A STRUCTURAL ANALYSIS of Xenopus laevis oocyte 55 rRNA

by

MARIA LUISA ISABEL LEAL CARRETERO
B.Sc., University of Victoria, 1984

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF

ACCEPTED
MASTER OF SCIENCE gacULTY OF GRADUATE STUDIES

ATE (f/tw ?:()7 /9

Biochemistry and Microbiol(;gy

in the Department

of

We accept this thesis as conforming
to the required standard

© M. L. ISABEL LEAL, 1989

University of Victoria

All rights reserved. This thesis may not be reproduced
in whole or in part, by mimeograph or other means,
without the permission of the author.



ii
Supervisor: Dr. Paul J. Romaniuk

ABSTRACT

The purpose of this project was to investigate the secondary and tertiary
structures of Xenopus laevis oocyte 55 rRNA using chemical and enzymatic
probes.

Mutations were introduced into the X. laevis 5S rRNA gene in order to
study the effect that these mutations would have on the structure of 55 rRNA
transcribed from the gene. Four different mutants were constructed by
introducing base substitutions in loops D and E of the 55 rRNA structure.
Three of the mutants have sequence substitutions in loop E (X1073-76, X1099-
101 and X1096-101), and mutant X1087-90 has sequence substitutions in loop D.
The accessibility of all 55 rRNAs to single-strand specific nucleases (T1,T2,A,
and S1), and to a nuclease specific for double-stranded or structured regions
(RNase V1), was determined. The reactivity of nucleobases at N7, N3 and N1
positions to chemical probes (DMS, DEPC, and CMCT), was investigated
under native (5mM MgCl,, 100mM KCL, 20°C), and semi-denaturing (ImM
EDTA, 20°C) conditions. N-ethylnitrosourea was used to identify phosphates
not reactive to alkylation under native conditions.

The enzymatic accessibility and chemical reactivity results obtained from
all four mutants, as well as from the wild-type 55 rRNA, confirm the
presence of the five helical stems predicted by the consensus secondary
structure model of 55 rRNA. A comparison of the data obtained from the

four mutants with that obtained from wild-type 55 rRNA yielded the
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following results: (i) The conformation of loops A, B, and C is virtually
identical in wild-type 55 rRNA and in all four mutants. (ii) In mutants
Xlo73-76 and Xl1099-101, region E is more reactive to chemical probes and
more susceptible to enzymatic clevage, and helices IV and V are less stable
than the corresponding regions in wild-type 55 rRNA. In Xl096-101, region E
is less reactive, and helices IV and V more stable than their corresponding
wild-type regions. (iii) In mutant X1087-90, loop D is more susceptible to
enzymatic cleavage and more reactive to chemical probes, and helix IV is less
stable than the same regions in wild-type 5S rRNA. These results support the
conformation of loops € and D as they appear in the computer graphic model
proposed by Westhof et al. (in press) for the tertiary structure of X. laevis
oocyte 55 rRNA. In particular, two important features of this model are
supported by the structure probing of the four mutants studied here: (i) region
E and loop D seem to contain unusual base pairing, consisting of non-
canonical base-pairs; and (ii) no tertiary interactions appear to take place

between loop C and either region E or loop D.
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INTROD ION

RNA molecules perform a wide variety of functions within the cell, and
for each function a specific type of RNA is required. RNAs are involved in
all steps of protein synthesis, by storing genetic information (messenger
RNA), by participating in the structure of the mRNA translating machinery
(the ribosome), and by carrying amino-acids to the ribosome (transfer RNAs).
In addition to these vitally important functions, recent findings point
towards catalytic functions of certain RNA molecules (for a review see Cech
and Bass, 1986). All of these mechanisms require specific and coordinated
RNA-RNA and RNA-protein interactions, and point out the importance of
studies leading to a better understanding of the structural dynamics of RNA
molecules, since the three-dimensional structure of RNAs determine many

of their biological activities.

Structure of 5S IRNA
This project is concerned with the study of the effect of specific mutations
on the structure of the African toad Xenopus laevis oocyte 55 rRNA. The
following brief description of 55 rRNA is provided in order to orient the

reader with regards to what is known about the secondary and tertiary

structure of 55 rRNA.

Location of 5S rRNA
Ribosomes are made up of proteins and RNA, and the ribosomal RNA
(rRNA) itself consists of several different molecules that differ in chain

length, as well as in secondary and tertiary structures. Prokaryotic ribosomes
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consist of two subunits of unequal size, the larger having a sedimentation
coefficient of 50S and the smaller of 30S. The 50S subunit contains one
molecule of 23S rRNA, one molecule of 55 rRNA and 34 proteins. The 30S
subunit contains one molecule of 16S rRNA and 21 proteins. The
cytoplasmic ribosomes of eukaryotic cells are larger than prokaryotic
ribosomes, and also consist of two subunits: 60S and 40S. The small subunit
contains an 185 rRNA, and the large subunit contains 55, 5.85 and 28S rRNA.
Altogether, eukaryotic ribosomes contain over 70 different proteins.

The 55 ribosomal RNA is the smallest ribosomal RNA, and it is not only
a universal component of the large subunit of prokaryotic ribosomes and
cytoplasmic ribosomes of eukaryotic cells, but it is also present in
chloroplastid ribosomes and in plant mitochondria. Since the discovery of 5S
rRNA in 1963 by Rosset et al, this molecule has, because of its small size,
ubiquity and relative structural simplicity, been the subject of numerous
investigations concerning its structure, function, evolution and protein
interactions. We know from sequence analysis that this small rRNA is
usually 120 nucleotides long and, in general, does not contain modified
nucleotides (Erdmann, 1981). Immune electron microscopy experiments
have shown that in Escherichia coli, 5S rRNA is located in the central
protuberance of the large ribosomal subunit (Shatsky et al, 1980; Clarck and
Lake, 1983).

5S rRNA Interactions with Proteins

Eukaryotic and eubacterial 5S rRNAs interact with a number of different
types of proteins. In the E coli ribosome, 5S rRNA associates in vitro with

three ribosomal proteins designated L5, L18 and L25 (Garrett et al, 1981; Stahl
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et al, 1984). In eukaryotic ribosomes, the 55 rRNA associates with a large
protein designated L3 in Xenopus and Sacharomyces, and L5 in rat liver
(Picard and Wegnez, 1979; Nazar et al, 1979; Huber and Wool, 1986).

There are two types of 55 rRNA in Xenopus: oocyte 5SrRNA, which is
found only in oocytes, and somatic 5S rRNA, which is found exclusively in
somatic tissues. Proteins other than ribosomal proteins also recognize and
associate with 55 rRNA. In Xenopus laevis the oocyte 55 rRNA is found
associated with the protein transcription factor III A (TFIIIA); together they
form 7S ribonucleoprotein storage particles in the cytoplasm of immature
oocytes. The function of these storage particles is to stabilize the 55 rRNA
until is required for ribosome assembly later in oocyte development (Picard
and Wegnez, 1979; Pelham and Brown, 1980). In eukaryotes, it is known that
the 55 rRNA genes form an independent transcriptional unit and are
transcribed by RNA polymerase III (Birkenmeier et al, 1978). TFIIIA is
required for the transcription of the 55 rRNA gene and by binding to the
internal control region of the 5S gene, it initiates a process in which two other
proteins (TFIIIB and TFIIIC) form a stable ternary complex that directs the
initiation of transcription by RNA polymerase III (Segall et al, 1980; Shastry et
al, 1982). TFIIIA is unusual in that it interacts specifically with both 55 DNA
and its gene product, 55 RNA. Xenopus laevis oocyte 55 rRNA is also found
complexed with two nonribosomal proteins and tRNA in a 42S storage

particle (Pelham and Brown, 1980).

Function of 5S rRNA
The presence of 55 rRNA is strictly required for the structure and

function of the ribosome. It has been observed that particles lacking 5S
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rRNAs show greatly reduced biological activity (Erdmann et al, 1971;
Nomura, 1973).
Several functional roles have been postulated for 55 rRNA. One
possible function is ribosomal subunit association (Azad and Lane, 1973;
Azad, 1979). These authors proposed that intermolecular base-paired
interactions between complementary sequences near the 3' end of 55 rRNA
in the large ribosomal subunit, and eukaryotic 185 rRNA (or prokaryotic 165
rRNA) in the small ribosomal subunit may be involved in the reversible
association of ribosomal subunits.

55 rRNA is also believed to be involved in the functioning of the
peptidyl transferase center of the ribosome (Raacke 1971). It has been
suggested, based on space filling models, that peptidyl-55 rRNA may be the
donor for the peptide elongation reaction. These models show that when the
peptide is on the tRNA, at the end of the previous elongation step, the 3'-OH
of 55 rRNA is in a stereochemically perfect position for executing a
nucleophilic attack on the carbonyl of the peptide, thereby effecting its
transfer to 55 rRNA. On the other hand, when the peptide is on the 55
rRNA, the amino group of the acceptor aminoacyl-tRNA, in turn, is in a
stereochemically perfect position for a nucleophilic attack on the carbonyl of
the peptide, causing its transfer to the aminoacyl-tRNA, and synthesis of a
new peptide bond.

Another functional role that has been postulated for 55 rRNA is tRNA
binding. In ribosomal particles that lacked 55 rRNA, the enzymatic binding
of aminoacyl-tRNA to the ribosomal A-site was reduced significantly
(Erdmann et al, 1971; Nierhaus and Dohme, 1974). This observation is in

accordance with a previous hypothesis, which suggested that the T-¥-C-G
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sequence, strongly conserved in loop IV of tRNAs, interacts with the constant
G44-A-A-C47 sequence of 55 rRNAs to help anchor tRNA to the 55 rRNA site
on the ribosome during protein synthesis (Brownlee et al, 1968; Ofengand and
Henes, 1969). Several experiments have, however, raised doubts concerning
this putative function. In one experiment, carried out in solution, direct
pairing between the sequences G -A -A-C of free E. coli 55 rRNA and T-'P-
C-G could not be demonstrated (Erdmann et al., 1973 ). Moreover, excision of
the G-A-A-C segment followed by reconstitution of the excised 5S rRNA into
ribosomes, produces a functional ribosome (Pace et al., 1982). More recently,
Lorenz et al. (1987) investigated the hybridization of d(GTTCGG) to
eubacterial 55 rRNAs, 55 rRNA-protein complexes, 70S ribosomes, and 50S
and 30S ribosomal subunits, using RNase H hydrolysis. As these authors
considered this oligonucleotide to be an analogue of the T¥CG loop of
tRNAs, they selected it for use in the investigation of a possible interaction
between tRNAs and ribosomal components during protein synthesis Their
results showed that nucleotides in loop C (positions 42-47), are available for
interaction with the oligonucleotide in free E. coli and Bacillus
stearothermophilus 55 rRNAs, and not available in the corresponding 5S
rRNA-protein complexes. The 70S and ribosomal subunits did not interact
with the oligonucleotide. Assuming that the d(GTTCGG) is an acceptable
analogue to the corresponding tRNA sequence GTYCGR, Lorenz et al. (1987)
concluded from their results that in non-synthesising ribosomes, the T¥CG
loop of tRNAs does not interact via standard Watson-Crick base pairs with
the ribosomal 55, 16S or 23S rRNAs. It has been observed that 55 rRNA
undergoes a structural alteration when tRNA is bound to the ribosome

(Goringer et al., 1984). This is an interesting result because the notion that 55
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rRNA exists in a number of different conformations, which are believed to be
related to different functional states (see page 29), shows the intrinsic relation
between the structure and function of this molecule.

Finally, Gaunt-Klopfer and Erdmann (1975) have proposed that 55
rRNA has GTPase activity. Specific 55 rRNA-protein complexes were
reconstituted from E. coli 55 rRNA and 50S ribosomal proteins. These
complexes consisted of 55 rRNA, L18 and L25. Enzymatic activity analysis
showed that ATP and GTP were hydrolyzed and that this hydrolysis was
independent of elongation factors.

However, despite all this extensive research the true functional role
of 55 rRNA in the structure of the ribosome and in protein biosynthesis still
remains unknown. The question whether 55 rRNA is merely a static
structural component of the ribosome, or whether it takes part in the
dynamic process of protein biosynthesis, can not yet be answered
satisfactorily. The universal or nearly universal presence of this molecule in
ribosomes does, however, make an important role appear likely. A thorough
knowledge of 55 rRNA structure will enhance our understanding of its
biological significance. Further research into the tertiary structure of 5S
rRNA will no doubt contribute to an understanding of how this molecule

interacts with specific proteins, and help to elucidate its functional role.

Generalized Structure of the 5S rRNAs

Two approaches can be used to derive secondary structure models: (i) by
means of sequence comparison of homologous RNAs from different
organisms covering a large evolutionary range; (ii) by means of searching for

the most favorable structure by using thermodynamic parameters, for which
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computer programs have been elaborated (Nussinov et al., 1982). It is known
that while RNA molecules do not possess the regular interstrand hydrogen-
bonded structure characteristic of DNA, they do have the capacity to form
double-helical regions, which are formed between two segments of the same
chain folded back on itself. The RNA folds into a secondary structure which
is similar to the A form of DNA. However, the helical regions formed in
this manner are seldom regular, as the segments of the chain brought into
opposition do not have entirely complementary sequences, so non-bonded
residues "loop out" of the structure.

The sequences of 55 rRNAs have been determined from a wide range of
eukaryotic organisms, representative of the metazoa (vertebrates and
arthropods), protozoa, plants, algae and fungi (Erdmann, 1982). It has become
apparent that eukaryotic 55 rRNAs have common nucleotide sequences in
particular positions of the molecule. Furthermore, it has been shown that
the eubacterial, archaebacterial, and organelle 55 rRNAs share many of these
positions; indeed they have been termed universal positions since they
contain sequences which have been conserved throughout evolution
(Delihas, 1982). These universal positions are distributed throughout the 55
molecule and reveal a remarkable constancy in all the compared 55 rRNA
sequences. As of December 31, 1987, the Berlin RNA Data Bank contains a
total of 509 sequences of 5S rRNAs or their genes. It covers sequences from 38
archaebacteria, 184 eubacteria, 14 plastids, 4 mitochondria, 258 eukaryotes and
11 eukaryotic pseudogenes (Wolters and Erdmann, 1988). Indeed, the
comparison of nucleotide sequences from this wide range of organisms has
led to the elaboration of a universal secondary structure for all 55 rRNAs

(Delihas and Andersen, 1982; De Wachter, 1982; and Erdmann and Wolters,
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1986) (Figure 1), based upon the minimal secondary structure model
originally proposed by Woese and Fox (1975). The fact that all 5S rRNA
sequences can be folded into a common structure implies that the conserved
sequences could be important in maintaining the structure of this RNA
molecule or as recognition sites for binding to other macromolecules. In fact,
several of these conserved residues especially the ones found in internal loop
regions, are implicated in protein binding (Pieler and Erdmann, 1983;
Christiansen et al., 1987).

The number of nucleotides separating several of the universal
nucleotides appears to be specific to either eubacterial, archaebacterial or
eukaryotic 5S rRNA. This is due to the presence of a small number of
insertions or deletions of sequences that are scattered throughout the
molecule, and it is the major distinguishing feature between these 55 rRNAs
(Delihas and Andersen, 1982; Wolters and Erdmann,1988). Generalized
structures for the eubacterial, archaebacterial and eukaryotic 55 rRNAs,
showing conserved positions, insertions and deletions, can be seen in Figure
2. In contrast to the relatively homogeneous structures of eukaryotes and
eubacteria 55 rRNAs, there are many differences in the structure of this
molecule within the different groups of the archaebacteria. In the interest of
brevity, therefore, the model of the Halophilic-methanogenic 55 rRNA
secondary structure has beem chosen as representative for the archaebacterial
kingdom.

Conformation of 5S rRNA Derived from Enzymatic and Chemical Studies
Although the comparative analysis of nucleotide sequences has proven
to be a very important approach for deriving secondary structure models for

55 rRNA, it has limitations in regards to the dynamic aspects of RNA
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conformation. For this reason, several independent groups have obtained
direct experimental information on the structure of 55 rRNA, using a variety
of nucleases and chemicals as effective probes of RNA structure. The
reactivity of these probes is highly dependent upon secondary and/or tertiary
structural features. There is now general agreement that the common
secondary structure of all 55 rRNAs is composed of five helices, Ito V,
connected by loops A to E. Although no crystallographic data support the
proposed structure, its strength is derived from experimental data in which
the major features of this model have been confirmed by the study of
solution structures of prokaryotic and eukaryotic 55 rRNAs using enzymatic
and chemical probes (Noller and Garret, 1979; Toots et al., 1981; Troutt et al.,
1982; Silberklang et al., 1983; Kjems et al., 1985; Digweed et al., 1986; Sneath et
al., 1986; and Romaniuk et al., 1988). Although data from these experiments
are mainly in agreement with the accepted general secondary structure
model, several regions of the molecule have not been completely explained
by these methods.

Helix V constitutes one of the most pronounced differences in the
structural organization of eubacterial, archaebacterial and eukaryotic 55
rRNA. The presence of a helix V in eubacteria of at least 2bp was detected
biochemically by MacDowell and Colwell (1985) and Wolters et al. (1986), and
is now undisputed. Nevertheless, the chain length and base-pairing scheme
of this region as a whole still remains the major difference between
eubacteria and eukaryotes as well as between various archaebacterial groups.

The extended base-pairing scheme, as well as A-G bonding in the
region between helices IV and V were first formulated by Stahl et al (1981).

There is both phylogenetic and experimental evidence for the presence of
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non-Watson Crick A-G base-pairing in the stem of 55 rRNA that contains
helices IV and V. For example, gram-positive bacteria and most other
eubacterial 55 rRNA have the conserved pair A1g4-G72. However, in
Streptococcus cremoris 5S rRNA, helix V appears to be "rearranged" with an
insertion of one base pair , but the A-G pairing is maintained at positions 103
and 73 (Neimark et al., 1983). According to these authors, the significance of
this transposition lies in the apparent conservation of the A-G pair as
opposed to the conservation of nucleotides A and G at positions 104 and 72,
respectively. As pointed out by Stahl et al (1981), helix V can be extended in
most 55 rRNAs by the inclusion of conserved A-G pairing. The exceptions
are the cyanobacterial and chloroplast 55 rRNAs, but these RNAs have the
following Watson-Crick or non-Watson-Crick pairing at the same positions:
A-U (Anacystis nidulans), A-C (Synechococcus lividus), and A-A
(chloroplast). It is interesting to note that the 55 rRNA from the
thermoacidophile archaebacterium Sulfolobus acidocaldarius contains
Watson-Crick base pairs along the whole arm that contains helices IV and V.
According to Stahl et al., (1981) the presence of Watson-Crick base pairs in this
region of the Sulfolobus 55 rRNA provided phylogenetic evidence for the
extension of base pairing between helices IV and V in all 55 rRNAs which
contained phylogenetically conserved A-G base pairs.

In subsequent studies on the structure of Xenopus oocyte 55 rRNA,

Andersen et al. (1984) proposed a base-paired conformation in the region

between helices IV and V, consisting of A74-U102, G75-A101, U76-A100, and
A77-Ggg, leaving U73 unpaired (Figure 3). Experimental evidence for this

continued base-pairing came from cleavages caused by cobra venom

ribonuclease V1 (which is specific for double-stranded or structured regions)
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at putative single-stranded loop E located between helices IV and V. More
recently, based upon chemical reactivity data, a model of the structure of loop
E in Xenopus laevis oocyte 55 rRNA was also proposed by Romaniuk et al.,

(1988). However, in this model the structure of loop E consists of an extended

conformation of non-canonical base-pairing between U73-U102, A74-A101,
Gy75-A100, and Uyg-Ggg, leaving A77 unpaired (Figure 4). In addition, recent
enzymatic and chemical reactivity studies on spinach chloroplast 55 rRNA,
have shown that this region contains an extended and unwound
conformation based on several A-A and A-G base-pairs (Romby et al, 1988).
In summary, these observations suggest that in the cases mentioned above
the nucleotides of loop E are involved in base-pairing not previously shown
in the secondary structure model of 55 rRNA.

Besides the five double-helical segments, the secondary structure of 55
rRNA has several features such as internal loops and bulged residues in
helical regions that are not found in tRNA. Internal loops have been
postulated to be directly involved in the orientation of the helical regions,
and bulged nucleotides have been proposed to have a role in protein binding
(Peattie et al., 1981; Christiansen et al., 1985).

Tertiary Interactions

Little is known of the tertiary structure of RNA; only in the case of
tRNA do we have exact knowledge of a tertiary structure from the data
provided by X-ray crystallography studies of tRNAPhe (jack et al., 1976;
Quigley et al., 1975;) and tRNAASP (Westhof et al., 1984). By means of X-ray
crystallography, it has been shown that extensive folding of the duplex arms
of tRNA molecules occurs through hydrogen bonds between certain bases.

This hydrogen-bonding is believed to be important in stabilizing the tertiary
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Figure 4: X. laevis oocyte 55 rRNA secondary structural model. On the

basis of enzymatic cleavage and chemical modification data, the Xlo 5STRNA
secondary structural model has been modified by extended base pairing in
the region between helices IV and V (Romaniuk et al., 1988).
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folding of RNA. These studies have provided evidence that RNA has the
capacity to form a variety of tertiary interactions different from the classical
Watson-Crick base-pairing types, such as base stacking-interactions, triple base
interactions and non-canonical base pair interactions. Some observed non-
canonical interactions are listed in Table 1. This list is not exhaustive, and it is
probable that other hydrogen bonding combinations, not yet observed, exist.

As yet, relatively little is known about the tertiary structure of 55
rRNA, although a number of different studies, utilizing a variety of physical
and chemical probes, suggest that 55 rRNA has a more complex structure
than that postulated by current estimates of the secondary structure. Several
tentative tertiary structure models have been proposed, essentially for E. coli
55 rRNA, which would bring loops C and E into close proximity.

In one study, Hancock and Wagner (1982) showed that in E. coli 55
rRNA Gg1 could be cross-linked to Gy, using the bifunctional reagent

phenyldiglyoxal, and suggested that the G72-G7¢ sequence interacts with C37-

G471 to fold the molecule into a three-dimensional structure (Figure 5).

In another study, based on enzymatic accessibility, a tertiary structure
model for E. coli 55 rRNA was proposed by Pieler and Erdmann (1982). In
this model, the arm of helix III folds to form base-pair contact points with a
region of the arm encompassing helices IV and V, and tertiary base-pairing
between GCCGy44 and UGGUy77 is formed (Figure 6). For many (but not all)
eubacterial 55 rRNAs, at least three base-pairs from these two regions can be
formed with Watson-Crick and G-U pairing. In addition, Bohm et al (1981),
on the basis of infrared spectroscopy, have proposed that in E. coli 55 rRNA,

loop C is organized in a highly ordered structure and is involved in tertiary

interactions which consist of parallel base pairing between C37CAUy4( and
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Table 1. Non-canonical interactions in nucleic acids.*

Interaction Hydrogen Bond

Observed in

A-U  (N7,N6)-(N3,02)
A-U  (N1,N6)-(N3,02)
A-G  (N1,N6)-(N1,06)
A-G  (N6)-(N?)

A-A  (N6,N7)-(N7,N6)
GG  (N3,N2)-(N2,N3)
GG  (N6)-(N7,06)
GG  (N6)-(06)

GG  (N1,N2)-(N7,06)
U-U  (N3,04)-(O2,N3)

L (N4,N3)-(N3,02)

tRNAPhe, tRNAASP: A14-Us, Asg-Ts41,2,3
tRN AAspP: A15-Ugg3

tRNAPhe, tRNAASP: Agq-Gogl.2.3
tRNAASP: Ag6-G22-U133

tRNAThe {RNAASp: Ag-A23-U12l.2.3
B-dodecamer?

tRNAASP: G45-G10-U253

tRN APhe: G45-G10-C251.2

tRNAPhe: m7Gg6-G22-C131.2

tRN AAsp: U3zs5-U3s3
(anticodon-anticodon interaction)

tRNAGly: C35-C355
(anticodon-anticodon interaction)

CC  (N4,N3,02)-(03,N3N4) polyCé

1 Quigley et al. (1975)
2 Jack et al. (1976)

3 Westhof et al. (1985)
4 Wing et al. (1980)

5 Romby et al. (1986)

6 Cantor and Schimmel (1980)
*(after Ehresmann et al., 1987)
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Figure 5: Schematic representation of the three-dimensional arrangement of
E. coli 5S RNA. The 5'- to 3'-direction is indicated by arrow. Crosslinked
guanosines are numbered. Dark areas are behind the plane of the figure
whereas white areas are in front (after Hancock and Wagner, 1982).
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Figure 6: Schematic representation of a molecular tertiary structure model of
E. coli 5S RNA based on single-strand nuclease S1 digestion studies. Shaded
areas indicate sites of nuclease S1 cleavage (after Pieler and Erdmann, 1982).
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G75GUA7yg (Figure 7). Furthermore, in E. coli 55 rRNA, a model with a
pseudoknotted structure between helix IV and loop C has been proposed by
Goringer and Wagner (1986). A pseudoknotted structure is a specific folding
of RNA, experimentally proven for a number of RNA molecules and found
to occur when bases within a loop interact with single-stranded bases outside
the stem region of this loop (Pleij et al.. 1985). In their model, Goéringer and
Wagner (1986) propose that a helical segment can be formed by parallel
tertiary base pair interaction between nucleotides C35 to C37 and G105 to
G107. Helix III is then extended by coaxial stacking, thereby forming a quasi-
continuous helix (Figure 8).

In eukaryotes, McDougall and Nazar (1983) have examined the tertiary
structure of 55 rRNA by using N-ethylnitrosourea (ENU) reactivity as a probe
for phosphodiester bonds. In these experiments, three different 55 rRNAs of
diverse origin (rat liver, Saccharomyces cerevisiae, Thermomyces
lanuginosus) were found to contain phosphates protected from reaction with
ENU in the same three regions of the sequence, corresponding to residues

G99-A101, Agg-Ggg, and Gys in the rat 55 rRNA molecule. The ENU

reactivity results, together with the observation that four of these residues
(G7s, Ggg, Ggg, A190 ) are universally present in all 55 rRNAs, suggested to
these authors that these regions could participate in tertiary structure
formation. Based on these data, a model was postulated in which the two
arms that constitute regions C and D of the secondary structure overlap to
form a tertiary structure in the shape of a loop or " lollipop "-like structure.
As shown in Figure 9, in such a structure the phosphodiester bonds of the
five residues which are less reactive to ENU would be free to interact with

the opposite arm or at least could be screened by this interaction.
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Figure 8: Schematic illustrations of the E.coli pseudoknotted 55 rRNA
structure. Spatial illustration of the 55 rRNA structure (top); schematic
arrangement of the 55 rRNA structure (bottom). Helices I to IV are indicated
by roman numerals. Arrows point to the regions where pseudoknots are
formed (after Goringer and Wagner, 1986).



25

’A
GG

A F
‘°CG Ue v G JOOA 10 C) 'UA“ G D
¢ ¢ AAC GUGUU CUQQUAGAGCCUGA, E GUGUAU®®C4
U ¢ T [ L T T S A SRR L N B 0‘ LI T R I R Y T |
. UUGCcCACGA, G@®®@®CU GGACU; ceceenece,V
CgelW W AR Al U CAAAV‘
U

Cesevanesyd

Al(lll(lll

1 0000000®GGo qOrs

Figure 9: Topography of ethylnitrosourea-resistant phosphates in estimates of
the secondary and tertiary structures of the yeast ribosomal 55 RNA. Solid
triangles indicate residues partially resistant to ethylnitrosourea modification;
solid circles and broken lines indicate modified residues or helical regions in
which base modifications were previously shown to be partially excluded
from the 5S RNA-protein complex (Pieler and Erdmann, 1983); solid line
joins nucleotides which have been chemically cross-linked in the E. coli 55
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Furthermore, two distinct conformers of rat liver 55 rRNA were investigated
by Toots et al. (1982) using enzymatic cleavage techniques. The cleavage
pattern results showed differences in secondary structure and possibly
different tertiary base-pairing interactions between the two 55 rRNA

conformers. As a result, these authors proposed a structure where the

UCUC34 sequence in rat liver 5S rRNA has the potential to form a Watson-
Crick base paired interaction with the GAGAg( sequence of loop D.

More recently, Westhof et al. (in press) have constructed a detailed
atomic model of a eubacterial 5S rRNA (spinach chloroplast 55 rRNA) and of
a eukaryotic 55 rRNA (somatic and oocyte 55 rRNA from Xenopus laevis) by
computer graphic modelling. These models combine stereochemical
constraints and experimental data on the accessibility of bases and phosphates
towards structure-specific probes (Figure 10). According to these authors, by
combining experimental data resulting from structure probing of RNA in
solution and specific information collected from the known crystallographic
structures of tRNAs, it is possible to construct three-dimensional models of
RNA. The validity of their procedure is supported by the fact that in tRNA
there is a good correlation between the results obtained from structure
probing experiments and those obtained from X-ray crystallographic studies
(Peattie and Gilbert, 1980; Romby et al., 1985; 1987). The following conclusions
were reached by generalizing the features of the above mentioned models: (i)
both models adopt a distorted Y-shape structure with helices II and V not far
from coaxiality; (ii) no tertiary interactions exist between loop C and region E
or loop D; (iii) internal loop E contains several non-canonical base pairs of A-
A, U-U, and A-G types; (iv) invariant residues appear to be more important

for protein or RNA binding than for maintaining the tertiary structure. It is
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Figure 10: Three-dimensional models of X. laevis oocyte 5S rRNA.

(Top) Phosphate backbone with the Watson-Crick base pairs joined by lines
and the non-canonical or tertiary base pairs joined by dotted lines. (Bottom)
Atomic view in the same orientation with the phosphate backbone shown in
heavy lines. All stereo views were drawn with the program PLUTO (after

Westhof et al., in press).
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interesting to note that this model follows closely the secondary structure of
55 rRNA, and does not resemble any of the previously discussed models.
Most of the differences between this model and the previously published
models occur at the fork of the Y-structure. However, the Y-shaped structure
proposed in this model is similar to models previously proposed for E. coli
5S rRNA by Osterberg et al., (1976) on the basis of small angle X-ray scattering,
and by Fox and Wong (1979) on the basis of hydrodynamic measurements.
This model is, moreover, supported by additional observations: (i) the
coaxiality between helices Il and V had previously been suggested for
X. laevis oocyte 5S rRNA to explain the binding site of TF IIIA (Christiansen
et al., 1987); (ii) the chloroplast 55 rRNA binding sites of two ribosomal
proteins are well explained by this model (Toukifimpa et al., 1988). The E.
coli ribosomal protein binding site for L18 and L25 also agree with this model
(Christiansen et al., 1985; Kime and Moore, 1983).

However, no tertiary structure model has been shown to be universally
applicable by phylogenetic sequence comparisons. More data on the tertiary
structure of 55 rRNA is no doubt required before we can ascertain whether
any of the models so far proposed accurately represents the structure of this
molecule. For now, the models presented here indicate important regions
which should be considered in any future model of the overall structure of
55 rRNA.

It should be pointed out that crystallographic studies have been carried
out on a fragment of E. coli 55 rRNA, on a complex of this fragment with
ribosomal protein L25 (Abdel-Meguid et al, 1983), on Thermus thermophilus
55 rRNA (Morikawa et al, 1982), and, more recently, on a complex of X. laevis

oocyte 5S rRNA and transcription factor IIIA (Brown, 1985). To date, the
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quality of these crystals has not been sufficient to obtain an X-ray structure at
high resolution; nevertheless, the molecular structure of some of these
crystals has been studied using electron microscopy (Morikawa et al, 1986;
Brown et al, 1988).

Alternate 55 rRNA Structures

Part of the difficulty in determining 55 rRNA structure derives from
the multiplicity of forms the molecule can assume, depending on treatment
and buffer conditions. The best known transformation is the transition
between the A and B forms of the E. coli 55 rRNA, in which heat or urea
treatment converts the 55 rRNA from the native or A form to the denatured
or B form (Aubert et al, 1968). These two conformations remain in chemical
equilibrium over a wide range of temperature and ionic strength and were
discovered because of their difference in electrophoretic and chromatographic
mobility. The transition requires an activation energy of 65 kCal/mol and
involves the disruption and re-forming of an estimated nine base pairs
(Lecanidou and Richards, 1975). However, this transition from native to
denatured form is not believed to be important in ribosomal function because
of the harsh conditions necessary for interconversion, and the fact that only
one of these forms, the A form, complexes specifically with ribosomal
proteins in ribosomal subunit reconstitution experiments (Bellemare et al,
1972). Furthermore, Christensen et al (1985) have recently examined the
stucture of the B form by employing single- and double-strand-specific
nucleases and nucleotide-specific reagents. In this study they show that the B
form exhibits a secondary structure only a part of which is both universal and
conformationally homogeneous, and have concluded that the B form cannot

participate in protein biosynthesis.
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Besides the conformers A and B, there is evidence that 55 rRN As have
additional conformational switches. In several studies, a less dramatic
change has been recorded within the tertiary structure of the A form. In one
of these studies, two structural forms of the E. coli 56 rRNA were detected by
nuclear magnetic resonance (Kime and Moore, 1982). NMR spectral changes
indicated the existence of two distinct conformers of the molecule which
meet the operational definition of the A form or native 55 rRNA. Both are
easily distinguished spectroscopically from the denatured, B form 5S rRNA,
and the interconversion of the two forms is dependent upon the addition of
monovalent or divalent cations and salt, for which reason they were termed
high- and low-salt forms. = The NMR data indicated that a substantial
difference in the arrangement of bases must exist between these two forms. It
has been suggested that these two forms correspond to the high- and low-
temperature states of the E. coli 55 rRNA which had previously been
identified optically, using laser light scattering studies, by Kao and Crothers
(1980). The transition between these two states, which occur at near
physiological temperatures and pH, is characterized by overall compaction of
the molecule and by the production of a detectable hyperchromic effect in 5S
rRNA preparations. In subseqgent studies, Rabin et al. (1983) investigated E.
coli 55 rRNA in the low and high salt forms by partial digestion with single-
strand specific ribonuclease T1, These authors observed differential changes
of accessibility when magnesium and salt concentrations were increased to
bring about the low to high transition.

It has been shown that the high-salt or high-temperature form (Agy)

binds ribosomal proteins and assembles into the 50S subunit, and the low-salt

or low-temperature form (Ap), of uncertain biological relevance, binds at
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least one ribosomal protein and appears to differ in tertiary structure from the
Ap form (Rabin et al, 1983). In addition, Christensen et al (1985) have
studied the progressive structural changes that occur during the transition
from Apj to Ar, by using chemical and enzymatic reactivity studies, and have
provided evidence that a functionally important structural change occurs in
loop B during this transition.

In eukaryotes, three different conformers of rat liver 55 rRNA were
investigated by Toots et al. (1982) on the basis of enzymatic accessibility.
These authors found that urea-treated and renatured 5S rRNA co-migrate on
non-denaturing gels, but exhibit distinct differences in their nuclease cleavage
patterns. The third conformer of 55 rRNA with higher electrophoretic
mobility was generated by EDTA treatment, and its cleavage pattern was
found similar to that of the renatured 55 rRNA. The results of this study
demonstrate differences in secondary structure and possibly different tertiary
base-pairing interactions in these 55 rRNA conformers.

Moreover, De Wachter et al (1984) have studied equilibria in
eukaryotic 55 rRNA secondary structure. These authors propose that 55
rRNA can form a series of slightly different structures of nearly equal
stability. These different structures arise from the existence of sets of
alternative base-pairing schemes in bulged helices and the adjacent interior
loops. These alternative schemes are not just a subset of the huge number of
base-pairing possibilities that could occur in any sequence having the same
length as that of 5S rRNA, because exactly the same sets, in exactly the same
sequence areas, are encountered in a wide variety of 55 rRNAs (De Wachter
et al., 1984). Therefore, these authors postulate that these base pairing

schemes correspond to actually existing alternative secondary structures,
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which are in dynamic equilibrium with each other. Some of these equilibria
are believed to be completely universal, such as forms C1 and C2, others are
confined to eukaryotic 55 rRNAs, such as the potential for the equilibria in
helix IV of forms E1 to E5 (Figure 11). In summary, these different forms are
believed to correspond to actual structures assumed at different moments by
the 55 rRNA molecule, and the significance of these secondary structure
equilibria may lie in the fact that they provide the otherwise rigid helices
with the flexibility required to participate in the movement of a dynamic 55
rRNA molecule. A change in secondary structure in specific areas may
influence the relative orientation of the surrounding helices, while the
bulges and interior loops may serve as articulations to give rise to a flexible
tertiary structure (De Wachter et al., 1984).

So far, there is no strong indication of whether the different
conformational states of 55 rRNA are functionally relevant, but their
occurrence is no doubt significant, and their detailed characterization is very
important for the study of 55 rRNA structure. In summary, some of these
conformational switches, which might have a functional role, are also
reponsible for some of the discrepancies found in the proposed models, since
they complicate studies on the structure of 55 rRNA. Despite multiple
approaches to the study of the structure of this molecule, its three-
dimensional arrangement still remains unsolved, and additional precise
information of the structure is still needed.

Structural Elements Involved in the 5S rRNA-TFIIIA Interaction

Recently, several groups have investigated the structural requirements

for the interaction of Xenopus laevis oocyte 5S rRNA with the eukaryotic

transcription factor IITA. It is known that the binding of TFIIIA to 5S rRNA is
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Figure 11: Equilibrium forms in 5S RNA secondary structure.The base-pairs
G-C and A-U are indicated by a dot; non-standard base-pairs by a losenge.
Lines connecting nucleotides above area B and in area E indicate ambiguous
base-pairing opportunities. Alternative secondary structures in loop B and
helix IIT are numbered C1 to C4, and in helix IV, E1 to E5. Alternative positons
of bulges are indicated by arrows. Broken lines in loop C indicate potential
(U-A) and (G-C) pairing (after De Wachter et al., 1985).
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highly specific. For example, the affinity of TFIIIA for tRNA is over 100 times
lower than it is for Xenopus 55 rRNA. Footprinting experiments, using a
variety of structural probes, have shown that TFIIIA interacts primarily with
the helix II/loop B and helix IV/loop E/helix V structural domains of the 55
rRNA (Romaniuk, 1985; Pieler and Erdman, 1983; Andersen et al, 1984; Huber
and Wool, 1986; Christensen et al, 1987) (Figure 12). Further, several
independent studies have shown that only a small amount of conserved
RNA sequences are essential for the binding of TFIIIA with the 55 rRNA
molecule, whereas universal 55 rRNA secondary structure features seem to
be required. For example, in one study using in vitro transcription
competition assays, a variety of eukaryotic, eubacterial and archaebacterial 55
rRNAs inhibited the transcription of X. laevis 5S rRNA genes (Pieler et al,
1984). In another study, several eukaryotic and eubacterial 55 rRNAs have
been shown to interact specifically with TFIIIA in an RNA exchange assay
(Romaniuk, 1985; Andersen and Delihas, 1986). What all these 5S rRNAs
have in common is the generalized secondary structure for 55 rRNA, and
from these results it becomes apparent that universal secondary structure
elements, rather than conserved sequences, appear to be required for the
interaction of TFIIIA with 55 rRNA. Furthermore, experimental evidence
reveals that maintenance of the higher order structure of Xenopus laevis
oocyte 55 rRNA is essential for the RNA to complex with the protein (Pieler
et al, 1986; Romaniuk et al, 1989). According to Romaniuk et al. (1989) TFIIIA
may bind to 5S rRNA by recognizing its unique tertiary structure and forming
a number of relatively weak sequence-specific contacts with the nucleotides

in single stranded loops.
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Figure 12: Secondary structure of X. laevis 55 rRNA showing the
TFIIIA footprint area (Romaniuk, 1985; Pieler and Erdmann, 1983;

Christiansen et al., 1987).
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Description of Proj
Recent advances in the synthesis of oligonucleotides have provided a
powerful technique that can be used to introduce specific mutations into
DNA, RNA or protein in order to probe its structure. For this project, it was
decided to introduce several mutations into the Xenopus laevis oocyte 5S
rRNA gene in order to study the effect that these mutations would have on
the structure of the 55 rRNA transcribed from the gene. Four different
mutants (Xlo 73-76, Xlo 87-90, Xlo 99-101 and Xlo 96-101) were constructed by
means of introducing base substitutions in loops D and E of the 55 rRNA
structure (Figure 13). Three of the mutants shown in Figure 13 have sequence
substitutions in loop E (Xlo 73-76, Xlo 99-101 and Xlo 96-101). Mutant
Xlo 96-101 contains three nucleotide substitutions, in order to convert the
unusual loop E conformation into a Watson-Crick base paired A-type RNA
double helix, and mutant Xlo 87-90 has sequence substitutions in loop D. The
mutations were chosen in these particular regions because these single-
stranded regions have been phylogenetically conserved throughout the
eukaryotic kingdom (Figure 14). In the construction of these mutants the
following considerations were taken into account: if the nucleotide to be
substituted was highly conserved, then the substitution was chosen to be
semi-conservative (e.g. a purine exchanged by a purine), in order to create a
small conformational change. On the other hand, if the nucleotide to be
substituted was not conserved, then a purine was exchanged for a pyrimidine,
or viceversa. As shown in Figure 14, loop E has the following highly
conserved residues: Ay, G7s, Uzg, A77 and Ggg, while A1gg and Aqp; are semi-
conserved residues. In loop D, residues Ggy, Ggg and Ag are all known to be

highly conserved. The fact that these sequences have been conserved implies
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Figure 13: Four mutant 55 rRNA molecules. Secondary structure model of
X. laevis oocyte 55 rRNA, showing the base substitutions introduced to create
the four mutants used in this study.
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Figure 14: Conserved residues of eukaryotic 55 rRNA shown on the
secondary structure of X. laevis oocyte 55 rRNA. The strictly conserved
residues (in 258 sequences of eukaryotic 55 rRNAs) are circled with bold
lines, the residues conserved above 95% are circled with thin lines and

the semi-conserved residues are circled with broken lines (adapted from
Westhof et al., in press).
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that they could play a role in the function of 55 rRNA, or may contribute to
its tertiary structure. Therefore, the study of the effect of these substitutions
on the structure of 55 rRNA might offer some information that can be used
to refine the structure models for loops D and E of Xenopus laevis 5S rRNA.

In the present work, the effect of these mutations on the 55 rRNA
structure was investigated by testing the reactivity of nucleotides to structural

probes in the form of enzymatic and chemical reagents. These studies were

conducted using the single-strand specific nucleases T1, T, A and S1, and

the double-strand- or structure-specific ribonuclease V1. The accessibility of

purine N7 positions was determined using the chemical probes dimethyl
sulfate (DMS) for guanines, and diethylpyrocarbonate (DEPC) for adenines,
under native and semi-denaturing (absence of magnesium) conditions. The
accessibility of Watson-Crick positions in both native and semi-denatured 55
rRNAs was determined at A-N1 and C-N3 positions using DMS, and at G-N1
and U-N3 positions using N-cyclohexyl-N'-(2-morpholinoethyl)
carbodiimide metho-p-toluene sulfonate (CMCT). The reactivity of
phosphate residues to alkylation under native conditions was determined
using ethylnitrosourea (ENU).

The procedures just enumerated will become more clear in the
following section, where an attempt is made to familiarize the reader with

the methods used to probe the structure of 55 rRNA.

Overall Probing Strategy of 5S rRNA
The precise mapping of the secondary and tertiary structure of 5S
rRNA may contribute towards an improved understanding of the function of

this molecule in the ribosome. The study of RNA structure can be carried out
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in solution or by X-ray crystallography. The latter is the most powerful
method currently available for the detailed description of the tertiary
structure of RNA, but, so far, only tRNAs have yielded crystals which diffract
at high resolution (Quigley et al., 1975; Jack et al., 1976; Sussman et al.,1985;
Westhof et al.,, 1985). X-ray crystallographic studies have, however, a
disadvantage in that they provide information only about the static form of
RNA molecules, since all molecules in a crystal tend to adopt the same
conformation. Information on the structure of RNA in solution can be
obtained by physical methods such as X-ray and neutron scattering or NMR
studies. However, all of the above-mentioned techniques have a
disadvantage in that they require large amounts of highly purified material
(Ehresmann, et al., 1987).
The method used in this project is that of probing the structure of
RNA in solution; it consists in testing the reactivity of each nucleotide to
chemical and enzymatic probes, with a view to obtaining an accurate picture
of RNA folding. This method requires only a small amount of RNA and,
like all methods which study RNA in solution, it allows us more closely to
approximate natural conditions in that, unlike X-ray crystallograpy, it
investigates the different conformations that RN A molecules can adopt. The
secondary and tertiary structures of RNA molecules, whether free or engaged
in a protein complex, have recently been studied by means of this
methodology (Dumas et al., 1987; Mougel et al., 1987; Baudin et al., 1987;
Romby et al., 1987).
This method is applied as follows: first, the 55 rRNA is subjected to
limited ribonuclease (RNase) hydrolysis or chemical modifications using

specific structure probes. It is very important that the enzymatic cleavages or
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chemical modifications not be carried out to such an extent as to give a ratio
of more than one cut or modification per RNA molecule. Any additional
cuts or modifications could not be expected to be representative of the native
structure, because of potential conformational changes following the first
cleavage or modification (Ehresmann et al., 1987). Control experiments are
incubated simultaneously under the same conditions, but in the absence of
the probe, in order to detect nicks in the RNA template, or stops in reverse
transcription linked to prominent secondary structure features. Modified
nucleotides and RNase cleavages can be detected by two different methods:
the direct method (using end-labeled RNA) and the indirect method (using
primer-extension) (Ehresmann et al., 1987). The results from both methods

are interpreted by using nucleic acid sequencing methodology.

The Direct Method

In this method the RNA molecule is radioactively labeled with 32 P at
its 5' or 3' end, prior to RNase hydrolysis or chemical modification. The
labeled RNA is then subjected to attack by the probes, in the presence of
carrier tRNA, which is added in order to control the probe:RNA ratio
(Ehresmann et al, 1987). Chemical modification experiments must be
followed by further chemical treatment, leading to strand scission at modified
nucleotides. This technique allows the detection only of scissions of the RNA
chain that arise from RNase hydrolysis or chemical treatment. Control
experiments are incubated at the same time in order to detect spontaneous
nicks in the RNA molecule. The generated RNA fragments are then
separated according to size using electrophoresis on denaturing

polyacrylamide gels. To determine the size of the fragments, sequencing
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reactions and an alkaline hydrolysis ladder are run on the same gel (for
example, RNase T1 gives the position of G residues). This method is used to
detect the possible involvement of the N7 position of purines in hydrogen
bonding or base stacking: for example N7-G is determined by means of DMS;
N7-A by means of DEPC. The accessibility of nucleotides at the surface of
molecules is determined by means of enzymes, and the involvement of

phosphates in hydrogen bonding by means of ENU.

The Indirect Method

This method uses primer extension to detect transcription stops at
modified or cleaved nucleotides. The unlabeled RNA is first subjected to
chemical modification. Then, the 5S rRNA is hybridized with an
oligodeoxyribonucleotide complementary to a sequence in the 55 rRNA.
This oligomer is then used as a primer for the enzyme reverse transcriptase.
Elongation proceeds from the 3' end of the primer towards the 5'-end of the
RNA (in the presence of the four dNTPs). The result is that prematurely
terminated cDNAs are obtained, instead of fully elongated chains which are
normally synthesized on an unreacted or unmodified RNA template. These
chain terminations are the result of chemical modifications. Indeed,
modifications at Watson-Crick positions block the progress of reverse
transcription at the nucleotide preceding the modified residue. This is the
method used to detect Watson-Crick base-pairing (N1-A and N3-C by means
of DMS; and N1-G and N3-U by means of CMCT). Detection of the
synthesized cDNA chains is achieved by radioactively labeling the primer at
its 5'-end with 32P prior to hybridization. To determine the size of the cDNA

chains, dideoxy sequencing reactions, carried out on unmodified RNA, are
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run on the same gel. One limitation of the primer extension method is that
because it is difficult for reverse transcriptase to melt some regions of the 5S
rRNA structure, reverse transcription cannot proceed beyond these regions.
For this reason, elongation controls on unreacted 55 rRNA have to be run
simultaneously in order to detect these natural stops which are linked to

certain stable regions of the secondary structure.

Enz ic and Chemical Pr

The reaction of an enzyme or a chemical depends on several factors:
(i) reactivity of the probe; (ii) reaction conditions, and (iii) accessibility of the
residues to the probing reagent. For example, while certain sites (residues or
sequences) may be exposed, and thus readily accessible to the probe, other sites
may be totally inaccessible owing to tertiary structure folding.

I. Enzymatic Probes

The accessibility of 55 rRNA molecules to enzymatic cleavage was
determined by ribonucleases specific to single-stranded or double-stranded
regions of RNA. The various RNases used in this work are presented in
Table 2 with their molecular weight, origin and specificity.

II. Chemical Probes

The different chemical probes that were used, their respective targets,
and the mode of detection for each chemical modification are shown in Table
3. Also, the target positions for these chemicals are shown on a Watson-Crick
base-pairing scheme in Figure 15. As mentioned above, in addition to these
classical Watson-Crick interactions, other non-canonical interactions may

occur, which participate in the tertiary folding of the RNA molecule. Some



Table 2. Enzymatic probes: Molecular weight, specificity and origin of

ribonucleases.

Enzymatic Molecular

Probes Weight  Specificity Origin

RNase A 13,700 Unpaired C, U Bovine pancreas
RNase Ti 11,000 Unpaired G Aspergillus orizae
RNase T2 36,000 Unpaired A>C>U  Aspergillus orizae
Nuclease S1 32,000 Unpaired N Aspergillus orizae

RNase V1 15,900

Paired or stacked N cobra Naja naja oxiana venom

Table 3. Chemical probes: Molecular weight, specificity and mode of

detection.

Chemical Molecular

Probes Weight

Mode of detection used

Specificity End-labeled RNA| Primer Extension

DMS 126

CMCT 424

DEPC 174

ENU 117

N1-Al - +
N3-Cl1 +" +
N7-G2 +" -
N1-G! - +
N3-Ul ; "
N7-A2 4 -
Phosphates3 +* -

" Indicates that an additional chemical treatment was necessary to split the

ribose-phosphate chain.

The presence of reactivity indicates that the position is:
Inot involved in Watson-Crick base pair interactions
Znot involved either in tertiary interactions or in base stacking interactions
3not involved either in tertiary interactions or in cation coordination

(Tables 2 and 3 adapted from Ehresmann et al., 1987).
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CHy0

Figure 15: Canonical Watson-Crick interactions and target positions of the
chemical probes: (v) DMS; (v) DEPC; (@) CMCT; (%) ENU (adapted from
Ehresmann et al., 1987).
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of these interactions have already been observed in nucleic acids (Westhof et
al., 1985; Jack et al., 1976; Quigley et al., 1975; Wing et al., 1980; Romby et al,
1986; Cantor et al, 1980), and are listed in Table 1. The reaction mechanisms

of each of the chemical probes used in this work is shown in Figure 16.

Dimethylsulfate (DMS). DMS reacts primarily with N7-G, N1-A and N3-C at

neutral pH (Brookes and Lawley, 1961; Lawley and Brookes, 1963). The use of
this reagent for probing the conformation of RNAs was first described by

Peattie and Gilbert (1980).

1) Guanine Reaction. The addition of a methyl group on the N7 position
leads to the presence of a positive charge which perturbs the electron
resonance of the purine ring (Kochetov and Budowski, 1972). The perturbed
7,8-double bond of the alkylated ring can be reduced in a dilute sodium
borohydride solution at pH 8.3 (Figurel6a) (Wintermeyer and Zachau,
1975).The resulting m”-dihydroguanosine provides a site for aniline induced
strand scission (Figure 16c) (Wintermeyer and Zachau, 1975). This reaction
locates free N7-G in RNA. The absence of reactivity indicates that this
position is involved in non-canonical base pairs or is in coordination with

ions such as magnesium (Ehresmann et al., 1987).

2) Cytosine reaction.Unpaired cytosines are methylated at their N3 position .

The resulting methyl-3-cytosine can be detected directly by primer extension.
However, a further chemical treatment is required when end-labeled 5S

rRNA is used. Methyl-3-cytosine is sensitive to hydrazinolysis, (Figure 16a)
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Figure 16: Mechanism of the chemical reactions. (A) DMS alkylation of N1-
A, DMS alkylation of N3-C followed by hydrazine treatment, and alkylation
of N7-G followed by sodium borohydride reduction; (B) Carbethoxylation of
N7-A by means of DEPC; (C) aniline strand scission: after the hydrolysis of the
glycosidic bond between the modified base and the ribose, the exposed ribose
forms an open-ring tautomer. The free aldehyde group of this tautomer reacts
with aniline to form an aldimine, and the 3'-phosphoester bond is cleaved
via a B-elimination mechanism; (D) CMCT modification at N3-U and N1-G;

(E) Alkylation of phosphate by means of ENU followed by alkaline treatment
(adapted from Ehresmann et al., 1987).
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and this then provides a site for aniline scission (Figure 16¢) (Ehresmann et

al, 1987).

3) Adenine Reaction. Since no chemical splitting of the RNA chain at

methyl-1-adenine exists, this modification can only be detected when the
primer extension method is used. This reaction identifies single-stranded

adenines (Figure 16a) (Ehresmann et al, 1987).

Diethylpyrocarbonate (DEPC).; The N7 atom of adenosine is particularly

susceptible to carbethoxylation (Leonard et al, 1971; Vincze et al, 1973;
Ehrenberg et al, 1976) at neutral pH. This modification destroys the resonance
of the heterocyclic ring, and the imidazole ring opens between atoms N7 and
C8 (Figure 16b) (Leonard et al, 1971), thereby creating a site for aniline strand
scission (Peattie, 1979). This chemical reaction monitors the involvement of
N7-A in tertiary interactions (as described for N7-G alkylation to DMS).
Owing to a higher molecular weight of the adduct, DEPC is more sensitive to
base stacking than DMS, and all adenines in helices are unreactive

(Ehresmann et al, 1987).

1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate
(CMCT). CMCT reacts primarily with N3-U and N1-G at pH 8 in the order
N3-U > N1-G (Figure 16d) (Van Stolk and Noller, 1984; Gihlam, 1962; Naylor

et al, 1966). CMCT is used to locate unpaired uridines and guanosines.

Ethylnitrosourea (ENU). ENU is a N-nitroso-alkylating reagent which has a

high affinity for the oxygens of the phosphate groups of nucleic acids, in
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contrast to other alkylating reagents, such as DMS, which primarily alkylates
ring nitrogens (Figure 16e) (Singer, 1976; Jensen and Reed, 1978; Singer and
Fraenkel-Conrat, 1976). In the case of RNA, the resulting phosphotriesters
are unstable and are easily split by mild alkaline treatment (Kusmierek and
Singer, 1976). This alkylation is used to locate phosphates engaged through
hydrogen bonds in tertiary interactions, or likewise phosphates that are
involved in cation coordination (Vlassov et al., 1981, Romby et al., 1985).
Compared to other chemical probes, ENU has the advantage of not being
selective, since its reactivity is sequence- and secondary structure-

independent (Ehresmann et al., 1987).

III Experimental Conditions

Since the optimal conditions vary with the different probes, there is a
possibility that subtle conformational changes may occur under different
incubation conditions. Therefore, it is very important to probe the
conformation of RNA under strictly defined buffer conditions (pH, ionic
strenth, magnesium concentration and temperature).

The degree of stability of the structure is estimated by modifying the 55
rRNA under two kinds of conditions: (i) native conditions (at low
temperature, in the presence of magnesium), and (ii) semi-denaturing
conditions (at low temperature, in the absence of magnesium). Enzymatic
hydrolysis or chemical modifications are carried out under native conditions
so that the conformation of the molecule is conserved. Semi-denaturing
conditions are important because they allow us to estimate the degree of
stability in helices during the partial denaturation of 55 rRNA caused by these

conditions. For instance, it is well known that tertiary interactions are less
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stable than Watson-Crick interactions. Tertiary interactions are therefore
expected to melt under semi-denaturing conditions (Ehresmann et al, 1987).

IV_Advantages and Limitations of the Probes

Enzymes. The hydrolysis of a region of RNA is influenced by the following
factors: (i) the position of this region in relation to the surface of the
molecule, (ii) size of the enzyme, and (iii) enzyme specificity. Owing to their
bulky size, nucleases are susceptible to steric hindrance, especially in the case
of extensive folding of RNA. For example, some sites on the RNA molecule
may be inaccessible to the enzymes because of the enormous size of the
nuclease itself. In addition, special care must be taken in the choice of
hydrolytic conditions, since enzymatic cleavages at a particular position may
alter the structure of the RNA, thereby introducing additional cuts on the
same RNA chain. These cuts appear most often during prolonged periods of
incubation. Such cleavages, designated as secondary cuts, can be easily
differentiated from primary cuts on end-labeled RNA by comparing
hydrolysis patterns of 5'- and 3'-end-labeled molecules. Secondary cuts,
which are weaker than primary ones, are only observed in one of the two
end-labeled molecules. However, despite these limitations, enzymes can
yield useful information on the accessibility of the RNA regions under study
(Ehresmann et al, 1987).

Chemicals. Chemical probes have the advantage of being small, and
therefore are not very susceptible to steric hindrance. This allows us to obtain
accurate information by probing the minute characteristics of RNA structure
at the atomic level. However, the various nucleotide positions do not react
identically to all probes. For example, N3-C reacts slower than N1-A with

DMS, and N1-G slower than N3-U with CMCT. In addition, the reactivity of
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N7-A to DEPC is more sensitive to stacking than N7-G to DMS (Ehresmann et
al., 1987).

It would be incorrect to assume that chemical probes necessarily
determine the accessibility of nucleotide positions, since the probes may not
react identically with every position. A given nucleotide position may be
accessible without being reactive. Reactivity is largely influenced by the
electrostatic environment of the molecule, which can inhibit the chemical
reaction of the probe. This problem has been discussed by Lavery and
Pullman (1984), who have introduced a new theoretical index, which
combines steric and electrostatic factors (ASIF, "Accessible Surface Integrated
Field" index). In general, the more negative the ASIFs, the more likely are
the chemical modifications to occur. Romby et al (1985) have already
observed that a good correspondance is found between theoretical calculation
of ASIF indexes, based on X-ray structure, of tRNAASP and tRNAP he, and
the observed reactivities to ENU.

The utilization of structure-specific probes, together with the
determination of accessible sites by rRNA end-labeling and primer extension
represents a powerful approach for probing secondary and tertiary structure
models (Inoue and Cech, 1985; Lempereur et al, 1985; Moazed et al, 1986;
Mougel et al, 1987; Baudin et al, 1987). This approach allows us to determine
which nucleotides are possibly involved in tertiary interactions. However,
like all experimental approaches, this technique has intrinsic limits. One of
the most obvious of which is its inability, in the absence of other independent
information such as that provided by X-ray crystallography or RNA-
intramolecular cross-linking, to identify without ambiguity which

nucleotides are participating together in tertiary long-range interactions.
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MATERIALS AND METHODS

Materials

Chemicals and Enzymes

Commonly used chemicals were purchased from BDH, Fisher or
Sigma. Yeast extract and tryptone were purchased from DIFCO Laboratories.
Agar was purchased from GIBCO. Acrylamide, bis-acrylamide and urea were
purchased from SERVA. DMS, DEPC and sodium borohydride were
purchased from BDH; CMCT, ENU and aniline were purchased from Sigma;

Hydrazine from Kodak; Calf intestinal phosphatase was purchased from

Boehringer; RNases T1, Up, S1, and V1 were purchased from Pharmacia; T4

RNA ligase and T4 polynucleotide kinase were purchased from New England

Biolabs; avian myeloblastosis reverse transcriptase was purchased from Life

Sciences; RNasin was purchased from Promega Biotec; Ty RNA polymerase

was purified from E. coli strain BL21/pAR1219 by a published procedure
(Davanloo et al, 1984); [y-32P]ATP (3200 Ci/mmol) and [5'-32P]pCp (3000

Ci/mmol) were purchased from New England Nuclear.

Methods

I. Construction of Cloned Mutant 5S rRNA Genes

Mutant 55 rRNA genes were constructed using a modification of the
method of oligonucleotide-directed mutagenesis by micro-scale ligation
developed by Griindstrom and co-workers (1985). The cloned genes were

synthesized as a series of oligonucleotides. For each mutant the appropriate
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oligonucleotides for both strands were synthesized and substituted for the
corresponding wild-type oligonucleotides in a shotgun ligation reaction.
These oligonucleotides were subsequently annealed and ligated into vector
pUC18. The mutant 55 rRNA genes were placed under the control of the T7
promoter (see section II below). An Eco RI linker at the 5'-end of the T7
promoter and a Bam HI linker at the 3'-end of the gene were introduced
After ligation, the reaction mixture was digested with Kpn I to linearize any
re-sealed pUC 18 vector before transformation (Figure 17).

The oligonucleotides were synthesized by Dr. P. Romaniuk in a
Biosearch 8600 DNA synthesizer using the phosphite method (Sinha et al,
1984). After the synthesis was completed, the oligonucleotides were
deprotected by incubating them in 1 ml of concentrated ammonium
hydroxide solution, first at room temperature for one hour and then at 50°C
overnight (Biosearch Model 8600 Instruction Manual, 1985). After this
incubation, the ammonium hydroxide solution was evaporated on a RH40-11
Speed Vac concentrator. The dry oligonucleotides were dissolved in 100 pl
sterile distilled water and their concentration determined by absorbance at 260
nm. Ten O.D. units of each oligonucleotide were purified by polyacrylamide
gel electrophoresis and reverse phase chromatography using a C18 Sep-Pak
column (Water Associates) as described by Atkinson and Smith (1984). Prior
to the annealing and ligation of oligonucleotides, 5 pg of each oligonucleotide

was phosphorylated by incubating at 37°C for 60 minutes in 60 pl of a buffer
containing 50 mM HEPES pH 7.5, 10 mM MgClp, 10 mM DTT, 50 pg/ml BSA,

0.1 mM ATP and 3 units of T4 polynucleotide kinase. The reaction was then

diluted with 1 ml TE (10 mM Tris-HCI pH 8, 1 mM EDTA) buffer, the

oligonucleotides were purified by reverse phase chromatography (Atkinson
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Figure 17: Xenopus laevis 55 rRNA mutant genes constructed from oligonucleotides
1-10 using the microscale shotgun ligation method. The oligonucleotides also

contain sequences that generated both EcoRI and BamHI restriction sites as well as
the T7 promoter. MCS= Multiple Cloning Site; Restriction sites: Eco RI, Kpn I, Bam
HI, and Dra I; Amp R= Ampicillin Resistance (adapted from Romaniuk et al., 1987).
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and Smith, 1984), and stored as 10 pM solutions at -20°C. The
oligonucleotides (0.5 pmol) were annealed by incubating for 1 hour at 37°C in
8 ul of 50 mM Tris-HCI pH 7.5, 10 mM MgClp, 20 mM DTT, 0.1 mM
spermidine and 1 mM ATP. The vector pUC18 (0.1 pmol) that had

previously been digested with EcoR I and BamH I was added together with

200 units of T4 DNA ligase, and incubation was continued overnight at 20°C.
The reaction was then heated to 70°C for 10 min. to inactivate T4 ligase, and
then 20 pul of Kpn buffer (10 mM Tris-HCl pH 7.5, 10 mM MgClp, 1 mM DTT,
0.01% Triton X-100) was added together with 10 units of the restriction
nuclease Kpn L

After incubation at 37°C for 60 minutes, 3-6 pl of the reaction
(containing 20-40 ng of DNA) was used to transform E. coli strain JM105,
made competent by CaCly treatment (Maniatis et al, 1982). Bacteria that
contained the plasmid DNA were selected on the basis of ampicillin
resistance. For screening purposes, mini-preparations of plasmid DNA were
made from 10 isolates according to Maniatis et al (1982). The DNA from these
preparations was analyzed both for the presence of a new Dra I restriction site,
and the ability to produce 5S rRNA transcripts. After this analysis, the correct
sequence of each clone was verified by dideoxynucleotide sequencing of
plasmid DNA using the M13 reverse sequencing primer and reverse
transcriptase (Zaug et al, 1984). In general, it was found that 40-70% of

plasmids from mini-preparations contained the correct sequence.

II. Synthesis of Mutant 5S rRNA From Cloned Genes

Linearization of plasmid DNA. Before in vitro transcription, each plasmid

containing the mutant 55 rRNA gene was linearized by digestion with the



59
restriction enzyme Dra I, which defines the 3' terminus of the transcripts as
nucleotide +121 of the gene. The Dra I recognition site was introduced at the
3'-end of the gene in order to generate run-off transcripts that have the same
length as the natural 55 rRNA (Figure 17).

For all mutants, 50 ug of plasmid DNA was dissolved in 100 ul of 10
mM Tris-HC1 pH 7.5, 10 mM MgClp, 1 mM DTT and 100 pg/ml BSA and
digested with 100 units of the restriction endonuclease Dra I for 60 min. at
37°C. The extent of digestion was analyzed by electrophoresis of an aliquot of
the reaction mixture in a 1% agarose gel (run for 1 hour at 50 V) (Figure 18).
The reaction was then extracted with 100 pl of phenol:chloroform (1:1 v/v),
followed by two extractions with 100 pl of chloroform. The DNA was then
recovered by precipitation with 95% ethanol, washed with 70% ethanol, and
redissolved in TE buffer to give a solution of 1 pg/pl.

Synthesis of Mutant 55 rRNA. In order to obtain 55 RNA transcripts from the

cloned genes, the mutant 55 rRNA genes were placed under the control of a
promoter for T7 RNA polymerase (Figure 17). T7 RNA polymerase is a
protein derived from the T7 bacteriophage which shows a very high
specificity for its promoter, since only the genes under its control are
transcribed, producing a high yield of specific transcripts. The 55 rRNA genes
were constructed in such a fashion that the T7 transcripts have 5' and 3'
termini identical to those found in natural 55 rRNA molecules (Romaniuk
et al, 1987).

In vitro transcription was carried out using T7 RNA polymerase
purified by a published procedure (Davanloo et al, 1984) from E. coli strain

BL21/pAR1219 provided by Dr. FW. Studier. In the reaction mixture a final
volume of 200 pl contained: 40 mM Tris-HCl pH 8, 30mM MgClp, 5 mM DTT,
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Figure 18: Analysis of plasmid DNA restriction digest with Dra I.
Lane 1: undigested control of Xlo w.t.; lane 2: restricted Xlo 73-76;
lane 3: restricted Xlo 87-90 (direction of electrophoresis from top
to bottom).
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1 mM spermidine, 0.1 mg/ml BSA, 1.25 mM each ATP, UTP, CTP, GTP, 8%
PEG(8000), 0.01% Triton X-100, 200 U RNasin, 25 pg linearized template DNA,
and 15 ug T7 RNA polymerase. After incubation for 4 hours at 37°C, the
reaction was extracted with 200 pl of phenol:chloroform (1:1 v/v), followed by
two extractions with 200 pl of chloroform. The crude RNA was then ethanol
precipitated, and then redissolved in 50 ul of TE buffer. In vitro transcription
was analyzed by electrophoresis of an aliquot (1 pl) of the reaction mixture on
a 8% polyacrylamide 8.3 M urea mini-gel (run for 20 min. at 300 V) (Figure19).
55 rRNA transcripts from each mutant were separated from DNA template
and unincorporated nucleotides by gel permeation HPLC using a BioRad
TSK-125 column (7.5 mm x 30 cm) and an elution buffer of 0.2 M sodium
acetate, 1% methanol pH 6.0 (Figure 20). Fractions containing 55 rRNA were
concentrated by evaporation on a RH40-11 Speed Vac concentrator, and the
RNA was recovered by ethanol precipitation. Yields of pure 55 rRNA were

30-50 pug. 55 rRNA was stored at -20°C as an aqueous 1 mg/ml solution.

III. End Labeling of 55 rRNA

Before labeling 55 rRNA at the 5' terminus, 25 pg of 55 rRNA were
dephosphorylated with 24 units of calf intestinal phosphatase using a
published procedure (D'Alessio, 1982). The dephosphorylated 5S rRNA was
then purified by electrophoresis on a 8M urea-12% polyacrylamide gel for 1.5
hours at 700 V. The recovered 55 rRNA was 5' end labeled using [7-32P]ATP
and polynucleotide kinase. 55 rRNA was labeled at the 3' terminus with [5'-
32P]pCp using T4 RNA ligase (England and Uhlenbeck, 1978). 3' end labeled
55 rRNA was purified by electrophoresis on a 6% polyacrylamide: 8 M urea

gel for 4 hours at 30 mA. Before each chemical and enzymatic modification



Figure 19: Analysis of in vitro transcription from the linearized plasmid
containing the 55 rRNA gene: (1), Xlo 99-101 5S rRNA; (2), Xlo 96-101

55 rRNA; (3), E. coli 55 rRNA (direction of electrophoresis from top to
bottom).
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Figure 20: Elution profile of mutant Xlo 73-76 by gel permeation HPLC.

Legend: (1) plasmid DNA; (2) Xlo 73-76 5S rRNA; (3) unincorporated
nucleotide triphosphates.
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experiment, the 55 rRNA was eluted overnight in 0.6 M ammonium acetate,
0.1% SDS and 1 mM EDTA. Then the 55 rRNA was precipitated twice with

95% ethanol, washed with 70% ethanol and resuspended in water.

IV. Limited Enzymatic Hydrolysis of Labeled 55 rRNA

Before enzymatic digestion, an aliquot of end-labeled 55 rRNA (40,000
cpm Cerenkov) was renatured by incubating at 55°C for 10 min. in 100 pl of
TMK buffer (20 mM Tris-HCl pH 7.5, 5 mM MgClp, 100 mM KCl) followed by
slow (60 min.) cooling to 20°C. In each experiment, labeled 55 rRNA was

supplemented with 10 pg of total tRNA as carrier. The 55 rRNA was then
digested for 20 min. at 20°C using the following nucleases: T1 (0.1-3 units), Tp

(0.01-0.3 units), A (0.1-10 ng), S1 (22-110 units), and Vq (0.22-0.7 units). The
reaction mixtures were then extracted with 100 pl of phenol:chloroform, and
the 5S rRNA was recovered from the aqueous phase by precipitation using
95% ethanol, washed with 70% ethanol and vacuum dried. Then the 5S
rRNA samples were redissolved in 5 pl of urea-dye buffer (8.5 M urea, 0.05 M
boric acid, 0.05 M Tris, 0.001 M EDTA, 0.025% BPB and xylene cyanol), and
heat-denatured for 2 min. at 90°C prior to gel electrophoresis. Each reaction
mixture (20,000 cpm Cerenkov) was subjected to electrophoresis on a 8M
urea-12% polyacrylamide sequencing gel (40x20x0.04 cm) and run in TBE
buffer (0.05 M Tris-borate, 0.001 M EDTA) at 1500 V for 2 hours for the short
migration gel, and 4 hours for the long migration gel. The positions of
nuclease cuts were identified by running in parallel RNases T1, Up and
alkaline hydrolysis ladders. Control samples were treated identically

throughout except for omission of enzyme. At the end of electrophoresis, the
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gel was dried at 80°C for 30 min. and exposed to an X-ray film overnight at

-70°C.

V. Alkylation of 55 rRNA by Ethylnitrosourea

Phosphate alkylation was carried out essentially as described by Vlassov
et al (1981). Labeled 5S rRNA (40,000 cpm Cerenkov) was supplemented with
2 ug of tRNA as carrier. In the native reaction: the 55 rRNA was renatured by
incubating at 50°C for 5 min. and cooled slowly (30 min.) at 20°C in 20 pl of
buffer N-1 (300 mM sodium cacodylate pH 8, 5 mM MgClp, 100 mM KCI). A
saturated solution of ethylnitrosourea in ethanol (5 pl) was added, and then
the 55 rRNA was incubated for 3 hours at 20°C. In the denaturing reaction:
buffer D-1 (300 mM sodium cacodylate pH 8, 1 mM EDTA) was used instead,
and incubation was for 2 min. at 80°C with the same amount of
ethylnitrosourea. After alkylation, 2 pul of 3 M sodium acetate pH 6 was
added, and the 55 RNA was precipitated with 3 volumes of 95% ethanol.
After reprecipitation of the RNA from 0.3 M sodium acetate containing 1 mM
EDTA, the RNA was washed twice with 70% ethanol. The alkylated 55 rRNA
was cleaved at phosphotriester positions in 0.1 M Tris-HCl pH 9.0, and the
liberated oligonucleotides were analyzed on a 8 M urea-12% polyacrylamide
sequencing gel, as indicated above. The position of the phosphates was
determined by running in parallel RNases T1, Up, and alkaline hydrolysis
ladders. The extent of phosphate alkylation at each position was measured by
densitometry scanning of the autoradiogram with a Beckman DU-65

Spectrophotometer using a gel scan program.
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VI Chemical Modification of the Bases

In each experiment, 5S rRNA (labeled or unlabeled) was supplemented
with 10 pg of tRNA as carrier. End-labeled 55 rRNA (3' and 5' end-labeled)
was used to detect methylation of N7-G with DMS and carbethoxylation of

N7-A with DEPC.

Dimethvlsulfate modification. Native reaction: 5S rRNA was renatured as

described above in 200 pl of buffer N-2 (50 mM sodium cacodylate pH 7.5, 5
mM MgClp, 100 mM KCI). DMS (0.5 ul) was added, and the reaction was
incubated for 5-20 min. at 20°C with occassional stirring. Semi-denaturing
reaction: the same procedure as above was used, except that renaturation of
55 rRNA was carried out in buffer D-2 (50 mM sodium cacodylate pH 7.5, 1
mM EDTA). After incubation, 100 pl of 0.3 M sodium acetate pH 6 was added,
and the modified 5S rRNA was precipitated with 2.5 volumes of 95% ethanol.
Then the RNA pellets were resuspended in 100 pl of 0.3 sodium acetate pH 6,

reprecipitated with ethanol, washed with 70% ethanol, and vacuum dried.

Diethylpyrocarbonate Modification. Buffers and renaturation conditions were

the same as those used for DMS modification. Modification was carried out
by adding 20 ul of DEPC to each sample, and incubation for 15-30 min. at 20°C,
with occasional mixing. After incubation, the RNA was recovered as

outlined above.

Carbodiimide Modification. Native reaction: 55 rRNA was renatured in 150

ul of buffer N-3 (50 mM sodium borate pH 8, 5 mM MgCl2 100 mM KCI). The

reaction was started by incubating 5S rRNA at 20°C for 15, 30, and 60 min. in



67

the presence of 50 pl of CMCT (42 mg/ml aqueous solution). Semi-
denaturing reaction: The procedure was the same as for native conditions but
in buffer D-3 (50mM sodium borate pH 8, 1 mM EDTA), and incubation was

at 20°C for 5 and 15 min. 5S rRNA was then recovered as outlined above.

VII Detection and Analysis of Modified Bases

Cleavage of labeled 55 rRNA at modified positions. End-labeled 55 rRNAs
containing guanosines methylated by DMS at position G-N7 were cleaved by
incubating for 5 min. at 0°C in 1 M Tris -HCI pH 8.2 containing 0.2 M sodium
borohydride. To detect cytidines methylated at C-N3 position by DMS, 55
rRNA was incubated in 10% hydrazine at 0°C for 5 minutes. In both cases the
55 rRNA was ethanol precipitated twice from 0.3 M sodium acetate pH 6,
washed with 70% ethanol and vacuum dried. 5S rRNA modified at G-N7, C-
N3, and A-N7 was then cleaved with aniline buffer pH 4.5 at 60°C in the dark
for 10 min. The liberated oligonucleotides were analyzed by electrophoresis

on 8 M urea-12% acrylamide sequencing gels as described above.

Primer Extension with Reverse Transcriptase. The primer extension method

was used to detect the bases modified by DMS [A(N1) and C(N3)] and CMCT
[G(N1) and U(N3)]. The oligonucleotide primer AAGCCTACG,
complementary to nucleotides 112-120 of the 55 rRNA, was synthesized by
the phosphoramidite method using a Biosearch instrument. The primer was
labeled with 32P at the 5' end according to the method of Silberklang et al
(1977). The hybridization mixture, containing modified or unmodified 5S
rRNA (1 ug) and the primer (80,000 cpm) was incubated at 65°C for 5 min. in 8
ul of water. Then 2 ul of annealing buffer (250 mM Tris-HCl pH 8.3, 30 mM
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MgClp, 200 mM KCl) were added and incubation continued for a further 5

min. at 65°C. The annealing mixture was then slowly cooled to room
temperature (10 min.). Primer extension was performed in 15 pul of annealing
buffer at 37°C for 35 min. in the presence of 5 units of reverse transcriptase
and 0.25 mM each of dATP, dGTP, dCTP, and dTTP. Dideoxy-sequencing
reactions were made in parallel on unmodified 55 rRNA in the additional
presence of 5 UM of the appropriate ddNTP as described by Sanger et al (1977).
The elongation reaction was stopped by adding 200 pl of 0.3 M sodium acetate
pH 6 and 3 volumes of 95% ethanol. Pellets were redissolved in 100 pl of 0.3
M sodium acetate pH 6, reprecipitated with ethanol, washed with 70%
ethanol and vacuum dried. Pellets were then resuspended in 6 pul of loading
buffer (deionized formamide, 0.03% bromophenol blue and xylene cyanol),
and heated for 2 min. at 90°C prior to gel electrophoresis. Electrophoresis was
carried out on 8 M urea:10% polyacrylamide sequencing gels for 2 or 4 hours

at 1500 Volts as outlined above.
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RESULTS and DISCUSSION

Reactivity of 5S rRNAs to enzymes

The 55 rRNA molecules from mutants: Xlo73-76, X1087-90, X1099-101 and
X1096-101 were carefully renatured in the presence of magnesium ions prior
to modification, in order to study the native conformation of these RNA
molecules. The conformation of all 56 rRNAs was tested using uniform
conditions of pH, salt concentration and temperature for all enzymes. These
conditions are the same as those used previously to study the solution
structure of Xenopus oocyte 55 rRNA (Romaniuk et al., 1988).

The solution structures of 55 rRNAs from all four mutants Xlo73-76,
X1087-90, X1099-101 and Xl0o96-101 were probed with single-strand specific
nucleases: Tq, T, A and Sq, and with RNase V; specific for structured regions,
using a range of enzymatic concentrations. All enzymes were used on both
5'- and 3'-end labeled 5S rRNA molecules, in order to differentiate between
primary and secondary cuts, which do not reflect the native conformation of
the 55 rRNAs. The primary cleavage sites caused by nucleases under native
conditions have been summarized on the secondary structure models of the
55 rRNAs from the four mutants (Figures 21 to 24). These results can be
compared to the results obtained for the Xenopus oocyte wild type 55 rRNA
(Figure 25). For convenience, enzymatic cuts were designated by the position
in the sequence of the nucleotide located directly at the 5'-side of the scission.
A typical experiment is shown in Figure 26.

The enzymatic digestion pattern to single-strand specific nucleases in
both wild-type 55 rRNA and its four mutants appears to be basically the same

for loops A, B and C. There are differences, however, in the nuclease
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Figure 21: Summary of nuclease cleavages of Xlo 73-76 5S rRNA.

The extent of cleavage is indicated by: thick line, strong; thin line,
moderate; broken line, weak.
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Figure 22: Summary of nuclease cleavages of Xlo 99-101 55 rRNA.

The extent of cleavage is indicated by: thick line, strong; thin line,
moderate; broken line, weak.
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Figure 23: Summary of nuclease cleavages of Xlo 96-101 55 rRNA.

The extent of cleavage is indicated by: thick line, strong; thin line,
moderate; broken line, weak.
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Figure 24: Summary of nuclease cleavages of Xlo 87-90 5S rRNA. The

extent of cleavage is indicated by: thick line, strong; thin line, moderate;
broken line, weak.
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Figure 25: Summary of the nuclease digestion experiments of Xlo w.t.
55 rRNA, showing moderate and strong cleavages on the secondar
structure model of 55 rRNA (adapted from Romaniuk ef al., 1988).
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Figure 26: Gel electrophoresis fractionation showing enzymatic digests of
5'-end labeled Xlo 87-90 55 rRNA. Legend: C, control (no nuclease); Nuclease
A:1,0.1ng; 2,10ng; T1: 1, 0.1U; 2, 3U; T2: 1, 0.01U; 2, 0.3U; V1: 1, 0.22U; 2, 0.7U;
S1: 1, 22U; 2, 110U; L, base hydrolysis ladder; T1, T1 sequencing reaction; U2, U2
sequencing reaction.
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digestion patterns of loops E and D. One can see that in wild-type 55 rRNA,
the most accessible regions to single-strand specific nucleases are loop A as
well as some regions in loops B, C and D, whereas no cleavages were
observed in loop E (Figure 25). It is in loop E that nucleotide sequences were
changed in order to produce three different 56 rRNA mutants. 1) In the 5'
side of loop E, mutant Xlo73-76 55 rRNA has the nucleotide sequence
UAGUy¢ changed to GGACyg 2) In the 3' of this loop, in mutant X1099-101,
the nucleotides at positions GAAj(y; were changed to AGGyg; 3) In mutant
X1096-101, Ugg was changed to Agg, Ggg to Ugg, and Aqpq to Cqpq in order to
create an extended base pairing between helices IV and V with Watson-Crick
base pairs. From the nuclease digestion pattern obtained for the mutant 55
rRNAs, one can observe that in the 55 rRNA from Xlo73-76, loop E has
become more accessible to single-strand specific nucleases such as Ty, Ty, and
A (Figure 21). Similarly, in X1099-101 55 rRNA loop E appears to be more
susceptible to cleavage, especially the 3' side of the loop, where one can see
strong T and T, cleavages (Figure 22). However, in X1096-101 5S rRNA, there
is resistance towards single-strand specific nucleases between helices IV and V
(Figure 23). In addition, the enzymatic cleavage pattern of loop D produced
by single-strand specific nucleases differs between the wild type and X1087-90
55 rRNAs. The nucleotide changes for mutant X1087-90 55 rRNA: GAGAy
to AAAGq( are located in the tetranucleotide loop D. In Xlo87-90 55 rRNA,
loop D appears much more accessible to single-strand specific nucleases than
in the wild-type 55 rRNA. In this mutant one can observe S; cleavages at
every single position of this loop, together with some Ty and T, cleavages
(figure 24). However, the wild-type and X1087-90 55 rRNA do not differ in

the nuclease digestion pattern of loop E (Figures 24 and 25 ).
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Strong RNase V; cuts are observed in each of the five helical stems of 55
rRNA from the wild-type and all four mutants. However, in X1096-101 and
X1099-101 5S rRNAs it was difficult to assess the reactivity of helix I to RNase
V1 cleavages. In X1096-101 55 rRNA, a strong cleavage with RNase V; was
observed at position Agg-Ugp, and in X1099-101 55 rRNA, additional V;
cleavages were observed at positions C4¢ and Cgg, thus suggesting the
existence of base pairing in these regions (Figures 22 and 23). In general,
cleavage by single-strand specific nucleases did not occur in the helical
regions of either the wild-type 55 rRNA, or of the 55 rRNA from all four
mutants.

These results are discussed below, together with the results obtained
from the chemical reactivity data.

Reactivity of 5S rRNA to Chemical Pr

As mentioned before, both the direct and the indirect methods were used
to identify nucleotides reacting with the different chemical structure probes.
The direct method allowed mapping of the reactivity of G(IN7) and C(N3) to
DMS, of A(N7) to DEPC, and of phosphates to ENU, after appropriate cleavage
on both 5'- and 3'-end-labeled 55 rRNAs from all four mutants. A typical
example is given in Figure 27 for Xlo87-90, and the data from several such
experiments are summarized in Figures 28 to 32 for the four mutants and the
wild-type, respectively. Spontaneous cleavages at some positions, occurring
mainly at pyrimidine-adenosine dinucleotide sequences were observed in the
incubation control. These cleavages have been observed in other RNA
molecules (Carbon et al., 1978; Romby et al., 1985; Moazed et al., 1986; Romby
et al., 1988), and they are not believed to be induced by contaminating

nucleases, but are thought to reflect an intrinsic chemical instability, partly
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Figure 27: Chemical modification of 3'-end labeled Xlo 87-90 5S rRNA.
Autoradiogram of a long migration gel, showing modifications at the
following positions: (C-N3 and G-N7) by means of DMS; (A-N7) by means

of DEPC; and (phosphates) by means of ENU. Legend: C, incubation control;
1, native conditions; 2, semi-denaturing conditions; L, base hydrolysis ladder;
T1, T1 sequencing reaction; U2, U2 sequencing reaction.
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Figure 33: Chemical modification of Xlo 99-101 55 rRNA using the primer
extension method. Autoradiogram of a short migration gel , showing
modifications at the following positions: (A-N1 and C-N3) by means of DMS;
and (G-N1 and U-N3) by means of CMCT. Native conditions: (C) incubation
control; (1), DMS: 2 min., CMCT: 15 min.; (2), DMS: 5 min., CMCT: 30 min.; (3)
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