University of Warwick institutional repository: http://go.warwick.ac.uk/wrap
A Thesis Submitted for the Degree of PhD at the University of Warwick
http://go.warwick.ac.uk/wrap/733020
This thesis is made available online and is protected by original copyright.
Please scroll down to view the document itself.
Please refer to the repository record for this item for information to help you to
cite it. Our policy information is available from the repository home page.

"THE INFLUENCE OF RIBOSOMAL PROTEINS ON
THE ACTION OF RIBOSOME-INACTN

ATING

PROTEINS"

Hilda Romero-Zepeda, BA, MSc., u.A.Q., MEX.

A thesis submitted for the degree of

Doctor of Philosophy
at the University of Warwick

Plant BiochemistrylMolecular Cell Biology
Department of Biological Sciences
University of Warwick
Coventry, West Midlands, CV41AL

United Kingdom

1999

PAGE
NUMBERS
CUTOFF
IN THE
ORIGINAL

CONTENTS
i. List of Contents
ii. List of Tables
iii. List of Appendices
iv. List of Figures
v. Acknowledgements
vi. Declaration
vii. Abbreviations
viii. Abstract

1. CHAPTER I:

INTRODUCTION

22

1.1. Introduction
1.2. Background

23
of Project

24

1.2.1. Protein Biosynthesis

24

1.2.2. Ribosomes

25

1.2.2.1. Morphology and composition of the ribosomes

25

1.2.2.2. The function of the ribosomes

27

1.2.2.3. The E. coli ribosome

30

1.2.3. The 30S and 50S Subunits

31

1.2.4. Ribosomal RNA Operons

33

1.2.5. Ribosomal RNA

33

1.2.5.1. Structure of rRNA

34

1.2.5.2. The 23S rRNA

35

1.2.5.3. Domain VI of E. coli 23S rRNA

37

1.2.5.4. The a-sarcin stem-loop

38

1.2.6. Ribosome Inactivating Proteins (RIPs)

40

1.2.6.1. Mode of action of RIPs

40

1.2.6.2. Nomenclature and classification of RIPs

43

1.2.6.3. Structure and function of RIPs

44

1

1.2.6.4. Effects of RIP action on the function of the
ribosomes

45

1.2.7. The Action and Specificities of RIPs on Ribosomes

47

1.2.7.l. Tritin-S, -a type 1 RIP-

48

1.2.7.2. Pokeweed antiviral protein (PAP) -a type 1 RIP-

49

1.2.7.3. Ricin and ricin toxic A-chain (RTA) -a type 2 RIP- 50
1.2.8. The Susceptibility of Plant and E. coli ribosomes to RIPs
l.2.8.l. Comparison between PAP and RTA

51
52

1.2.9. RNA Identity Elements Required for Recognition and
53

Catalysis by RIPs
1.2.9.1. Structural sequence requirements of the
o-sarcin/ricin loop for RIP action

54

1.2.10. RNA Native Structure and rRNA Protein Interactions
in Ribosomes

56

1.2.10.1. The effects of the action of divalent cations on
RNA structure and RIP activity
1.2.10.2. Ribosomal proteins influence on RIPs' activity
1.3. Aims of Project

2. CHAPTER II:
2.1. Purification

57
59
61

MATERIALS

AND METHODS

of tritin-S from Wheat Seeds

62
66

2.1.1. Sephadex G 40-50 Chromatography

66

2.1.2. CM-Sepharose Fast Flow Chromatography

67

2.1.3. SP-Sepharose Fast Flow Chromatography

67

2.2. SDS-Polyacrylamide

Gel Electrophoresis

(SDS-PAGE)

68

2.2.1. Silver Staining of SDS-Polyacrylamide Gels

68

2.2.2. Non-denaturing Polyacrylamide Gel Electrophoresis

69

2.2.3. 2D-Polyacrylamide Gel Electrophoresis

69

2.2.3.1. First dimension gel

69

2.2.3.2. Electrophoresis in the second dimension

70

3

2.3. Western Blotting of SDS- Polyacrylamide
2.4. Concentration

Gels

of Protein Samples

70
71

2.4.1. Ammonium Sulphate Precipitation

71

2.4.2. Ultrafiltration using Centricon Concentrator

71

2.4.3. Estimation of Protein Concentration

72

2.5. Extraction

of Ribosomes

72

2.5.1. Rabbit Reticulocyte Ribosomes

72

2.5.2. Wheat Germ Ribosomes

72

2.5.3. E. coli Ribosomes

73

2.5.4. Storage of Ribosomes

73

2.5.5. Preparation of E. coli ribosomal subunits

73

2.5.5.1. Nierhaus's (1990) protocol for ribosomes
dissociation

73

2.5.5.2. Preparation of E. coli ribosomal subunits
(30S and 50S)

74

2.5.5.3. Preparative 'zonal' ultracentrifugation
2.6. 'naked' rRNA

75
75

2.6.1. SDS / Phenol/Chloroform

Method

2.6.2. Extraction for use in RIP Assays
2.7. Aniline Cleavage of Depurinated

75
76

rRNA in assays for RIP Activity 76

2.7.1. Electrophoresis and Visualisation ofrRNA

77

2.8. Assay for Binding of LabeUed RIPs to Ribosomes

77

2.8.1. Sucrose Gradients

77

2.8.2. Semi-Quantitative Method

78

2.8.3. Dot Blotting

78

2.8.4. Radioactive Labelling of RIPs (quantitative)

78

2.8.5. Assay for Binding of Labelled RIPs to Ribosomes:
A quantitative method

79

2.8.6. An Alternative Assay for Binding RIPs to Ribosomes:
A qualitative method
2.9. The Action of RIPs on 'naked'

79
rRNA and E. coli Ribosomes

4

79

2.10. Maintenance

of bacterial stocks and transformation

with

plasm ids

80

2.10.1. Growth and Storage of Bacterial Cultures

80

2.10.2. Preparation of Competent Cells for Plasmid transformation

80

2.10.3. Transformation of Competent Bacterial Cells with Plasmids 80
2.11. DNA manipulations

80

2.11.1. Plasmid Preparation

80

2.11.2. Large scale plasmid purification by caesium chloride density
centrifugation

81

2.11.3. Minipreparation of plasmid DNA

83

2.11.4. Plasmid purification using Magic Minipreps (QIAGEN)

83

2.11.5. Precipitation of DNA from Aqueous Solutions

84

2.11.6. Quantification of DNA Concentration

84

2.11.7. Restriction Digestion DNA

84

2.11.8. Separation of DNA Fragments by Agarose Gel
Electrophoresis

84

2.11.9. Recovery of DNA Fragments from agarose gels

84

2.11.10. Dephosphorylation oflinearized DNA

85

2.11.11. Ligation of DNA

85

2. II. 12. Annealing of two complementary oligonucleotides

86

2.11.13. PCR amplification

86

2.ll.ln vitrotranscription
2.13. Electrophoresis

and visualisation

86
of DNA

87

2.13.1. 0.8% (w/v) Agarose Slab Gels

87

2. 13.2. Polyacrylamide sequencing gels

87

2.14. RNA manipolation
2.14.1. Sequencing of RNA

88
88

2.14.1.1. Hybridisation

89

2.14.1.2. Primer Extension

89

2.14.2. Synthesis of RNA In vitro

89

2.14.3. Synthesis of domain VI RNA (unlabelled transcript)

90

2.14.4. Synthesis of Radio labelled RNA Domain VI Probes

e p-CTP labelled transcripts)
2

91
91

2.14.S. End-labelling of RNA transcripts
2.15. Partial and Total Deproteinisation

92

of 50S subunits

2.15.1. The NH4ClIEthanol Split Procedure

93

2.15.2. The LiCI-Split Procedure

93

2.15.3. The 66% Acetic Acid Procedure

93

2.t6. Preparation

of total 50S subunit proteins (TPSO)

94

2.16.1. Isolation of the total proteins from 50S subunits

94

2.16.2. Quantification ofTPSO in solution

94

2.16.3. Storage ofTP50

95

2.17. Reconstitution

of3zP_RNA Transcript

from Domain VI with

TP50

95

2.tS. Gel retardation

experiments

for the reconstituted

3zP_RNA

Transcript

95

2.18.1. Non-Denaturing Gel Electrophoresis

95

2.18.2. 32p_RNA:TPSOAssociation Experiments

95

2.18.3. 32p-RNA:TP50 Complex Stability

96

2.18.4. Effect of temperature on RNA transcript before complex
stability assay

97

2.18.5. The Alternative RNA Transcript Reconstitution Experiment:
Change ofMSB for TKCa Buffer

97

2.18.6. Detection of complex formation by sucrose gradient
centrifugation: based on Nierhaus' s (1990) protocol

98

RESULTS AND DISCUSSION
3. CHAPTER III:

ISOLATION,PURIFICATION

STANDARDISATION

AND

OF RIPs AND RIBOSOMES

99

3.1. Introduction
3.2. The Chromatographic

100
Two Steps Procedure for tritin-S

Purification

102

3.3. N-glycosidase Assay for RTA, tritin-S and PAP
3.4. A Semi-Quantitative

Method for RIP-Ribosome

6

109
Binding

109

3.5. Radioactive

LabeUing of RTA as a Model

113

3.6. Conclusions

4. CHAPTER IV:
AND RTA ACtIVITY
AND 'naked'

118

GENERAL CHARACTERISTICS
ON 80TH

OF PAP

E. COLI RIBOSOMES

TOTAL rRNA <as a Model for Research)

121

4.1. Introduction

122

4.2. Activity of PAP on E. coli ribosome and 'naked'

total rRNA

124

4.3. Activity ofRTA on E. coli ribosome and 'naked'

total rRNA

126

4.4. Conclusions

128

5. CHAPTER V: THE

INFLUENCE OF DIFFERENT REACTION

BUFFER CODITIONS ON

mE ACTIVITY

OF RIPs ON BOTH

E. COLI RIBOSOMES AND 'naked' TOTAL rRNA

129

5.1. Introduction

130

5.2. The Influence of Divalent Cation - EDT A on PAP and
rRT A activity

131

5.3. The Influence ofCa2+-EGTA

on PAP and RTA activity

139

5.4. The Influence ofCa2+instead

Mgl+ on PAP and RTA activity

143

5.5. Summary or the Effect or Divalent Cation-Chelating

Agent

Complexes, and Cation SUbstitution on N-glycosidase Activity
on E. coli Ribosomes and on 'naked'

rRNA

5.6. Conclusions

6. CHAPTER VI:
PROTEINS

145
148

TIlE INFLUENCE

ON RIPs-SUBSTRATE

OF RIBOSOMAL

SENSITIVITY

149

6.1. Introduction

150

6.2. The E. coli Ribosomal Subunits: Their Preparation

152

6.3. The Influence or Ribosomal Proteins on RIP activity

157

6.3.1. The Influence ofr-proteins on the Susceptibility of the 50S
Subunit and its Subparticles to RIPs

166

6.4. Conclusions

172

7

7. CHAPTER VII: CLONING AND IN VITRO TRANSCRIPTION
OF DOMAIN VI OF E. COLI23S rRNA AND THE INFLUENCE
OF TPSOPROTEINS

175

7.1. Introduction

176

7.2. Plasmid Construction

177

7.3. Characterisation of the Domain VI - containing Plasmid

180

7.4. Transcription of Domain VI from E. coli "nB Operon

184

7.5. Transcript Sensitivity to RIPs

184

7.6. Primer Extension Comparisons with other Substrates

195

7.7. Interaction of the TPSORibosomal Proteins with Domain VI

197

7.8. Conclusions

219

8. CHAPTER VIII: GENERAL DISCUSSION AND
FUTUREWORK

221

8.1. General Discussion

222

8.2. Future Work

227

9. CHAPTER IX: REFERENCES

229

10. CHAPTER X: APPENDIX

251

8

ii. List of Tables
Table 1. Consensus morphology and composition of the ribosomes from
Escherichia coli

28

Table 2. E. coli subunits' r-proteins composition, characteristics, assembly map
and suggested spatial arrangement

29

Table 3. Major domains of23S rRNA from Escherichia coli ribosomes and their
long range interactions

36

Table 4. Characteristics of some type 1 and type 2 RIPs

42

Table 5. General characteristics oftritin-S, PAP and RTA on ribosomes from
different sources

101

Table 6. Dot blots ofRTA, tritin-S and PAP

111

Table 7. Dot blots ofRR, WG and E coli ribosomes showing reaction with
RIP antibodies.

112

Table 8. Influence of the reaction buffer: PAP and RTA activity on E. coli
ribosomes and 'naked' total rRNA

146

9

iii. List of Appendices

Appendix 1. The strategy for the cloning of the domain VI - DNA encoding
252

fragment

Appendix 2. Final buffer composition ofRNAT-

10

Protein complex

253

iv.

List of Figures

Figure 1. The ce-sarcin domain of23S rRNA.

39

Figure 2. A schematic illustration of the proposed mechanism ofRTA action
46

(from Mozingo and Robertus, 1992).

Figure 3. u-Sarcin/ricin stem-loop. The universally conserved region of this
domain.

49

Figure 4. RNA identity elements required for recognition and catalysis by ricin
A-chain.

55

Figure 5. SOS-PAGE of fractions from SP-Sepharose fast flow used in the
purification of tritin-S.

104

Figure 6. SOS-PAGE of retentate and eluate from amicon centriprep
concentrator for tritin-S.

106

Figure 7. SOS-PAGE silver stained ofRTA as control, and tritin-S for
protein quantification.

108

Figure 8. Comparative results of the activity ofRTA on RR ribosomes using RTA
with and without a reductive alkylation by formaldehyde.

115

Figure 9. SOS-PAGE silver stained electrophoretic pattern of 14C_RTA.

117

Figure 10. N-glycosidase activity of PAP on E.coli ribosomes and
'naked' total rRNA.

125

Figure 11. N-glycosidase activity of RT A on E. coli ribosomes and
'naked' total rRNA.

127

Figure 12. Comparative results between the activity of PAP onE. coli ribosomes
and 'naked' total rRNA in both TKMg(a) and TNaMgEDTA(b) buffers.

132

Figure 13. Comparative results between the activity of RT A on E. coli ribosomes
and 'naked' total rRNA in both TKMg(a) and TNaMgEDTA(b) buffers.

134

Figure 14. Comparative results between the activity of PAP on E. coli ribosomes
and 'naked' total rRNA in both TKMg(a) and TNaCaEDT A(b)buffers.

137

Figure 15. Comparative results between the activity of RTA on E. coli ribosomes
and 'naked' total rRNA in both TKMg(a) and TNaCaEDTA(b) buffers.

138

Figure 16. Comparative results between the activity of PAP on E. coli ribosomes
and 'naked' total rRNA in both TKMg(a) and TNaCaEGTA(b) buffers.

11

140

Figure 17. Comparative results between the activity of RTA on E. coli ribosomes
and 'naked' total rRNA in both TKMg(a) and TNaCaEGTA(b) buffers.

142

Figure 18. Comparative results between the activity of PAP on E. coli ribosomes
and 'naked' total rRNA in both TKCa(a).

144

Figure ]9. General methodology for partial and total deproteinization of 50S
subunits from E. coli ribosomes proposed by Nierhaus (1990).

151

Figure 20. Comparative sedimentation profiles of E. coli ribosomes and dissociated
subunits with different quantities of ribosomes on sucrose gradient
]53

(5-25% w/w).
Figure 21. Electrophoretic profile of rRNA extracted from E. coli ribosomes
and subunits.

155

Figure 22. Sedimentation profile'" and electrophoretic profile''? of rRNA
extracted from E. coli 50S and 30S subunits fractionated by preparative
'zonal 'untracentrifugation.

156

Figure 23. 2D electrophoretic profile ofTP70(a), TP50(b)and TP30(c) from E. coli
70S ribosomes and 50S and 30S subunits prepared by 'zonal rotor'.

158

Figure 24. PAP activity on E. coli ribosomes and their respective 50S and 30S
subunits.

159

Figure 25. PAP activity on 'naked' rRNAs: total rRNA, 23S and 16S rRNA.

161

Figure 26. RTA activity on E. coli ribosomes and their respective 50S and
30S subunits.

163

Figure 27. RTA activity on 'naked' rRNAs: total rRNA, 23S and 16S rRNA.

165

Figure 28. PAP activity on 50S subunit and P37 subparticles.

167

Figure 29. Comparative percentage depurination profile for PAP on both 50S
subunit and P37 subparticle substrates.

169

Figure 30. Comparative depurination profile for PAP on 50S subunit, 3.5 core
subparticIe and 23 S rRNA.

171

Figure 31. Schematic map of hybrid plasmid pKK3535 (I) and domain VI
sequence at the 3' end of E. coli 23S rRNA (Il). (from Brosious et al., 19818,
179

Brosius et al., 1981b).

Figure 32. Domain VI from 23S rRNA; gene PCR amplification.

181

Figure 33. pGEM-4Z vector and domain VI-DNA sequence from E. coli 23S rRNA,
rmB operon.

182

12

Figure 34. Electrophoretic pattern of plasmid pRDVI, Bam HI and Bam HIEco RI restricted.

183

Figure 35. DNA electrophoretic pattern for DNA sequencing, using forward primer.

185

Figure 36. Comparative electrophoretic pattern of domain VI - transcripts
and 'naked' total rRNA as control.

186

Figure 37. Comparative results between the activity of PAP on E. coli ribosomes
and domain VI - RNA transcript in TKCa buffer.

188

Figure 38. Comparative results between the activity of PAP and RTA on 23S rRNA
and on domain VI - RNA transcript in TKCa reaction buffer.

189

Figure 39. Comparative results between the activity of PAP and RTA on
domain VI - transcripts in TKCa reaction buffer.

191

Figure 40. The sequences and position to which 32p, 5' end-labelled 17 and 19
oligomers anneal on the RN A for primer extension analysis of RIP modified RNA templates.

193

Figure 41. Sequencing gel showing the primer extension products of PAPIRT A
N-glycosidase activity on domain VI - RNA transcript (RNAT).

194

Figure 42. Sequencing gel showing the primer extension products ofPAPIRTA
N-glycosidase activity on a-sarcinlricin domain present in different
196

substrates.
Figure 43. Effect of prior heating and snap-cooling treatment of 32p_RNATon its
subsequent association with r-proteins, as monitored by mobility shift assays.

199

Figure 44. Interaction between 32P-RNATand TP50.

201

Figure 45. Gel mobility shift assays for TP50 competition binding experiments.

203

Figure 46. The 32p-RNAT:TP50 complex association and dissociation experiments.

205

Figure 47. Sedimentation profiles of 32p_RNATand 32p-RNAT:TP50 complex
reconstituted in buffer 6 (20mM TrisiCI pH 7.4; 20mM Mg acetate,
400mM ~Cl,

ImM EDT A, 5mM 2-mercaptoethanol).

207

Figure 48. Sedimentation profiles of32p-RNAT and 32p-RNAT:TP50 complex
equilibrated in TKCa buffer (25mM TrislHCI pH 7.6, 25mM KCI and
5mM CaCh).

209

Figure 49 Non-denaturing gel retardation profile of 32p_RNATand 32p_RNAT:
TP50 complex reconstituted in MSB at 25°C, then equilibrated in TKCa
buffer and incubated at 25°C or 3TC.

210

13

Figure 50. Comparative results between the activity of PAP on E coli ribosomes,
50S, 30S subunits (I) and on their respective 'naked' rRNAs (II) in MSB
reaction buffer.

212

Figure 51. Comparative results between the activity of PAP on 32p_RNATand
32p-RNAT:TP50 complex in both reaction buffers (TKCa and MSB),
analysed by non-denaturing PAGE.

214

Figure 52. Comparative results between the activity ofRTA on 32p_RNATand
32P_RNAT:TP50 complex in MSB, analysed through non-denaturing
PAGE and using PAP activity on 32p_RNATas control.

216

Figure 53. Comparative gel retardation assays after PAP or RTA was added to
both 32p_RNATand 32P_RNAT:TP50 complex in MSB.

14

218

v. Acknowledgements

I would like to thank my supervisor, Dr. Martin Hartley for his tireless
help, in teaching me the finer aspects of molecular cell biology and in
encouraging me throughout my time at the University of Warwick. I would also
like to thank all those other people in the department who have given of their
time and expertise to assist me. I am particularly grate to Dr. Nikolai Lissin,
Christopher Tissier, Dr. Ranjan S., Dr. Sean May (University of Warwick) for
their advise and critical comments on my work.
On a personal note I would like to thank Mrs. E. Wishart for her
continuing help and advice on writing my thesis and Mr. R. Wishart for his
friendship and interest on the impacts that genetically modified products can
have on human life. Also, to Laura Sandoval-Aboytes for her unswerving
guidance throughout the period of my postgraduate study.
I thank Dr. Francois Franceschi and his group at Max Planck Institut
fuer Molekulare Genetik: AG Ribosomen, for his collaboration and their time
and expertise to assist me throughout my time in Berlin.
I thank the Facultad de Biologia, U.A.Q. for its practical support, and
moreover to the Universidad Autonoma de Queretaro

U.A.Q., Consejo de

Ciencia y Tecnologia del Estado de Queretaro CONCYTEQ, Consejo National
de Ciencia y Teenologia CONACYT, and Secretaria de Educacion Publica SEP
(MEXICO) for their financial and practical support during this time.
I shall always be grateful to my parents Susy and Marcelo, my family and
my friends in Mexico and in United Kingdom, for their support and the endless
opportunities that they have given me.
Most importantly, I thank Moises and Miguel for their love and
understanding, and Moises for his tireless personal and professional help and in
encouraging me throughout my time at the University of Warwick

15

vi. Declaration

All the results presented in this thesis were obtained by the author. Where appropriate,
the sources <if information and materials have been specifically acknowledged in the
text. Some of the results presented in chapter 4 have been presented in SAPS Congress
at Sweden, 17-20 September 1997. None of the work contained in this thesis has been
used for a previous application for a degree.

Hilda Romero-Zepeda

16

vii. Abbreviations

and units

A

angstrom unit = lO-lOm(O.lnm)

A-site

aminoacyl-tRNA site on ribosome
absorbance at 260 nm

ADP

adenosine diphosphate

AMV

avian myeloblastosis virus

Arg

arginine

Asn

asparagine

ATP

adenosine triphosphate

dATP

deoxyadenosine triphosphate

b,bp

base, base pair

BSA

bovine serum albumin

Ci

Curie

Ca2+

calcium, divalent cation

cpm

counts per minute

CTP

cytidine triphosphate

dCTP

deoxycytidine triphosphate

Da

dalton

DEP

diethylpyrocarbonate

DNase

deoxyribonuclease

DNA

deoxyribonucleic acid

cDNA

complementary deoxyribonucleic acid

dsDNA

double stranded deoxyribonucleic acid

dNTP

deoxynucleoside triphosphate

ddNTP

dideoxynucleoside triphosphate

dpm

disintegrations per minute

OTT

dithiothreitol

E-site

binding site on ribosome for outgoing tRNA

R coli

Escherichia coli

EDTA

ethylenediamine-tetraacetic

EFl

elongation factor I

EF2

elongation factor 2

,-

17

acid

EGTA

ethyleneglycol-bis(2-aminoethylether)N,N,N'

FF

fast flow

g

acceleration due to gravity

Glu

glutamic acid

Gin

glutamine

GTP

guanosine triphosphate

dGTP

deoxyguanosine triphosphate

HEPES

N-2-hydroxyethylpiperazine-N'-2-ethane

HPLC

high performance liquid chromatography

IPTG

isopropyl-f3-D-thiogalactoside

,N' -tetraacetic acid

sulphonic acid

Michaelis constant= substrate concentration at which the rate of
an enzyme-catalysed reaction is half the maximum
kb

kilobase

kDa

kilodalton
catalytic constant (also called turnover number)= maximum or
limiting reaction rate of an enzyme divided by the enzyme conc.
litre

M

molarity

Mr

molecular mass relative to

Mg2+

magnesium, divalent cation

met

methionine

ml

millilitre

mol

mole

mol. wt.

molecular weight

mM

millimolar

mRNA

messenger ribonucleic acid
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19

viii. Abstract
Ribosome-inactivating

proteins (RIPs) are produced

by many plants and inhibit

ribosome function through an Nsglycosidase activity that removes a single adenine
residue from a universally-conserved

stem-loop structure close to the 3' end of the

large subunit.rR.NA. This site specific .action is .also retained on 'naked' rRNA, but
usually with a much lower catalytic efficiency. Although all known RIPs are active on
mammalian ribosomes,

their .activity on ribosomes from other

sources

varies

considerably. In the work reported, the action of two RIPs with different substrate
specificities has been studied on ribosomes and sub-ribosomal

derivatives

from

Escherichia coli. The RIPs are pokeweed antiviral protein (PAP), a single chain RIP
from the leaves of Phytolacca americana and the catalytically active A-chain (R TA)
from the heterodimeric toxic lectin ricin from the endosperm of the castor oil bean. The
former RIP is active on native E. coli ribosomes, whereas the latter is inactive but both
are active on naked rRNA. Hence, it is postulated that the ribosomal proteins in the
native ribosome either allow, in the case of PAP, or prevent, in the case of RTA, action
on the target site in the rRNA. The aim of the work is to use ribosome dissociation and
reconstitution techniques to study the relationship between ribosomal proteins and the
activity of PAP and RTA.

The initial part of the work concerned establishing conditions under which both PAP
and RTA show high levels of discrimination in activity between native ribosomes and
naked rRNA substrates. A buffer that contained Ca2+ in place of the more usual Mg2+
was shown to produce such discrimination. However, in the case of RTA action, the
relatively mild treatments resulting in ribosome dissociation were sufficient to allow
action. Various subparticles were prepared from purified 50S subunits through the
successive removal of ribosomal proteins by increasing ionic strength. As more
proteins were split off, the activity of PAP decreased, whereas the activity of RTA
remained nearly constant. This is consistent with the hypothesis that ribosomal proteins
modulate the activity of the two RIPs differently.
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In an attemot to use a smalLdefined RNA substrate with which to studv tne mnuer.
of ribosomal oroteins on RIPs' activity. the region encoding domain VI of 23S
rRNA (containing the RIP target site) was sub-cloned from a cloned rmB operon
using PCR and used as a template for the synthesis of transcripts in vitro. These
transcripts were susceptible to depurination by PAP, but for unknown reasons were
refractory to RTA. Using gel retardation analysis, it was shown that total 50S
ribosomal proteins (TP50) bound to domain VI transcripts in an RNA sequence
specific manner, and that the reconstituted complex was relatively stable. However,
the activity of PAP on this reconstituted RNP was equivalent to that on the transcript
alone, and RTA was inactive on both. These results are discussed in relation to the
influences of Mg2+and Ca2+ions and to the possible role of ribosomal proteins L3 and
L6.
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1. CHAPTER I:
Introduction
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I. Introduction
N-glycosidase RIPs most commonly exist either as single catalytic chain polypeptides
of approximately 30 kDa or they can exist as toxic lectins, in which a catalytic A-chain
is joined to a galactose binding f3-chain through a disulphide bond. They inhibit the
translocation step in protein synthesis through the removal of a single adenine residue
from a universally conserved a-sarcin

stem-loop in domain VII (domain VI in

eubacteria) in the large-subunit rRNA (reviewed in Massiah and Hartley, 1995; and
Marchant and Hartley, 1994).

The specificity of RIPs towards their ribosome substrates varies considerably as has
been reviewed in Hartley and Lord (1993), but there are few studies about the binding
characteristics of the ribosome-inactivating proteins to ribosome components.

In this work, an attempt is made to describe the binding characteristics of three
different RIPs: PAP as a single chain (type 1 RIP) found in various tissues of
Phytolacca americana with a molecular weight of 29 kDa (Ready et al., 1986), which
is active on plant, mammalian, yeast and E. coli ribosomes; tritin-S (type 1 RIP) found
in the endosperm of Triticum aestivum which separates into two partially resolved
bands of approximately 32.1 and 32.8 kDa with a similar basic charge (Massiah and
Hartley, 1995), and which is active on mammalian and yeast ribosomes, but inactive on
plant and E. coli ribosomes;
characterised

and finally RTA, the Ricin toxic

A-chain well

as having low activity on plant ribosomes, but extreme activity on

mammalian and yeast ribosomes, and inactive on E. coli ribosomes.

The well conserved a-sarcin loop structure of ribosomes and the similarity between
RIPs structures (Chaddock et al., 1996) permit the comparison of the recognition of
elements for RIPs over 'naked' (deproteinised)

rRNA and Ribosomes from several

sources. The RIPs' binding phenomenon with and without activity over the ribosomes
will be investigated.

Eukaryotic ribosomes and ribosomal proteins are poorly characterised and it is not yet
possible to reconstitute activity in eukaryotic ribosomes.
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E. coli ribosomes have therefore been used in this work to establish the role of
ribosomal proteins and their reaction characteristics, because these ribosomes and
ribosomal proteins are well characterised and the role of individual ribosomal proteins
in assembly processes is known. Finally, they are substrates for some single chain RIPs
and depurination of 23 S rRNA which has been reported to occur at an analogous
position as in 28S rRNA as it has been reported.

1.2. The Background of the Project
Ribosome inactivating proteins or RIPs are widely distributed in Angiosperms. They
occur in different plant organs (seeds, leaves, roots and tubers) in concentrations
ranging from a few ug to several hundred mg per 100g of tissue.

They catalytically

and irreversibly inactivate the 60S subunit of eukaryotic ribosomes rendering it
incapable of binding elongation factor 2 (Stirpe and Barbieri, 1986). Now it is known
that RIPs are also active on prokaryotic ribosomes (Marchant and Hartley, 1994). In
plants, it is known that in most cases, the ribosomes are sensitive to their endogenous
RIPs. Toxicity is avoided by targeting the RIP to the extracellular matrix or the
vacuole (reviewed by Hartley et al., 1996).

A major application of RIPs (particularly ricin) is in the construction of immunotoxins
in which specific monoclonal antibodies are conjugated with potent toxins in order to
target the toxin to specific cells in vivo and destroy them. These targets include
neoplastic cells, lymphocytes involved in autoimmune reactions and virally infected
cells (Dosio et al., 1993~Wachinger et al., 1993~ Lee-Huang et al., 1994; Girbes et al.,
1996; and for reviews: Barbieri et al., 1993; Hartley and Lord, 1993).

RIPs are also being used increasingly to probe ribosome structure and function,
particularly the role of ribosomal RNA (rRNA) in protein synthesis.

1.2.1. Protein Biosynthesis
Protein biosynthesis is of central importance for all living systems, the assembly of
polypeptide chains from amino acids and their subsequent modifications leading to the
final three dimensional protein structure are exceptionally complex processes. The role
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of the ribosome in cells is to synthesise the polypeptide chain specified by the mRNA;
hence it has both a decoding and a catalytic function (Arnstein and Cox, 1992). The
rRNA structure in the vicinity of the RIP target site, has been shown to be important in
binding

the

elongation

endonucleolytic

factors

(Moazed

et al.. 1988). The

depurination

or

cleavage of this rRNA structure results in the loss of ribosome

function, and thus the enzymes responsible are known as ribosome-inactivating
proteins (RIPs).

1.2.2. Ribosomes
Ribosomes are the essential organelles for the synthesis of proteins in all living cells.
The ribosomes are ancient and complex. They are large ribonucleoprotein particles that
are responsible for the translation of the genetic information encoded in the messenger
RNA in proteins. Five different classes of ribosomes can be distinguished: the 70S
ribosome

of

eubacteria,

the

80S

ribosome

of

eukaryotic

cytoplasmic,

the

archaebacterial ribosome, chloroplast and mitochondrial ribosomes, all with a general
common anatomy but varying in both number and size. Their architecture and their
assembly are also complex (Noller and Nomura, 1987). It is well known that proteins
are synthesised

by ribosomes

and that

these

large polymerases

catalyse

the

construction of polypeptides by linking amino acids in the specific sequence directed by
their mRNA templates (Moore, 1997ab).

Prokaryotic ribosomes have molecular weights around 2.5 x 103kDa; and eukaryotic
ribosomes are almost twice as big, and each ribosome synthesises only one polypeptide
at a time, regardless of origin (reviewed by Matheson et al. 1995).

l.2.2.1. Morphology and composition ofthe ribosome
The ribosome is composed of two subunits, one being approximately twice as large as
the other with 34 protein molecules in the 50S subunit of the E. coli ribosome and
about 50 in the 60S subunit from eukaryotic cytoplasmic ribosomes (Noller et al.,
1995; Wool et al., 1995; Moore, 1997b).

Electron microscopy, x-ray and neutron

scattering has been used to obtain the

perception of the shape of ribosomes (prince et al., 1983). In a general way, the 50S
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subunit has a spherical or globular shape, which contains the L71L12 stalk on one side.
the central protuberance in the middle and the L 1 ridge on the other side. The largest
dimension of the 50S subunit is about 24-25nm (Noller and Nomura, 1987).

The 30S subunit is divided into a body and a head. The body contains two-thirds of the
mass of the particle, and one-third belongs to the head. Near the body/head junction
some kind of platform extends to a cleft. The largest dimension of the particle is about
24-25nm (reviewed by Noller and Nomura, 1987).

The consensus about the relative orientation of the 30S and 50S subunits in the 70S
particle suggest that the platform side of the 30S subunit faces the concave side of the
50S subunit, with the head of the 30S particle positioned between the LI ridge and the
central protuberance. The internal architecture has been suggested as a channel-like
feature that may correspond to positively stained segments of the ribosome

(Kolb et

al.. 1997). This concept is based mainly on the fact that a c-terminal sequence of about
30 to 40 amino acid residues long of the nascent, growing polypeptide chain is
protected

against proteinases in crude ribosome preparation.

Although there is a

controversy about the existence and/or the length of the suggested intraribosomal
tunnel, Kolb et al. (1997) reported a 50 to 100 A tunnel length.

Stark et al. (1997) have determined the three-dimensional structure of the 70S
E. coli ribosome in various phases of the elongation cycle, through an electron
cryo-microscopy

and angular reconstitution to a level of 18-23A. Their results

show that the positions of the tRNAs bound to the A- and P-, and to the P- and Esites in the pre- and post-translocation states are that:

a) the P-site tRNA is positioned directly above the bridge connecting the small
and the large ribosomal subunit,
b) in the pretranslocational state, the A-site tRNA is fitted snugly against the
P-site tRNA under an angle of approx. 500, towards the L7/L 12
side of the ribosome,
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c) the E-site tRNA lies between the side lobe of the 30S subunit and the Ll
protuberance,

d) in the structure of ribosome binding the 'ternary complex' of EF -Tu and
the aminoacyl-tRNA and GTP, the 3D reconstruction shows the ternary
complex spanning the inter-subunit space with the acceptor domain on the
tRN A reaching into the decoding centre,
e) the domain 1 of the EF-Tu is bound to the L7!L12 stalk and the 50S body
underneath the stalk,
f) finally, domain 2 of the EF-Tu is oriented towards the S 12 region of the
30S subunit.

The Table 1 shows the consensus morphology and composition of the ribosomes.

Finally, data obtained from immunoelectron microscopy (IEM) and neutron diffraction
studies, have shown the spatial arrangement of'r-proteins in the ribosomes (Table 2).

It is noteworthy that there is a protein-protein

interaction made during ribosome

assembly. Noller and Nomura (1987) suggested that such interactions are likely to
occur during the assembly of the subunits, and at least some of the assembly map
dependencies reflect this (Table 2).

1.2.2.2. The function of the ribosome
The function of the ribosome is to catalyse the synthesis of proteins as directed by the
messenger RNAs. It is able to translate the information encoded by the messenger
RNAs into the correct sequence of amino acids in the polypeptide chain and although
the fundamental reaction of the protein synthesis is the peptidyl transfer, it is still not
fully understood either from the mechanistic point of view, or from the Point of view
of

the

functions

of

the

components

involved
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(Franceschi

et

al.,

1997).

Table 1. Consensus morphology and composition of the ribosomes from
Escherichia coli

Structure

Composition

70S
ribosomes

23S rRNA
16S rRNA
5S rRNA
52 r-proteins

Prince et al., 1983,
Oakes et al., 1990,
Verschoor et ai,
1996; Kolb et al.,
1997; Stark et al.
1997.

23S rRNA
5S rRNA
31 r-proteins

Prince et al., 1983;
Oakes et al., 1990.

16S rRNA
21 r-proteins

Prince et al., 1983;
Oakes et al., 1990.

50S
subunit

30S
subunit

_________________________________

Morphology
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Reference

Table 2. E. coli subunits' r-proteins composition, characteristics, assembly map and suggested
spatial arrangement
E. coli

Ribosome
Subwrnt
50S

r-Proteins

Residues

Mol. Wt. Assembly maps Spatial arrangments

-,~--------~~--------~~._------------LI
233
L2
269
L3
209
U
201
L5
178
L6
176
L7
120
L9
147
LIO
165
LII
141
LI2
120
LI3
142
LI4
123
LI5
144
LI6
136
LI7
127
LI8
117
LI9
114
L20
117
L21
103
L22
110
L23
99
L24
103
L25
94
L26=S20
86
L27
84
L28
77
U9
M
L31
62
L32
56
L33
54
L34
46

SI

557

24,559
29,416
22,258
22,087
20,171
18,832
12,220
15,431
17,737
14,874
12,178
16,019
13,541
14,981
15,296
14,364
12,770
13,002
13,366
11,565
12,227
11,013
11,185
10,694
9,553
8,993
8,875

For
50S subunit
assembly map
see:
Nierhaus, 1989

~n

6,971
6,315
6,255
5,381

61,159

S2
240
26,613
S3
232
25,852
S4
203
23,137 For
S5
166
17,151 30S subunit'
S6
135
15,704 assembly map
S7
177
19,732 see:
S8
129
13,996 Nierhaus, 1989
S9
128
14,569
SIO
103
11,736
Sll
128
13,728
S12
123
13,606
S13
117
12,968
S14
97
11,063
S15
87
10,001
S16
78
9,191
S17
83
9,573
S18
74
8,896
S19
91
10,299
S20
86
9,553
~1
~
~~
50S: Rohl and Nierhaus, 1982; Wittmann, 1982; Hackl and Stofiler-Miolicke, 1988; Nierhaus, 1989;
Egebjerg et aI., 1990; Arnstein and Cox, 1992.
30S: Wittmann, 1982; Ramakrishnan et al., 1984; Noller and Nomura, 1987; Moore, 1988; Van Heel,
1997.
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The general process of protein synthesis is composed of three main stages: initiation,
elongation and termination. A brief description of the mechanism of protein synthesis
in E. coli follows. In initiation, the 30S subunit binds to mRNA in the vicinity of the
initiation codon(s) in the mRNA (AUG or GUG) by a way of a region of base
sequence complementarity consisting of 4-7 base pairs between the 3' end of 16S
rRNA and the mRNA.

Formyl methionyl tRNA binds to the initiation codon

positioned in the partial P site in the 30S subunit, followed by the attachment of the
50S subunit, the hydrolysis of GTP and the release of initiation factors bound to the
30S subunit. During elongation, there is a codon-directed

binding of an amino acyl

tRNA to the empty ribosome A site, followed by peptide bond formation between the
amino group of this aminoacyl residue and the carboxyl group of the amino acyl residue
attached to the tRNA in the P site. This is catalysed by peptidyl transferase, an integral
activity of the 50S subunit. Following peptide bond formation, the peptidyl tRNA in
the A site is physically shifted to the P site by the translocation of the ribosome along
the mRNA in a 5' - 3' direction by the length of one codon in a GTP hydrolysing
reaction. The elongation cycle continues until a stop codon is encountered in the A
site. This causes the peptidyl transferase to transfer its peptidyl moiety to water,
causing the termination and release of the nascent polypeptide chain. The ribosome
then dissociates into its subunits. Subunits once more are available for binding to
initiation sites on free mRNA or to mRNA to which ribosomes are already attached
(Arnstein and Cox, 1992).

1.2.2.3. The E. coli ribosome
E. coli is the reference organism for ribosome research, although it does not mean that
it is representative of the state of ribosome research in general.

About 80% of the

RNA in a bacterial cell is found in ribosomes (Moore, 1997). The E. coli ribosome
consists of 38% protein and 62% rRNA (Noller and Nomura, 1987), with a molecular
weight of 2.25xl03

kDa (Dahlberg and Zimmermann,

1992) and consists of two

particles, namely the 50S and 30S subunits. All the E. coli r-proteins have been
sequenced either by protein sequencing, by DNA sequencing of their genes, or by both.
All these have been well characterised

and similar enterprises are under way for

archaebacterial thermophile (Draper, 1994) and rat ribosomes now completed in terms
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of primary .structures (Wool et al., 1995). The small subunit of the E. coli ribosome
consists of 21 proteins and a single rRNA molecule, and the large subunit consists of
34 different proteins and two rRNA molecules. E. coli ribosome subunits can be totally
disrupted and reconstituted with relative ease. It might mean that both the prescription
for this complicated assembly process and the information necessary to form the
quaternary structure of the ribosome resides completely in the primary sequences of
the proteins and rRNAs taking part (Nierhaus, 1994).

1.2.3. The 30S and SOS Subunits
There are two large ribosomal subunits containing their respective ribosomal RNA.
The small subunit contains a single species, usually in the range of lS00-1800
nucleotides (nt) and is referred to as small subunit rRNA or 16S-like rRNA (Draper,
1994). The large subunit contains one large rRNA (23S in prokaryotes, 2SS I 28S in
eukaryotes)

and one (prokaryotes)

or two (eukaryotes)

small rRNAs. The small

rRNAs are SS found in all ribosomes except mitochondrial ribosomes and S.8S found
in eukaryotic ribosomes. The latter RNA is homologous to the 3' end of eubacterial
23S rRNA (reviewed by Arnstein and Cox, 1992). Both subunits plays an important
role in protein biosynthesis, they have interactions within the two ends of tRNA.
Noller et al. (1995) considered these two subunits with their rRNAs as relics of
molecular evolution, which may have pre-existed as small and functionally independent
RNA structures.

Noller et al. (1995), have suggested that in the 30S subunit, about 75% of the 16S
rRNA is considered to be sufficiently constrained to allow unambiguous placement of
the various structural elements providing extensive information about the location and
nature of protein- rRNA interactions. Most of its 21 distinct proteins are globular and
contain an average of 28% a-helix and 20% f3-structure (Arnstein and Cox, 1992).
Most of the 30S subunit's r-proteins are basic, and onJy SI, S2 and S6 are acidic.
Hence, the interaction between the negatively charged rRNA and the basic proteins
contribute to the stability of the ribosome. The 30S subunit's

I6S rRNA plays an

active role in the initiation, elongation, and termination steps of protein synthesis
(Dahlberg, 1989).
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The model of the 30S subunit structure, has been approached by using four different
techniques:
a) molecular modelling based on the phylogenetically determined secondary structure
(Noller, 1984),
b) the spatial arrangement ofr-proteins

as derived from neutron scattering data (Stern

et al. 1989),
c) the interaction of proteins with rRNA derived from cross linking experiments
(Brimacombe et al., 1990) and
d) Hydroxyl radical probing which is based on the attack of the Cl' and C4' by irontethered hydroxyl radicals, making a chain scission, which was identified by primer
extension (Noller et al. 1995).

The functional regions of 16S rRNA are probably located on the surface of the
ribosome. The phylogenetic studies have shown those 16S rRNA sequences of both
bacteria and eukaryotes, including chloroplasts and mitochondria, follow a common
pattern of secondary structure. Is noteworthy that the small ribosomal subunit is
capable of self-assembly in vitro from the 16S rRNA and ribosomal proteins. The in

vitro self-assembly has been used to suggest the spatial arrangement of the proteins
within the small subunit (Moore, 1988).

The 50S subunit or large subunit structure is less well characterised that the small one,
because of its greater complexity. Most of its 31 different proteins are also basic with
only L7 and L12 as acidic proteins. The 50S subunit's 23S rRNA is around 2900
nucleotides, folded into a bihelical-like secondary structure, and this subunit shows a
peptidyl transferase and a translocase activity on the ribosome (Arnstein and Cox,
1992). Moazed and Noller (1989) have reported that the elongation factor EF- Tu and
EF-G compete for the binding site on the ribosome. EF-G and EF-Tu have been
reported to interact with the highly conserved
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a-sarcin/ricin

loop nucleotide

sequence around position A2660 which is the site of the action of the cytotoxins
a-sarcin and ricin (Zimmerman et al., 1990; Nierhaus et al., 1993).

The 50S subunit is also capable of self-assembly in vitro from the 23S rRNA, SS rRNA
and the

large

subunit

proteins

(TP50).

(Nierhaus,

1990).

In each

subunit,

approximately one third of the ribosomal proteins bind independently to the rRNA and
are referred to as primary-binding proteins. They may organise the rRNA structure in a
way that facilitates the interaction of the remaining proteins and rRNA conformational
changes have been strongly implicated to important aspect of assembly (Powers et al.,
1993).

1.2.4. Ribosomal RNA Operons
It has been reported that eubacteria possess between 1 and 10 RNA operons per
genome

(Hui and Dennis,

1985) whereas

eukaryotes

have many hundreds

of

transcription units per genome. E. coli contains seven independent RNA transcriptional
units with almost identical sequences per chromosome (rrnA, rrnB, ...rrnH) in the
region of the mature rRNA (Kiss et al., 1977~ Noller and Nomura, 1987). Brosius et
al. (1981) determined the complete DNA sequence for the rrnB transcriptional unit,
which is the model for the gene organisation and primary structure for the rRNA form
of E. coli.

1.2.5. Ribosomal RNA
The role of RNA, which can serve as genetic material, has an enzymatic function in
ribozymes and also an adapter role in protein synthesis, which have been analysed
extensively (Cech, 1987). RNA has a very similar, covalent structure to DNA, showing the
difference between having a ribose sugar instead of a 2' -deoxyriboss, and having a uracil
instead of a thymine (these have a similar structure but where a thymine has a methyl group, a
uracil has a hydrogen atom). The RNA structure contains a Watson-Crick base pairing
which provides a simple structure code for secondary structures and helical pairing.
However, structural determination from crystallography and NMR spectroscopy show
that non-Watson-Crick

base pairs and sequence-specific contacts between the bases

and the sugar-phosphate backbone are very common in non-perfectly paired regions of
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RNA where the RNA has non-helical regions (Varani and Pardi, 1994). The catalytic
activity of ribozymes is mediated by the crucial tertiary contacts that allow RNA to
assume its active 3D shape (or to act as a protein-binding site).

Besides the well-known roles of RNA as a mediator of genetic information from DNA
to protein (mRNA), as an adapter molecule (tRNA) and as an integral component of
the ribosome (rRNA) it has become clear that RNA is involved in a great diversity of
other functions in the cell. RNA is the only macromolecule that has the flexibility to
fulfil the requirements of a carrier of genetic information and of a catalyst.

The functional role of ribosomal RNA with its highly conserved structures, has been
identified for containing: the decoding site, the peptidyl transferase active centre, the
binding sites for the elongation factors, and other functional centres of the ribosome
required for protein synthesis (Noller, 1991).

1.2.5.1. Structure ofrRNA
Most of the secondary structure of ribosomal RNA is conserved among different
species, from prokaryotes to eukaryotes, where the exceptions are the expansion
sequences of eukaryote rRNA. The different expansion sequences are located in the
same regions in many higher eukaryote rRNA, but differ widely in sequence and length
(Lundquist and Nygard, 1997).

The rRNA is able to fold into several structural motifs such as bulge loops, interior
loops, multibranched loops and stem loops, either singly or together because of its
single stranded nature and its ability to form non-Watson-Crick

base pairings. They

give to the rRNA a higher degree of structural freedom than dsDNA (Pleij, 1990).

The secondary

structure

of rRNA is dominated by A-form helix stem regions

throughout the molecule and separated by single stranded regions appearing as loops.
The base pairing between the single-stranded regions in the secondary structure can
make tertiary interactions within the ribosome. One of the possibilities of forming these
tertiary

interactions is given by the interactions
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between

a loop region,

and

single-stranded regions outside the loop, described as pseudo knot formation, through a
Watson-Crick pairing (Pleij, 1990).

1.2.5.2. The 23S rRNA
The important role that 23S rRNA plays in protein biosynthesis, specifically at a step in
peptide bond formation has been reviewed (Noller et al., 1992; Draper, 1994). The
greater complexity of 23S-like rRNA relative to 16S-like rRNA, makes it difficult to
study its structure and functions in the ribosome, especially considering that the folding
and numerous ribosomal proteins can influence performance of rRNA. Also, it is well
known that within this rRNA, some fragments show properties of the whole ribosome,
such as the ability to interact with antibiotics (Purohit and Stem, 1994; Fourmy et al.,
1996), and with mRNA and tRNA (Purohit and Stem, 1994).

The prediction of the 23S rRNA secondary structure was done mainly through the
prediction of classical base pairing (Watson-Crick pairs). This is done by comparative
sequence analysis where, given an alignment of two or more sequences, sites were
sought where similar structure can be maintained by classical base pairing, despite
nucleotide replacements (Westhof and Michel, 1994). The 23S-like ribosomal rRNA
consists of six major structural domains that are brought together by long-range base
pairing interactions that probably form structure and assemble proteins independently
during rRNA transcription (Table 3). Table 3 shows the regions involved in long
range interactions. The domains also contain specialised functional sites (Noller, 1984).

Brosius et al. (1981 ab) obtained the complete nucleotide sequence of the 23 S ribosomal
RNA gene from E. coli. They reported the 2,904 nucleotide sequence and also
confirmed numerous post-trascriptionally

modified nucleotides (reviewed by Noller

and Nomura, 1987). Although there is a consensus about secondary structure models
for E. coli 23S rRNA, there is not yet a consensus in terms of the structure of the
loops, since it is not possible to predict non Watson-Crick base pairing interactions.
The existence of each helix obtained mainly by comparative sequence analysis has
undergone revision in recent years. So far, 23S rRNA has been recognised as having
5' - and 3' - end sequences

as base pairs and so further long-range
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base - paired

Table 3. Major Domains of 23S rRNA from Escherichia coli ribosomes and their
long range interactions

Domain

Base Ranges

Long-range Interactions

Domain I

16 - 524

Domain II

579 - 1261

579 - 585 / 1255 - 1261

Domain III

1295 - 1645

1295 - 1298 / 1642 - 1645

Domain IV

1648 - 2009

1656 - 1664 / 1997 - 2004

Domain V

2043 - 2625

2043 - 2054

/ 2615 - 2625

Domain VI

2630 - 2882

2630 - 2637

/ 2781 - 2788

16-25

/

515 - 524

Domains project from a central loop created by pairing of the 5' and 3' ends of the E. coli 235 rRNA
molecule. Domains are brought together by long-range base pairing (from Noller, 1984, and Noller
and Nomura, 1987).
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interactions partition the chain into identifiable structural domains (Noller and Nomura,

1987). In vitro reconstitution experiments from purified molecular components have
demonstrated that all of the information needed for correct assembly of the subunit is
contained in the structure of the ribosome molecular components. In the 50S subunit,
the in vitro assembly reaction takes place with the 23S rRNA, SS rRNA and the rproteins,

involving two steps with different reaction conditions because of the

complexity of this larger subunit. The assembly reaction also shows the cooperative
binding pathway of proteins to rRNA, presenting two main and independent nucleation
sites. The above situation is similar to that presented by the assembly in vivo, but it
does not establish the dependence or independence of nucleation sites for the subunit.
(Dijk and Littlechild, 1979~ Rohl and Nierhaus, 1982~ Datta et aI., 1986~ Franceschi
and Nierhaus, 1990; Romero et aI., 1990; Ostergaard et al., 1998).

Nitta et al. (1998ab) showed experimental results suggesting that 23S rRNA is directly
involved in the peptide bond formation. They showed that although several reports
have indicated that the eubacterial peptidyltransferase reaction does not require all the
r-proteins, this reaction of the naked 23S rRNA by itself suggested that 23S rRNA
seems to be the peptidyltransferase itself

1.2.5.3. Domain VI of E. coli 23S rRNA
Domain VI is one of the six E. coli 23S rRNA domains (corresponding to domain VII
of eukaryotic large subunit rRNA) designated I to VI by Raue et al. (1988). Domain
VI lies at the 3' end of E. coli 23S rRNA, and it is a component of the site of the
elongation factor binding to the ribosome and also the site of action of ribotoxins.
According to Leffers et al. (1988), within domain VI of 23S rRNA from E. coli,
double helices are numbered 1 to 9, where helix 2 contains (helix 90 in Raue' s, E. coli
23S rRNA numbering) a universally, conserved region of 14 nucleotides, which is the
site of action of RIPs. Furthermore, domain VI can be divided into a highly

conserved

subdomain VIA and a less conserved VIB (Leffers et al., 1988). The site of the action
of RIPs is found within the subdomain VIA. T7 transcripts of domain VI have been
made and the structure determined (Leffers et al., 1988; Uchiumi et al., 1997). This
domain has been found to bind ribosomal proteins L3 and L6. L3 has been found to
bind directly to the rRNA, the binding localised to domain VIA and most protection

..I!...

effects due to L3 have been found in the vicinity of ce-sarcin loop (Leffers et al. 1988;
Uchiumi et al., 1999).

1.2.5.4. The o-sarcin loop
The o-sarcin loop or helix 90 (Raue's E. coli numbering) is the sole universally
conserved region (Raue et aI., 1988), loeated in domain VI of E. coli 23 S rRNA

(Figure l(a». This loop in E. coli 23S rRNA (nucleotides 2646-2674) is despicted in
the secondary structure as a stem-loop or as a continuous helix, distorted by a bulged
G2655and with a G2659AGAtetraloop (Figure 1).

Orita et al. (1993) investigated the a-sarcin

loop structure using a dodecaribo-

nucleotide that mimics the u-sarcin loop in 28S ribosomal RNA, which forms an RNA
hairpin structure with a GAGA loop and a stem of four base pairs. They found that the
tetraloop is formed of an unusual G: A base pair formed by the first G and the last A of
the GAGA tetraloop. The phosphodiester backbone between the first G and the A in
the second position of the same tetraloop extends, changing the shape of the tetraloop,
which seems to help the ribotoxin to access the universally conserved

region.

Furthermore, the crystal structure of a 29-nt RNA (E73) containing the 28S rRNA asarcin loop sequence, determined by NMR (Szewczak et al., 1993~ Szewczak and
Moore, 1995; Seggerson and Moore, 1998), showed a bulged nucleotide GIO (G26SS in
E. coli 23S rRNA, G4319in rat 28S rRNA) that reaches across the major groove and
interacts with the phosphate backbone of the opposite strand. Adjacent to G lOis a
reversed Hoogsteen V-A bas,e pair, VII-A20, followed by a side by side A6 base pair,
which together generate a CTQSS strand adenine stack. A GNRA tetraloop closed by CG base pair (Cl3-GI8)

eaps the loop (Seggerson and Moore, 1998).

Seggerson and Moore (1998) showed results ofNMR studies of two variants ofE73:
G IOA and Pro-SRL. G lOA is identical to that of E73 except that an adenine replaces
GIO. PRO-SRL (27-nt RNA) contains the prokaryotic o-sarcin loop sequence but it
lacks the C8 and A2I and so it differs from the eukaryotic o-sarcin loop. Figure l(b)
shows the PRO-SRL sequence reported by Seggerson and Moore (1998).

Figure 1. The o-sarcin domain of23S rRNA.
(a) A portion of E. coli 23S rRNA with «-sarcin domain. (From Leffers et al., 1988)

(b) PRO-SRL (E. coli 23S rRNA o-sarcin loop). (From Seggerson and Moore, 1998)

Schematic diagram
hydrogen bonding and base staking interactions in part of the
oligoribonucleotide that mimics the sarcinlricin loop in 23S rRNA (Seggerson and
Moore, 1998). Sugars are represented by filled circles and phosphate groups are
represented by P, which are within a circle when the phosphate has a nonhelical chemical
shift. Base stacking interactions are shown by filled rectangles. Watson-Crick base
pairing is denoted by dashes, and non-Watson-Crick pairing by dots. The crossed shaded
bars at G19-A20 show stacking ofa base on the 3'end of the loop with a residue on the 5'
side and viceversa (from Szewczak et aI, 1993). PRO-SRL refers to Prokaryotic
sarcinlricin loop, a 29 base oligonucleotide mimicking E. coli 23S rRNA u-sarcin loop.
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Results have shown that the a-sarcin stem-loop structure might be the first essential
contact site for both elongation factors (Moazed et al., 1988; Douthwaite et al., 1995;
Munishkin and Wool, 1997; Wilson and Noller, 1998). This has been deduced mainly
from the observation that the single cleavage after 02661, exclusively impaired the
binding of each of the elongation factors. The intrinsic ribosomal functions, such as the
formation of 70S ribosomes from subunits, tRNA binding to A-, P-, and E- sites,
peptidyltransfer and EF-O independent (spontaneous) translocation, were not affected
at all. Hence the a-sarcin loop structure is characterised by two universally conserved
features. (Zimmerman et al., 1990; Nierhaus et al. 1992). The first is the sequence of
the dodecamer in the loop, and the second is the structural weakness of the stem as has
been suggested by Nierhaus et al., (1992) because it is the substrate of the ribotoxins.

a-Sarcin is a ribonuclease (produced by the mold Aspergillus giganteus, Endo et al.
(1990»

that inhibits protein biosynthesis in cell-free systems from a variety of

prokaryotes

such as E. coli

solfataricus

(reviewed

ribosomes

by Jimenez

and the

and Vasquez,

archebacterium

Sulpholobus

1985) and eukaryotes.

This

ribonuclease specifically hydrolyses a single phosphodiester bond linking to the 3' side
of 04325 in 28S rRNA or to 02661 in E. coli ribosomes (23 S rRNA). Both are present in
the 'universal' sequence OA266oGA.

1.2.6. Ribosome inactivating proteins (RIPs)
N-glycosidase
structurally

active,

Ribosome

Inactivating

Proteins

(RIPs)

and functionally related proteins which can attack

are

a group

of

and irreversibly

inactivate eukaryotic ribosomes so that they are no longer able to function in protein
synthesis.

1.2.6.1. Nomenclature and classification of RIPs
The classification was proposed by Stirpe and Barbieri (1986) who designate those
RIPs existing in nature as single chain proteins or glycoproteins as type 1 and those
consisting of an A- (catalytically active chain) covalently linked to a B- (cell binding
chain) with lectin properties as type 2.

Type 1 RIPs and the toxic A-chain, both

exhibit sequence

homologies

in their enzymatic chains and possess

rRNA N-

glycosidase activity, inhibiting protein biosynthesis.

Classically, RIPs have been categorised, based on their structural characteristics:
The type 1 RIPs: Some of these are N-glycosylated.

They occur as monomeric

proteins or single chain proteins, N-glycosidases. They have a molecular mass around
30 kDa. Although type 1 RIPs show the inhibition of protein synthesis in cell-free
systems, they are considerably less toxic to eukaryotic cells (by a factor of 102_104)
than the type 2 RIPs, since the former lack the means of initially binding to the surface
of cells (Olsnes and Pihl, 1982). Nevertheless, some of them have shown activity not
only with eukaryotic ribosomes but also with prokaryotic

ribosomes in cell free

systems. (Hartley et al., 1991 ~Chaddock et al. 1996).

The type 2 RIPs: These are heterodimeric proteins with an A-chain that appears to be
structurally and functionally related to the RIPs type 1, is disulphide linked to a
galactose-binding B-chain of around 30 kDa. These type 2 RIPs are less common than
their type 1 counterparts, and they are potent cytotoxins owing to the cell binding
ability of the B-chain which promotes the obligatory first step in toxin uptake. Only
two type 2 RIPs have been shown to exhibit extremely low cytotoxicity, but in vitro
protein synthesis inhibition, they are equivalent to the other type 2 RIPs (reviewed by
Chaddock et al. 1996). In type 2 RIPs, binding results because the B-chain recognises
galactose-containing

receptors on sensitive cells in the internalisation of RIPs and

transports them (reviewed by Gluck et al. 1992) to the ER complex. In this, it is
assumed that the disulphide bond is reduced, thus separating the two chains and
allowing translocation of the A-chain to the cytosol.
The Table 4 summarises some of the type 1 and type 2 RIPs' characteristics.
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Table 4. Characteristics

RIP name

type

of some type 1 and type 2 RIPs.

M.wt.
(kOa)

N-Glyco
sylated

Inhibition

Tissue

References

Species

of cell-free

protein
synthesis
ICso (nM)

Barley seed RIP

I

29.9

Dianthin 30
Dianthin 32
Gelonin
Gypsophilin
Momordin
Mor-I
Mor-II
Pepocin
PAP
PAP II
PAP-S
Saporin
Leaftritin

I
1
1
1
1
1
1
1
I
1
I

29.5
31.7
30.0
28.0
29.0
27.9
27.6
26.0
29.0
30.0
29.2
29.5
37.2

Yes

Seed tritin

32.0

No

Volvarin

29.0

Abrin
Abrin Achain
Modecin2
Modecin A<hain
Ricin
Ricin A<bain
Volkesin
Vo1kesin A<hain
Viscum
Viscum A<hain

1

2

2
2
2

63.8
30.0
63.0
28.0
65.0
30.0
62.0
29.0
60.0
29.0

Yes
No
Yes

2.13

seed

Hordeum vulgare

Asano et 01.. 1984;
Coleman & Roberts; 1981

0.3
0.12
0.06

leaves
leaves

Dianthus caryophyllus

Stirpe et 01.. 1981

Dianthus caryophyllus

Stirpeetal..1981

seeds

Gelonium multiflorum

leaves

Gypsophila

StUpe et 01.,1980
Yoshinari et al. 1997

seeds
seeds
seeds

Momordica charantia

Stirpe et 01.• 1981

Marah oreganus

Shih et al. 1998

Marah oreganus

Shih et al. 1998

sarcocarp
leaves
leaves

Cucurbita pepo
Phytolacca

americana

Yoshinari et al. 1996
Irvin et al. 1980; Barbieri

Phytolacca

americana

seeds

Phytolacca

americana

et 01.1990.

s&1
leaves

Saponaria

officinalis

Olsnes & Pih1, 1973

Triticum aestivum

Stirpe et al. 1983;
Femnsetal
.• 1993.

2.0

seeds

Triticum aestivum

Roberts and Stewart,
1979; Massiah &
Hartley, 1995.

0.5

fruiting
bodies

Volvariella votvacea

Qi-Zhi et 01., 1998

88.0
0.5

seeds

Abrus precatorius

Olness & Pihl, 1973.

Abrus precatorius

Olness & Pihl, 1973b

Adenia digitata

Gaspai-Can.,ani

Adenia digitata

1978.

Ricinus communis

Olness & Pihl, 1973

Ricinus communis

Olness & Pih), 1973

Sambucus ebulus
Sambucus ebulus

Barbieri et at 1984
Barbieri et al. 1984

Viscum album

Olness et al. 1982

Viscum album

Olness et aL 1982

0.06
0.063
0.071

No
0.24
0.25
0.04
No

Yes
No
Yes
Yes
Yes
Yes
Yes

roots

84.0
0.1
43.3
0.37
84.0
3.5

seeds
leaves
leaves

elegans

et al. 1982; Bolognesi

et al.

1.2.6.2. Mode of action of RIPs
RIPs are site specific rRNA N-glycosidases that catalyse the removal of a single
adenine base from the conserved loop of the 288 rRNA of eukaryotic ribosomes, or
the 238 rRNA of prokaryotes (Hartley et al., 1991). The removal is done by
hydrolysing the N-glycosidic bond between the base and the ribose of the adenine at
the position

~324

in rat 288 rRNA, at position A2660 in prokaryotic 238 rRNA. This

RNA modification interferes with the elongation factor binding and disrupts protein
synthesis (Wool et al., 1990).

Depurination of E. coli 238 rRNA occurs at A266o, in a functionally equivalent position
to the target adenine of eukaryotic 26/288 rRNA

(~324

in rat liver) (Hartley et al.,

1991; Chaddock et al., 1996). RIPs act enzymatically,and approximately 10 molecules
of PAP will kill an animal cell, moreover, a single molecule of the Ricin A chain is
sufficient to kill a cell and a single molecule will inactivate approximately 1500
ribosomes mirr' (Gluck et al., 1992). All RIPs inactivate mammalian ribosomes,
although only some RIPs are capable of attacking ribosomes from plants, fungi,
protists, and bacteria. But the extreme cytotoxicity of the heterodimeric RIPs, such as
ricin, together with highly efficient RIPs activities of the single chain RIPs, have
prompted the widely held view that RIPs play a defensive role in plants, protecting
them against predators and pathogens. Single chain RIPs including PAP are potent
inhibitors of plant viruses, at concentrations as low as 25nglml (Irvin, 1975, Kubo et
al. 1990). It has also been reported that PAP inhibited plant viruses from seven groups

(five RNA virus group and two DNA virus groups) when assayed on the leaves of
appropriate indicator plants (Chen et al. 1991). In that context, Kumon et al. (1990)
showed that physical association between the virus and the RIP was not required for
antiviral activity. In these cases, the pathway proposed for PAP is that when a virus
infects a cell, PAP apparently also gains entrance and disrupts cellular protein
synthesis, thus killing virus-infected cells and thereby preventing viral replication.
(Bonness et al., 1994).

Nevertheless, the mechanism of antiviral action of RIPs described above cannot
account for the described inhibitory effects of RIPs on the Human Immuni-deficiency
Virus (HIV) gene expression in acutely and chronically infected macrophages and T-

cells. It was shown that the type 1 RIP trichosanthin selectively inhibited both HIV
RNA and protein accumulation

without affecting the host cell gene expression

(McGrath et al. 1989).

1.2.6.3. Structure and function of RIPs
It has been suggested that the heterodimeric structure of type 2 RIPs is the result of a
fusion between a gene encoding a single-chain RIP (analogous to a type 1 RIPs) and a
lectin gene. It is possible that such an event has occurred more than once since the
several species in which type 2 RIPs are found are not closely related taxonomically.

Katzin et al. (1991) have proposed a putative model for the active site of the ricin Achain. It contains the residues Tyr80, Tyr 123, Glu 177, Arg 180 and Trp211, which are
invariant in all of the N-glycosidase RIPs sequenced to date.

In addition to these

invariant residues, Asn78, Arg134, Gln173, Glu208 and Asn209 are highly conserved
active site residues. Site-directed mutagenesis studies from several laboratories have
shown that the substitution of Arg 180 and Glu 177 for one of several other residues,
reduces the ribosome-inactivating capacity of the mutant polypeptides by a factor of ~
100 (Schlossman et al., 1989; Frankel et al., 1990; Ready et al., 1991). Monzingo et
al. (1993) have shown that the three dimensional structural alignments of some type 1
and type 2 RIPs are very similar and the organisation of the putative active-site is
highly conserved. Their common enzymatic activity suggest basic similarities in the
tertiary and the quaternary

structure for this class of proteins.

Detailed X-ray

crystallographic structures for gelonin, mirabilis antiviral protein, ricin and PAP are
known. (Montfort et al., 1987; Katzin et al., 1991; Rutember and Robertus, 1991;
Miyano et al., 1992; Monzingo et al., 1993; Hosur et al., 1995).

Modelling studies on the X-ray analysis of substrate analogues in the ricin A-chain
active site, proposed by Monzingo and Robertus (1992), have suggested that the
Tyr80 side chain rotates to a standard orientation on substrate binding. The major
differences in protein folding tend to concentrate in the C-terminal region and surface
loop structures. The active site shows a highly conserved structure, with the only
major difference being in the orientation of the conserved Tyr80. The model shows
that the target adenine is presented to the catalytic centre in a 'sandwich' between two
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conserved

tyrosines.

Two mechanisms of acid-catalysed

depurination

have been

proposed. Both suggest nucleophilic attack by a water molecule of an oxycarbonium
ion intermediate, with the conserved residues Arg 180 and Glu 177 being directly
involved. A mechanism for catalysis by RIPs, proposed by Ready et al. (1991), asserts
that Glu 177 stabilises an oxycarbonium ion on the ribose attached to the target adenine
in the rRNA substrate, and Arg180 is involved in binding to the sugar-phosphate
backbone through electrostatic interaction. Hydrolysis of the N-glycosidic bond is
envisaged as being facilitated by the partial protonation of the target adenosine (which
is in between of two tyrosine residues) through its hydrogen bonding and the positive
charge developed on the ribose. (Figure 2)

The entry of cytotoxic lectins into cells is based on the fact that cytotoxic lectins bind
opportunistically to the surface of target cells by reversible interaction between the Bchain and carbohydrate moieties containing terminal galactose residues occurring on
both glycoproteins and glycolipids. Mammalian cells contain an abundance of such
binding sites, ensuring a high concentration

of bound toxin. A proportion

of the

surface-bound toxin is internalised by the target cell. It has been shown that ricin enters
cells by endocytosis, primarily (Moya et al., 1985) but not exclusively, via c1athrin
coated pits and vesicles (van Deurs et al. 1985). A large proportion of the ricin taken
into cells is either recycled back to the cell surface or is delivered into lysosomes where
it is presumably degraded. A small proportion of ricin avoids recycling or degradation
and it is from this pool that the ricin A-chain crosses an intracellular membrane to
reach its ribosomal substrates in the cytosol.

1.2.6.4. Effects of RIPs action on the function of the ribosomes
It is now and generally recognised that rRNA is responsible for the basic biochemistry
of protein synthesis. including peptide bond formation, translocation and binding of
aminoacyl-tRNA

and supernatant factors (Wool et al., 1990). Noller (1991) even

suggested that rRNA plays a direct catalytic role. the ribosomal proteins merely
facilitating the optimal structure of the rRNA. Moazed et al. (1988) provided direct
evidence for the involvement of the u-sarcin/ricin loop in protein synthesis. concluding
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Figure 2. A schematic illustration of the proposed mechanism
ofRTA action (from Mozingo and Robertus, 1992)
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that it was part of the binding site for the elongation factors EF- Tu and EF-G
(translocase).

Osborn and Hartley (1990) showed in the reticulocyte lysate cell free system that the
N-terminal dipeptide of rabbit rl-globin -methionine: valine- was formed on ricinmodified ribosomes and that the subsequent translocation

of this dipeptide was

blocked, showing that translocation was the step that received most inhibition.

1.2.7. The Action and Specificity of RIPs on Ribosomes
Early studies on the effects of type 2 RIPs on the inhibition of protein synthesis in cellfree systems, showed that the 60S ribosomal subunit alone was affected and that one
A-chain molecule could inactivate 1500 ribosomes per minute.

The finding that

ribosome inactivation occurred in simple buffer solutions suggested that there was no
cofactor requirement.

Also, because cc-sarcin (a cytotoxic protein produced by the

mould Aspergillus giganteus) acts as a specific rRNA endonuclease and because of the
similarities between the partial reactions of protein synthesis inhibited by o-sarcin and
ricin as well as related RIPs, Endo et al. (1987) investigated the possibility that ricin
may also act on rRNA.

It is interesting to mention that one of the methods reported for the assay of the
N-glycosidase activities of RIPs on their ribosome substrates, makes use of the fact
that the phosphodiester bounds on either side of the depurinated ribose are sensitive to
amine-catalysed hydrolysis at acidic pH by a rl-elimination reaction (Peattie, 1979).
The resulting fragments are then separated on a polyacrylamide or agarose gel. The
extent of depurination can then be calculated following densitometric scanning of the
ethidium bromide stained gel using 5.8S rRNA as an internal standard (Osborn, 1990).

Furthermore Endo et al. (1987) and Endo and Tsuguri (1987) revealed the precise
nature of the ricin-catalysed modification in 28S rRNA, where Adenine, at position
4324 (numbered from 5' end of 28S rRNA) had been removed, leaving the sugarphosphate backbone intact. Thus ricin acts as a highly specific hydrolase, cleaving a
single N-glycosidic bond among c.7000 nucleotide residues in rRNA. Endo and co47

workers subsequently went on to show that several RIPs act on rat liver ribosomes in
an analogous manner to RTA. Stirpe et al. (1988) showed that the 28S rRNA of rabbit
reticulocyte

ribosomes and the 26S rRNA of yeast ribosomes also produced

a

diagnostic aniline-labile site with RTA and a variety of type 1 RIPs.

It is highly significant that Adenine

lies near the centre of a 14 nucleotide

~324

sequence that is the most strongly conserved structural feature of the large rRNA from
the large ribosomal subunit and which has remained largely unchanged throughout
evolution (Raue et al., 1988). (Figure 3)

Recently, work from Stirpe's laboratory (Barbieri et al., 1997) has shown that under
certain conditions, many RIPs possess a non-specific N-glycosidase activity which
hydrolytically removes adenines from a wide variety of substrates in a sequenceindependent manner. The authors have termed this the polynucleotide:

adenosine

glycosidase activity and its substrates include DNA, viral RNA and synthetic poly (A)
in addition to rRNA. Although the authors claim that this activity may playa role in
both the cytotoxic and antiviral activities of RIPs, they fail to reconcile their findings
with the more widely accepted sequence specific action first described by Endo and
Tsurugi (1987).

Some RIPs require a cofactor in order to exert their depurination activity. Coleman
and Roberts (1981) found that the inhibition of protein synthesis in cell-free systems by
tritin (a type 1 RIP) had a marked requirement for ATP. In addition Massiah and
Hartley (1995) confirmed this requirement, showing the RNA-glycosidase activity of
tritin-S on reticulocyte-and yeast ribosomes, was greatly stimulated by ATP.

1.2.7.1. Tri~-S - a type I RIPTritin-S, a type 1 RIP is purified from.,wheat seeds (Massiah and Hartley, 1995).
"

T~-~

.

was identified as a basic pr*irWith

a Mr of 32kDa. Tritin-S is inactive on

.

ribosomes from wheat germ, wheat seed endosperm and E. coli, but active on yeast
and rabbit reticulocyte ribosomes. Tritin-S shows a marked requirement for ATP in its
action. Its activity has been reported (Massiah and Hartley, 1995) to be stimulated of
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Figure 3. u-sarcin/ricin stem-loop. The universally
conserved region of his domain.

R) RIPs depurination site.
S) o-Sarcin cleavage site.
A) a.-Sarcinlricin stem-loop of E. coli 23S rRNA domain VI (Marchant and Hartley, 1994).
B) Oligo mimicking the o-sarcin domain of rat 28S rRNA (Gluck and Wool, 1996).
The numbers at the right of the sequences refer to the distance in nucleotides from the
depurination site to the 3' end of the rRNA
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the order of 4-fold on yeast ribosomes and 220-fold on reticulocyte ribosomes when
assayed in the presence of ATP.

l.2.7.2. Pokeweed Antiviral Protein (PAP) -a type 1 RIPPokeweed antiviral protein (PAP) is a type I ribosome inactivating protein (RIP) from
the plant Phytolacca americana (pokeweed), that is believed to play a role in the
plant's defence as an antiviral agent. It is located in the cell wall and it protects the
plant from viral attack by entering the cytoplasm when the plasma membrane is
breached by viral infection since inhibition of its own ribosomes would block viral
replication (Ready et al. 1986). PAP has the additional ability to inactivate prokaryotic
ribosomes. It cleaves the bond between A2660 and the ribose of the prokaryotic 23 S
rRNA (Hartley et al., 1991), which is structurally and functionally equivalent to the
cleavage position (A.324) of eukaryotic 28S rRNA. Marchant and Hartley (1995)
showed that PAP - catalysed depurination is not dependent on the o-sarcin tetraloop
structure (section l.2.5.4.). After working with six mutations within the a-sarcin/ricin
loop, it was also found that the base G2661 does not appear to be critical for activity, as
it is for RTA catalysed depurination.

1.2.7.3. Ricin and ricin toxic A-chain (RTA) -a type 2 RIPRicin: a type 2 Ribosome Inactivating Protein. Ricin from Ricinus communis (castor
oil bean) is the best-studied example of type 2 RIPs. It is composed of a 32 kDa Achain linked by a single disulphide bond to a 34 kDa B-chain (Lord et al., 1994). Ricin
is synthesised as a precursor form termed preproricin which consists of the A- and Bchains linked by an interchain linker peptide together with an N-terminal signal
sequence (Richardson et al., 1989).

Ricin is highly active on mammalian ribosomes

and will also depurinate

plant

ribosomes, including those derived from Ricinus communis, though the activity on the
latter is approximately 2 x 104-fold lower (Harley and Beevers, 1982). RTA has
attracted increasing interest in recent years because of its potential applications in
chemotherapy (Thrush et al., 1996).
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Ricin A-chain (RT A) was found to bind only to the 60S subunit of rat liver ribosomes,
but it has been shown too, that RT A is not able to bind to E. coli ribosomes (Hedblom
et al., 1976). It was confirmed by Marchant and Hartley (1995) that RT A is not active
on E. coli ribosomes under near physiological reaction conditions, and so activity can
only be determined

on 'naked'

rRNA. It was found also that RTA catalysed

depurination is dependent on the tetraloop structure. After work with six mutations
within the u-sarcin/ricin loop, it was also found that the identity of the base G2661 is
critical for RTA activity.

l.2.8. The Susceptibility of Plant and E. coli ribosomes to RIPs
Under the appropriate conditions a given RIP does not present the same N-glycosidase
activity on ribosomes from different sources, despite the fact that they show the same
conserved RIP target site in their large subunit. Cawley et al. (1977) found that wheat
germ ribosomes required a SOOO-foidhigher concentration of ricin A-chain to inhibit
their activity than it required for a comparable inhibition of rat liver ribosomes. E. coli
ribosomes were completely resistant to the toxin. Earlier studies showed that plant
cytoplasmic ribosomes are much less sensitive to RIPs in general than are mammalian
ribosomes, and that E. coli ribosomes, were completely resistant to RIPs in general
(Batielli et al., 1984). It was widely accepted view that prokaryotic ribosomes are
insensitive to RIPs and for that reason, E. coli has been used successfully as a host for
the production of the biologically active recombinant ricin A-chain (rRTA) (O'Hare et
al., 1987, Piatak et al., 1988). However, attempts to express some RIPs like with
MAP (Mirabilis Antiviral Protein) or PAP (pokeweed Antiviral Protein), both type 1
RIPs were unsuccessful. Their expression resulted in a severe inhibition of growth of
E. coli, when an attempt to obtain the recombinant protein

was

made (Habuka et al.,

1989). The reason for their inhibition became apparent when it was discovered that E.

coli ribosomes were sensitive to several type 1 RIPs (Hartley et al., 1991).

In summary, ribosomes from mamrnals and Saccharomyces cerevisiae are highly
sensitive to most RIPs. Higher plant ribosomes are moderately resistant to the Achains of the toxic lectins, for example ricin and abrin A-chains, and cereal seed
ribosomes are resistant to their homologous RIPs. Finally E. coli ribosomes, so far,
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present complete resistance to the A-chains of ricin and abrin, but are moderately
sensitive to several type I RIPs.

1.2.8.1. Comparison between PAP and RTA
PAP and Ricin are two members of a family of RIPs that are characterised by their
ability to catalytically depurinate eukaryotic ribosomes. In contrast to RTA (the Ricin
toxic A-chain), PAP inactivates prokaryotic ribosomes. PAP and RTA have different
RNA recognition elements as has been shown by Marchant and Hartley (1995)
(tetraloop structure is required for the action of RTA, but not of PAP, and unlike
RTA, PAP does not require G at position 2661), and this may account, at least in part,
for the fact that PAP but not RTA catalyses the depurination of E. coli ribosomes.

Despite the fact that the primary structure conservation among the RIPs is highly
variable (17-80%), their tertiary structures are well conserved. Their 3D structure is
extremely similar as reported by Monzingo and Robertus (1992) and Monzingo et al.
(1993) showed that the a-carbon traces for tertiary structures of RTA and PAP are
virtually superimposable. Chaddock et al. (1996) used the information from the X-ray
structures of RTA and PAPin order to design gross polypeptide switches and specific
peptide insertions. Their work suggested that the carboxy-terminus of the RIPs (PAP
219-262) did not contribute to ribosome recognition. Polypeptide swaps in the aminoterminal half of the proteins affected ribosome inactivation.

Chaddock et al. (1996) also showed that directed substitution of RTA sequences into PAP, at
those three loop regions that were different in both structure and composition, had little effect
on the ribosome inactivation characteristics of the mutant PAP, suggesting that the loops were
not crucial for prokaryotic ribosome recognition. Since the prokaryotic rRNA can serve as a
substrate for RT A-dependent N-glycosidase activity when stripped of ribosomal proteins, and
the rRNA target sequence is conserved, the molecular basis of this difference in RIPs
specificity was considered as a complex phenomenon. Monzingo et at. (1993) suggested that a
small number of polypeptide regions, which were identified as having sufficiently different
tertiary structures, warranted research as possible ribosome-specificity determinants. It might
mean that regions of RIPs protein structure, possibly quite distinct from the active site
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determine

ribosome

specificity.

Nevertheless,

Chaddock

et al. (1996)

created

RTNP AP hybrid proteins in order to examine their ability to inactivate ribosomes,
through specific peptide swaps and gross polypeptide swaps. These experiments were
validated, once x-ray structure analysis of PAP and RT A showed the highly conserved
tertiary structure.

So far, no conclusion has been reached and experiments

are

continuing.

1.2.9. RNA Identity Elements required for recognition and catalysis by RIPs
Endo et al. (1987) and Endo and Tsurugi (1988) found that the RTA could depurinate
deproteinised 28S rRNA with an identical specificity to that of 28S rRNA in native
ribosomes.

This demonstrated

that ribosomal proteins

are not required for the

sequence specificity of the modification site. They show that intact 28S rRNA is not
required for activity, an evidence by finding that the 553-nucleotide fragment generated
from the 3' end on 28S rRNA by endogenous RNase could serve as a substrate
following its deproteinisation.

It was suggested that RTA has a similar affinity for both ribosomes and rRNA, and that the
native conformation of rRN A in the ribosomes, which is probably dependent on ribosomal
proteins, is required for efficient catalysis. The only additional requirement for these substrates
is that they retain their secondary structure. Endo and Tsurugi (1987) also showed that
deproteinised

E. coli

rRNA served as a substrate

for RTA modification,

but it was

demonstrated that the depurination occurred at two sites, A2~ in 23S rRNA (corresponding to
~324 in rat 28S rRNA) and AJ014in 16S rRNA.

Analysing the structures around these

depurination sites, it was revealed that they all contain the sequence 'GAGA', which could in
theory exist in a tetra loop .

However the same structural motif occurs at a further four sites in both E. coli
ribosomes and rat rRNAs which are not modified by RTA in either ribosomes or
deproteinised rRNA as reported by Endo and Tsurugi (1988).

After further work,

Endo et al. (1991) showed the requirements for recognition and catalysis by using a
synthetic oligoribonucleotide of 35 nucleotides (35-mers) that mimics the primary and
secondary structure of the rat 28S rRNA target site. It was found that there was an
absolute requirement for an adenine (A*) iOSjte sequence GA*GA, and that the helical

stem is present. Although the length of the stem could be reduced from seven to a
minimum of three base pairs there is an important role to the existence of a stem to
tether the tetraloop structure.

The activity of RTAwas eliminated by altering the nucleotides in the 'universal'
sequence surrounding the adenine, and by changing the position in the loop of GAGA,
where the minimum substrate is GAGA tetraloop shut off by Watson-Crick base pairs
(Figure 4). It is important to underline that only those ribosomes engaged in protein
biosynthesis can serve as substrates for e-sarcin cleavage. Wool et al. (1990) used
antibiotic inhibitors of protein biosynthesis in order to show that reticulocyte
ribosomes were sensitive to ce-sarcin only when peptidyl tRNA is in the ribosomal A
site prior to translocation, suggesting that the e-sarcin site alternate between open and
closed states during translation.

1.2.9.1. Structural and sequence requirements of the ce-sarcin/ricin loop for RIPs
action
RIPs have also been reported to be active on DNA, but there is a discrepancy between
the results presented. In an early report, Endo et al. (1991) showed that a stem loop
DNA 32-mer which contained the ce-sarcin/ricin loop was not a substrate for RTA, but
Chen et al. (1998) showed that a stem loop DNA 10-mer was a substrate for RTA
catalysed hydrolysis, with a Km (which is related to the affinity of the enzyme for its
substrate) of 2.6 J.1M (similar to the Km shown by RTA on the 10 base synthetic
oligoribonucleotide) and a Kc.t (which is related to the breakdown for the enzyme:
substrate complex to product) of 0.38 min-I. The above results suggested that the
active site ofRTA might accommodate structural differencesbetween RNA and DNA,
by reorganising the nucleotide loop conformation that is required for catalysis. On the
other hand, the equivalent Km values for the action ofRTA on the stem loop RNA A10 and DNA ·A-lO indicates the negligible influence on substrate binding of the 2'
hydroxyl groups (Chen et al., 1998).

Orita et al. (1996) showed that the

oligonucleotide with stem-GAGA-stem, and stem-G"AGA-stem, (* refers to
deoxynucleotide) both showed similar sensitivityto depurination by RTA.

Figure 4. RNA identity elements required for recognition and catalysis by ricin
A-chain
(A)

(B)

(A) Represents the ricin A-chain sensitive structures in rat, yeast and E. coli rRNAs
(B) Ricin A-chain insensitive structures in E. coli and rat rRNAs.
(R) RIPs depurination site
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Chen et al. (1998) showed the substrate specificity by performing mutations on the
structural components.
tetranucleotide

They found that adenosine, AMP, dinucleotide

AG, and

GAGA were not hydrolysed by RTA even in the presence of a

stoichiometric excess of RTA, relative to the substrates

So far, RTA is catalytically active only on RNA structures with the stem loop
structural motif, and assays suggest that the energy of activation for depurination by
RTA is therefore obtained from the combined interactions between the enzyme and the
substrate adenine as well as the adjacent GAGA tetraloop stem structure. (Chen et al.,
1998)

1.2.10. RNA Native Structure and rRNA Protein Interactions in Ribosomes
Chaddock et al. (1996), have identified regions of the RIP primary sequence that may
be important in ribosome recognition and Munishkin and Wool (1995) have identified
a ribo-nucleo-protein-like

(RNP-like) (a highly conserved sequence protein) structural

motif in the ricin A-chain that may mediate binding to ribosomal RNA.

Chen et al. (1998) worked on the mechanism and specificity for RTA, using the RNA
stem loop structures of 10-18 nucleotides which contained a GAGA tetraloop, the
required substrate motif. They found that the kinetic parameters

Km. Kcat

and KcatIKm

were found to be pH-dependent, and that the optimal pH is near 4.0. It was suggested
that these results could be an effect of the protonation of ionizable groups in the RTA
or in the rRNA substrate with pKa values near 4.5. The protonation of two adenines

in the stem-loop structure could assist binding to RTA because the NI of adenine has a
pKa near 4 (Legault and Pardi, 1997). Also, it was found that the preferred substrate
was a I4-base stem loop RNA, showing that smaller or larger oligoribonucleotides
have lower Kc., but all have the same

Km values

of approx. 5JJM (Chen et al., 1998).

The influence of pH was apparently found to place the stem loop RNA or RTA in a
conformation that enhances catalysis. The catalytic competence of the RTA-ribosome
complex at neutral pH suggested' that the structural
ribosomes

components

of the intact

are necessary for efficient catalysis at the physiological pH. It also

suggested

the possibility that the interaction within the GAGA-containing tetraloop

recognised by RIPs, adopts an alternative conformation as a function of pH (Chen et
al., 1998).

1.2.10.1. The effect of the action of divalent cations on rRNA structure and RIP
activity
Divalent metal ions can interact electrostatically with the sugar phosphate backbone of
rRNA. The binding of divalent metal ions (or divalent cations in this case) to singlestranded RNA homopolymers

reaches saturation close to one metal ion per two

phosphate ions, and in the absence of other cations their dissociation constants are in
the neighbourhood

of O.1 to 10mM. Divalent metal ions might bridge the two

phosphates, requiring a constrained phosphodiester backbone with an accompanying
reduction in entropy and cost in energy. Thus, divalent cations bind more tightly to
homopolymer

helices where the phosphates

are structurally constrained and two

phosphates on opposite strands are sufficiently close in the rRNA to bind single metal
ions (reviewed by Pan et al., 1993).

In the review made by Pan et al. (1993), the cations were considered as basic elements
for reducing the electrostatic repulsion between the negatively charged phosphates of
rRNA backbone

(which means that divalent cations are extremely effective in
stabilising the rRNA double helix). Mg2+, Ca2+ and Mn2+, through electrostatic

interactions, apply within the context of binding with those phosphates of the rRNA
backbone. In this way, the positive charge on the divalent metal ion can stabilise the
transition state by binding to negatively charged nonbridging oxygens.

In the majority of the studies of RIP action on ribosomes in vitro the reactions were
performed in a simple TrislMg2+/ KCI buffer (a near physiological buffer), or in buffers
containing little free Mg2+. Moreover, the activity of RTA with oligoribonucleotides
has routinely been assessed in a buffer containing 3 mM MgCh and 2.5 mM EDT A
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(Endo et al., 1991; Gluck et al., 1992). EDTA is added to reduce the concentration of
magnesium to O.SmM that was thought to be optimal for RTA activity (Endo,
unpublished data).

It has been found that high concentrations

of Mg2+ can partially overcome the

inhibition of protein synthesis in both a.-sarcin and ricin-modified ribosomes (Cawley et

al., 1979; Terao et al., 1988). This could mean that the alterations in conformation
could be partially reversed by this ion, presumably through the formation of salt
bridges between neighbouring

phosphate

groups in the rRNA backbone.

Other

research work has suggested that the a.-sarcinlricin stem loop may adopt different
conformations

in the presence and absence of Mg2+, an effect that has important

implications for the changing activity of RIPs on their substrates. Further work done
on the activity of RTA and a.-sarcin on synthetic oligoribonucleotides

mimicking the

a.-sarcinlricin stem loop has confirmed this (Leffers et al., 1988; Endo et al., 1991;
Gluck et al., 1992; Gluck et al., 1994).

Gluck and Wool (1996) reported that RTA had no enzymatic activity unless a divalent
cation and a chelating agent capable of forming a complex with the cation were present
in the reaction mixture. They experimented on a series of solutions of MgChlEDT A of
different

concentrations,

as

well

as

with

CaChlEDT A,

MgChlEGT A

and

CaCl:z/EGTA. The results showed that although a Mg2+ concentration of 0.5 mM was
thought to be optimal for RT A activity, the enzymatic activity was not observed in
Mg2+ containing solutions in the absence of EDT A, on the 35mer oligonucleotide
prepared to mimic the structure at the site of action in 28S rRNA. Catalysis by RTA in
the presence of EDT A was observed to be significantly more efficient with calcium
than with magnesium.

The buffer conditions could be thought to affect either the structure of the rRNA
substrate;

or the structure

contaminant

of RTA, or to remove or inactivate

in the toxin preparation,

an inhibitory

or all of these (Gluck and Wool, 1996).

However, no requirement has been reported for cofactors for RTA activity (Massiah
and Hartley, 1995) when native eukaryotic ribosomes are the substrate rather than
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synthetic oligoribonucleotides.

This suggests also that the complex with divalent

cations and chelating agents affects the structure of the synthetic oligoribonucleotide
used in the in vitro assay (Gluck and Wool, 1996).

1.2.10.2. Ribosomal proteins influence on RIPs activity
More than a dozen ribosomal proteins bind directly and independently to rRNA in
E. coli ribosomes and homologues of most of these are found in archaebacteria and
eukaryotes as well. They vary greatly in the size and in the complexity of the rRNAbinding site that is recognised. Ribosomal proteins are an important part of the
ribosome structure, and they participate in the self assembly processes of ribosomal
subunits, helping to obtain the final conformation as it has been reviewed through the
present work. (Leffers et al., 1988~Draper, 1994).

While the preferred substrate for RTA is 26/28S rRNA in a native 60S ribosomal
subunit, 'naked' 26/28S rRNA can also act as a substrate but the K...t for the latter
reaction is approximately IOs·fold lower than the former (Endo et al., 1990). This
suggests that the native secondary structure of ribosome associated 26/28S rRNA is
important for the action of RIPs and that ribosomal proteins may play an important
role in maintaining this rRNA conformation, and/or in providing a high affinity binding
site for the toxin (Gluck and Wool, 1996~Vater et al., 1995).

Since prokaryotic rRNA can serve as a substrate for RTA activity when stripped of
ribosomal proteins, the well conserved a-sarcin loop structure of the rRNA and the
similarity between the RIPs' structures (Chaddock et al., 1995), suggest that the
presence of ribosomal proteins either allow (in the case of PAP) or prevent (in the case
ofRTA) depurination activity.

Hedblom et al. (1976) described studies on the binding characteristics of ricin and its
subunits to eukaryotic ribosome components. They obtained a value of 0.87 for the
number of ricin molecules bound per ribosome, indicating that there was only one ricin
binding site per ribosome and suggesting an enzyme-substrate-like

complex between

them, with a stable interaction between rat liver ribosomes and RT A. However, this

report is at variace with the kinetic parameters for the action of RTA on ribosomes,
and other methods, for example gel retardation,

have failed to detect a stable

association (I. Wool, personal communication).

Ippoliti et al. (1992), have identified a covalent complex between saporin (the RIP
extracted

from

Saponaria

officinalisi

and

ribosomal

proteins

from

yeast

(Saccharomyces cereviseae), by means of chemical crosslinking and immunological or
avidin-biotin detection. They found a main complex (mol. wt. approx. 60 kDa) formed
only with a protein from a 60S subunit of yeast ribosomes, and not detected with
ribosomes from E. coli, a resistant species. This observation supports the hypothesis of
a molecular recognition mechanism involving one or more ribosomal proteins, which
could provide a 'receptor' site for the toxin and favour optimal binding of the target
adenine

~324

to the active site or the RIP. In this study Ippoliti et al. (1992) suggested

that the molecular mechanism by which the toxin recognises its target is mediated by
protein-protein

as well as protein-RNA

interactions.

The enzyme: substrate-like

complex is probably stabilised by molecular contacts over and above the binding of

rRNN~324 to the active site of the RIP, and they showed that at least one ribosomal
protein (mol. wt. 30 kDa) from the 60S subunit comes into contact with saporin and is
crosslinked. This was fully consistent with the observation that RIPs are more active
on the whole ribosome than on isolated rRNA.

Many workers have described the specificity of RIPs in relation to their ability to
inactivate self and non-self ribosomes, and have attempted to explain why RIPs have
evolved specificity for ribosomes. However, little work has been described where the
features necessary for ribosome recognition and interaction have been investigated.
Rather, most mutagenesis experiments have concentrated on the determination of the
catalytic mechanism. It was recently suggested that the electrostatic potential of the
residues surrounding the active site was important in determining ribosome specificity
(Chaddock et al., 1996).
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1.3. Aims of the Project

1.3.l. General:
To study the influence of ribosomal proteins on the action of Ribosome-Inactivating
Proteins

l.3.2. Particular aims:
• To study the binding characteristics of RIPs with different ribosomes and 'naked'
(deproteinised) ribosomal RNA.
• To evaluate the role of ribosomal proteins in sensitising the E. coli ribosomes to
RIPs' action.
• To differentiate between the binding phenomenon and the RIPs' activity with
ribosomes.

61

2. CHAPTER II:
MATERIALS AND METHODS
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Materials:
PAP (Pokeweed antiviral protein from the leaves of Phytolacca americana a kind gift
from Dr. Marchant),

tritin-S (RIPs from Triticum aestivum

seeds),

and RTA

(recombinant Ricin A chain rRTA, RIPs from Ricinus communis, a kind gift from Dr.
Chaddock). Note recombinant Ricin A chain rRTA would be named as RTA.

Suppliers of Reagents and Chemicals: All reagents used were of analytical grade if
available and were obtained from the following sources, unless indicated otherwise in
the text:

=> Aldrich Chemical Co. Ltd., Poole, Dorset: ammonium persulphate, Tween-20.
=> Amersham

International

nitrocellulose

Pic.,

membrane,

Aylesbury,

Hybond-N

Buckinghamshire:

nylon

membrane,

Hybond-C
[3sS]_dATP

(> 1OOOCilmmol), y_32p_ATP (7000Ci/ mmol), ([ 14C]_formaldehyde, 30-50 mCii
mmol).

=> BDH (Merck Ltd), Poole, Dorset: Acetic acid, acrylamide, ammonium sulphate,
aniline, boric acid, bromophenol

blue, calcium chloride, citric acid, di-sodium

hydrogen orthophosphate, Duolite MB6113 mixed resin, ethanol, ethylenediaminetetraacetic

acid

(EDT A),

ethylenedioxydiethylenedinitriolotetra-acetic

(EGT A), fonnamide, glycerol, N-2 hydroxyethylpiperazine-N-2

acid

ethane sulphonic

acid (HEPES), isopropanol, liquid paraffin colourless, lithium chloride, magnesium
chloride, magnesium sulphate, 2-mercaptoehtanol,
acid (MES),

methanol,

Nonided

potassium hydroxide, 'Repelcote™"
(TCA),

Triton

X-100,

P40,

2[N-morpholino] ethanosulfonic

orthoboric

acid,

potassium

acetate,

sodium acetate, sucrose, trichloroacetic acid

Tris-(hydroxymethyl)-aminomethane

(Tris),

urea, zinc

chloride.

=> Beeton Dickinson and Co., Oxnard, California, USA: Falcon Microtest III 96well microtitre plates, SOmlconical Falcon tubes.

=> Boehringer

Mannheim

UK Ltd., Lewes, East Sussex: ATP, calf liver tRNA,

DNase I, RNase-free, DTT, 2[N-morpholino] ethanosulfonic acid (MES).
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=> Bio-Rad Laboratories

Ltd., Hemes Hempstead, Hertfordshire: Biogel P6, pre-

stained molecular mass markers.

=> Difco Laboratories
=> Eastman

Kodak

Ltd., Detroit, Michigan, USA: Bacto-tryptone, Bacto-agar.
Co., Rochester, New York, USA: LX-24 developer, FX-40

fixer, Unifix.

=> Fisons Ltd.,

Loughborough,

chloride, ammonium
caesium chloride,

Leicestershire:

sulphate, formaldehyde,

calcium chloride,

polyethylene glycol PEG-6000,

Ammonia

solution,

ammonium

N, N' -methylene bisacrylamide,

magnesium

chloride,

p-mercaptoethanol,

phenol, potassium dihydrogen orthophosphate,

potassium chloride, sodium acetate, sodium chloride, sodium dodecylsulphate
(SDS), trichloroacetic acid (TCA), Tris- (hydroxymethyl)-aminoethane

(Tris).

=> Fuji Photo FUm (UK) Ltd., London: x-ray Films (RX).
=> Gibco-BRL,

Life technologies

Pic., Uxbridge, Middlesex: Agarose,

modification and restriction enzymes: EcoRI, Bamm,
CTP, GTP, UTP) SuperScript™n

RNase Hreverse

vanous

10mM NTP Mix (ATP,

transcriptase, T4 DNA ligase,

T4 DNA polymerase, T4 polynucleotide kinase, SP6 RNA Polymerase, Taq DNA
Polymerase; sucrose (Ultrapure grade), lKb DNA ladder.

=> Johnson Matthey Plc., Royston, Hertfordshire: silver nitrate.
=> Melford Laboratories

Ltd., Biochemical & Chemical Manufacturing., Ipswich,

Suffolk: 5-Bromo-4-chlmo-3-indolyL

P-D-galactoside (X-GAL)

=> Oxoid (Unipath Ltd.), Bsingstoke, Hampshire: yeast extract.
=> Pierce Europe

BV, Holland: Disposable

polystyrene

columns (2rnl), Pd-IO

(Sephadex G25) columns, Slide-A-Iyzer 10,000 MW Cassette.

=> Ph.no.cia

LKB Biotechnology

AB, Uppsala,

Sweden: CM-Sepharose

Flow, Sephadex G-25.

=> Polaroid Corporation,

Cambridge, UK: 665 I 667 photographic Film.
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Fast

~ Premier Brands UK Ltd., Stafford: dried skimmedmild ('Marvel').
~ Promega Ltd., Madison, Wisconsin, USA: Untreated rabbit reticulocyte lysate,
nitroblue tetrazolium (NBT), 5-bromo-4-chloro-3-indolyl phosphate (BCIP),
RNasinR Ribonuclease Inhibitor.
~ QIAGEN Ltd., Crawley, West Sussex, UK: QIAprep spin plasmid kit, QIAGEN
mini-, midi-, and maxi- preps.
~ Rhone-Poulenc Ltd., Manchester: polyethyleneglyco16000.
~ Sigma Chemical Co. Ltd., Poole, Dorset: Adenine, agarose RNase-free,
ampicillin,8-anilino-I-naphthalene sulphonic acid (ANS), chloramphenicol, donkey
anti-sheep IgG alkaline phosphatase conjugate, bovine serum albumin (BSA),
diethylpyrocarbonate (DEPC), dithiothreitol, ethidium bromide, Ficoll type 400,
guanidine hydrochloride, imidazole, inorganic pyrophosphatase, isopropyl ~-Dthiogalactopyranoside (lPTG), lysozyme, magnesium chloride, molecular mass
markers, 2[N-morpholino] ethane sulphonic acid (MOPS), propanol, spermidine,
spermine, sodium borate, ribonuclease A, rubidium chloride, Sephadex G-50-40,
trichloroacetic acid (TCA), N,N,N' ,N' tetramethyl-ethylenediamine (TEMED),
thiamine, Triton X-lOO, trypsin, uracil, xylene cyanol FF.
~ Ultra Violet Products

(UVP) Inc., Upland, CA, USA: Grab-IT Image,

Annotating Grabber 2.04.5, Synoptics Ltd.
~ United States Biocbemical (USB) Corporation,

Cleveland, Ohio, USA:

Sequenase Version 2.0, DNA Sequencing Kit (containing Labelling nucleotide mix,
Termination mixes, and Sequenase)
~ Wbatman LabSaies Ltd., Maidstone, Kent: filter papers.
=> Purified recombinant ricin A-chain was a gift from Zeneca Pharmaceuticals,
Alderley Park, Cheshire. (RTA).

~ All other chemicals were obtained from BDD, Fisons, Rhone-Poulenc, Fluka
Chemicals, Gillingham, Dorset, and May and Baker Ltd., Oagenham, Essex,
and were of analyticalgrade.

Methods:
2.1. Purification of Tritin-S from Wheat Seeds
All procedures were carried out at 4°C unless otherwise specified. Tritin-S-containing
fractions were detected by assaying each fraction for immunoblotting, SOS-PAGE
Coomassie" Blue and Silver staining, and for N-glycosidase activity on rabbit
reticulocyte ribosomes. 200 g of Wheat seeds (Triticum aestivum L., var. Hunter)
were ground in a coffee grinder and were homogenised in 600 ml of 100mM Tris/Cl
pH 8.5, 100 mM KCI, 4mM MgCh, and 5 mM OTT, by ten 20 secs. bursts at full
power using a polytron homogeniser (Kinematica, Lucerne, Switzerland). The
homogenate was filtered through Miracloth (Calbiochem, La Joya, CA, USA) and the
filtrate centrifuged at 10,000 rpm, 4°C for 20min in a GSA rotor (Sorvall, Stevenage,
Herts, UK). The resulting supernatant liquid was centrifuged at 50,000 rpm and 4°C
for 3 h in a 60 Ti rotor (Beckman, High combe, Bucks, UK) (Massiah and Hartley,
1995). Supernatant proteins were precipitated by the addition of ammonium sulphate
to 55% saturation and the precipitate, which had formed, was removed by
centrifugation and additional solid ~)2S04

was added until 85% saturation was

achieved.

The precipitate that formed contained the inhibitor, and it was dissolved in the smallest
possible volume (20 ml) of 5mM sodium phosphate butTer, pH 7.0 (Roberts and
Stewart, 1979~Barbieri et al. 1987).

2.1.1. Sephadex G 50-40 Chromatography
A crude protein extract was prepared from 200g wheat seeds and a 55-85% (w/v)
ammonium sulphate cut made in accordance with Massiah and Hartley (1995)
procedure. Aliquots were taken from both the crude extract and from ammonium
sulphate cut and analysed by PAGE (section 2.2.). The Sepbadex G 50-40 column was
used to further purify tritin-S (MW 32 kDa, reported by Roberts and Steward (1979),

Hartley and Lord (1993) and Massiah and Hartley (1995». The protein solution was
applied to a Sephadex G 50-40 coarse column (2.6 x 35-cm) previously equilibrated
with 5mM sodium phosphate buffer, pH 7.0 at 4°C. The column was eluted with the
same buffer at a rate of 2 litreslhour.

The solution of eluted proteins obtained from

Sephadex G 50-40 was loaded onto a CM-Sepharose FF column (section 2.1.2.).

2.1.2. CM-Sepharose Fast Flow Chromatography
The protein-containing front peak from Sephadex G 50-40 (Sigma, Chern. Co., St Lois
MO. USA) was collected and then applied to a CM-Sepharose

Fast Flow column

(JOcm x 5 cm) equilibrated 5mM sodium phosphate buffer, pH 7.0 (Massiah and
Hartley, 1995). In order to remove the unbound proteins, the column was extensively
washed with the same buffer solution until the A280value of the eluted pregradient
fraction, had been reduced to approximately 0.01. The elution of the bound proteins
was carried out by the application of 1 litre of a linear gradient from 0 to 500 mM
NaCI in the same buffer at a flow rate of 120 ml/h (Barbieri et al. 1987). The proteins
in each fraction were monitored by the measurement of the Absorbance at 280nm,
which was plotted against each fraction to obtain a protein elution profile. As it has
been reported (Massiah and Hartley, 1995), tritin-S was eluted at NaCI concentration
of 100-200mM. Aliquots were taken from the fractions and were analysed by SDSPAGE (section 2.2.).

2.1.3. SP-Sepharose Fast Flow Chromatography
A second step in cation exchange was necessary in an attempt to further purify tritin-S,
therefore SP FF was chosen. The protein fractions containing tritin-S from CMSepharose FF (section 2.1.2.) were pooled and applied to a SP-Sepharose column.
Like the CM-Sepharose Fast Flow column, the SP-Sepharose column was equilibrated
with 5mM Na phosphate, pH 7.0. The unbound proteins were removed by washing the
column with column buffer and the elution of the bound proteins was carried out by
the application of 1 litre of linear gradient of O-O.SMNaCI in the same buffer, at 4°C,
overnight at a flow rate of 60ml1h.
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The protein

fractions

containing

tritin-S

were collected,

stored

at -20°C and

concentrated by ultrafiltration using a centricon concentrator.

2.2. SOS-Polyacrylamide

Gel Electrophoresis

(SOS-PAGE)

Protein separation was carried out using 15% - mini acrylamide gels, as described in
standard published protocols (Laemmli, 1970). Protein samples were dissolved in an
equal volume of Ix concentration of the sample buffer (1.25 ml 0.5M Tris/Cl pH 6.8,
0.2g SOS, 2 ml glycerol, 0.5 ml p-mercaptoethanol,

10 mg bromophenol blue, 6.25 ml

water). Prior to loading, each sample was boiled for 5 minutes to ensure denaturation.
Once the protein samples were loaded, the proteins were electrophoresed at 25-30 rnA
towards the positive electrode for 3-3.5 h. The tank buffer consists of 25mM Tris base,
250mM glycine pH 8.6, and 0.1 % (w/v) SOS.

2.2.1. Silver Staining of SOS-Polyacrylamide Gels
Following electrophoresis,

the gels were soaked in 50% (v/v) methanol to remove

glycine. The methanol solution was changed three times, after 4 hours, after 8 hours
and after 12 hours. The methanol was poured off and the gel washed briefly in
deionised water. The staining solution used was 0.8g silver nitrate plus 4 ml distilled
water, added drop wise with stirring to 21 m1 0.36% (w/v) fresh NaOH plus 1.4 m1
ammonia solution and finally 75 m1 distilled water was added and mixed. This was
prepared immediately prior to use, poured onto the gel, and shaken on a rotary shaker
for 20 minutes to ensure that all the gel was exposed to the stain. The gel was then
washed four times with deionised water (SOW) for periods of 5 minutes each, on a
rotary shaker. The water was replaced with developing solution (500 m1 distilled water
plus 2.5% (w/v) citric acid and 0.3 m1 formaldehyde solution -to 38%-) and shaken
continuously until silver stain bands appeared. The gel was subsequently washed in
deionised

water

and

colour

development

stopped

by the

addition

of' 45%

methanolllO% acetic acid. The gel was left in the stop solution for 15 minutes prior to
drying in an Easy Breeze gel dryer or Bio-Rad gel dryer.
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2.2.2. Non-denaturing Polyacrylamide Gel Electrophoresis
The

separation

of

RNP

acrylamidelbisacrylamide

complexes

was

carried

out

usmg

12%,

29: 1

- non-denaturing acrylamide gels as described in standard

published protocols (Sambrook et al., 1991; Batey and Williamson, 1996; Serganovet

al., 1996). After titration, dissociation, and competition experiments (sections 2.17,
2.18. and 2.19.), 21.11of type III loading buffer (30% glycerol, 0.25% bromophenol
blue, 0.25% xylene cyanol), were added to the samples. The RNA-protein complex
samples were immediately loaded onto the non-denaturing gel in 0.5x TBE buffer. Gels
(15.5 cm wide, 12cm long, and 0.05 cm thick) were pre-run for one hour at 20mA at
4°C. Samples volumes of IOll1were loaded onto the gel and electrophoresed for 1.454 hours depending on the RNA sample. The gel was dried on a Bio-Rad gel dryer,
placed into a Harmer cassette, and put down to X-ray film.

2.2.3. 20-Polyacrylamide Gel Electrophoresis
Ribosomal

proteins

electrophoresis

were

separated

by

two-dimensional

polyacrylamide

gel

in a system in which the first dimension was an acrylamide gel

containing urea, whereas the second dimension contained urea but no SOS (Geyl et al.,
1981). Geyl et al., (1981) protocol consists in a 1st dimension rod gel, containing 6M
urea, 4% acrylamide, pH 5.0, and the 2nd dimension slab gel consisting of 6.2M urea,
18.6% acrylamide, pH 4.6.

2.2.3.1. First dimension gel
4% (w/v) acrylamide-6M urea first dimension gels were cast in gel tubes (150 x 3mminside diameter) to a height of 100mm allowing 1 hour for polymerisation. Gels were
set up in a tank containing a cathode solution (lOx consists of 1.8M potassium acetate
and 4.9010 (v/v) acetic acid glacial, pH 5.0) in the lower reservoir and an anode solution
(lOx consists of 200mM Tris, 4.5% (v/v) acetic acid glacial, pH 4.0) in the upper
reservoir. The ribosomal proteins samples (1-2mg/ml) are dissolved in sample loading
buffer (consisting of6M urea, O.IM OTT, 100/0(v/v) upper electrode buffer: (v/v), and
basic fuchsin (0.5mg/ml) (mixture of several dyes containing rosaniline as the main
component».

The gels were placed in the electrophoresis

chamber, filled up both

buffer reservoirs with electrode buffer. The bubbles were eliminated and the samples
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were applied at the top of gels. The gels were electrophoresed at 4°C, first 30min at 1

rnA per gel and then increasing the current to 4 rnA per gel during 7 hours or until the
tracking dye reached the bottom).

2.2.3.2. Electrophoresis in the second dimension
The 2nd dimension slab gel consisted of 6.2M urea, IS.6% acrylamide, final pH 4.6,
0.5M KOH and 5.4% (v/v) acetic acid. Immediately the first dimension gel was placed
on the top of each groove. A small spatula was inserted into the groove and run it
along underneath the first dimension gel back and forth to eliminate air bubbles and to
minimise any local heterogeneity of gel concentration which may have been introduced
with the first dimension gel. The gels were placed into the electrophoresis

tank

containing the buffer reservoir (lOx consists of I.SM glycine, 1.5% (v/v) acetic acid
(glacial». Gels were electrophoresed

at 70V, during IS hours at 4°C. Gels were

immersed in stain solution (45% (v/v) methanol, 10010(v/v) glacial acetic acid, 0.25%
(w/v) Coomassie Brilliant blue R250) for 1 hour and then destained in 40% (v/v)
ethanol,

10010(v/v) acetic acid, with three changes, until the background

was

acceptable.

2.3. Western Blotting of SDS-Polyacrylamide

Gels

Western blotting was carried out essentially by the method of Sambrook et al. (1991).
TBS based buffers and block solutions required for the blot were prepared as follows:
1 litre of TBS (10 mM 'Iris/Cl pH S.O, 150 mM NaCI) was prepared and 200 ml
aliquoted to a separate bottle. To the remaining SOOml TBS, 1.2 ml Tween was added,
stirred and aliquots of 1 x 200 ml and 1 x 400 ml of the TBS-T (lOmM TrislCl pH S.O,
l50mM NaCI, 1% (v/v) Tween 20) were transferred to separate bottles. To the
remaining 200 ml TBS-T, dried milk (Marvel) was added (5%). Then 2 x 20ml aliquots
ofTBS-T-Marvel

were removed to separate universal flasks and stored at 4°C.

After SDS-PAGE, the gel was removed and assembled in the blotting apparatus
ensuring that the nitro-cellulose

(Hybond-C)

was on the positive

side of the

polyacrylamide gel. The protein transfer was carried out in the transfer buffer (1.44%
(w/v) glycine; 0.3 (wlv) Tris, 20% (v/v) methanol) at 100 rnA for 1.5 hours. At the end
of the transfer, the gel was removed to 50010(v/v) methanol for silver staining, and the
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nitro-cellulose placed in 100 ml of block solution (TBS-T-MarveJ: 10mM Tris pH 8.0,
150mM NaCl, 0.1% v/v Tween 20 and 5% w/v powder milk) and shaken on a rotary
shaker for 45 minutes. To develop the blot, the blocking solution was poured off the
blot and primary antibody solution or pre-immune serum (10ml TBS-T-Marvel plus 40
III anti-tritin-S antibodies), was added and shaken vigorously on a rotary shaker for
three hours. The primary antibody was poured off and the nitro-cellulose filter washed
in 100 ml TBS-T four times for 5 minutes each in a shaker. Secondary antibody
solution (20ml TBS- T-Marvel plus 3 III anti-rabbit alkaline phosphatase conjugate
making a 117500 dilution) was poured over the nitro-cellulose filter, shaken and placed
on a rotary shaker for one hour. The filter was then washed twice in 100 ml TBS- T for
5 minutes each time, followed by 2 washes in 100 ml TBS also for 5 minutes each
time. The blot was removed and the surface liquid removed by gently placing it
between filter paper. IOml developing solution (lOO mM Tris/Cl pH 9.5, 100 mM
NaCl, 5mM MgCh) plus 66 III ofNBT solution (50mg/ml) plus 33 III ofBCIP solution
(500mg/ml) (prepared just prior to use), were added to the dry filter in a clean dry box,
ensuring complete contact between the developer and the nitro-cellulose filter. Colour
development was stopped by replacing the developing solution with 200ml-stop
solution (20 mM TrisiCI pH 8.0,5 mM EDTA).

2.4. Concentration of Protein Samples
2.4.1. Ammonium sulphate precipitation
The method used here, of precipitation by increasing ionic strength, exploits the
hydrophobic nature of protein surfaces in solution. Solid ammonium sulphate was
added slowly to the protein solution at 4°C with gentle stirring until the desired final
saturation

was reached

(Harris,

1989). Precipitated

proteins

were pelleted

by

centrifugation at 7500 rpm and 4°C for 10 min in a Sorvall GSA rotor and resuspended
in the minimum volume of the appropriate buffer.

2.4.2. Ultrafiltration using Centricon Concentrator
The Centricon - 10 unit, with a semi-permeable membrane of molecular weight cut off
10 leDa, was used according to the manufacturer's instructions for the small-scale
concentration of protein samples.
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2.4.3. Estimation of Protein Concentration
The Coomassie" Plus Protein Assay Reagent (PIERCE) was based on the absorbance
shift from 465 run to 595 run that occurs when CoomassiefBlue

G-250 binds to a

protein in an acidic solution. It was used to quantify the protein content of the protein
sample. Known concentrations
construct

of Bovine Serum Albumin (PIERCE) were used to

a standard curve. This kit was used according to the manufacturer's

instructions for the small-scale concentration

of protein samples, until the desired

concentration was achieved (based on Harris (1989) work).

In addition, SDS-P AGE silver staining was used to quantify the protein contents. In
this case known concentrations

of RTA (ricin A-chain) were used to construct a

standard curve rather than bovine serum albumin, and these two were compared
against the purified tritin-S protein samples.

2.5. Ribosome Extraction
2.5.1. Rabbit reticulocyte ribosomes
Non-nuclease treated rabbit reticulocyte lysate was layered over a l-ml cushion of
I.OM sucrose in Endo (TKMg) buffer, contained in a 3m1-ultracentrifuge tube, and the
ribosomes were pelleted at 100,000 rpm and 4°C for 40 minutes in a TL-lOO.3 rotor.
After sequential aspiration of the supernatant and sucrose layers, the ribosome pellet
was rinsed with TKMg buffer and then resuspended in 2 ml of the same buffer using an
acid washed glass rod. The ribosomes were pelleted as before, rinsed once with TKMg
buffer and resuspended in the same buffer. Typically 1 ml of lysate yielded 1-2 mg of
ribosome.

2.5.2. Wheat germ ribosomes
Wheat germ lysates were prepared by the method of Jackson and Larkins (I976).
Lysate (Iml) was layered over a 1 ml cushion of 1.0 M sucrose in TKMg buffer, in a
3ml ultracentrifuge tube, and centrifuged at 100,000 rpm and 4°C for 1 h in a BecIanan
TL-lOO.3 rotor. The supernatant liquid was aspirated off and the ribosome pellet was
rinsed once with TKMg buffer and then resuspended in the same buffer. Typically, 1
ml of lysate yielded 5 mg of wheat germ ribosome.
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2.5.3. E. coli ribosomes
An overnight culture of E. coli DH! (lOml) grown at 30°C in LB media was used to
inoculate 500 ml of LB media (1 % inoculum). The culture was grown at 37°C to an
apparent 0.35-0.4 of At;oo. Cells were rapidly cooled in a dry-ice/ ethanol bath and then
harvested by centrifugation at 4000 rpm in a Beckman JA-lO rotor at 4°C for 10
minutes. The supernatant liquid was decanted and the pelleted cells resuspended in 5
ml of ice cold resuspension buffer (50 mM Tris/Cl pH 7.8, 14mM magnesium acetate,
60mM KCI and 6 mM p-mercaptoethanol).

The cells were mechanically broken in a

French press pressure cell at 10,000 Ib/in2. The lysate was centrifuged at 15,000 rpm in
a Beckman JA-20 rotor at 4°C for 20 minutes. The supernatant liquid was taken and
the ribosomes pelleted by performing a 100,000-rpm centrifugation at 4°C for 60
minutes. The supernatant

liquid was then discarded and the pelleted ribosomes

resuspended in 1 ml of Ix TKMg buffer (25 mM TrislCI pH 7.6, 25 mM KCI and 5mM
MgCh). The concentration of ribosomes was calculated from A'2UJ.

2.5.4. Storage of ribosomes
Assuming that a lmg/ml solution of rRNA had an A260 nm of 25 (Sambrook et al.
1991), the ribosome concentration could be estimated as approximately twice that of
the rRNA concentration
rRNA and the prote~

as there would be roughly equal weight contributions of
the ribosome (Wool, 1979). Isolated ribosomes were stored in

~'"';

TKMg buffer, at a final cencentration of 10-40 mg/ml, at -70°C.

2.5.5. Preparation of E. coli ribosomal subunits
2.5.5.1. Nierhaus's (1990) protocol for ribosome dissociation
The protocol was based on Nierhaus's (1990) methodology. The pellet of E. coli
ribosomes (section 2.5.3.) was resuspended in a 100 tJ1dissociation buffer 2 (named
subunit dissociation condition, consisting of 20mM Hepes-KOH pH7.6, ImM MgCh,
300mM ~CI,

2mM spermidine, O.2mM spermine, 5mM 2-mercaptoethanol)

to a

final concentration of 40J.lgltJ1.The ribosome solution was layered onto a 30ml sucrose
gradient (0-400/0 w/w, made up with the same buffer 2) and centrifuged for llh at
21000rpm (100,000 x g) in a SW28 rotor, at 4°C. An ISCO system (ISCO Inc, USA)
was used to fractionate the sucrose gradient and to measure the absorbance at 254 nm.
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Fractions containing 30S and 50S ribosomal subunits were pelleted respectively, by 1h
centrifugation at 100,000 rpm in a 100.3TL rotor. Finally, the pellets were resuspended
in buffer 3 (20mM Hepes-KOH pH 7.6, 4mM MgCh, 30mM NH4Cl, 2mM spermidine,
0.2mM spermine, SmM 2-mercaptoethanol).

A260 readings were measured and the

concentrations of subunits were calculated (section 2.5.4.).

2.5.5.2. Preparation of E. coli ribosomal subunits (30S and 50S)
A dissociation buffer (20mM TrislCl, pH 7.6, 4mM MgCh, 100mM ~Cl)
standard buffer (20mM TrisiC I pH 7.6, lOmM MgCh, 100mM ~Cl),
instead of buffers 2 and 3 from Nierhaus's

and a

were used

(1990) general methodology

(section

2.5.5.1.). The materials and solutions were treated with 0.1% DEP and ultrafiltration
(boiling DEP

solutions

to destroy

DEP).

During

this procedure,

the NHtCI,

concentration was kept constant and low because it has been reported that, not only
are translation factors removed, but also high concentrations
ribosomal

proteins

(Bochkariov,

1996; personal

can removed some

communication).

The following

procedure was employed after the standardisation.

o

The pellet of E. coli ribosomes (section 2.5.3.) was resuspended in a 100 J..tl
dissociation buffer to a final concentration

of 40J..lg/J..llas a maximum critical

concentration for dissociation. A 5-25% (w/w) sucrose gradient was made up
instead of 0-40% (w/w), with the dissociation buffer. The ribosome solution was
layered onto a 30ml sucrose gradient (5-25% w/w) and centrifuged for IIh at
21000rpm (100,000 x g) in a SW28 rotor, at 4°C. An ISCO system was used to
fractionate the sucrose gradient and to measure the absorbance at 254 nm. The
fractions were collected and precipitated using PEG-6000 to a final concentration
of 10% and the magnesium concentration

was increased to IOmM by adding

MgCh. The mixtures were stirred at 4°C for 12h. Ribosomal subunits were pelleted
by Ih centrifugation

at 100,000 rpm in a 100.3TL rotor.

resuspended in the TKMg buffer so that sample could be analysed.
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The pellet was

2.5.5.3. Preparative 'zonal' ultracentrifugation
Preparative 'zonal' ultracentrifugation was prepared at the Max Planck Institut fuer
Molekulare Genetik: AG Ribosomen, Berlin, at Dr. Francois Franceschi's group. The
protocol was based on Nierhaus's (1990) methodology. The pellet of E. coli ribosomes
(section 2.5.3.), was resuspended, but a dissociation buffer (20mM TrislCI, pH 7.6,
4mM MgCh,

100mM N14Cl)

(section 2.5.5.2)

was used instead of buffer 2

(spermidine and spermine containing buffer) (Nierhaus, 1990). Two runs of 7,SOOA260
units were ultracentrifuged

in a preparative 'zonal' rotor, in 0-40% (w/v) sucrose

(Ultrapure grade, RNase free, Gibco) in dissociation buffer (20mM Tris/Cl pH 8.0,
ImM MgCh, 200mM NH.CI and 4mM 2-mercaptoethanol) at 21,000 rpm for 18h in a
Beckman TS rotor. A 50% (w/v) sucrose solution (Aldi stores) was used to push the
sucrose gradient out from the 'zonal' rotor to be fractionated.

Fractions containing

30S and 50S ribosomal subunits were collected respectively, and pelleted at 100,000 g
for 24 h in a 45 Ti rotor. Finally, the pellets were resuspended in TKMg buffer (2SmM
TrisIHCI pH 7.6, 2SmM KCI and SmM MgCh instead of buffer 3 (20mM Hepes-KOH
pH 7.6, 4mM MgCh, 30mM N14CI, 2mM spermidine, 0.2mM spermine, SmM 2mercaptoethanol)

(Nierhaus,

1990).

A26IJ

readings

were

measured

and

the

concentration of subunits was calculated (section 2.5.4.).

2.6. 'naked' rRNA
2.6.1. SOS I phenol I chloroform method
Approximately 9,000 ug of E. coli ribosome were diluted to 400 J.Ll in SOW with a
final SOS concentration of 0.5%. 200 J.Ll of phenol was added and vortexed briefly.
200 J.l.1of chloroform was then added, mixed and the aqueous phase was removed to a
fresh tube and the phenol/chloroform

extraction procedure repeated twice more at

room temperature. A final chloroform extraction was performed before precipitating
the rRNA from the aqueous phase by adding to it 1/10th of its volume of 2M sodium
acetate pH 6.0 and twice its volume of ethanol and storage at -20°C for at least 30
minutes. The rRNA was pelleted in a microfuge for 15 minutes at room temperature,
the aqueous phase removed and the rRNA pellet washed in 70010ethanol. The pellet
was dried and resuspended in SDW.
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2.6.2. Extraction for use in RIP assays
The 'naked' rRNA used in assays with RIPs was isolated from ribosome preparations
by the method of Noller (1980). The whole extraction procedure was carried out at
4°C in the buffer conditions to be used in the RIP depurination assay in order to
maintain the secondary structure

as far as possible. rRNA was extracted

by 3

phenol/chloroform extractions in the presence ofO.S% SDS followed by 2 chloroform
extractions. The rRNA was precipitated from the aqueous phase by the addition of
I/IOth of its volume of 7M NlLJ acetate and 2.5 times its volume of absolute ethanol
(stored at -20°C for at least 30 minutes), and then washed in 70% ethanol twice. The
pellet was dried and resuspended in a suitable volume of the appropriate buffer.

2.7. Aniline Cleavage of Depurinated
Varying concentrations

(lung/ul

rRNA in assays for RIP Activity

to 100 ng/ul) of PAP, tritin-S and RTA were

incubated with 30-40 ug of ribosomes (E. coli, wheat germ, yeast and rabbit
reticulocyte ribosomes) or IS ug naked rRNA in Ix TKMg buffer (2SmM TrisIHCl pH
7.6, 25mM KCI and 5mM MgCh). The total volume was made up to 20 ul with 2x
TKMg buffer and sterile distilled water (SDW), such that the buffer was at a final
concentration equal to the original concentration. The incubations were performed at
30°C for 30 minutes on a dry heating block. The reactions were terminated by the
addition of SDW and SDS to a final concentration of 1% in a 200 ul volume, and the
mixture

was

vortexed

phenol/chloroform

vigorously.

The

rRNA

was

extracted

using

the

method: 100 jJ.l of phenol was added to the reaction, and the

mixture vortexed. This was followed by the addition of 100 III chloroform and further
vortexing. This mixture was centrifuged at 13,000-rpm! room temperature

for 5

minutes. The upper aqueous phase was removed to a fresh Eppendorf tube, and the
extraction repeated twice. The rRNA was precipitated by the addition ofO.1 volume of
7 M ammonium acetate and 2.5 volumes of absolute ethanol at -20°C or in dry ice for
at least 30 minutes. The mixtures were then centrifuged in a microfuge at 4°C/13,OOO
rpm!IS minutes. The supernatant liquids were discarded and the pellets washed twice

in 700/0 ethanol at -20°C and spun at 13,000 rpm for 5 minutes. The supernatants were
removed and the pellets dried in a vacuum dessicator for 15 minutes. The rRNA pellets
were

resuspended

in 10 III SDW, and
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1 jJ.l used in a 1:400 dilution

for

spectrophotometer

estimation

of rRNA

content

at 260 nm. Following

rRNA

quantification, 4 ug rRNA were treated with 20 III 1M aniline/acetic acid pH 4.S
(D' Alessio, 1982), and the reactions incubated at SO°Cfor 2 minutes. The rRNA was
again precipitated using ammonium acetate and ethanol as described above. The pellets
were dried in a vacuum for IS minutes. The dry pellets were resuspended in a solution
of 60% deionised formamide in O.Ix TPE (Ix TPE: 36mM Tri s/CI pH 8.0, 30mM
NaH2P04, ImM EDTA-Na2). For the controls, 4 ug of non aniline treated rRNA were
each added to the same quantity of additional Eppendorf tubes containing 20 III 60%
deionised formamide ill O.lxTPE. The rRNA extracts were then heat denatured at
6SoC for S minutes, put on ice, and 3 III rRNA sample buffer added (50% glycerol,
0.1% bromophenol blue).

2.7. 1. Electrophoresis and Visualisation of RNA
The rRNA samples were electrophoresed in 1.2% (w/v) agarose (RNase free) in O.1x TPE.
50% (v/v) deionised fonnamide. The agarose was dissolved in distilled water plus O.lxTPE and
50 ml of deionised fonnamide. The agarose was then poured onto gel trays previously soaked
for 2 hours in O.lM sodium hydroxide and then rinsed with deionised water. Wells were
individually flooded with 60o/o-deionised formamide in O.lxTPE, and samples of 25 ul loaded
into the wells. 1 litre of 0.1 xTPE running buffer was poured into each of the two reservoirs of
the gel tank and the gel was electrophoresed at 25mA towards the positive electrode until the
dye front had travelled half the length of the gel. Gels were stained for 30 minutes in 500 ml of
water containing ethidium bromide {2Jlg!m1). The gels were subsequently destained in 500 ml
of distilled water for 30 minutes then photographed under UV light with Polaroid 667 and 665
film. Agarose gel exposure times were held constant for all gels. Quantification of aniline
fragments was achieved by densitometer quantification and using 5S rRNA as an internal
control.

2.8. Assay for Binding of Labelled RIPs to Ribosomes
2.8.1. Sucrose gradients
5 - 25 % linear sucrose gradients were prepared and rabbit reticulocyte, wheat germ
and E. coli ribosomes that had been incubated with RIPs were each layered over the 5
ml sucrose gradient, and centrifuged at 40,000-60,000 rpm and 4°C for 2-3h (several
assays) in a Beckman 60.1 Ti rotor. After s~~uential aspiration of the sucrose layers

and their fractionation into 0.5 ml Eppendorf tubes, the fractions were detected by
Absorbance at 260nm, to obtain the sedimentation profile. The presence of the RIP in
the fractions was determined by the methods described below.

2.8.2. Semi-quantitative method
The fractions were analysed by western dot blotting using an appropriate anti-RIP
antiserum.

2.8.3. Dot blotting
A piece of Hybond-N nylon membrane was soaked in Ix TKMg buffer (25mM
TrisIHCI pH 7.6, 25mM KCl and 5mM MgCh) for 15 minutes and then placed in the
dot blot manifold on top of 2 pieces of 3MM paper soaked in Ix TKMg buffer. The
wells were filled with 1x TKMg buffer and a vacuum applied until all the fluid had
passed through the membrane. The wells were then refilled with PBS buffer. PAP,
tritin-S, RTA RIPs and E. coli, yeast, wheat germ, rabbit reticulocyte ribosomes in Ix
TKMg buffer were added to the wells. The vacuum was again applied and the wells
were washed twice with 1 ml of Ix TKMg buffer. The filter was immunoblotting using
the develop methodology from western blot.

2.8.4. Radioactive labelling of RIPs (quantitative)
RTA was reductively alkylated according to Rice and Means (1971). 0.1 mg of the
protein to be labelled was adjusted to pH 9.0 with O.IM NaOH. Water was added to a
volume of 0.1 ml. To the solution cooled in ice, 10 JJ,lof 0.04 M 14C-formaldehyde
(30-50 mCilmmol) were added to give a 4- or 5- fold excess over the amino groups in
the protein. This was followed after 30 secs. by four 2JJ,lsequential additions of sodium
borohydride, (5 mg per mI, sufficient to reduce all of the formaldehyde), at 30 secs.
intervals. To ensure complete reduction of the formaldehyde, an additional 10 JJ,l of
sodium borohydride solution were added after l-min, It was possible to increase the
extent of labelling by repeating the process.
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2.8.5. Assay for the binding of Labelled RIPs to Ribosomes: A quantitative method
In a typical experiment 40-50 pmol of washed ribosomes or ribosomal subunits were
reacted with 10-1500 pmol of labelled RIPs in a final volume of 0.2-0.3 ml of TKMg
buffer for 30 min at 3rC. Centrifugation of this small volume in a Beckman type 40
rotor at 39,000rpm for 10 min was carried out to pellet all the ribosomes and
ribosomal subunits. The supernatant liquid was carefully removed and a IOOIlIaliquot
was counted in 3.5 ml of Brays solution. The pellet was resuspended in 50111of buffer,
then transferred to a scintillation vial. The centrifuge tube was rinsed with an additional
50J..1lof buffer and the combined 50111aliquots were counted in 3.5 ml of Brays
solution. Background values were subtracted from the radioactivity recovered in the
pellets of the corresponding experimental tubes (Endo and Tsurugi, 1988).

2.8.6. An Alternative Assay for Binding RIPs to Ribosomes: A qualitative method
40-50 pmol of washed ribosomes or ribosomal subunits were reacted with 10-1500
pmol of labelled RIPs in a final volume of 0.2-0.3 ml of solution of 25 mM
triethanolamine-HCI (pH 8.0), 50 mM NH.CI, 2.5 mM magnesium acetate, and 0.5
mM dithiothreitol.

After

incubating

at

3rC as above,

a small volume

of

dimethylsuberimidate was added to a final concentration of 2mg/mI and the tubes were
incubated at O°C for 12-15 h. The dimethylsuberimidate was added for the purpose of
covalently crosslinking any resulting ricin-ribosome complexes. The contents of the
tubes were layered over 1mI pads ofO.2 M sucrose in buffer A in polycarbonate tubes
and centrifuged for 30 min at 39,000 rpm in a Beckman type 40 rotor. Samples were
treated as above.

2.9. The Action of RIPs on 'naked' rRNA and E. coli Ribosomes
Varying concentrations.QUlIPs

(PAPIRTA) (34Ong/mI to 0.34 ng/mI) were incubated

either with 30 ug of 'naked' rRNA or with 30 Ilg of E. coli ribosomes in order to
achieve a 1:1 to 1:0.00 1 molar ratio of substrate to RIP in each of the log dilutions. 1x
TKMg buffer was used as reaction buffer. RNA extracted from the mixtures was
subjected to the anilise cleavage of depurinated rRNA for RIP activity methodology as
above.
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2.10. Maintenance of bacterial stocks and transformation with plasm ids
2.10.1. Growth and Storage of Bacterial Cultures

E. coli strains DHI and DH5 were maintained on Luria-Bertani (LB) plates by
streaking and subsequent incubation at 37°C overnight. Each plate consists of 109/l
Bacto-tryptone,

5g/l yeast extract, 10g/l sodium chloride, containing 2% (w/v) Bacto-

agar.

2.10.2. Preparation of Competent Cells for Plasmid transformation

E. coli strain DHS was made competent essentially by the method of Hanahan (1983;
1985), as follows: a Sml culture of E. coli strain DHS was grown in LB medium at

3rC and shaken at 2S0rpm overnight. To the SOml pre-warmed LB medium was
added O.Sml overnight culture. This was then grown at 37°C and shaken at 2S0rpm
until it had reached OD600 ofapprox. O.S. The culture was cooled on ice for 10-ISmin,
before the cells were harvested at 2000xg (Gill. 7 rotor, Beckman GPR bench
centrifuge) for 5 min at 4°C. The cell pellet was resuspended in 17ml RFI (consisting
of 100mM rubidium chloride,

SOmM manganese

chloride tetrahydrate,

30mM

potassium acetate, 10mM calcium chloride, 15% (v/v) glycerol, with the pH adjusted
to S.8 with glacial acetic acid) then held on ice for IS min. The cells were harvested as
before, resuspended

in 4ml RF2 (consisting of 10mM MOPS.

lOmM rubidium

chloride, 75mM calcium chloride, 15% (v/v) glycerol, with the pH adjusted to 6.8 with
sodium hydroxide), then held on ice for at least ISmin, before transformation.

2.10.3. Transformation of Competent Bacterial Cells with Plasmids

E. coli strain DH5 was transformed as follows: to IOOJ.1lcompetent cells was added
IJ.1lDNA before incubating on ice for 40min. The cells were heat-shocked at 42°C for
90 secs, then plated onto LB-agar plates containing SOJ.1g/mlampicillin. The plates
were incubated at 3

rc overnight.

2.11. DNA manipulations
2.11.1. Plasmid Preparation
Large-scale alkaline lysis preparations of plasmid DNA ('maxipreps') were carried out
as a modification of the method of Sambrook et al. (1991). Single colonies of
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transformed E. coli were grown in 25ml LB medium (or LB medium supplemented
with 50~g/ml ampicillin) at 37°C in an orbital shaker and shaken at 200rpm for 5 h. A
34mg/ml chloramphenicol solution was added and shaked for further 3 hours. After
that, the cultures were added to 500ml LB medium and incubated overnight. A small
volume (200~l) of each culture was saved and stored at -70°C. The rest of the cultures
were harvested at 27,00Oxg (SS-34 rotor, Sorvall RC-5B centrifuge) for 30min at 4°C,
the supernatant liquids were discarded, and each pellet resuspended in 100ml SET
(consisting of 25mM Tris-HCI pH 8.0, 10mM EDTA, 438mM sucrose). 7.2ml of a
solution of 4mg/ml chicken egg white lysozyme in SET were added to each pellet
solution and then held on ice for l Omin. To each preparation was added 100mllysis
solution (200mM sodium hydroxide, 1% (w/v) SDS), the samples gently mixed, then
incubated on ice for IOmin, before 150~1 3M sodium acetate pH 4.7, was added and
the samples incubated on ice for a further IOmin, The precipitate was centrifuged at
27,000xg (SS-34 rotor, Sorvall RC-5B centrifuge) for 20min at 4°C, the supernatant
liquid transferred to a fresh Oakridge tube and treated with 5~1 IOmg/ml RNase A at

3rC for 15min. The preparation was phenollchlorofonn extracted twice, precipitated
with 0.6 of its volume of propan-z-ol for at least 10min, centrifuged for 10min as
before, and the DNA pellet resuspended in 1.6ml sterile distilled water, 0.4ml 4M
sodium chloride, and 2ml 13% (w/v) PEG6000, and precipitated on ice for Ih. The
DNA was pelleted in a microcentrifuge at 11,60Oxg for 15min at 4°C, washed with
100~1 70"/0 (v/v) ethanol, dried in a vacuum desiccator, and resuspended in 100~ TE.
The DNA was stored at -20°C.

2.11.2. Large scale plasmid purification by caesium chloride density centrifugation
Overnight cultures of E. coli DHI

cells in 10ml LB medium Ampso (50~g/ml

ampicillin) were grown at 3rC in an orbital shaker (20Orpm). 10m1 of the overnight
culture was used to inoculate 500ml ofLB media Ampso in a 2L flask. The cells were
allowed to grow at 3rC shaken at 200rpm, until the apparent A600 was between 0.35
and 0.4. A 34mg/ml chloramphenicol
inhibition

of protein

synthesis

solution was added to achieve a complete

(170J.1g!m1 chloramphenicol

:final concentration,

Sambrook et al., 1991) and shaked for further 3 hours. The cells were cooled on ice
for lOmin before being pelleted by centrifugation
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at 50D0rpm for lOmin at 4°C

(Beckman lA-IO rotor). The supernatant liquid was removed and the cells resuspended
in 7.2ml SET (25mM TrisiC) pH 8.0, 10mM EDTA, 15% sucrose} prior to adding
7.2ml oflysozyme (4mglml) made up in SDW. The mixture was transferred to an I litre
flask and left at room temperature for 5 minutes. 12ml of 10% Triton X-lOO was
added and the mixture boiled briefly over a Bunsen flame with constant swirling to
prevent burning. The flask was then placed in a boiling water bath for 1 minute before
being immersed in a water/ice bath for 5 minutes. The lysis mixture was transferred to
Oakridge tube and cell debris pelleted by centrifugation at 20,000rpm for 45 minutes at
4°C (Beckman lA-20 rotor). The supernatant liquid was removed, placed in a fresh
Oakridge tube and 0.5 of its volume of 7.5M ammonium acetate added. This mixture
was left on ice for 20 minutes before being centrifuged at 15,000rpm for 10 minutes at
4°C (Beckman JA-20 rotor). The supernatant liquid was again transferred to a fresh
Oakridge tube and 0.7 of its volume of isopropanol added. This was held at -20°C for
20 minutes. Nucleic acid was pelleted by centrifugation at 15,00Orpm for 10 minutes at
4°C (Beckman lA-20 rotor). The supernatant liquid was removed and the pellet dried
under vacuum. The pellet was resuspended in 4ml oflow TE (10mM Tris/Cl pH 8.0,
O.lmM EDTA). The TE / nucleic acid solution was placed in a small beaker and 4.3g
of caesium chloride, 0.25ml of ethidium bromide (IOmg/ml) and 0.2Sml SDW added.
The mixture was gently stirred until all the caesium chloride had dissolved. The
solution was filtered through glass wool into a heat sealable tube (Sml). The tubes
were balanced to within O.Olg and heat-sealed. The gradients were centrifuged at
52,OOOrpmfor 16 hours at 20°C in a Beckman ultracentrifuge.

The lower plasmid DNA band was removed by first piercing the top of the tube with a
needle and then withdrawing the plasmid DNA using a needle and syringe inserted just
below the plasmid DNA band. The ethidium bromide was extracted with isopropanol
equilibrated with TE and saturated with caesium chloride until a solution completely
free of ethidium bromide was obtained. The DNA solution was diluted with 4 volumes
of low TE and III Oth of the volume of the original volume of solution (prior to
dilution with 4 volumes of low TE) of 3M sodium acetate pH 6.0 was added. Twice
the new volume of ethanol was added and the solution placed on dry ice for 30
minutes. Plasmid DNA was pelleted by centrifugation at top speed in a microfuge for
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10 minutes at 4°C. The pelleted DNA was washed twice in 70% ethanol, dried under
vacuum and resuspended in 400111ofTE.

2.11.3. Minipreparation of plasmid DNA
Small-scale alkaline lysis preparations of plasmid DNA ('minipreps') were carried out
as a modification of the method of Sambrook et al. (1991). Single colonies of
transformed E. coli were grown in 5ml LB medium (or LB medium supplemented with
50l1g1m1ampicillin) at 3rC and shaken at 200rpm overnight. A small volume (200~1)
of each culture was saved and stored at -70°C. The rest of the cultures were harvested
at 2000xg (GID.7 rotor, Beckman GPR bench centrifuge) for 10min at 4°C, the
supernatant liquids were discarded, and each pellet resuspended in 85~1 SET (25mM
Tris-HCI pH 8.0, 10mM EDTA, 438mM sucrose). 5~1 of a solution of 40mglml
chicken egg white lysozyme in SET were added to each pellet solution and then held
on ice for IOmin, To each preparation was added 200~ lysis solution (200mM sodium
hydroxide, 1% (w/v) SDS), the samples gently mixed, then incubated on ice for 10min,
before 150~ 3M sodium acetate pH 4.7, was added and the samples incubated on ice
for a further lOmin. The minipreps were microcentrifuged at 1l,60Oxg for lOmin at
4°C, the supernatant liquids transferred to fresh Eppendorf tubes, 1.5~

10mglml

RNase A was added and the tubes incubated at 3rC for 60min. The mioipreps were
phenol/chloroform

extracted twice, and the DNA precipitated with 1/1Oth of its

volume of 3M-sodium acetate pH 6 and twice its volume of absolute ethanol on dryice for 15min, before micro-centrifugation

at 11,60Oxg for IS min at 4°C. The

supernatant liquids were discarded, and each DNA pellet washed with lOO~ 700/0(v/v)
ethanol before drying in a vacuum-desiccator.

The DNA pellets were resuspended in

11~ TE (IOrnM Tris-CI pH 7.5, ImM EDTA) and stored at ..20°C.

2.11.4. Plasmid purification using Magic Minipreps (QIAGEN)
Alternatively, Plasmid purification using Magic Minipreps (QIAGEN) was carried out
according to the manufacturer's instructions.
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2.11.5. Precipitation of DNA from Aqueous Solutions
DNA was precipitated from aqueous solutions by the addition of 0.1 of its volume of
7M Nl4 acetate and 2.5 times its volume of absolute ethanol. This solution was mixed
and placed on dry ice for at least 30 minutes. Precipitated DNA was pelleted by
centrifugation

in a microfuge for 30 minutes at 4°C. The supernatant liquid was

decanted and the pellet washed twice with 70% (v/v) ethanol. The DNA pellet was
dried in a vacuum desiccator and then resuspended in a suitable volume of SDW or
TE.

2.11.6. Quantification of DNA Concentration
DNA concentrations were calculated from the A260value obtained using a Shimadzu
UV -160A spectrophotometer

where 1A2~ml is equivalent to a DNA concentration of

50J.1g1ml.

2.11. 7. Restriction Digestion of DNA
DNA was digested using BRL restriction enzymes. Digests were performed according
to the manufacturer instructions for each enzyme using the supplied digestion buffer.
Up to IJ.1gof DNA was digested in a standard reaction in a final volume of20J.1l.

2.11.8. Separation of DNA Fragments by Agarose Gel Electrophoresis
DNA was electrophoretically separated on a gel consisting of 0.8% agarose in 0.5x
TBE (45mM Tris borate, ImM EDTA) using 0.5x TBE as running buffer. One fifth of
the volume of the loading buffer (15% FicoU, 0.25% bromophenol blue) was added to
the DNA samples prior to loading onto the gel. The samples were electrophoresed at
70V until sufficiently resolved. The gels were soaked in SDW containing 2J.1g/ml
ethidium bromide for 20 minutes and then in SDW for 10 minutes prior to visualising
the DNA using an UV transilluminator. The gels were photographed using Polaroid
665 or 667 film and alternatively using Grab-IT system.

2.11.9. Recovery of DNA Fragments from agarose gels
The Geneclean (BioIOl) technique was used to recover the DNA fragments from the
agarose gels for subsequent ligation. The portion of the gel containing the DNA
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fragment to be isolated was excised from the gel using a clean scalpel blade and the gel
slice weighed. TBE modifier (0.5ml/g) and sodium iodide solution (4.5ml/g) were
added to the gel slice and the mixture heated to 60°C for 5 minutes until the gel slice
had completely

dissolved.

Glass milk solution (5~1) that had been thoroughly

resuspended beforehand was added to the DNA solution and mixed. The glass milk
was allowed to bind to the DNA at room temperature for 5-10 minutes. The glass milk
was then pelleted by centrifugation in a microfuge for 10secs, the supernatant liquid
removed and the pellet resuspended in O.4ml of the wash solution. The glass milk was
repelleted

as previously,

the supernatant

liquid removed

and the pellet again

resuspended in O.4ml of the wash solution. This washing procedure was repeated 3
times. The final pellet was resuspended in 1O~l of SDW and held at 60°C for 10
minutes. The glass milk was pelleted and the supernatant liquid, containing the DNA
was removed to a fresh Eppendorf tube. Electrophoresing an aliquot of the sample on
an agarose gel (section 2.11.8) checked the recovery.

2.11.10. Dephosphorylation of linearized DNA
DNA that had been digested with a restriction
extracted and precipitated

enzyme was phenol/chloroform

(sections 2.6.1. and 2.1l.5.).

The pelleted DNA was

resuspended in 44~ ofSDW and 5~ of lOx buffer added (lmM ZnCh, ImM MgCh,
10mM Tris/Cl pH 8.3). 1 unit of calf intestinal phosphatase (CIP) was added to 100
pmoles of 5' termini to obtain protruding 5' termini. The mixture was incubated for 30
minutes at 3TC. The CIP was inactivated by heating at 75°C for 10 minutes in the
presence of 5mM EDTA pH 8.0. The reaction mixture was then phenoVchloroform
extracted.

The dephosphorylated

DNA was precipitated

(section

2.11.5.)

and

resuspended in SDW.

2.11.11. Ligation of DNA
DNA molecules to be ligated were combined and the volume made up to 7~ with
SOW. The insert DNA was added in a 5-fold molar excess over the vector DNA. The
solution was heated to 45°C for 5 minutes so that all DNA ends were evailable for
ligation. T4 DNA ligase (Iul of 1 unitlf,ll). If,1lof 5mM ATP and If,1lof lOx T4 DNA

ligase buffer were added and the reaction incubated at 16°C overnight. The lOx T4

ss

DNA ligase buffer was 200mM TrisiCI pH 7.6, 50mM MgCh, 50mM DTT and
5011g/ml BSA. Half of the ligation reaction was then transferred into a suitable
bacterial host made competent for transformation (sections 2.10.2. and 2.10.3.).

2.11.12. Annealing of two complementary oligonucleotides
500pmoles of each of the 2 oligonucleotides to be annealed were combined in an
Eppendorf and 3111of lOx the annealing buffer added (100mM Tris/CI pH 7.6, 50mM
Mgeh).

The volume was made up to 30111with SDW. The annealing mixture was

heated to 65°C for 2 minutes and then held at 55°C for 30 minutes before being
allowed to cool slowly to 30°C.

2.11.13. PCR amplification
The peR amplification is a methodology for the in vitro amplification of Domain VI
from pK.K3535 template DNA sequences (Brosius et al., 1981) by the simultaneous
forward and reverse primer extension of complementary strands of DNA. PCR was
carried out, as described in standard published protocols (Taylor, 1991; Sambrook et

al., 1991). The following PCR reaction mixture was prepared: 4lJ.l lOx PCR buffer
(200mM TrisiCI
dNTP

pH 8.4, 500mM

pH 7.0, 2.5lJ.l Forward

(lupmol/ul),

xcn,

1111150mM Mgeh,

1.61112.5mM stock

Primer (LOpmol/ul) and 2.5lJ.l Reverse

Primer

5-1Oog template DNA, 0.5lJ.l Taq DNA Polymerase (5U/lJ.l), SDW to a

total volume of 20111reaction mixture. The contents were mixed and 15lJ.l of liquid
paraffin was overlaid. The mixture was centrifuged briefly to collect the contents to the
bottom, and the Eppendorf tubes were incubated in an automatic thermocycler, at
94°C for 3min to completely denature the template. 35 cycles of PCR amplification
were perform as follows: a) denaturing: 94°C for 30secs, b) annealing: 55°C for 30
sees, and c) extending: 72°C 1 min. Further incubation was done for additional 10 min
at 72°C followed by maintaining the reaction at 4°C. The amplification products were
analysed by agarose gel electrophoresis (seetion 2.13.1.) and stored at -20°C.

1.11.111 vitro transcription
In vitro transcription followed the methodology described at sections 2.14.3. and
2.14.4. for synthesis ofrRNA domain VI.
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2.13. Electrophoresis

and visualisation

of DNA

2.13.1. O.S% (w/v) Agarose Slab Gels
For the analysis of plasmid DNA and the restriction of endonuclease digest fragments,
DNA was electrophoresed as described previously (section 2. 11.S.).

2.13.2. Polyacrylamide sequencing gels
For the sequencing of plasmid DNA, the two strands of the double-stranded plasmid
DNA were denatured with SM sodium hydroxide (IIlI per 20111DNA) for Sminutes at
room temperature. Meanwhile a Biogel P6 column was set up as follows: A few small
chromic acid washed glass beads were placed in the bottom ofa O.Sm1Eppendorftube
(with a small hole punched through the bottom). The wet Biogel P6 was placed on this
to gel the tube and this was then placed in a 1.Sm1Eppendorf tube. The column was
microcentrifuged at 8000xg for 30secs, twice, transferred to another I.Sm1 Eppendorf
tube and centrifuged again until it was dry. The column was placed in a third tube, the
denatured DNA solution was added and microcentrifuged at SOOOxgfor 4Ssecs, twice.
The denatured DNA was used immediately for sequencing.

DNA sequencing was carried out using the USB Sequenase (Version 2.0) DNA
Sequenase Kit following the manufacturer's

protocol. The sequencing primers were

annealed to the denatured plasmid DNA as follows: l.SJ..ll (O.S pmol) sequencing
primer and Sill denatured DNA was added to Iul TM buffer (100mM Tris/Cl pH 7.S,
100mM magnesium chloride). The primer was then annealed to the template at 37 DC
for 20-4S minutes.

Meanwhile, a labelling reaction mixture was made as follows: Iul O.IM DTT, 2J..ll
Labelling nucleotide mix (1.5J.1MdGTP, l.SJ.1MdCTP, 1.5!lM dTTP; diluted 1:5 with
SDW), O.SJ..ll(SIlCi) eSS]-dATP, and 2J..llSequenase enzyme (diluted 1:8 with TE) per

n + 1 reactions. A microtitre plate was labelled 'G, A, T, C' along four separate rows,
and numbered from I-n along the columns for the reactions. Into the bottom of each
well was placed 2.5J..llof the relevant Termination mix (each termination mix contains
80J.1MdGTP, 80J..lMdATP, 80J.1MdTTP, 801JM dCTP, SOmM sodium chloride, and
8J.1Mof the relevant dideoxynucleotide).

Once the annealing reaction was complete,
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5.5J..lIof the labelling mixture was placed onto the side of each tube. The tubes were
then microcentrifuged briefly and a timer was started (counting down from 5 min).
From the first tube, 3.5J..lIwere placed onto the side of the wells of each 'G, A, T, C'
termination mix for the reaction. This step was repeated for each of the n reactions and
should be completed

within 5min. After which time the microtitre

plate was

centrifuged briefly in an IEC Centra-4X centrifuge. The plate was incubated at 37°C
for 5min, the 4J..lIstop mix (consisting of 95% (v/v) deionised formamide, 20mM
EDTA, 0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene cyanol FF) was placed
onto the side of each well before centrifugation as above. The samples were then
heated to 75-85°C for 2min, before loading onto a 15% polyacrylamide sequencing

gel.

The polyacrylamide gel was made as follows: 25. 6g urea was placed in a 200ml
beaker, 25ml SDW, 9ml40% acrylamide solution (38% (w/v) acrylamide, 2% (w/v) N,
N'-methylene bis-acrylamide) and 6ml lOx TBE (890mM Trislborate, 25mM EDTA)
were added, and the mixture stirred until the urea had dissolved. When the gel was
ready to pour, 320J..Ll100/0 (w/v) ammonium persulphate and 70J.1l TEMED were
added, the solution mixed and poured into a gel mould, ensuring there were no trapped
air bubbles. A well former was inserted and the gel left to polymerise. The gel was
initially pre-warmed for 15min at 40°C, and the urea flushed out of the wells prior to
use. The samples (2.4 - 4 J..Ll)were electrophoresed
Trislborate, 2.5mM EDTA). After electrophoresis,

at 40W in lx TBE (89mM

the gel adhered to one of the

plates, as the other plate was coated with Repelcotef"

was fixed in 100/0 (v/v)

methanoVIO% (v/v) glacial acetic acid for 30 min before it was dried, placed into a
Harmer cassette, and put down to X-ray film.

2.14. RNA manipulation
2.14.l. Sequencing of RNA
Sequencing of rRNA and primer extension was carried out largely according to the
Moazed et al. (1986). rRNA samples were prepared from ribosomes using the SDS /
phenol/chloroform

method. The oligonucleotide to be used for sequencing was

32P-end labelled (section 2.14.5.2).
88

2.14.1.1. Hybridisation
The hybridisation mixture was composed

of 5pmoles of 32P_end labelled oligo-

nucleotide, 4 ug RNA, 21ll 5x hybridisation buffer (250mM Hepes / KOH pH 7.0,
25mM sodium borate, 500mM KCl) and SDW to IOIlI. The hybridisation mixture was
placed in a heating block at 90 QCfor 1 min. The mixture was then allowed to cool
slowly to approx. 45 QC.

2.14.1.2. Primer Extension
The extension mixture contains 21ll 2.5x extension mix (125mM TriS/Cl pH 8.5,
125mM KCl, 25mM DTT, 25mM MgCb and 250J.1M of each dNTP), 1.01ll SDW,
1.01ll hybridisation mix, and 1.0J.1lof a 1:10 dilution of AMV reverse transcriptase (1.7
units/Ill). Dideoxy sequencing reactions (Sanger et al., 1977) contain 1.01ll of dideoxy
nucleotide stock (T, C, G, or A: 25J.1Mstock) instead of I.OIlI SDW. The extension
reaction was allowed to proceed at 42 QCfor 30minutes. One III of chase mix (ImM
each dNTP and 1.7 units/Ill AMV reverse transcriptase) was then added. The reaction
was allowed to proceed for a further 15 minutes at 42 QC. The products of the
extension reaction were precipitated by adding IJ.1lof glycogen (10J-lg), I/lOth of its
volume of 3M sodium acetate pH 6.0 and 2.5 times its volume of ethanol and placing it
on dry-ice for 30 minutes. The precipitated nucleic acids were pelleted in a microfuge
for 15 minutes, the supernatant liquid was removed and the pellet washed with 70010
ethanol. The pellet was dried and resuspended in the loading buffer.

The products of the reaction were separated on a 1M urea, 6% acrylamide, 1x TBE
sequencing gel (section 2.13.2.). The products were visualised by autoradiography.

2.14.2. Synthesis of RNA In vitro
The construction ofa vector for the in vitro transcription of RNA domains was similar
to that described for domain VI (Leffers et al., 1988), where appropriate

PCR

fragment from the 7mB operon of E. coli was prepared from the plasmid pKK3535
(Brosius et al., 1981) and cloned into a pGEM-4Z. The BamHI digestion strategy was
employed to generate the 3'end of domain VI (section 2.11.7.).
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The domain was synthesised from the recombinant plasmid termed pRDVI linearized
with BamID. Completed linearization was checked by agarose gel electrophoresis
(section 2.13.1.). The digestion mixture was extracted twice with one volume of
phenol and once with one volume of chloroform, and the DNA was precipitated with
three volumes of ethanol. washed with 70% (v/v) ethanol, dried and dissolved in the
transcription buffer. Transcription was carried out as follows:

2.14.3. Synthesis of domain VI RNA (unlabelled transcript)
2pmoles of template DNA were prepared by digestion with BamID restriction enzyme
(section 2.14.2.). In a microfuge tube, the following components were mixed in the
order given, at room temperature: RNase-free SOW, 10).1glinearized plasmid, I0111
0.1 M OTT, 10).11of NTP stock (SmM

each NTP), 2011l Sx transcription

buffer

(200mM TrislCl, 30mM MgCh, 10mM spermidine/Cl), 10).11(IOunitsllll) RNasinR 6).11
(7-12 units) SP6 RNA polymerase. The reagents were mixed by gently tapping the
outside of the tube. The reaction was incubated for I.S-2 hours at 37 DC. After
incubation, 10111RNase-free pancreatic DNase I (10 units/ul) were added and then
incubated for a further IS
conventional

minutes at 37 DC. The transcript was recovered

phenol: chloroform

rRNA extraction

(Section

2.6.1.)

by

and ethanol

precipitation. The RNA transcript was resuspended in 50111TKCa buffer and analysed
using a 2% agarose: formamide RNA analytical gel.

Alternatively, in order to attempt to obtain a higher yield of domain VI - RNA
transcript, the Weitzmann et al. (1990) and Nitta et al. (1998) methodologies were
used, where the transcription reaction was carried out as above but 5 units of yeast
inorganic pyrophosphatase were added to the transcription reaction. The reaction was
incubated for Sh at 3rC.

The methodology reported by Weitzmann et al. (1990),

showed that the transcription was stopped after DNase (100u) was added and the
incubation was continued for a further lSmin at 37 DC. The transcript was extracted
once more using the phenol: chloroform rRNA extraction (section 2.6.1.).

The

aqueous phase was passed through S300 in HEN buffer (50mM Hepes pH 7.3,
lOOmM NaCI, 5mM EDT A). The transcripts were precipitated with ethanol and the
pellet was resuspended in 800).11rRNA buffer (SmM K acetate pH 5.0, ImM Mg
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acetate). This mixture was dialysed against 200ml rRNA buffer, using a Slide-A-Iyzer
10,000 NW (Pierce) cassette, overnight at 4°C and again for 4 hours after change of
buffer. Ethanol precipitation was carried out. The RNA transcript was resuspended in
50J.lITKCa buffer and analysed using 2% agarose: formamide RNA analytical gel.

The methodology reported by Nitta et al. (1998), showed that the transcription was
stopped

by

pyrophosphate

10J.lI of 500mM

EDT A pH

8.0.

The white

precipitated

Mg2+

was dissolved before carrying out the transcription extraction using

phenol: chloroform and ethanol precipitation

(section 2.6.1.). The transcript was

dissolved in 200J.lI QA buffer (50mM MOPS-KOH, pH 7.0, 400mM NaCI and 15%
ethanol). The sample was applied to a QIAGEN spin column (minipreps) previously
equilibrated by QAT buffer (QA buffer + Triton X-lOO 1%). The spin column was
washed with lrnl QA buffer and the transcripts were eluted from the column with
400J.ll QRU buffer (SOmM MOPS-KOH pH 7.0, 1M NaCl, 1% Ethanol and 6M Urea).
The recovered transcript was dialysed (using a Slide-A-Iyzer 10,000 MW (Pierce)
cassette) against self-folding buffer (SOmM Hepes-KOH pH 7.S, 20mM Mg acetate,
400mM ~Cl)

overnight at 4°C, the buffer was changed and the transcript was

dialysed for a further 4 hours. Ethanol precipitation was carried out. The RNA
transcript was resuspended in SOJ.llTKCa buffer and analysed using 2% agarose:
formamide RNA analytical gel.

2.14.4. Synthesis of Radio labelled RNA domain VI Probes

C p-cTP
2

labelled transcripts).

The reaction for synthesis of RNA domain VI radiolabelled probes was carried out
according to section 2.14.3. but with one difference: 2J.1.lfresh [32p]_CTP (sp. act. 3000
Ci/mmol; 10J.lCilJ.l1)was used instead of 2J.ll of water. Radiolabelled transcript was
resuspended in SOJ.llTKCa buffer and analysed throughout 2% agarose: formamide
RNA analytical gel.

2.14.5. End-labelling of RNA transcripts
For labelling RNA transcripts as well as the reactions described at section 2.14.3. the
transcript was treated as follows:
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a) Dephosphorylation

of RNA transcripts were carried out as described at section

2.11.10.
b) T4 polynucleotide kinase for end labelling of RNA transcripts:

The

end-labelling

phosphorylation

of

synthetic

oligonucleotides

with bacteriophage

and

T4 polynucleotide

RNA

transcripts

by

kinase was carried

out

according to Sambrook et al. (1991). The polynucleotide kinase reaction was carried
out as follows: 67.Spmol RNA transcript or oligonucleotide were mixed with 3J.ll lOx
bacteriophage

T4 polynucleotide

kinase buffer (included in the T4 kinase kit,

Promega), Iul of [y_32p] ATP (sp. act. 5000 Ci/mmol; 20J.lCilJ.llin aqueous solution)
and made up to a total volume of 20111. 0.5111 (10 units/Ill) bacteriophage

T4

polynucleotide kinase was added to the reaction mixture. The mixture was incubated
for 45 minutes at 37°C. Following incubation, the mixture was incubated for 10min at
68°C to inactivate the bacteriophage T4 polynucleotide kinase. A second reaction was
carried out adding 5-8 additional units of enzyme and incubation was continued for a
further 30 minutes at 3rC. The mixture was heated to 68°C for 10min to inactivate
the enzyme.

Meanwhile a Biogel P6 column was set up as follows: A few small chromic acid
washed glass beads were placed in the bottom of a O.Sml Eppendorftube

(with a small

hole punched through the bottom). The wet Biogel P6 was placed over this and this
was then placed in a l.Sml Eppendorf tube. The column was microcentrifuged

at

8000xg for 30sec twice, transferred to another I.Sml Eppendorf tube and centrifuged
again until it was dry. The column was placed in a third tube, the labelled material
solution was added and microcentrifuged

at 8000xg for 4Ssecs twice in order to

separate it from the unlabelled and from the free [y_32p] ATP.

2.15. Partial and Total Deproteinisation

of 50S subunits

The following procedures were carried out according to Nierhaus (1990).
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2.15.l. The ~Cl/Ethanol

Split Procedure

This methodology was used to split off the proteins LI, L5, L6, L71L12, LlO, LII,
L16, L25, L31 and L33, resulting in the core subparticle P37 (l.5). 3500A26o units of
50S subunits were diluted in 100mi buffer containing 10mM imidazole/Cl pH 7.4,
1.5M NHtCI, 20mM MgCh, and ImM 2-mercaptoethanol,

to a final concentration of

35A26o unitslml. The mixture was heated to 37°C. Two lots of 50ml of pre-warmed
ethanol were added to the mixture consecutively and shaken gently in between for
10min at 3rC. The mixture was centrifuged at 16,000xg for 30min. The pellet was
resuspended in 7m1 buffer 4 (20mM TrisiCI pH7.4, 4mM Mg acetate, 400mM ~CI,
0.2mM EDTA, 5mM 2-mercaptoethanol) and dialysed overnight against 10 volumes of
the same buffer. The mixture was then clarified by a low-speed centrifugation and the
supernatant liquid contained the P37 (1.5) subparticle. This subparticle was stored at70°C, after measuring the concentration in A260 unitslml.

2.15.2. The LiCI-Split Procedure
This methodology was used to split off the proteins LI, L5, L6, L9, L71L12, LlO, LII,
LI4, LIS, LI6, LI8, LI9, L24, L25, L27, L28, L30, L3I, L32 and L33, resulting in
the production of the 3.5 core subparticle. 50S subunits were diluted in buffer 10
(IOmM Tris/Cl pH7.6,

10mM Mg acetate)

containing

3.5M LiCI to a final

concentration of 20A260 unitslml. The mixture was incubated for 5 hours at 0 °C and
shaken gently, onC\' ~

hour. After

*'

incubation, the mixture was centrifuged at

40,000 rpm for 5 hours. The pellet obtained was the 3.5 core subparticle. This was
resuspended in 2m1 of buffer 6 (20mM Tris/Cl pH7.4, 20mM Mg acetate, 400mM
~CI,

ImM EDTA, 5mM 2-mercaptoethanol).

This subparticle was stored at -70°C,

after measuring the concentration in A260 unitslml.

2.15.3. The 66% Acetic Acid Procedure
The method of preparation the RNA using 66% acetic acid, was carried out according
to the Nierhaus's (1990) protocol for isolation of total proteins from 50S subunits
(TP50), described in the following section 2.16.1., but after the first centrifugation at
10,000g for 30min, the RNA pellet was resuspended in SDW. Further purification was

carried out by phenol/chloroform extraction (section 2.6.) and ethanol precipitation.
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RNA was visualised (section 2.7.l.)

by RNA agarose / formamide analytical gel

electrophoresis.

2.16. Preparation oftotalSOS subunit proteins (TP50)
2.16.1. Isolation of the total proteins from 50S subunits
Total 50S subunit proteins were a kind gift from Dr. Francois Franceschi at the Max
Planck Institut fuer Molekulare Genetik: AG Ribosomen, Berlin. They were prepared
according to Nierhaus's (1990) published protocol. 350A26o units of 50S subunits were
diluted in lrnl buffer 3 (20mM Hepes-KOH pH 7.6, 4mM MgCh, 30mM ~CI,
spermidine, 0.2mM spermine, 5mM 2-mercaptoethanol).

2mM

O.lx its volume 1M Mg

acetate and twice its volume of acetic acid were added to the mixture. The mixture was
stirred for 45 min at 0 °C and then it was centrifuged at 10,000xg for 30 min. 5
volumes of acetone were added to the supernatant liquid and it was kept at -20°C for 3
hours. The mixture was centrifuged at 10,00Oxg for 30 min and the supernatant liquid
was discarded. The residual acetone was removed from the pellet, by placing it in a
desiccator for 30 minutes.

The pellet was resuspended in lrnl buffer 5 (20mM Tris/Cl pH 7.4, 4mM Mg acetate,
400mM ~CI,

0.2mM EDT A, 5mM 2-mercaptoethanol,

6M Urea), yielding about

300 e.ulrnl (section 2.16.2.) and dialysed overnight against the same buffer. The
dialysis buffer was changed three times at 45min intervals using buffer 4 (20mM
TrisiCI pH 7.4, 4mM Mg acetate,

400mM ~CI,

0.2mM EDTA,

5mM 2-

mercaptoethanol) to ensure that no buffer 5 remained in the suspension. This was then
centrifuged at 5,OOOxgfor 5 min.

2.16.2. Quantification of TP50 in solution
Dialysed resuspended pellet of proteins (section 2.16.1.) were centrifuged briefly and
Absorption at 230nm was measured in order to quantify the e.u'/rnl (according to the
Nierhaus's

(1990) published protocol). It was important to consider the following

approximations for the quantification:
a) for TP50: 1 A230 unit

= 220llg = 10 e.u.

b) for TP30: 1 A230 unit

= 220llg = 8 e.u.
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c) for TP70: 1 A230unit = 220Jlg = 10 e.u.
d) 1 A260unit of 50S = 36 pmol = 1 e.u. TP50
e) 1 A260unit of30S = 72 pmol = 1 e.u. TP30
f)

1 A260unit of 70S = 24 pmol = 1 e.u. TP70

e.u. refers to equivalent units

2.16.3. Storage ofTP50
The solution was quantified, analysed and finally stored in small aliquots at -70°C.

2.17. Reconstitution of32p_RNA Transcript from Domain VI with TP50
Considering the data shown in Section 2.16.2., the ratio for the reconstitution of the
domain VI - RNA transcript with TP50 was calculated in order to add the r-proteins in
near stoichiometric amounts with respect to the rRNA (Nierhaus, 1990). Considering
lmol of 23S rRNA is approx. 1.05 x 106 g, 1 mol of Domain VI - RNA transcript
(MW calculated from sequence) is approx. 98706g and that 36pmol 50S requires le.u.
TP50 (section 2.16.2.), the quantity ofTP50 to be added to each probe was calculated.

2.1S. Gel retardation experiments for the reconstituted 3lp_RNA Transcript
2.18.1. Non-Denaturing Gel Electrophoresis
Non-denaturing gel electrophoresis for gel retardation experiments were carried out as
described at section 2.2.2. Aliquots containing equivalent cpm between samples to be
compared, or aliquots containing a constant amount of reconstituted
~A

Domain VI -

transcript (as indicated in the experiment) were fractionated by electrophoresis.

Gels were pre-run for 30min at 20mA, and 4°C.

2.18.2. 32p_RNATP50 Association Experiments
The complex between Domain VI - RNA transcript and TPSO was observed as a
mobility shift (Batey and Williamson, 1996) in a non-denaturing polyacrylamide gel
(section 2.18.1). A constant amount of labelled probe RNA transcript (0.0184 to
0.184pmol) was incubated with various concentrations

of TP50 (ratios based on

section 2.16.2.) in Mobility Shift buffer (MSB). MSB consists of: lOmM Hepes/KOH
pH 7.5, 50mM potassium acetate, O.lmM EDTA, O.1mg/ml tRNA, SIJg/ml heparin,
9S

and 0.01% Nonidet P40 (Batey and Williamson, 1996). Reaction volumes of 20~1
were incubated for one hour at 25°C and one hour at 4°C before adding 2~1 of type III
loading buffer (30% glycerol, 0.25% bromophenol blue, 0.25% xylene cyanol). The
RNA-protein complex samples were immediately loaded onto the non-denaturing gel
(section 2.2.2.). The gel was dried on a Bio-Rad gel dryer, placed into a Harmer
cassette, and put down to X-ray film.

Alternatively, in order to minimise the influence of time between reaction and loading
periods, the experiment was carried out as above described but seven reactions were
performed at: 120, 60, 30, 20, 10, 5 and 0 min of incubation period in MSB at 25°C
just prior adding 2~1 type III loading buffer. The samples were loaded immediately on
to the 12% acrylamide non-denaturing gel. The samples were electrophoresed for 4
hours at 20mA, 4°C and under non-denaturing conditions (O.Sx TBE tank buffer)
(section 2.2.2.). The gel was dried on a Bio-Rad gel dryer, placed into a Harmer
cassette, and put down to X-ray film.

2.18.3. 32p-RNATPSO Complex Stability
The complex between Domain VI - RNA transcript and TP50 were observed as a
mobility shift using the method ofBatw
denaturing

polyacrylamide

transcript (0.0184-0184pmol

and Williamson, (1996) and analysed in a non-

gel (section

2.18.1).

A constant

amount of labelled

as indicated) was incubated in a I: 10 ratio transcript:

TPSO (ratios based on section 2.16.2.) in Mobility Shift buffer (MSB). Dissociation
experiments were conducted by incubating the complex for two hours at 25°C in the
conditions described on section 2.18.2. prior to adding unlabelled RNA transcript
(1: 15: 10 32p-RNAT:TPSO:RNATratio). Aliquots were taken at various time points and
1JJl of load buffer type III was added and immediately loaded onto a non-denaturing
polyacrylamide gel (section 2.2.2.). The gel was dried at Bio-Rad gel dryer, placed into
a Harmer cassette, and put down to X-ray film

Alternatively, in order to minimise the influence of time between reaction and loading
periods, the experiment was carried out as described above but eight reactions were
performed at: 60, 50, 40, 30, 20, 10, 5 and 0 min of incubation after the unlabelled
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RNA transcript competitor was added to the mixture. The incubation was carried our
under the above conditions (2h at 25°C), prior adding 2~1 type III loading buffer. The
samples were loaded immediately on to the 12% acrylamide non-denaturing gel and
electrophoresed for 3 hours at 20mA at (section 2.2.2.). The gel was dried on a BioRad gel dryer, placed into a Harmer cassette, and put down to X-ray film.

2.18.4. Effect of temperature on RNA transcript before complex stability assay
Denaturing / renaturing experiments were carried out on the RNA transcripts before
the gel retardation experiments, either:
a) heating to 90°C for one minute and cooling it in ice for two min,
b) heating to 90°C for one minute and cooling it down slowly until 40°C,
c) without heating the sample,
TP50 was then added to perform the stability assay as described at section 2.18.2.

2.18.5. The Alternative RNA Transcript Reconstitution Experiment: Change ofMSB
for TKCa Buffer
The alternative RNA transcript reconstitution experiment was carried out according to
Nierhaus (1990) with the modifications described, in order to assay the influence of the
reaction buffer for RIP sensitivity (section 2.7.) on the reconstituted Domain VI - RNA
transcriptiTP50

complex. 0.2pmol of

32p_RNA

and 0.087 e.u. TP50 (1:15 RNA:

TP50) were dissolved in 201-11reaction buffer: either TKCa or MSB. [TKCa buffer
consists of 25mM TrislHCI pH 7.6, 25mM KCI and 5mM CaCh (Endo et al., 1991)
and Mobility Shift buffer (MSB) consists of

10mM K-Hepes

pH 7.5, SOmM

potassium acetate, 0.1 mM EDT A, 0.1 mg/ml tRNA, Sug/ml heparin, and 0.01%
Nonidet P40 (Batey and Williamson, 1996)]. The reconstitution

experiment was

carried out as described at section 2.18.2. Samples were layered on a Biogel P6
chromatographic

column. The Biogel P6 chromatographic

column was set up as

follows: A few small glass beads were washed in chromic acid and placed in the
bottom ofa disposable mini column (Scm height x O.Scm inner radio). The wet Biogel
P6 was placed in this and the column was equilibrated with buffer under test. Domain
VI: TP50 complex solution was applied to the column, and eluted with the buffer
under test. A further quantity of buffer was added to the column, and 0.2ml of eluted
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fractions were collected and the cpm was measured in a scintillation counter. cpm/ul
was plotted against each fraction to obtain an RNA elution profile.

2.18.6. Detection of complex formation by sucrose gradient centrifugation: based on
Nierhaus's (1990) protocol
0.2pmol of

32p_RNA

transcript were mixed with 0.087e.u. TPSO to give a 1:15 ratio,

for assembly in 200JlI of buffer to be tested. The mixture was incubated for 20min at
44°C and then the sample was layered on to a sucrose gradient 10-30% (w/v) made up
in either TKCa buffer or buffer 6. TKCa consists of 2SmM Tris/HCl pH 7.6, 2SmM
KCI and SmM CaCho Buffer 6 consists of 20mM TrislCI pH7.4; 20mM Mg acetate,
400mM

~CI,

1mM EDT A,

SmM 2-mercaptoethanol.

The

gradients

were

centrifuged at 2S0,00Oxg for 2 h 45 min (Beckman SW60 rotor). The gradient was
fractionated and the cpm was measured. The cpm/ul were plotted against the fraction
number.
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3. CHAPTER III:
ISOLATION, PURIFICATION AND STANDARDISATION OF RIPs AND
RIBOSOMES

3.1. Introduction
It has been reported that RIPs inhibit protein synthesis in a number of eukaryotic and
prokaryotic cell-free translation systems. In order to study the interaction of ribosomeinactivating proteins and the ribosomes, an evaluation will

he

made of the binding

characteristics of RIPs (PAP, tritin-S, and RTA) with E. coli ribosomes and the role of
ribosomal proteins in sensitising the E. coli ribosomes to react with RIPs in vitro.

It is known that considerable variation exist in the activities of RIPs on the ribosomes
of different kinds of organisms. The general characteristics of RIPs PAP, tritin-S and
RTA are summarised in Table 5. Table 5 shows that PAP is highly active on plant,
mammalian, yeast and E. coli ribosomes (Ready et al., 1986; Hartley et al., 1991;
Marchant and Hartley, 1995). Tritin-S is active on mammalian and yeast ribosomes,
but does not show activity on plant and E. coli ribosomes (Hartley and Lord, 1993;
Massiah and Hartley, 1995). RTA is highly active on mammalian and yeast ribosomes
but only slightly active on plant ribosomes, and inactive with E. coli ribosomes
(Hedblom et aI., 1976; Harley and Beevers, 1982; Endo and Tsurugi, 1987; Endo et
al. 1987; Richardson et aI., 1989).

Currently, two different procedures are followed to purify type 1 and type 2 RIPs.
Type 1 RIPs are purified, essentially, by cation exchange

chromatography

on

carboxymethyl or sulfopropyl derivatized matrices (Roberts and Stewart, 1979; Stirpe

et aI., 1983; Barbieri et aI., 1987; Massiah and Hartley, 1995; Yoshinari et al., 1996).
This take advantage of the basicity of most of single chain RIPs (Barbieri et al., 1987;
Hartley and Lord, 1993) which have a pis > 9.5 which corresponds to extreme
alkalinity (Roberts and Stewart, 1979; Habuka et al., 1993; Massiah and Hartley,
1995; Yoshinari et al., 1996).
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Table 5. Activity Characteristics

oftritin-S, PAP and RTA on different

ribosomes.

Ribosomes from

:; ::·SC'Y€

-,c .a::ng
>:.;~cs

Plant

Mammalian

Yeast

E col!

XX

XXX

XXX

XXX

trltm-S

no

XXX

XXX

no

RTA

X

XXX

XXX

no

PAP

xxx = Highly active
XX
X
no

= Moderately active
= Weakly

active
= No activity
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PAP: Highly active on plant, mammalian,
yeast and E. coli ribosomes
tritin-S: Inactive on plant and E. coli
ribosomes and active on mammalian and
yeast.
RTA: Low activtty on plant ribosomes,
active on mammatian a'ld yeast
ribosomes and inactive on E. coli

ribosomes.

Barbieri et al. (1987), have even scaled up the above general cation exchange chromatographic
procedure, for a pilot scale preparation, with minor adaptation for each RIP. The rationale of
these procedures is based on the basic nature of RIPs at a basic pH, which allows it to bind to
the column, and the incorporation of a salt gradient which increases the ionic strength of the
column buffer, thereby increasing the competition between buffer ions and proteins for the
charged groups of the ion exchanger. This reduces the interaction between the ion exchanger
and the proteins until the proteins are eluted. Type 2 RIPs are purified, essentially, by affinity
chromatography

on acid-treated Sepharose, or other galactose-containing

stationary phases

followed by elution with galactose or lactose (Olsnes and Pihl, 1982). This is possible because
of the lectin properties of their B-chains (Barbieri et al.. 1993).

For purposes of comparison, the substrates for N-gIycosidase activity by RIPs were
also isolated, purified and standardised.

Ribosome fractions prepared from rabbit

reticulocyte, wheat germ or E. coli were purified by ultra-centrifugation (as described
in sections 2.5.1., 2.5.2. and 2.5.3. respectively) with a constant amount of 10mM
MgCh, in order to avoid subunit dissociation (Gesteland,

1966; Kurland,

1971;

Unlenbeck, 1995). For ribosomal RNA purification, a combination of phenol, SDS and
stabilising buffers were used in order to remove virtually all the ribosomal proteins and
to maintain the secondary structure of the rRNA (Noller et al., 1995).

All the initial assays were performed in Tris/KCl/MgCh

buffer as described by Endo

and Tsurugi, (1987). 1mM ATP was added for tritin-S N-glycosidase activity, in order
to satisfy the requirement for tritin-S activity as is well documented (Roberts and
Stewart, 1979; Carnicelli et al., 1992; Taylor et al., 1994; Massiah and Hartley, 1995).

3.2. The Chromatographic Two Steps Procedure for tritin-S Purification
The tritin-S isolation (section 2.1.) and purification (sections 2.1.1., 2.1.2. and 2.1.3.)
procedure were monitored by SDS-PAGE (section 2.2.) and by N-glycosidase activity
(section 2.7.) on rabbit reticulocyte ribosomes (extracted according to 2.5.1.).

A crude extract was prepared from wheat seeds and a 55-85% (w/v) ammonium
sulphate cut was made in accordance with Massiah and Hartley( 1995) procedure. The
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Sephadex G50-40 column was used to further purify tritin-S. Based on the basicity
(Barbieri et al., 1987) oftritin-S (pI approx. of 10.13, Habuka et al., 1993), as shown
by Massiah and Hartley (1995), further purification was carried out by CM-Sepharose
FF chromatographic column. Bound proteins were eluted with a linear gradient from
0-500mM NaCI as described in section 2.1.2. The proteins in each fraction were
monitored by the measurement of the absorbance at 280nm which was plotted against
each fraction to obtain a protein elution profile, where the salt gradient was established
across the chromatographic

run recorded. Tritin-S was eluted from the column at a

concentration of NaCI of approx. 100-200mM as reported by Massiah and Hartley
(1995).

However, a second step in cation exchange was necessary in an attempt to further
purify tritin-S,

therefore

SP Sepharose

FF was chosen

(section

2.1.3.).

The

chromatographic procedure was carried out taking the same considerations than were
used for the CM-Sepharose FF, and using a 0-500mM NaCI to elute the tritin-S at a
concentration ofNaCI approx. 100-200mM. Once more, proteins in each fraction were
monitored by the measurement of the absorbance at 280nm, which was plotted against
each fraction.

Figure 5(1) shows the main protein bands of approximately 30 kDa, which eluted from
SP Sepharose at 100-200mM NaCI and run as a close doublet as is shown in tracks 1
to 4. A western blot was performed using rabbit polyclonal antibodies prepared by
A.Massiah (Massiah and Hartley, 1995).

Figure 5(11) shows the Western analysis of the positive reaction between the rabbit
polyclonal tritin-S antibodies and tritin-S.

Since the measurement of the absorbance at 280nm plotted against each fraction
showed a peak (data not showed) and since the peak was analysed by SOS-PAGE and
Western analysis and the peak fraction correlates with a 30-kDa major protein band on the
electrophoretic pattern, it is assumed that the major protein band corresponds to tritin-S. All
tritin-containing fractions were collected and dialysed for 36h against water at 4"C with
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Figure 5. SDS-PAGE of fractions from SP-Sepharose Fast Flow used in the final
purification of Tritin-S.

(I)
-

31.0 kDa

Track No.

(II )

(I) Aliquots of 20111from SP-Sepbarose FF fractions were analysed in a 12% SDS-Polyacrylamide
gel electrophoresis,
correspond

and made visualised by silver staining (section 2.2.1.). Tracks 1-4 (a and b)

to the peak shown by the profile (data not shown) of the measurement

of the

absorbance at 280nm plotted against each fraction.

(ll) Western analysis of positive reaction with the rabbit polyclonal tritin-S antibodies.

Tracks 1-4 (a) analysed by PAGE correspond to tracks 1-4 (b) analysed by Western Blotting.
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water changes every twelve hours. The volume was reduced by ultrafiltration through
an Amicon Centriprep-l O Concentrator (Amicon, Stone House, Glouc., UK) (section
2.4.2.). The retentate and the eluate from ultrafiltration were analysed by SDS-PAGE
(Figure 6).

Figure 6 shows the electrophoretic

profile from samples after ultrafiltration.

The

retentate and the eluate samples were analysed at two stages of ultrafiltration (after
three and five centriprep concentrator runs):
a) tracks named MW refer to the molecular weight markers (Promega mid-range).
b) tracks 1-2 and 5-6 show the electrophoretic pattern of samples obtained from the
retentate after five and three centriprep concentrator runs respectively, and
c) tracks 3-4 and 7-8 show the electrophoretic pattern of samples obtained from the
eluate after five and three centriprep concentrator runs respectively.

Figure

6 shows that the second stage retentate

concentrator

samples (after five centriprep

runs, tracks 1 and 2), show a prominent protein which appears as a

doublet of the size expected (32 kDa), characteristic of tritin-S (Massiah and Hartley,
1995). The only additional phenomenon is that the doublet band after the second stage
presented four additional minor bands below the major doublet, which seemed to be
the product of degradation, and which did not appear on previous electrophoretic
profiles (after three centriprep concentrator runs, tracks 4 and 6). The eluate samples
(tracks 3-4 and 7-8) showed no protein at either stage.

In order to quantify tritin-S, a standard curve was built using 0, 1, 5, 10, 15, and 25
mg/ml of BSA (bovine serum albumin). The reaction with Coomassie'" Blue was
carried out using the manufacturer's

instructions (Coomassie"

Blue Kit solutions)

(section 2.4.3.). The absorbance at 595nm was plotted against the BSA concentration,
using deionised water as a negative control. Linear regression of the plotted line values
was done.

The equation y= mx + b was resolved, and the final equation was y=

0.2137x + 0.05445, with a correlation factor ofr= 0.9979. 'x' refers to mg/ml protein.,
'y' refers to absorbance at 595nm, 'm' refers to slope of the curve.
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Figure 6. SDS-PAGE of Retentate

and Eluate from Amicon Centriprep

Concentrator

for tritin-S.

MW
(kDa)

MW
(kDa)

31.0-

-31.0

21.5-

-21.5

Track No.

An aliquot of 20111from the retentate (tracks 1-2 and 5-6) and the eluate (tracks 3-4
and 7-8) from
Polyacrylamide
a)

Amicon

centriprep

concentrator,

were

analysed

in a 12% SDS-

gel electrophoresis, and made visible by silver staining (section 2.2.1.):

Tracks MW correspond to the molecular weight markers.

b) Tracks 1-2 and 5-6 show the electrophoretic pattern of samples
obtained from the retentate after five and three centriprep concentrator
runs respectively, and
c) Tracks 3-4 and 7-8 show the electrophoretic pattern of samples
obtained from the eluate after five and three centriprep concentrator
runs respectively.
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A further quantification was carried out where RTAwas used as a standard to build a
standard curve with known amounts of RTA. Figure 7 shows the SDS-P AGE silver
staining ofRTA as control, and tritin-S for protein quantification:
a} Tracks 1 and 14 contain the molecular weight markers (Mid-range from
Promega).
b) Tracks 2-6 and 8 contain 1.26,0.5,0.2,0.15,0.10,

and 0.05 ug RTA

respectively
c} Tracks 13-9 and 7 contain 1.26,0.5,0.2,0.15,0.10,

and 0.05 ug tritin-S

respectively (according to Coomassie" Blue protein quantification Kit, as
described previously).

In this gel, the silver staining reaction was carried out longer for quantification
purposes; hence the molecular weight markers do not appear as clearly as in Figure 7.
Nevertheless, the positions of the markers were confirmed by direct observation
through the transluminator. Track 7 from tritin-S, even with that overstaining, could
not be seen.

It is noteworthy that the basis of the silver staining reaction is not precisely known.
However, staining is influenced by the amino acid composition composition where
basic and sulphur amino acids give more staining, hence quantification

is very

problematic (Hames, 1990).

However, the protein quantified by the Coomassie'" Blue Kit gave different results
from that using the silver stained gel with RTA as standard. The difference between the
quantification achieved by the two methodologies appears to be 10 times less for tritinS using SDS-PAGE than with the Coomassie" Blue Kit. Subsequent amounts oftritinS were calculated using the Coomassie

®

Blue Kit.
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Figure 7. SDS-PAGE silver stained of RTA as control, and tritin-S for protein
quantification

SP-Sepharose FP
MW

MW

(kDa)

(kDa)

31

-31.0

21

-21.5

1 2 3

4 5 6

7 8 9 10 11 12 13 14

Track No.

Tracks 1 and 14 contain the molecular weight markers (Mid-range from
Promega),
tracks 2-13 show the electrophoretic pattern ofrRTA as control
(tracks 2-6 and 8) and
the electrophoretic pattern of tritin-S (tracks 7 and 9-13)
as follows:

*

*
*

*
*
*

*

1,
2,
3,
4,
5,
6,
8,

14 = Mid-range molecular weight standard (promega)
13 = 1.26 ug RTA and tritin-S respectively
12 = 0.50 ug RTA and tritin-S respectively
11 = 0.20 ug RTA and tritin-S respectively
10 = 0.15 ug RTA and tritin-S respectively
9 = 0.10 ug RTA and tritin-S respectively
7 = 0.05 Ilg RTA and tritin-S respectively
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3.3. N-glycosidase Assay for RTA, tritin-S, and PAP
The N-glycosidase

activity of RTA, tritin-S and PAP were assay on ribosome

extracted from Wheat germ ribosomes (Anderson et al., 1983), non nuclease treated
rabbit reticulocyte ribosomes from non-nuclease treated reticulocyte lysate (Promega,
Southamton, UK), and from E. coli ribosomes (Traub et aI., 1971), described in
sections 2.5.1., 2.5.2. and 2.5.3. respectively.

In this work as in preliminary work using the RNA N-glycosidase assay, it was
confirmed that tritin-S was active on rabbit reticulocyte ribosomes in the presence of
1mM ATP, but inactive on wheat germ and E. coli ribosomes, as shown by Massiah,
(1994) and Massiah and Hartley, (1995).

Finally, the activity ofRTA and PAP on E. coli ribosomes, will be review extensively
on Chapter IV.

3.4. A Semi-Quantitative Method for RIP-Ribosome Binding
All RIPs inactivate mammalian ribosomes, although, as is well known, only some RIPs..
are capable of attacking ribosomes from plants, fungi, protists and bacteria (Boness et
al. 1994). Hedblom et al. (1976), Ippoliti et al. (1992) and Chaddock et al. (1996) all
suggested the similar hypothesis that since RTA possesses the correct active site
structure to depurinate E. coli rRNA, the deciding factor for depurination in vivo and
in vitro would be the presence of ribosomal proteins and their relative ability to
interact with RIPs although they approached the problem from different directions.
Ippoliti et al. (1992) referred to the fact that at least one ribosomal protein was
involved in the interaction by the toxin. This was fully consistent with their observation
that RIPs were more active on native ribosomes than on isolated rRNA, although is
well recognised that a contrary situation occurred with RT A on E. coli ribosomes
(reviewed extensively on the following Chapter). The analysis by Ippoliti et al. (1992),
was based on the absence of a covalent complex when E. coli ribosomes were
challenged with NSBr-modified saporin (which is the saporin reacted with bromoacetic
acid N-hydroxysuccinate

ester,

showing the same inhibitory activity on rabbit

reticulocyte lysate as native RTA). It was hypothesised that the resistance of some
ribosomes was due to the low stability of the enzyme: substrate complex and I or the
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lack of specific protein-protein interaction in the recognition site. Moreover, Hedblom
et al. (1976) reported that 3H-labelled ricin, bound in a ratio of] mol/mol of ribosome
with a dissociation constant of 3~lM as calculated from a Scatchard plot. The subjects
related on the Binding Equation of Scatchart are the molar concentration of the free
labelled ricin in the final reaction volume; the number of binding sites per ribosome; the
molar concentration of labelled ricin bound and the slope of the plotted line. A value of
0.87 was obtained for the number of ricin molecules bound per ribosome, indicating
that there is only one ricin-binding site per ribosome.

It is unclear whether the binding of the RIP to the ribosome is always associated with
the subsequent N-glycosidase activity, or whether certain RIPs that are inactive also
bind to the ribosomes.

In order to investigate this, the semi-quantitative method as described in section 2.8.2.
and based on the work of Ippoliti et al. (1992) was carried out. This consists mainly of
mixing 1A260 unit of ribosome with the RIPs to be tested, and fractionating the mixing
on 5-25% (w/w) sucrose linear gradient. The gradient was fractionated
absorbance

at 260nm was measured.

and the

The fractions are screened through

their

application to a nitro-cellulose filter held in a dot blot apparatus, and subsequently the
filters are reacted with antibodies to identify the RIPs bound to ribosomes. The rRNA
from the ribosomes incubated with the RIP was analysed for diagnostic depurination.
The procedure

allows RIP: ribosome complex formation to be detected, and to

determine whether or not depurination of the rRNA occurs.

The RIP binding experiment was carried out in an attempt to detect the binding
phenomenon between the three different RIPs, RTA, tritin-S and PAP, and the
different ribosomes:

rabbit reticulocyte

ribosomes

(RR ribosomes),

wheat germ

ribosomes (WG ribosomes) and E. coli ribosomes. Prior to obtaining the results from
the proposed

experiment, RIPs and ribosomes were assayed individually for dot

blotting antigenic analysis (Table 6 and Table 7). The antibodies used were anti-RIA,
anti-tritin-S,

and anti-PAP (a kind gift from M. Bonnes),

produced

within the

Molecular Cell Biology Laboratory at the University of Warwick. Table 6 shows the
110

Table 6. Dot blots ofRTA, tritin-S and PAP.

RIPs

Primary
Antiserum

0.001

0.005

Ilg

RIPs

Dot Blotting

0.01

0.02

0.05

0.1

0.15

0.2

RTA

Anti-RTA

0

0

xx

xx

xx

xx

xx

xx

tritin-S

Anti-tritin-S

0

0

x

x

x

x

x

xx

PAP

Anti-PAP

0

0

0

x

x

x

x

xx

Track No. 1

2

3

4

7

8

o = no reaction

5

6

Iii£ ""'~"P;
• •• .,.!i.~'
~'~~
1I1't~.~"~
L~tr·1.·~
12345678

x= reaction

2° antibody: 2.7!11of donkey a-sheep, conjugated to alkaline phosphatase to 20ml TBS-T -Marvel making a 117S00 dilutioo.
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Table 7. Dot blots of HR, WG and E. coli ribosomes showing reaction with RIP
antibodies.

RIPs

Primary
Antiserum

RR

Anti-RTA

WG

0

0

x

x

x

0

0

x

x

x

0

0

0

0

x

WG

0

0

0

x

x

E. coli

0

0

0

x

x

Track No. 1

o = no reaction

2

3

4

5

3

4

5

x= reaction

2° antibody: :l.7~ of donkey u-sheep, conjugated to alkaline phosphatase to :l0m! TBS. T-Marvel making a 117500 dilution.
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dot blots results of RT A, tritin-S and PAP, on a serial dilution of RIPs forming a
colorimetric standard reference. Table 6 shows the expected reaction of RTA, tritin-S
and PAP with their respective polyclonal antibodies with a 0.01 ug detection limit in
RTA and tritin-S, and 0.02 ug for PAP.

Table 7 shows the Dot blots of RR, WG and E. coli ribosomes in serial dilutions
assayed for cross reactions with anti-R TA, anti-tritin-S, and anti-PAP antibodies.
Table 7 shows several reactions from different antibodies among the three kind of
ribosomes. A possible explanation can be found in the general characteristics

of

polyclonal antibodies (Harlow and Lane, 1988), that because they are used as whole
sera, they will contain the entire repertoire of circulating antibodies found in the
immunised animal at the time that the serum was collected. Therefore, it is possible
that the serum may contain high titered antibodies that specifically recognise spurious
antigens. The serum may contain antibodies against bacteria or fungi that have infected
the host animal recently or can cross-react with related antigens, similar to those
against which the antiserum has been produced.

On the other hand, it is well

recognised that this type of possible anti-serum contamination is specific, hence it can
not be removed by methods that are designed to lower non-specific backgrounds, for
example more extensive blocking of the membrane or vigorous washing. A solution
could be blocking the non-specific antibodies by pre-incubating the serum with a
preparation that contains ribosomes (Harlow and Lane, 1988). Nevertheless,

this

experiment was abandoned and different approaches were tried until one was found
suitable for subsequent use.

3.5. Radioadive

LabeUing of RTA as a Model

Based on Hedblom et al. (1976), Ippoliti et al. (1992) and Rice and Means (1971)
experiments

and

methodologies

for

the

quantitative

analysis

of the

binding

phenomenon, a 14C_Iabelling of RTA as a model was carried out. The procedure
described by Rice and Means (1971), has been used for radioactive labelling of
proteins in vitro in which 3H_or 14C_methyl groups are attached to the protein's

_II'

amino group by reductive alkylation. This involves conversion of their amino groups to
mono- and dimethylamino groups, where the mild reaction conditions do not alter the
physicochemical properties of most proteins.

In order to confirm that the technique of 14C_RTA labelling, through

reductive

alkylation of RTA by 14C-formaldehyde, would not change the RTA activity towards
ribosomes, a reductive alkylation of RTA by non-radioactive formaldehyde was carried
out as a control. Figure 8 compares the results of the activity of RTA and reductively
alkylated RTA on RR ribosomes. One method used for confirmation of N-glycosidase
activity of RTA on RR ribosomes is the aniline assay. The reaction buffer was that
reported by Endo and Tsurugi (1988) (consisting of 25mM Tris/HCl pH 7.6, 25mM
KCI and 5mM MgCh). The rationale for the use of the aniline assay is based on the
fact that, once adenine has been removed from the ribosomes and/or 'naked' rRNA,
leaving the sugar phosphate back bone intact, these phosphodiester bonds on either
side of the depurinated ribose are sensitive to amine-catalysed hydrolysis at acidic pH
by a f3-elimination reaction (Peattie, 1979). The resulting fragments are then separated
on a denaturing polyacrylamide or agarose gel.

Tracks 1-8 show the electrophoretic pattern of rRNA extracted from RR ribosomes
after their incubation with:
a) The reaction buffer alone as a negative control (track 1)
b) The reaction buffer and aniline treatment as a negative control (track 5)
c) With RTA and treated RTA in a 1:0.03 and 1:0.06 m.r. (molar ratio) where
indicated, as positive control (tracks 2-4)
d) rRNA from ribosomes treated with native rRNA (tracks 2 and 6) and
formaldehyde - treated RTA (tracks 3, 4, 7, 8) subsequently incubated with
aniline reagent (tracks tracks 6-8).

Tracks 6-8 show the aniline fragment, produced from rRNA by cleavage following
depurination by the RIP. The fragment is equivalent to that reported previously for a
depurination at position

At324

in the rRNA from rat liver ribosomes (Endo and Tsurugi,

1988; Ippoliti et a/., 1992). It can be seen that RR ribosomes have been
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Figure 8. Comparative Results of the Activity of RTA on RR ribosomes using
RTA with and without a Reductive Alkylation by Formaldehyde.

without aniline reagent

1

2

3

4

with aniline reagent

5

6

7

-

28S

-
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-

Aniline
fragment

-

S.8S
SS

8

8

Track No.
8

Doublet

becausc depurination
at 28SRNA

Electrophoretic profile from extracted RNA after incubation ofRTA and reductive alkylated RTA with RR
ribosomes. 3 J.l.gwere loaded onto a 1.2% agarose: fonnamide gel.

RTA activity on RR ribosomes with and without a reductive alkylation ofRT A by Formaldehyde.
1) RR
2) RR
3) RR
4) RR

5) RR
6) RR
1) RR
8) RR

ribosomes
ribosomes
ribosomes
ribosomes
ribosomes
ribosomes
ribosomes
ribosomes

+ RT A
(1: 0.06 m.r.)
+ treated RT A
(1: 0.03 m.r.)
+ treated RT A
(1: 0.06 m.r.)
+ Aniline
+ RTA + Aniline (1: 0.06 m.r.)
+ treatedRTA + Aniline (1: 0.03 m.r.)
+ treated RTA + Aniline (1: 0.06 m.r.)
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depurinated

by both R T A and treated

R TA (10ng) (personal
(lOng).

communication

This demonstrates

R TA, even with a minimum
with Dr. Chaddock,

that the reductive

alkylation

to previous results

according

to Rice and Means

two R TA runs were
(1971).

technique

and reduced

carried out to eliminate

small subproducts

counter

was used to measure

carried

used for RT A 14C

activity RT A.

out for C-14

Once RTAs (RTAI and RTA2)

with 14C-Formaldehyde

with sodium

that this first reaction

labelling

were labelled

borohydride, a dialysis step was

produced

the percentage

of

1996), or with treated RT A

labelling does not interfere with the in vitro rRNA N-glycosidase

According

concentration

by this process.

on 14C_ incorporated

incorporated

12.8 times

The scintillation
to R T A. Results

obtained

showed

less 14C_ to that

expected

specific activity of 14C of 5 x 106 cpm/mg protein (Rice and Means,

further second step labelling was carried out in order to obtain a preparation

1971). A
of specific

activity of5 x 106 cpm/mg of 14C_RTA.

Figure

9 shows the SDS-PAGE silver stained electrophoretic pattern of both 14C_RTAs.

Tracks 1 and 8 show the mid-range molecular weight markers from Promega. Tracks marked
with (-) are separator tracks between those with the 14C_RTA electrophoretic profile. Tracks 2
and 3 show the electrophoretic profile of 16J.1gof both 14C-RTAs respectively. Tracks 4 and 5
show the electrophoretic profile of 14 and 7 J.1gof 14C-RTA1 respectively, after a second 14C_
labelling process. Finally, tracks 6 and 7 show the electrophoretic profile of 14 and 7 J.1gof 14C_
RTA2 respectively, after a second 14C_labelling process.

Generally, 14C-RTA samples show

four additional bands of lower molecular weight, products of degradation of the protein which
were expected according to Hedblom et al. 's (1976) results, and which are not present on those
unlabelled samples. The specific activity of the 14C_RTA following two alkylation reactions
with 14C-forrnaldehyde, were approximately 2.07 x 106cpmlmg.

It is noteworthy that labelled

RTA obtained was tested for its binding to ribosomes, using sucrose gradient to separate free
and bound RIP to ribosome and none was detected. Thus, the use of ml_ instead of 14C_ for
RTA labelling has been suggested, since the minimum 5 x l O'cpm/mg of 14C_RTA was not
achievable
Chapters.

a different approach

was attempted.

This

It was done by analysing the role ofr-proteins
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is described

in the

following

on RIPs' activity, using as a

Figure 9. SDS-PAGE silver stained electrophoretic pattern or 14C_RTA.

MW
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-97.4

-66.0
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-21.5
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8

Track No.

Electrophoretic profile of 14C_RTA and made visible after a silver staining of the SDS-PAGE.

1) Molecular weight markers (Mid-range from Promega)
2) 16 ug 14C_RTAI

3)
4)
5)
6)

161lg 14C_RTA2
14 Ilg 14C_RTAI after a second 14C-Iabelling proceedure
71lg 14C_RTAI after a second 14C-Iabelling proceedure
141lg 14C-RTA2 after a second 14C_labelling proceedure
7) 71lg 14C_RTA2after a second 14C-Iabelling proceedure
8) Molecular weight markers (Mid-range from Promega)
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model the E. coli ribosome, which contains the N-glycosidase activity GA2660GA
substrate in its 23S rRNA, but in which the sensitivity to RIPs varies.

3.6. Conclusions
The procedures used for the isolation, purification and quantification of the tritin-S
from wheat seeds, were based on published protocols of Roberts and Stewart (1979),
Barbieri et al., (1987) and Massiah and Hartley, (1995). A second cation exchange
chromatographic step was carried out, and because of the large volumes used in the
isolation and purification of tritin-S; ultrafiltration was used for concentration.

The procedures of standardisation included the extraction of ribosomes from three
different sources: wheat germ ribosomes, rabbit reticulocyte ribosomes and E. coli
ribosomes (according to the procedures by Traub et al., 1971; Jackson and Larkins,
1976). Three different RIPs were used, all of them showing a different N-glycosidase
activity: PAP (type 1 RIP) which shows activity on plant, mammalian, yeast and E. coli
ribosomes; tritin-S (type 1 RIP) which shows activity on mammalian and yeast
ribosomes, but not on plant and on E. coli ribosomes; and RTA (ricin toxic A-chain)
(type 2 RIP) which shows activity on plant mammalian and yeast ribosomes but not on
E. coli ribosomes.

Because of the selective activity of RIPs on different substrates is

still only partially understood, because it has been reported that RIPs possess the
correct active site structure for the depurination of ribosomes, and because is well
known that RIPs N-glycosidase activity is carried out in a highly universally conserved
rRNA sequence at the 23 S-like ribosomal RNA, the intention of the research was to
establish the functional activity of the RIPs. It was confirmed that PAP, tritin-S (in
presence of ImM ATP as reported by Massiah and Hartley, 1995) and RTA, all
showed activity on rabbit reticulocyte ribosomes. The functional activity of the RIPs
also was confirmed in order to establish the 'why and how' of the differences between
the RIPs for substrate sensitivity.

With the evolution of knowledge of the RIPs, a series of discrepancies have become
apparent. For example the report by Hedblom et al. (1970), that a binding ratio for
ricin of 1mol/mol of ribosome has a dissociation constant of 3 J..tM and elsewhere that a
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single molecule will inactivate approximately

1500 ribosomes min' (Gluck et al..

1992). Or again it, has been suggested that because of the presence or absence of
ribosomal proteins and their ability to interact with RIPs, the r-proteins make a
difference to substrate sensitivity (lppoliti et al. 1992). On the other hand, in the work
on synthetic oligoribonucleotides,

where substrates showed sensitivity to RIPs, this

was attributed to the identity elements on the tertiary structure of the cc-sarcin/ricin
loop (Endo et al., 1991).

Two approaches were used in the first part of the research in order to elucidate
whether the binding of the RIP to the ribosome is always associated with subsequent
N-glycosidase activity, or whether some RIPs can bind to ribosomes without the
activity following. The approaches were based on the principle that RIPs bind to
ribosomes and if the consequent complexes are subjected to centrifugation,

it is

possible to differentiate the sedimentation value of the complex of RIP: ribosome and
after, its respective activity. The semi-quantitative approach identifies each of the
components

through sucrose gradient fractions, by specific recognition by RIPs

antibodies. The experiments reported show that using the polyclonal antibodies was
not discriminatory

for ribosomes,

thus the approach

was inappropriate

for the

objectives of the research. The second approach, was based on Rice and Means
(1971); Hedblom et al., (1976); and Ippoliti et al., (1992), and used the same principle
of RIP: ribosome sedimentation profile for its identification after a sucrose gradient
fractionation and analysis but using radioactive labelling of RIP instead of its anti-body
identification. After the 14C-radiolabelling of RTA as a model was done, a series of
standardisation was carried out also based on the identification of 14C_RTA as a RIP
functionally equivalent to the native RTA. It was demonstrated that both radioactive
labelled and native RTA were equivalent, showing that the alkylation process did not
disrupt the active site and the subsequent N-glycosidase activity. Nevertheless, labelled
RTA obtained and tested for its binding to ribosomes (using sucrose gradient to
separate free and bound RIP to ribosome) was not detected. A possible reason for
failure of this experiment could be that with the characteristic relatively weak binding
of RTA (under the best contidions KM 5!lM), the toxin might be stripped off the
ribosome during the sucrose preparation and so, binding was not detectable.
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In these

terms, an alternative approach based on the differences in sensitivity of the substrates
for RIP activity were found. The different substrates consist of: substrate in its native
conformation,

or after this substrate has been deproteinised,

with its subsequent

conformational changes and so, difference on substrate sensitivity to RIPs' activity.

The following chapter attempts to give the general characteristics of PAP and RTA
activity on both E. coli ribosomes and deproteinised (,naked') total rRNA.
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4. CHAPTER IV:
GENERAL CHARACTERISTICS OF PAP AND RTA ACTIVITY
ON BOTH E. COLI RIBOSOMES AND 'naked' TOTAL rRNA
<asa Model for Research)
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4.1. Introduction
The considerable variation that exists in the activities of RIPs on ribosomes from
different organisms was reviewed in Chapter III. R-proteins also seem to playa very
important role in the efficiency of RIP action. Although it is well known that the
activity of RIPs on 'naked' rRNA substrates or synthetic oligonucleotides is present,
the Kcat is as much as lOs-fold lower than that with intact ribosomes. (Endo et al.,
1987; Endo and Tsurugi, 1988; Hartley et al., 1991; Marchant and Hartley, 1994;
Massiah, 1994). Endo et al. (1988), showed that the Kcat values for the reaction of the
ricin A-chain on rat liver ribosomes and 'naked' rat liver 28S rRNA were 1777 and
0.02 min" respectively. This showed that the ricin A-chain has a much lower activity
on 'naked' rRNA compared with that on 28S rRNA in rat liver ribosomes, and it
suggested that, the native conformation of 28S rRNA in ribosomes was required for
efficient catalysis. The importance of the secondary structure of the rRNA is
emphasised by the fact that denatured 28S rRNA is not depurinated by RTA (Endo et
al., 1987). It is possible that the interaction of the rRNA in the vicinity of the
ce-sarcin/ricinloop with r-proteins, alters the conformation of the rRNA in a way that
makes it a more efficient substrate for RIP action. Gross structural changes in rRNA
are known to occur on the binding of ribosomal proteins. (Batey and Williamson,
1996).

Massiah (1994) reported that tritin-S did not recognise 'naked' 288 rRNA because it's
N-glycosidase activity was not detected at an rRNA: RIP molar ratio of 1:122, which
was 18,000 times higher than the minimumm.r. of tritin-S: rRNA (6.8 x 10-3) required
for detectable activity on native ribosomes. N-glycosidase activity on 28S rRNA in
reticulocyte ribosomes by tritin-S and RTA was similar. These results could be
interpreted to show that tritin-S is more dependent for its action on the native structure
of the ribosome than is RTA.

In addition, it has been reported that PAP modifiesE. coli 23S rRNA in native E. coli

ribosome (Hartley et al., 1991), in contrast to the A-chain of the type 2 RIPs abrin and
ricin, which are inactive against bacterial ribosomes. It is recognised that PAP
depurinates E. coli ribosomes in the 23S rRNA at position
122

A2660

but both PAP and

RTA catalyse depurination of the rRNA in the 'naked' state. RTA has been shown not
to bind directly to E. coli ribosomes (Hedblom et al., 1976). The kinetic values for the
reaction were almost the same for 'naked' 23S rRNA and for 'naked' 28S rRNA,
suggesting that RTA is recognising a specific structure in the rRNA. Therefore, it
seems that RTA is prevented from binding to E. coli ribosomes by interference from
ribosomal proteins (Osborne, 1990).

In the case of PAP, two mutant recombinant

forms have been shown to inhibit eukaryotic protein synthesis in vitro but which were
not toxic for E. coli (Dore et al., 1993). However, Chaddock et al. (1996) reported
results of the direct analysis of N-glycosidase activity on the same mutants which
contradicted Dore et al., (1993). One of the mutants implicates specific amino acids as
participants in prokaryotic ribosome recognition while, in the second case, one of the
recreated mutants retained its activity towards prokaryotic ribosomes whilst the other
was inactive on prokaryotic

ribosomes

and very poorly active on eukaryotic

ribosomes.

It was assumed that from the similarity in the structure of diverse RIPs, and especially
the conservation of the active site that they would all recognise the same identity
elements in rRNA (Endo et al., 1991). However, work on mutant E. coli rRNA
showed that PAP has less stringent identity element requirements than RTA (Marchant
and Hartley, 1994).

In order to study the role of the r-proteins on the rRNA conformation required for RIP
recognition, it is necessary to establish a model of PAP and RTA activity on E. coli
ribosomes and 'naked' rRNA. In other words, to establish the conditions under which
PAP is more active on native E. coli ribosomes than in 'naked' rRNA (Chapter V),
and to asses the influence of the r-proteins through the successive removal of
r-proteins from native subunits and monitoring the reduction in activity of PAP
(Chapter VI).
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4.2. Activity of PAP on E. coli ribosome and 'naked'
One method used for confirmation of N-glycosidase

total rRNA
activity of PAP on E. coli

ribosomes and 'naked' rRNA is the aniline assay. Ribosomes and 'naked' rRNA were
purified from an E. coli DHI culture as described in sections 2.5.3. and 2.6. A TKMg
butTer consisting of25mM TrisIHCl pH 7.6, 25mM KCI and 5mM MgCh (Bndo et al.,
1991) was used as reaction butTer to assay the RIPs N-glycosidase activity.

Figure 10 shows the results of the N-glycosidase activity of PAP on E. coli ribosomes
and 'naked'

total rRNA. Tracks

1-6 show the electrophoretic

pattern of rRNA

extracted from E. coli ribosomes, and tracks 7-12 show rRNA extracted from 'naked'
total rRNA after their respective incubation:
a) with the reaction butTer as negative control (tracks 1 and 7)
b) with PAP in a 1:1 molar ratio (m.r.) as a control without the aniline reagent (tracks
2 and 8)
c) with added aniline reagent for cleaving where depurination has occurred by PAPin
serial dilutions of PAP of 1:1, 1:0.1, 1:0.01 and 1:0.001 (where indicated)
substrate: PAP m.r. (Tracks 3-6 and 9-12).

Tracks 3, 4 and 9 show the aniline fragment, produced from rRNA cleavage by the
activity of the aniline reagent once the PAP's N-glycosidase activity has occurred. The
fragment is equivalent to that reported previously for a depurination at position A2660
of23S rRNA (Marchant and Hartley, 1994). N-glycosidase activity of PAP is lower on
'naked'

rRNA than on ribosomes by a factor of approx. 10, confirming previous

observations

(Marchant

and Hartley,

1994). Although

23S rRNA contains the

sequence GA2660GA,the substrate for PAP activity, the results show the influence of
r-proteins increases the efficiency of recognition

and subsequently N-glycosidase

activity. A further two assays were carried out (data not shown) in order to confirm
the above results.
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Figure 10. N-gly(osidase adivity of PAP on E. coli ribosomes and 'naked' total
rRNA.
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cleavage of 168 rRNA at GA.o ••GA

Electrophoretic profile of extracted rRNA after incubation. 31lg were loaded onto a 1.2% agarose:
formamide gel. TKMg reaction buffer's final concentration: 2SmM TrisIHCI pH 7.6, 2SmM KCI, and SmM

MgCh.
I. E. coli ribosomes
2. E. coli ribosomes + PAP
(1:1 m.r.)
3. E. coli ribosomes + PAP + Aniline
(1: 1 m.r.)
4. E. coli ribosomes + PAP + Aniline
(1:0.1 m.r.)
S. E. coli ribosomes + PAP + Aniline
(1:0.01 m.r.)
6. E. coli ribosomes + PAP + Aniline
(1:0.001 m.r.)
7. 'naked' total rRNA
8. 'naked' total RNA + PAP
(1:1 m.r.)
9. 'naked' total RNA + PAP + Aniline
(1:1 m.r.)
10. 'naked' total RNA + PAP + Aniline
(1:0.1 m.r.)
11. 'naked' total RNA + PAP + Aniline
(1:0.01 m.r.)
12. 'naked' total RNA + PAP+ Aniline
(I:O.OOlm.r.)
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4.3. Activity of RTA on E. coli ribosome and 'naked'

total rRNA

Figure 11 shows the results of the N -glycosidase activity of RTA on E. coli ribosomes
and 'naked' total rRNA in TKMg as the reaction buffer. Tracks 1-4 and 5-8, show the
electrophoretic pattern of rRNA extracted from E. coli ribosomes and rRNA extracted
from

'naked'

electrophoretic

total

rRNA

respectively.

Tracks

1 and 5 show the

substrate

pattern as a negative control after it has been incubated with the

reaction buffer alone, without either RTA or aniline reagents. Tracks 2 and 6 show the
rRNA extracted from the incubation of the substrates with RTA but at a 1:1 substrate:
RTA m.r. without cleaving the depurination site. Finally tracks 3 and 4, and 7 and 8,
show the rRN A extracted from the incubation of the substrates with RTA and added
aniline reagent, at substrate: RT A m.r. of 1:1 and 1:0.1.

None of the tracks showed the aniline fragment produced from the rRNA cleavage by
the aniline reagent after RT A, N-glycosidase activity at equivalent amounts to PAP.
However PAP showed the diagnostic aniline cleavage fragment (Figure 10, section
4.2.). The molar ratio of substrate: RTAwas lower than that reported by Marchant and
Hartley (1995) who used at least 100 times the amount ofRTA for the reaction. RTA
N-glycosidase activity assays were carried out twice more in order to confirm the
above results (Data not shown). In order to compare PAP and RTA N-glycosidases
activities and the influence of r-proteins,

the substrate:

RIPs molar ratio was

maintained for PAP, and increased at least 10 times the amount of RTA for an initial
molar ratio of serial dilutions of 1:10 substrate: RIPs.

Marchant and Hartley (1995) reported that the activity of both PAP and RTA was
increased at least lO-fold in a reaction buffer containing EDT A compared with the
widely used TKMg buffer, when RIP activity was assayed on mutant E. coli
ribosomes.

Moreover,

Gluck and Wool (1996) showed the effect of different complexes of

divalent cation: chelating agent on the reaction buffer for RIPs' activity.
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Figure 11. N-glycosidase activity ofRTA onE. coli ribosomes and 'naked' total rRNA
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profile from extracted RNA after incubation. 31lg were loaded onto a 1.2%
agarose:formamide gel. TKMg reaction buffer's final concentration: 25mM TrislHCI pH 7.6, 25mM KCI,
and 5mM MgCh.

1. E. coli ribosomes
2. E. coli ribosomes + RTA
(1:1 m.r.)
3. E. coli ribosomes + RTA + Aniline
(1:1 m.r.)
4. E. coli ribosomes + RTA + Aniline
(1:0.1 m.r.)
5. 'naked' total rRNA
6. 'naked' total RNA + RTA
(1:1 mr.)
7. 'naked' total RNA + RTA + Aniline
(1:1 mr.)
8. 'naked' total RNA + RTA + Aniline
(1:0.1 m.r.)
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4.4. Conclusions
Although it is well known that the majority of RIPs are active on 'naked' substrates or
synthetic oligoribonucleotides and that the specificity of depurination at a single site is
retained, is well known that the catalytic constant (Kat) is much lower that that with
intact ribosomes. (Endo et al. 1987; Endo and Tsurugi, 1988; Massiah and Hartley,
1995; Marchant and Hartley, 1995). These results suggest that the r-proteins playa
very important role in the activity of RIPs.

The results of the experiments carried out here showed that the N-glycosidase activity
of PAP decreased on 'naked' rRNA by a factor of lOx compared to the native
substrate, confirming previous observations. Thus the results showed the influence of
r-proteins in increasing the efficiency of depurination, possibly because r-proteins
support a required rRNA conformation for PAP.

In the case of RTA, it was not possible to establish the differences between the
sensitivity of the substrates to RTA at a 1:1 m.r. (substrate: PAP) under TKMg
reaction buffer conditions. However, RTA activity has been reported both on a
synthetic oligoribonucleotide mimicking the 23S rRNA of E. coli ribosomes (Endo et

al.. 1991) and in mutants of the a-sarcin loop of Escherichia coli 23 S rRNA
(Marchant and Hartley, 1995). Furthermore, the Marchant and Hartley (1995) work
showed that the activity of both PAP and RTA was increased at least lOx in a reaction
buffer containing EDT A. This observation was consistent with the results presented by
Gluck and Wool, (1996) where they analysed the role of divalent cations and chelating
agents for RTA activity on a 35mers mimicking the a-sarcinlricin loop on 26S/28S
rRNA.

In order to establish the influence of ribosomal proteins on the efficiency of catalysis by
RIPs and in order to search for higher and consistent activity of both RIPs on the
substrates, the next step was to seek a reaction medium where those differences
between substrate sensitivity to RIPs would become more pronounced and consistent.
Chapter V analyses a series of reaction buffers for the RIPs N-glycosidase assay.

128

5. CHAPTER V:
THE INFLUENCE OF DIFFERENT REACTION BUFFER CONDITIONS
ON THE ACTIVITY OF RIPs ON BOTH
E. COLI RIBOSOMES AND 'naked' TOTAL rRNA
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5.1. Introduction
The majority of studies of RIP action on ribosomes in vitro, have been done in a buffer
(near physiological conditions) of 25mM TrislHCI pH 7.6, 25mM KCI and 5mM
MgCb and/ or 3mM Tris, 15mM NaCI, 3mM MgCb and 2.5mM EDTA (Endo et aI.,
1991; Gluck et aI., 1992). EDTA is added to reduce the concentration of Mg2+ to
approx. 0.5mM, thought to be the optimal concentration for RTA activity (Gluck and
Wool, 1996).

Gluck and Wool (1996) reinvestigated the dependence of RTA activity on Mg2+ and
chelating agents. A 35-mer oligoribonucleotide, mimicking the structure at the site of
action in ribosomes with 28S-like rRNA, was used for testing RTA activity and the
influence of divalent cations-chelating agents. Their results showed an absolute
requirement for Mg2+or Ca2+ and a significant stimulation of activity in the presence of
chelating agents. They showed also that RTAwas more active in the presence of
Ca2+than Mg2+ and in the presence of EDT A than EGT A. According to these results,
the divalent cation (Ca2+) and the chelating agent (EGT A) complex had no effect on
PAP activity, which is well characterised for having the same mechanism of action as
RTA, when the same synthetic 35-mers oligoribonucleotide was used as substrate.

The reduction of a-sarcin activity by 50% on the phosphodiester bond at G4325 in 28S
rRNA, when the Ca2+- EGTA complex was present, is also reported by Gluck and
Wool (1996) which may suggest that the complex affects the RTA as it did to a-sarcin
as their results suggested. Nevertheless,
oligoribonucleotide,

pre-treatments

on either RTA or of the

or of both, followed by the removal of the cation-chelator

complex, did not yield a preparation of either RT A or rRNA that was competent in the
N-glycosidase reaction. The addition of the cation-chelator

complex to pre-treated

RTA and/or on the rRNA as described above, resulted in efficient depurination (Gluck
and Wool, 1996). So far, the understanding of the influence of the divalent cationchelating agent on the N-glycosidase reaction by RIPs has not been reached.
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This research project seeks to investigate the influence of ribosomal proteins (r-proteins) on the
efficiency of catalysis by RIPs, and to search for higher and consistent activity of both RIPs,
PAP and RT A, on F.. coli ribosomes and their derivatives. The inclusion of EDT A, EGT A, the
influence of pH and fmally the inclusion of Ca2+ instead of Mg2+ in the reaction, were tested
using the methods of previous researchers (Endo and Tsurugi, 1988; Gluck et al., 1994; Gluck
and Wool, 1996). The influence of divalent cation-chelating agent on the activity of PAP and
RT A, with the E. coli ribosome, and its subparticles was analysed in vitro, using the same
basis that Gluck and Wool (1996) reported for the 35-mer synthetic oligoribonucleotide
mimicking the u-sarcin/ricin loop in 26/28S rRNA.

The E. coli ribosome and its derivatives were incubated with serial dilutions of PAP or
RTA and different combinations ofMg2+, Ca2+, EDT A and EGTA, were used.

5.2. The Influence of Divalent Cation - EDT A on PAP and RTA activity
Figure 12 compares the results of the activity of PAP on E. coli ribosomes and on
'naked' total rRNA in two reaction buffers: TKMg (25mM TrislHCI pH 7.6, 25mM
KCI, 5mM MgCh) (Endo and Tsurugi, 1987) and TNaMgEDT A (3mM Tris base,
15mM NaCl, 3mM MgCh, 2.5mM EDT A, pH 5.0) (Gluck and Wool, 1996).

Figure 12 (I), tracks 1-12 show the electrophoretic pattern of rRNA extracted from

E. coli ribosomes, following incubation with PAP in TKMg buffer (tracks 1-6) or
TNaMgEDT A buffer (tracks 7-12). A negative profile is equivalent to the positive
profile but it was chosen for presentation so that the results could be seen more clearly.
Figure

12 (II), tracks 1 ·10 show the rRNA extracted from the reaction mixture

containing 'naked' total rRNA after their respective incubation with the reaction buffer
and PAPin the same order than described for Figure 12 (I). In this case the positive
profile was sufficiently clear to be used (whereas the negative profile was very light).
Tracks 3-4, 9-11 (I), 3 and 8-9 (II) show the aniline fragment, produced from rRNA
cleavage by the activity of the aniline reagent after the PAP, N-glycosidase activity has
occurred.

The fragment is equivalent to that reported previously for a depurination at

position A2660 of 23S rRNA (Marchant and Hartley, 1994). The activity of PAP
towards E. coli ribosomes is > 1O-fold higher in TNaMgEDT A butTer than in TKMg
butTer.
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Figure 12.Comparative Results between the Activity of PAP on E. coli ribosomes and 'naked' Total
rRNA in both TKMg(a) and TNaMgEDTA(b) Buffers.
TKMg

TNaMgEDTA

(I)
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TKMg reaction buffer final concentration: 25mM TrisIHCl pH 7.6, 25mM KC1, and 5mM MgCh.
(b)TNaMgEDTA reaction buffer final concentration: 3mM Tris base, 15mM NaCl, 3mM MgCh, 2.5mM
EDTA final pH 5.0. Electrophoretic profile of extracted rRNA after incubation. 3J..Lgwere loaded onto a
1.2% agarose: formamide gel.
(I) PAP activity on E. coli ribosomes on TKMg (Tracks 1-6) and TNaMgEDT A (Tracks 7-12)
1. E. coli ribosomes
2. E. coli ribosomes + PAP
(1:1 m.r.)
3. E. coli ribosomes + PAP + aniline
(1:1 m.r.)
4. E. coli ribosomes + PAP + aniline
(1:0.1 m.r.)
5. E. coli ribosomes + PAP + aniline
(1:0.01 m.r.)
6. E. coli ribosomes + PAP + aniline
(1:0.001 m.r.)
7. E. coli ribosomes
8. E. coli ribosomes + PAP
(1:1 m.r.)
9. E. coli ribosomes + PAP + aniline
(1:1 m.r.)
10. E. coli ribosomes + PAP + aniline
(1:0.1 m.r.)
11. E. coli ribosomes + PAP + aniline
(1:0.01 m.r.)
12. E. coli ribosomes + PAP + aniline
(1:0.001 m.r.)
(II) PAP activity on 'naked' total rRNA on TKMg (Tracks 1-5) and TNaMgEDTA (Tracks 6-10)
1. 'naked' total rRNA
2. 'naked' total rRNA + PAP
(I: 1 m.r.)
3. 'naked' total rRNA + PAP+ aniline
(1:1 m.r.)
4. 'naked' total rRNA + PAP+ aniline
(1:0.1 m.r.)
5. 'naked' total rRNA + PAP + aniline
(1:0.01 m.r.)
6. 'naked' total rRNA
7. 'naked' total rRNA + PAP
(1:1 m.r.)
8. 'naked' total rRNA + PAP + aniline
(1: 1 m.r.)
9. 'naked' total rRNA + PAP+ aniline
(1:0.1 m.r.)
10. 'naked' total rRNA + PAP + aniline
(1:0.01 m.r.)
(a)

132

Figure

12 (II) shows that the activity of PAP on total rRNA was also approx.

higher the TNaMgEDTA
was present

buffer than in the TKMg buffer, since the aniline fragment

in a 1: lrn.r. (substrate:RIPs)

in both cases, but only with TNaMgEDTA

buffer it was possible to observe activity in a l:O.lm.r.(substrate:RIPs).
second and third extra-bands
on 16S rRNA (Tracks

IO-fold

can be seen, corresponding

8-9(11)) reported

by Marchant

Additionally,

to the depurination

and Hartley (1994),

a

at AlO14

which was

not shown when TKMg was the reaction buffer.

Figure

12 (I) and (II) show results which suggest that, besides the addition of EDT A

increasing PAP activity, the combination of this factor with the deproteinisation

of the

ribosomes, resulted in the activity of PAP on another, well characterised sensitive structure
centred on A!o14in 16S rRNA. These results differ from those of Gluck and Wool (1996) who
found

no difference

in PAP

activity

when

activity

was

assumed

on the

35-mer

oligoribonucleotide (mimicking the a.-sarcin/ricin loop in 26/28S rRNA) in the presence of the
divalent cation-chelating agent complex.

A possible explanation
by EDT A causes

for the increased

the partial

sensitivity could be that the depletion

dissociation

structure,

which in (I) renders the

contrast,

the RIP-sensitive

of the subunits

or some other

of Mg2+
ribosomal

o-sarcin/ricin loop more accessible to PAP action. In

site in 16S rRNA (AI014) is not made accessible

by the

treatment.

Figure 13 shows the comparative results between the activity ofRTA on E. coli ribosomes and
on 'naked' total rRNA in both reaction buffers, TKMg and TNaMgEDTA

as described for

Figure 12. Negative and positive profiles are equivalent to their positive and negative profiles
respectively on both cases but one or other were chosen for presentation so that the results
could be seen more clearly.

Tracks 1-4 and 5-8 show the electrophoretic pattern of rRNA extracted from reaction mixture
containing E. coli ribosomes and 'naked' total rRNA respectively in TKMg buffer. Tracks 912 and 13-16 show rRNA extracted from reaction mixture containing E. coli ribosomes and
from 'naked' total rRNA respectively in TNaMgEDTA buffer. Tracks 1,5,9,
control reaction in which either RTA or aniline treatments have been omitted.
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and 13 show the

Figure 13. Comparative

Results between the Activity of RTA on E. coli ribosomes and 'nakedt

Total

rRNA in both TKMg(·) and TNaMgEDTA(II) Buffers.

(a)

(b)
TKMgbuffer

TNaMgEDTA buffer
23 S
168

Aniline

fragment
58
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12345678

Track No.
<I>

two aniline fragments from
cloavago of 16S rRNA at GAIOl4GA

TKMg reaction buffer's final concentration: 25mM TrisIHCI pH 7.6, 25mM KCI, and 5mM MgClz.
1NaMgEDTA reaction buffer's final concentration: 3mM Tris base, 15mM NaCI, 3mM MgCh,
2.5mMEDTAfinal
pH 5.0
Electrophoretic profile of extracted rRNA after incubation. 3ILg were loaded onto a 1.2% agarose:
formamide gel.
(a) RT A activity on E. coli ribosomes and 'naked' total rRNA in TKMg buffer.
1. E. coli ribosomes
2. E. coli ribosomes + RTA
(1:10 m.r.)
3. E. coli ribosomes + RTA + aniline
(1:10 m.r.)
4. E. coli ribosomes + RTA + aniline
(1:1 m.r.)
5. 'naked' total rRNA
6. 'naked' total rRNA + RTA
(1:10 m.r.)
7. 'naked' total rRNA + RTA + aniline
(1:10 m.r.)
8. 'naked' total rRNA + RTA + aniline
(1:1 m.r.)
(b) RTA activity on E. coli ribosomes and 'naked' total rRNA in 1NaMgEDTA
9. E. coli ribosomes
10. E. coli ribosomes + RTA
(1:10 m.r.)
11. E. coli ribosomes + RTA + aniline
(1:10 m.r.)
12. E. coli ribosomes + RTA + aniline
(1:1 m.r.)
13. 'naked' total rRNA
14. 'naked' total rRNA + RTA
(1:10 m.r.)
15. 'naked' total rRNA + RTA + aniline
(1:10 mr.)
16. 'naked' total rRNA + RTA + aniline
(1:1 m.r.)
(a)

(b)
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Tracks 2, 6, 10 and 14 show rRNA extracted from the reaction mixture in their
respective reaction buffers with RT A (at a 1:10 substrate: RTA molar ratio) but
without aniline treatment.

Finally tracks 3-4, 7-8, 11-12, and 15-16, show the rRNA

extracted from the reaction mixture in their respective reaction buffers with RTA in a
1:10 and 1:1 (substrate: RT A) molar ratio, followed by aniline treatment.

Tracks 11 and 15 also show the aniline fragment, produced from the rRNA cleavage
by the aniline reagent after RTA, N-glycosidase activity. This fragment is equivalent to
a depurination at position A2660 of 23S rRNA already reported (Hartley et al., 1991;
Marchant and Hartley, 1994; Chaddock et al. 1996). Track 15 also shows a second
and third aniline fragment, which are equivalent to those reported by Marchant and
Hartley (1995), and which correspond to the depurination at AlO14of 16S rRNA.

The results suggest that the inclusion of EDTA in the reaction buffer increase RTA
activity on bothE. coli ribosomes and 'naked' total rRNA at least 10-fold compared to
the TKMg buffer. The results agree partially with those of Gluck and Wool (1996)
who showed that RTA had a low, but detectable activity on the 3S-mer synthetic
oligoribonucleotide in the presence of 5mM EDT A and 5-10mM MgCh. The detection
ofRTA activity onE. coli ribosomes is a novel finding.

It is noteworthy that the RTA activity on 'naked' total rRNA in a 1:10 m.r. reported
by Marchant and Hartley (1995), is also reported by Endo et al., (1991) (reviewed by
Hartley and Lord, 1993), where the 23S rRNA was the substrate for RTA activity. The
series of experiments was replicated (data not shown) confirming the activity of RT A
on both E. coli ribosomes and 'naked' total rRNA when EDTA was present.

In order to produce an EDT A buffer with a higher Mg2+ concentration, based on the
Mg2+ concentration of the TKMg buffer, a second set of tests were carried out on a
TNaMgEDTA*

(3mM Tris base, lSmM NaCl, SmM MgCh, 5mM EDTA pH S.O)

reaction buffer (data not shown). The results were similar to those for the original
TNaMgEDTA buffer (3mM Tris base, lSmM NaCl, 3mM MgCh, 2.SmM EDTA pH
5.0 as final concentration).

2T

Mg2+ was replaced by Ca

in the presence of EDT A according to Gluck and Wool

(1996) (Figures 14 and 15).

Figure 14 shows the comparative results between the activity of PAP on E. coli
ribosomes and on 'naked' total rRNA, in the reaction buffers, TKMg (25mM TrislHCI
pH 7.6, 25mM KCI, 5mM MgCh) and TNaCaEDTA (3mM Tris base, 15mM NaCl,
5mM CaCh, 5mM EDTA, adjusted pH 8.0 with NaOH).

Tracks 1-6(1), 7-12(11) show rRNA extracted from E. coli ribosomes, and tracks 1318(11) show rRNA extracted from 'naked' total rRNA incubated with PAP. Tracks
1(1), 7, 13 (II) are controls and refer to rRNA incubated without PAP. Tracks 9, 14(11)

contain the extracted rRNA acting as controls without adding the aniline reagent for
cleaving where depurination has occurred using PAPin

serial dilutions to give 1: 1,

1:0.1, 1:0.01 and 1:0.001 (where indicated) substrate: PAP molar ratios. Tracks 2-5(1)

and 8(11) show the aniline fragment from the molar ratios previously reviewed. Track
15 shows a non-specific cleavage-like profile ofrRNA by PAP, but where three major
bands, one at the reported position for A2660and two at the reported position for AlO14
depurination, can be seen.

The results shown in Figure 14 suggest that PAPin combination with Ca2+and EDT A
cause non-specific depurination. The generation of the 'smear' ofrRNA cannot be due
to RNase activity, since its formation is dependent on treatment with aniline.

The N-glycosidase

activity of RTA was also analysed in a Ca2+-EDTA buffer.

Figure 15 shows the comparative

results of RTA activity in both TKMg and

TNaCaEDTA buffers as described for Figure 14.

Tracks 1-12 in Figure 15(1), show the electrophoretic pattern ofrRNA extracted from
E. coli ribosomes, and tracks 1-12(11) show rRNA extracted from 'naked' total rRNA,

after their respective incubation either with:
a) only the reaction buffer as negative controls (tracks 1 and 7 from (I) and (II)
respectively),
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Figure 14. Comparative

Results between the Activity of PAP on E. coli ribosomes and 'naked'

rRNA in both TKMg(·) and TNaCaEDTA(b)

Buffers.
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TKMg reaction buffer final concentration: 25mM TrisIHCI pH 7.6, 25mM KCl, and 5mM MgCh.
TNaCaEDT A reaction buffer final concentration: 3mM Tris base, 15mM NaCI, 5mM MgCh,
5mM
EDT A (adjusted pH 8.0 with NaOH)
Electrophoretic profile of extracted rRNA after incubation 3~g were loaded onto a 1.2% agarose:
formamide gel.
(I) PAP activity on E. coli ribosomes on TKMg buffer
1. E. coli ribosomes
2. E. coli ribosomes + PAP + aniline
(1:1 m.r.)
3. E. coli ribosomes + PAP + aniline
(1:1 m.r.)
4. E. coli ribosomes + PAP + aniline
(1:0.1 m.r.)
5. E. coli ribosomes + PAP + aniline
(1:0.01 m.r.)
6. E. coli ribosomes + PAP + aniline
(1:0.001 m.r.)
(ll) PAP activity on E. coli ribosomes and on 'naked' total rRNA on TNaCaEDT A buffer
7. E. coli ribosomes
(1:1 m.r.)
8. E. coli ribosomes + PAP + aniline
(1:1 m.r.)
9. E. coli ribosomes + PAP
(1:0.1 m.r.)
10. E. coli n'bosomes + PAP + aniline
(1:0.01 m.r.)
11. E. coli ribosomes + PAP + aniline
(1:0.001 m.r.)
12. E. coli ribosomes + PAP + aniline
13. 'naked' total rRNA
14. 'naked' total rRNA + PAP
(1:1 m.r.)
15. 'naked' total rRNA + PAP + aniline
(1:1 m.r.)
16. 'naked' total rRNA + PAP + aniline
(1:0.1 m.r.)
17. 'naked' total rRNA + PAP + aniline
(1:0.01 m.r.)
18. 'naked' total rRNA + PAP + aniline
(1:0.001m.r.)

(a)

(b)
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Figure 15. Comparative

Results between the Activity of RTA on E. coli ribosomes and 'naked'

rRNA in both TKMg(a) and TNaCaEDTA(b)

Buffers.
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TKMg reaction buffer:final concentration: 25mM TrislHCl pH 7.6, 2SmM KCl, and SmM MgCh.
(b) TNaCaEDTA reaction buffer final concentration: 3mM Tris base, ISmM NaCI, SmM CaCh,
SmM
EDT A -adjusted pH 8.0 with NaOH·
Electrophoretic profile of extracted rRNA after incubation. 3~g were loaded onto a l.2% agarose:
formamide gel.
(I) RTA activity on E. coli ribosomes in TKMg (tracks 1-6) and in TNaCaEDTA (tracks 7-12)
1. E. coli ribosomes
2. E. coli ribosomes + RTA
(1:10 m.r.)
3. E. coli ribosomes + RTA + aniline
(1:10 m.r.)
4. E. coli ribosomes + RTA + aniline
(1:1 m.r.)
5. E. coli ribosomes + RTA + aniline
(1:0.1 m.r.)
6. E. coli ribosomes + RTA + aniline
(1:0.01 m.r.)
7. E. coli ribosomes
8. E. coli ribosomes + RTA
(1:10 m.r.)
9. E. coli ribosomes + RTA + aniline
(1:10 m.r.)
10. E. coli ribosomes + RT A + aniline
(1: 1 m.r.)
11. E. coli ribosomes + RTA + aniline
(1:0.1 m.r.)
12. E. coli ribosomes + RTA + aniline
(1:0.01 m.r.)
(ll) RTAactivity on 'naked' total rRNA in TKMg (tracks 1-6) and in TNaCaEDTA (tracks 7-12)
1. 'naked' total rRNA
2. 'naked'total rRNA + RTA
(1:10 m.r.)
3. 'naked' total rRNA + RTA +aniline
(1:10 m.r.)
4. 'naked' total rRNA + RTA + aniline
(1:1 m.r.)
S. 'naked' total rRNA + RTA + aniline
(1:0.1 m.r.)
6. 'naked' total rRNA + RTA + aniline
(1:0.01 m.r.)
7. 'naked' total rRNA
8. 'naked' total rRNA + RTA
(1:10 m.r.)
9. 'naked' total rRNA + RTA + aniline
(1:10 m.r.)
10. 'naked' total rRNA + RTA + aniline
(1:1 m.r.)
11. 'naked' total rRNA + RTA + aniline
(1:0.1 m.r.)
12. 'naked' total rRNA + RTA + aniline
(1:0.01m.r.)
(a)
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b) with RTA in a 1:10 m.r. as positive controls (tracks 2 and 8 from (I) and (II)
respectively),
c) also shown in the effect of the aniline reagent on rRNA from ribosomes and
'naked' rRNA incubated with RTA in serial dilutions of RTA to give 1: 10,
I: 1, 1: O.1 and 1: 0.01 substrate: RTA molar ratio (tracks 3-6 and 9-12 in (I)

and (II) respectively).
None of the tracks 1-12 (I) shows the aniline fragment, although tracks 8 and 9 (II),
show a smear-like pattern, similar to the track 15(11) on Figure 14 where PAP was
tested for N-glycosidase activity on 'naked' total rRNA in a TNaCaEDTA buffer.

Figure 15, tracks 9 and 10, show three aniline fragments resulting from the
depurination of23S rRNA at A2660 and 16S rRNA at AlO14. A similar pattern was seen
when RTA was assayed on 'naked' total rRNA (Figure 13). However, the activity in
the buffer containing EDT NCa2+ seems to be similar to the buffer containing Mg2+.
The characteristics of tracks 9 and 10, are similar to those shown in Figure 12 (tracks
8 and 9 for PAP activity of 'naked' total rRNA in a Mg2+-EDTA buffer solution).
However, the electrophoretic pattern in tracks 9 and lOis not as clear and strong as
the pattern produced in the assay using PAP.

The activity of both PAP and RTA is approx. 0 to IO-fold higher in the TNaCaEDTA
buffer than in the TKMg buffer. There is agreement with Gluck and Wool (1996) in
that the EDTA-divalent

cation enhances RTA action. However, Gluck and Wool

(1996) reported that the EDT A-divalent cation complex, in contrast to the findings
presented here, did not enhance the activity of PAP. The experimental systems were
not directly comparable, since Gluck and Wool (1996) used the synthetic 35-mer
oligoribonuc1eotide as their substrate.

5.3. The Influence ofCa2+-EGTA on PAP and RTA activity
PAP and RTA activity were tested using the EGTA - divalent cation reaction buffer. Figure 16
shows the comparative results between the activity of PAP on E. coli ribosomes and 'naked'
total rRNAs in both TKMg (described previously) and TNaCaEGTA (3mM TrislHCI pH 7.6,
15mMNaCI, 5mM eaCh and 5mM EGTA -adjusted pH 8.0 with NaOH-).
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Figure 16. Comparative Results between the Activity of PAP on E. coli ribosomes and 'naked' Total
rRNA in both TKMg(·) and TNaCaEGTA(b) Buffers.
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TKMg reaction buffer final concentration: 25mM TrislHCI pH 7.6, 25mM KCl, and 5mM MgCh.

TNaCaEGTA reaction buffer final concentration: 3rnM Tris base, 15mM NaCl, 5rnM MgCh, 5mM
EGTA (adjusted pH 8.0 with NaOH)
Electrophoretic profile of extracted rRNA after incubation. 3J.1gwere loaded onto a 1.2% agarose:
formamide gel.
(1) PAP activity on E. coli ribosomes in TKMg (tracks 1-5) and TNaCaEGTA (tracks 6-10)
1. E. coli ribosomes
2. E. coli ribosomes + PAP
(1:1 DU.)
3. E. coli ribosomes + PAP + aniline
(1:1 mr.)
4. E. coli ribosomes + PAP + aniline
(1:0.1 m.r.)
5. E. coli ribosomes + PAP + aniline
(1:0.01 mr.)
6. E. coli ribosomes
7. E. coli ribosomes + PAP
(1:1 mr.)
8. E. coli ribosomes + PAP + aniline
(1:1 mr.)
9. E. coli ribosomes + PAP + aniline
(1:0.1 m.r.)
10. E. coli ribosomes + PAP + aniline
(1:0.01 m.r.)
(IT) PAP activity on 'naked' total rRNA in TKMg (tracks 1-6) and TNaCaEGTA (tracks 7-12)
1. 'naked' total rRNA
2. 'naked' total rRNA + PAP
(1:1 m.r.)
3. 'naked' total rRNA + PAP + aniline
(1:1 mr.)
4. 'naked' total rRNA + PAP + aniline
(1:0.1 m.r.)
5. 'naked' total rRNA + PAP + aniline
(1:0.01 m.r.)
6. 'naked' total rRNA + PAP + aniline
(1:0.001 mr.)
7. 'naked' total rRNA
8. 'naked' total rRNA + PAP
(1:1 m.r.)
9. 'naked' total rRNA+ PAP+ aniline
(1:1 m.r.)
10. 'naked' total rRNA + PAP + aniline
(1:0.1 m.r.)
11. 'naked' total rRNA + PAP + aniline
(1:0.01 m.r.)
12. 'naked' total rRNA + PAP + aniline
(1:0.001m.r.)
(b)
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buffers. Tracks 1-5 (I) and 1-6 (II) show a representative set of the differences of PAP
activity on native E. coli ribosomes and deproteinised rRNA obtained throughout the
whole research project, where deproteinisation results in at least 10-fold less activity of
PAP in the TKMg reaction buffer than in the TNaCaEGT A buffer.

There was no difference in PAP activity between the two assays using E. coli ribosome
as substrate with TKMg and with TNaCaEGT A reaction buffers (Tracks 1-10(1». This
result was different from that obtained in Figure 14 where the Ca2+-EDTA inclusion
was assayed. The Ca2+-EDTA affected the PAP activity on 'naked' rRNA to the extent
of having a smeared profile indicative of a non-specific depurination in a 1:1 substrate:
PAP m.r. This suggests that Ca21 and EDT A influence PAP activity when the rproteins are present, but Ca2+and EGT A do not.

Tracks 6-10 (I) and 7-12 (II) show the PAP activity on both substrates (E. coli
ribosomes and 'naked' total rRNA respectively) but now with the inclusion of Ca2>EGT A. Tracks 8-9 (I) and 9-10 (II) show the aniline fragment characteristic of the
depurination on A2660.Additionally tracks 9 and 10 (II) show the two aniline fragment
characteristic of a depurination at position AlO14.These aniline fragments appeared
with the Ca2+-EDT A inclusion at the same substrate RIP molar ratio, but it was at least
lO-fold more sensitive with Ca2+-EGT A, although the aniline fragments' bands were
much less strong than when the Mg2+-EDT A reaction buffer was included (Figure 12).
Moreover, the profile of track 9 (II) Figure 16 and track 9 (II) Figure 14 show the
non-specific depurination tendency. This suggests that Ca2+ in the presence of EDT A
or EGT A alters the target site specificity of PAP, so it becomes less stringent.

The N-glycosidase activity of RT A was assayed with Ca2+

-

EGT A. Figure 17 shows

the comparative results of the activity ofRTA on 'naked' total rRNAs in both TKMg
(tracks
three

1-4), and TNaCaEGT
aniline fragments,

and two to a depurination

A (tracks

5-9). The tracks

which correspond:

one to a depurination

at A1014. The combination
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7 and 8 show the

of Ca2+_

at A2660

Figure 17. Comparative
and TNaCaEGTA(l»

Results between the Activity of RTA on 'naked'
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TKMg reaction buffer final concentration: 25mM lrislHCl pH 7.6, 25rnM KCl, and 5mM MgCh.
TNaCaEGf A reaction buffer final concentration: 3rnM Iris base, 15rnM NaCl, 5rnM eaCh,
5mM
EOT A -adjusted pH 8.0 with NaOHElectrophoretic profile of extracted rRNA after incubation 3 J,1g were loaded onto a l.2% agarose:
formamide gel.
(a)

(b)

RIA activity on 'naked'
1. 'naked' total
2. 'naked' total
3. 'naked' total
4. 'naked' total
5. 'naked' total
6. 'naked'total
7. 'naked' total
8. 'naked'total
9. 'naked' total

rRNA in TKMg (tracks 1-4) and in TNaCaEGTA (tracks 5-9)
rRNA + RIA + aniline
(1:10 m.r.)
rRNA + RIA + aniline
(1:1 DU.)
rRNA + RIA + aniline
(1:0.1 m.r.)
rRNA + RIA + aniline
(1:0.01 m.r.)
rRNA
rRNA + RTA
(1:10 m.r.)
rRNA + RIA + aniline
(1: 10 m.r.)
rRNA + RIA + aniline
(1:1 m.r.)
rRNA + RIA + aniline
(1:0.1 m.r.)
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EGTA shows a more degraded rRNA profile, suggesting non-specific depurination.
2f
Two additional aniline fragments compared with when Ca -EDT A was present are
superimposed on this 'smear'. The above result was also similar to that obtain by PAP
under the same conditions (Figure 16).

Gluck and Wool ( 1996) showed
oligoribonucleotide,

that RTAwas
more active on the 35-mer
in Ca2+ -EGT A than Ca2+ -EDT A, even when the EGT A

concentration was higher than that of Ca2+. This did not occur when EDT A was in
excess and could explain why in a 5mM Ca2+- 5mM EGTA buffer, the rRNA
electrophoretic profile showed a tendency to non-specific depurination. This did not
happen for a 5mM Ca2.,. -5mM EDT A buffer, unless activity on 'naked' total rRNA. A
possible explanation

might be that the divalent cation-chelating

agent complex

enhances both RTA and PAP activity. In the absence of r-proteins both complexes
(Ca2~/chelating agent) permit non-specific depurination.

5.4. The Influence of Ca2+ instead of Mg

2+

on PAP and RTA activity

Since analysis has established that the activity of PAP and RTA in different Mg2+ and
Ca2'_ chelating agent- containing buffers differed the effects of the replacement of
Mg2+with Ca2+ was assayed in 'near physiological' buffers lacking chelating agents.

Figure 18 shows the results of the activity of PAP on E. coli ribosomes and 'naked'
total rRNA in TKCa buffer (25mM Tris/HCI pH 7.6, 25mM KCI and 5mM CaCh)
instead ofTKMg buffer described previously.

Figure 18 shows rRNA extracted from reaction mixture containing E. coli ribosomes
(tracks 1-6) and 'naked' total rRNA respectively (tracks 7-12), following incubation
either:
a) with the reaction buffer alone as negative controls (tracks 1 and 7),
b) with PAPin a 1:1 m.r. as non-aniline controls (tracks 2 and 8), or
c) with added aniline reagent for cleaving where depurination has been effected
by PAP in serial dilutions of PAP to give 1:1, 1:0.1, 1:0.01, and 1:0.001 (where
indicated) substrate: PAP m.r. (tracks 3-6 and 9-12).
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Figure 18. Comparative Results between the Activity of PAP on E. coli ribosomes and 'naked' Total
rRNA in TKCa.

E. coli Ribosomes

2

3

4

5

'naked' total rRNA

6
7
Track No.

8

9

10 11 12

cl>

two aniline ftagmenlll from
cleavage of 16S rRNA at GA1014GA

TKCa reaction buffer final concentration: 25mM TrislHCl pH 7.6, 25mM KCI, and 5mM cso,
Electrophoretic profile of extracted rRNA after incubation 3IJ.g were loaded onto a 1.2% agarose:
formamide gel.
PAP activity on E. coli ribosomes (tracks 1-6) and on 'naked' total rRNA (tracks 7-12), on a TKCa
Buffer.
1. E. coli ribosomes
2. E. coli ribosomes + PAP
(1:1 mr.)
3. E. coli ribosomes + PAP + aniline
(1:1 m.r.)
4. E. coli ribosomes + PAP + aniline
(1:0.1 m.r.)
5. E. coli ribosomes + PAP + aniline
(1:0.01 mr.)
6. E. coli ribosomes + PAP + aniline
(1:0.001 mr.)
7. 'naked' total rRNA
8. 'naked' total rRNA + PAP
(1:1 m.r.)
9. 'naked' total rRNA + PAP + aniline
(1:1 m.r.)
10. 'naked' total rRNA + PAP + aniline
(1:0.1 m.r.)
11. 'naked' total rRNA + PAP + aniline
(1:0.01 m.r.)
12. 'naked' total rRNA + PAP + aniline
(1:0.001 mr.)
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Tracks 3-5 and 9 in Figure IS, show the aniline fragment, produced from the rRNA
cleavage by the aniline reagent, where the PAP's N-glycosidase activity is equivalent to
that reported for a depurination at position A2660 of 23S rRNA. Track 9 on the other
hand, also shows a second and third aniline fragment corresponding to the typical
electrophoretic

profile of N-glycosidase activity at AI014 on 16S rRNA. Figure

IS

shows a marked difference between the activity of PAP on a native E. coli ribosomes
and on a deproteinised rRNA substrate. The activity of PAP on 'naked' total rRNA is
reduced by approximately

lOO-fold compared to the activity of PAP on E. coli

ribosomes, since there is only an aniline fragment when 1:1m.f. 'naked' rRNA: PAP
(Track 9), and there are aniline fragments at 1:1, 1:0.1 and 1:0.0Im.r.

E. coli

ribosomes: PAP (Tracks 3-5).

Finally, it was tested the activity ofRTA on E.coli ribosomes and 'naked' total rRNA in
TKCa buffer (as reported for Figure IS) instead of TKMg buffer described previously
(refer forward to data presented in Chapter 6, Figure 26 -tracks 1-5- and Figure 27 tracks 1-5-). It was observed that RTA showed not activity on nativeE. coli ribosomes
but activity on 'naked' total rRNA. For the activity on 'naked' total rRNA, it was
observed the presence of three aniline fragments, one equivalent to those reported for a
depurination at A2660 of 23 S rRN A and two additional fragments equivalent to those
reported for depurination at position AlO14of 16S rRNA.

5.5. Summary of the EtTect of Divalent Cation-Chelating
Cation Substitution
on 'naked'

Agent Complexes and

on N-glycosidase Activity on E. coli Ribosomes and

total rRNA

Table S summarises the data gathered from the analysis and shows the results of the
RIPs, PAP and RTA, on E. coli ribosomes and 'naked' total rRNA under the several
reaction buffer conditions for the N-glycosidase activity during a 30min incubation
period at 37°C. The serial dilutions of RIPs concentration is shown, and the code of x,
0,

#, - is also establish at the foot of the table. The colours red and green of the 'X's

refer to 23S rRNA (A266o) and to 16S rRNA (AI014)depurination, and/or 23S rRNA
depurination respectively where it is indicated. Ca2+ / Mg2+ substitution results are also
given.
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Table 8. Influence of the Reaction ButTer: PAP and RTA activity on E. coli
ribosomes and 'naked' total

rRNA.

REACTION BUFFER INFLUENCE:
PAP and rRTA sensitivity on E.coli ribosomes and 'naked' rRNA
Substrate : RIPs
molar ratio (m.r.)

E. coli Ribosomes

total rRNA

Buffer composition

rRTA

PAP
Huffer

Composition

1:1 1:0.1 1:0.01 1:0.001 10:1

TKMg

25mM TwCI pH 7.6,
25mM KO, 5mM MgCIz

XX

XX

0

0

TKCa

25mM TwCI pH 7.6,
25mM KO, 5mM CaCh

XXX

XX

XX

X

XX

XX

X

X

#

#

- - -

JlmM Tris base, 15mM N aCI,
TN aMgEDTA 3mM MgCIz. 2.5mM EDTA
mM Tris base, 15mM NaCI,
TNaMgEDTA 5mM MgCh, 5mM EDTA

0
0
X

1:1

1:0.1 1:0.01 1:0.001 10:1

0

X

0

- -

X

0

1:1

1:0.1 1:0.01

0

0

0

rRTA

PAP

0

1:1

1:0.1 1:0.01

0

0

0

0

0

- - -

X

X

- -

X

0

0

XXX

X

- -

0

0

0

UXX

XX

0

0

-

-

XXX

X

-

0

0

-

-

U

0

0

0

XXX

-

-

-

-

0

TNaMgEDTA

~MTrislCl
pH 7.6, ISmMN.a,
SmM ~2.SmM
EDTA

XX

X

TNaCaEDTA

pmMTrislCl pH 7.6, 15mMN.a,
SmM OCI2,SmMEDTA

#

0

0

0

#

- -

-

u

0

0

0

UXX

X

0

0

pmMTrislCl pH 7.6, ISmMN.a,
SmM 0CI2,5mMEGTA

X

X

0

0

0

0

0

U

XX

0

0

U

XX

0

0

TNaCaEGTA

0

X = Slightly active
- = Not determined
XX = Active
# = Non-specific depurination products
XXX = Very active
X = 23S rRNAdepurination
0= No activity
X = 23S and 16S rRNA depurination
u = Active, but also giving non-specific depurination products
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a) The N-glycosidase

activity of PAP

IS

10-100 fold greater on E', coli

ribosomes than on 'naked' rRNA.
b) Contrary results were obtained for RTA. This means that ribosomal
proteins in native E. coli ribosomes, seem to protect the rRNA from the
N-glycosidase activity ofRT A.
c) The inclusion of a divalent cation - chelating agent complex into the
reaction

buffer,

result

in a depurination

similar to

a non-specific

depurination, showing the three additional aniline fragments corresponding
one to A2660 and two of them to AI014 depurination

activity, when

deproteinised rRN A is the substrate for both PAP and RTA.
d) The non-specific depurination is related to the inclusion of EOT A-Ca2+.
However, the visualisation of discrete fragments, resulting from depurination in
A2660 in 23S rRNA and AI014 in 16S rRNA show that these sites are still
preferential target sites for both PAP and RTA N-glycosidase activity.
The single replacement of Mg2-tby Ca2+in a near physiological reaction buffer (25mM
TrislHCI pH 7.6, 25mM KCI and 5mM CaCho pH 7.6) was enough to produce a clear
profile of the RIPs' activity on both native and deproteinised E. coli ribosomes. PAP is
more active on E. coli ribosomes but less active on 'naked' rRNA, whereas RTA
remain inactive on ribosomes, but shows and increased activity on 'naked' rRNA with
a TKCa buffer.

The finding that high concentrations of Mg 2+can partially overcome the inhibition of
protein synthesis in both e-sarcin- and ricin- modified ribosomes (Cawley et al., 1979;
Terao et al., 1988) could mean that the alterations in conformation could be partially
reversed by this ion. Presumably it could occur through the formation of salt bridges
between neighbouring phosphate groups in the rRNA backbone (Cawley et al., 1979;
Terao et al., 1988; Pan et al., 1993). The results presente here support this hypothesis
for Mg2+, and for Mg2+-EOTA, but not for Ca2+ or Ca2+_ EOTA or EGTA in the
absence of Mg 2+.
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5.6. Conclusions
The aim of this chapter was to establish the conditions under which RIPs are more active on
one substrate than another, in order to study the role of the r-proteins on the activity on
ribosomes. Based on the observations of Marchant and Hartley (1995) and Gluck and Wool
(1996) about the enhancement of RIPs' activity in the presence of EDTA, the experiments

reported here showed results from the utilisation of seven buffers, with a basic pH 7.6-8.0
(near physiological conditions). Each of the buffers was different, both in the nature and
concentration of cations and in the presence or absence of a chelating agent. The differences
found were attributed to the combination of r-proteins and the nature of the buffers, both of
which together exerted an influence. The conditions among the reaction buffers were varied on
a controlled basis for this purpose. Acidic pH could enhance the activity of RTA (Marchant
and Hartley, 1994) and it could alter the influence ofr-protein on changing sensitivity. On the
same way, ionic strength as maintained in order to no affect the structure of native ribosome
(eg. by unlikely deproteinisation). No main effect was observed.

It was found that the use of divalent cation: chelating agents effectively increased the
RIP activity on the substrates and even in some cases, allowed a non-specific
depurination. Results showed that under specified conditions, the r-proteins exert an
important influence on the sensitivity of the substrates to the RIP's activity. PAP in all
cases showed higher activity on the native E. coli ribosomes compared to the
deproteinised

rRNA substrates. Contrary results were found in the case of RTA

activity, where, as has been suggested previously, r-proteins seem to playa protective
role for RTA action (Endo and Tsurugi, 1987). In all cases, RTA appeared to be more
active on the deproteinised

rRNA substrate than on native E. coli ribosomes.

However, it is important to notice that the effect of the depletion of Mg2+ both by
lowering its concentration by the addition of a chelating agent, and even more by
substituting another divalent cation, Ca2+, was to enhance the RIP activity, and to
make clearer the effect of the r-proteins on the sensitivity of the substrate to the RIPs.
Thus, TKCa buffer was chosen to carry out the following experiments, where, once the
ability of the reaction buffer to influence the activity of PAP and RT A consistently was
established, it became possible to pursue the main objective of this research, the
analysis of the influence of the r-proteins on RIPs' activity. This project is described in
the following chapters.
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6. CHAPTER VI:
THE INFLUENCE OF RIBOSOMAL PROTEINS ON
RIPs-SUBSTRATE SENSITIVITY
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6.1. Introduction
The in vitro dissociation ofrRNAlr-proteins

and their re-assembly has been one of the

biggest steps in the characterisation of ribosomes and their components. The discovery
of the self-assembly phenomenon of the ribosomal subunits is a result of the success in
the reconstitution of E. coli 30S and 50S subunits (Maruta et al., I97I~ Nierhaus and
Dohme, 1974~ reviewed by Nomura, 1990). Successful reconstitution was achieved
using a two step incubation method.

Partial and total deproteinisation procedures have also been established as a means of
investigating the interaction of rRNA and r-proteins. Nierhaus (1990) reported the
basis and methodology for the deproteinisation procedure. His results are based on the
fact that ribosomal proteins can be split off from the ribosome with salt solutions in
such a way that the higher the ionic strength, the more proteins are split off. The
phenomenon has been called the 'all-or-nothing'

phenomenon. For distinct values of

the ionic strength, proteins appear together in-groups, in the split fractions with
increasing Nl4CI, LiCI and LiCVacetic acid concentration. Figure 19 shows the result
of the treatment of 50S subunits by 1.5M Nl4Cl. R-proteins LI, L5, L6, L7, LlO,
Lll, LI6, L25, L31 and L33 are removed, leaving the P37 subparticle. Increasing the
salt concentration (3.5M LiCI) splits off additional r-proteins L9, LI4, LIS, LI6, LI9,
L24, L27, L28, L30 and L32, leaving the 3.5 core subparticle. Finally L2, L3, L4, Ll3,
LI7, L20, L23, L29 and L34 are removed with the addition of 66% HAc, leaving
'naked' rRNA. The sequence in which the ribosomal proteins can be split off roughly
reflects the inverse order of the incorporation

of proteins during the course of

ribosome assembly.

The results shown in previous Chapters suggest that the difference in sensitivity of the
E. coli ribosomes to PAP and RT A is mostly due to ribosomal proteins, these increase
the sensitivity of the a-sarcinlricin loop to PAP, but inhibit the action of RT A. It is
therefore

pertinent

to ask which groups

of r-proteins

are responsible

for the

stimulatoryfmhibitory effects on PAP and RTA action. As a first, crude approach to
these questions, it was decided to examine the RIP sensitivity of various su6particles of
the 50S subunit.

ISO

Figure 19. General methodology for partial and total deproteinization of SOS
subunits from E. coli ribosomes proposed by Nierhaus (1990).
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6.2. The E. coli Ribosomal Subunits: Their Preparation
Throughout history, the results of studies of the behaviour of ribosomes in the absence
of magnesium (removing by dialysis against EDT A) have suggested that the 70S
ribosome is dissociated into its 50S and 30S subunits.

Nierhaus, (1990) reported a general protocol for the isolation of 50S subunits with
intact 23S rRNA. This general protocol (section 2.5.5.1.) is based on the fact that
ribosomes are separated by centrifugation, once the ribosomes are diluted in a low
Mg2> concentration buffer, and the subunits equilibrated through the constant amount
of spermidine and spermine which are shown to stabilize the dissociated subunits

Nierhaus's (1990) (section 2.5.5.1.) general protocol was applied to E. coli DHI
ribosomes in a first attempt at dissociation. E. coli DH 1 ribosomes were obtained as
described in section 2.5.3. Standardisation of centrifugation was carried out in order to
separate the ribosomal subunits, varying speed and/or time. Nevertheless, the results
showed that there was not a proper separation of the subunits under those conditions
(data not shown).

Spirin (1986 and 1990) also summarised the effect of Mg2+ removal and ionic strength
on the dissociation of E. coli ribosomes, i.e. dissociation of the 70S ribosomes into
30S and 50S ribosomal subunits. Magnesium ions are required for particle stability and
if their concentration in the medium falls below a critical level, dissociation of the
ribosome into two unequal subunits is induced. Moreover, a personal communication
with Dr. D.E. Bochkariov (former collaborator of Dr. A. Spirin) confirmed that the
depletion of the magnesium concentration was sufficient to obtain the dissociation of
E. coli ribosomes. Thus, further attempt at the dissociation of ribosomes was carried
out according to Bochkariov methodology, described in section 2.5.5.2.

Figure 20 shows the sedimentation profiles of the dissociated subunits of E. coli
ribosomes applied to sucrose gradients (5-25%) as described in section 2.5.5.2. Figure
20(a) shows the sedimentation profile of the dissociated subunits after layering 10.Smg
of E. coli ribosomes onto the sucrose gradient. Even after increasing the time and
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Figure 20. Comparative sedimentation profiles of E. coli ribosomes, dissociated
subunits with different quantities of layered ribosomes on sucrose
gradient (5-25% w/w).

(a)

(b)

IO.5mg E. coli ribosomes, dissociated subunits (a) and 4mg E. coli ribosomes dissociated subunits (b),
were fractionated through 5-25% w/w sucrose gradient and the absorbance across the gradients was

measured.
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speed of centrifugation (data not shown) it was not possible to obtain a sharp sedimentation
profile. Figure 20(b) shows the sedimentation profile of dissociated subunits after layering
4mg of E. coli ribosomes onto the sucrose gradient. Following the conditions for subunit
separation stated previously, a sharp profile of the dissociated subunits was obtained.

Having established the final condition for E. coli ribosomes dissociation into 50S and
30S subunits, rRNA extraction from the subunits was carried out in order to obtain an
electrophoretic profile of 23S and 16S rRNA extracted from 50S and 30S subunits
(Figure 21) respectively. Tracks 1-6 show rRNA extracted from 50S subunits. Tracks
7-12 show rRNA extracted from 30S subunits. Track B shows rRNA extracted from
70S ribosomes. Tracks 1-6 show the 23S rRNA and the 5S rRNA profile with the
additional five bands produced by 23S rRNA degradation. Track 2 shows the lack of
23S and 5S rRNA probably

produced

due contamination

with RNase.

None

differences between Tracks 1, 3-6 are shown. Tracks 7-12 show the 16S rRNA profile
showing only a small amount of degradation (none differences are shown between
tracks 7-12).

Because only small quantities of dissociated subunits were obtained, preparative
'zonal' ultracentrifugation was proposed (section 2.5.5.3.).

Figure 22(a) shows the sedimentation profile of dissociated ribosomes separated by
'zonal' centrifugation, carried out at Max-Plank Institut fur Molekulare Genetiks at
Berlin. Figure 22(b) shows the electrophoretic profile of rRNA extracted from the
50S and the 30S subunits. 1.51lg of each of the extracted RNAs were loaded onto a
1.2% agarose: formamide gel (section 2.7.1.), in order to confirm the dissociation of
the ribosomes

and assess the purity of the

electrophoretic

profile of rRNA extracted

subunits.

Tracks

1-3 show the

from 50S subunits (none differences

between Tracks 1-3 are shown). Tracks 4-6 show the electrophoretic

profile of

extracted 16S rRNA from 30S subunits (none differences between Tracks 4-6 are
shown). All tracks show more degradation of their respective rRNAs than previous
profiles, which may be because the solutions used for the preparation of sucrose
gradients were filtered only instead of being filtered and sterilised as previously.
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Figure 21. Electrophoretic profile of RNA extracted from E. coli ribosomes and
subunits.

50S subunit

30S subunit

70S
23 S
16 S

ss
2

3

4

5

6

7

8

9

10 11 12

B

Track No.

o
o
o

Electrophoretic profile of RNA extracted from sucrose density gradient fractions containing the E. coli
50S and 30S subunits. 4-51lg were loaded onto a 1.2% agarose: formamide gel.
RNA extracted from 50S subunit (tracks 1-6), 30S subunit (tracks 7-12) and from total E. coli
ribosomes as control (track B)
Note: There are not differences between tracks 1-6, but they are numbered and analysed according to
the fraction where they were pooled. Same consideration applies to tracks 7-12.
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Figure 22. Sedimentation profile(a)and electrophoretic profile(b)of RNA
extracted from E. coli 50S and 30S subunits fractionated by preparative
'zonal' ultracentrifugation.

(a)

50S

(b)

a)
b)

o

30S
-

23S

-

16S

-

5S

15000A260 of E. coli ribosomes were dissociated on sucrose gradient by preparative 'zonal'
ultracentrifugation.
Electrophoretic profile from extracted RNA after E. coli ribosomes dissociation into 50S and 30S
subunits by 'zonal rotor'. RNA extracted from 50S subunits (tracks 1-3) and from 30S subunits (traks
4-6). 151lg were loaded onto a 1.2% agarose: fonnamide gel.
Note: There are not differences between tracks 1-3, but they are numbered and analysed according to
the fraction where they were pooled. Same consideration applies to tracks 4-6.
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As predicted, the preparative 'zonal' ultracentrifugation yielded 12650A26050S
subunits and 3200A26o30S subunits from 15000A26ounits of E. coli ribosomes. The
above quantities are equivalent to approximately 500mg of rRNA from the 50S subunit
and 150mg of rRNA from 30S subunits obtained in one preparative 'zonal'
ultracentrifugation, compared with a hundred-fold lower yield obtained on tube
gradients described previously.

In addition, the isolation of the total proteins from 70S E. coli ribosomes, 50S and 30S
subunits were carried out according to Nierhaus (1990). Figure 23 shows the 2D
electrophoretic profile (section 2.2.3.) of r-proteins from 70S E. coli ribosomes, and
50S and the 30S subunits, required to examine the influence of 50S subunit r-proteins
(TP50) on RIPs' activity, described in the following Chapter. The 2D-gels show clear
profiles of r-proteins from the different samples and the positions of the r-proteins in
the 2D electrophoretic pattern, are comparable to those presented by Nierhaus's and
Franceschi's group for E. coli ribosomes and comparable to those presented by Geyl et
al. (1981).

6.3. The Influence of Ribosomal Proteins on RIP activity
The replacement of Mg2+by Ca2+in the near physiological TKMg reaction buffer,
resulted in higher activity of PAP on native E. coli ribosomes and lower on 'naked'
rRNA. In the Ca2+ buffer, the activity on native 70S ribosomes was approx. lOO-fold
higher than on 'naked' total rRNA (Figure 18). The work detailed in this Chapter
follows the influence 9f r-proteins on the rRNA N-glycosidase activity by the RIPs,
PAP and RTA, through partial and total deproteinisation of the subunits. The
experiments were carried out using the TKCa reaction buffer in all cases unless
oth~.

stated.

Figuft 24 sholn:~e
,,_,'",'

comparative results of the activity of PAI' on E. coli 70S
.~

ribosomes..ut'J(}S·&mci30S subUDits.Tracks 1, 6 and 11 are negative controls and
refer to the. substrateS incubated withorlt::PAP. Tracks 2, 7 and 12 contain the
extracted rRNA from the different' substrates, incubated with PAP at a 1:1 m.r. but
without the anilinetreatment. Finally, tracks 3-5,8-10 and 13-15 contain the extracted
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Figure 23. 2D electrophoretic

profile of TP70(a) , TP50(b) and TP30(c) from E. coli 70S

ribosomes and 50S and 30S subunits prepared

by 'zonal' centrifugation.

(a)

(b) ~

2D electrophoretic profile of TP70(a), TPSO(b) and TPJO(e) from E. coli 70S and 'zonal rotor'
dissociated subunits as described by Nierhaus (1990). ( sections 2.2.3, 2.2.3.1. and 2.2.3.2.).
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Figure 24. PAP activity on E. coli ribosomes and their respective SOS and lOS
subunits.
E. coli Ribosomes

50S subunits

30S subunits
238
16 S

Aniline
fragment
58

1 2 3 4

5 6 7 8 9 10 11 12 13 14 15
Track No.

Electrophoretic profile of extracted rRNA after incubation. 3~g were loaded onto a 1.2% agarose:
fonnamide gel. TKCa reaction buffer's final concentration: 25mM TrislHCI pH 7.6, 25mM KCI, and 5mM
CaCh
PAP activity on E. coli ribosomes (tracks 1-5), 50S subunits (tracks 6-10) and 30S subunits (tracks 11-15):
1. E. coli ribosomes
2. E. coli ribosomes + PAP
(1:1 m.r.)
3. E. coli ribosomes + PAP + aniline
(1:1 m.r.)
4. E. coli ribosomes + PAP + aniline
(1:0.1 m.r.)
5. E. coli ribosomes + PAP + aniline
(1:0.01 m.r.)
6. 50S subunit
7. 50S + PAP
(1:1 m.r.)
8. 50S + PAP+ aniline
(1:1 m.r.)
9.50S+PAP+aniline
(1:0.1 m.r.)
10. 50S + PAP + aniline (1:0.01 m.r.)
11. 30S subunit
12. 30S + PAP (1:1 m.r.)
13. 30S + PAP + aniline (1:1 m.r.)
14.30S+PAP+aniline
(1:0.1 m.r.)
15. 30S + PAP + aniline (1:0.01 m.r
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rRNA from the different substrates incubated with PAP and with the addition of the
aniline reagent for cleaving where depurination has occurred using PAPin

serial

dilutions of PAP to give 1: 1, 1:0.1 and 1:0.0 1 (where indicated) substrate: PAP molar
ratios.
Tracks 3 and 8-10 show the aniline fragment produced from the rRNA cleavage by the
aniline reagent, once the PAP's N-glycosidase activity has taken place. The fragment is
equivalent to that reported for a depurination at position A2660 of 23S rRNA. As
expected, none of the rRNA samples extracted from the 30S subunits showed aniline
fragments. The activity of PAP on the 50S subunit is between 10 and lOO-fold higher
than on the 70S ribosome.

Figure 25 shows the comparative results of the activity of PAP on 'naked' rRNAs.
Tracks 1-5 show the electrophoretic

pattern of rRNA extracted from 'naked' total

rRNA after their incubation:
a) with the reaction buffer alone as negative control (track 1)
b) with PAPin 1:1 m.r., but without aniline treatment (track 2)
c) with added aniline reagent for cleaving where depurination has been effected by
PAP at substrate: PAP molar ratios of 1:1, 1:O.1 and 1:0.0 1 (where indicated)
(traeks 3-5)

In the same way tracks 6-10 and 11-15 show rRNA extracted from 23S and 16S rRNA
respectively after their incubation either (a) with the reaction buffer alone as a negative
control (tracks 6 and 11), (b) with PAP in 1: 1 m.r. but without aniline treatment
(tracks 7 and 12) and (c) with added aniline reagent for cleaving where depurination
has occurred using PAP at substrate: PAP molar rations of 1:1, 1:O.1 and 1:0.01
(where indicated) (tracks 8-10 and 13-15).
Tracks 3, 8 and 13 show the fragment produced from the rRNA cleavage by the aniline
reagent, after the PAP's N-glycosidase activity (all of them at 1: 1 m.r.). The fragments
shown in tracks 3 and 8 are equivalent to those reported for a depurination at A'1MO
of
23S rRNA. The two additional fragments in tracks 3 and 13 are equivalent to those

Figure 25. PAP activity on 'naked' RNAs: total RNA, 23S and 16S RNA.
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Electrophoretic profile of extracted rRNA after incubation. 3~g were loaded onto a 1.2% agarose:
formamide gel. TKCa reaction buffer final concentration: 25mM TrislHCI pH 7.6, 2SmM KCI, and 5mM
CaCh
PAP activity on 'naked' total rRNA (tracks 1-5), 23S rRNA (tracks 6-10) and 16S rRNA(tracks 11-15):
1. 'naked' total rRNA
2. 'naked' rRNA + PAP (1:1 m.r.)
3. 'naked' rRNA + PAP + aniline (1:1 mr.)
4. 'naked' rRNA + PAP + aniline (1:0.1 m.r.)
5. 'naked' rRNA + PAP + aniline (1:0.01 m.r.)
6.23SrRNA
7. 23S + PAP
(1:1 m.r.)
8. 23S + PAP + aniline
(1:1 mr.)
9. 23S + PAP + aniline
(1:0.1 m.r.)
10. 23S + PAP + aniline (1:0.01 m.r.)
11. 16S rRNA
12. 16S + PAP (1:1 m.r.)
13. 16S + PAP + aniline (1:1 m.r.)
14.16S+PAP+aniline
(1:0.1 m.r.)
IS.16S+PAP+aniline
(1:0.01 m.r)
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reported for a depurination at position AlO14of 16S rRNA (Marchant and Hartley,
1995). These latter fragments are not present when native E. coli ribosomes are used
as substrate. It was confirmed that PAP was approx. lOO-fold more active on the
native 50S subunit (Figure 24) -the starting point for dissociation experiments- than
on the 23S rRNA (Figure

25). Conversely the N-glycosidase

activity of PAP is

undetectable on 30S subunits yet its activity on 'naked' 16S is comparable to that on
'naked' 23S rRNA.

Figure 26 shows the comparative results of the activity ofRTA on E. coli ribosomes,
50S and 30S subunits. Tracks 1-5 show rRNA extracted from E. coli ribosomes.
Tracks 6-10 and 11-15 show the electrophoretic pattern of rRNA extracted from 50S
and 30S subunits respectively.
a) Tracks 1, 6 and 11 are negative controls and refer to the substrates incubated
without RT A.
b) Tracks 2, 7 and 12 contain the extracted rRNA from different substrates, incubated
with RTA in 1:10 m.r. but without aniline treatment.
c) Tracks 3-5, 8-10 and 13-15 contain the extracted rRNA from different substrates
incubated with RT A and with the addition of the aniline reagent for cleaving where
depurination has occurred using RT A in serial dilutions of RTA to give 1: 10, 1:1
and 1:0.1 (where indicated) substrate: RTA molar ratio.

The aniline fragment, which has been produced from the depurination at A2660on 23 S
rRNA from E. coli ribosomes by RTA in 1:10 m.r. in TKCa buffer can be seen using
high contrast in the image. Tracks 8 and 13 show the fragment produced from the
rRNA cleavage by the aniline reagent, after the RTA N-glycosidase activity has taken
place. The fragments are equivalent to those reported for a depurination at position
A2660of23S rRNA and at position AlO14of 16S rRNA respectively. A comparison of
the activity of RTA on 70S ribosomes and 50S and 30S subunits reveals that only the
last two are substrates (compare tracks 3,8 and 13).

Figure 26. RTA activity on E. coli ribosomes and their respective 50S and 30S
subunits.
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Electrophoretic profile of extracted rRNA after incubation. 3J.1gwere loaded onto a 1.2% agarose:
formamide gel TKCa reaction buffer final concentration: 25mM TrislHCI pH 7.6, 25mM KCI, and 5mM

eaCh
RTA activity on E. coli ribosomes (tracks 1-5), 50S subunits (tracks 6-10) and 30S subunits (tracks 11-15):
1. E. coli ribosomes
2. E. coli ribosomes + RTA
(1:10 m.r.)
3. E. coli ribosomes + RTA + aniline
(1:10 m.r.)
4. E. coli ribosomes + RTA + aniline
(1:1 m.r.)
5. E. coli ribosomes + RTA + aniline
(1:0.1 m.r.)
6. 50S subunit
7. 50S + RTA
(1:10 m.r.)
8. 50S + RTA + aniline (1:10 m.r.)
9. 50S + RTA + aniline (1:1 m.r.)
10. 50S + RTA + aniline (1:0.1 m.r.)
11. 30S subunit
12. 30S + RTA (1:10 m.r.)
13. 30S + RTA + aniline (1:10 mr.)
14. 30S + RTA + aniline (1:1 m.r.)
15. 30S + RTA + aniline (1:0.1 m.r.)
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Figure 27 shows the comparative results of the activity of RTA on 'naked' rRNAs.
Tracks 1-5 show rRNA extracted from reaction mixtures containing 'naked'

total

rRNA. Tracks 6-10 and 11-15 show rRNA extracted from 23S and 16S rRNA
respectively after their incubation:
a) with the reaction buffer alone as a negative control (tracks 1,6 and 11)
b) with RTA in I: 10 m.r. but without aniline treatment (tracks 2, 7 and 12)
c) with the added aniline reagent for cleaving where depurination has been effected by
RTA in serial dilutions of RTA to give 1: 10, 1:1 and 1:0.1 (where indicated)
substrate: RTA m.r. (tracks 3-5,8-10 and 13-15).

Tracks 3, 8 and 13 (Figure 27) show the aniline fragment produced from the rRNA
cleavage by the aniline reagent, after the RTA N-glycosidase activity (all of them at
1:10 m.r.). The fragments shown on tracks 3 and 8 are equivalent to those reported for
a depurination at A2660of23S rRNA. Tracks 3 and 13 show two additional fragments,
which are equivalent to those reported for depurination at position AlO14of 16S rRNA.
Furthermore,

track

13 shows

an additional

fragment

(arrowed)

not reported

previously, with an approx. 270nt length. Finally, the depurination activity of RTA is
similar on dissociated

ribosomal

subunits and 'naked'

rRNAs. However,

RTA

recognises and catalyses depurination at a second site in 'naked' I6S rRNA (possibly
Al269)which is protected in the native 30S subunit.

According to previous results, it is not surprising to find the increased effect of RTA
on 'naked' total rRNA, but now also showing activity on 16S rRNA that was not
shown on E. coli ribosomes. Nevertheless the 'new' additional band produced by RT A
N-glycosidase activity on 16S rRNA, with a length similar to the aniline fragment
produced from 23S rRNA depurination was unexpected. An explanation could be
found after reviewing structures of the rRNA identity elements required for recognition
and catalysis by RIPs, where Endo et al. (1987; 1991) and Endo and Tsurugi (1988)
(further summarised by Hartley and Lord, 1993) showed a potential site for RTA

activity -GAl269GA- in 16S rRNA (Figure 4). This site was not depurinated in either
30S subunits of 'naked' 16S rRNA under the conditions reported by the authors.
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Figure 27. RTA activity on 'naked' RNAs: total RNA, 23S and 16S RNA.
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Electrophoretic profile of extracted rRNA after incubation 3J.tg were loaded onto a 1.2% agarose:
formamide gel. TKCa reaction buffer final concentration: 25mM Tris/HCI pH 7.6, 25mM KC}, and 5mM

CaCh
RTAactivity on 'naked' total rRNA (tracks 1-5), 23S rRNA (tracks 6-10) and 16S rRNA (tracks 11-15):
1. 'naked' total rRNA
2. 'naked' rRNA + RTA (1:10 m.r.)
3. 'naked' rRNA + RTA + aniline (1:10 m.r.)
4. 'naked' rRNA + RTA + aniline (1:1 m.r.)
5. 'naked' rRNA + RTA + aniline (1:0.1 m.r.)
6. 23S rRNA
7.238 + RTA
(1:10 m.r.)
8. 23S + RTA + aniline
(1:10 m.r.)
9. 23S + RTA + aniline
(1:1 m.r.)
10. 23S + RTA + aniline (1:0.1 m.r.)
11. }68 rRNA
12. 168 + RTA (1:10 m.r.)
13. 16S + RTA + aniline (1:10 m.r.)
14. 168 + RTA + aniline (1:1 mr.)
15. 168 + RTA + aniline (1:0.1 m.r)
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Hence, this possible substrate for depurination refers to that present at the 16S rRNA
position GAl269GA (which appears as GAl632GA as a mistake made by earlier authors
and reviews). After its depurination, the fragments would be expected to have a length
of 244 nucleotides (similar to the aniline fragment produced by depurination at A2660
on 23S rRNA) and a second larger fragment of approximately 1300 nucleotides, as the
results on track 13 from Figure 27 suggest. Primer extension analysis should be
required to confirm this second depurination position at A1269.

The results presented show that in TKCa buffer, PAP is approx. 10-fold more active
on 'naked' rRNAs than RTA. Specifically, it is concluded that:
a) PAP»

active on 50S subunit than on 'naked' 23S rRNA

b) RTA has a lower activity than PAP, but does not disciminate between 50S subunits
and 'naked' 23S rRNA.
Therefore in future studies, the role of r-proteins in the enhancement of the activity of
PAP at GA2660GA will be investigated. Partial deproteinisation of 50S subunits from E.
coli ribosomes will be carried out and monitored for RIP's activity.

6.3.1. The Influence ofr-proteins on the Susceptibility of the 50S Subunit and its
Subparticles to RIPs
A partial deproteinisation was carried out according to Nierhaus (1990), where firstly
the NHtClIEthanol-split

procedure was followed in order to split off LI, LS, L6,

L7112, LI0, LII, L16, L2S, L31 and L33. The procedure was carried out as described
at section 2. 15.1. This protocol yields a solution containing mainly P37 subparticles, but
also some insoluble particles, which can be removed by centrifugation. P37 subparticle
(the supernatant fraction from the above) and the mixture of particles present before
centrifugation,

were used as substrates for PAP's

activity. They are termed P37

subparticles and P37 subparticles* respectively.

Figure 18 shows the comparative results of the activity of PAP on the 50S subunit and
both: the P37 subparticles* and the P37 subparticles, all in TKCa reaction buffer.
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Figure 28. PAP activity on SOS8ubunit and subparticles P37•
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Electrophoretic profile of extracted rRNA after incubation. 3J.1.gwere loaded onto a 1.2% agarose:
formamide gel TKCa reaction buffer final concentration: 25mM TrislHCI pH 7.6, 25mM KCI, and 5mM
CaCh
PAP activity on 50S subunit (tracks 1-5), P37 subparticles* (tracks 6-10) (for description of P37
subparticles* see text) and Pn subparticles (tracks 11-15):
1. 50S subunit
2. 50S + PAP
(1:1 DU.)
3.50S+PAP+aniline
(1:1 m.r.)
4. 50S + PAP + aniline
(1:0.1 m.r.)
5. 50S + PAP+aniline
(1:0.01 m.r.)
6. P37 subparticles*
7. P37 subparticles* + PAP(I:1 m.r.)
8. P37 subparticles* + PAP + aniline
(1:1 m.r.)
9. P31 subparticles* + PAP + aniline
(1:0.1 m.r.)
10. P31 subparticles* + PAP + aniline
(1:0.01 m.r.)
11. P37 subparticles
12. P31 subparticles + PAP(I:1 m.r.)
13. P31 subparticles + PAP + aniline
(1: 1 m.r.)
14. P31 subparticles + PAP + aniline
(1:0.1 m.r.)
15. P31 subparticles + PAP + aniline
(1:0.01 m.r.)
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Tracks 1-5 show rRNA extracted from reaction mixture containing 50S subunits of
E. coli ribosomes. Tracks 6-10 and 11-15 show rRNA extracted from reaction
mixtures containing the P37 subparticle* and the P37 subparticle. The experiment was
carried out as follows:
a) with the reaction buffer alone as negative controls (tracks 1,6 and 11)
b) with PAPin 1:1 m.r. but without aniline treatment (track 2, 7 and 12)
c) with added aniline reagent for cleaving where depurination has been effected by
PAP in serial dilutions of PAP to give 1:1, 1:0.1 and 1:0.01 (where indicated)
substrate: PAP m.r. (tracks 3-5, 8-10 and 13-15).

Tracks 3-5, 8-9 and 13-14 show the fragment produced from the rRNA cleavage by
the aniline reagent, after the PAP's N-glycosidase activity. The fragments shown are
equivalent to those reported for a depurination at A2660 of23S rRNA. Tracks 6-10 and
11-15 show similar patterns, hence it is suggested that the presence of resuspended
particles in the P37 solution, do not influence PAP's N-glycosidase activity. Further
experiments including more PAP dilutions to give 1:10, 1:1, 1:0.5, 1:0.1, 1:0.05,
1:0.01, 1:0.001 m.r. (substrate: PAP m.r.), were performed (Figure 29).
Figure 29 shows the comparative percentage depurination profiles for PAP on both
the 50S subunit and the P37 subparticle substrates. The percentage depurination has

been calculated by scanning the ethidium bromide stained gels and measuring the
optical density of the aniline fragment. It is expressed as a ratio of the SS rRNA in
order to calculate the percentage

depurination.

The length of SS rRNA is 120

nucleotides (Hartley et al., 1991). The percentage depurination values were plotted

against the quantity of PAPin ng added in serial dilution of PAP for obtaining 1:1,
1:0.1, 1:0.01 and 1:0.001 m.r. substrate: PAP. Figure 29 shows the quantification of
the percentage depurination in relation to the PAP concentration. It was shown that
PAP's N-giycosidase activity was approx. lOO-fold higher on 50S subunits than on the
P37subparticle. The results suggest that the r-proteins removed from the 50S subunit in
the preparation of the P37 subparticle account for PAP's increased activity on the
former substrate. It has being shown (Nierhaus, 1990) that L6 is removed in the
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Figure 29. Comparative percentage depurination
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preparation of the P~7 subparticle, and L6 is known to bind to 23S rRNA domain VI
and possibly to influence its conformation (Leffers et al., 1988; Uchiumi et al., 1997;
Ostergaard et al., 1998; Uchiumi et al., 1999).

Further deproteinisation

was carried out according

Nierhaus'

(1990) LiCI split

procedure. Using 3.SM LiCI for the splitting procedure, LI, LS, L6, L7112, L9, LW,
Lll,

L14, LIS, LI6, LI8, LI9, L24, L2S, L27, L28, L30, L3I, L32 and L33 r-

proteins were split off. The procedure was carried out as described at section 2.IS.2.
where the final solution contained the 3.S core particle, as it was named by Nierhaus
(1990).

Figure 30 shows the comparative results of the activity of PAP on the SOS subunit, the
3. S core particle and the 23 S rRNA, all reactions were carried in a TKCa reaction
buffer. Tracks I-S, 6-10 and II-IS

show rRNA extracted from reaction mixtures

containing SOS subunit, 3.S core particle and 23S rRNA respectively:
a) with the reaction buffer alone as negative controls (tracks 1, 6 and 11)
b) with PAPin 1:1 m.r. but without aniline treatment (track 2, 7 and 12)
c) with added aniline reagent for cleaving where depurination has been effected by
PAPin serial dilutions of PAP on 1:1, 1:0.1 and 1:0.0 1 (where indicated) substrate:
PAP m.r. (tracks 3-S, 8-10 and 13-1S)
Tracks 3-S, 8 and 13 in Figure 30, show the fragment produced from the rRNA
cleavaged by the aniline reagent, after the PAP's N-glycosidase activity. The fragments
shown are equivalent to that reported for a depurination at A2660 of 23S rRNA.
Figure 30 also shows a marked difference between the activity on the native 50S
subunit, on a partial deproteinised subparticle (3.5 core subparticle) and on totally
deproteinised 23S rRNA. The action of PAP on the latter two substrates is reduced by
approx. lOO-fold compared with the native SOS subunit. The results confirm the
important role of the proteins either in inducing or maintaining or both; the tertiary
structure recognised by PAP.
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Figure 30. Comparative depurination profile for PAP on 50S subunit, 3.5 core subparticle and 23S RNA

50S subunit

3.5 core

23SrRNA
23 S

Aniline
fragment
5S
I

2

3

4

5

6

7

8

9

10 11 12 13 14 15

Track No.

Electrophoretic profile of extracted rRNA after incubation. 3~g were loaded onto a 1.2% agarose:
formamide gel. TKCa reaction buffer final concentration: 25mM TrislHCI pH 7.6, 25mM KC!, and 5mM
CaCh
PAP activity on 50S subunit (tracks 1-5),3.5 core subparticles (tracks 6-10) and 23S rRNA (tracks 11-15):
1. 50S subunit
2. 50S + PAP
(1:1 m.r.)
3.50S+PAP+aniline
(1:1 m.r.)
4. 50S + PAP + aniline
(1:0.1 m.r.)
5. 50S + PAP + aniline
(1:0.01 m.r.)
6.3.5 core subparticle
7.3.5 core + PAP
(1:1 m.r.)
8.3.5 core + PAP+aniline
(1:1 m.r.)
9.3.5 core + PAP + aniline
(1:0.1 m.r.)
10.3.5 core + PAP+ aniline
(1:0.01 m.r.)
11. 23S rRNA
12. 23S + PAP (1:1 m.r.)
13.23S+PAP+aniline
(1:1mr.)
14. 23S + PAP + aniline (1:0.1 m.r.)
15. 23S + PAP + aniline (1:0.01 m.r)
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Finally, it has been shown that the activity ofRTA was detectable on 50S and on 30S
subunits, but undetectable on the native E. coli 70S ribosomes. RTA N-glycosidase
activity on both subunits, was similar in tenns of its activity at a 1: 10 m.r. (substrate:
RTA). It suggests that it is only in the 70S E. coli ribosome substrate that the potential
sites for RTA action is inaccessible. Dissociation of 70S tight couples by lowering
Mg2+is sufficient to allow access ofRTA for its N-glycosidase activity.

Summing up:
•

The PAP's N-glycosidase activity on the P37 subparticle and 3.5 core subparticle,
decreased by a factor of 100-1000, compared to its activity on 50S subunits. The
activity of PAP on the 3.5 core subparticle was comparable with that on 'naked'
23S rRNA.

•

PAP was not active on AlO14on 16S rRNA in native 30S subunits, but it was active
on 16S rRNA alone.

•

RTA was active on both native 50S and 30S subunits, as well as on 23S and 16S
rRNA. The activity on these substrates was similar and the specificity on the 23S
rRNA is identical to the 'naked' rRNA. On 16S rRNA, the N-glycosidase activity
of RT A produced a 'new' additional aniline fragment suggesting the depurination
at a second position GA1269GAof 16S rRNA.

•

The successive removal of r-proteins from native 50S subunits caused a reduction
in sensitivity of the resulting subparticles to PAP.

6.4. Conclusions
In the present chapter the influence of r-proteins on various substrates' sensitivity to
RIPs has been reviewed. The influence of r-proteins was based on the in vitro partial
and total dissociation of the rRNAlr-proteins (Nierhaus, 1990). r-Proteins were split
off from the ribosome with salt solutions in such a way that the higher the ionic
strength of the solution, the more the proteins split off.
Previous results have suggested that the r-proteins influence substrate sensitivity to
PAP and RTA (Chapters IV and V). Prior to this work, the only substrates tested for
PAP's activity were native 70S ribosomes and 'naked' rRNA Thus, the dissociation of
E. coli ribosomes into 50S and 30S subunits, the partial and total deproteinisation of
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50S subunits to obtain the P37 subparticle, the 3.5c subparticle and the 23S rRNA, and
finally the search for additional depurination sites in 30S subunits and 16S rRNA,
became the aim of this part of the research. The differences between PAP and RTA
activity were sought on the partial and total deproteinisation of substrates, in order to
assay their sensitivity. In the same way, the point of the differences for RIP activity
after the partial deproteinisation was established, based on the knowledge of which
proteins were removed by each of the different salt treatments.

Substrates, RIP

activity, and products of the depurination were monitored by analytical agarose:
formamide gel electrophoresis, and the reaction buffer chosen was the TKCa because
its use gave a consistent and clear distinction between the different substrates for RIPs
N-g1ycosidase activity (Chapter V).

The length of the main fragment produced by the cleavage of the aniline reagent after
the N-g1ycosidase activity of RIPs was characteristic

of the previously reported

depurination at GA2660GA in the highly and universally conserved a-sarcinlricin loop.
However, two depurination sites in 16S rRNA at GAlO14GA (already established) and
putatively the novel site at GAl269GA appeared under some of the different reaction
buffer conditions.
RTA was active on native, dissociated 50S and 30S subunits, as well as on 23S and
16S rRNA. The activity on these substrates was of a similar order and the target site in
the 50S subunit was identical to that on 'naked' 23S. On 16S rRNA, the N-g1ycosidase
activity of RT A produced a new additional aniline fragment suggesting depurination at
a second position GAl269GA on 16S rRNA. This site was previously reported as
GA1632GA in error (Endo et al., 1991). However, Endo et al., 1991 found no activity
at the correctly identified GAl269GA site under their conditions but changing the
conditions to those reported here resulted in depurination at this site.

E. coli ribosomes do not demo strate susceptibility towards RTA at a 1:10 substrate:
RIP m.r., but the dissociated subunits are sensitive under these conditions. Of all the
different substrates assayed only the native E. coli ribosomes were insensitive to RT A
action, from which it is inferred that dissociation of the tightly coupled subunits
exposed the depurination sites in both subunits.
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The experiments reported in the next chapter report the reconstitution of the
subribosomal particles consisting of domain VI-RNA transcript from 23S rRNA of
E. coli

ribosomes and TP50 for monitoring PAP activity. Domain VI will be

transcribed and an attempt to describe the reconstitution of domain VI transcripts with
r-proteins will carried out in order to establish the role of individual proteins in
enhancing the activity of PAP.

The confirmation of the depurination sites by primer extension methodology will be
reported, and selected approaches will be applied to examining some of the above
issues.
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7. CHAPTER VII:
CLONING AND IN VITRO TRANSCRIPTION OF
DOMAIN VI OF E. COLl13S rRNA AND mE INFLUENCE OF
TPSOPROTEINS
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7.1. Introduction
The RIPs' recognition process for activity on different substrates is still only partially
understood.

rRNA conformation

and the role of the r-proteins in obtaining and

maintaining an rRNA structure sensitive to RIPs' N-glycosidase

activity has been

suggested but is still unknown.

23S rRNA comprises six major structural domains (Egebjerg et al., 1989) which fold
and assemble proteins during their transcription

in vivo (Nowotny and Nierhaus,

1982). Leffers et al. (1988) worked on the structure, assembly and function of domain
VI of E. coli 23S rRNA, which contains the highly conserved sequence of the cc-sarcin
I ricin loop.

In order to gain greater insight into the influence of r-proteins on RIPs' activity, the individual
domain VI of 23S rRNA from E. coli ribosomes was transcribed and reconstituted with the
total proteins from the 50S subunit (TP50), in which Leffers et al. (1988) have shown that
there is an association between domain VI and proteins L3 and L6. Additionally, Uchiumi et al.
(1997; 1999) have suggested a possible structural organisation of these proteins within the
domain. So, in order to establish the role of the reconstituted-RNP

in enhancing PAP activity,

transcripts of domain VI were obtained (transcript containing residues 2630-2904, 22 more
nucleotides at the 3'end of 23S rRNA than the base ranges 2630-2882 reported by Noller,
(1984» and partial and total reconstitution were attempted using r-proteins that bind to the

(X-

sarcinlricin loop for testing RIP's activity on these reconstituted substrates.

A possible limitation of usmg in vitro transcripts

of rRNA for reconstitution

experiments stems from the finding that transcripts of E. coli full length 23S rRNA are
severely compromised in their ability to reconstitute into catalytically active correctly
assembled 50S subunits. This is a consequence

of the lack of posttrascriptional

modifications present in natural 23S rRNA (Green and Noller, 1996). However, these
authors have shown by in vitro complementation
functionally important

modifications

analysis that nearly all of the

reside in an 80nt sequence extending from

positions 2445 to 2524. Significantly for the present study, 50S subunits reconstituted
with transcripts from position 2524 to the 3' end of 23 S rRNA (including all of domain
VI) retained most of their activity. Siffg the rRNA structure

requirements

for

functional ribosomes are very stringent, the approach of using transcripts of domian VI
for reconstitution and RIP substrate assays is deemed valid.

7.2. Plasmid Construction
Although the use of short oligonucleotides that mimic the ce-sarcin/ricin stem loop
RNA have provided much information about the identity elements of the RIP target
site, and are believed to be similar in structure to the native structure, they have certain
limitations. Firstly, the r-protein could affect the structure, as proposed by Meyer et
al., (1996) and secondly the transitions in the structure, which have been proposed to
occur during protein synthesis (Meyer et al., 1996), require the context of the
ribosome. However, Gluck and Wool (1996) have suggested that transcripts
synthetic oligoribonucleotides

and

retain the essential structural features of the native

o-sarcin/ricin loop since the specific depurination by RTA and cleavage by e-sarcin on
the 26S/28S mimicking oligo, occurs as it occurs in the ribosome (Endo et al., 1988~
Nitta et al., 1998).

For cloning and in vitro transcription, this work has been based on the following facts
(from Sambrook et al., 1991):
1. The development of plasmid vector containing polycloning sites downstream from
promoters derived form Salmonela typhimurium bacteriophage
synthesis of single-stranded

SP6, allows the

rRNA probes of high specific radio activity. The

advantage of the SP6 promoter, is that it is recognised, specifically, by DNAdependent

rRNA

polymerases

encoded

by

its

respective

bacteriophage.

Furthermore, the bacteriophage enzyme does not recognize bacterial or plasmid
promoters in cloned DNA sequences.
2. In vitro transcription of double-stranded DNA templates by bacteriophage DNA
dependent RNA polymerases is based on the incubation in vitro of a linearized
plasmid with the appropriate DNA-dependent

rRNA polymerase and the four

rNTPs, where the rRNA synthesis is initiated at the bacteriophage promoter site.
The rRNA transcript is freed from template DNA by treating the reaction with
RNase-free DNase I.
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3. There are a large number of plasmid vectors for preparing RNA probes, carrying a
cloned copy of the bacteriophage promoter adjacent to a polycloning site. This
polycloning site also provides a restriction site downstream from the foreign DNA
that can be used to linearize the recombinant plasmid. Furthermore, more complex
plasmids are available containing not only the bacteriophage promoters, but also
they contain for example, the region of the E. coli lacZ gene coding for the
a-peptide

of p-galactosidase.

The insertion of foreign DNA sequences into the

polycloning site of these vectors can be scored by the appearance of white colonies
on plates containing the chromogenic substrate 5-bromo-4-chloro-3-indolyl-P-Dgalactosidase (X-gal).
4. Finally, the bacteriophage promoter fixes the 5' terminus of the transcript, but the
downstream site of cleavage determines the 3' terminus by the restriction enzyme.
So, the transcription could be directed.

It is well known that transcription in vitro by T7 or SP6 RNA polymerases of genes
has been used to produce rRNA fragments for the study of both structure and function
(Unlenbeck, 1987; Leffers et al., 1988; Weitzman et al., 1990). In E. coli there are 7
ribosomal RNA operons per genome (Kiss et al., 1977; Hui and Dennis, 1985) as has
been reviewed previously. Each of these operons encodes the 16S, 23S and SS RNA.

The rrnB operon from E. coli ribosomes has been cloned and the gene organisation
primary sequence determined (Brosius et al., 1981a; Brosius et al., 1981b). It has been
cloned in pKI0535

and the entire 11,864-bp sequence is known. Thus, precise

rearrangements and site specific alterations of the ribosomal RNA operon are possible.

Figure 31(1) shows a detailed physical map of pKI0535,

and Figure 31(ll) shows

domain VI at the 3' end of E. coli 23 S rRNA sequence. The strategy for the cloning of
this fragment is shown in Appendix

1, and restriction sites diagram of pKI0535

shown on Figure 31.

Figure 31(1) shows that domain VI lies at the 3' end of E. coli 23S rRNA, so domain
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is

Figure 31. Schematic map of hybrid plasmid pkk3535 (I) and domain VI
sequence at the 3' end of E. coli 23S RNA (11).
(from Brosius et al., 1981a; Brosius et al., 1981b).

(I)
B21 I
Xma III
Bg) I

BamH

pKK 3535
11.864 bp
Tth tlll

Sac II
Bal I
Xma III
~""
Pvu II
'Ii
......Sal I
Soh I

(II)

(1) Schematic map of the hybrid plasmid pKK3535 (from Brosius et al., 1981). Positions of vector DNA or inserts from
other plasmids carrying parts of the nnB operon are indicated on the inner circle. The A. portion of the 7. 5-kb fragment
is hatched. The genes for the rRNAs and tRNA GIn are represented by filled bars. Two open reading frames (ORF I and
ORF II) flanking the nnB operon are indicated. The tandem rRNA promoters PI and P2 and their sites of initiation of
transcription are indicated by arrows. Putative terminators for the nnB operon are marked as Tl and T2. The ampicillin
and tetracycline genes (the latter is interrupted by the 7.5-kb Bam HI insert) of plasmid vector pBR 322 are dotted. The
location of restriction enzyme (those with recognize a sequence of six nuc1eotides) sites are based on the known
sequence of pKK 3535 via the primary structures of pBR 322, and location of the rest of the enzymes have been
confirmed by digestion of pKK 3535 with various enzymes. Domain IV at the pJ(K.3535 correlates to the black area.
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VI - DNA fragment (275 bp) was prepared from the rmB RNA operon in plasmid
pK.K3535 (Brosius et al., 1981b). Forward and Reverse primers were designed
including an EcoRI and BarnHl

restriction

site, and used for the PCR DNA-

amplification technique based on the work of Saiki et al. (1988), which utilises DNApolymerase

(a thermostable

enzyme)

from

Thermus aquaticus a thermophilic

bacterium (Chien et al., 1976; Kaledin et al., 1980).

Figure 32 (a) and (b) shows the physical representation of the rmB gene and primer
sequences designed for PCR-DNA amplification, respectively. Figure 32(c) shows the
electrophoretic
amplification

profile of the PCR
reactions

of domain

products

of four identical

VI from the pKK3535

and separated

plasmid.

QIAGEN

purification kit was used in order to extract and to purify the PCR products (section
2.11.13.).

PCR product encoding domain VI from 23S rRNA was inserted within the GEM-4Z in
order to obtain the required RNA transcript. Figure 33 shows the pGEM-4Z vector
with its polycloning sites downstream from the SP6 promoter. The DNA - domain VI
encoding sequence including the added EcoRI and BamIll

restriction sites also is

shown. The arrowed starting point of the SP6 transcription promoter and the circled
RIPs depurination site at A2660 can be seen.

The insert and vector were ligated and used to transform competent E. coli DH5a
cells (section 2.10.3). Colonies with recombinant plasmids were selected as white
colonies in the presence of x-gal (section 7.2.).

7.3. Characterisation

of the Domain VI - containing Plasmid

Bamm and EcoRI-BamHI

restriction was carried out on a mini-prep in order to

confirm that the transformation was successful. Figure 34 shows the electrophoretic
pattern on a DNA analytical agarose gel (section 2.13.1.) of the plasmid. Track 1
shows the lkb DNA ladder as length size standard. Tracks 2-4 show the profile of the
extracted DNA, DNA BamIll restricted and DNA BamID.-EcoRI restricted,

Figure 32. Domain VI from 23S RNA; gene peR amplification.

(a)

3'

(b)
Forward Primer:(S' -3 '): CGGAATTCCCTCTTGACTCCCCCCGACG
Reverse Primer:(5'-3'): CGGGATCCAAGGTTAAGCCTCACGGTT

(c)

S 1 2 3 4

27Sbp

S) DNA ladder (IKb)
1-4) 3 j.l.g DNA after PeR

Four identical and separate reactions were carried out in order
to

obtain the domain VI peR products.

(a) Map of E. coli rmB operon showing domain VI.
(b) Primer sequences for PCR, amplification of domain VI DNA.
(c) Agarose gel fractionation ofPCR products.
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Figure 33. pGEM-4Z Vector and Domain VI-DNA sequence from E. coli 23S RNA,
"nB operon.

,GGAT CCT9~~::r1G~

CGACC,,:GCAG gC4\TG
Sol1/ Aa: I/Rn< II

2J~JTC ICeeT

cAAqe

psn

ATAGT GAGTC GTAII

Sph 1

t)GAGe

3'end

T7Promoter

Hind III

Vector
(2746 bp)

SP6Transcription Start

I

5' ... GGATI

1JJ GGiAGfdTCGG1n

,GAE

~

TAGGT GACAC TATAG AATAG

I

SP6Promoter

~CC\9txm£2fAT

CGICT AGAqT

CGACe TGCAQ GCATG CAAQC TTGTC~eCCt~ATAGT
SolllA« lI_dl

GAGTC

Pstf

Spit 1

Hind III

T7Promoter

GTATT AQAGC ... 3'

The transcript contains the entire domain VI with an additional12 nucleotides (GAAUACGAAUUC)
at the 5' end and an additional six nucleotides (GGAUCC) at the 3' end.
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Figure 34. Electrophoretic
restricted.

pattern of plasmid pRDVI, BamID and BamHI-EcoRl

1

4

3
2
Track No.

Electrophoretic profile ofpRDVI DNA. 1.5~g were loaded onto a 0.8% agarose analytical gel.
1) DNA ladder
2)pRDVIDNA
3) pRDVI DNA Bamlll restricted
4) pRDVI DNA Bamlll-EcoRI restricted
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respectively. Track 4 shows a second fragment of approximately 280 nucleotides after
BamHI-EcoRl restriction that corresponds to the domain VI insert. This recombinant
plasmid was termed pRDVI.

Forward and Reverse primers were used for DNA sequencing. Figure 35 shows the
DNA sequencing electrophoresis profile obtained by using the Reverse primer. The
domain VI sequence was confirmed and agrees with already published sequence
(Brosius et al., 1981a; Leffersetal.,

1988).

A large-scale preparation of the sequenced plasmid was made using the caesium
chloride method (section 2.11.2.) and! or the QIAGEN mini and maxi-preps Kits
(sections 2.11.1.,2.11.3.

and 2.11.4.).

7.4. Transcription of Domain VI from E. coli "nB Operon
Once pRDVI was purified, it was BamHI restricted to linearize DNA as described in
section 2.11.7. SP6-RNA polymerase enzyme and rNTPs were used to obtain the RNA
transcripts. The DNA template was removed with pancreatic RNase-free DNase and
RNA transcripts were obtained through phenol/chloroform extraction (section 2.6.1.).

The RNA transcription and RNA renaturation methodologies

of Weitzmann et al.

(1990) and Nitta et aJ. (1998), were used in an attempt to obtain a higher yield of
correctly folded transcripts. Preliminary results showed no difference between them,
and the RNasinR ribonuclease inhibitor methodology was finally used with satisfactory
results (sections 2.14.2 and 2.14.3.). Figure 36 shows the domain VI - RNA transcript
electrophoretic profile in a 1.2% agarose: formamide gel compared to the profile of
'naked' total E. coli rRNA. Tracks 1 and 2 show 0.5 and 1.0 ug respectively of RNA
transcript, using track 3 with 3J..lg'naked' rRNA as control.

7.5. Transcript Sensitivity to RIPs
In order to study the role of the r-proteins on the sensitivity of domain VI reconstituted
RNP to RIPs, confirmation was required that the domain VI transcript behaved in a
similar manner towards RIPs as intact 23S rRNA.
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Figure 35. DNA electrophoretic pattem for DNA sequencing, using Reverse
primer.

Tbe sequence sbown on tbe rigbt is tbat surrounding tbe RIP target site.
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Figure 36. Comparative electropboretic pattern of domaio VI - RNA transcripts
aod 'oaked' total RNA as cootrol.

23 S
16 S

RNA
transcript

1

Electrophoretic profile from extracted RNA

2
J
Track No.

l.2% agarose: formamide gel.

1) O.Sj.l.gdomain VI -RNA transcript
2) l.Oug domain VI - RNA transcript
3) 3.0j.l.g'naked' total RNA from E. coli ribosomes as control
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Figure 37 shows the comparative results of the activity of PAP on E. coli ribosomes
and domain VI - transcript (RNAT) in a TKCa reaction buffer. Tracks 1-4 show the
profile of rRNA from the reaction mixtures of E. coli ribosomes, and tracks 5-8 show
the profile of rRNA from the reaction mixtures of domain VI - RNA transcript as
follows:
a) with the reaction buffer alone as negative control (track 1)
b) with PAPas control in a 1:1 and 1:10 m.r., without aniline treatment (tracks 2 and
5 respectively)
c) with added aniline reagent after PAP activity, in serial dilutions of PAP to give
1:10 (track 6), 1:1 (tracks 3 and 7) and 1:0.1 (tracks 4 and 8) m.r. (Substrate:
PAP).

Tracks 3, 4, and 6 show the aniline fragment, produced by the N-glycosidase activity
of PAP and after the rRNA cleavage by the aniline reagent where the depurination has
occurred. The fragment is equivalent to those reported for a depurination at position
A2660of 23 S rRNA. These results show a difference between the activity of PAP on
native E. coli ribosomes, and on RNAT. The latter is reduced by more than 100 times.
tRNA was used as a carrier and it was added after the substrate: RIP reaction in order
not to affect the results and in order to enhance the quantity of rRNA recovered from
the solution mixtures of above reactions.

The above assay was carried out for PAP and RTA N-glycosidase activity on both 23S
rRNA and RNAT in the TKCa buffer. Figure 38 shows the comparative results of the
activity of PAP and RTA on both substrates. Tracks 1-4 and 11-14 show the pattern of
rRNA extracted from the reaction mixtures containing 23S rRNA, and tracks 5-10
show the pattern of the RNAT reaction-mixtures.

Figure 37. Comparative results between the activity of PAP on E. coli ribosomes
and domain VI - RNA transcript in TKCa butTer.

E. coli

RNA transcript

ribosomes

23 S

16 S

_

RNA transcript
Aniline fragment

5S

1

2

3

4

5

6

7

8

Track No.

Electrophoretic profile of extracted rRNA after incubation. 3J.Lgwere loaded onto a l.2% agarose:
formamide gel. TKCa reaction buffer final concentration: 25mM TrislHCl pH 7.6, 25mM KCl, and 5mM

eaCh
PAP activity on E. coli ribosomes
1) E. coli
2) E. coli
3) E. coli
4) E. coli
5) RNAr
6) RNAr
7) RNAr
8) RNAr

(tracks 1-4) and on domain VI - RNA transcript (tracks 5-8):

ribosomes
ribosomes + PAP (1:1 m.r.)
ribosomes + PAP + aniline (1:1 m.r.)
ribosomes + PAP + aniline (1:0.1 m.r.)
+ PAP (1:10 m.r.)
+ PAP + aniline (1:10 m.r.)
+ PAP + aniline (1:1 m.r.)
+ PAP + aniline (1:0.1 m.r.)
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Figure 38. Comparative results between the activity of PAP and RTA on 23S
RNA and on domain VI - RNA transcript in TKCa reaction butTer.

23SRNA

RNA transcript

23SRNA
-23S

-

RNAtranscript
Aniline fragment

-5S
·-tRNA

Track No.1

2

3

4

5

6

7

8

9

PAP

10 11 12 13

14

RTA

Electrophoretic profile of extracted rRNA after incubation. 31lg were loaded onto a l.2% agarose:
formamide ge1. TKCa reaction buffer final concentration: 25mM Tris/HCl pH 7.6, 25mM KC1, and 5mM

eaCh
PAP activity on 23S rRNA (tracks 1-4) and on domain VI - RNA transcript (tracks 5-7), RTA activity on
23S rRNA (tracks 11-14) and on domain VI - RNA transcript (tracks 8-10):
1) 23SrRNA
2) 23S rRNA + PAP + aniline (1: 10 m.r.)
3) 23S rRNA + PAP + aniline (1: 1 m.r.)
4) 23S rRNA + PAP+ aniline (1:0.1 m.r.)
5)RNAT
6) RNAT + PAP+ aniline (1:10 m.r.)
7) RNAT + PAP + aniline (1:1 m.r.)
8) RNAT
9) RNAT + RTA + aniline (1:10 m.r.)
10) RNAT + RTA + aniline (1:1 m.r.)
11) 23S rRNA
12) 23S rRNA + RTA + aniline (1:10 m.r.)
13) 23S rRNA + RTA + aniline (1:1 m.r.)
14) 23S rRNA + RTA + aniline (1:0.1 m.r.)
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The reactions were carried out as follows:
a) with the reaction buffer alone as negative control (tracks 1,5,8 and 11)
b) with added aniline reagent and with PAPin serial dilutions of PAP to give
1:10, 1: 1 and 1:0.1 (where indicated) substrate:P AP m.r.(tracks 2-4 and 67).
c) with added aniline reagent and with RTA in a serial dilutions of RTA to
givel:10,

1:1 and 1:0.1 (where indicated) substrate: RTA m.r.(tracks 9-10

and 12-14).
Tracks 2, 3, 6 and 12 show the aniline fragment produced after the RIPs N-glycosidase
activity and after the rRNA cleavage by the aniline reagent where depurination has
occurred. The aniline fragments shown are equivalent to that reported for depurination
at A2660of23S rRNA. It was confirmed that PAP was at least 10-fold more active on
the 23S rRNA than on the RNAT. No activity on RNAT was observed even at a RNAT:
RTAm.r.of1:10.

Finally, Figure 39 shows the comparative results of the activity of PAP and RT A on
RNAT in TKCa reaction buffer. Samples were analysed in a 2% agarose: formamide
RNA analytical gel in order to get a better separation of the fragments. The reactions
are as follows:
a) Track 1 shows the RNAT profile as a negative control.
b) Track 2 shows the RNAT profile with an added aniline reagent as a control.
c) Tracks 3 and 5 show the profile of the RNAT with added PAP and RTA
respectively to give a 1:10 m.r. substrate: RIP as controls.
d) Tracks 4 and 6 show the profile of the RNAT with added PAP and RTA
respectively to give 1:10 m.r. substrate: RIP, with an added aniline reagent.

Only track 4 shows the aniline fragment produced by PAP's N-glycosidase activity. No
activity on RNAT was observed with RTA. Primer extension was carried out in order
to confirm that the depurination has occurred at the adenine equivalent to A'JUIO
of 23 S
rRNA.

Figure 39. Comparative results between the activity of PAP and RTA on
domain VI - RNA transcripts in TKCa reaction buffer.

RNA transcript
Aniline fragment

2

3

4

5

6

Track No.

Electrophoretic profile of extracted rRNA after incubation. 3~g were loaded onto a 2.0% agarose:
formamide gel. TKCa reaction buffer final concentration: 25mM TrislHCl pH 7.6, 25mM KCl, and 5rnM
CaCh.
PAP activity on domain VI - RNA transcript (tracks 3-4), RTA on RNAT (tracks 5-6):

I)RNAT
2) RNA-r+ aniline
3) RNAT + PAP (1: 10 m.r.)
4) RNAT + PAP+aniline (1:10 m.r.)
5) RNAT+ RTA (1:10m.r.)
6) RNAT + RTA + aniline (1:10 m.r.)
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A common method used in the past to determine the site of depurination of large
subunit rRNA was the direct sequencing of the fragments released upon aniline
treatment after depurination has occurred by RIPs. For example, Endo et al. (I988)
identified the depurination at

~324

in eukaryotic ribosomes by the direct sequencing

methodology. Furthermore, Prestle et al. (1992) identified the depurination at A2660 by
the same direct sequencing methodology for 23S rRNA in E. coli ribosomes.

Primer extension analysis is based on the fact that reverse transcriptase is unable to
read through certain chemically modified or disrupted sequences among the sequencing
in the rRNA template (Hagenbuchle et al., 1978; Yovan and Hearst, 1979). Both
Primer extension and dideoxynucleotide

sequencing methodologies

have been well

used and recognised as faster, more sensitive and effective methods for identifying
where the N-glycosidase activity has occurred on rRNA by RIPs. On primer extension,
pauses or stops give rise the premature termination products. The length of the cDNA
from the 5' end of the primer to the site of N-glycosidase depurination, where the
reverse transcriptase cannot read throughout the site, allows the position of the missing
base to be determined,

when products

of primer extension are electrophoresed

alongside dideoxynucleotide sequencing products.

Primer extension analysis was carried out as described in section 2.14.1.2. The 3' end
of the primer used 'Prok Prim' anneals 77 bases from the putative depurination site.
Figure 40 shows the primer extension design and the primer sequence, complementary
to the bases 2737 to 2753 on theE. coli 23S rRNA (Brosius et al., 1981b, numbering)
or 6236 to 6252 on the E. coli rmB numbering.

Further aliquots were taken from the RNA extracted from untreated RNAr and RIPs
modified RNAT with and without aniline treatment (Figure 39) for their analysis by
primer extension.

Figure 41 shows a sequencing gel of the primer extension on the domain VI transcript template of Prok Prim' and dideoxynucleotide sequencing termination
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Figure 40. The sequences and position to which 32p, 5' end-labelled 17 and 19
mers anneal on the RNA for Primer extension analysis of RIPs modified
RNA templates.
a) RNA sequencing of o-sarcin/ricin

stem loop from 23S rRNA of E. coli ribosomes (5'end to 3'end):

cc-Sarcin/ricin loop: CUGCUCCUAGUACGAGAGGACCGGAGUGG
2660

(2646-2674

23S rRNA numbering)

(6145-6173 rrnBnumbering)

(5'end to 3'end numbering)

b) Oligonucleotides

used in Primer extension and rRNA sequencing:

(19mers: 5'end to 3'end) PRT23S: CCGCATTTAGCTACCGGGC

(2714-2732 23S rRNAnumbering)
(6213-6231

rrnBnumbering)

(5'end to 3'end numbering)

(17mers:

5'end to 3'end) PROK PRIM: TGCTTTCAGCACTTATC

(2737-2753
(6236-6252

23S rRNAnumbering)
rrnB numbering)

(5'end to 3'end numbering)

c) Primer extension: representation of Primer annealing for extension experiments .

._. _.
The numbers below the 5' and 3' ends denote the positions to which the primers anneal. For 23S rRNA
numbering, the numbers represent the bases in the 23S rRNA according to the sequence of Leffers et al.
(1988), and for rrnB numbering, the numbers represent the bases in the whole rrnB Operon according to the
sequence from Brosious et al. (1988).
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Figure 41. Sequencing gel showing the primer extension products ofPAPIRTA
N-glycosidase activity on domain VI - RNA transcript (RNAy).

RNAT was incubated with and without PAPIRTA, with and without aniline reagent (where indicated) and
according to the Figure 39 fully detailed in this Chapter.
Total rRNA was extracted after incubation, and 3J..Lgwere used as a template for primer extension as
detailed in section 2.14.1.2. The products of primer extension were fractionated on a 6% (w/v)
polyacrylamide gel and made visible by autoradiography (section 2.13.2). 'Prok Prim' was used as primer.
1) Domain VI - RNA transcript (RNAT)
2) RNArt aniline
3) RNAT + PAP (1:10 m.r.)
4) RNAT+ PAP+aniline (1:10 m.r.)
5) RNAT + RT A (1: 10 m.r.)
6) RNAT+ RTA + aniline (1:10 m.r.)
GATC represent dideoxynucleotide sequencing reactions from pKK3535 using the same primer as above.
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products using pKK3 535 as a template using the same primer. Tracks labelled G, A, T
and C are the domain VI termination products from rrnB in the presence of the
corresponding

dideoxynucleoside

triphosphate

reagents.

Tracks

I and 2 with

unmodified RNAT, serve as controls and identify any termination products which result
from natural pauses or stops that occur as the reverse transcriptase moves along.
Tracks 3 and 4 show the specific termination product (arrowed) induced by PAP
treatment but not present in the track 1 used as control.

The products showed identical size and they appear after a C corresponding to the
position

G2661

on E. coli rRNA. The stops show that reverse transcriptase could not

read through A2660 because of its absence in the sequence after the N-glycosidase
activity which agrees with other authors (Hartley et al., 1991; Hartley and Lord, 1993;
Marchant and Hartley, 1994). The results confirm the RNA electrophoretic

profile

where it is shown that RNAT is sensitive to PAP, but not to RTA (Figure 39).

7.6. Primer Extension Comparisons with other Substrates
The Primer extensions were done in order to confirm that the putative site of PAP and
RT A action were equivalent in all cases, and was carried out on E. coli ribosomes and
its derivatives tested for substrate sensitivity to PAP and RTA in TKCa reaction buffer.
The primers used are described in section 7.5.

Figure 41(a-c) shows a sequencing gel of the products of primer extension reverse
transcribed from unmodified substrates (tracks 1,6, 11, 16,21 and 24), PAP modified
rRNA (tracks 2-3, 7-8, 12-13, 17-18,22-23

and 25-26) in a 1:1 and 1:10 (substrate:

RTA) m.r. as indicated, and RTA modified rRNA (tracks 4-5,9-10,

14-15 and 19-20)

in a 1:10 (substrate: RTA) m.r.
1. Figure 41(a) shows the products of primer extension on rRNA extracted from 70S
ribosomes (tracks 1-5) and from 'naked' total rRNA (tracks 6-10), after RIPs
N-glycosidase activity (tracks 2, 4, 7 and 9) and after treating with aniline reagent
(tracks 3, 5, 8 and 10). In both the modified-cleaved

and the modified but

uncleaved rRNAs, there is a major termination site corresponding to
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GU61

in the

Figure 42. Sequencing gel showing the primer extension products of PAPIRTA
N-glycosidase activity on a-sarcin/ricin domain present in ditTerent
substrates.

(a)

(b)

(c)

o-Sarcin/ricin domain contained on different substrates was incubated with and without PAPIRTA, with
and without aniline reagent (where indicated).
Total rRNA was extracted after incubation, and 3J.t.gwere used as a template for primer extension as
detailed in section 2.14.1.2. The products of primer extension were fractionated on a 6% (w/v)
polyacrylamide gel and made visible by autoradiography (section 2.13.2.).
1) E. coli ribosomes
2) E. coli ribosomes + PAP (1:1 m.r.)
3) E. coli ribosomes + PAP + aniline (1:1 m.r.)
4) E. coli ribosomes + RTA (1:10 m.r.)
5) E. coli ribosomes + RTA + aniline (1:10 m.r.)
6) 'naked' total rRNA
7) 'naked' total rRNA + PAP (1:1 m.r.)
8) 'naked' total rRNA + PAP + aniline (1: 1 m.r.)
9) 'naked' total rRNA + RTA (1:10 m.r.)
10) 'naked' total rRNA + RTA + aniline (1:10 m.r.)
11) SOS subunit
12) 50S subunit + PAP (1:1 m.r.)
13) SOS subunit + PAP + aniline (1:1 m.r.)
14) SOS subunit + RTA (1:10 m.r.)
IS) SOS subunit + RTA + aniline (1:10 m.r.)
16) 23SRNA
17) 23SrRNA + PAP (1:1 m.r.)
18) 23S rRNA + PAP + aniline (1: 1 m.r.)
19) 23S rRNA + RTA (1:10 m.r.)
20) 23S rRNA + RTA + aniline (1:10 m.r.)
21) SOS subunit
22) 50S SUbunit + PAP (1:1 m.r.)
23) SOS Subunit + PAP + aniline (1: 1 m.r.)
24)RNAr
2S) RNAr+ PAP (1:10 m.r.)
26) RNAr + PAP + aniline (1:10 m.r.)
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23S rRNA sequence, which is not present in the unmodified rRNA sample. Thus,
the site of depurination can be inferred from this as one base to the 5' of the
termination site at A266o.
2. Figure 42(b) shows the products of primer extension derived from 50S subunit
(tracks 11-15) and from 23S rRNA (tracks 16-20), after RIPs N-glycosidase
activity (tracks 12, 14, 17 and 19) and with added aniline reagent (tracks 13, 15, 18
and 20). In both, the modified/cleaved and the modified/uncleaved 23 S rRNAs
extension, there is a major termination site characteristic of depurination at A266o.
3. Finally, Figure 42(c) shows the products of primer extension derived from 50S
subunit (tracks 21-23) and from RNAT (tracks 24-26), after PAP's N-glycosidase
activity only (tracks 22 and 25) and after treating with aniline reagent (tracks 23
and 26). Once more, in both the modified/cleaved and the modified/uncleaved 23S
rRNAs extension, there is a major termination site characteristic of depurination at

Thus, there was a major termination site characteristic of the depurination

A2660

because of the PAP's N-glycosidase activity through the substrates assayed, proving
that the u-sarcin/ ricin domain is present in the conformational structure sensitive to
PAP although there is lack of activity ofRTA on RNAT.

7.7. Interaction of the TP50 Ribosomal Proteins with Domain VI
The r-proteins are presently viewed as fulfilling a subsidiary role in translation, such as
protecting rRNA from degradation, stabilising rRNA conformations and facilitating
conformational changes in the ribosomal RNA. (Douthwaite et al., 1995).

The proteins bound to domain VI from 23S rRNA of E. coli ribosomes have been
tentatively identified as L3 which binds strongly within subdomain VIA and L6 which
binds weakly to the same subdomain (Leffers et al., 1988). Furthermore, Uchiumi et
al. (1999) found a cooperative interaction between both proteins. Their results showed
that the binding of L6 and L3 together protected additional bases A26s7, A2662, C2666
and C2667 in the u-sarcin/ricin loop, in addition to A2740, A2741, A27s3, A2764, A276s and
A2766 in another stem loop (domain IV has 5 stem-loop structures) within domain VI
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(helix 92, Raue et al .. 1988). Hence, the works mentioned suggested the protection of
rRNA sequences and the conformational modulation of the highly conserved a-sarcinl
ricin domain depends on the protein binding.

Gel retardation electrophoresis is a method that allows protein-RNA complexes to be
detected and which depends on the physical separation of complexes from free rRNA
and protein. The complexed and the uncomplexed RNAs are separated by differences
in electrophoretic mobility. It is based on the fact that generally, the larger size and
reduced negative charge of the RN A: protein complex slows migration in a standard
polyacrylamide gel (Draper, 1994). Gel retardation electrophoresis has been used by
several authors in order to elucidate the interaction and the specificity of the interaction
of ribosomal proteins or other ribosomal components with the rRNA (e.g. Bartel and
Szostak, 1994; Kam et al.. 1994; Batey and Williamson, 1996; Serganov et al., 1996,
Uchiumi et al., 1999).

In the present study, interactions of r-proteins (TPSO) with RNA transcripts (Domain
VI from 23S rRNA) were investigated. The domain VI RNA transcript (RNAT) used
contains the o-sarcin/ricin loop. Leffers et al. (1988) reported that the L3 binding site
was at residue 2629, a nucleotide away from the S'end of the domain VI RNA
transcript used. Also Uchiumi et al. (1997) reported that the presence of L3 in that
domain indicated also the presence of L6 with a low affinity, and both would affect the
conformation of the a-sarcinlricin loop in a cooperative way. It is unclear therefore
whether

L6 binding can take

place independently of L3. The interaction of
radiolabelled domain VI - transcript C2p-RNAT) and TP50 r-proteins was monitored
using a native gel mobility shift assay based on works carried out by Batey and
Williamson (1996) and by Serganov et al., (1996). The proportion of TP50 to be
added to domain VI-RNAT was based on the stoichiometry studies by Nierhaus (1990)
for 50S reconstitution from 23S rRNA and TP50. Because non-physiological RNARNA interaction can be problematic, the first experiment involved an investigation of
whether prior heating and snap cooling of the 32p_RNATaffected its interaction with rproteins. The results of titration are shown in Figure 43.
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Figure 43. Effect of prior heating and snap-cooling treatment of 32p_RNAT on its
subsequent association with r-proteins, as monitored by mobility shift assays.

Denaturation-

Denaturation prior heating/snap-cooling

12% Non-denaturing

gel electrophoresis.

Samples

treatment

electrophoresed

-

Shifted complexes

-

Free RNA transcript

during 1 hand

45 min.

(1) 32p_RNAr denaturation - no prior heating and snap-cooling treatment.
1) 32p_RNAr
2) 32p_RNAr + L3 (1:0.2 ratio)
3) 32p_RNAr + L3 (1:0.4 ratio)
4) 32p_RNAr + TP50 (1:2 ratio)
5) 32p_RNAr + TP50 (1:4 ratio)
(II) 32p_RNAr denaturation - prior heating and snap-cooling treatment.
1) 32p_RNAT
2) 32p_RNAr + L3 (1:0.2 ratio)
3) 32p_RNAr + L3 (1:0.4 ratio)
4) 32p_RNAr + TP50 (1:2 ratio)
5) 32p_RNAT + TP50 (1:4 ratio)
Re-folding step: lmin at 90°C followed by two minutes incubation on ice (heating and snap cooling
treatment).
Mobility shift buffer (MBS) composition consistes of: 10mM K-Hepes pH 7.5, 50mM
potassium acetate, O.lmM EDTA, O.lmglml tRNA, SJ.1g1m1heparin, and 0.01% Nonidet P40 (Batey
and Williamson, 1996). Each reaction contained 0.2pmol RNAr• TPSO ratios based on section 2.16.2.

J2P-labelling

for 32p_RNAT was obtained following the procedure
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described

at section 2.14.3.

The Max Planck Institut fuer Molekulare Genetik provide samples of several r-proteins pooled
individually as well as a sample of TP50 containig L3 and L6 among them. Figure 43 shows
titration experiment with 32p-RNAT and either L3 or TP50 (sections 2.16.1 and 2.16.2) to give
a I :0.2, I :0.4, 1:2 and 1:4 ratio 2p-RNAT: TP50), where indicated. 32p_RNATwas obtained as

e

described at sections 2.14.3. and 2.14.5. The titration experiments were carried out as
described in section 2.18.2. Final buffer composition of the sample prior to being loaded is
shown at Appendix 2. The conditions chosen are based on the reasoning discussed by Batey
and Williamson (1996). All of their reactions include a high concentration oftRNA to prevent
non -specific interactions.

Figure 43 (I) (tracks 1 to 5) show the titration experiment of 32p_RNATwithout heating and
snap-cooling treatment (re-folding step). Figure 43(11) (tracks 6 to 10) show the titration
experiment of 32p_RNAT subjected to a prior re-folding step; lmin at 90°C followed by two
minutes incubation on ice (heating and snap-cooling treatment) (Batey and Williamson, 1996).
According to Batey and Williamson (1996) the process of heating and snap-cooling RNA is a
functionally adequate preparation of an RNA transcript for monitoring the association with rproteins in an in vitro situation. (This procedure is not the same as a renaturation as understood
in an in vivo situation). Since this study is an in vitro study the decision was taken to follow
Batey and Williamson's (1996) method.

The behaviour of the two RNAT samples in titration with r-proteins is similar. Tracks 4, 5, 9,
and 10 show also similar retarded mobility shift electrophoretic profiles. This suggests that the
heating and snap cooling (re-folding) step of the RNAT is not significantly, affecting its
quantitative behaviour in binding r-proteins. No L3 binding was obtained. However some
binding was obtained when TP50 titration was assessed, and this can be postulated as being L6
binding (through low affinity binding proposed by Uchiumi et al., 1997; 1999), but further
investigation would be needed to prove this (Figure 43).

In a second approach, the effect of TP50 titration was assessed (Figure 44). To 6pmol 32p_
RNAT different quantities ofTP50 were added to give a final ratio of 1:0.3, 1:0.5, 1:1, 1:2, 1:3,
and 1:4 (where indicated, Figure 44). Electrophoresis was carried out for 105 min.

Figure 44, tracks 1 and 2 refer to controls of RNA transcripts in mobility shift buffer, without
the reconstitution two step incubation (12Omin at 25°C instead of 60min at 25°C, 60min at
4°C) (track 1) and carrying out this procedure (track 2) (6Omin at 25°C, 60min at 4°C). Tracks
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Figure 44. Interaction between

p_RNAT and TP50.
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Shifted complexes
Free RNA transcript

1

2

3

4

5

6

7

8

Track No.

12% Non-denaturing gel electrophoresis. Samples electrophoresed during 105 min.
32p_RNAr not subjected to beating and snap-cooling treatment prior to titration experiment. Ratios
according to Nierbaus (1990) as described at section 2.16.2. For additional conditions see text.
1) 32p_RNAr
(control I)
2) 32p_RNAr
(controI2)
3) 32p_RNAr + TP50
(1:0.3 ratio)
4) 32p_RNAr + TP50
(1:0.5 ratio)
5) 32P_RNAr + TP50
(1:1 ratio)
6) 32P_RNAr + TP50
(1:2 ratio)
7) 32p_RNAr + TP50
(1:3 ratio)
8) 32p_RNAr + TP50
(1:4 ratio)

3lP-labelling for 32p_RNArwas obtained following the procedure described at section 2.14.3.
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5 to 8 show that 32p_RNAT : TP50 complexes slow migration through the non-denaturing gel.
Thus,

p_RNAT displays a reduction of mobility in a native-PAGE

32

on binding to TP50.

Titration curve should be extended to obtain the point of saturation binding.

In order to obtain more 32P-labelling efficiently,

32p_RNAr was obtained following the

procedure described at section 2.14.4., which consists on obtaining the 32P_labelling since the
synthesis of the transcript trough SP6 transcription. Further experiments were carried out using
a 32p_RNAT,which had not been subjected to a heating and snap-cooling (re-folding) step. The
final buffer composition of the samples to be loaded is shown at Appendix 2.

Using tRNA as unrelated RNA further checked the specificity of binding. tRNA did not show
competition for TP50 on a final amount of 4pmol, equivalent to 13.3x 32p_RNAT quantity
(Data not shown).

Figure 45 describes the specificity of binding, through the competition-binding experiments but
now using related RNAs. Unlabelled RNAT and 23S rRNA were used to define the TP50
affinity for 32p_RNATas follows:
a) Tracks 1-3 (I and II) refer to the 32p_RNATin mobility shift buffer (MSB) (section
2.18.2), with and without the two steps incubation as controls (60min at 25°C,
60min at 4°C, or 120min at 25°C).
b) Tracks 4-9 (I) show the TP50 titration experiment at ratios of 1:1, 1:3, 1:6. 1:9,
1:12 and 1:15 32p_RNAT: TP50 respectively.
c) Tracks 10-12 (1) and 13-14 (II) show the competition binding effect of unlabelled
RNAT at different ratios (as indicated in the Figure 45), using a constant 1:15
ratio of 32p-RNAT :TP50. Track 14(11) refers to a second control without TP50 in
order to elucidate any possible effect of 32p_RNAT : unlabelled-Rbla-

in terms of

gel retardation.
d) Tracks 15 to 19 (II) show the competition-binding effect of23S rRNA at different
rations (as indicated in the Figure 45) using a constant 1:15 ratio of 32p-RNAT
:TP50 complex as a starting complex. Track 19(11)refers to a third control without
TP50 in order to elucidate any possible effect of 23S rRNA

in terms of gel

retardation.
Figure 45 shows that in the absence of a competitor, 32p_RNAT formed a maximally retarded
complex with TP50 in a 1:12. Howeverver, as expected, binding to 32p-RNAT is reduced in the
presence of unlabelled RNAT.
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Figure 45. Gel mobility shift assays for TPSO competition

binding experiments.
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12% Non-denaturing gel electrophoresis. Samples electrophoresed during 3 h.
32p_RNAr non-temperature treated prior titration experiment Ratios according to Nierhaus (1990) as
described at section 2.16.2.
(l) Titration and RNA-RNA binding-competition experiments
1) 0.3pmoI32p-RNAr+ MSB
2) 0.3pmol 32p_RNAr + MSB
3) 0.3pmol 32p_RNAr + MSB (after two hours incubation)
4) 0.3pmoI32p-RNAr + 0.015e.u. TP50
(1:1 ratio)
5) 0.3pmoI32p-RNAr + 0.03e.u. TP50
(1:3 ratio)
6) 0.3pmol 32p_RNAr + O.06e.u. TP50
(1:6 ratio)
1) 0.3pmol 32p_RNAr + 0.0ge.u. TP50
(1:9 ratio)
8) 0.3pmoI32p-RNAr + 0.12e.u. TP50
(1:12 ratio)
9) 0.3pmoI32p-RNAr + O.ISe.u. TPSO
(1:15 ratio)
10) 0.3pmol 32p_RNAr + 0.15e.u. TPSO + Ipmol RNAr
(1:15:3.3 ratio)
11) 0.3pmoI32p-RNAr + O.ISe.u. TP50 + 2pmol RNAr
(1:15:6.7 ratio)
12) 0.3pmoI32p-RNAr + 0.15e.u. TP50 + 3pmol RNAr
(1:15:10 ratio)
(ll) RNA-RNA and RNA-23S rRNA binding competition experiments
1) 0.3pmoI32p-RNAr+ MSB
2) 0.3pmol 32p_RNAr + MSB
3) 0.3pmol 32p_RNAr + MSB (after two hours incubation)
13) 0.3pmol 32p_RNAr + O.ISe.u. TPSO + 4pmol RNAr
(1:15:13.3 ratio)
14) 0.3pmoI32p-RNAr + 4pmol RNAr
(1:0:3.3 ratio)
15) O.3pmol 32p-RNAr + 0.15e.u. TPSO + Ipmol23S RNA
(1:15:3.3 ratio)
16) O.3pmol 32p_RNAr + O.ISe.u. TPSO + 2pmo123S RNA
(1: 15:6.7 ratio)
11) O.3pmol 32p_RNAr + O.ISe.u. TPSO + 3pmo123S RNA
(1:15:10 ratio)
18) O.3pmol 32p_RNAr + O.ISe.u. TPSO + 4pmo123S RNA
(1:15:13.3 ratio)
19) 0.3pmol 32p_RNAr + 4pmol23S RNA (1:0:3.3 ratio)

203

Finally, 23S rRNA was shown to be a less efficient competitor

for TPSO than

unlabelled transcripts with a DI'2 of approx. 4 pmol (equivalent to 13.3x 32p_RNAT
quantity) (01/2 refers to the amount of competitor required to reduce binding by 50%
according to Karn et al. (1994». This could be explained because of the complexity of
23 S rRNNr-protein

reconstitution. Batey and Williamson (1996) observed a similar

effect with 16S rRNA competition for the binding SIS to a transcript of 16S rRNA.
They suggested

that the slow rate of association,

compared

to more efficient

competitors was likely because, in spite of the requirement for a RNA: protein collision
at the correct site for specific binding, not all the collisions would be productive.
However, because TPSO bound to 32p-RNAT and a condition of an excess of tRNA, it
was demonstrated that the elements of the specific TPSO-23S rRNA interaction were
preserved in domain VI transcripts.

Figure 46(1) shows the stability of the complex, which was analysed usmg the
experiments described at sections 2.18.2. and 2.18.3. The rational for the experiments
is the following: An incubation is performed in which the 32p-RNAT/TPSO

interaction

obtains equilibrium. At this point, an excess of unlabelled RNAT is added and
incubation continued.

Samples are removed after various time of incubation and

applied immediately to the non-denaturing gel. If the complex between the 32p_RNAT
and TPSO is relatively stable, then the amount of retarded labelled complex should not
be influenced by the unlabelled competitor RNA. If on the other hand, the complex
between 32p_RNATand TPSO is unstable, protein which dissociate from it would rebind
to the excess unlabelled RNAT, resulting in a loss of the retarded, labelled complex
with time.

The experiments were based on Batey and Williamson's (1996) work, but with the
modifications described in the sections quoted. However, association and dissociation
experiments were conducted at 25°C (instead of the two step procedure used in

Figures 43, 44 and 45) in a dry block, by adding 0.3pmol 32p_RNATand O.IS e.u. of
TPSO (1: 15 ratio, transcript: TP50). In dissociation experiments (Figure 46(11»,
2pmol of RNA transcript competitor were subsequently added to each reaction to give
a final ratio
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Figure 46. The 32p-RNAT:TP50 complex association and dissociation experiments
Min of incubation
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Track No.
(I) Association experiments in a 1:1S 32p-RNAT:TPSO ratio, at 0 to 120 min of complex incubation, in MSB
at 2SoC. 12% acrylamide non-denaturing gel electrophoresed during 4 h at 20mA
I) 0.3pmoI32p-RNAT+ MSB (Control I)
2) 0.3pmoI32p-RNAT + O.ISe.u TPSO (1:1S ratio) (Contro12)
3) 0.3pmo132P-RNAT + O.ISe.u. TPSO (1:1S ratio) after 0 min
4) 0.3pmo132p-RNAT + O.ISe.u. TPSO (1:1S ratio) after S min
S) 0.3pmol 32p_RNAT+ O.ISe.u TPSO (1:1S ratio) after 10 min
6) 0.3pmol 32p_RNAT+ O.ISe.u. TPSO (l:IS ratio) after 20 min
7) 0.3pmo132p-RNAT + O.ISe.u. TP50 (1:15 ratio) after 30 min
8) 0.3pmol 32p_RNAT+ O.ISe.u. TPSO (1:1S ratio) after 60 min
9) 0.3pmol32p-RNAT + O.ISe.u. TPSO (1:1S ratio) after 120 min
(Il) Dissociation experiments in a 1: lS:6.7 32p_RNAT:TPSO: RNAT competitor ratio (complex with 32p_
RNAT was formed before the addition of the competitor RNAT), at 0 to 60 min of mixture incubation, in
MSB at 2SoC. 12% a~lamide non-denaturing gel electrophoresed during 3 hat 20mA
10) 0.3pmo13 P-RNAT + MSB (Control I)
11) 0.3pmoI32p-RNAT + O.ISe.u. TPSO (1:1S ratio) (ControI2)
12) 0.3pmol 32p_RNAT+ O.lSe.u. TPSO + 2pmol RNAT (1: IS:6. 7 ratio) 0 min competition
13) 0.3pmol32P-RNAT + O.ISe.u. TPSO + 2pmol RNAT(I:IS:6.7 ratio) S min competition
14) 0.3pmoI32p-RNAT + O.ISe.u. TPSO + 2pmol RNAT(1:IS:6.7ratio)
10 min competition
IS) 0.3pmol 32p_RNAT + O.ISe.u. TPSO + 2pmol RNAT (1: IS:6. 7 ratio) 20 min competition
16) 0.3pmo132p-RNAT + O.ISe.u. TP50 + 2pmol RNAT(1:IS:6.7ratio) 30 min competition
17) 0.3pmoI32p-RNAT + O.lSe.u. TPSO + 2pmol RNAT(1:IS:6.7 ratio) 40 min competition
18) 0.3pmoI32p-RNAT + O.ISe.u. TPSO + 2pmol RNAT(l:IS:6.7 ratio) SOmin competition
19) 0.3pmoI32p-RNAT + O.ISe.u. TPSO + 2pmol RNAT(I:IS:6.7 ratio) 60 min competition
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of 1:15:6.7. The experiment was performed under these conditions because it had been
shown in the competition experiments shown in Figure 45 that they had resulted in a
substantial reduction in the formation of the 32pRNAr: TP50 complex.
Thus, Figure 46 shows the following reactions:
a) Tracks 1-2 (I) and 10-11 (II) show the 32p_RNAr and 32p-RNAr:TP50
complex (after 2h incubation) as control.
b) Tracks 3 to 9 (I) show the profile of 32p-RNAr:TP50 complex after the
indicated incubation times.
c) Tracks

12 to

19 (II) show the profile of 32p-RNAr:TP50:

RNAr

competitor, after the indicated incubation times.

Figure 46(1), track 3 (time 0) shows that the formation of a complex occurs rapidly.
Figure 46(ll) shows that RNAr competitor reduced binding but that is only apparent
at incubation time of > 30min incubation. It is concluded that the 32p_RNAr: TP50
complex is relatively stable.

The stability of the complex between 32p_RNAr: TP50 (1: 15 ratio) was also analysed
in buffer 6 (20mM TrisiCI pH7.4, 20mM Mg acetate, 400mM NH.CI, ImM EDTA,
5mM 2-mercaptoethanol)

and TKCa buffer in order to provide the conditions for the

assay of substrate sensitivity for RIPs N-glycosidase activity. The substrates refer to
32p_RNAr and 32p-RNAr:TP50 complex as a reconstituted domain VI.

Based in the assembly mapping protocol for the 50S published by Nierhaus (I990) as
described in section 2.18.6., this alternative method was carried out. 32p-RNAr: TPSO,
was reconstituted in buffer 6 (Figure 47) then the sample was applied to a 10-30010
sucrose gradient made up with the same reconstitution buffer. A sample of the same
. amount of 32p_RNAr was similarly applied to a sucrose gradient . After centrifugation,
the sucrose gradients were fractionated. The fractions were collected and the cpm was
measured using a scintillation counter in order to obtain a sedimentation profile. The

cpm/J,J.l was plotted against the fraction number.
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Figure 47. Sedimentation profile of 32p_RNAT and 32p-RNAT:TPSO complex
reconstituted in buffer 6 (20mM TrisiCI pB7.4; 20mM Mg acetate, 400mM NIl&O,
ImM EDTA, 5mM 2-mercaptoethanol).

-

'3.
E

c.
~

Fraction number

The direction of sedimentation is from left to right.
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Figure 47 shows the sedimentation profiles of both 32p-RNAT and 32p-RNAT:TP50
complex substrates. Figure 48 shows the sedimentation profile of a similar experiment
to that shown in Figure 47 but this time the complex was formed in MSB and then
equilibrated with TKCa buffer by Biogel P6 chromatographic column (section 2.18.5.)
and applied to a sucrose gradient containing TKCa buffer. Figure 47 and Figure 48,
both show a clear and well-defined change in sedimentation profile from the free RNAT
to the RNAr: TP50 complex in the two buffers tested. These confirmed the complex
formation during the centrifugation,

under different buffer conditions. Thus, the

following step was to assay PAP activity on

p-RNAT and 32p-RNAT:TPSO complex

32

under the TKCa buffer selected for this research (Chapter V).

Gel retardation assays were carried out under the same non-denaturing conditions, but
this time using 32p_RNAT and 32p-RNAT:TP50 (1: 15 m.r.) complex reconstituted

in

MSB and then changing the buffer for TKCa buffer (section 2.18.S.). The experiment
was carried out twice (Figures 49(a) and 49(b»). In both cases, the reconstitutions
were carried out in MSB at 2SoC for 30 min. Then, the buffer was changed for TKCa
buffer (where indicated), followed by incubation under those conditions used for
testing RIP sensitivity (30 min at 37°C). Results were compared to those incubated for
a further 30-min at 25°C. The control experiments were carried out but using MSB
under the two conditions described. The samples were electrophoresed for 105 min
(Figure 49(a», and for SOmin (Figure 49(b»). The experiments were performed in
both Figures 49a1b, as follows:
a) Tracks 1 and 2 show the profile of the two substrates reconstituted in
MSB, and then incubated for 30 min at 37°C.
b) Tracks 3 and 4 show the profile of the two substrates reconstituted in
MSB, and then incubated for 30 min at 25°C.
c) Tracks 5 to 6 show the profile of both substrates reconstituted in MSB;
MSB was changed for TKCa buffer and then incubated for 30 min at 25°C.
d) Tracks 7 and 8 show the profile of both substrates reconstituted in MSB;
MSB was changed for TKCa buffer and then incubated for 30 min at 37°C.
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Figure 48. Sedimentation profile of 32p_RNAT and 32p-RNAT:TPSO complex
equilibrated in TKCa butTer (2~mM TrislHCI pH 7.6, 2~mM KCI and ~mM CaCh).
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The direction of sedimentation is from left to right.
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Figure 49. Non-denaturing gel retardation profile oCl1P-RNAr and llP_RNAr:
TP50 complex reconstituted in MSB at lSOC,then equilibrated in TKCa
butTer and incubated at lSOCor 37°C.
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Samples reconstituted in MSB 30 min at 25°C, changing MSB for TKCa buffer (where indicated) and then
incubated at 25°C or 37"C. 12% Non-denaturing gel electrophoresis.
(a) Samples electrophoresed for Ih and 45 min.
I) 32p_RNAT in MSB incubated at 37"C
2) 32p_RNAT: TP50 reconstituted and then incubated at 37"C
3) 32p_RNAT in MSB, maintained at 25°C
4) 32p_RNAT: TP50 reconstituted and maintained at 25°C.
5) 32p_RNAT equilibrated in TKCa and then incubated at 25°C.
6) 32p_RNAT: TP50 equilibrated in TKCa and incubated at 25°C.
7) 32p_RNAT equilibrated in TKCa and then incubated at 37"C.
8) 32p_RNAT: TP50 equilibrated in TKCa and incubated at 37"C.
(b) Samples electrophoresed for 50 min.
I) 32p_RNAT in MSB incubated at 37"C
2) 32p-RNAT: TP50 reconstituted and then incubated at 37"C
3) 32p_RNAT in MSB, maintained at 25°C
4) 32p_RNAT: TP50 reconstituted and maintained at 25°C.
5) 32p_RNAT equilibrated inTKCa and then incubated at 25°C.
6) 32p_RNAT: TP50 equilibrated in TKCa and incubated at 25°C.
7) 32p_RNAT equilibrated in TKCa and then incubated at 37"C.
8) 32p_RNAT: TP50 equilibrated in TKCa and incubated at 37"C.
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Samples in tracks 2 and 8 (a and b), which refer to the 32p-RNAT:TP50 complex
reconstituted and then incubated at 3T'C, show less retardation than those performed
at a constant 25°C, showing that the former are less stable (Tracks 4 and 6, a and b).

The complexes for which the buffer was changed to TKCa buffer and then incubated at
25°C (tracks 5 and 6, a and b) and at 37°C (tracks 7 and 8, a and b) differ from those
shown above. In these cases the shifted complexes have a higher mobility than free
RNAT. However, under both buffer conditions the magnitude of the mobility shift is lower at
37°C than at 25°C, suggesting that the complex is less stable at the higher temperature. TKCa
buffer caused the RNP to fold into a more compact structure (Bartel and Szostak, 1994;
Serganov et al., 1996). This might be because of the cooperative influence of the Ca2+ and of
the r-proteins.

Parallel experiments were carried out in order to assay the reconstituted 32P_RNAT:
TP50 complex sensitivity to PAP and RT A N-glycosidase activity. Standardisation of
conditions and electrophoretic profiles of E. coli ribosomes and its derivatives after
RIP's activity were attempted.

Figure 50 shows the comparative results between the activity of PAP on E. coli
ribosomes, 50S and 30S subunits (Figure 50(1») and PAP activity on their respective
'naked' rRNAs (Figure 50(11») in MSB buffer (EDTA containing). PAP was added to
the mixtures to give a 1:10, 1:1 and 1:0.1 (where indicated) substrate: PAP molar ratio, with
added aniline reagent (where indicated). Tracks 3-5, 8-10, 11-13 (I) and 16-18, 20-23, 26 (II)
show non-specific activity of PAP with a smear like pattern. but when the depurination is
superimposed on this smear like pattern, as shown in tracks 10 (I) and 18, 22 (II) the aniline
fragment corresponding to A2660 can be distinguished. These tracks represent a dilution of 1:0.1
m.r., 1:0.1 m.r. and 1:1 m.r. respectively. Although it may be assumed that the aniline fragment
corresponding to A2660 is present in the tracks representinghigher concentrations (tracks 9, 17
and 21), further analysis is required to prove its presence.

An analysis by non-denaturing PAGE using a different buffer was carried out in order
to assay the reconstituted 32p_RNAr: TP50 complex sensitivity to PAP and RTA Nglycosidase activity and the results are suported on pages 213-217.
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Figure 50. Comparative results between the activity of PAP on E. coli ribosomes,
50S, 30S subunits (I) and on their respective 'naked' RNAs (ll) in MSB
reaction butTer.
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Electrophoretic profile of extracted RNA after incubation. 3 ug were loaded onto a l.2%
formamide gel. MSB Reaction Buffer (Appendix 2) instead of TKCa buffer.
(J)pAPactivity on E. coli ribos. (tracks 1-5), 50S subunits (tracks 6-10) and 30S subunits (tracks 11-13):
l. E. coli ribosomes
2. E. coli ribosomes + PAP
(1:10 m.r.)
3. E. coli ribosomes + PAP + aniline
(1:10 m.r.)
4. E. coli ribosomes + PAP + aniline
(1:1 m.r.)
5. E. coli ribosomes + PAP + aniline
(1:0.1 m.r.)
6. 50S subunit
7. 50S + PAP
(1:10 m.r.)
8.50S+PAP+aniline
(1:10m.r.)
9. 50S + PAP + aniline
(1: 1 m.r.)
10. 50S + PAP + aniline (1:0.1 m.r.)
11. 30S subunit
12.305 + PAP
(1:10 m.r.)
l3. 30S + PAP + aniline (1:10 m.r.)
(II)pAPactivity on 'naked' total RNA (tracks 14-18),238 RNA (tracks 19-23) and 16S RNA (tracks 24-26):
14. 'naked' total rRNA
15. 'naked' rRNA + PAP (1:10 m.r.)
16. 'naked' rRNA + PAP + aniline (1:10 m.r.)
17. 'naked' rRNA + PAP + aniline (1:1 m.r.)
18. 'naked' rRNA + PAP + aniline (1:0.1 m.r.)
19.235 rRNA
20.235 rRNA + PAP
(1:10 m.r.)
21. 23S rRNA + PAP + aniline
(1:10 m.r.)
22. 23S rRNA + PAP + aniline
(1:1 m.r.)
23. 23S rRNA + PAP + aniline
(1:0.1 m.r.)
24.16SrRNA
25. 16S rRNA + PAP
(1:10 m.r.)
26. 16S rRNA + PAP + aniline
(1:1Om.r.)
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agarose:

'smear' of rRNA cleavage products, resulting from non-specific depurination. Similar
results have been observed previously as shown in Chapter V. The pattern seems to be
a reaction to the influence of chelating agents on the N-glycosidase activity.
So far, the 32p-RNAT:TP50 complex in MSB does not allow the analysis of A2660
specific PAP activity on different substrates. Thus, a second and a third approach were
attempted in order to elucidate the reconstituted substrate's sensitivity to PAP. The
samples were analysed by non-denaturing

gel electrophoresis

as control (Figure

51(1».

Figure 51 shows the comparative results between the activity of PAP on 32p_RNAT
and 32p-RNAT:TP50 complex in reaction buffers, TKCa and MSB. In all MSB cases,
after the reconstitution incubation, PAP was added to give a 1:10, 1:1 and 1:0.1 m.r.
(Substrate: PAP). The PAP activity was carried out in all cases for 30 min at 25°C
followed by the rRNA extraction.

Figure 51 (I) shows the 32p_RNAT and 32p_RNATafter PAP's N-glycosidase activity
with an added aniline reagent (tracks 1 and 2 respectively), both in TKCa buffer and as
a control. Figure 51 (II) shows two experimental series of 32p_RNAT(tracks 1-5) and
32p_RNAT:TP50 (tracks 6-10) both in MSB. The reactions were performed as follows:
a) Tracks 1(1), 1(1l) and 6(11) show the electrophoretic pattern of reaction
mixture containing 32p_RNATand 32p_RNAr: TP50 complex as the control
reactions in which either PAP or aniline treatment has been omitted.
b) Tracks 2 and 7 (II) show the profile form the reaction mixtures with their
respective substrate with added PAP to give a 1:10 substrate: PAP m.r. as
controls and without aniline treatment.
c) Tracks 2(1), 3-5 (II) and 8-10 (II) show rRNA from reaction mixtures in
their respective reaction buffers with PAP to give a 1:10, 1:1 and 1:0.1 rn.r.
(Substrate: PAP) with added aniline treatment.

Figure 51. Comparative results between the activity of PAP on 31p_RNAT and
3lp-RNAT:
TP50 complex in both reaction butTers (TKCa and MSB),
analysed by non-denaturing PAGE.

(II)
-

RNA transcript +
large aniline fragment

Aniline
fragment

1

2

9 10

12345678

Track No.

Samples were electrophoresed 50 minutes. 12% acrylamide non-denaturing gel.
(l) PAP activity on 32p_RNATin TKCa buffer.
1) 32p_RNAT
2) 32p-RTAT + PAP + aniline (1:10 m.r.)
(Il) PAP activity on 32p_RNAT(tracks 1-5) and 32p_RNAT:TP50 complex (tracks 6-10), in MSB buffer.
1. 32p_RNAT
2.32p_RNAT+PAP
(1:10m.r.)
3. 32p_RNAT+ PAP + anilin e
(1 : 10 m.r. )
4. 32p_RNAT+ PAP+ aniline
(1:1 m.r.)
5. 32p_RNAT+ PAP+ aniline
(1:0.1 m.r.)
6. 32p-RNAT:TP50 (1:15 m.r.)
7. 32p-RNAT:TP50 + PAP (1: 15: 10 m.r.)
8. 32p-RNAT:TP50+PAP+aniline(1:
15: 10m.r.)
9. 32p-RNAT:TP50 + PAP + aniline (1: 15: 1 m.r.)
10. 32p-RNAT:TP50 + PAP + aniline
(1: 15: 0.1 m.r.)
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Tracks 2(1), 3 (II) and 8 (II) show the small aniline fragment, presumably represent the
42nt fragment (accoring to the information presented in Figure 33) from the cleavage
ofRNAT depurination at A2660.The large aniline fragment and uncleaved RNAT are not
clearly resolved.

A comparison between this result, and those of previous experiments (Figure

39)

suggest that under these conditions 32p_RNATin TKCa buffer, and 32p_RNATin MSB,
have a similar sensitivity to PAP's N-glycosidase activity. 32p_RNATand 32p_RNAT:
TP50 complex in MSB also show the same sensitivity to PAP.

Although it has been demonstrated

(Figures

48 and 49) that the 32p-RNAT:TP50

complex is relatively stable, it differs in its gel retardation profile, from complexes
maintained in MSB, and thus, presumably, differs in its conformation. Nevertheless,
the complexes formed in both buffers are equally sensitive to PAP depurination.
Additionally, these results could provide evidence for the role of the divalent cation
and for the role of r-proteins, in constraining or maintaining the rRNA structure where
the a-sarcinlricin loop still appeared to be exposed for RIPs depurination.

Lu and Draper (1994), showed that the 5'end of 23S rRNA appeared to show Mg2+
2
dependent stabilisation of the tertiary structures, supporting the idea of both the Mg +
and the r-proteins together, or one of them (divalent cation or r-proteins) participate in
the folding of the rRNA.

Figure 52 shows the comparative results between the activity of RTA on 32p_RNAr
and

32p-RNAT:TP50

complex in MSB using PAP activity on 32p_RNAr as control.

Tracks 1-3 and 4-6 show the pattern of RNA from reaction mixture containing 32p_
RNAT and RIPs (1-3 containing PAP, and 4-6 containing RT A), to give a 1:10 and 1:1
m.r. (substrate: RIP) (where indicated). Tracks 8-9 show aniline treated samples.
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Figure 52. Comparative results between the activity of RTA on 31p_RNAT and
31p_RNAT : TPSOcomplex in MSB, analysed through a non-denaturing
PAGE and using PAP activity on 31p_RNAT as control.

RNA transcript

+

large aniline fragment

Aniline

-

fragment

123456789
TrnckNo.

Samples were electrophoresed 50 minutes. 12% acrylarnide non-denaturing gel.
(I) PAP activity on 32p_RNAT in MSB buffer as control.

1) 32p_RNAr
2) 32p-RTAr + PAP + aniline (1:10 m.r.)
3) 32p_RTAT + PAP + aniline (I:} m.r.)
(Il) RTA activity on 32p_RNAT (tracks 1-5) and 32p_RNAT: TP50 complex (tracks 6-10), in MSB buffer.
4. 32p_RNAT + RTA
(1:10 mr.)
5. 32p_RNAT + RTA +aniline
(1:10 mr.)
6. 32p_RNAT + RTA +aniline
(1:1 mr.)
7. 32p_RNAT: TP50 + RTA
(1: 15: 10 m.r.)
8. 32p_RNAT: TP50 + RTA + aniline
(1: 15: 10 m.r.)
9. 32p_RNAT: TP50 + RTA + aniline
(1: 15: 1 mr.)
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The generation of the aniline fragment following the incubation of 32p_RNATwith PAP
(track 2) serves as a positive control. The lack of activity by RTA confirms previous
results in this Chapter where RN AT was not sensitive to RTA activity in a 1: 10m. r.
(Substrate:

RTA) and analysed by 2% agarose: formamide gels and by primer

extension (Figures 39 and 40, respectively). Furthermore, the 32p_RNATreconstituted
with TPSO was also insensitive to RTA's N-glycosidase activity, under both MSB and
TKCa reaction buffer conditions (Figure 52).

Finally in order to elucidate whether or not there is a RIP association and subsequent Nglycosidase activity, a comparative gel retardation electrophoresis was carried out. Gel
retardation assay were used to investigate the possibility that the RIP: RNAT and for RIP:
RNAT:TP50 complex causes a sufficient mobility shift to be detected by this technique. The
results of such an experiment are shown in Figure 53. 32p_RNAT(tracks 1-3) and

32p_

RNAT:TP50complex (tracks 4-6), were incubated with PAP and RTA in MSB, and analyzed
by non-denaturing PAGE, together with control samples incubated without the RIPs. for 30
min at 25°C prior to loadingthe samples onto a 12% acrylamide non-denaturing gel.

The results show that PAP does not cause retardation of either 32p_RNATor 32p-RNAT:TP50
complex (compare lanes 1 and 2, 4 and 5). In contrast RTA causes retardation of both 32p_
RNATand 32p-RNAT:TP50complex (compare lanes 1 and 3, 4 and 6).

Summing up:
1) PAP was active on both domain VI transcript and reconstituted RNA transcript:
TPSO complex, at a ten-fold higher concentration than that of the substrate.
2) The activity of PAP on MSB in the presence of aniline reagent when agarose gel
electrophoresis

is used, occurred at multiple sites in the rRNA of ribosomes,

subunits

'naked'

and

agarose:formamide
demonstrated

rRNAs,

termed

non-specific

gels). A similar non-specific

in other EDT A-containing

activity

(as

shown

by

activity had been previously

buffers (Chapter

V). Nevertheless,

Figure 51 clearly shows PAP' specific cleavage of the RNAT in this buffer.
3) The rRNA N-glycosidase activity of PAP was similar on domain VI transcripts and
such transcripts reconstituted

with TPSO. However, both were relatively poor
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Figure 53. Comparative gel retardation assays after PAP or RTA were added to
32p_RNAT and 32p_RNAT : TP50 complex in MSB.

RNA complex

Free RNA transcript

1

2

3

4

5

6

Track No.

Samples were electrophoresed 2h 45min. 12% Acrylamide non-denaturing gel. Reactions inMSB buffer.
1) 32p_RNAT
2) 32p-RTAT + PAP (1:10 O1.r.)
3) 32p-RTAT + RTA (1:10 m.r.)
4) 32p-RNAT:TP50 (1:15 m.r.)
5) 32p-RNAT:TP50 + PAP (1: 15: 10 m.r.)
6) 32p-RNAT:TP50 + RTA(l: 15: 10 m.r.)
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substrates for PAP action. This suggests that the structure of the a-sarcinlricin
loop in the native ribosome and in intact 23S rRNA may differ from that on the
domain VI transcript.
4)

RTA was not active on both domain VI transcripts

and such transcripts

reconstituted with TP50 in TKCa and MSB buffers. Thus, E. coli native ribosomes
and domain VI-RNA transcripts

are the only a-sarcinlricin

loop containing

substrates, insensitive to RTA activity. The former case could be due to the fact
that the depurination site is protected. The latter could again be explained by the
possibility that an optimal structure for RT A activity requires the involvement of
long range tertiary interactions of the type described by Brimacombe (1995).
5) Unexpectedly, it was found that RTA appeared to form a complex with both RNA
transcript and RNA transcript: TPSO complex in MSB as shown by the nondenaturing gel electrophoresis. This is the more surprising because in spite of the
binding to the complex, there is no N-glycosidase activity on the substrates.

7.S. Conclusions
In order to gain a greater insight into the r-protein influence on RIPs' activity, the
individual domain VI of 23S rRNA from E. coli ribosomes was transcribed and
reconstituted with the TPSO so that RIP's activity on these reconstituted substrates
could be tested.

In this chapter the step by step construction of a pGEM-4Z, carrying the cloned
domain VI obtained by PCR methodology, from the 3' end of E. coli 23S rmB operon
(Brosius et al., 1981alb) is shown. E. coli DHSa cells were transformed and screened
through colour selection protocols. Further purification of recombinant pGEM-4Z was
carried. The plasmid was BamID restricted to linearize the DNA and to obtain the
RNA transcript after SP6 RNA polymerase enzyme and rNTPs were added. RNA
transcript sensitivity to PAP and to RT A was assayed, and primer extension was done
in order to elucidate that the depurination has occurred at the highly conserved asarcinlricin GA2660GA sequence. Primer extension also was done for the E. coli
ribosome and its derivatives, all of them showing the same DNA electrophoretic
pattern with its characteristic stop at the GA2660GA.

The reconstitution of the domain VI RNA transcript was attempted, by adding TP50
since it is well recognised that domain VI binds strongly to L3 r-protein (Leffers et al.,
1988). L6 only binds weakly and furthermore, that there is a cooperative interaction
between both proteins through an apparent conformational modulation of the highly
conserved a-sarcinlricin loop (Leffers et al., 1988; Uchiumi et al., 1997; 1999).

RNA transcript reconstitution was carried out and the complex was analysed by gel
retardation electrophoresis, where it was expected that the migration of the complex
would be slower than the transcript because the complex has an increased mass and
reduced negative charge due to the basicity of r-proteins, The results of the titration,
reconstitution

stability and competition described in the methods showed the rapid

formation of a stable complex, whose assembly was not affected by the presence of
unrelated RNA (tRNA). In contrast, the formation of the complex was reduced in the
presence of unlabelled domain VI transcripts and 23S rRNA. This suggests that the
complex formation shows RNA sequence specificity.

Using the standard agarose: formamide gel system, it was not possible to observe the
two fragments of aniline cleavage (resulting from depurination at A2660 in the 32p_
RNAT) because the small fragment might be lost. However, the small aniline fragment
of 42nt was clearly resolved in PAGE on the 12% acrylamide non-denaturing

gel

system used to analysed proteinJRNA complexes, and this was used as an assay system
for depurination of 32p_RNAT and RNAT: TP50 reconstituted

complex. Using this

assay, it was shown that free domain VI transcript and that complexed with TP50
showed similar sensitivity to PAPin both MSB and TKCa buffer.

220

8. CHAPTER VIII:
GENERAL DISCUSSION AND FUTURE WORK

22)

8.1. General Discussion
The selective activity of RIPs on different substrates is still only partially understood. It has
been reported that all RIPs possess a similar active site structure to depurinate all ribosomes,
but they differ in their activity one with another. It is also well known that RIPs' N-glycosidase
activity takes place in a highly conserved rRNA sequence at the 23S-like ribosomal RNA site.
It might be considered the possibility that ribosome preparations, are not homogeneous with
respect to their susceptibility to RIPs. The above consideration might include that they are not
homogeneous because different conformations,

some associated with elogation factors, and

these factors might differ between prokaryotic and eukaryotic species. Furthermore, it has been
suggested that the presence or absence of certain ribosomal proteins and their ability to interact
with RIPs, can affect the substrate's sensitivity to the RIPs.

It is well known that the majority of RIPs are active on 'naked' substrates (either 23S-like
RNA or synthetic oligoribonucleotides that mimics the cc-sarcin/ricin loop) and the specificity
of depurination at a single site is retained. However, the catalytic constant (Kcat) is approx. I O~fold lower on these RNA substrates than rat liver ribosomes, implying that r-proteins playa
very important role in RIP catalysis. The general characteristics of PAP and RTA activity on
both native E. coli ribosomes and deproteinised (naked) total rRNA were established as a
model for research. Before this, it is known that PAP modifies 23S rRNA in native E. coli
ribosomes (Hartley et al., 1991) in contrast to the toxic A-chains of the type 2 RIPs abrin and
ricin, which are inactive against E. coli ribosomes. Nevertheless,

PAP and RTA catalyse

depurination of the rRN A in the 'naked' state. Thus, it was assumed that from the structure of
diverse RIPs and above all the conservation of the active site, they would recognise the same
identity elements in RNA. Marchant and Hartley (1995) showed that PAP has less stringent
identity element requirements than RT A. Hence, in order to study the influence of r-proteins on
the susceptibility of the RIP target site to depurination by PAP and RTA, it was necessary to
first establish the characteristics of action of those RIPs on E. coli ribosomes and 'naked' rRNA

The results of the N-glycosidase assays showed that the activity of PAP decreased on
'naked' rRNA by a factor of approx. 10 compared to that on the native substrate,
confirming the influence of r-proteins in increasing the efficiency of depurination,
possibly because r-proteins support a conformation which is optimal for PAP. In the
case of RTA, no activity could be demonstrated on any substrate tested at a 1:1 m.r.
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(Substrate: RTA) in TKMg reaction buffer. It was found that the use of divalent
cation: chelating agent effectively increased the RIPs' activity on the substrates and
even in some cases, allowed RIPs Nsglycosidase activity at depurination sites other
than A2660in 23S rRNA. Results showed that under several conditions, the r-proteins
in the substrates affected their sensitivity to RIP's activity. PAP showed high activity
on the native E. coli ribosomes in all cases compared to the deproteinised rRNA
substrates. Furthermore, there was a marked difference in the activity of PAP on the
dissociated subunits, where with 50S there was approx. 100x more activity than with
coupled 70S ribosomes. However, the protection is not absolute since dissociated 50S
subunits did serve as substrate for RTA's activity, albeit a poor substrate. A similar
observation has been made for the activity of RTA on yeast ribosomes. It was shown
RTA expressed from an inducible promoter preferentially modified the rRNA in free
60S subunits (Gould eta!., 1991).

There is evidence that most activities of ribosomes are rRNA mediated, and that
peptide bond formation is catalysed in a compartment that was shown to be
predominantly composed of rRNA (Steiner et al., 1988) and turned out to be resistant
to partial ribosomal protein extraction procedures but sensitive to RNase or EDTA
treatment (Noller et ai, 1992). Polacek and Barta (1998) have also reported, for all
RNA-catalysed reactions known to date that there is interaction with other parts of the
ribosome. They have emphasisedthe influenceof divalent metal ions, where it has been
assumed that structurally and functionally important metal ions are coordinated to
highly ordered rRNA structures. Their experiments were done in order to show the
site-specific cleavage of RNAs due of the exposure of the ribosomes to divalent metal
ions such as Pb2+, Mg2+, Mn2+ and Ca2+. The basis of their research is that the
ribosomes have to deal specifically with the problem of packing rRNA secondary
structure elements into highly ordered complexes capable of deciphering the genetic
code. Thus, positively charged ions, including polyamines, monovalent ions,. and
divalent ions are required for counterbalancing the electrostatic repulsion of the
polyanionic rRNA and for the promotion of rRNA structures. Pan et al. (1993}
showed that metal ions are known to promote nucleic acid folding and can even
participate directly in RNA catalysis. RNA catalysed reactions, either require or are
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catalysed reactions, either require or are greatly stimulated by, divalent ions, which can play
structural roles or participate directly in RNA catalysis (Pan et al., 1993).

When Mg2+ was substituted by Ca2+ by using the TKCa buffer instead of the TKMg buffer,
there was enhanced RIP activity and the effect of the r-proteins in influencing the sensitivity of
the substrates to RIPs became clear.

Thus, the TKCa buffer was chosen for the further

experiments. Our results might suggest a protective effect of Mg2+ at AZ660 for RIPs Nglycosidase activity, but when EDT A was present or when Ca2+was substituted for Mg2+, this
well conserved sequence containing the site of depurination by RIPs, became more accessible in
the E. coli ribosomes and their derivatives. However, RTA showed a non-specific depurination
activity on E. coli ribosomes in the presence of EDT A. These results suggest that the activity
of RT A with rRN A in an EDT A medium is influenced by the presence of r-proteins, being
higher when r-proteins are present.

During the development of this work, it has been

hypothesised that another possible reason for this enhancement of RIPs activity on the
substrates, might be because the depletion of Mgz+ either by the presence of chelating agents, or
by the substitution with another divalent cation. It is well known that the depletion of Mg2+
influence the coupled ribosome conformation dissociating it into ribosomal subunits and so
making the structures more sensitive to both RIPs (as it was shown for RT A activity on
ribosomal subunits -Chapter VI-). Furthermore,

on the 30S subunit and the 16S rRNA

depurination, the presence of Ca2+ instead of Mg2+, could explain the possibility that RTA
acted on A1269 where previously this was reported to be an insensitive structure.

The influence of r-proteins
partial

and total

on the substrates

dissociation

sensitivity to RIPs was assessed using the

of rRNAIr-proteins

as reported

by Nierhaus

(1990).

r-Proteins were split off from the ribosome with salt solutions in such a way that the higher the
ionic strength, the more the proteins were split off. Using this technique certain ribosomes and
subunits were assayed for PAP and RTA activity. E. coli ribosomes, 50S and 30S subunits,
P37 and 3.5c subparticles and 23S rRNA (all containing the highly conserved u-sarcin/ricin
domain) obtained from 50S subunits. Finally, possible additional depurination sites on 30S
subunit and 16S rRNA were sought. The experiments were monitored by analytical agarose:
formamide gel electrophoresis, and the reaction buffer chosen was the TKCa buffer because of
its ability to give a consistent and clear differentiation pattern of the RIPs N-glycosidase
activity with the substrates. The length of the main fragment produced by the cleavage with the
aniline reagent after the N-glycosidase activity of RIPs was characteristic

of the previously

reported depurination at GA2660GA from 23S rRNA in the highly and universally conserved
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a-sarcinlricin

loop. However, two depurination

sites were found in 16S rRNA;

GAlO14GA (already established) and putatively at 16S rRNA GA1269GA, a new site
appeared as a result of the RIP's activity under some of the different reaction buffer
conditions.
RT A was active on both native 50S and 30S subunits, as well as on 23 Sand

16S

rRNA. The activity on these substrates was similar and the specificity on the 23S
rRNA was identical to that on 'naked' rRNA.

RTA showed no activity in a 1:10 m.r. (Substrate: RTA) for E. coli ribosomes but
when dissociated into 50S and 30S subunits, this RIP concentration was enough to
obtain well characterised RTA N-glycosidase activity. Even with the partial and total
deproteinisation of the subunits, there was still depurination activity, suggesting that
only the native E. coli ribosomes were insensitive to RTA, and that dissociation into
subunits changed the rRNA conformation

and exposed

the depurination

sites.

Considering Polacek and Barta's (1998) results, where they have shown that most of
the observed metal ion induced cleavages in the 3' minor domain on naked 16S rRNA
were not detected in 70S ribosomes, it is possible that the ribosomal proteins or
structural rearrangements of the rRNA in the RNP particle playa protective role.

The individual domain VI of 23S rRNA from E. coli ribosomes was transcribed and
reconstituted with the TP50 for testing RIPs' activity on these reconstituted substrates.
A pGEM-4Z plasmid was constructed carrying the cloned domain VI obtained by PCR
methodology, from the 3' end of E. coli 23S in pKK3535

(derived from the rmB

operon; Brosius et al., (1981a1b)). RNA transcript sensitivity to PAP and to RTA was
assayed, and primer extension was done in order to make sure that the depurination
had occurred at the highly conserved o-sarcin/ricin

GA2660GA

sequence. Primer

extension was also done for the E. coli ribosome and its derivatives, all of them
showing the same DNA electrophoretic

pattern with its characteristic

GA266oGA.
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stop at the

The gel retardation (for measuring the transcript reconstitution) which had been hypothesised
for the binding domain at L3 was not obtained. The explanation for this was provided when
Uchiumi published his results in 1999. On the other hand, when TP50 was added to the
transcript of domain VI the hypothesised retardation was obtained. Had Uchiumi's information
been available in 1997 a longer transcript would have been chosen for this research which
would have included the binding site for L3 .. Nevertheless, it is well recognised that there is a
cooperative interaction between both L3 and L6 proteins through an apparent conformational
modulation of the highly conserved u-sarcin/ricin

loop (Leffers et al., 1988; Uchiumi et al.,

1997; 1999). The results showed an immediate formation of a stable complex, which did not
show any affinity to unrelated RNA (tRNA). This allowed binding-competition with related
RNA for r-proteins,
characteristics

suggesting that the RNA transcript

and its complex contained the

of the domain VI present on 23S rRNA, and that this RNA competed with

unlabelled RNA transcript

to bind with the r-proteins.

In further assay there was also

competition between the complex and the 23S rRNA to bind with the r-proteins.

The

resuspension of domain VI into TKCa buffer however was not enough to obtain a consistent
gel retardation profile because of the addition of TP50 to the domain VI - RNA transcript as
was the case when MSB was used. Using non-denaturing
transcript

PAGE for analysing the RNA

and the reconstituted RNA transcript sensitivity to both PAP and RT A, it was

possible to obtain a profile of the sensitivity of the substrates to RIP activity. The results
suggest that under the described conditions, there was no difference between the sensitivity of
both substrates (transcript and reconstituted transcript). Furthermore, there was no difference
in sensitivity, using either TKCa or MSB as reaction buffer. This suggests that the presence or
absence of Ca2+ or other divalent cations does not alter the reconstituted conformation of the
transcript because even in the presence of EDT A, the activity of neither RIPs was changed.
This might suggest also that EDTA buffer acts on the conformation of RNA and not on the
RIPs, as suggested from the similar profile presented by the action of RIPs on RNA transcript
resuspended in TKCa or in MSB. Although there was no N-glycosidase activity of RTA on
either the RNA transcript or the reconstituted transcript, a complex was observed between
RT A and the substrate under MSB and non-denaturing electrophoresis conditions.

In keeping with earlier reports (reviewed by Hartley and Lord, 1993) native E. coli
70S ribosomes were not susceptible to RIA. Surprisingly purified 50S and 30S
subunits prepared from ribosomes dissociated by lowering Mg2+ were both sensitive to
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RTA. From this, it is concluded that alterations in ribosome structure can significantly
affect RTA sensitivity. The accessibility of the sarcin/ricin loop, and the stem loop
containing AI014in 16S rRNA could influenced by subunit association/dissociation,

or

sensitivity could be influenced by the conformational 'switches' in rRNA which have
been proposed to occur during subunit dissociation (reviewed by Zimmerman, 1996).
A similar increase in the sensitivity of naturally derived 60S subunits in yeast to RTA
action was reported by Gould et al., (1991). However, in the case of E. coli it can be
assumed that in vivo, free ribosomal subunits are not substrates for RTA activity
because biologically active rRTA can be expressed at very high levels (approx. 10% of
total protein) without affecting growth (O'Hare. 1987).

The role ofMg2+ in the a-sarcin/ricin loop.
Macbeth and Wool (1999) have shown that the flexible region of the a-sarcin/ricin
stem loop structure, comprising a non canonical A-A pair and unpaired C, C and U, C
residues, and located below the bulged G, is an important determinant for both ricin
and a-sarcin action. In particular, the deletion of the A-A pair leads to loss of RTA
action.

The authors

propose

that

this flexible region

may permit

reversible

conformational changes in the a-sarcin/ricin stem loop that allow the alternate binding
ofEF-Tu

(EF-l) and EF-G (EF-2) to the ribosome. It is interesting to note that this

flexible region has been proposed to form a binding pocket for 3 divalent metal ions. It
is conceivable that the replacement of

Mg2+

by Ca2+ alters the stability of the loop

structure, and hence its susceptibility to RTA and PAP.

8.2. Future Work
The influence of r-proteins on the sensitivity of RIPs to substrates, which is the
objective of this research project, has been only partially resolved.

The results

obtained give rise to new issues that require further investigation. Among the most
important of these are: The need to establish the effect ofr-proteins

on the 23S rRNA

transcript conformation, which would resolve further investigation of RIP's activity on
the substrate. We reasoned that the different functional effects of the two RIPs
probably have a basis in their physical interaction with 23S rRNA, most likely within
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the protein-RNA

complex, the structure of which may be influenced by divalent

cations. To test the idea, it would be necessary to employ a range of chemical reagents
and ribonucleases to probe the domain VI-RNA transcript structure before and after
the reconstitution compared to the protection at the 23S rRNA structure, before and
after the reconstitution and to assay the sensitivity to RIPs.
The influence of Mg2+ and Ca2+ on the structure of the rRNA. Recognising that L6
binding depends on L3 binding to the domain VI (Leffers et al., 1988; Uchiumi et al.,
1997; Uchiumi et al.. 1999), this research project suggested that the presence of the
divalent cations Ca2+ and Mg2+ can obtain a different rRNA conformation. An
examination of how this occurs requires foot printing experiments using different
chemical, enzymatic and RIPs probes.

Further investigation of the influence of r-proteins on the activity of RIPs in the EDTA
containing buffer is necessary in attempt to explain the marked difference in activity of
the non-specific depurination which is observed both in the presence/absence of the rproteins on E. coli ribosome and its derivatives.
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10. CHAPTER X:
APPENDIX

Appendix 1. The strategy for the cloning of the domain VI - DNA encoding
fragment.
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Appendix 2. Final butTer composition on RNAy-Protein complex.
Final buffer composition on RNAr-Protein complex in MSB (based on Batey's and
Williamson's (1996) work):
•

20J,l1MSB (Batey and Williamson, 1996)

•

+ 2J.11RNAr,

•

+ 2J,l1r-proteins in buffer 4 (Nierhaus, 1990):

16.7mM K-Hepes
83.3mMKOAc
0.187mMEDTA
0.0129 pmol tRNA
0.11 pmol heparin
0.17% (v/v) Nonidet
1.7mM TrislCI, pH 7.6
0.33mM MgOAc
33.3mM NJ4CI

~.• 2mM 2-mercaptoethanol
,~

total volume of 24J.1l

