belonging 1 a single proton at 13.12
ppm.andamnglc:atll%ppm(l‘ablcddm) By251°CLhcs:gnalsappcarat13.26 13.1
and12.32ppmrcspecuvcly,mtharcasl :1:1; :hctcrmmalpmtonsamthmby
ass:gmdtothcpcaka:lﬁlppm. Thcmostupﬁcldmgnalmnbe&ssxgncdto(}'@,
which has a 3° ncxghbomngadcmmncanda3 peighbouring guanosine, and the
rcmmmngtwosxgmlsarencnmnvdyass:gmdasA-LB 13.31 ppm and G+C4 13. 12 ppm,
CCAUGGsclfassoaa:cstoformapc:fect.mb:scpmrduphxmwhxchmoGGCCcorcs

are separated by two AU base pairs (an AU-AU core). S

Due t0 sample limitations, the final concentration of this sequencs wag

L5mM. Sigmoidal cu}vcs were obtained for fifteen of sixteen protons, over arange of

195

-

43.7 - 56.4°C, with an avérag: Tm of 49.4°C (Figure 4. 10; TabIc 4.13). The T of the seven -

low field aromatic protons alone is 43, 0°C. Three imino proton signals would be
expected in the spectrum of this sclf-complcmcmaxy hexamer in water. Two are
observed, at 13.31 and 12.36 ppm, the former being double the area of the [aser (Table
4.14). By 25.1°C the two signals are of equal intensity, allowing assignment of the
terminal G«C proton sigml\s t0 13.31 ppm. The internal GoC protons have two
pyrimidine 3' neighbours, whereas the A-U protons have only one, and occur
intrinsically at lower field, therefore the 12.36 ppm signal is assigned 10 G+C2 arnd the

-

The four low field aromatic protons of CCGG have an average Tm of 45.3°C,
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Table 4.12: Chemical shifts of the hydrogen-bonded imino protons of
CCAGG:CCUGG, 2.5mM caclasu'and, in 1.0M salt buffer, over
the tmperature range 4° to 30°
Numbering scheme: 1 S

CCAGG
GGUCC

Chemical shift (ppm)
Temperature =40 =7 d148 221 295
Proton

GCl " 1331 1329 1321 - -

GC2 123¢ 1235 1233 1232 1230
AU3 1312 1315 1311 1510 1503
G-C4 C 1331 1329 1327 1326 1550

G-C5 _ 13.31 13.29 13.27 - -
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- Table 4.13: Chemical shifts and ano
and anomeric pro

tons of CCAUGG,

over the temperature range 80 - 30°C.

meric proton coupling constants for the base
1.3mM, in 0.1M salt buffer

Temp, 800° 60.7° 653°

Proton

C()H-6 7.713
C2)H-6 7.731
A(3)H-8 8.369
A(G)H-2 8.180

- U@H-6 7.706

G(5)H-8 ' 7.913
G(6)H-8 17.961
C(1)H-5 5.942
C(QH-5 5.909
U@H-5 5774
C(1H-1' 5.856
C(2)H-1'-5.826
AQG)H-1' 6.052
U(4)H-1' 5.810
G(S)H-1" 5.790
G(6)H-1' 5.856

C(HH-1" 5.3
CH-1" 5.8

AG)H-1' 4.4

. U@H-1' 34

G(5)H-1' 3.2
G(6)H-1' 5.3

7.720
7.737
8.367
8.161
7.702

7.72%

7.742
8.362
8.143
7.698

7.908_7.901

7.960
5.925
5.893
5.758
5.841
5.815
6.046
5.797
5.784
5.853

~

3.1
3.4
5.1
5.6
5.1
54

7.953
5.912
5.882
5.743
5.830
5.806
6.040
5.787
5.778
5.850

4.5
3.4
4.9
6.2
5.3
55

Chemical shift (ppm)

7.747 7.790 7.859 7.958
7.753 7.780 7.830 7.889
8350 8322 8275 8210
8.104 8.014 7.856 7.685
7.6%0 7.677 7.659 7.639
7.885 7.848 7.773 7.685
7931 -  7.840 7.729
5.892 5.862 5.821 5.773
5.879 5.862 5.833 5.802
5709 5.631 5500 5.537
5.810 5.777 5.725 5.667
5.791 5766 5.725 5.667
6034 6.022 6.005 5.982
5.772 5.736 5.679 5.610
5.772 5761 5.754 5.746
5.846 5.837 8.824 5.803

Coupling constant (Hz)
48 35 21 -
45 20 2.1 -
47 44 32 -
54 45 25 . -
54 42 29 22
5.1 5.1 4.0 1.7

404°

7.934

'8.174

7.627
7.610

.7.643

5.739

5.774

5.241
5.621
5.621
3.971
5.557
5.743
5.790

8.120
7.988
8.149
7.364
7.632
7.481
7.565

5.698°

5.742
5.112
5534
5.584
5.961
5.500
35.742
3.773

Average Tm

Tm

NSB
48.8
49.4
475
51.1
473
43.9
50.3
49.5
49.2
49.6
46.4
50.5
485
NSB
477
49.4
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Table 4.14: Chemical shifts of the hydrogen-bonded imino protons of
CCAUGG, 1.5mM, in 0.1M salt buffer over the temperature range

“4°w033°C.
" Numbering scheme: 1
CCAUGG
GGUACC
Chemical shift (ppm)
lempemmtue 4.3° VA A5.2° 23.1° 32.5°
Proton
G-C1 13.31 13.33 13.32 - -
G-C2 12.36 12.38 12.38 12.36 12.33
A-U3 13.31 13.33 13.32 13.31 13.31 .
.

S



T

s L O

[5)

4

campared to 52.7°C for the low field promn§ of CCAGG:CCUGG and 48°C for CCAUGG.

concmmondxffamccwouldaccoumforadmmemofz 3°C, given previous

' obsmuans,bnngmgtthmtoSO 51°C. TmsglmaWCTmmeascforzmemon

of the first AsU base pair, andhu!ceﬁ'ec:uponthcmsanonofasmnd.

42.3.1. Stability apd secondarv structure of GCUGC and GCAGC

In 0.1M salt, at 2.5mM single strand concentration the parent duplex GCGC
forms a perfect four-base-pair duplex with Tm 48.1°C, averaged over seven curves with
Tmrange 44.9 - 54.7°C (Table 4.15; Figure 4.11). Two distinct hydrogen bonded imino
proton resonances are observed at 13,05 and 12.77 ppm, which are assigned to the

: mtcmalandmmﬁnalbascpairsmspccﬁvdysinccthcupﬁcldmsomnccisthcﬁm

to broaden with increasing temperature (Table 3.4; Figure 3.6).

The chemical shift versus teqperature curves of GCUGC (2.5mM, 0.1M salt) are
sigmoidal for ten of thirteen curves (Figure 4.12; Table 4.16), with individual proton
Tams occurring over the range 17.2 - 22.3°C. The imino pro:on'spcccrum at 2.0°C shows
three distinct resonances, at 1338, 12.87 and 10.25 bpm. There is no clear order of.
melting with increasing temperature (Table 4.17),

For GCAGC, the Tm in 1.0M salt (2.0mM single strand concentration) is 36.6°C,
over ten of thirteen curves with a range of 33.8 - 40.6°C (Table 4.18; Figure 4.13), and
the Tm in 0. IM salt (2.5mM gmmd concsnwration) is 35.1°C, over ten curves with 3 31.8
- 37.1°C range (Table 4.20). The imino proton spectrum of GCAGC at 6°C shows 2 smgle

resonance at 12.37 ppm.

200
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Figure 4.11: Chemical shift versus lemperature curves for the dase and
' aaomeric protons of GCGC, 2.4 mM. in 0.1 M salt buffer.
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Table 4.15:  Chemical shifts and anomeric proton coupling constants for the base
and anomeric protons of GCGC, 2.4mM, in 0.1M salt buffer over the

temperature range 70 to 25°C..
Chemical shift (pp:_n)

Tomp.  702° €040 S53° 50T° 456° 405° 350° 301° 2490 T,

Proton

G(1)H-8 7.942 7.958 7.970 7.981 7.981 7.969 7.946 7.923 7.921 NSB

C@H-6 7.725 7.729 7.738 7.751 7:770 “7.789 7.804 7.815 7.828 465

.G(3)H-8 7.942 7.904 7.865 7.807 7.742 7.684 7.738 7.609 7.607 485

C4)H-6 7.800 7.772 7.745 7.696 7.651 7.608 7.571 7.584 7.541 48.9

C(HH-5 5.839 5.755 5.687 5592 5489 5400 5.322 5.249 5.25] 50.9

C(4)H-5 5.906 5.821 5.749 5.646 5.534 5.442 5.376 5.331 5.309 49.9

G(DE-1' 5.827 5.815 5.805 5.794 5.784 5.774 5.767 5.762 5.765 NSB

C(Q)H-1' 5.887 5.850‘5.819 5.788 5.752 5.709 5.661 5.625_ 3.620 385

G(3)H-1' 5.833 5.821 5.810.5.777 5.720 5.687 5.651 5.625 5.620 45.0

C(4)H-1' 5.904 5.880 5.859 8.829 5.793 5.759 5.727 5.704 5.698 46.2
Average Tm  48.1

‘ Coupling constant (Hz) |

G(H-1'45 36 34 24 20 - - -

CH-I"47 39 .36 34 25 15 - -

GRH-1"46 44 41 25 17 - - -

C(AH-1' 38 34 32 27 24 1.6 - -




PR,

_\/- . 203
8.0 1 !
. ¢ 3 : :;. m
H [ x
E 797 D/
M

. - G(1)E-8

a—t : 0~ C(2)E-6

78+
m,‘ g T WDE-6

e
774 o0 | O G(a)E-~2
L—/‘/

B %0 R N g g

1 4~ C(5)E-6
761
75 & =
0 10 20 30 40 SO0 € 70
TEMPERATURE/*C
6.0 'E' .
o 3 T 3
st o Xl
¥ 2% T X oE-s
o ~ x = O Li——"
u 58t x"x:?.(?x —iﬂ ©- WIHE-5
s S7¢ B (SHE-5
q s - s(1)g-1
9.6+
I ] 4= C(2)H-1"-
r 55 T 4 W3E-1"
_; 54 X- G(4)H-1"
P 53 -é - c(syH-1"
- S
S2 + —-—

0 10 20 30 4 S0 6o 70
TEMPERATURE/*C

Figure 4.12: Chemical shift versus lemperature curves for the base and
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Table 4.16: Chemical shifts and anomeric proton coupling constants for the base .
and anomeric protons of GCUGC, 2.5mM, in 0.1M salt buffer over

the temperature range 70 to 5°C.

Chemical shift (ppm)

Temp, 7020 §0.4° 507° 405° 301° 202° 150° 10.0° 24 Ty,
Proton -~
G(i)H—S 7.949 7.954 7.961 7.970 7.985 7.980 7.950 7.925 7.902 NSB
C(Z)H-G 7781 7.778 7.774 7.765 7.753 7.735 7.718 7.716 7.719 204
URH-6 7.735 7.736 7.738 7.741 7.744 7.746 7.768 7.770 7.790 NSB
G@H-8 7.977 7.977 7.976 7970 7.939 7.878 7.843 7.823 7.790 19.1.
C(5)H-6 7.821 7.820 7.817 7.806 7761 7.671 7.617 7.592 7590 202
C@H-5 5.859 5.857 5.817 5.754 5.628 5.437. 5335 5271 5202 21.0
UGIH-5 5.819 5.805 5.787 5.760 S5.711 5.643 5.613 5.584 5574 223
C()H-5 5.945 5.925 5.898 5.852 5.742 5555 5.465 5411 5366 218
G(IH-1' 5.839 5.829 5.820 5.803 5.755 5.660 5.615 5.584 5574 20.7
CQH-I" 5?910 5.916 5.906 5.891 5.862 5.796 5.767 5.584 5.574 17.5
U()H-1" 5.856 5.853 5.848 5.834 5.809 5.738 7.688 5.659 5.637 172
G(4)H-1' 5.861 5.853 5.848 5.840 5.815 5.796 5.785 5.796 5.807 NSB
C(S)H-1' 5.928 5.914 5.896 5.868 5.815 5.738 5.688 5.659 5.637 19.9

* AverageTm  20.0

Coupling constant (Hz)
GH-1"60 66 58 52 40 - -
C2)H-1'40 3.0 38 33 3.0 - -

UBH-1"49 52 47 44 35 - —
G@4H-1'52 52 47 42 33 - -
COH-1"48 41 44 40 33 - -




205

Table 4.17: Chemical shifts of the hydrogen-bonded imino protons of GCUGC,
2.5mM strand conceatration, in 0.1M salt buffer, over the

temperature range 2° to 9°C.
Chemical shift (ppm)
Proton ' -
TERMINAL 12.87 13.00 - 12.88
INTERNAL 13.38 13..43 13.27

UNH3 10.25 10.33 10.28
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Chemical shift (ppm)
. Temp, MMMMMM'MMMTHI
Proton ‘
G(1)H-8 7.870 7.902 7.913 7.943 7.965 7.986 8.005 8.017 8.024 356
C)H-6 7.684 7.682 7.675 7.658 7.643 7.631 7.621 7.617 7.604" 36.6
AQ)H-8 8.261 8.241 8.199 8.116 8.063 8.012 7.965 7.935 7910 36.0
AQG)H-2 8.099 8.057 7.970 7.799 7.688 7.646 7.610 - - 38.9
G(4)H-8 7.901 7.835 7.776 7.675 7.612 75535 7.495 7.453 7.737 357
CH6 7.737 7.728 7.714 7.6590 7.673 7.660 7.643 7.629 7.604 NSB
CR)H-5 5.845 5.796 5.707 5550 5.458 5.368 5.291 5.235 5.152 403
C(5)H-5 5.859 5.821 5.769 5.694 5.648 5.605 5559 5521 5447 356
G(1)H-1' 5,793 5.786 5.779 5.787 5.796 7.803 7.816 5.815 5815 33.8
C(AH-1' 5.869 5.829 5.797 5.723 7.678 5.638 5.559 5574 5536 369
AQG)H-1" 5950 5.935 5.915 5.895 5.884 5.877 5.874 5.873 5883 NSB
GOH-1' 5.773 5.739 5.683 5586 5524 5461 5412 3.371 5301 367
CH-1' 5867 5.858 5.841 5.814 5.796 5.780 5.762 3.742 5709 NSB
Average Tm 366

Coupling constant (Hz)
GDE-1" 50 47 31 26 32 22 _ -
CQRHE-1"54 37 26 30 24 - - -
AQGH-1'"44 41 33 23 18 - - -
G@HE-1'"47 41 40 32 27 - - -
-CYH-1"3.6 36 3.6 33 32 30 27 26

q‘\
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Table 4.19: Chemical shifts and anomeric proton couiah’ng constants for the base
and anomeric protons of GCAGC, 25.mM, in 0,1 M salt buffer, over

the temperature range 70 to 10°C.
: . Chemical shift (ppm)
Temp. GR5° 2040 S01°-400° 300° 25I° ‘207 107° Tm
Proton ' ) '
G()H-8 7.908 7910 7.921 7.950 +%.993 8.014 8.028 8.050 33.8
- CB-6 7735 7735 7726 7702 7.669 ‘7.656 7.651. 7641 372
CAGH-8 8296 8.278. 8240 8.163 8064 8014 7.990 7.943 36.0
AGHZ 8112 8070 7.984 7.816 7595 7.499. 7.430 - 349
G(H-8 7.885 7.854 7.800 7.705 7581 . 7.523 7475 7384 343
COES 779 7789 7776 7752 7720 7.702 7.685 7.641 NSB
CQHS 5873 5832 5752 5607 5428 5352 5289 5211 360

COME-5 5910 5881 5840 5777 5.697 5.655 5.616 5552 NSB
G()H-1' 5.804 5797 5.794 5798 5.806 5.814 5815 5823 319
C@H-I' 5869 5850 5813 5742 5.654 5617 5592 5552 369
AG)H-1' 5965 5950 5.932 5.910 5.892 5889 5.888 5901 NSB
G@H-1' 5787 5760 5710 5.623 5510 5457 5415 5335 348
COME-I' 5880 5867 5849 5822 5784 5.764 5.746 5.705 NSB
' ) ' AverageTm  35.1

Coupling constant (Hz) '
GIHT' 46 47 485  og 24 - - _
C@H-1' 48 47 51 30 12 - - ~
AGHE-1" 48 43 37 27 15 - - -
G@H-1I' 38 41 39 34 39 - - -
C(5)B-1' 3.9 36 32 33 30 26 23 -

X
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Bomscqmnccshavcthcsameavaﬂnblcswondarysuucnm.Afombasc

pair duplex with central baéc(_-_basc miswateh, or two-base pair duplex with six

: ]
triple-dangling bases—on the basis of previous results (Section 3.2.4), 3' dangling
bases would in all probability be preferred—with, possibly, overlap of the sncky ends
and formation of an cxr.cnded Ioosc duplex.

——
Geuse
CGUCG
GUCe
—,
CGACG
CGACG

- G—CUGC
—_ 26CUGE — —_ GCUGC GCUGC

0 CGUCG A CGUCG CGUCG
AL

5 GCAGC N GCAGC GCAGC

< CGACG “"_CGACG CGACG
Akt

—
~—— 2GCAGC

The tetramer precursors of GCUGC and GCAGC, GCUG and GCAG, were studied as

- -rnodels of the staggered structure:
' —_— N GCAG
26CVE = Gucs 2OCAG = salé
A ~

GCUG gives a2 Tm of 13.5°C—computer identified because of the

incompleteness of the curves (Figure 4.14); individual proton Tms range from 11.6 -

14.5°C, for seven of ten curves (Table 4.20). The only imino proton resonance

éﬁscrvnd occurs at 11.2 ppm, which is-the-same as that observed for single-stranded

A

CUG (Buchko, 1985).

GCAG (2.5mM, 1.0M salt) has 2 Tm of 33.1°E.'I, calculated for eight of ten curves

with individual Tms of 32.3 - 37.1°C (Figure 4.15; Table 4.21). A single resonance

"appears in the low temperature imino proton spectrunt, at 12.47 ppm.
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Table 4.20: Chemical shifts and anomeric
) and anomeric protons of
the temperanire range 70 to 0°

GCU

proton coupling constants for the base
G,2.5mM, in 0.1 M salt buffer, over
C.

Temp, 69.7°
Proton

G(DH-8 7.952
C(2)H-6 7.746
UGH-6 7.748
G(4)H-8 7.983
C()H-5 5.895
U(3)H-6 5.818
G(1)H-1 5.858
C(2)H-1' 5.920

UG)H-1' 5.858

G(4)H-1' 5.869

G()H-1' 5.1
" CQ)B-1' 4.8
UG)H-1" 5.1
G4)H-1' 5.6

£0.0°

7.959
7.794
7.746
7.988
5.863
5.799

5.857

5.905
5.848
5.870

4.5
4.5
4.1
4.1

Chemical shift (ppm)

- 5042

7.966
7.788
7.743
7.992
5.820
5.773
5.853
5.884

.5.840

5.864

Coupling constant (Hz)

s
4.5
3.7
5.9

295°

7.975
7.778
7738
7.996
5.761

5.739 |

5.842
5.856
5.828
5.863

3.2
3.8
6.0
3.2

258° .

7.987
7.761
7.731
7.999
5.673
5.692
5.827
5.833
5.801
3.856

5.9
2.6
4.6
3.0

8.001

" 7.728
7.718

8.001
5553
5.620
5.824
5.766
5777
5.843

2.0

14

7.95_39
7.689
7.700
7.999
5.412
5.557
5.802
5.704
5.734
5.820

8.004
7.662
7.69

8.004
5.300
5.476
5.785

5.654 |

5.703
5.804

Average Tm

Tm

21
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Table 4.21: Chermical shifts and anomcn'c.pmton coupling constants for base and
anomeric protons of GCAG, 2.5mM, in 1.0M salt buffer, over the

temperature range 70 to 10°C.

Temp, 60.7° 59.5°
Proton

G(1)H-8
C(2)H-6
AQ(3)H-8
A(3)H-2

7.903 7.907
7.670 7.667
8.275 8.255
8.133. 8.095
G(4)H-8 7913 7.895
 C(QH-5 5.844 5.794
| G(1H-1' 5.779
C(2)H-1' 5.839
AG)H-1' 5.978
G(4)B-1' 5.819

5.797
5.819
5.961
5.801

6.4
4.4

G(DHE-1' 5.0
c(é_)H-1' 4.9
AGH-I' 48
G@H-1' 5.1

4.5
44

20.4°

7.919
7.657
8.217
8.015
7.861
5.703
5.791
5.771
3.942
3.776

2.5
4.8
3.9
5.0

Chernical shift (ppm)
39.5° 340° 28.9° 24%°

7.952
1.626
8.141
7.852
7.801
5.551
5.800
5.705
5919
5.714

7.978
7.616
8.087
7.731
7.758
5.450
5.808
5.656
5.906
5.674

8.017
7.597
8.001
7.545
7.688
5379 5.305
5.812 5.811
5.621 5578
5.898 5.891
5.641 5.605

7.996
7.606
8.042
7.632
7.721

Coupling constant (Hz)

3.6
2.8

3.1

4.3

3.1
1.8
23
4.1

2.4 -
1.5 -

3.2 25

19.8° 9.9°

8.034 8.055
7.586 7586
7.857 7.915
7.457 7335
7.654 7.617
5.243 5.170
5.805 5.766
5.542 5.494
5.885 5.842
5571 5516

Average Tm

34 -

Tm

213



The closeness of the Tms of the duplexes formed by GCA (Tm 33.7°C, 7.3mM;
Alkema et 2l, 1981), GCAG and GCAGC, two of which can only form duplexes comprising
aGC:GCeorcﬁndB'danéﬁngbasc;,andthi:obsmaﬁonofasinglc imino proton at a .
similar position for all three~—-12.24 ppm for GCA, 12.47 ppm for GCAG and 12.37 ppm
for GCAGC—suggests that the preferred canformation for GCAGC is the staggered one.
This suggestion is further confirmed by the similarity of the curve-shapes for
individual protons, especially those of the adenosine residue (See Figures 4.13, 4.15 and
4.16) and the behaviour of the 3' terminal residue ofGCAGE:,'CS.

From the results described in section 3.3.3, i:v&;:ms that the J;, coupling
constants of residues involved in GC:GC cores tend o lead the others slightly in their
collzpse, and certainly do not lag. In Figure 4.17, the coupling constants of GCAGC are
plotted; the coupling constant of CSH1' is cons;:icuously slower than the others in
collapsing. Comparison of the Tms of rhg individual protons of C2 and CS add 1o the
evidence of delayed stacking. The average Tm of C2H6 and C2H5 is 38.6°C, while the
curves of C5SH6 and CSH1' are nonsigmoid_al, and the Tm of C2HS is 35.6°C.

The staggered dupléxcs apparently are not inclived to end-to-end
aggregation in the tempéranre range studied, since ox_ﬂy 2 single imino proton signal
is observed. '

In contrast 10 the single imino proton signal observed for GCAGC, thres
signals are observed in the GCUGC spectrum (Table 4.17). For a four-base-pair,
sclf-complcz_hcmaxy duplex, two signals from G+C protons would be expected, and thess
are observed at 13.38 and 12.87, positions qualitatively predictable from the results for
GCGC. Introduction of the central UxU mismatch should affect the terminal imino
proton less, and should causc the internal one w0 move downfield, since 3 3" guanosine

is being replaced by a 3 uridine. The terminal resonance, which appeared at 12,77
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prm in GCGC, now appears at 12.87, and the internal one has moved from 13.05 ppm w0
13.38 ppm. The third signal, & 10.25 ppm, ca be assigoed o the N3H, shifted upfield
from its single strand position of 11.2 (as in single stranded CUG (Buchko, 1985)), The
HI' data for GCUGC (Figure 4.18) is less satisfactory than that for GCAGC, s the

. broadening of the resonances at low tempegature obscures the cotpling constants

bcIow30°C,a:wh1chpomthcyarcsrm>2Hz. ThcavcragchoftthZbascpmtonsm
207°C,andtheavmgcfm‘tth5bascproton31521 0°C, mthallaumsxgmmdal—cz
and C5 appear to be stacking at similar rates,

In conclusion, the evidence favours formation of the mgg&cd duplex by
GCAGQC, and the duplex contaiming a mismatch by GCUGC,

4232, Conformation at the mismatch site in GCUGC

The conformation around the uridine-uridice mismatch is of interest, since
the duplex geometry cm accommodate 3 stacked-in uridine-uridine Opposition, but
uridine stacks poorly, and there might bc an incentive to force the uridine out. The
base protons of a looped out uridine might be expected to show a downfield sluf: with
duplex formation, as the random coil, in winc.h uridiee would be partially shielded,
changes to 2 configuration in which uridige moves outside the stack. U3HS moves
dowaficld by a small amount, 0.055 ppm, but U3HS moves upfield by 0245 ppm (Figure
4.12). There is no point in atempting 0 compare the behaviour of these uridines with
that of vridines which are hydrogen-boaded to adenosine, as the deshielding effect due
t0 the adenosine would obscure the chemical shift changes due to stacking,

The looping out of the uridine resonances might be expected 1o result in 2

different conformation, or greater flexibility, of the uridine ribose ring, however,
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broadening prevents observation of the coupling constants of all H1's from about 30°C
down, whers thcymsu'llgmata-:hanZHz(ﬁgm&IS).

DNA oligomucleotides containing thymidine mismatches have been studied by
Haasnoot et af, and Mellema et 21, d(ATCCTATTAGGAT) forms a duplc;é with a central
thymidine-thymidige mismatch (Haasnoot et al,, 1979). The TN3H resonance is observed
2 103 ppm, as compared to 11.2 ppm in d(TTTT); the authars interpret this upfield shift
mmcanthaxthcthymidin:mdzmar;smckingidothchcﬁx. d(CGTCG) begins to

" duplex above §°C (Mellema gt al,, 1584b), and the thymidine methyl resonance shows

strong shielding, sugg:stingthatthcmimnamhedmsiduwarcmckinginmthchcﬁx.
InGCUGCtheUMHprotonzsobsmedwbedestucldedbya 1.0 ppm relative to

its postition in the trimer CUG. The UN3H resonance broadens with the two hydrogen

bonded GN1H resonances (Table 4.17), implying that the loss of the hydrogen bonds on

cither side remove the protection from sdlvent exchange tha: has been allowing

observation of that resonance, a situation more consistent with the uridine residues

being stacked into the helix than looped out.

4233, Effect of insertion of AU base pairs, GCAGC:GCUGE and CCAUGC

A 1:1 mixmre of GCAGC and GCUGC forms a duplex comprising two GC:GC cores

separated by one A«U base pair:
—— GCAGC
‘ + GCUGC — Yoy
GCAGC GCUGC ~— e
—_—

Only the dowzfield base protons could be assigned with canmnry; the HI' and

————
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HS protons were too,cxn:ns:vcly overlapped. Eight of eleven chemical shift versus
- tcmpaanntcmmfor downﬁddbascprowns (AHS, AH2, GHS, C and U H6) -are
s:gmmdal, with Tms of 47,7 - 52.7°C. average 51.0°C (F'gun: 4.19; Tablc 4.22)..

/'/' Compmble'rmvalmsarcobsuvedmbomsnarﬂs and in any case these
values are 15 - 30°Chlghathznthoscmthcmnglcsumds,sufﬁmcmno1usnfythc
interpretation that they belong to the GCAGC‘GCUGC duplex.

The five expected imino proton signals are observed overlapped as two broad
peaks. G=C 1, G-CSandG-CZappcarat 12.64 ppm and G+C 4 and AsU 3 at 1359ppm (see
Section 3.3.7 fm'assxgnmcms.) Intensity is lost upon warming first at 12.64 ppm
(Table 4.23); the scqu:ncc frays from the ends inwards,

GCAUGC was synthesized by Dr Dirk Alh:ma, but its duplexing bchawourhas
not beea previously studied. Itis self complcmcmm-y and forms a duplex consisting
of two GC'GC cares separated by one AU:AU cora:

' —_——
2 GCAUGC — TGt

At 2.5mM, ia 0.1M salt, twelve of fifteen curves are sigmoidal (Figure 4.20)
with Trms of 51.7 - 54.9°C, overall average, 53.4°C, downfield base protons only, 53.9°C
(Table 4.24). The signal of the sixteenth proton, C6HS, loses intensity and moves
rapidly underneath the Hi' signals,

This sample was in 2504d in a microtbe, and provided very poor signal to

I

ooise in the imino proton spectra while in the microtube, and poer resplution when
transferred to an ordirary tube. The sample was subsequently dilutsd to 400p1, sincs

previous experiancs suggested that such dilution should lower the Tmby2-3°Ca

2
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Table 4.22: Chemical shifts for the base protons of GCAGC:GCUGC, 2.5mM
cach strand, in 0.1M salt buﬁgo over the temperature range 80 to 30°C.
Numbering scheme: 1 5
- GCAGC
CGUCG
10 6

Chemical shifts (ppm)
Temp:  805° 702° 655° 612° S51° 5P  44.9° 39.8° 295° Tm
- Proton _
G(1)B-8 7.911+7.912 7.914 7.925 7'7.942 7.955 7.946 7.941 7.887 NSB
C(Z')H-G 7.765 7.766 7.766 7T774 7.787 ‘)’.‘799 7.816 7.823 7.739 52.7.
AG)H-8 8.314 8.300 8.285 8260 - 8.140 8.073 8.033 7.994 51.7
A(S)HQ 8.150 8.109 8.064 7.983 7.793 7536 7.336 7.183 7.047 517
G(4H-8 7.911 ;7.882 7.850 7.792 7.677 7.536 7.393. 7.306 7.256 513,
- C{5)H-6 7.827 7.817 7.800 7.774 7.714 7.633 7.547 7.496 7.436 50.6
G(6)H-8 7.948 7.9'54 7.958 7.966 7.978 7.979.7.963 7.960 - NSB
C(MH-6 7.827 7.830 7.828 7.830 7.834 7.843 ;:'.849 7.823 7.804 NSB
U@H-6 7.735 7.739 7.742 7.753 7.776 7.808 7.834 7.854 7.887 517
| G(9)H-8 7.984 7.982 7.975 7.962 7.92% 7.880 7.833 7.791 7.757 487
C(10)H-6 7.871 7.867 7.857 7.838 7.550 7722 7.646 7592 7527 496

Averzge Tm 51.0
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-

Chemical shifts of the hydrogen-bonded imino protons of
GCAGC:GCUGC, 2.5m3M each strand, in 0.1M salt buffer, over the
temperature range -2° to 37°C.

Numbering scheme: 1 5

GCAGC
CGUCG .
Chemical shi¥ (ppm)
Temperature  -2,1° _82° 1740 270° 3120
Proton ' | |
G+C1 12.64 1263 1269 - -
G2 12.64 12.63 12.61 1260 1256
ASU3 13.59 13.54 1351 13.50 13.46
GC4 13.59 1354 1351 13.50 1346 -
G-C5 ‘ '

1264  12.63 12.69 - .-
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Table 4.24:  Chemical shifts and anomeric proton coupling constants for the base

and anomeric protons of GCAUGC, 2.5 mM. in 0.1 M salt buffer
over the temperature range 80to30°C.;

Chemical shift (ppm)
Lo, 805° 703° 6050 5980 508 458° 402° 300° Tm
Proton T |
G(H-8 7912 7913 7935 7.961 7978 7.973 7.957 7.908 NSB
CQH-6 7752 7.757 7774 7799 7.829 7747 7.859 7.867 53.8
A(3)H-8 8361 8354 8312 8260 8£.198 8.147 8.188 8.088 538
AGM-2 8183 8.156 8.026 7.863 7.665 7.492 7.380 7332 534
UMH-6 7.715 7711 7.690 7.670 7.348 7.635 7.636 7.642 54.9
G(5)H-8 7.912 7950 7905 7.845 7763 7704 7.669 7.634 -54.9.
CIOH6 7.839 7836 7796 7.726 . 7.648 7550 7512 7.481 5.5
CQHE:5 5932 5906 5803 5708 5568 5410 5325 5245 523
U@H-5 5771 5748 7.640 5503 5.345 5.192 5.127 5.072 53.8

C(OH-5 5983 5956 5863 - - - - - -
G(H-I' 5.819 5811 5812 5801 5791 5782 5778 5.771 52.7
CQH-1' 5.883 5872 5833 5775 5707 5.649 7.605 5557 52.7
AGIH-1' 6033 6.022 6004 5884 5985 5.976 5970 5961 596
UGHL' 5819 5811 5755 5.691 5.602 5533 S5.497 5.465 53.4
GOH-1' 5.857 5829 5794 5775 5736 5688 5.648 5568 475
COH-I' 5902 5896 5863 5.825 5773 5720 5.683 5.626 517
' o AverageTm 539

Coupling constant (Hz) '

GH-1"40 50 43 32 22  _
CQH-I'59 50 22 33 _ -
AGH-1'"50 |, 50 43 34 22 .
U4H-1"40 50 51 14 - - _
GOE-1'"50 40 43 33 32
COB-1'36 26 33 30 -. 14 -




S — "[‘ o — - SO

225

Chemical shifts of the hydrogen-bonded imino protons of GCAUGC,

Table 4.25:
2.5mM single stmndoconccntrarion, in 0.1M salt buffer, over the
mmperature range -5° to 35°C. .-
Numbering 1
N | GCAUGC
'CGAUCG
Chemical shift (ppm) )
G-C1 12.74 12);s> (12.8) - -
G-C2 12.74 2777 1269 1268 1264
AsU3 13.37 13.37 13.39, 13.40 13.40
e
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most, and should notaﬂ’ec:thcpositions oft.hciminopromns At -5.5°C two signals

were observed, at 13.37 ppm and ar 12.74 ppm, in 2 1:2 ratio (Table 4.25), By 15°C the ;
- ratio was 1:], andthcmonanccbclongngmthcmnalGoCbascpmrm

accordingly bc assigned as one of the two at 12.74 ppm. The remaining pair of

resonances disappear together, but can bc assxgncd as 13.37 ppm, AsU, and 12.74 Ppm,

G-C, on the reasoning that the imino proton belonging to an AU bage pair (AsU, 14.5

ppm) with two 3 neighbouring pyrimidines will be more dcshzclded ‘thanrthat

belonging t0 2 G=C base pair (G=Cg 13.6 ppm) with two 3" neighbouring purines (Table *
. 425). ' . |
' The Tm of the parent duplex, GCGC, fér downfield base protons only, is 48.0°C.
For the non-self-complementary duplex GCAGC:GCU‘GC,' the average Tm for the same set
Of protons is 51.0°C, ard for GCAUGC, 53.9°C. This gives an increase in T of about 3°C
for the insertion of each of the first two AU base pairs into the centre of the GCGC

duplex.
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43.1, Effect of insertion of base-hace mismatches upon stabilitv

-~
i

Of the six pentaribosucleotides studied, each of which could potentially form
2 duplex containing a UxU or an AxA mismatch, two, GCUGC and CCAGG, forined
mismatch contzining duplexes, so identified by the cooperative sigmoidal transitions -

. of the aromaric and anomeric protons, and the cbservation of hydrogen-bonded iming

proton signals at positions consistent with a four base pair duplex;with a central

mismatch. The Tms were 20.0° and 17. 3°C forGCUGC and CCAGG respectively. One
saqucncc, GCAGC, formed a two-base- pazrsmgg:red duplex comprising a GC:GC core

with six riple-dangling bases, showing very similar behaviour to its precursors, GCA

a0d GCAG, the Tms being 33.4°, 33.1° and 36.7°C for GCA, GCAG and GCAGC respecively.
Two sequc.nm GGUCC and CCUGG bad an alternative sccondmy structures avaﬂablc to
th;nq, involving GsU base pairing, and seemed to form equilibn'mn mixtures of the

wo. 'Ibcmnhwqucncc,GGACC,undcnvcmbascsmchng but did not duplex above -

20°C. Below this temperature deterioration of resolution indicated ageregarion,

The destabilization due to the introduction of a UxU mismatch into the perfect
duplex GCGC, in GCUGC, is 28°C., IhmducwmsmnnducuonofanAxAmsmamhmw
CCGG, 1aCCAGG, is 27°C. Lower bounds may be placed upon the destabilization due to

‘these mismatches when introduced into thé other systems according to the structure

which does form. An AxA mismarch introduced into GCAGC lowers the Tmbyat Icas:
15°C, 33.7°C being the Tm of the staggered su'ucture whxch is preferred, A ceotmal UxU

.mismatch introduced into GGCC aad CCGG, as in GGUCC and CCUGG, lowers the Tm by at

least 28°C in both cases. And a central AXA mismarch in GGACC lowers the Tm by 35°C

-

Y

-
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Inclusion of the mismatched pairs in the base-stack is preferred zﬁ the
plexes formed by GCUGC and CCAGG, accarding 1o the generally upfield movcmcnm
of the aromatic protons of the mismatched residues upon duplcxmg and the chemical
shifts of the hydrogen-bonded imino protons. )

Most published swdies of tha effect of the m:mdncuon of internal UxU/TxT
and AxA mxsmamhcs on oligomcleotide duplex stabxhty and coﬁormauon have
invalved DNA oligomers, with the exception on the two serjes r(CAXUG) and r(AGXCU),
X=A,G,C,U. Nope of the CAXUG series were seen 1o duplex, the Tm ofthc parent duplex
being only 24°C~leading 1o an estimats of at least 24°C destabilization for each of the
fourmxsmxchcs In this systam (Romaniuk gt a1, 19792). In the AGXCU series, derived
from the parent duplex AGCU, T 34°C, only AGACU and AGCCU formed -
mis:ﬁa:ch-comaining duplexes, with Tms of 26° and 25°C respectively (Alknmam_al.,
1982). The UxU mismatch containing duplex (AGUCU)2 does not form, mmd@on of
this mismatch must therefore lower the Tm by at least 34°C.

In their temperature-jump studies of the association of tRNAs with
complementary anticodon regions, Grosjean et al., found that 2 UxU mismatch in the
central (2/2) position proved unexpectedly stable, compared to C::C AxA, GxG or CxA
oppositions (Grosjean :_Lal_, 1978)

The deoxy analogue of 2 UxU opposition, dTxdT, has been studied in d(CGTCG)
(Mellema gt a1, 1984b), dTATCCTATTAGGATA) (Haaseoor et g, 1979) and
d(CA-'I‘A-G) (CTG) (Aboul-ela gt a], 1985). d(CG’I‘CG) in D20 shows detsctable
duplc.xmg below 310 K (37°C), with observation of 2 (G+C) hydrogen bondcd nino
ProIon résonance at around 125ppm. No datais given for the parent duplcx CGCG, so it
1S not possible to assess destabilization relative to CGCG. The thymidine mc:hyl' groups
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"« are strongly shielded, indimngmhnginofthmcrcsidm (Mellema et g1, 1985). _
. The duplex formed by ((TATCCTATTAGGATAY is destabilized by about 11°C
relative t its parens UTATCCTATAGGATA),. The imino proton of U3NH is observed ar
+ 10.3ppm, relative to 11.2ppm for the non-duplexing d(T,); this is interpreted to mean
stacking in of the T residues (Hiaasnoot et al, 1979),
The TxT mismatch in the system d(CAIXALG):A(CT;YT4G) (Aboul-ela gr al.
1985) is one of the most destabilizing, lowering the Tim by 15°C (at 0.4mM toral strand
conceatration, 1.0M salt) from d(CA¢G):d(CTG) and by 23°C from d(CA,GYA(CT,G).
Comparable destabilization is produced by an AxA mismatch (Aboul-ela et 21, 1985),
AGACU, as already mentioned, forms a duplex with Tm'26°C, this being a
destabilization of only 8°C from the parent duplex AGCU (Alkemagrgl, 1982),
" compared 1o a 27°C reduction in Tm upon the insertion of AxA into CCGG.
A dAXdA pairing has been studied in the duplex

CAACTTGATATTAATA derived from CAACTTGATATTAATA
GTTGAACAATAATTAT GTTGAACTATAATATA.
. 8 I

tn ths case, substituted for an dAdT base pair, as oppossd to being inserted

At opn'cal_ concentrations ia IM NaCl, the dAxdA mismatch lowers the Tm by 10°C.
Accordﬁ:g to calculations performed by these authors, the change in measured AG, AAG,
is insufficiently Large to allow unstacking or bulging of these bases (Tibayenda er-gl.,
1984). '

According to the resuls for GCUGC and CCAGG, the introduction of the UxU
and AxA mismatches into GCGC and CCGG respectively produces comparable
destabilization. In both thege systems the mismatch is being inserted into 3 CG:CG core.
In the AGXCU series, in which the mismatch is being introduced into a GC:GC care, the
UxU mismatch is substantially more destabilizing tha the AxA mismarch (Alkema gt al,
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1982). In {(CA5XA;G):d(CT;YT4G) (Aboul-¢la et 2l,, 1985) TxT and AxA mismatches have
similar destabilizing effect. A dTxdC mismatch—another pyrimidine-pyrimidine
opposition—has been in#duced into duplex I (zbove) at positions 9 and 12, by
wbsdmﬁonofan:malbmcpaininthiscaséihcdemismamhspmvclss
dsmbﬂizing:hanm:dAdi.dmoughthcyanhavndiffcmmndghboumCTibaycnda

e1al, 1984). There is insufficient data to zssess the offect of site of insertion and/or

the namre of the peighbouring base pairs oa mismatch stability, which will probably
proveimpmtanasincctﬁ:nﬁsmmchedbascpaitsqrcgcm;anysmcbdimand

therefore interacting with their neighbours.
437 i ] . <

Systems containing a single AsU base pair inserted into the central core of
the perfect duplexes GGCC, CCGG and GCGC may be prepared by mixing the .
complementary mismarch containing pcnmmcxs.d:rivcd for each sequence:
| GGACC CCAGG GCAGC

QUGG : GGUCC CGUCG

The changes in average Tm for the low field aromatic protons for the
tetramer to the pentamer mixtures are 0.5, +7.5 and +2.9°C for GGCC, CCGG and GCGC
respectively. |

A second AU base pair has been introduced into GCGC in GCAUGC, and into
CCGG and CCAUGG. The Tm of GCAUGC increases by a further 3°C over CCAGG:CCUGG, to
atotal of 5.5°C over CCGG.  CCAUGG had 1o be be studied 2t a lower concentration
through lack of availability of sample, and at h:zlft:b.c com:cmﬁpn tabled 2 Tm

decrease of 4°C from the pentamer mixture,
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From the limited data available it would seem that insertion of an AU base
pair produces a greater increment in Tm thn 1t interrupts a CG:CG cofc (CCGGATm
+7.5°C, GCGC ATm +2.9°C) than when it interrupts a2 GC:GC core (GGCC AT -O.5°C) Since
the GC:GC core is the strongest of the ten dinucleotide cores, a greater penalty is
incurred by mplacmg one GC:GC core by two mixed G+C/A-U cores than by replacing
one CG:CG core. The dxﬁ'crcncc in AG at the site of insertion may be estimated using

the valucs for dmuc]coudc cores mcasurcd by Freier gt 31, ( Freier etal, 1985a B

GC GAC AG -1.07 kcal/mol aG CAG AG -1.53 kcal/mol
G UG GC GUC
AAG -0.46 keal/mol

These fi gurcs are for ohgo clcondcs in I OM salt, but although the figures

et

themselves w:ll be somewhat changed i lowcr ionic strengths the order of stabﬂmcs

will likely remain the samc—mducuon/éf the salt concentration from 1.OM to 0.1M did

not affect the order of 5mbilin'c$ ofthj GC tezamers (See results in section 3.2 and 4.2).

Mixing experiments havé been conducted on the members of the CAXUG and .
AGXCU series (in 1.0M salt). Insertion of a single A-U base pair into CAUG raises the Tm
from 24°C to 28.8°Cin CAAUG:CAUUG (Romaniuk ctal, 1979a) while the insertion of 2
single A«U base pair into AGCU raises the Tm from 34°C 10 45°C in AGACU:AGUCU
(Alkema gt 3], 1982) 2 difference of 11°C, Insertion in AGCU is occurning into a GC:GC
core, yet there is a substantial increase in Tm compared to the ransition from GGCC 10

GGACC:GGUCC, whick also involves insertion into a GC:GC core. ’I'h:s magnitude of

. difference in Tm mcrease could com:spond to a small difference in increase of AH

over AS; moreover, from the form of the relation between Tm and the thcm:odynanuc
paametess, (Freierggal, 1985b) Tm = AH/(AS + RIn(C)) - 273.15 °C, it is apparent that

any increment in AH and AS will produce a greater change when the initial values of
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thmcquanﬁﬁcsmsman—asinthclcssstablehclixm.

4,33 Neishbour effects on the chemical shifte of the central adenasine residues in the

Inaﬁghx-handedhcﬁxthcbascovaiapsarcsuchthanhcmoszinﬂucndal
neighbours as regards shielding of protons on the interior of the helix are the 3'

GCAGC:GCUGC ami’GGACC:GGUCC, AG)B-2 moves upfield by >1.05ppm, >1.15¢pm and
< .
0.25ppm respectively (Figures 4.5, 4.9 and 4.19; Tables 4.6, 4.11 and 4.22).

44 onclusions

Insertion of 2 potential ceatral UxU or AxA mismateh into the very stable
teraribonucleotide duplexes GGCC, CCGG and GCGC resulted in appreciable
deswuabilization: of the six sequences stidied, only two, GCUGC and CCAGG, formed
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mismatch-containing duplexes, which tabled decreases of 27° and 28°C from the Tims of
the parent duplexes. The other sequcnm either failed to duplex (GGACC) or formed
stipped competing structures (GGUCC, CCUGG and GCAGC). _

Stacking in of mismatched bases appears 1o be the preferred conformation for

' bor.hUﬁ:UinGCUGCandAxAiﬁCCAGG.

'Thc introduction of a central AsU base pair (in duplexes formed by the mixing
of the U~containing and A-containing duplexes) into the tetramer duplexas produces
greater stabilization when the AU base pair is inserted into the weaker CG:CG core in
CCGGchCGCLhaninm:hcsu'ongchC:GCcominGGCC. l
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5. INTERCALATION OF PROFLAVINE INTO MISMATCH CONTAININ G DUPLEXES.

21 Introduction

lmcrmlanon 10 2 biological systcm is understood to mean the insertion of a
planar aromatic moiety betwesn the basc-pa:m of a nueleic double helix. The modal
first pmposed by Lerman (Lerman, 1961), to describe the interaction of ethidium cation
with DNA, has the following fcanm:s. preservation ofthc bydrogen bonding and
covalent structure of the DNA; increase in length by 3. 4A per bound drug molecule, as

"adjacent base pairs at the binding site separare, with concomitant adjustments of

backbone conformarion; accommodation of the intercalator in the cavity, lying pamu.cl
to the base pairs (Lerman, 1961; Berman and Young, 1981; Wilson and Jopes, 1982; Neidle
and Abraham, 1985), The mt:n:a]anng moiety must thus be planar, apd ofsmmhlc
dimensions—usually three fused Fromatic rings. Common interealatars are p:ctumd in
Figure 5.1; thcsc,maddmonnoﬁxlﬁllmgthcsm:mmon, often are charged or have
hydrogen bonding substiments capable of stabilizing interactions with the backbone
or adjaccm bases. Stacking, however, appears to conn-ibu:c most 1 the interaction,
given the similar enthalpies measured for differeqt molecules (Berman and Young,
1981; Neidle and Abraham, 1985).

Studies of binding to namral DNA have established that intercalation is
anneoopcmnvc, due to elecrogtatic repulsion between drug molecules, ard that

' saturation is achieved at occupangey of half the available sites: "neighbour exclusion”.

Bisintercalator studies have vtnﬁed this: for mrcrcalanon of both chromophores, the
linfer j Jozmno them must be 10.2A or longer., Whether n:ighbogr exclusion is

234
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Ry=NH,.R,= R;*R,=H 9-emincacridine
Ry*Rg=E R, :R;=NH, proflavine . . Ny
Ry =Rg*E Ry»Ry= N(CH, ), acridinecrange .

T
C=0

N

N

o ethidium
3 0
=2
Figure 5.1: Some common intercelators
TN actinemysia D
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!hcrmodynamicorstmcnnalinoﬁginhasmtyctbecnmtabﬁshed. A sécond, weaker,
unsatrating bindingmodehasbeenidcnﬁﬁed, involving association of the

mode, are ionic strength dependent, decreasing with increasing salt concentration
(Wilson and Jones, 1981; Berman and Y_oung, 1981).

Association and dissoe@a:ion hncncs are fast for all intercalators studied, with
the exception of Actinomycin D and echinomycin, which dissociate slowly from DNA.
Proflavine int&rmlaﬁon is preceded by 3 very fast non-intercalative binding, probably
0 the backbone, whereas ethid{im imercalation does notiavolve a prior step, bur is
accomplished by direct ligand transfer (Wilson and Jones, 1982; Neidle ang Abraham,
1985) - | |

Both the Icnmasc and the ﬁclix-unvrinding can be accurately
measured, the former through Vi—sa\f‘Bmu'y and sedimentation, and the Latter using the
relaxazion of supercolling of nefuively closed circular DNA. The actual Tength
ina;ascissomcwhmlcssthanthcmodd valuciqscmccasm,rangi_ngﬁom 2.0-34A
(Berman and Young, 1981). The maximum unwinding measured for 2 monoinr.cr_calator
is 265, for ethidium, There 15 0o c.oncl:{tiou c;f either paraz.ncter wnﬁ biological
activity (Berman apd Young, 1981), .

1.1 _Biolopica] effects of intercalation
" DNA intercalaring drugs have seen clinical trial and use as antiviral,

the growth, and Promote the dearh and transformarion of their wrper calls. Biological .
consequences of the binding of interealators to DNA include the izhibitiog of
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DNA-depeadent enzymes, DNA strand breakage and frameshift mutagenesis (Wilson and
Jones, 1981; Berman and Young, 1981). These effects—particularly the latter two—may
be interrelated:  Binding of the intercalator, with distortion in &c DNA structure and
alteration in supd‘coiling. Icads to nicking of the DNA by topisomerases (R;'ﬂph etal,
1983) or repair enzymes. The intercalator subsequently inhibit# the resealing of the
nick--leading to strand breakage--or stabilizas ransient looped out
intermediates—resulting in errbneous repair, and frameshift mutation (Streisinger ot

al, 1966). No clear correlation is apparent between strength of binding by

mu:mlauon and mutagenicity; certain non-intercalating drugs can also producc
frameshift mutations (Bcrman and Young, 1981).

Drugs which inhibit gene expression by inhibition of DNA-dependent
enzymes act at different stages of thc process. Ethidium bromide and pnoflawne impede
b-oth replication and tr2nscription, possibly by stabilizing the promoter region against

. the melting required for initiation, or by preventing recoganition of the the region by

- DNA polymerase. Actinomycin-D prevents ¢longation during transcription, since its
slow dissociation forces pausing of the RNA polymerase at the drug binding sites
(Berman and Young, 1981), ’

Biological consequences of binding of intercalating drugs to native RNA have
been less well studied. Binding of intercalators has long been known 1o alter the
secondary structure of RNAS (Licbman et al, 1977; Jones and Kearns, 1975), RNAPEE i
thought to com:nn at least one strong ethidium binding site. According to the results of
solutions stud:cs, 1t is an intercalative binding site between A-US and A-US6 of the
acceptor stem (Wells and Cantor, 1977;‘.!0:115 etal,, 1978; Goldfield gm]ﬁ 1983), but in the
crystal structure ethidium is bound nonintercalatively in a cavity formed by the

tertiary folding (Leibman et al,, 1977).
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The iron (II) complex of mc:hylpmpidium-EDTA mtalysos strand cleavage

1985h) The sclf-cydmnon of the latter is inhibited by proflavine in vivg. (Netlsen et
al, 1984) and by ethidium bromids ; 1n.vitro (Tanper and Cech, 19852), and digestion
with MPE-EDTA Fe(IT) zdcnuﬁs three major mrzn:alanve bmdmg sites, two of whxch
are within regions previously irmplicated (by s:tc-dimctcd nnmgcnws) in

_ selfcyclization (Tanner and Cech, 1985b).

S.1.2. Sequence preferences in intercalation

As dara acmmulawd, the bmdmg and unwmdmg of most intercalators were
found to be COmPpOsition or sequence dcpcnded 10 some degree. Acnnomymn D secms o
bave the most smngcmrcquzmm:ms 1tdocs not bmd to RNA or A Trich DNA, and in
model systems tntc:mlam preferentially into the sequence d{GC):d(GC), with hydmgcn
bonding 10 guanosmc NH2 and the backbonc/&n:.l, 1976; Reid et a1, 1983). Further
intricacies of sequence preference in nanwral DNA R3ve be revealed by restriction
enzyme inhibition studies (m which the binding of the drug s assayed by the
immunity of the sites to digestion) and nick-translation int;ibi:ion (in which the
progress of a nick around a double stranded plasmid incubated with DNA polymerase is
amrested at binding sites). Some, but not all, GC rich, d(GC):d(GC) containing
recognition sites are protected, indicating long-range effects which are, zs yet,
unclear (Neidle and Abraham, 1985). |

Simple intercalators, lacking extensively bmdmg side chains, such as

pmﬂavm: and ethidivm cation, exhibit a slight preference for mtercalauon into
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,pymmdme(3 5')ptm.ncsxm 1n model sequences (Bcrman and Young, 1981; chdlc and
Abraham, 1985). Most of the ohgom;clzoudc—mt:m&lamr complexes crystallized havc
involved self-complementary pyr(3-S)pur dinucleotides (Neidle, 1981; Sobell g al.,
1982); in NMR solution studies of the interaction 6f 9-aminoacridine and cthidium
bromide with dimycleotides, the strongwt binding was observed to {CG) and &(CG)
(Young andKaIIcnbach. 1981; Krugh andRcmhardx, 1975; Krugh et al.; 19‘75 Reinhard:
and Krugh, 1978); in NMR ard optical studies of deoxytetrapucleotides with c:hidium
and proflavine, the stoichiometry and strength of binding can be roughly correlated
with the availability of &(CG):d(CG) sites (Patel and Canmel, 1976; Kastrup et al,, 1978;
PamlandCachl 1977) chucnmpmfmnmofthcscmmcalmrshavcbccnlargcly
unstudied by mochcmml techniques.

Associated theoretical studies have addressed the reason far th:s preference

(Pack and Loew, 1978; Nuss et al, 1978; Omstein and Rein, 1979). The consensus seems ‘

10 bctharit-aﬁscsfro;x: the diﬁ'mnccinwcrgyreqﬁircdroqpcnthcsiw for
inteccalation, and not from imeraction with the intercalator, buf fesults of differen
methods disagres as to ths major contributor to.the diffcmmc—aécording to empirical
potential function calculations, the largest diffdrence arises in sta.cking ensrgies of
the two sequences (Nuss et al,, 1978), according to molecular orbital studies, it arisas
from energy of unwinding (Orastein and Rein, 1979). -

213, Detail of the intercalation site: 1. The intercalator ofentation

The simple intercalator model proposes that the intercalator should lie

parallel with the base pairs, perpendicular to the helix axis (Lerman, 1961; Berman and

239
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Young, 1981). This has proven t be an oversimplification. Transienr electric.
MMWWgandbucﬁxngofbascpmmundt%cmmlaMn
site, and a nonparalle] drug (HOganm’.al.. 1979)

Crystal structures of cthidium and acndmm with dinucleotides offer
conformauons more in accord thh the classical model with maximum possible ovu-lap
between base pairs and drug (Sobell, 1980; Neidle, 1981 Sobcll ;Lal,, 1982; Neidle, 1983;
Neidle and Abraham, 1985). Inth:enlyaystalsuucuncsofarobtamedforan
intercalator complex with a ssquence largerthan a d.imer, the daunomycin-d(CGATCG)
éomplex, daunomycin inserts into the d(CG):A(CG) sequence, with the chromophare 2t 2
near perpendicular oricm;ztion to the long axis, a conformarion probably imposed by
the binding of sugar substituent in the minor groove (Quigley e1 al,, 1980). C'ncmzcal
shift changes forthe drug resonances in solution NMR studiss have been used to
describe solution’ geometry for daunomycin (Nuss et al,, 1980' Patel, 1979), proflavim:
(Patel and Canuel, 1977; Patel, 1977b) and 9—ammoacndmc complexes (Young and
Kallenbach, 198 1; RcubcngLaL, 1978; Young and Kallenbach, 1980). The solution
chemica] shifts of d;mnomycm are small, consistent with the observed
crystallographic orientation (Nuss gt a1, 1980); those for proflavine are uniformly
large (Pa:;l and Canuel, 1977; Patel 1977), also consistent with the crystal structures,
with the long axis lying along the base pairs (Neidle, 1581; Shish QLRL. 1980; Aggarwal
stal, 1984). 9-Aminoacridine also shows large chemical shifts in the 2:1 complexes
with dimucleotides of alternating sequences (Y, oung and Kallenbach, 1981), while in the
crystal su-ucmn: of its complex with 10doCpG, $-aminoacridine has two d:snnct
conﬁgu"anons, ocs symmctnc. with the 9-amino group potruding into the minor
groove, and one asymmetric, with the aming group in the major groove (Sakore etal,
1979).
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Thcdzracnonofxm::mlanonbwommmomszgmﬁmmfor m::rmlanonmth
btﬂky&dcchmns,mchasahldnmcrdmnommmthsqthcsubsunmmdsm

m:mmcrgmovc(nglcyn_aL, 1980; Jain ¢t 21, 1977; 'I‘sa;n_a],1977) The form of '

hehx.whcthu-AorB wculdbccxpectcdwaffcctbmdmg.smccthegmovcdmmons
mthctwohzhxcsamqmmdszmm.

514 Detail of the intercalation site 2. The nucleic acid conformation
Accommodation of the intercalator involves the opening of two base pairs to
mecrhmrnormalscparanon. Accordmgtothcdlmxclcoudca'ysmlsn'ucnm this is

_awomphshedmmarﬂyhyanmmascmdmos CS torsion angle, which increases

the base’ separation, and in the 3' glycosidic angle, whzch preserves the parallel
crieatation of the base pairs (Neidle, 1981; chdlc 1983; Neidle and Abmham, 1985).
Model building stmdies verify thm: thcsc ch:mgcs are sufficient (Neidle and Abraham,
1985).

The sugar geomcn-ics.havc been tim subject of some controversy. In most
crystals C3'endo(3"-5C2'endo sugar puckering is observed, proflavine being the major
exception (Neidle, 1981; Neidle, 1983). Sobell and coworkers have proposed that mixed
sugar puckering is a common feature of intercalation, and that hydrogen bonding
between the aming groups and the backbone are responsibie for for its absence in the

 proflavine complexes (Sobell, 1980; Sobell et al,, 1982), while Berman and coworkers

argue that the changes in backbone torsion angles are sufficient to open the site
adequate, and that, out of 2 contimmem of stereochemically plausible geometries, the
eXact gromery depends upon the intercalater (Berman et al,, 1978; Sheih etal, 1980;
Bermar and Young, 1981).

241 -
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Model bmldmg studies involving insertion of the crystallographically derived
dmucleoudc §eometry into a polynucleotids to generate a plausible intercalated |
~polynucleotide structure, show an altered geomcUy at adjacent sites such as might be

respoxsible for neighbour exclusion(Berman.and Young, 1931). &

. LS. Intercalation into imperfect duplexes

According to the Streisinger h_;rpothsis, intercalator-induced frameshift
mutagenesis occm'slthrdugh the stabilization of looped out intermediates by interaction
with the intercalator, and subsequent "fixing” of these looped out structures by repair
enzymes, with insertion or deletion of a b@e (Streisinger et 41, 1966). The results of
studies of thc interaction of-cth:dmm with model systems containing unpaired bases
indicate that intercalation at or near the mismatch site stabilizes the structure and is
preferred. -

The binding affinity of ethidiuin 1o the mxsm:ztch IxA sites in
poly(l):poly(C.A x) (x=mole fraction of A, 0. 1,0.2,03)i is estimated by Seatchard analysis
to be twenty times that for binding to the I+C sites (Hefgotr and Kallenbach, 1979). - =

Variable temperature TH-NMR studies have been published on the behaviour
of I:1 mixtures of ethidium bromide and CG, CUG :lnd GUG:CC (Lee and Tinoco, 1978).
Sigmoidal transitions and large upfield shifts are obs&vcd for the phenanthridium
© ring protons with decreasing temperature, and these are interpreted to mean that the
ethidium is intercalated bctw-ecn two G+C base pairs, with looping out of the uridine

residues.
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G cve . GUGCC

C3 eado(S"3)C2' endo prefereaces arc obssrved for the dimers iavolved in the

intercalation camplexes, bur the sugar conformations in the trimers are not

mbsmnﬁanydiﬁ'acminﬂzcinmalawdcomplcxﬁ'omthdrvalucs in the abscnc.cof
‘“ mrcrmla:o:(Lec and Tinoco, 1978).

A p.roport_ion of 1:1 complexes of 9—ammamdmc with pur-purspyr-pyr
deoxydimucleotides havc the intercalator stacked crosswise between the purine residues
(Young and Kallenbacb., 1981), with room on the other strand 0 accommodate g
mimatched base stacked in 1o the duplex. This has bcc.nadvanwd as 2 possible model
for frameshift mutagenasis (Young and Kallenbach, 1981).

Ethidium has been found to intercalate equally well into all sites thb.m the
deozyoligoribomucleotide duplex formed by (CAZG):( CT4G) (Nelson and Tinoco, 1984),
Insertion of a looped out cytidine into the centre of this duplex, in { ¢A3CASG): (CTeG)
(Morden et 31, 1984) results in the production of two s:mng birding sites, believed to be

- those on either side of tt‘}c mismatch site (Nelson and Tinoco, 1985). Fitting of the model
wascquauygoodifthacwasassumcdmbcnoinmmladonwhzzsocvcrinm the
mismatch site itself. The stabilizaion from binding to both sites effectively cancels the
destabilization due to the mismatch (Nelson and Tinoco, 1585).

Strong intercalation sites around a single bulged adenosine have been
observed in MPE-EDTA Fe(II) footprinting smdzs of 165 RNA (Kean et g1, 1985) and of
the self-splicing i mu:rvcmnw sequence of Tetrmhvmena (Tanner and Cech, 19852a,b).
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mon-mismatch sites, but studies of intercalation into shart oligomucleotide duplexes

i~

 containing mismarched bases have been few, Of the sequences studied in section 4, two,
. CCAGG and GCUGC, form mismarch-containing duplexes, containing an AxA and 2 UxU

mismatch respectively. GCUGCaJsoincorpormtthUGscqucnccsmdisdinminurcs

with ethidium by Lee and Tinoco (1978}, but, unlike CUG, GCUGC duplexes in the absence

of intercalatar, permitting comparison of duplex behaviour before and after addition of
intercalator. The behaviour of the CAG sits in CCAGG, with its central AxA mismaich,
may be compared with the CUG site in GCUGC, with its cengal UxU mismatch,

Swdies of the intercalation of proﬂa\nm: into CCAGG and GCUGC and their -
rcSpccuvc parent duplexes, CCGG and GCGC, were undertaken to address the following
questions:

1. 'Was there greater stabilization of mismatch-containing duplexes upon
addmon of intercalator, compared to nop-mismarch contaiping duplexes?

2. Was intercalation into a mismatch site preferred to Intercalation into an

-1ntact site? S

3. Was intercalasion into the mismatch site accompanied by the looping out of
the mismatched bases to accommodate the intercalator, or by other striking
conformational changes?

4. Was there a difference betwesn intercalation into a UxU and into an AxA

mismatch, giveq the different stacking properties of the two bases, uracil and adenina?

244
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iLLJmnmhmmﬂﬁmﬂm&nmeEQQNMQﬂﬂg:

‘ Vmablcwmpcmummofspmmobtmmdfm’GCGCmDZO(24mM
OIMsahbuffcr)mthpmﬂavxnca:mnglcsn‘andmm‘calmm-mnosofISI 4:1,2:1, 1:1
and 1:2 (Tables 5.1 to 5.5), and of GCUGC with profiavize at ratios of 20:1, 611, 421, 2:1 1:1
a0 12 (Tables 5.6 10 5.11).  Assigoments of the sequence resonances were 2s described
in Sections 3.1, 422 and 4.2 3, Thcpmﬂavincsigna]sa:hightcmpcann-cwcrc

assigned as folows: pro-a.single:,mizarca,downﬁcldfromthxmmaﬁcbasc area at 3.

,-Sﬁppm;pm-b,doublct,J-QHz,arcaoftwo,sm:ﬁngowrlappedwir.hthepyrim.idim:

H6 protons a6 = 7.6 ppm, artho coupled to pro-¢, doublet ofdoul';lzts,J-9,1Hz.arcaof
two,atd = 7. Pro-cismctacouplcdtopm—d,]-le,adouhIc:aza = 6.3 ppm. Single
sunnd.dmgmnoswmchcchdbymrcgmnenof thcpmﬂavmmonanc:s against
tthH-GandLH-I—Gs:gmlsmrh:?O"Cspccu—a.

Hy H, Hy
He : : H,
HZN v NH
Hy H Hy

Addition of the intercalatar to GCGC produced an increase in Tgbya maximum
of 5.3°C at 2:1 single strand: drug (Table 5.12: Figure 5.2). Addition of the intercalator o
GCUGC produced a T, 1 mcrcasc of 15.6°C at 2:1 single strand:drug ('I‘ablc 5.13; Figure 5.3).
Upon addition of further proflavine the T, of both GCGC and GCUGE declined, GCGC more
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Table 5.1: Chemical shift assignments and coupling constants for the basa and
anameric protons of GCGC and the aromatic protons of proflavine for
GCGC, 2.4 mM, with proflavine, 15:1 single strand: proflavine, in
0.1M salt, over the temperature range 70 to 20°C. NSB denotes no
sigmoidal behaviour. - .

Chemical shift (ppm) :
Temp. 2020 Q01° S55° S00° 457° 00 03 202° T,
Proton |
G(I)H-8 7.932 7.950 7963 7.980 7990 7991 7.983 7949 NSB
CRH-6 7.716 7.717 7.720 7.729 7742 7.758 7.787 7.812 425
GE)H-8 7.932 7.890 7.851 7.802 7745 7.692 7.628 7.587 485
C4)H-6 7.793 1761 7731 7.693 7.647 7.605 7.554 7.519 494

C(2)H-5 5.830 5.740 5670 5590 5503 5422 5336 5260 50.6

C(A)B-5 5.896 5.807 5734 5.643 5539 ,.5450 5331 5262 494
GE-I' 5818 5798 5787 5776 5765 5765 5.755 5748 NSB
CQE-I' 5889 5848 5815 5776 5.735 5.696 5.647 5.613 504
GEMH-1' 5.825 5.812 5800 5784 5.765 5735 5.692 5.641 46.5
COH-I' 5,904 53881 5861 5836 5804 5772 5.729° 5.6 435
| | AverageTm 483
pro-a 8565 8.438 8376 8331 8.295 8267 8.244 8212 620
pro-b 7729 7.597 7525 7467 7.419 7384 7352 7302 652
pro-¢ 6947 6.797 6705 6.626 6562 6503 6.447 6382 599
pod 6670 6528 6.440 6373 6312 6256 6197 6135 0o
' AverageTm 61.9
Coupling constant (Hz)

G(H-1'46 23 27 26 18 13 -

COH-1"44 39 34 26 14 -  _ -

GEH-1"48 47 40 24 18 1.6 - -

CE-1'"36 34 32 28 23 20 - -
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Table 5.2: Chemical shift assignmen

. A"

anomeric protons of

‘GCGC, 2.4 mM, with proflavine, 4:1 single

. 247

ts and coupling constants far the base and

and the aromatic protons of proflavine for

0.1M salt, over the temperature range 70 to 20°C.

strand: proflavine, in

Temp,
Prooton

G(1)H-8 7.925
CQRH-6 7.715

20

GG)H-8 7.920
- CH-6 7.736

C(2)H-5 5.819
C(4)H-5 5.887
G(1)H-1' 5.811
C(2)H-1' 5.883
G(3)H-1' 5.815
C(4)H-1' 5.900

8.508
7.684
6.916
6.622

IR RRL

G(1)H-1' 31
C2H-1' 5.1
G@GH-I' 5.0
C4H-1' 3.7

60.4°

7.943

7.710

7.865

7.744
5.709
3.780
5.779
5.832
5.794
5.872

8.381

.7.552

9.762
6.473

22.2°

7.957
7.710
7.822
7.710
5.630
5.697
5.764
5.792
5.778
5.849

8.321

7.483 -

7.675
6.393

L w LW

to o0 =

"Chunimlshift(ppm)
202° 453° 402° 30.3°
7.960
7.763
7.594 7.555
7522 7.489
5.284 5221
5284 5221
5.718 5.713
5.610
5.649 5594
5704 5.661
Average Tm
8.192 8.158
7.348 7.295 7.263
6483 6.401 6.338
6216 6.132 6.061
Average Tm
Coup]ihg constants (Hz)
25 2.4 1.5 - -
2.5 1.7 - - —
29 24 138 - -
2.9 25 2.1 - -

7.927
7.779

7.971. 7.979
7.716 7.726
7771 1.716
7.677 7.623
5.547 5.463
5599 5.496
5750 5.737
5.750 '5.707
5761 5.737
5822 5.790

7.981
7.739
7.668
7.582
5.391
5411
5.730
5.668
5.709
5.758

8.277 8.843
7.427 7.383
6.599 - 6.535
6.324 6.266

.8.219

5574

.Tm

NSB
38.0
49.1
46.4
524
522
NSB
51.7
37.6
45.7
49.6
66.7
64.9
62.2
63.7
64.4
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- Table5.3: Chemical shift assignments
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and coupling constans for the base and
anomeric protons of GCGC and the aromatic
GCGC, 2.4 mM, with proflavine, 2:1 single s
0.1M salt, over the temperature range 70 to 20°C.

of proflavine for
: proflavine, in

© - Temp, 6835°
Proton
G(1)H-8 7.992
C(2)H-6 7.708
GG3)H-8 7.895
C4)H-6 5.768
C(2)H-5 5.791
C(4)H-5 5.861
G(1)H-1' 5.786
CQE-1' 5.871
G(G)B-1' 5.796
C(4H-1' '5.887

pro-a 3.444
pro-b 7.636
pro-c 6.880
pro-d 6567

G(1)H-1' 4.8
C(2)H-1' 4.8
G(3)H-1' 4.6
C@ERE-1" 4.1

7.930
7.696
7.827
7.716
3.655
5.731
5.748
5.802
5.764
3.857

8.318
7.506
6.732
6.418

40
3.4
4.0
3.4

20.1°

7.955
- 7.692
7.734
7.635
5.493
5.549
5.718
5.805
5.724
3.710

3.223
7.392
6.587
6.281

3.0
2.9
4.2

Chemical shift (ppm)

4.1°

7.964
7.698
7.684
7591
5.420
5.452
5.692
5.774
3.701
5672

8.188
7.349
6.528
6.224

400°

7.967
7.702
7.642

7553

5.357
3.366
5.679
5.743
5.679
5.634

8.160

7314

-—

6.174

B.0°

7.965
7.711
7.606
7.519
5.303
5287
5.672
5.710
5.652
5.602

8.137

7.283
6.438
6.127

30.0°

7.958
7.717
7.578
7.489
5.263
5.222
5.667
5.683
5.629
5.576

8.117
7.258
6.401
6.088

Coupling constant (Hz)

2.6
2.7
2.1
14

207° 1072

7.936 7.909

7.737 7.740

7537 7500
7.456 7.431
5.193 5144
5.160 5.144
3.656 5.664
5.641 53596

5585 5545

5538 5507
Average T,
8.081 8.046
7.217 7.176
6.254 6.289
6.008 5.931

Average T

Tm

NSB
NSB
54.9
53.0
582
53.2

'NSB

NSB
57.0
53.8
65.3
63.9
64.2
63.1
64.1

¢



e .

Y

R b
-

o

s S —

g

249

Table 5.4: Chemical shift assignments and coupling constants for the base and

anomeric protons of GCGC and the aromati

single strand concentration, 2.4

strand: proflavine, in 0.IM salt, over th
N

¢ protons of proflavine for
mM, with proflavine, 1:1 single

¢ temperature range 80 0 20°C. |

(\S'!ﬁmcalshlﬁ(ppm)

Proton

G(1)H-8 7.8907.893 7.911 7.933 7.947 7.962 7.976 7.982 7.985 7.978 7.955 NSB
C)H-6 7.713 7.705 7.702 7.704 %703 7.705 7.712 7.7217.733 7.745 7.771 NSB
G@G)H-8 7.911 7.877 7.870 7.853 7.816 7.776 7.727 7.680 7.637 7.603 7568 45.9
C(A)E-6 7.786 7.763 7.751 7.736 7.703 7.6 72 7.630 7.5897.552 75247477 46.1
C(2)H-5 5.8575.785 5.745 5.694 5.623.5.552 5.475 5.404 5344 5.298 5.233 49.6
C(4)H-5 5.9155.8845.818 5.771 5.695 5.614 5.521 5.4225.3445.2845.196 48.3
G(1)H-1'5.800 5.771 5.766 5.763 5.751 5.738 5.718 5.7135.70 5.705 5.695 NSB
C(2)H-1' 5.901 5.868 5.847 5.823 5.788 5.753 5.723 5.671 5.637 5.609 5569 46.6
G(3)H-1' 5.8005.779 5.781 5.779 5.767 5.7535.735 5.713 5.691 5.665 5.616 NSB
C(4)H-1' 5.901 5.884 5.878 5.867 5.848 5.825 5.797 5.767 5.736 5.705 5.666 41.9

Average T, 464

pro-a 8.491 8.401 8.405 8.399 8.351 8.307 8.265 8.234 8.2068.1858.183 --

pro-b 7.6917.611 7598 7.578 7.520 7.467 7.417 7.376 7.342 7.3137.267 49.6
pro-¢ 0.945 6.868 6.845 6.806 6.728 6.658 6.501 6.534 6.481 6.445 6.377 49.1
pro-d 0.628 6.535 6.516 6.499 6.406 6.369 6.305 6.246 6.199 6.154 6.075 50.7

Coupling constants (Hz)

GDH-1'46 48 29 41 43
C@EB-1'43 43 43 37 32
GB)H-1' 46 36 45 39 40
C4H-1' 44 48 37 34 32

4.1
3.2
3.2
2.9

2.6
3.1
2.8
25

21
12
2.1
23

Average T, 49.8
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Table 5.5: nical shift assignments and coupling’constants for the base and
- anomeric protons 0f GCGC and the aromatic protons of profilavine for
- -GC single strand concentration, 2.4 mM, with proflavine, 1:2 single
su'and:proﬂavinc,ino.lMsalt,ovcrd:crcmpcramrcrangc 80 0 20°C.
| ~ Chemical shift (ppm).
G(H-8 7917 7910 7910 7937 7971 7993 7988 464
CQHS 7718 7716 7708 7722 7908 7719 7.722 NSB
GERH-8 7949 7.924 7.886 %32 7.693 7550 7456 35.8
<« OQPH6 7802 7794 7765 7705 7.601 7507 7456 403
| QQHS 5873, 5845 5766 5651 5495 ‘5387 5175 48.1
C(4)H-5 5935 5903 5835 5723 5526 5354 5256 403
- G(DH-I' 5822° 5811 5775 5768 '5.721. 5702 5.684 NSB
C@H-1' 5909 5897 5869 5803 5907 5.640 5575 462
GEH-1' & 28 5803 3789 5746 5733 5603 5659 NSB
cwmf’@. 09 5900 5.879 5851 5780 5748 5.695 455
— Average T, 42.7
pro-a 8.713 8. 8.568 85338442 8351 8246 313
pro-b 7852777799 7741 7.699 . 7598 7505 7.400 331
pro-c 7058 7021 6971 6916 6780 6.688 <6554 455
pod  6802° 6731 6458 6601- 6491 6370 6218 302
k! : ¢ ARmgeT, 345
: Coupling éonstants (Hz) '
©OGMET 35 479 40 - a3 S o ~
. CQHI 55 =48 51 28 24 k3
. GEEU 30 47 42 ~31., 27
COBI 54 32 40,7 35 = 22
e - N,
- \ L K
- : ’ , T A A
. ) S e s . -
5 "
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Table 5.6: Chermnical shift assignments and coupling constants for the base and
anomeric protons of GCUGC and of the aromatic protons of proflavine for
GCUGC, 2.5 mM, with proflavine, 20:1 single strand: proflavine, in 0.1M
saltbuﬁ‘a'ov:rﬂ:ct:mpczauncrangcmtolmc.' _

3
'\ Chemical shift (opm)
Top. 1008 QUI° NE 00 01 252° 02 1JX101 Ta
G(DH-8  7.94317.948 7.955 7.965 7.981 7.983 7.978 7950 7928 NSB
CQH-6 7.780 7778 7.771 7.756 7.739 7.736 7.@;7727 7727 NSB

UGH-6 7.733 7.735 7.73897.739 7.739 7.736 7.736 7946 7761 N3B

GH-8  7.972 7971 7.967 7.953 7.928 7.896 7.867 7.833 7.806 193
COME-6  7.819 7.817 7.811 7.792 7.748 7710 7.659 7.614 7.589 20.8
CRIE-5 5855 5.854 5.808 5.730 5.628 5.523 5427 5324 5267 208
UGHL-S 5817 5802 5784 5.754 5.712 5.672 5636 5596 5.588 25.0
COM-5 5945 5921 5.889 5.828 5.712 5.656 5.546 5.443 5.400 21.1
G(DH-1' 5.833 5.828 -5.819 5.802 5.765 5.721 5.666 5.617 5588 203
CRH-I' 5909 5913 5900 5.884 5.360 5.832 5.80] 5.763 5739 ~19.0"
UG)H-1' 5.835 5.848 5.839 5.827 5.81S - 5757 5719 - NsB

G()H-1' 5.855 5.848 5.839 5812 5.787 5.774 5.757 5.763 5763 NSB

COH-1' 5924 5915 5.894 5.860 5.80?5.774 3.735 5.686 5.658 203

_ . '\\ Average T, 21.0
pro-a 8559 8.487 8.390 8.268 8.194 8.159 - - - 365
pro-b - ~ 7584 7450 7.363_ 7320 -~ - - -
pro-¢ 6.967 6.917 6.819 6.664 6552 6.467 6.454 6.436 6.407 421

.

pro-d ~ 6.680 6.615 6.511‘ 6.365 6.253 6.205 6.171 6.138 6.111  46.0

: 4 Coupling constant ‘g{z)
GDE-I' 61 51 53 54 44 . * _
CAEI'" 41°-35 22 34 31 25 _ o _
USHE-T 39 47 44 41 = - . _
C@WE-T 53 47 44 38 358 _ - - -

'C?S)H-l" 62" 3.5 48 40 34 - - - -

e

. . AvemgeT, 450 /,f
o=
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Table 5.7: Chemical shift assignments and coupling constants for the base and anomeric
. protons of GCUGC and of the aromatic protons of proflavine for GCUGC,
2.5 mM, with proflavine, 6:1 single strand: proflavine, in 0.1M salt buffer -
over the temperature range 70to 10°C. - ‘

| , Chemical shift (ppm)
T, 2000 €020 502° 402° 348 300° 250° 202° 151° 101° T
G(DH-8 7.935 7.939 7.946 7.956 7.964 7.966 7.965 7.954 7.937 7.911 NSB
CQH-6 7.778 7.773 7.763 7.745 7.735 7.724 7.716 7.711 7.720 7.720 NSB
UGH-6 7.732 7.734 7.736 7.736 7.735 7.724 7.716 7.711 7.720 7.J20 NSB €
GMH-8 7.964 7.961 952 7.927 7.913 7.882 7.856 7.851 7.813 7.781 29.1
C(5)H-6 7.815 7.812.7.800 7.768 7.745 7.702 7.659 7.590 7.591 7616 25.8
CM-5 5853 5.847 5788 5.689 5.628 5.540 5456 5370 5289 5.246 24.8
UG)H-5 5.814 5.799 5.779 5.745 5.719 5.634 5.648 5.616 {591 - 313
- COMFS  5.941 5915 5.871 5.791 5.735 5.640 5.560 5.466 5.405 5371 26.1
G(H-1' 5.842 5837 5826 5.799 5775 5739 —  5.654 5.616 5.603 23.5
CRIE-1" 5.907 5907 5.893 5.872 5.858 5.835 5.809 5.781 5.753 5.727 200
UGH-1' 5829 5827 5818 5815 5795 5775 5754 — 5730 5.727 273
GMH-I' 5.850 5.837 5.818 5.782 5.766 5.752 — 5.694 5.671 5.644 NSB
COMH-I' 5920 5.910 5.891 5.846 5.821 5.784 5.740 5.707 5.671 5.644 26.5
; | A Average T, 254
“\ pro-a 8502 8421 8316 8.208 8.178 {139 8.121 8.111 8.100 8.097 -55.0-
_pro-b 7.689 7.624 7521 7.397 7.354 7.308 7.287 7.265 7.252 7.265 51.8
¥ proc. 6939 6.876 6.767 6.656 6.555 6.493 6.458 6.430 6.415 6362 41.1
pro-d 6.634 6557 6443 6.298 6.248 6.193 6.163 6.134 6.115 6.090 49.3 j
L . ' Average T, 49.3 ‘j
Coupling constant (Hz) - \
GDH-1' 54 47 44 36 49 36 —  — -  _ '
CQHE-I' 45 36. 36 54 351 28 S
~_. UGHEI 45 57 49 39 37 "21 - - - -
G@H-1' 3.7 - 47 49 337367 29 -~ - _

: \ .
CoH-1" 6.7 49 43 34 267 - - - -

W w
oo L

It
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upling constants for the base and

Table 5.8 thonsof GCUGC and of the 2romatic protons of proflavine
for GCUGC, 2.5 mM, with proflavine, 4:1 single strand: proflavine, in -
0.1M salt buffer over the temperature range 70 to 10°C, '

Chemical shift (ppm)

e, DE @220 0T 07 3610 3000 250° 204 1000 T,

G(1)H-8 7.929 7.931 7.938 7.947 7.953 7.958 7.958 7.949 7913 . NSB

C(2)H—6. 7.775 7.770 7.755 17.734 7.721 7.708 7.703 7.698 7.705 NSB

UGH-6 7.730 7.733 7.736 7.734 7721 7.719 7.710 7.713 7.705 NSB

GH-8 7.959 7.955 7.938 7.911 7.889 7.860 7.833 7.813 7779 305

C(SH-6 7.812 7.807 7.987 7.752 1.729 7:678 7.636 7590 7558 252

C2YH-5 5.855 5.849 5.769 5.668 5.598 5509 5.432 5368 5235 318

UG)H-5 5.813 5.800 5.776 5.723 5.700 5.680 5.642 5612 5591 351

C(S)H-5 5.939 5914 5.853 5.767 5.716 5.609 S.SIQSEJ%S 5308 265

G(I)H-l' 5.832 5.828 51820 5.814 5.783 5.745 5.71‘{ 2.689 5.647 280

C(2)H-1' 5911 5507 5.888 5.865 5.848 5.826 5.803 5776 5730 214

U(3).H-1' 5.839 5.831 5.814 5.786 5.767 5.733 5.709 5.682 5.647 25.8

G(4)H—1" 5.841 5.828 5.799 5.766 5.739 5.709 5.6594 5.655 5.607 268

C(5)H-1' 5.939 5911 5.881 5.841 5.812 5772 5.737 5706 5670 29.0

o AverageTm 272

pro-a 8.480 8.402 8265 8.177 8.142 8.114 8.098 8.093 8.075 584

pro-b 7.679 7.613 7.482 7375 7.330 7.291 7273 7.252 7226 546

pro-c 6.930 6.872 6.736 6.606 6.542 6.484 6.449 6.425 6.392 485

pro~d 6.622 6544 6397 6.27‘_7 6.223 6.174 6.143 6.121 6.076 54.1

AverageTm  53.9
. Coupling constant (Hz) ’

GE-I'" 59 59 50 22 18 25 20 - -

CH-1" 66 37 33 33 33 29 21 - -

UBH-1" 45 47 42 1.7 - - - - -

C@H-I' 58 59 51 35 32 23° - _  _

CE)H-1' 49 58 46 38 33 27 <« - -

. \
\
Y /
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Table 5.9: Chemical shift assignments and coupling constants for the base and
anomeric protons of GCUGC and of the aromatic protons of proflavine for
GCUGC, 2.5 mM, with proflavine, 2:1 single strand: proflavine, in 0.1M
salt buffer over the temperature range 70 to 10°C.

Chemical shift (ppm)
Temp. 68.5° 2..‘2 2017 40.1° 350° 300° 25.1° 207° 107° Tq
GU)HE-8  7.909 7.914 7.923 7.928 7.930 7.929 7.928 7.927 7.895 NSB
CQH-6 7769 7.760 7.739 7.707 7.684 7.669 7.659 —
UGG 7.730 7733.7.737 7.730 7.721 7.705 7.693 7.676 7.665 NSB

)
o
n

G@4H-8 7.939 7.932 7?915 7.867 7.835 7.805 7.778 7.763 7.738 385
C(5)YH-6 7.801 7.791 7.769 7.708 7.662 7.619 7576 7539 7476 33.1
CRIH-5. 5.836 5.824 5.738 5.596 5.507 5.433 5364 5315 5262 39.1
UG)H-5 5.804 5.792 5.771 5.748 5698 5644 5609 — @ — 33.1
C(OH-5 5924 5.887 5.824 5.693 5.600 5.517 5.422 5414 — 384
G(DH-1' 5.831 5.825 5.821 5.795 3.770 5.737 5.699 5672 5.622 328
CQH-1' 5.890 5.894 5.871 5.839 5.814 5791 5.763 5.749 5.711 32.84
U@H-1' 5.819 5.807 5.791 5.748 5.718 5.683 5.659 5.631 5587 /35.6

CAHE-I' 5.819 5807 5.774 5.711 5.670 5.644 5.609 5.603 5.571 39.4
COME-I' 5.920 5901 5.874 5.812 5.773 5.737 5.609 5.672 5622 352
| | Av&afgc Tm  35.6
pro-2 - 8364 8288 8201 8.103 8.068 -8.047 8.039 8.038 8.028 529
pro-b 7590 7519 7.427 7.310 7.263 7.234 7216 7205 7.187 " 495
pro-c 6.817 6799 —~ 6506 6.488 6440 6.408 6386 6348 -
pro-d 6521 6441 6339 6200 6.146 6.105 6.077 6.060 6.026 47.8
' ) Average Tm  50.1

Coupling constant (Hz)
GH-I' 55 43 56 49 47 1s -  _  _
CQHE1 39 39 "534 32 32 27 - _
USHET' 48 43 42 36 23 - -  _  _
wG@HHE-1I" 48 . 43 42 22 12 - . . _  _
COE-I' 48 46 52 34 31 15 - ~ -~
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Table 5.10:  Chesnical shift assignments anf Coupling constants for the base and
anomeric mnsofGCUGCandofthcammmicpmtonsofproﬂavinc
for GCUGC, 2.5 mM, with proflavine, 1:1 single strand: proflavine, in
O.IMghbuﬂaomﬂ:cmPcmnmrangcmmImC. .
Chemical shift (ppm)
Temp.  607° 594° 500° 403° 352° 300° 244° 206° 1077 Tm
G()E-8  7.898 7.909 7.920 7.927 7.927 7.927 7.919 7.917 7.901 NSB
CH-6 %.767 7.745 7.738 7.718 7.679 7.656 7.646 7.638 - 37.6
UGH-6 7.729 7.733 7.737 7.749 7.722 7.706 7.685 7.668 7.654 NSB
G@H-8  7.930 7.927 7912 7.866 7.828 7.796 7.765 7.742 7.740 34.8
C(ME-6- 7.797 7.789 7.768 7.718 7.654 7.604 7.550 7.521 7.467 - 34.0
C@H-5S 5.836 5.824 5.739 5593 5.499 5416 5336 5277 5.1%0 383
UGH-5 5.804 5.791 5.771 5.734 5.700 5.680 5.639 5.612 5.567 27.1 .
C(S)H-5 5912 5.98845.824 5.691 5591 5501 5.406 —  _ 355
G(H-1' 5.831 5.824 5.789 5.745 5.711 5.680 5.639 5.612 5.567 26.7
CQE-1' 5.896 5.891 5.887 5.838 5.810 5.784 5.751 5.733 5.703 35.0
UGH-I' 5810 5791 5799 5798 — -  _—  _  _ -
G@H-1' 5810 5.795 5.772 5.710 5.661 5.629 5587 5572 — 376
» COME-1" - 5.919 5.900 5.881 5.813 5.771 5.726 7.688 5.663 5.608 36.6
” AverageTm  35.1
pro-a 8347 8300 8223 8.119 8.070 8.045 8.024 8.015 8009 474
pro-b 7578 7531 7448 7329 7.271 7.235 7204 7.188 7.167 456
pro-c 6.362 6.810 6.716 6.575 6.499 6.449 6404 6379 6.349 44.9
L pro-d 6511 6450 6356 6219 6.148 6.107 6.061 6.039 6.003 43.9
' Average Tm = 455
Coupling constant (Hz)
GH-1' 58 36 47 25" 27 -  _  _ -
CQE-I' 65 37 37 33 35 29 — ... _
URH-1' 49 33 53 47 — - - - -
G@H-I 49 30 37 36 350 - -  _ . _
CSE-I 53 46 69 32"\3.1 - - - - -
2
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 TableS.11: Chmnic_alshi&assigzmtsandcoupﬁngcons;apsforthcbascand_

Chemical shift (ppm)

- Temp, mwmmwmmmm Tm
GIDH-8  7.800 7.904 7.916 7.923 7.928 7.931 7.931 7940 —  NSB
CQE-6 7769 7.762 7.746 7.734 7.726 7.696 7671 - — 354
UGHL6 2727 7731 1735 7.734 7.734 7728 1715 7672 - 245
CEOH-8  7.955 7.928 7.916 7.901 7.880 7.854 7.796 7.692 - 287
CONL6 7800 7.991 7.776 7.755 7.716 7.696 7639 752 - 314
CRES 5841 5829 5761 5705 5.639 5.568 5412 5336 — 314

. UGS 5803 5791 5775 5761 5.741 5.719 5684 5649 — 507

COMLS 5925 5891 5839 5797 5.728 7.661 5567 — -  NsB

GIDE-L" 5.830 5.819 5823 5.316 5.807 5.788 5764 — 5722 347

CE-I' 5899 5391 5877 5366 5.484 5.828 5.799 5754 7722 334
UGHE-I' 5812 5804 5.793 5797 5763 5.741 5.700 5.649 5635 349
CEOILI 5812 5304 5.777 5.755 5.726 5.695 5.646- 5588 5575 354
COM-I" 5.921 5905 5.862 5.854 5.829 5.795 5.758 5.638 5635 308

Average Tm '32.8
pro-a 8434 8373 8316 8264 8.206 8.156 8102 8.059 8030 395
pro-b  7.697 7504 7533 7.477 7.415 7.359 7297 7.235 7.198 394
Proc 6918 6867 6798 GT36 6.663 6.599 6523 6432 6377 395
prod 6578 6511 6.440 EF%Q 6.304 6.245 6.170 6.087 6035 394

o AverageTm 395
~ ’ Coupling constant (Hz'p\ '
GE-I'" 53 52 55 50 64 37 -
COHE-I" 56 31 %8 18 34 32 25
UGE-1' 34 54 41 46 33 29 .
G@H-1' 3.4 55 39 49  41-.38 33 -
COE-1' 51 43 39 41 41 -  _
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Table 5.12: Tms of the individual
- GCGC:proflavine mixtures in 0.1 M salt buffer. GCGC, 2.4 mM
single strand concentration, with proflavine at single strand:drug
ratios given. B N
Tm (C)
GCGC 11 a1 20 1 o
Proton
G()H:8 NSB NSB® NSB NSB NSB  NSB
CR)H-6 465- '~ 424 ° 380 NSB- NSB  NSB
G(3)H-8 485 485 491 549 459 35.8
CAHH-6 89 493 464 s30 461 403
C)H-5 547 506 524 s82 496 481
CEHs 416 496 522 532 483 ags
G(1)H-1' NSB NSB NSB  NsB NSB NSB
C()H-1' 385 504 517 464 466 460
GE)H-1' '45;0 465 376~ NSB NSB  NSB
C@H-1' 462 435 457 570 410 ass
Average 481 483 496 538 | 464 427
pro-a - 620 © 667 - 653 - 31.1
" proh - 65.2 64.9 659  49.6 33.1
pro-c - 59.8 622 642 491 435
pro-d - 60.7 637 61 507 302
Average -~ 61.9 644 641 498 345
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Table 5.13: Tms of the individual protons of GCUGC and proflavine for
GCGC:proflavine mixtures in 0.1 M salt buffer, GCGC, 2.5 mM single
strand concentration, with proflavine at single strand:drug ratios given.
Tm (°C)
GCUGC 20:1 81 41 1 11 12
Proton
‘G()E-8 NSB NSB NSB NSB NSB NSB  NSB

C@H6 NSB NSB NSB NSB 384 376 354
UGH-6 NSB NSB NSB NSB NSB NSB  NSB
G(4)H-8 19.1 19.3 29.1 305 385 34.8 28.7
C(5)H-6 202 208 258 252 331 34.0 31.1
C@HE5 210 208 248 318 391 383 319
UGH-S 223 250 313 351 321 271 327
COHS 218 211 * 261 265 . 384 355  NSB
GE-I' 207 203 325 281 274 267 347
CORI  195- 190 200 214 328 350 357
UGH-I" 172 NSB' 273 258 356  NSB - 342
G@H-I' NSB NSB NSB 268 394 . 376 354
CORL" 199 203" 265 200 3527 366 308
Aveage 200 210 254 272 356 351 328
pro-a - 465 550 584 529 474 39,5»
pro-b - -~ - 518 .546 495 456 394
. pro-c - 420 411 485 - 49 395
pro-d - 460 493 541 478 439 394
- 493 539 501 455 305

Average

45.0 -
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figure 52: Changes in average Tm for GCGC and proflavine
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Figure 5.3: Chenges in aversge Tm for GCUGC and profiavine
upon addition of proflavine o GCUGE.
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markedly than GCUGC (Figure 5.2) A gradual shift of all chemical shift verss

initia.l]ydisplayedsigmoidal bchaviou-lo&thcil_-sigmoidalchm'acm-(c g., C2H6 in
GCGC)andoth::s,nonmmoﬁala:thcoursc:,Iosm(c.g., G4HI' in GCUGC).
' 'I'hepmﬂavm.:agnalsshowcdsxgmo:dalbchawom' wnhupﬁcldsmﬁsof

s:ans,andconnnncsm*be,cans:dqablyhxgher:hanmeduplcx me 20d peaks at lower

| proflavine concentrations (FgmtS.Z, Figure 5.3).

Variable wmpcmnne spectra of the exchangeable protons were obtained for
GCGCandGCUGCmthcabsenccofpmﬂavm: (Sccnon4.2._))andw1th 6:1 and 2:1 single
snnnd.dmg- the results are given in Tables 5. 14 and 5.15. Assignmenrs WEere 3.
previously dxsmscd. At the lower proflavine conccmr.mon(ﬁ 1) the spectra appc.:-.rcd
mmhasrhcyd:dmthcabsmofpmﬂanm, but in the 2:1 smglc stand: drug, the
UNH3 signal mGCUGChasalmostdxsapmandthcspcurumofGCGChasaqmrcdan
¢xtra peak, upfield from the others, All Tesonances shift upfield upon addition of
proflavine, bu: th:s is most pronounccd for thc terminal resopances,

-

‘ "\
5.2.2 Intercalation of proflavine into CCGGl:znd CCAGG

-

Variable teraperanure series for the nonexchangeable and exchangeable
protons of CCGG and CCAGG with proflavine were obtained forsingle strand:drug rados

of 10:1, 4.6:1, 3.5:1, 2:1 and 1: IforCCGG(Z.SmM,O IM salt) (Tables 5.16 t0 5.20), and for

-
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/
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Figure 5.4: Chenges in chemicat shift for G(1)E-8 of GCGC. 24 mM in
0.1 M salt buffer, upon addition of proflavine.
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Figure 55: Changes in chemical shift for C(2)E-6 of GCGC upon
v-—-\ _ addition of profiavine at ~atios showmn,
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Tigure 5.7: Changes in chemical shift for C(4)E-6 of GCGC upoa
additicn of proflavine at ~atios shown.
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Figure 5.9: Changes in chemicel shift for C(4)E-S of GCGC thon
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Tigure 5.10: Changesin chemical shift for G(1)E-8 in GCUGC upon
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Figure 5.12: Changesin chemical shift for U(3)H-6 in GCUGC upon
addition of proflaviae at =atios showmn.
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>

N

268

Table 5.14: Chemical shifts of the hydrogen-bonded imino protons of GCGC,
2.4mM in O.1M salt buffer, with proflavine at single strand:drug ratios

of 6:1 and 2:1.

Chemical shift (ppm)
GCGE 2 92° 1900 aLe
Proton - -
TERMINAL 12.77 12.84 12.87 (12.8)
INTERNAL 13.05 13.06 13.05 12,04
&1 10 Fvad 0d° 2020
TERMINAL 12.60 12.65 - 12.68 (12.9)
INTERNAL 12.97 : 13.00 12.92 13.04
TERMINAL 1",:?4 12.87 12.36 12.38 12.41
INTERNAL 12.85 12.85 12.83 12.79 12.7

12.15 12.19 12.21 12.24 12.24
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Table 5.15: Chemical shifts of the hydrogen-bonded imino protons of
GCUGC, 2.5mM in 0.1M salt buffer, with proflavine at single
strand:drug ratios of 6:1 and 2:1.

Chemical shift (ppm)
Proton :
TERMINAL 12.87 13.00 12.88
INTERNAL | 133§ 13.43 15.27
UNH3 10.25 10.33 10.28
&l L1e° &7°
TERMINAL 12.86 -
INTERNAL 13.41 13.14
UNH3 10.29 ) 10.22
TERMINAL 12.46 12.41 12.34 12.29

INTERNAL . 1330 13.15 : 12.80 12.66
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AN

Table 5.16:  Chemical shifts and anomeric proton cdupling constants for the base and
anomeric protons of CCGG, 2.5 mM, with proflavine, 10:1 single
strand:drug, in 0.1 M salt buffer, over the Cmperature range §0° to 20°C

Chemical shift (ppm) .

Proton : ) 7 _
C(I)H-6 7.768 7.785 7.816 7.842 7.875 7.910 7.934 7.943 7.940 7.903 51.1
CQH-6 7.759 7.761 7.768 7.777 7.793 7.810 7.828 7.841 7.852 7.841 5.6
GG)H-8 7.919 7.906 7.875 7.842 7.797 7.740 7.682 7.628 7592 7.547 453
G(OH-§ 7.654 7.955 7.914 7.873 7.809 7.728 7.640 7559 7504 7.414 428
C(1)H-5 5.972 5.961 5.951 5.948 5.946 5.943 5.934 5.919 5902 5860 NSB
C2)H-5 5.981 5961 5915 5.850 5.834 5.779 5.721 5.668 5.623 5562 50.1
C(1)H-1" 5.863 5.855 5.846 5.840 5.833 5.826 5.819 5.810 5.805 5.754 NSB
CH-1' 5.805 5.791 5.769 5.754 5.737 5.719 5702 5.687 5.682 5.673 63
GE)H-1' 5.861 5.841 5.801 5.772 5.737 5.699 5.662 5.627 5.607 5573 50.1
G(#)H-1" 5.829 5814 5784 5.754 3.713 5.656 5.585 5505 5.433 5.204 NSB
: Aveage Tm 47.1

pro-a —  8.477 8357 8.296 8.243 $.208 8.180 8.163 8.149 8.127 635
pro-b 7.734 7.649 7506 7.426 7.355 7.297 7.256 7224 7.203 7.472 62.1
pro— 0.960 6.874 6.705 6.601 6.500 6.41S 6.353 6303 6.270 6.212 550
pro-d 6.677 6586 6.444 6.362 6.285 6.273 6.174 6.141 6.107 6.056 613
AverageTm 615

Coupling constant (Hz)
CDE-1"45 54 49 46 40 30 23 - -
CQ)H-1' 54 52 4. 43 37 5.1 2.0 - - -
GE)H-1' 56 47 41 43 37 26 19 - - -
G@H-1' 40 38 26 43 24 1.7 - - - -




and anomeric protons of CCGG, 2.5
single strand:drug, in 0.1 M

0 20°C -

mM, with proflavine, 4.6:1
salt buffer, over the temperature ran ge 80°
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Proton

C()H-6
CRIH-6
G(G)H-8
 G(OH-S
C(DH-5
C(Q)H-5
C(OE-T
C()HE-1'
GGH-T
G@H-1

pro-a
pro-b
pro-¢
pro-d

C(HHE-1
CH-1
G(3E-T'
G(&HH-1"

£0.1°

7.759
7.750
7.910
7.956
5.968
5.961
5.862
5.797
5.854
5.825

8.516

7.698
6.936
6.637

5.0
53
54
3.9

7.774
7.750
7.894
7.841
5.948
5.941
5.837
5.781
5.835
5.808

8.424
7.607
6.843
6.541

Ut
~l O W W

P) ;‘x

80.4°

7.804
7.753
7.855
7.895
5.934
5.889
5.834
5.752
5.785
5.769

8:308
7.466
6.672
6.397

5.1
4.9

A
B

35

Chemical shift (ppm)

3520

7.828
7.757
7.820
7.851
5.926
5.850
5.825
5.733
5.750
5.736

8.251
7.389
6.570
6.315

Q7

7.858

456° &7 302°

7.8

87

7767 7.780
7.723
7.715

7.776
7.790
5920
5.802
5.816
5712
5.708
5.695

8.207
7.522
6.475
6.248

5.9
5.7
5.8
5.6
5.6
5.6

11
9
os
82
70
36

7.909
7.793
7.670
7.636
5.900
5.6594
5.795
5.674
5.631
5.571

8.150
7.230
6.335
6.143

Coupling constant (Hz)

4.8
4.6
3.9
3.1

<5

0]

3
4.
5.

~1 W

4.1
3.4
2.7

1.7

3.1
2.5
2.0

7.916
7.810
7.586
7.511

5.866

5.606
5.77

5.652
5.574
5.436

20.5°

7.887
7.825
7537

451
5.825
5562
5.363
5643
5.539
5316

Average Tm

8.118
7.179
6.251
6.078

8.092
7.136
6.198
6.023

Average Tm

2.6




Table 5.18: Chemical shifts and anomerj
CGG,
Msaltb

and anomeric protons of C

single strand:drug, in 0.1

to 20°C.

C proton coupling coas
2.5 mM, with proflavine; 3.5:1
uffer, over the tempeérarure range §0°
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tants for the base

Temp
Proton

C(1)H-6
C(2)H-6
G(3)H-8
G(4)H-8
C(1)H-5
CQHE-5
C(HH-1
CQHE-1
GG)H-1
G(HH-1’

C(DE-1
CQH-1
GEE=-1
G(4)E-1"

8

7.757
7.748
7.904
7.953
5.966
3.959
3.861
5.795
5.852
5.824

8.503
7.691
6.933
6.629

03° 59 &°

7.772 7.802
7.747 7.748
78907.849
7.936-7.889
5.945 5.928
5.936 5.882
5.843 5.830
5.777 5.747
5.832 5.779
5.804 5.764

8.414
7.601
6.840.
6.534

8.301
7.564
6.675
6.394

5.1
5.0
4.3

A

25

N

~l o W W

Chemical shift (ppm)

55.4°

7.825
7.751
7.814
7.844

.5.919

5.841
5.819
5725~
5.74

5.729

8.246
7.387
6572
6.315

50.3°

7.850
7.756
7.770
7.784
5.909
5.791
5.807
5502
5.697
5.686

8.196
7.318
6.476

6.24

48 &0 3

7.877
7.765
7717
7.711
5.896
5.736
5.784 5.782
5.680 5.662
5.654 5.614
5.626 5.565

7.774
7.667
7.638
5.883
3.683

§.161
7.263
6.396
6.181°

2 oo

I s
3w

f
L <)

}

W)
L)

(2 )]
—t
("2

5

Coupling constant (Hz)

A
-,

3
2.9

4.6
42
3.8
4.0

&1
3.5
2.7
1.6 -

=W

O O W

7.896°

7.902
7.788
7.586
7.512
5.846
3.597
3.759
5.638
5.554 5527
3.436 5321
Avemage Tm
8.101 8.075
7.169 7.134
6.247 6.139
6.066 6.011

Avemage Tm

7.876
7.782
7.537
7.460
5.811
5.527
5.74

5.628

Tn\\

~

i
-
~.

52.4
2.8
7.0
4.8
NSB
<+8.2
NSB
534
8.3
NSB
+9.8
60.3
65.3
61.8
359.6
61.8
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Table 5.19:  Chemical shifts and anomeric proton coupling constants for the base
and anomeric protons of CCGG, 25 mM, with proflavine, 2:1 single
strand:drug, in 0.1 M salt buffer, over the temperature range 80° to
20°C.

: Chemical shift (ppm)
Temp, mmmmmﬂ_m” Tm
Proton
CDH6 7747 7760 7.790 7.513 7.536 7.858 7.875 7.875 7.855 53.
CRE-S 7740 7.736 7.737 7.738 7.737 7.738 7.740 7.744 7.72 NSB,
GCGXR8 7.901 7.850 7.845 7.811 7.762 7.710 7.660 7.588 7.535 47.6
G(H-8 7946 7.927 7.887 7.843 7.750 7.710 7.638 7.530 7.463 46.4
C(DE-5 5950 5955 5918 5907 5.590 5.875 5.853 5.811 5967 NSB
CRMELS 5957 5.92¢ 5872 5830 5773 5.717 5.662 5581 5528 4§54
CQOHE-1' 5.861 5.836 5.525 5.814 5797 5.779 5.761 5.730 5.712 NSB
CH-1' 5790 5769 5741 S.719 5.695 5.663 5.640 5.614 S.600 501
CEME-I' 5.846 5.826 5.776 5.736 S5.65¢ 5.632 5.585 5518 5.490 0.
GEH-I' 5.822 55800 5760 5.724 5.625 5.617 5553 5.439 5339 NSB
Avemge Tm 49.3

pro-a 8.495 8.402 §318 §.261 §.200 8.157 8.124 §.082 8.053 570
Pro-b 7.686 7.597 7.486 7501 7.327 7.265 7.218 7.155 7118 563
pro—c 6.935 6.845 6.705 6.599 6.493 6.493 6.337 6.245 €.185 551
pro-d 6.620 6.526 6.413 6.332 6.247 6.181 6.124 6.048 5.988

¥
th 4
~1 U

Ai‘c::':zgc Tm 35,
Coupling constant (Hz)

CHH-1" 4 > 45 52 50 <5 42 34 30 --

CRE-1I" 53 53 53 48 22 36 30 - -

CEE-1" 54 54 49 35 22 27 22 - -
9

GEE-1' 3.8 40 3. 22 26 - - -

—
n
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and anomeric
strand:drug, in 0.1 M salt buffer, over the
20°C
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¢ proton coupling constants of the base
proflavine, 1:1 single

temperature range 80° to

e
Temp,
Proton
C(LHH-6
C(2)H-6
G(3)H-8
G(4)H-8
C(1)H-5
C(QH-5
C(1)H-T'
CQH-1"
G(3)H-1"
G(#HH-1"

pro-a
pro-b
pro-c
pro-d

C(E-1'
CO)H-1"
GEE-1
G(4)HE-1'

7.741
7.736
7.899
7.946
5.946
5.954
5.845
5.789
5.856%

5.825

3516
7.707
6.954
6.639

th th

[T D Y N

£
.

r
.

7.752
7.731
7.878
7.926
5.921
5.928
5.832

767
5.832
5.801

8.824

7.622
6.874
6.552

hop
Yo RS T N

S.J) :‘;

Qe

7.780
7.729
7.836
7.890
5911
5.870
5.824
5.740
5.778
5.763

8.355
7.520
6.751
6.451

LA e
W it e W

‘bl F {9

Chemical shift (ppm)

7.801
7.728
7.816
7.851
5.900
5.828
5.813
5.718
5.740

5.727

8.297
7.451
6.655

6.37

7.824
7.725
7.770
7.793
5.885
5.775
5.798
5.692
5.682
5.682

7.847
7.727
7.720
7.720
5.868
5.720
3.778
5.662
3.626
5.626

S.187

7.302

++ 6.450

6.286

6.213

7.859
7.720
7.668
7.657
5.839
5.658
5.752
5.633
5.577
5.563

~1 o]
> I
o)
~1

564

ta

S o

Coupling constants (Hz)

5.0
2.9
2.6

Vi

W w

0
7
7

Pl pa

2.2
3.8

3.9
3.6

-—

23

7.869
7.716
7.593
7.555
5.797
5.583
5.714
5.598
5507
5.453

20,30

7.854
7.725
7.548
7.468
5.760
5531
5.697
5.586
5.474

5.368

Average Tm

3.089
7.166
6.266
6.053

8.051
7.122
6.195
6.989

Averzge Tm

NSB
<9.0

<27

3.3
<+9.0

227

3.8

523
52.6
51.8

523
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C
* ratios of 5:1, 2:1 and 1:1 fprCCAGG (2.0mM, 0.1M salt) (Tables 5.21 to 5.23).

The increase in duplex Tz upon addition of proflavine 1 CCGG was comparable ..
to that upon addition of proflavine to GCGC (previous section), 4.8°C at a ratio of 3:5:1
single scand:drug (Tabke 5.24; Figure 5.18). The smbilizasion of CCAGG vpon addition of
proflavine reached 2 maximum of S°C (Table 5.25; Figure 5.19). With addition of
proflavice the sigmoidal curves are shified to higher field aad tesmperarure, one loses
its sigmoidal characeer, and-c:min of the ronsigmoidal curves are shiftad upfields.

Plots for individual base Pprotons are presented in Figures 5.20 w 535 for CCGG.

The proflaviae sigaals were sigmpidal for o uplexes; iz the CCGG
experimesnts the proflavine T, reached a maximum ar 4.6:1, whereas in the CCAGG
experiments, there was no defined maximum (Tables §.24 and 3.?5).

Broadcz:ing.of the signals in the CCAGG eXpenimenss was a problem, as was
degradation of this s:zm;lc. The T, values derived for this duplex are azended by
apprecizble uncerainty, The proflavize sigzals pro-b, PO~ and pro~¢ cax be readily
followed throughous a Sigmoidal ransison (pro-a moves intp thc.:\H-Z and AH-§
regioas and cannot be followed) and are determined tq have TS ©F 2roumg 40°C 2t low
proflavine rasics. This is a &l 10°C'lower than the Come pcé:ding curves for the
GCUGC:pmflavinecompch. “,’

Chezmical shifts for the hydrogen bondad iming protozs of CCGG asd CCAGS
¥ proflavine o givez in Tables 5.26 and 527. The teads observed weee smilrn
Gose cescrided in Section S.2.1: The terming] {zino protozs were more shielded by
addidon of proflavine, and tha =Tamer developed 22 exzn resonancs 2 high

Val - : o
FTOLaVIDS Conpentenyong.
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Table 521: . Chemical shifts and anomeric coupling constants for CCAGG, 2.5
mM, with proflavine, 5:1 single srand:driig, in 0.1 M salt buffer
over the temperature range 70° 1o 4°C. ;
S
Chemical shift (ppm)
Temp BOF 2T 0L 4040 3010 246 203 153 108 318 To
Proton _ _
COBS 7725 7727 7726 7724 7725 7735 7746 7759 7783 7799 25.5
CRES 7710 7716 7726 7.745 7783 7.714 7820 7.867 7.881 7513 154
ABES 5290 $282 8271 8256 $231 $215 §.195 §.178 §.172 8.185 NSB'
AGH2 8111 8086 5051 8.007 7958 7.896 7.853 7.995 7.751 7681 155 _
GBS 7.867 7350 7.82¢ 7.78¢ 7.705 7.635 7.559 7452 7373 - NSB -
GOMS  7.936 7930 7916 7.888 7.826 7.770 7717 7.63¢ 7579 7.505 158
CIDE-S 5912 S84 SS43V5757 5714 5672 5636 5595 5572 5535 282
CRES 5878 5855 5825.5504 5789 5778 5772 5760 §. S 5725 NSB
COH-I' 5833 5816 5759 5.745 5.690 5662 5.625 5582 53; 5519 193
CRE-I' 5806 5789 5765 5735 7651 5647 5625 S552 5558 5519 206
AQB)HE-I" 5950 5937 5929 5910 5506 S5.910 S919 5955 - NSB
GEH-I' 5771 5754 5729 5603 5637 5602 5571 5522 5500 5.5 20.1
GEE-I' 582§ 5819 5809 £758 782 5752 5760 5760 5755 5755 24
Avcmgt.Tm 205
ro-a S.467 8387 - -~ - L - L _  _
£7o-d 7667 7599 7501 7363 7218 7047 717 7085 7.075 7.059 40.0
tro< 6219 6859 6761 6.608 6421 6336 6283 6234 6208 6.16 376
oro-d 6.604 6530 642676282 6142 6070 6035 — - - 4
Average Tm 402
Coupling cozstan: (Hz)
CHEL 55 1 s 60 S35 - - - -
CREY 45 36 33 51 56 63 - - - -
AGIE-L 5% 51 49 45 41 385 ~e - -
GE-I' 83 53 sI—~48 41 37 osc 0 - N -
GE-1' 56 55 55 45 46 o~ a1 _ - -
- .
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Table 5.22:  Chemical shifts and anomeric coupling constants for CCAGG, 2.5
mM, with proflavine, 2:1 single strand:drug, in 0.1 M salt buffer

over the temperature range 70° to 0.6°C.
. Chemical shift (ppm)
Temp, 202° &07° 5L0° 406° 301° 24.9° 202° 150° 100° 06° Tm
Proton '
CHH6 772 7720 77117 7708 — 7715 7720 7.726 7739 - NSB
CH-E 7706 7710 7722 7.742 7781 7.805 7.831 7.854 7.876 - 223
AGJH-8 8282 8271 826¢ 8253 8232 8233 8.196 8182 8172 8.184 NSB
AGH-Z 8052 8061 8033 7995 7.929 7.898 7.842 8793 7739 7.670 158
G4)H-8  7.860 7.840 7816 7.777 7.699 7.646 7.555 7475 7420 -~ 195
GOM-8  7.925 7914 7502 7.873 7.811 7766 7.702 7.651 7604 - 20.0
C(H-5 5909 5878 5835 5774 5.675 5.603 5560 5503 5440 - 270
CRES 5875 5849 5825 5799 5782° S.770 5755 5749 5742 5.751 NSB
CDHE-I' 5835 5810 5783 5739 5705 5.670 5632 5596 5569 5536 175
CQ@HE-I' 5817 5807 5799 5787 5770 S5.761 5.749 5749 5742 5.751 NSB
AGIHE-I' 5943 5928 5918 5910 5906 5509 5910 5921 5955 _ NSB
GAH-I' 5766 5746 5722 5638 5629 5605 5562 5531 $.504 5479 23.7
G(S)H-I' 5801 5782 5758 S5.725 5.673 - 5613 5576 5547 5519 NSE
' Average Tm 20.8
pPro-a 8.410 8316 8264 8.125 8015 -  — - ~ -
pro-b 7626 7545 7460 7331 7.89 721 7.104 7.082 7055 7071 402
/m-c G.839 6819 .6.728 6576 6389 6307 6263 6212 6.193 6.151 371
7 prod 8359 6476 6384 6256 6.110 6.047 6001 5968 5935 — 356
Average¥m 38.6
Coupling corstant (Hx)
CE-I' 50 S6 S1 52 48 45 - - - -
C@H-I' 38 40 34 64 17 40 - - - -
AGH-I' 53 52 50~ 46 42 a3 _ - - -
G@H-I' 54 54 52 46 39 33 - - -
GE-I' 34 37 32 56 350 - - - - -
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Table523:  Chemical shifts and anomeric coupling constants for CCAGG, 2.5
" mM, with proflavine, 1:1 single strand:drug, in 0.1 M salt buffer
over the temperature range 70° to 0.6°C.
. Chemical shift (ppm) .
Temp, m&&mmmmm’mwmm
. Proton _ ’
CUH-6  7.721 7.720 7.716 7.710 7.689 7.687 — — 7664 7657 NSB
CRME6 7704 7710 7722 7743 7774 7.800 7.823 7.841 7.845 7.809 272
AGH-E 8282 8272 8263 8253 8234 8219 8204 8.190 8.173 8.170 200
i = AQ)H2-8.092-8062 - 8.030—7-955 - 7934 7892 8047732 7764 7.608 291
) G@)H-8 7861 7.841 7813 7.778 7.703 7.645 7.574 7470 7405 -~ NSB
G(5)H-8  7.926 7916 7.900 7.871 7.810 7.764 717643 7554 7501 169
COH-5 5909 5877 5828 5767 5.667 5626 5.570 5518 5471 -~ 278
N— CRIE-S 5874 5848 5820 579 5775 5776 5755 5767 5739 5735 NSB
CIDH-' 5835 5811 5797 5786 5767 5.757 5.755 7.745 5739 5.735 NSB
CRE-T" 5817 58308 5781 5743 5698 - 5644 5625 5594 -~ 337
AQE-I' 5843 5928 5919 5910 5907 5909 5911 5821 5935 - NSB
GH-1' 5766 5747 5.719 5.683 5.630° 5594 5570 5519 5471 -  NSB
G)H-I' 5801 5785 5.755 5718 5.670 5.648 5613 5577 5552 5522 207
' ‘ Average Tm 25.1
pro-a 8411 8329 8233 8127 8015 7.973 7.940 - - 395
pro-b 7.629 7555 7458 1328 T.83 7.122 7079 7055 7044 38.0
proc 6.398 6.828 6723 6578 6399 5312 6246 6216 6.187 6.142 35.8
pro-d 6.567 6485 6380 6251 6.104 6.048 6004 - - - 376
Average Tm 37.7
CORE-I' 45 56 39 51 46 43 _ - - -
COB-r 44 4i 44 45 3¢ - - _ ~
AGHE-I' 53 53 49 46 44 50 - - - -
G@4E-1' 54 53 52 47 40 34  _ - - -
GOE-I' 35 37 33 28 38 37 - - -




Table 5.24: T;n/s/cf CCGG and proflavine for CCGG

Y

:proflavine mixtures with

279

gle strand:drug ratios of 10:1 to 3:2. CCGG, 2.5mM single strand
\ { in 0.IM salt buffer.
\ ' Tm (°C)
Ratio - CCGG 1041 46:1 33l 21 32
Proton )
C(1)H-6 45.8 51.1 515 524 53.8 54.0
C()H-6 472 45.6 475 42.8 NSB NSB
G(3)H-8 44.7 45.3 465 47.0 476 462
G4)H-8 442 44.8 458 44.0 46.4 465
C(H-5 NSB NSB NSB NSB NSB  NSB
C(2)H-5 445 44.8 473 482 48.4 49.0
CB-T' NSB NSB NSB NSB NSB 42.7
C(2)H-1' 455 46.3 52.5 53.4 50.1 48.3
G(3)H-1' 45.1 50.1 51.0 53.7 494« 490
G(4)H-1' NSB NSB NSB NSB 45.4 42.7
Average 45.0 47.1 49.1 49.8 49.3 48.8
pro-a - 63.5 67.3 60.3 57.0 -
pro-b - 62.1 63.2 65.3 56.3 523
- pro-c - 589 597 618 55.1 526
pro-d - 61.3 625 59.6 54.5 51.8
Average - 61.5 63.2 61.8 55.7 523




280

Table 5.25: - Tms for CCAGG and proflavine for CCAGG proflavine mixtares with
single strand-drug ratios of 6:1 to 2:1. CCAGG, 2.0mM in 0.1M salt
buffer. :

Tm (°C) . . .
Ratio CCAGG | @1 21 Ll
Proton
C(1)H-6 NSB - NSB NSB NSB
C(Q)H-6 202 13.4 223 272
A(3)H-8 18.8 NSB 21.2 20.0
AGH-2 15.9 15.8 15.8 29.1
G(4)H-8 NSB NSB 19.2 NSB
G(5)H-8 174 15.8 20.0 169
C(1)H-5 13.6 28.2 27.0 27.8
C(2)H-5 NSB NSB NSB NSB
C(HH-1' NSB~ 193 175 NSB
C(2)H-1' " 188 206 NSB 33.7
AQGH-T NSB NSB NSB NSB -
G4H-1' 205 20.1 23.7 - NSB
G(5)H-1' 24.6 24.5 18.9 20.7
Average 18.7 19.2 19.9 25.1
pro-a - - ~ 39.5
prob  — - 40.9 40.2 38.0
pro-c - 37.6 37.1 35.8
" prod - 42.1 38.6 37.6

Average ' - 402 38.6 37.7
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Figure 5.18: Changes in Tm for CCGG and proflavine for CCGG

upon addition of profiavine.
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Tigure 5.19: Changes in Tm of CCAGG and proflevine upo:ﬁ addition
of proflavine t6 CCAGG.
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figure 520: Changesin chemical shift for C(1)H-5 in €CGG upon
addition of profiavine at single strand:drug ratios shown.
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Figure 521: Changesin chexical shift for C(2)H-6 in CCGG upon
additica of proflavine at ratos shown.
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Figure 522: Changesin chemical shift for G({3)HE-8 in CCGG upon
addition of proflavine at single strand:drug ratios shown.
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Figure 524: Changes in chemical shift for C(1)E-5 in CCGG upon
addition of profiavine at ratios shovm.
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Table 5.26: Chemical shifts of the hydrogen-bonded imino protons of CCGG, 2.5mM
in 0.1M salt, with proflavine, at ratios 10:1 to 3:2 single strand:drug.

o : Chemical shift (ppm)
CCGG =3.4° A 17.0° 23,0°
TERMINAL 13.34 13.30 13.25 13.05
INTERNAL 12.53 12.53 12.46- 12.39
101 =.6° 2.4° 14.8° 249°
TERMINAL 13.21 13.17 13.10 12.79
. INTERNAL 12.49 12.49 12.41 12.33
TERMINAL 13.07 13.07 13.06 12.79 -
INTERNAL 12.44 12.46 12.42 13.39 12.38
12.23 1221
TERMINAL 13.04 12.98 12.86 - -
INTERNAL 12.45 1240 © 1238 12.39 12.36
- 12.21 11.98
21 A6 51° 150°  2eg0 300
TERMINAL 12.90 1289 12.82 - -
INTERNAL 12.42 12.40 12.37 12.36 12.36
1216 12,05
TERMINAL 12.85 12.83 12.62 - -~
INTERNAL 12.42 1239 1236 1232 1236
) | 12.15 11.99
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Table 5.27:  Chemical shifts of the hydrogen-bonded imino protons of CCAGG,
: : 2.5mM in 0.IM salt buffer, with proflavine, at single strand:drug
ratios of 6:1 to 1:1.

Chemical shift (ppm)
CCAGG 45° 21 46°
Proton -
TERMINAL 13.38 TERMINAL 13.16
INTERNAL 1222 INTERNAL 12.18
&l as b5 45°
TERMINAL 13.25 , No visible spectrum.

INTERNAL ~ 12.19
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$2.3 Duplex sizhifizas

N

Addition of proflavize to GCGC (T 48.1°C), CCGG (T 44.1°C) and GCUGC (Tm
20.0°C) produces Tm increases of up to 5.3°, 48° and 15.6°C respectively. Maximum

' stans 1 decline, The proflavine protozs also show sigmoidal behaviour and 2 T which

Is persistantly 15 - 25°C higher than the duplex T,

Nocondusionmaybcrcachcdﬁomthcsadamastothcmlmvc affinity of
bdndingmthcpmmduplaxGCGCand:othcmismamﬁ-conmixﬁngduplthCUGC The
Tims are 100 widely separated. Estimates of ATm obtained by entering plausible
incremenss of AS and AH (resulting from intercalaror binding) into.the equation
T = AF/(AS +1aCT ), where CT is the total strand concentration, show that a twofold
difference in stabilization of a duplex with Tm = 20°C and 3 dupléx with T = 48°C can |
result for binding with the same AS and AR Introduction of the stabilizing element
produces greater effect on the less stable duplex.

The fourth saqueace swdied, CCAGG, experienced up to 5°C stabilization upon
addition of intercalator, Thers were two major difficulties on the studies of CCAGG:
pronounced broadening of the resonances at low temperature and degradation of the
sequence. Tms measured for the proflavine protons for CCAGG are around 40°C,
compared to the maximum of 53°C measured for GCUGC; the duplex formed by CCAGG
upon intercalation is less stable than that formed by GCUGC.
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nctxpf;ddchcmicalshif:sobmdforthcpmﬂavimpmtonsinaﬂthcsc
oligonucieotide:proflavins complexes are large: pro-a > 0.4 ppm, pro-b > 0.5 ppm, pro-c
>0.55ppmand;n'o-d>0.55ppm. 'I'hacva]ucsamlowcrlimjts,sinecthcchcmicalshift
Versus temperature curves already have appreciable slope evea a1 70 - $0°C (Figuze
5.26). 'Ihcscshiftssupponaninn:rmiaﬁongcomcu'yinwhich the long axis of the
proflavine molecule is lying parallel 1o the long axis of the base pairs between which i
is intercalated. A@Mmﬁmmmmmclongmwmm:
inthcpmmnonﬂ:ccémalﬁngbdngmmshicldedthanthosconthc other
s two—which would be protruding into solution. This is not the case, This result concurs
with thc geometry observed in the crystal souctures of the complexes with proflavine
of CG (Neidle, 1981), dCG (Shieh st.al, 1980) and CA:UG (Aggarwal eral, 1984), and thas
deduced for the solution structures of complexes of proflavine with d(GGCC), 4(CCGG)
(Pazel 22d Canuel, 1977) and poly(dA~dT) (Patel, 1977h).

2.2, Binding sites: GCGC and CCaoG

The duplexes fozmcd by the terramers GCGC and CCGG each have three sz:cs for
intzrealation.  An internal CG:CG site is common to both, while the terminal sites of
GCGC are GC:GC and the t:rmmal sites of CCGG are GG:CC. Plausible binding sites and
combinations of binding sites are depicted in Figure 5.27. The degeneracy of each
configuration dus to the sel®complementarity of the duplex is not=d besida the
sttucure.

Maximum duplex stabilizaton of GCGC oceurs around 2:1 single strand:drug, or
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1:1 duplex:drug, suggesting that the optirmum binding mode occurs at one drug molecule
per duplex (Table 5.12). The maximum Tom of the proflavine protoas is reached at even
Iower smglc-stmnd.drug ranos, about 4:1. | B .
Maximum duplcx stabilization of CCGG occurs at slightly lower ratios, bctwccn
3.5:1 and 2:1 for the duplex, and at 4.6:1 for the drug crablg 524)
According o the ring current calculations of Geissner-Prettre and Pullman
(Gcismcr—_P:jcmé and Pullman, 1982), the three membered ring of proflavine has
greater shielding capacity than ;hc two-membered purine ring or one-membered
pyrimidine ring, Thus, intercalation might be expected 1o produce an upfield shift in
the protons of the adjacent base-pairs. A gradual upfield shift is noted for all protons
it GCGC and CCGG upon addition of intercalator (Figures 5.4 to' 5.9 and 5.20 1o 5.24; Tables
.5.28 and5.29) with :hclargcstshxfts occ:urnng in the 5" terminat residues, G(l) and
C(2) in GCGC and C(1) and C(2) i CCGG. The behaviour of C(2)H-6 is similar in both
Sequences: the sigmoidal behaviour of the curve is gradually lost as the curve moves
upﬁclmowcm these shift changes are not marched by slnfas in the protons of the
bases to which they are base paired, and the nonexchangeable protons of guancsins
and cytidine h'c to the outside of the stack: it is possible that thesa shift changes result
from conformaaonal changes occuring upon intercalation, and are not directly due to
the intarealator, -
. The imino protons, lying as they do..in the centre of the smg.k. might be expected
0 provid'c 2 better indication of the shieldirg properties of the base patr neighbours.
In both cases, the bydrogen-bondad iming protoxs belonging to the termina] base pair
show grcat:r u::ﬁcld Shlfts than thoga bcloagm 10 the internal imino protons {Tables
5.14 and 5.25) This trend establishes itself even at low proflavize rados, where

substantial end-stacking would fot be expected; it might be that intercalator is trapped
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Table 5.28: * Chemical shift changes for the aromatic base protons of GCGC
with proflavine at 2:1 single strand:drug ratio, relative to GCGC in
the absence of proflavine. (Upficld shifts negative).

Chemical shift (ppm) ‘
Broton |, A2t 70°C 22t30°C A2(30°) - AY70°)
G(1)H-8 +0.05 0.037° 0.042
C(2)H-6 -0.017 -0.098 0.081
GEHS -0.047 0.031 +0.016
C(4)H-6 -0.032 -0.059 0.027
CQ)H-5 -0.048 0.068 0.020
C@H-5 . -0.045 -0.047 -0.002

f'\\

. Table5.29: Chemical shift changes for the aromatic base protons of CCGG
with proflavine, 2:1 single strand:drug ratio, relative to CCGG in
the absence of proflavine. (Upfield shifts negative).

r g

Chemical shift (ppm)
Rroton 49at70°C 20° AJ(207) - AJ(70°)
C()H-6 +0.002 0.070 - -0.072
C()H-6 -0.050 0.215 -0.165
G(3)H-8 -0.040 -0.048 -0.008
G(4)H-8 L0042 -0.012 « +0.030
C(1)H-5 0.034 0.177 -0.143

C@)H-5 -0.043 -0.111 -0.068




by end-to-end aggregation, although the rend persists to higher temperamres, at
whichthcaggmgamwouldbccxpecwdtobcbcginningmbrcakup ' '

Addition of high proflavine ratios results in the appearance of an additional
pcak.upﬁcldfrmnthcothm-s. 'Ibcm:cnmtyofthxspcakappcamtobcdcpcndcmupon
proflavine ratio: it is absent from the spectra of GCGC with proflavine at 6:1
smglc-su'.and.dmg. and of equal intensity to the others at 2:1 single strand- drug, and in
thcspecunofCCGGxts::adﬂymcrcassmmm:yﬁomSS :11o 1:1 single strand: drug.
Slow exchange between species has been observed to give rise to €xtra peaks in spectra
of cligoribonucleotides (Reid et a1, 1985} and aligoribonucieotidedrug mixtures
(Tran-Dinh ¢t a],, 1984). Figure 3.28 shows the iming Proton pattern expected for the
three interior intercalation sites in slow exchange, Superposition of peaks seems
hk:ly. givea thd observation of only ons new peak, and it is not possible 1o daduce
where the drug intercalates. |

Comparison of the Tms belonging to the interior base protons and to the exterior
base protons shows a slight trend towards stabilization of the interior bases (Tables 5.30
and 5.31). Thase averages, howcvér. are generated from the results of WO, Or at most,
three protons, and the uncertainty associated with the T is dfsimilarordcrto the
“difference between them. )

From the uniformity of effect of addition of profiavine throughout the duplex, it
would seem that these duplexes exhibit no site-specificity: The intercalator enters ai]

sites équally, at least in the concentration range used in these experiments.

5.2.6. _Binding sites: GCUGE

The CUG sequence in GCUGC, which replaces the CG site in GCGC, might be

a
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Table 5.30: Comparison of average Trms for the base protons belonging to the
Eﬂ{':nﬁnal (G(1) and C(4)) and internal (C(2) and G(3)) residues of

GC with proflavine,
Tm (°C)
Proton :
Terminal 482 492 49.3 53.1 472 40.3
Internai 48.5 49.6 50.7 56.5 47.8. 42.0

ATm 0.3 0.7 14 3.4 0.6 1.7

Table 5.31: Comparison of average Trms for the base protons belonging to the
: terrmnal (_C(l) and G(4)) znd internal (C(2) and G(3)) residues of

CCGG, with proflavine.
Tm (°C)

“\Ratie - CCGG 101 461 381 21 1y
Proton : .
Terminal 45.0 48.0 ~48.7 48.2 501 503
Internal 44.6 45.2 46.9 47.6 48.0 47.6

ATm -0.4 -2.8 -1.7 -05 -2.1 2.7
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;xpeaedmaaasoheormoposm'bhinmaalaﬁonsimdcpcndingupoanchc
mdmcsarcStaclmdmorIOopedomofthsduplex. Iftheundmcsarcstaclmdmthc

:hesamcasmGCGC,bmthcafﬁmtyofthcccnmImmwﬂlbcdlﬂ'mm(ﬁgmtSZQb)
'Ihcaﬂimﬂsofthc:wotcrmmlsxmmayalsobcaﬁeaedbychangcsmgeomcuy
'mtroduwdbythcmdxm-mdmemxsma:ch. Inthxsmstancz,themxmbu'ofszmm
further increased by the provision of more external binding sites—the intercalator
may stack on the looped out base, giﬁngn’scr.oagrmzmanypossiblc structures.
ThcmcmchﬁofGCUGCmchmamaﬁmmummZI and 1:1
single strand:drug (Table 5.13), at slightly higher ratios than in the parent duplex
GCGC (Table 5.12). The proflavine Tm increase s at a maximum aroynd 2:1.
An examination of th? behaviour of the individual proton curves.and Tms
show no changes which might be indicative of 3 change in conformation of the

be noted m'\u proflavine stacking on 2 bulged uridine would produce an increase in
shielding in that residpa’s proions. However, the coupling constams continue 0
collapse in similar order and ar similar n:Ianvc rates as in the duplex without
proflavine, in which the uridines stackin to thc helix.

Sciccdvc stabilization of the internal base pairs is observed in this sequence
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(b) GCUGC - 2:1 1:1 “2:3 12

Figure 529: Intercalation sites in GCUGC, (a) mismatched bases
stacked in to the helix (b) mismatched bases looped
out. Statistical cccurrance shown beside each structure.
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as well, when the average Tims of the intemal base pairs are compared to thase of the
terminal base pairs (Tabic 5.32). Again, the averages arc drawn from a small number
of curves, | |

The imino protons show similar irmds to those in GCGC in going from no
proflavine to 6:1 single strand: drug—greater sh:cldmg of terminal than intemal imino
protons (Table 5.15), but substantial changes occur from 6:1t0 2:1. The signal around
13.4 - 13.3ppm, belonging to the intemnal G-C imino base pair, has lost intensity

-, relative o that at 12.5ppm belonging to the terminal G+C base pair. The UNH3 proton
l signal is grcaﬂy reduced in intensity. Apparently addition of proflavine promotes
i cxchangc of imino protons from the interior of the duplc; or slow cxchange is
o - occunng between species with very similar imino proton shifts.

Loss of the UNH3 signal might be expected if the proflavine were
intercalating into the ccntral site and forcing the uridine residues to buIéc out into
solution. However the apparent stoichiometry—-with the peak of the stabilization
versus concentration of intercalator curve occuring at higher ratios in GCUGC than in
the parent duplex GOGC-the increased shielding seen by the non-exchangeable
protons 61‘ the mismatched uridines, and the unchanged pattern of collapse of coupling
constants, all suggest that the uridines are also stacking in to provide an extra
intercalation site. There does not appear 10 be one intercalation gcometry or

-

intercalated species predominating.

')
’z)
=)

The increase of duplex Tm upon addition of proflavine is ascribable to

'"prcfcr::ntial binding of the intercalator to the duplex which shifts the equilibrium to
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Table 5.32: Comparison of average Tms for the base protons belonging to the
terminal (G(1) and C(5)) and internal (C(2) and G(4)) residues of
GCUGC wi i .

with proflavine.
Tm (°C)
Ratio GCUGC 20:1 &l &1 &l L1 12
Proton | |
Terminal 21.0 210 259 25.9 35.7 34.8 0.8
Internal 202 - 20.1 26.9 312 38.7 36.9 - 31.9 -

ATm -0.8 0.9 +1.0° 453 43,0 +2.4 - 408
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favour the duplex (Cantor and Schimmel, 1‘981). At low ratios of proflavine, the
differcnce between drug and duplex Tams is to be cxpecw;, since all proflavine will be
intercalating, but only a fraction of the base pairs will be associated with
intercalator--and therefore subject to stabilization—at any given nmc However, this
difference persists to higher ratios, which leads to the supposition that intercalation is
being accomplished by partial meltng of the duplex and capture of the intercalator,
rather than by insertion of the intercalator into an intact duplex—if the mrerm!ator -
is cntcnng 2 partially denatured duplex, then its Tm, which monitors its interaction
with the duplex, will be higher than the duplex Tm, which monitors duplex
seif-association. The lcvclling‘oﬁ' or subsequent decline of the proflavine Tm is to be
ascribed to greater contribution by lower-stability, non-intercalative types of
binding.

No intercalation site preference is determinable from the NMR. data for GCGC,
GCUGC, CCGG and CCAGG with proflavine. The cumrent state of knowledge rcgarc;ing
intercalation into mismarch containing sequences suggests that the the preferred site
for intercalation may be the site adiacent to the mismatch, ie., a fully base paired
site~since intercalators do not appear to interact with single strands--next to a site of
destabilization, which will allow for capture of the intercalator. The same effect is
liable to be operative at the duplex ends, fraying of which would allow capture o% the
intercalator. In short duplexes, therefore, end effects would obscure sequence effects.

The bmdmg of proflavine to the deoxy-analogue of CCGG, d(CCGG) has bécn
studied by*H-NMR and optical mcthods {Patel and Canuel, 1977b). The Tms z2nd
complexation shifts of d(CCGG) show similar trends to those of CCGG: For d(CCGG) ( Tm
=37°C in absence of proflavine), at 7:1 single strand:duplex, the proflavine Tm was

54°C, compared to 62°C for CCGG (Tm in absence of proflavine, 44°C) (Patel and Canuel,
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1977b). No data was given for the duplex in presence of proflavine, The complexation
shifts for the individual bascp::otons ofd(CCGG_)amofsimilarmagrﬁmdcto those seen
forCCGG,andinbod:soqucnmthclmgestshifmmninthcrmminalmsidm In
d(CCGG) the descending order of magnitude is: C(1)H-5 > C( I)H-S > C(2)H-S >C(DH-5>
G(3)H-8 and G(4)H-8, while in CCGG the arder is: C)H-6 > C(1)H-5 > C(1)H-6 > C(2)H-5 >
G(3)H-8 > G(4)H-8. The proflavine chemical shifts quoted for d(CCGG) are

approximately double those found for CCGG, however, the curves in the former study
mmmwmplcm,thcvaﬁablcmmpmmmﬁhavingbecnmwdar%Tas
oppased 10 80°C. No imino proton data was quoted. A comparison of binding of
proflavine to d(CCGG) and d(GGCC) was carried out using optical binding curves, and it
was from this data that a preference from the d(CG):d(CG) core was deduced (Patel and

Canuel, 1977b). ‘ _

- Intercalated species in slow éxchange have-beeq observed far &CGm3CG) and
&(m® CGCG) with daunomycin, Discrete methyl signals for each of the two discrete
intercalated species (intercalation into the terminal and central sites) are visible,
leading to the conclusion that intercalation is occurring into ali sites equally
(Tran-Dinh g 3l,, 1984).

Ethidium b_imis to CUG to farm a species in which the cenrral UxU mismatch is

_ excluded from the stack to accomodate the intercalator (Lee and Tinoco, 1978). The
mino proton results for GCUGC suggest that there is contribution of such a species to
the conformational mix in the GCUGC:proflavine complex, but the overall results
indicate that it is not the only conformation.

. From comparison of the results for GCGC and GCUG;Z it is evidant that
proflavine stabilizes the duplex contzining the mismatch to 2 greater degree.
Whether this indicates preferential binding, or is simply due to the greater
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connibuﬁonofaddiﬁonofastabilizingclcmcmmawcakduplexhadycttobc
established,

3.4, _Conclusions

Stabilizaton of the m_;namhconmxmng duplex GCUGC uﬁon addition of
proflavine was greater than stabilization of cither of the the perfect parent duplexes
GCGC ar CCGG; whether this indicated stronger binding could not be determined, as the
greater stabilization of GCUGC might have been a consequence simply of its being
initally much less stable—introduction of a stabilizing elemeat has more effect on a less
stable duplex, CCAGG apparently was not stabilized by intercalation, but this sequence
Wwas susceptable 1o cleavage, and the sample degraded with handling.

" Binding site preferences in the parent duplex were not readily observable;
changes in Tm and chemical shift upon addition of proflavine were distributed equally
thoughout the duplex. In the imperfect duplexes there was o evidence of preference

lfor the central base-base mismatches, or for a coaformation in which the mismatched
bases loop out. The rapid movement of the intercalator into and out of the duplex,
combined with the lack of strong sits preferences, results in averaging of the observed
parameters over all conformations.

The duplex containing 2 UxU mismatch, GCU GC, appeared miore accommodating
of the intercalator thas thar containing the AxA mismatch, according 1o the 10°C

difference measured for the proflavine Tm.

s



6. CONCLUSIONS

The sm;iy of biological macromolecules by physical methods frequently
mqtﬁmisohﬁonofparﬁaﬂnrsgucumfcaminamodcl system so that their
individual properties may be studied and the effect of perturbations and substitutions
monitored. Physical studies of synthetic oligonucleotides i corporating fearures
lmpormmmmnv: mducamdsmammycomplcmcmmphys:cal and
biological studies of the native molecules thcmsclm

Nuclc:zr magnetic resonance is a particularly powerful means of stedying
meeleic acid mod.:l systems, sincs mform:mon on stability and details of sructure of
mueleic acid second.u'y stuctures may be obtainad from c.hcmfml shift and coupling
constazt data. Mareover, simples for study by NMR are dissolved in aqueous buffer
solutions constituted $o as to approximate physiological conditions,

One of the earliest issues 2ddrassed in synthetic oligoribomcleotida s:udj'cs
W3S sequence dependencs of stability. The pearest ueighbour approximationstates that
any physical property of a po]ymcr may be described by summation of the inieractons
between adjacent constituents, in the cass of mucleic acids, adjacent bass pairs. This
approximation has besn employed in the prediction of the stability of proposad
secondary structures of rRNAs and mRNAs, which cannot yet be directly observed,
from the stabilities of the individyal two base pair units, "diribonueleotide coras”. At
the time of development of the first project of this thesis (dascribed in ssction 3), the
thermodynamic values for the stbilities of the three GC diribonucleotide cores, GC:GC,
GG:CC and CG:CG, had besn derived from limited dara, aad were owdared, Study of the
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dxxplexingbchaﬁowafsixwkammmminingmmivdyguamsimandqﬁdim

residues allowed deduction of a relative ranking of stabiliies GC:GC 2 GG:CC > CG:.CG,

whichdiffaedﬁumthoscprcvi&slymbﬁshcdin:hemdﬁngofmcﬁmmocom
Thmmodyna:d’csaidicsbnmscsoqucmcsnndlongusequmccsduivedﬁnmmcm
were performed by Drs, Frci:rand'l‘mna-inkochmandpmvidcd quantitative
resules that could be directly applicable in strucrure pmdicﬁon (Freier et a1, 1985b).
Coziparison of the duplex stabilities according to NMR with literasure vnlucsandrcsulrs
for the dcoxyamlogus showed greater stability for the ribo tetramers.
NMRda:nalsoconmmsStmcnnnlmformanoa. The larger chemical shift
chacges upon duplexing observed for certain protoas in the RNA duplexes compared 10
the literarure results for their DNA analogues wers qualitatively consistent ﬁm the
ba:sc pair ovc:‘lap_diffc:-..nccs betweea classical A- 2nd B- helixes. Deviations in the
1mino proton data fom predict=d values from Literamme parametess derived from data
for nadve t(RNA Suggested that the conformation at the blunr ends differ ﬁ':‘zm the
classical valucs. Application of the RY mods! for Sequeace depeadent winding in RNA
belixes to the tetramer dazm allowed correlation of the rat= of collapse of the anomeric

coupling coastants of the 5 terminal residue with the dcgrcc of overlap of the §'

terminus with adjacsnt base,

The exteasion of the study to mixnures of complementary trimers, the
precumsors of the tetramers and relatd sequences, produc:d unexpecied mul:s. For
three of these four mixtures in 1.0 M salt buffer the G-rich szand aggregarsd,
prﬂt‘\::::ing duplex formedon. Upea removal of salt thres of the four mixmres duplexed
™0 give 2 measurable To, and the foumh was bcglzmng to duplex; aggregation was

beginning ar much lower temoeranres. -

,:‘1
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The observation of a distinet imino proton s;ﬁccu'um for GCG and the
availability of information regarding the behaviour of retated sequcnwc, led to the
proposal of a structure for the GCG aggregate, Invcsugzmon of aggregate structures by
NIVH{mhampcredbythccxn'cmcbmadcmngof:hcszgmlsductochcm:caJshlﬁ -
amisotropy and exchange, and this aspect of the study would bcncﬁt from apphcanon of
anothcrm:thod,nmaybcpomblcmcysmlhzzGCG formsmncc.

stpmred bases are a common feanrre of the secondary strucnm: of native

' RNAs, perhaps required to fadlm:c the mcltmg of abelix when a tmnsmon between.
secondary structures is required, or to provide a site for protein bmdmg, stm:nchcd
bases are usually introduced as a perturbation mmodclsys:cms,andthmrcffcc:on
stability and conformation are described relative to the related perfect duplex. Stud;cs
on six pcnmn"bom;clcondcs (section 4) derived from the thres most stablc tetramers
established that mismatches were appreciably destabilizing. Of the six sequences
studied, only two producad duplexes containing the desired central mismatch, CCAGG
and GCUGC. Introduction of both thcsc mismatches (AxA and UxU) produced comparable
destabilization, and in both cases, the mzsp:urcd bases stacked into thc duplex. Thisis
common to all systems described in the litzrature; it appears that continuation of the
stacking through the mismatch is more stable thag forcing the mismateh out.

No comparison could be made of the effect of disruption of the central GC core
in the tetramers by the mismatched bases since only two of ths six potendal duplexes
formed. Howaver, mixing experiments performed with the cc;mplcmemmy pentamers
allowed 'compan'son of the effect of introduction of a singleAsU base pair into the -
centre core of the three GC tetramers. Greater stabilization \:vas observed for insertion

into the weaker CG:CG core than into the GC:GC core.
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The mlsmar.c;h-commmng duplm were used in a study of i intercalation into
nnsmmnhmnta:mng duplcxs (section 5). According to the Streisinger hypothesis,
fmmesmftnmmgcns arise fromﬁxmg oftransmmunpaimdsuucnm by repair
enzymcs, and mmagcns ex:.n: their effects by stabilizing these mispairings pricr to
repair. Literature rrsults suggested stronger intercalator binding to duplexes
containing mismarch sites. The intercalation of proflavine into CCAGG and GCUGC (and
their pareat duplexes CCGG and GCGC) was studied to determine whether there was 4
dcmon.sunblc pref:rtncc for intercalation into a mismatch site, greater stabilization of
an imperfect duplex, or conspicuous alteration in the conformation of the mismarch
site—for instanes Iooping out of mismatched bases to accomodate the intercalator,

' ~ Addition of increasing amounts of proflavine produced a steady increase in Tm for the
systetns studied , and 2 slight increase in sﬁiclding for most protons, but no indi;:aﬁon

of site prcfcrencc. The mismaich-containing duplcx GCUGC tabled a thresfold h;ghcr
Tm increase than GCGC, but the smmng Taxs were t00 widely separated to allow a direct
c:nmpanson. There was no md:c;:mon that mismatched bases were Iooped out into
soludon.

From thess results, and from the most recent resuits emerging in the

huar.muc, 1t appears that the preferred intercalation sm: may in fact be adjacent to a

intercalation at the adjacent sites by destabilizing the adjacenr base pairs, facilitating
~ Opening and capture of the intercalator, The inconclusive results for the tetramers
and pentamers studied is probably as 2 result of their being too short to provide 2

normal site for comparison with the mismaich sites.

— e e



REFERENCES

Aboul-cla, F., Kob, D. and Tinoco, L, Jr. (1985) Nucleic Acids Res., 13, 4811,
Aggarwal, A, Islam, S.A., Kurod, R. and Neidle, S. (1984) Biopolymers, 23, 1025.
Alkema, D. (1982) Ph.D. thesis. McMaster University,

Alkema, D., Bell, R A., Hader, P.A. and Neilson, T. (1981) J. Amy. Chem. Soc., 103, 2866.
Alkema, D., Hader, P.A. Bell, R.A. and Neilson, T. (1982) Biochemistry, 21, 2109.
Altona, C. (1982) Recl. Trav. Chim. Pays. Bas., 101, 413,

Altona, C. and Sundaralingharm, M. (1972) 1. A Chems Soc., 94, 8205,
Altona, C. and Sundaralingham, M. (1973) J. Am. Chem. Soc., 95, 2333,
Arzott, S. and Hulkins, D.W.L (1973) J. Mol. Biol, §1, 9.

Arnott, S., Hulkins, D.W.L., Dover, S.D., Fuﬁa. W. aod Hodgson, AR. (1973) J. Mol

!

Biol., 81, 107.
Arter, D.B. and Schmidt, P.G. (1976) Nucleic Acids Res., 3, 1437
Arter, D.B., Walker, GC Ublenbeck, O.C. and Schmidr, P.G. (1974) Biochem. Biophys.
Res. Comm,, 61, 1089 (1974)
Aue, W P., Bartholdi, E. and Emst, RR_ (1976) J. Chem. Pays., 64, 2229.

L]

AuronP.E, Ridone, PE,, Vary, WP., Celentano, I J. and Vom‘nakxs JN. (1982) Nucleic
Acids Res., 10, 3517.
Bell, R.A., Everett, JR., Hughes, D.W., Alkema, D., Hader, P, Neilson, ¥. and Romaniuk,

3

* PJ. (1981) Biopolymers, 20, 1383,
Bemman, HM.,, Neidle, S. and Slodola, RK. (1978) Proc. Nal. Acad. Sci. USA, 75, 828.
Berman, FLM. and Shieh, H.-S. (1981 ) In "Topics in Nucleic Acid Structure™, S.Neidle,
ed Wiley and Sons, NY. pp 17-32.
Berman, HM. and Young, PR. (1981) Ann Rev. Biophys. Biceng., 10, §7,

307

[ S



. & .
Berman, HM., Stallings, W, Carnell, H1., Glusker, JP., Neidle, S., Taylor, G. and

Achari, A. (1978) Biopolymers, 18, 2405.

Bolton, PH. (1982) J. Magn, Reson.,, 61, 306.

Borer, PN, Dcnglt:r, B., Tinoco, L, Jr. and Ullenbeck, O.C. (1974) J. Mol. Biol., 86, 843,

Borer, P.N, Kan, L S. and'I"so,PO.P (1974) Biochemistry, 14, 4847.

- Broido, M.S., Zon, G"and James, T.L. (1984) Biochem. Bmphys Res. Comm. 118, 663.

Brown, T., Kemnard, O., Knaale, G: and Rabinovich, D. (1985) Nature, 313, 604.

Bubienko, E,, Cruz P., Thompson. JF. and Barer, P.N. (1983) Prog. Nucl. Acids Rass,
Mol Bial., 30, 41. -

Buchko, G. (1985) M.Sc. Thesis, McMaster University.

Callandine, DR. J. Mol Biol, 161, 343.

Cantor, CR. and Schimmsl, P.é. (1981) "B:ophys:cal Chemistry: IH The Behaviour
of BloIogmaI Macromolecules.” W.H. Freeman and Company, San Fransisco.

Carey, J., Lowary, P.T. and Uhlcnbcc.k, O.C. (1583) Biochemistry, 22, 472: ‘

Chcng.D.M Danyluk. S.S., Dhingra, MM., Ezra, E.S,, MacCross, M., Mitra, C.X. and
Sarma, RE. (1980) Biochemistry, 19, 2491.

Chuprina, V.P. and Poltev, V.I (1983) Nucleic Acids R% » 11, 5205.

Clore, G.M. and Gronenborn, A.M. (1983a) J. Magn. Res., 53, 423.

Clore, G.M. and Grozenbomn, A.M. (1983b) EMBO J., 2,2106. i

Clore, G.M. and Gronenbora, AM. (1984) Eur. J. Biochen., 141, 119.

Clore, G.M. aad Groneaborn, AM. (1985) FEBS Lew, 170, 187. "

Clore, GM,, Grozenborn, A M. and McLauchlin, L.W (1985) Eur. J. onchem. 151, 153.

Conner, B.N,, Takano, T,, Tanaka, S., Iamra, K. and Dickerson, REE, (1982) Narure,
295,254,

Crawferd, JL., Kolpak, F.J., Wang, A HJ, Quigley, C.G., van Boom, J.H., van der Mare,
G. and Rich, A. (1980) Proc. Matl. Acad. Sci. USA, 77, 2016,

308



LI

308
Crick, FH. (1976) J. Mal. Biol., 19, 548.
Crick, FL. and Watson, 1D, (1953). Proc. Roy. Soc (London) Ser. A.. 223, 80,
Cruz, P., Bubicnko, E. and Borer, PN, (1982) Narure, 298, 198.

D'Andrea, P., Alkema, D., Bell, RA., Coddington, J M., Hader, P.A, Hughes, D.W. and
Neilson, T. (1983) J. Am. Chem. Soc., 105, 636.

Dhingra, MM. and Sarma, RH. In "Stereodynamics of Biomolecular Systems,” R.H.

Sarma, ed, Perga_monPn_:ss,Oxford. p-3.

Dickerson, RE. (1983) J. Mol. Biol, 166, 419: -

Dickerson, RE., Drew, HR,, Conncr B.N., Wing, R H,, Fratani,'’A.V., Kopka, ML. (1982)
Science, 218, 475. ~

Dodgsan, 1.B. and Wells, RD. (1977) Biochemistry, 16, 2367, .

Doarnbos, 1., Wreesman, C.T.G., van Boom, 1H. and Altona, C.A. (1983) Eur. 1.
Biochem,, 131, 571.

Drew, H, Takano, T., Tanzka, S., leakura, K. apd Dickerson, RE. (1980) Nature, 256,

567, ' '

Eich, G., Bodenhauser, G., and Ernst, RR. (1982).J. Am. Chemn, . Soc., 104, 3731,

England, T.E. and Neilson, T. (1976) Can. J. Chem, .54, 1714

England, TE. and Neilson, T. (1977) Can. J. Chews, 55, 365.

Evans, F.G. and Sarma, RH. (1974) J. Biol. Chem,, 249, 4745, +

Evereit, IR, Hughes, P-W. and Bell, RA. (1980) Blopolymcrs 19,557,

Feigon, J., Wright, IM., Lcupm, W., Denny, W.A. and Kcams. D.R. (1982) J. Am. Chem.
Soc., 104, 5540. '

Feigon, I, Denay, W.A., Leupin, W. and Kearns, DR (1983) Biochemistry, 22, $950,

Feigon, J., Leupin, W., Deany, W.A_ and Kearzs, DR. (1983b) Biockemistry, 22, 5943,

Feigon, J., Wang, AHJ., van der Marel, G.A., van Boom, J.H. and Rich, A. (1984)
Nycleic Acids Res., 12, 1243.



310

Fink, T.R. and Crothers, D.M. (1972) J. Mol. BioL, 66, 1.
Frecher, D. Cheng, DM, Kas, L.S. and T'so, P.OP. (1983) Biochemistry, 22, 5154,
Freier, S., Petersheim, M., Hickey, D.R. and Turner, D.H. (1984) 7. onmol. Struct.
Dynam,, 1, 1229, ’ ~
Freier, 8., Sinclair, A., Neilson, T. and Turner, DH. (19852) J. Mol. Biol,, 185, 645.
Freier, S., Alkema, D, Sinclair, A., Neilson, T. 20d Turner, D.H. (1985b) Biochemistry,
24,4533, _
Fujii, S., Wang, A.H.-]., Quiglcy‘, G.J., Westerink, H., van der M:m:l,{ G., van Boom, J.H.
and Rich, A. (1985) Biopolymers, 24, 243.
Gellert, M., Lipset, M.N. and Davies, DR. (1962) Proc. NatL. Acad. Sci. USA, 48, 2013.
- "Giessner-Pretre, C. acd Pullman, B. (1965) C.M. hebd. Seanc. Acad. Sei. Paris, 261,
2521 |
Gimx;:r-Prcmt, C. and Pullman, B. (1969) C.M. hebd. Seanc. Acad. Sci. Paris, 268,
1115.
Giessoer-Pretwre, C. and Pullman, B. (1970) J. Thear. Biol., 27, 8.
Giessner-Prenre, C. and Pullman, B. (19762) Biochem. Biophys. Res. Comm, 90, 578.
Giessner-Pretwre, C. and Pullman, B. (1976b) C.R. Hebd, Seances Acad. Sci. Ser. D, 283,
675.
Giessnar-Pretrrs, C. andPlﬂlman, B. (1982) Baochcm. Biophys. Res. Comm. 107, 1539.
Goldfield, EM., Luxton, B.A., Bowie, V. and Gorenstein, D.G. ( 1983) onchcmzstry, 22
3336.
Gorenstein, D.G. (1975) J. Am. Chem. Soc., 97, 895, ' N
Goreastein, D.G., Findlay, JM., Komami, RK., Luson, B.A. and Kag, D, (1976)
Biochemistry, 15, 3796. -
Gottesmaan, M., Oppenheimer, A. and Court, D. (1982) Cell, 28, 727.
Gralla, J. and c@hm, IM. (1973a) J. Mol. Biol., 73, 497.



T R e e e e

3M

Gralla, J. and Crothers, IM. (1973b) J. Mol. Biol., 78, 301.
Gregoire, RJ. and Neilson, T. (1978) Can. J. Chem, 56, 487.
Griffin, B.C., Jarman, M., Reese, C.B., Sulston, J.E. and Treml_;am.'J.ﬂR. (1568)
K Biochemistry, §, 3638.
Gronenbarn, A.M. and Clore, G.M. (1585) Prog. NMR Spectroscopy, 17,-1.
Gropenborn, A M., Bimblier, B.J., Clore, GM. and McLaud:lm, L.W. (1983) Nucleic

Acids Res., 11, 5691.

*1

Grosjean, L., de Hena, S. and Crothers, DM. (1978) Proc. Natl Acad. Sci. USA, 75,

610, : -
Hader, P A, Neilson, T., Alkema, D., Kofoid, E.C. and Ganoza, C. (1981) FEBS Letw, 136,
6s. 7

Hare, DR., Weimer, D.E., Chou, S.5, Drobzy, G, and Reid, BR. (1983) J. Mol. Biol., 171,
319. |
Hare, DR, Ribeiro, N.S., Wemmer, D.E. and Reid, BR. (1985) Biochemistry, 22, 4300.
Hartel, AJ., Wille-Hazelegen, G., van Boom, 1H. and Altons, C. (1981) Nucleic Acids
Res., 9, 1405.
Hanel, AJ., Laokhorst, P-P. and Altora, C. (1982) Eur. J. Biochem., 129, 343,
Haaseoot, C.A.G., den Hartog, JHLI., de Rooij, LE.T., van Boom, J.H. and Altona, C.
(1979) Nature, 281, 235.
Hazsaoot, C.A.G., de Leeuw, F.A.AM and Altonz, C. (1980) Tetrahedron, 36, 2783 —
Hefgott, D.C. and Kallenbach, N.R.r (1979) Nucleic Acids Res., 4, 1011.
Hickey, DR and Turper, D.H. (1985) Biochemistry, 24, 3587,
Ho, P.S., Frederick, C.A., Quigley, GJ., van der Marel, G.A., van Boom, J.H., Wang,
AH.-J. and Rich, A. EMBO J, 4, 3617
Hogan, M., Dattagupta, N. aod Crothers, D.M. (1979) Biochemistry, 18, 250.
Hopkins, R.C. (1984) Comments Mol. Cell. Biol, 2, 153.



e g - ———

312
Hore, PJ., Zuiderweg, ER P., Nicaley, K., Dukstra, K. and Kaptein, R. (1982) J. Am.
Chem. Soc., 104, 4286.
Haghes, D.W., Neilson, T., Coddingion, M. and Bell, R A, (1984) Can 1 Chem, 62,
1214,
. Hyde, ED. andReid, BR. (1985) Biochemistry, 24, 4307,
TUPAC-TUB Nomenclature Conimission. (1983) Eur. J. Biochem., 131,9.
Jacob, F. and Monod, 1. (1961) J. Mol Biol, 3, 31,
Jain, §.C., Tsai, C.C. and Sobell, EM. (1977) J. Mol Biol., 114, 317,
Jamin, N, James, T.L. and Zon, G. (1585) Ex. J. Biochem., 152, 157.
Jardezky, O., 20d Roberts, G.CK. (1981) "NMR in Molecular Biology", Academic Press,
NY. |
Jaskaunzs, SR., Cantor, C.R. and Tinoco, L, Jr. (1968) Biochemisty, 7, 3164,
Jobnston, P.D. and Redfield, A.G. (1978) Nucleic Acids Res., 5, 3913,
Joaes, CR. and Kearns, DR. (1975) Biochemistry, 14, 2660,
Jonss, CR., Bolton, P.H. and Kearns, DR. (1978) Biochemistry, 17, 601
Katagiri, M., Itakura, K. and Narang, S.A. (1974) J. Am. Chem. Soc. Comm.. 325,
Kan, L.-S.; Chandreasegaran, S., Pulferd, S.M. and Miller, BS. (1983) Proc. Natl, Acad.
Sci. USA, 80, 4263,
Karplus, M. (1965) J. Chem. Phys,, 33, 1842,
Kastrup, R.V., Young, M.A. and Krugh, TR. (1978) Biochemistry, 17, 4855,
Kean, JM., White, S.A. and Draper, DE. (1985) Biochemistry, 24, 5026,
Keams, DR. (1976) Prog. Nucl. Acids Res. Mol. BioL,, 18, 91,
Kearns, DR. (1984) CRC Crit. Rev. Biochem, 15, 237,
Keepers, .W., Schmidt, P., James, TL. and Kollman, P.A_ (1984) Biopolymers, 23, 2901.
Kenrard, O. (1984) Pure and Appl. Chemm., 56, 989,
Kennard, O. (1985) 7. Biomol. Struct. Dynam. 3, 205.



313

Kondo, N.5., Ezrz, F. and Danyluk, S.. (1975) FEBS Lewt, 35,213. | -

Krugh, T-R. and Reinhardt, C.G. (1975) J. Mol Biol,, 97, 133. ' \

Krugh, TR, and Young, M.A. (1975) Biochem. Biophys. Res. Comm., £2, 1025. '

Krugh, TR, Wilin, FN. and Kremer, SR. (1975) Biopolymers, 14, 157, {

Krugh, TR., Liang, J.W. and Young, M.A. (1976) Biochemiswry, 15, 1224, ‘

“Krugh, TR. and Kalleabach, NR. (1981) J. MoL. BioL, 145, 785

Lankhorst, PP., Groneaveld, G.M., Wille, G., van Boom, J.HL., Altona, C. and Hasnoot,
G.AG. (1982) Recl, JR. Neth. Chemn. Soc., 101, 253,

Lankhorst, PP., Wille, G., van Boom, LK., Altona, C. and Haasnoot, C.A.G. (1983)
Nucleic Acids Res., 11, 2839.

Lankhorst, P.P., van der Marel, GA,, Wille, G., van Boom, .H. and Altopa, C. (1985)

-

Nucleic Acids Res., 13, 3317. -

Les, C.-H. (1983) Eur. J. Biochem., 1,32 M7,

Les, C-H. and Sarma, R. (1976) 7. Am. Chem. Soc., 98, 3541.

Lee, C.-H. and Tinoco, L, Jr. (1973) Nature, 274, 609,

Les, C-H. and Tinoco, L, Jr. (1980) Biophys. Chem,, 11, 283,

Lehrman, L.S. (1961) J. Mol. BioL, 3, 18.

Lewin, B. (1983) "Genss". John Wiley and Sons, NY.

- Licbman, M., Rubin, J. and Sundaralingham, M. (1977) Proc. Natl Acad, Set. USA, 74,

4821,

Lomat, AJ. and Fresco, LR. (1973) J. Mol. Biol,, 77, 345,

McCall, M., Brown, T., and Kennard, Q. (1985) 1. Mol _Biol., 183, 385,

Macura, . and Ernst, RR. (1980) Mol. Phys..4], 95.

Markeiwicz, W.T. (1979) . Chem. Res. (S) 24,

Markeiwicz, W.T. and WiewiGrowski, M. (1978) Nucleic Acids Res. Special Publ. No, 4,
S185.



-q-:"

Mellema, J.R., Haasnoot, C.A.G., van der.MareI, G.A, Wille, G., van d.cr‘MarcI, C.A., van
Boom, J. and Altona, C. (1983) Nucleic Acids Res., 11, 5717.

Mellema, IR., Peters, IM.L., van der Marel, G.A., yan Boom, .H., Haasnoot, C.A.G. and
Altosa, C. (19842) Eur. . Biochem, 43, 285,

Mellemz; JR., van der Woerd, R., van der Marel, G.A., van Boom, J.EL and Altona, C.
(1984b) Nucleic Acids Res., 12, 5061.

Mordea, K M., Chw, Y.G., Martin, FH. and Tinoco, L, Jr. (1983) Biochemistry, 2, 428.

Nagazama, K., Walrick, K. and Enst, RR. (1979) Biochem. Biophys. Res, Comm,, 90,
305. ‘

Neidle, S. (1981) l’.n "Topics in Nucleic Acid Su'ucunc Neidle, S, ed. 1. Wiley and
Soms, NY, p 177.

- Neidle, S. (1583) Prog. Biophys. Mol. BioL, 41, 43.

Neidle, S. andAbmham,Z. {1985) CR.C. Crit. Rev. Biochem. ,11,73

' Neidle, S., Achari, A- Taylor, GL., Berman, HM,, Glusker, .P. and Stallings, W.C.

(1979) Nature, 269, 304. _ | |
Netlson, O.F., Carin, M. and Westergaard, O. (1984) Nucleic Acid Res., 12, 875
Nelsoz, J. and Tinoco, L, Jr. (1984) Biochemistry, 23, 213.

‘Nelson, J. and Tinoco, L, Jr. (1985) Biochemistry, 24, 6416.

Ninio, J. (1979) Biochimie, 61, 1133
Noller, ELF. (1984) Ann Rev Biochem., 10, 119.
Nuss, M.E,, Marsh, F.J. and Kollman, P.A. (1578} J. Am. Chem. Soc., 101, 825.

Nuss, M.E,, James, TL., Apple, M.A_ and Kollman, P.A. (1580) Biochim. Biophys. Acta.,

136, 147.
Nussinov and Jacobson. (1980) Proc. Natl. Acad. Sci. USA, 77, 6309.
Ornstein, R L. and Fresco, JR. (19832) Biopolymers, 22, 1979.
Omnstein, R.L. and Fresco, JR. ( 1983b) Biopolymers, 22, 2001.

\

314



315

Ormstein, RL. and Rein, R. (1979) Biopolymers, 18, 1277,

Pack, G. and Loew, G. (1978) Biochim. Biophys, Acta, 519, 163.

Papanicataon, C., Gouy, M. and Ninio, J. (1984) Nucleic Acids Res., 12, 31,

' Pardi, A., Martin, F.H. and Tinoco, L, Jr. (1981) Biochemistry, 20, 398,

Pardi, A., Morden, K M., Patel, D.J. and Tinoco, L, Jr, (1983) Biochemistry, 21, 6567,

‘Patel; DI, (1976) Biopolymers, 15, 533,

Patel, DJ. (19772) Biopolymers, 16, 1635,

Pael, D.J. (1977b) Biopolymers, 16, 2739,

Parel, DJ. (1979) Biopalymers, 18, 553.

Patzl, D.J. and Hilbers, C.W. (1975) Biochemistry, 14, 2651,

Patel, D.J. and Canuiel, L. (1976) Proc, Natl. Acad. Sei USA, 73, 3343. -

Fatel, D.J. and Canuel, LY. (1977) Proc. Natl. Acad. Sci. USA, 72, 2624,

_ Pawel, D.J,, Kozlowski, S.A., Marky, LA, Broka, C,, Rics, J A, Kanura, X, and Breslayer,

’ KJ. (19823) Biochemistry, 21, 425, '

Patel, D1, Kozlowski, S.A., Marky, L A., Rice, J.A., Broka, C., Teatura, K, and Breslager,
KJ. (1982b) Biochemistry, 2], 437,

Patel, D.J., Kozlowskd, S.A, Marky, LA, Rice, J.A,, Broka, C., Ikatura, X, and Breslauer,
KJ. (19820) Biochemisty, 21, 445,

Patel, D.J., Kozlowsid, S.A., and Bhatt, R. (1983) Proc. Natl Acad. Sei. USA, 80, 3905.

Pazel, D.J,, Kozlowski, S.A., Ieuta, S. and Itakura, K. (1984a) Biochemistry, 22, 3213,

Patel, D.J., Kozlowsks, S.A., liuta, S. and Ttakura, K. (1984b) Biochemistry, 23, 3218,

Patel, D.J., Kozlowski, S.A., Tiuts, S. and Iakeur, K. (1984¢) Federation Proc. 43, 2663. |-

Fatel, D, Kozlowsid, S.A., Hare, DR, Reid, B.R., kuts, §., Landea, N, and Tuta,
(19852) Biochemistry, 24, 926,

Paxel, DI, Kozlowsk, S.A. Weiss, M. and Bhaz, R. (1985%) Biochemistry, 24, 936.

Pecersheim, M. 2ad Turmer, D. (19833) Biochemistry, 22, 264,



316

Petersheim, M. and Turner, D. (1983b) Biochemistry, 22, 269.
Quigley, GJ., Wang, A., Urgetto, G., van der Marel, G., van Boom, J, and Rich, A. (1980)
Proc. Natl A* Sci. USA, 77, 6453.
Ralgh, RK., Marshall, B. and Darkin, S. (1983) Trends in Biol. Sci, 8,212 ‘/\g*
Rczd,D.R.SahsbmyS.A. Bellard, S.A., Shakked, S, andWﬂhams,D.H. (1983a) |
Blochcmmry 22,2109, ' K
Reid, DR, Salisbury, S:A., Brown.T, Williams, DH,, Vassewr, 1.3, Rayner, B, znd
 Imbach, JL. (1983b) Eur. J. Biochem,, 35, 307.
Reid, DR., Salisbury, S.A., Brown, T. and Williams, Dk, (1985) onchmxsuy 24, 4325.
Reiohandt, CR. aod Krugh, TR, (1978) Biochemistry, 14, 4845,
Rich, A. (1977) Accounts Chem, Res., 10,1 .y
Robillard, G.T., Térr, CE., Vosman, F. and Berendsen, HI.C. (1976) Namure, 262, 363."
Romaniuk, P.J., Hughes, D.W., Gregoire, R.J,, Bell, R A. and Neilson, T. (1979a)
 Biochemistry, 18, 5109. |
Romaniuk, P.J., Hughes, D.W., Gregoire, R.J, Bell, R_A. and Neilson, T. (1979b) I.C.S.
Chem. Comm, 222, 559. . ' S
Sacnger, W. (1984) "Pxiﬁcx'plcs of Nucleic Acid Structure.” Springer-Verlag, N,
Berlin, Heidlebersg, Tokyo.
Sagan, D.L. and J A Walmsley. (1985) Biochem. Biophys. Res. Comm,, 128, 930.
Sakore, T.D., Reddy, B.S. and Sobell, EM. (1979) J. Mol Biol., 135, 763.
Salser, W. (1977) Cold Spring Harbour Symp. Quant. Biol, 42, 985.
Sarmz, RH. (1980) In "Nucleic Acid Geometry and Dynamics”, RH. Sarma, ed.
Adenire Press, NY. pp 1 - 45,
Sarma, RH. and Dhingra, MM. (1981) In “Topics in Nucleic Acid Structure®, S,
Ncidlc; ed., Wiley and Sons, NY. ptl, pp33-64,
Shakked, Z,, Rabinovich, D., Cruse, W.B.T,, Egert, E., Kennard, O., Salisbury, S.A., and



317

Viswamitra, M.A. (1983) J. Mal. Biol, 166, 183,

Sheih, H.-S., Berman, .M., Dabnow, M. and Neidle, S. (1980) Nucleic Acids Res, 8, 85.

's?beu, HLM. (1980) In "Nucleic Acid Geometry and Dynamics”, Sarma, R, o
Academic Press, NY » P 289. _

Sobell, M., Sakore, T.D., Jain, S.C., Banerjee, A, Bw, KX, Reddy, B.S. and
Lozansky, ED, (1982) Cold Spring Harbour Symposium Quant, Biol, 43, 293,

" Streisinger, G., Okada, Y., Eairich, J., Newton, J,, Tsugita, A_, Tenzaghi, E., and Laouye,
M. (1966) Cold Spring Harbour Symp. Quant. Biol,, 31, 77,

Stryer, L. (1981) "Biochemistry”. W.H. Freeman and Coy, San Fransisco.

Summers, M.F., Byrd, R A., Gallo, K.A., Samson, C.J., Zon, G. and Egan, W. (1985)
Nucleic Acids Res., 13, 6375.

Taaner, NX. and Cech, T.R. (19853) Nucleic Acids Res, I3, 7741,

Tanner, NX. and Cech, TR. (1985b) Nucleic Acids Res., 13, 7759,

Thompson, JR. and Hearst, L.E. (1983) Cell, 33, 19,

Tibayeada, N., de Bruin, S.M., Haasnoot, C.A.G., van der Marel, G.A., van Boom, JH and
Hilbers, CW. (1984) Eur. J. Biochem., 139, 19,

Tinoco, L Jr., Ubleabeck, O.C. and Levine, M.C. (1971) Naure, 230, 362,

Tinoco, L, Ir., Borer, P.N,, Dengler, B., Levins, M.D., Unlenbeck, O.C., Crothers, D.M.
and Gralla, J. (1973) Nature New Biol., 246, 40,

Topal, M.D. and Fresco, JR. Nature, 263, 285,

Tren-Dint, S., Taboury, J., Neumann, M., Huyzh-Dinh, Y., , Genissal, B., dEstzincr
B.L. and Igolen, J. '(1984) Biochemistry, 23, 1362.

Tsai, C.C. Jain, S.C. 2nd Sobell, KM, (1977) 1. MoL Biol,, 114, 307,

Uesugh, S., Oblasbo, M., Obisuie, E., Tkehara, M., Kabayasks, Y., Kyoguis, V.
Wcszcnmc_ HP, vander Mearel, G.A., van Boom, J.H. and Fazsaoof CAG.
(1984) J. Biol. Chem., 259, 1390.



g st
Coter st

318

 Uhlenbeck, O.C., FH Martin and Doty, P, (1971) 1. Mol Biol., §7, 217.

vaa Boom, J.H., Burgens, PM.J., van Deuran, P.H. Arentzen, R. and Reese, C.B. (1974)
Tetrahedron Lett., 3785.

Viswamitrs, W.A., Keanard, O, Joocs, P.G., Sheldrick, G.M,, Salispury, §.A. and
Falvello, L. (1978) Nature, 273, 657.

» Wang, AH-J, Fujii, §., van Boom, JH., and Rich, A. (19823) Proc. Natl, Acad. Sci. USa,

79, 3968.

Wang, AH.-J., Fuji, S., van Boom, J.H., van der Marel, G.A., van Boekel, S.A.A. and
Rich, A. (1982b) Nature, 299, 601.

Wang, AL, Quigley, CJ., Kolpak, F.J., Crawford, JL., van Boom, JL., van der Man:l
and Rich, A. (1979) Nature, 282, 680. ’

Watson, J.D. acd Crick, FH. (1953) Nature, 171, 737.

Wallace, RB., Shaffer, I, Murphy, R F,, Bonzer, 1, Hirose and [kanua, I (1979)
Nucleic Acids Res., 6, 3543. . . .

Wells, BD. and Camor CR. (1577) Nucleic Acids Res., 4, 1657,

Werstiuk, E.S. and Neilson, T. (1972) Caq 7, Chem, 50, 1283.

Wesstiuk, E.S. and Neilson, T. (1973) Can. J. Chem., 1. 1859,

Wersdiuk, ES. and Neilson, T. (1976) Can. J. Cherm, 54, 2689,

esterink, HP,, vaader Marel, G.A., van Boom, J.H. and Haasnooc, CAG. (1959

Nucleic Acids Res., 12, 4323,

Williams, M_A. and Fleming, I (1973) Spccmscopxc Mc.hods iz Organic Chemistry”,
McGraw-Hill, Londor.

Wilson, W.D: and Jones, R.I. (1981) Adv. Pharmacol Chemother., 18, 21.

Wilsoz, WD, 2ad Jonss, RL (1982) In "Intercalaton Chemis o' Wmmnghz:::, M.S.
and Jacobson, AT, eds. Aczdemije Prass, NY , A4S,

P
Wing, R, Drew, E E,, Takano, T., Broka, C,, Tazaka, S, Italoees 2, K. and Dickersoz, R.E.



- . _ . 319

(1980) Nature, 287; 755.

‘Woese, CR., Gutell, R., Gupta, R. and Noller, ELE. (1983) Microbiol. Rev., 47 , 621,

Yanofsky, C. (1981) Nature, 289, 491.
Young, PR. and Kallenbach, NR. (1980) Proc. Natl. Acad. Sci. USA, 77, 6453,
Young, PR. and Kallenbach, NR. (1981) J. Mol. BioL, 45, 785.

Young, M.A. and Krugh, TR. (1975) Biochemistry, 14, 4841.

2iff, EB. (1980) Namure, 287, 491. |

Zuker, M. and Stiegler, P. (1981) Nucleic Acids Res., 9, 133.





