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ABSTRACT

Many species of cyanobacteria possess genes whose products are highly
similar to the RNP family of RNA-binding proteins found in eukaryotes.
This work describes the characterization of rbpA, one of two RNA-binding
protein (rbp) genes now known to exist in the unicellular cvanobacterium
Synechococcus sp. PCC 7942, This gene codes for a protein of 107 amino acids.
[t contains a single RNA Recognition Motif (RRM) as well as an auxiliary
domain rich in glycine residues.

Mutation of the rbpA gene by insertional inactivation using the
spectinomycin resistance omega cassette resulted in a temperature-sensitive
phenotype with an altered pigment composition when compared with the
wild type organism. This phenotype was not observed in a "control mutant”,
in which the omega cassette was inserted outside of the rbpA gene.
Complementation experiments demonstrated that it was possible to rescue
the phenotype of the "knock-out” mutant by insertion of a wild type copy of
the rbpA gene into a neutral site in the cyanobacterial genome.

The function of cyanobacterial RNA-binding proteins is not known. A
histidine-tagged form of RbpA (HgRbpA) was purified using metal chelate
affinity chromatography. RNA binding experiments demonstrated that this
protein showed a preference for poly(A), poly(G) and poly(U) RNA but not
poly(C). This specificity did not appear to be significantly affected by removal
of the auxiliary domain. Overall, work presented here suggests that the RbpA

protein may affect content of the phycobilisome components in the

ii



photosynthetic apparatus. It also appears to be a protein which is required for

growth at lower temperatures.
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CHAPTER 1. INTRODUCTION



1.1. RECOGNITION OF RNA BY PROTEINS

1.1.1. The Role of RNA in Cellular Processes

Over the past decade, RNA has emerged as a molecular entity which is
involved in a great variety of processes within the cell. The most well known
function involves its central role in the transfer and expression of the genetic
information found in the nucleotide sequences of genes to the sequence of
amino acids in the polypeptide chain of a protein. Central to that process are
some of the other key RNA molecules within the cell. Adaptor tRNA
molecules provide the crucial link between the sequence of codons in the
mRNA and the primary structure of the corresponding polypeptide. In both
prokaryotic and eukaryotic systems, the ribosome itself contains ribosomal
RNA (rRNA) components which provide the framework necessary to
assemble the ribosomal subunits while providing the sequence-specific
contacts with both the aminoacyl-tRNAs and the mRNA transcript which are
necessary for proper translation of the message (Noller, 1991). The
ribonucleoprotein (RNP) complexes responsible for the processing of pre-
mRNA transcripts in eukaryotes (hnRNPs and snRNPs) also have several
RNA components which form integral parts of the larger spliceosomal
machinery (Dreyfuss, 1993; Moore et al., 1993).

In order to appreciate and better understand the diverse mechanisms
used for RNA recognition by proteins, we must begin with an outline of the
factors influencing RNA secondary and tertiary structure, and how these

present unique structural motifs which are capable of specific interaction with

proteins.



1.1.2. The Diversity of RNA Structures

RNA is chemically very similar to DNA. The main differences in
RNA are the change from a 2'-deoxyribose to a ribose sugar moiety, and the
lack of the methyl group of thymine which, in RNA, is replaced by a
hyvdrogen atom in uracil. However, the conformations adopted by DNA and
RNA differ substantially. The most recognized RNA conformation is the
stem-loop or hairpin loop. This region consists of two segments of
complementary RNA which form a double-stranded helical stem by Watson-
Crick base pairs. The complementary segments are bridged by a region of
single-stranded RNA known as the hairpin. The RNA helices of a stem-loop
structure are usually less than 10 bp in length. These helices are interrupted
by symmetrical or asymmetrical regions of base pair mismatch known as
internal loops; one-sided internal loops are known as internal bulges (Klaff et
al., 1996). Internal loops and bulges alter the secondary structure of RNA by
introducing a bend in the region separating two RNA helices.

Even greater complexity of RNA structures comes from tertiary
interactions in RNA. Base pairs between single-stranded regions of RNA
located within a secondary structure or located in separate secondary
structures folds RNA into even more complex three-dimensional shapes.
One example is the pseudoknot, which forms when the single-stranded loop
region bridging a stem-loop base pairs with a single-stranded region outside of
this secondary structure. Tertiary interactions in RNA also give rise to

structures such as bifurcations and triple helices.



1.1.3. Factors Affecting the Structure of RNA

Similar to proteins, many RNAs must form complex secondary and
tertiary structures in order to function in RNA-protein interaction or
catalysis. One of the driving forces of protein folding is the thermodynamic
advantage of burying hydrophobic residues within the interior of the
protein's three-dimensional structure. This thermodynamic effect also
promotes the formation of secondary structure in RNA (Doudna and
Doherty, 1997). However, other types of molecular interactions have emerged
as key players in the proper folding and function of the more complex teriary
structures of RNA. One strategy employed in RNA folding is the stacking of
one RNA helix upon another. This structure was first observed in the L-
shaped 3-dimensional structure of tRNAs, but has since been observed in
many other RNA species (Kim et al., 1973; Robertus ¢t al., 1974; Strobel and
Doudna, 1997). The main contributor to helical stacking is the 2'-hydroxyl
group which distinguishes DNA from RNA. These line the outer edge of the
minor groove of RNA and act as hydrogen bond donors and acceptors in the
stacking of RNA helices (Strobel and Doudna, 1997).

Another important factor affecting RNA structure and folding is the
presence of non-canonical base pairs (those other than GeC and AeU). Their
unusual patterns of hydrogen bonding present functional groups in both the
major and minor grooves of duplex RNA. These functional groups are
therefore available for tertiary interactions with other RNA sequences. As
well, the major groove of an RNA helix immediately adjacent to a non-
canonical base pair is widened, thereby increasing its accessibility to

interaction. The importance of non-canonical base pairs in secondary and



tertiary interactions is underscored by the fact that they are often
phylogenetically conserved in nature (Weeks and Crothers, 1993). Non-
canonical base pairs have been shown to be directly involved in the action of
the self-splicing group I intron of Tetrahymena (Pyle, 1994; Strobel et al., 1998).

Another area of recent interest has been the role of divalent cations in
RNA folding. Many structured RNAs require divalent cations, such as
magnesium, for proper folding (Doudna and Cate, 1997). For example, more
than 100 magnesium ions are needed for proper folding of ribonuclease P
which is only 375 nucleotides in length (Doudna, 1997). Many RNA
ribozymes require magnesium ions for their catalytic activity (Pyle, 1993). It is
believed that one of the functions of magnesium ions is to neutralize the
negatively charged phosphate groups on the RNA backbone and thereby
facilitate the close packing of RINA helices in a tertiary structure (Doudna and
Doherty, 1997). In certain instances, RNA structures can also be stabilized by

the specific coordination of magnesium ions to sites of high charge density

(Laing et al., 1994).

1.1.4. Recognition of RNA by Proteins

An RNA double helix is generally not amenable to sequence-specific
interactions with proteins or other RNA species. Unlike the B-form double
helix adopted by DNA, double helices formed by association of
complementary RNA sequences are found in the A-form (Varani and Pardi,
1994). The minor groove of an A-form RNA helix is wide (10-11 A) and
shallow (3 A) and therefore accessible to amino acid side chains of a protein

and to nucleotide functional groups of RNA (Steitz, 1990). However, the



minor groove presents only a regular array of hydrogen bond donors and
acceptors regardless of the nucleotide sequence present. These functional
groups include the 2'-hydroxyl groups of ribose which line the outer edge of
the minor groove (Mattaj, 1993). It is easier to distinguish nucleotide
sequences by functional groups in the major groove. However, in an A-form
RNA helix, the major groove is too narrow (3 A wide) to allow easv access by
functional groups (Steitz, 1990).

Proteins which interact with RNA generally target the single-stranded
regions (hairpin loops, internal loops, internal bulges) within a secondary
structure {Nagai and Mattaj, 1994). The unpaired nucleotides present
functional groups outside of the minor groove which may be targets for
sequence-specific recognition by proteins and other RNAs (Varani and Pardi,
1994). As well, the major groove of an A-form RNA helix is widened in the
regions adjacent to perturbations such as bulges and internal loops, thereby
making other functional groups more accessible to interaction (Weeks and
Crothers, 1993). A schematic diagram of some RNA-binding proteins and
their sites of interaction with RNA is shown in Figure 1.1.

Overall, most of the RNA in living cells exists in some form of
complex with proteins. There exists a tremendous variety of processes
requiring this RNA-protein interaction, including mRNA biogenesis, pre-
mRNA splicing, mRNA polyadenylation, mRNA transport, mRNA stability
and development (Nagai and Mattaj, 1994). To date, nine distinct families of
RNA-binding proteins have been identified whose members share some
common sequence motif (Mattaj, 1993). By far, the largest family of RNA-

binding proteins (>250 different proteins) are those which contain the RNA



Figure 1.1. RNA structural elements often recognized by RNA-binding
proteins. RNA-protein contacts can appear at hairpin loops as in the case of
U1l snRNP protein A (U1-A) and U1l snRNP 70K (U1-70K) (Scherly et al., 1989;
Surowy et al.,, 1989); HIV regulator of virion expression (Rev) protein
recognizes an internal loop structure in RNA ; HIV trans-activator protein
(Tat) recognizes a bulge loop known as the trans-activation responsive region
(TAR) (Dingwall et al., 1989); Ul-A also recognizes a bulge loop structure in
RNA as part of its autoregulation of expression (van Gelder ¢t al., 1993);
human hnRNP protein C recognizes single-stranded RNA rich in uridine

residues (Gorlach et al., 1994).






recognition motif (RRM) or ribonucleoprotein (RNP) motif (Birney et al.,
1993). The detailed study of the interaction between several members of this

family and their RNA targets have revealed a great deal of information about

the nature of RNA-protein interactions.



1.2. THE RNP FAMILY OF RNA-BINDING PROTEINS

1.2.1. The RRM Motif

The RNP family of RNA-binding proteins are characterized by the
presence of the RRM motif which consists of a conserved sequence of
approximately 80 amino acids. This motif has been identified in over 250
proteins with a wide variety of functions (Figure 1.2) (Nagai et al., 1995).
RNP-type RNA-binding proteins typically have a modular structure. The
number of RRM motifs present can vary from as few as one or as many as
four in a single polypeptide. They may also be accompanied by other forms of
protein domains, known as auxiliary domains, whose function is still
unclear. Within the RRM motif are two highly conserved sequences: the
RNP1 sequence consists of eight amino acids, of which residues three and five
are almost always aromatic amino acids; the RNP2 sequence consists of six
amino acids, of which residue two is always an aromatic amino acid
(Bandziulis et al., 1989). These two sequences are separated by a region of 30-
40 amino acids within the RRM motif.

There is abundant evidence that the RRM motif is responsible for the
RNA-binding properties of this family of proteins. Most obvious is the fact
that this region is the most highly conserved of all RNP-type RNA-binding
proteins sequenced to date. Deletion analysis of a large number of RNP-type
RNA-binding proteins, including hnRNP A1l (Riva et al., 1986), hnRNP C
(Gorlach et al., 1994), nucleolin (Bugler et al., 1987), polyA-binding protein
(Sachs et al., 1987), Ul snRNP protein A (U1-A) (Scherly et al., 1989) and Ul
snRNP protein 70K (U1-70K) (Query et al., 1989) have demonstrated that the
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Figure 1.2. Alignment of RRM motifs from a diverse group of RNA-binding
proteins. Alignments were as described previously (Nagai and Mattaj, 1994);
some additional alignments were carried out manually. Proteins containing
each sequence are indicated on the left. For those with several RRMs,
individual RRMs are numbered. Sequences are taken from human hnRNP
A1l (Biamonti et al., 1989), human hnRNP C (Swanson ¢t al., 1987), human U1l
snRNP protein A (U1-A) (Sillikens et al., 1987), human U2 snRNP protein B”
(U2-B") (Habets et al., 1987), S. cerevisiae poly (A) binding protein (PABP)
(Adam et al., 1986), Drosophila sex-lethal (Sxl) (Bell et al., 1988) and human
nucleolin (Srivastava et al., 1990). Conserved positions corresponding to the
RNP1 and RNP2 sequences are grey shaded; a consensus sequence is given at
the bottom of the figure. The approximate positions of secondary structural
elements, based on structural data outlined in Sections 1.2.2 and 1.2.3, are
shown as boxed areas below the corresponding sequence. «-helical regions

(ol and a2) are shown in purple; B-strands (B1-B4) are shown in yellow.






RRM motif is required for the RNA binding activity of these proteins.
Peptide binding studies have demonstrated that an oligopeptide, containing
the conserved RNP1 octamer, can bind to 32P-labelled mRNA (Schwemmle et
al., 1989). Taken together, the evidence demonstrates that the presence of an
RRM motif is a strong indicator of RNA-binding activity within a protein.

The variety of RNA substrates bound by members of the RNP family of
RNA-binding proteins suggests a paradox: how does such a highly-conserved
motif recognize and interact with such a wide variety of RNA sequences and
structures? It has been suggested that the RNP1 and RNP2 sequences may
have a general (non-specific) affinity for RNA, while non-conserved surface
residues within the RRM domain, flanking sequence residues outside of the
RRM domain, or even auxiliary domain residues in proteins may be
responsible for recognition of a specific RNA sequence or tertiary structure
(Kenan et al., 1991). Results of some binding studies with members ot the
RNP family, including Ul snRNP protein A (U1A), hnRNP A1l and hnRNP C
partially support this view and will be discussed in more detail later.

[n order to better understand the mechanism of RNA recognition by
the RNP family of proteins, we must ask the following questions: (1) Which
amino acids within the RRM motif are involved in RNA-protein
interactions? (2) Which amino acids are responsible for conferring specificity
to a given subset of the RNP family? (3) What is the role of any associated
auxiliary domains in the overall function of the protein? (4) What other

proteins may be involved in conferring RNA binding specificity?
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1.2.2. U1 snRNP Protein A as a Model for Studying RNA-Protein Interaction

Most eukaryotic genes contain intervening sequences known as
introns which must be removed from the initial RNA transcript (pre-
mRNA) to form mature mRNA. Central to that process is the assembly of a
macromolecular ribonucleoprotein complex (protein and RNA) known as
the spliceosome. The spliceosome is composed of a series of small nuclear
ribonucleoproteins (snRNPs), each of which contains an snRNA and several
protein components. Assembly of the spliceosome at the excision site of an
intron is a complex, but ordered, assembly of individual snRNP components
facilitated by protein-protein interactions, RNA-protein interactions and
RNA-RNA interactions.

The best characterized spliceosomal snRNP is the human Ul snRNP.
It consists of a 165 nt snRNA, a complex of "common" proteins found in all
snRNPs, and three Ul-specific proteins (U1-70K, U1-C and U1-A) (Baserga and
Steitz, 1993). The Ul snRNA folds into a structure which consists of four
stem-loops (loops I-IV) (Nagai and Mattaj, 1994b). The U1-70K protein binds
specifically to the loop region of stem-loop I and this association is required
for proper splice-site selection by Ul snRNP (Surowy et al., 1989). The protein
U1l-C also associates with Ul snRNA and is required for splicing, but its
presence requires the presence of U1-70K (Hamm et al., 1990).

The most studied Ul snRNP protein is U1A, which binds to the second
stem loop (loop II) of Ul snRNA (Patton et al., 1989). The Ul-A protein
actually has several RNA targets to which it binds in vivo. The 10 nt loop
sequence of stem-loop II of Ul snRNA was shown to be essential for

recognition by Ul-A (Figure 1.3A) (Scherly et al., 1989). This interaction,
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Figure 1.3. RNA structures recognized by snRNP proteins Ul-A and U2-B".
(A) Stem loop II of Ul snRNA recognized by Ul snRNP protein A (Ul-A), (B)
Stem loop IV of U2 snRNA recognized by U2 snRNP protein B" (U2-B"), (C)
3'-untranslated region (UTR) of Ul-A pre-mRNA recognized by two
molecules of Ul-A. Sequences delineated as recognition elements are shown

in reverse tvpe. Reprinted from (Nagai et al.. 1995).
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along with protein-protein interactions, are part of the incorporation of Ul-A
into the Ul snRNP complex (Hamm et al., 1988). Two Ul-A molecules can
also bind specifically to two internal loop sequences found in the 3'-
untranslated region (UTR) of Ul-A pre-mRNA (Figure 1.3C) (van Gelder et
al., 1993). This interaction inhibits cleavage and polyadenylation of Ui-A
mRNA, therebv serving as an autoregulatorv mechanism for Ut-A
expression (Boelens et al., 1993).

The human U1-A protein is 283 amino acids in length. [t contains two
copies of the RRM motif which are located at the N-terminal (amino acid
residues 1 to 102) and C-terminal (amino acid residues 195 to 283) ends of the
protein, respectively (Sillikens ¢t al., 1987). The two RRM motifs are
separated by a protease-sensitive region of approximately 100 amino acids
which is rich in both proline and lysine residues. Analysis of the binding
affinities of polypeptide fragments of the human U1-A protein has revealed
that the N-terminal RNA recognition motif (RRM1) was sufficient for
binding to stem loop Il of Ul snRNA as well as the 3-UTR of Ul-A pre-
mRNA (Lutz-Freyermuth et al., 1990; van Gelder et al., 1993). The function of
the C-terminal RRM (RRM2) of Ul-A remains unknown. Binding
experiments with a variety of RNA species have failed to identify a target for
this RRM, suggesting that it either does not bind to RNA or perhaps requires
the presence of RRM1 for its function (Lu and Hall, 1995).

It was from the N-terminal RRM fragment of Ul-A that the first three-
dimensional structure of an RRM was obtained by x-ray crystallography
(Nagai et al., 1990). The RRM has a B1-a1-f2-B3-02-B4 structure, with the four

B-strands forming an antiparallel B-sheet which is packed against two a-
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helices (Figure 1.4). The alignment of each structural element is critical to the
overall packing and stability of the RRM (Kranz et al., 1996). The two a-
helices (a1 and a2) are positioned almost perpendicular to one another, an
arrangement most likely controiled by association of conserved hydrophobic
amino acids within al and a2, as well as the C-terminal amino acid of RNP1
(Wittekind et al., 1992). This association positions itself within the
hydrophobic core of the tertiary structure and is likely a major contributor to
the proper folding of the RRM. The RNP1 and RNP2 sequences are located
on two adjacent B-strands (B3 and B1, respectively). Two of the aromatic
amino acids known to be conserved in RNP2 and RNP1 (Tyr13 and Phe56,
respectively) are located on the surface of the B-sheet. The overall
conformation of the RRM results in a general RNA-binding "platform”
where conserved, solvent-exposed, aromatic amino acids in RNP1 and RNP2
are believed to interact with nucleotides in RNA via a mechanism of ring
stacking (Kenan et al., 1991). This theory is supported by binding studies
which implicate these residues as critical to RNA binding (Jessen et al., 1991).
This "open-platform” model for RNA interaction by an RRM therefore
exposes the RNA ligand to possible interaction with other proteins or RNAs
(Gorlach et al., 1992).

Oubridge et al. (1994) provided even more information about RRM-
RNA interaction by solving the crystal structure of RRM1 of Ul-A complexed
with its RNA target, stem-loop II of Ul snRNA (Figure 1.5). Within this
complex, the 10 nt single-stranded RNA loop lies across the B-sheet platform.
The loop sequence specitically recognized by Ul-A forms an extensive series

of intermolecular interactions with the conserved RNP1 and RNP2 motifs, as
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Figure 1.4. Ribbon diagram representation of the RRM motif. Locations of
the antiparallel B-sheet (B1-f4), the two a-helices (A and B) and loop 3 are

indicated. The two RNP sequences are located on the two inner B-strands (1

and B3). Reprinted from (Nagai et al., 1995).






Figure 1.5. Ribbon representation of the crystal structure of human Ul-A
RRM1 bound to an RNA sequence representing the loop II region of Ul
snRNA. Sidechains important for RNA binding are indicated as follows:
nitrogen and oxygen atoms of amino acid side chains are coloured blue and
red, respectively; carbon atoms are coloured yellow for Tyrl3 (RNP2) and
Phe56 (RNP1), pink for Asn15 (RNP2) and Asnl5 (RNP2), purple for GIn54
(RNP1), light blue for Lys20 (loop 1) and Lys 22 (loop 1), and grey for Asp92.
Reprinted from (Oubridge et al., 1994) and (Nagai et al., 1995).






well as the C-terminal extension of the RRM. Such interactions include base
stacking with aromatic side chains of the RNA-binding "platform” as well as
many hydrogen bonds with amide and carbonyl groups in the C-terminal
region of the RRM. The polypeptide loop which joins the B2 and 3 strands
of the (-sheet (loop 3) actually protrudes through the RNA loop such that the
first seven nucleotides (AUUGCAQ) fit into a groove formed between loop 3
and the C-terminal region of the RRM. The resulting conformation makes
nucleotide bases in the RNA loop available for stacking interactions with
conserved aromatic amino acids.

Solution structure NMR of a larger peptide fragment of Ul-A (Ul-
A117) confirmed the RRM conformation observed in both crystal structures
and added additional information about the region at the C-terminal of
RRM1 (Avis et al., 1996; Howe ¢t al., 1994). Amino acid residues Asp90 to
Lys98 form an a-helix (helix C) that lies across the B-sheet structure of the
RNA-binding platform. Interactions between conserved residues in helix C
(Ile93, le94 and Met97) and the B-sheet (Leud4, Phe56 and [le58) act as a "lid"
to stabilize the protein structure by preventing exposure of hydrophobic
residues on the surface of the RNA-binding platform (Avis et al., 1996).
Helix C moves away from this position upon binding of Ul-A to its RNA
target, thereby making the hydrophobic bases of the RNA-binding platform
(Tyr13, Phe56 and Gin 54) available for base stacking interactions with the
RNA target.

The results of structural studies identify the single-stranded RNA loop
as the primary recognition site for Ul-A. This would therefore imply that

recognition of these unpaired bases in the RNA loop are the primary
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determinant of Ul-A specificity. However, this sequence interacts mainly
with the highly conserved residues located on the B-sheet which are the very
basis for identifying an RNP-type RNA-binding protein. This would seem to
present a paradox; how can the highly conserved B-sheet structure form the
basis of interaction with such a diverse set of RNA-binding proteins, each
with very different, vet specific, RNA targets?

What exactly are the "determinants of specificity” for a given RNP-type
RNA-binding protein such as U1-A? Much of the role of the B-sheet is to
provide a more general RNA-binding platform while the specificity of RNA
interaction is determined mostly by amino acids in the variable loops of the
RRM (Kenan ¢t al., 1991). This basis of this specificity was elegantly
demonstrated by experiments which compared the RNA binding specificity of
Ul-A with the closely related U2 snRNP-specific protein U2-B". The protein
U2-B", which also contains two RRM motifs, binds specifically to stem loop
IV of U2 snRNA (Figure 1.3B) but this interaction requires the presence of the
U2 snRNP-specific protein U2-A' (Nagai and Mattaj, 1994b). Within the RNA
sequence specifically recognized by each protein, there is a difference of only
one base in the loop sequence. = Without the accessory factor U2-A’, U2-B"
will recognize both RNA targets (Bentley and Keene, 1991). Both proteins
(U1-A and U2-B") require only the first RRM domain for recognition and
binding to their individual cognate RNAs. Their RRM regions show 75%
sequence identity; the sequence of greatest difference between Ul-A and U2-
B" is a region of nine amino acids located at the start of loop 3 in the RRM
(Kenan et al., 1991). When amino acid residues 40 to 49 of Ul-A were

substituted with the corresponding residues (37 to 46) of U2-B", this exchange
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resulted in a mutated Ul-A protein which specifically bound to U2 snRNA
(Scherly et al., 1990). The importance of loop 3 in RNA recognition by Ul-A is
underscored by the structural data obtained by NMR and x-ray
crystallography. Loop 3 was observed to be poorly ordered in the crystal
structure of the free Ul-A fragment (Nagai ¢t al., 1990). However, loop 3 is
more highly ordered in the crystal structure of the RNA-protein complex,
protruding through the RNA loop formed by stem-loop II of U1 snRNA and
forming an extensive series of hydrogen bonds (Oubridge et al., 1994). It has
therefore been identified as a critical factor in specific RNA binding by U1-A.

More recently, NMR structural data for the complex between the N-
terminal RRM of Ul-A and its other RNA target, the polyadenylation
inhibition element (PIE) of the 3'-UTR of Ul-A mRNA, have also been
obtained (Figure 1.6) (Allain et al., 1996). As observed with the complex of
U1-A with Ul snRNA, the 3'-UTR forms extensive contacts with the four-
stranded B-sheet structure. Loop 3 protrudes through the hole of the RNA
loop in such a way that RNA bases are splayed out across the RNA-binding
platform, forming a set of molecular stacking interactions similar to those
observed in the complex with Ul snRNA (Oubridge et al., 1994). However, in
this case, the variable loops of the RRM interact with the helical regions of
the RNA. As well, there is a folding of the single-stranded RNA loop and
reorganization of regions outside of the RRM such as helix C.

The results of all of these structural studies with the protein Ul-A
suggest that the RNA-protein interaction is a dynamic event. The RNA
binding surface of Ul-A takes advantage of the flexibility of RNA structure

and reorganizes both the RRM and regions outside of the RRM upon RNA
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Figure 1.6. Surface representation of the complex between human Ul-A and
the 3'-untranslated region (UTR) of Ul-A pre-mRNA (Allain et al., 1997).
The coordinates were obtained from the Image Library of Biological
Macromolecules (PDB code: 1aud) and visualized using the RasMol 2.5
software package (Sayle and Milner-White, 1995; Suhnel, 1996). In this image,
the protein is shown in a space-filling model: a-helices are shown in purple,
the four-stranded fB-sheet is shown in yellow. RNA is shown as a wire-frame

structure. Only Box [ of Ul-A pre-mRNA 3'-UTR is shown.






interaction in order to maximize surface complementarity and functional
group recognition (Allain et al., 1997). Ul-A appears to bind to RNA targets
by a mutual "induced-fit" mechanism where conformational changes in both
molecules aid in tight binding. In that regard, the picture of RNA-RRM
interaction is much closer to the mechanisms of protein-protein interactions

than those observed in DNA-protein recognition (Allain et al.. 1997).

1.2.3. Comparison of Ul-A With the RNP-Type hnRNP Proteins A1 and C

In eukaryotes, RNA species resulting from transcription by RNA
polymerase [I must undergo a complex series of processing steps to torm
mature messenger RNA (mRNA). In the nucleus, the immature forms of
RNA transcripts are known as heterogeneous nuclear RNA (hnRNA) due to
the diversity of transcript sizes encompassed by this group. Throughout their
litetime in the nucleus, hnRNA are associated with a large group of RNA-
binding proteins; the collective name for these complexes are the
heterogeneous nuclear ribonucleoprotein (hnRNP) complexes.

A number of techniques have been used to identify components of the
hnRNP complexes (Dreyfuss, 1993). I[nitial studies separated hnRNP
complexes from total nuclear extracts by density gradient centrifugation (Wilk
et al., 1985). This technique lead to the identification of the “core” hnRNP
proteins (A, B and C groups). Additional proteins were identified by uv-
crosslinking of RNA-protein complexes, followed by affinity purification of
cross-linked polyadenylated RNA (Dreyfuss et al., 1984). By far, the most
sensitive method involved immunoprecipitation of hnRNP complexes using

monoclonal antibodies raised against previously identified hnRNP proteins

28



(Pinol-Roma et al., 1988). The specificity of this technique allowed for the
isolation of pure, intact hnRNP complexes.

Most of the proteins characterized to date have been purified from
human cells. Immunopurification of hnRNP complexes reveal a group of
approximately 20 proteins (Pinol-Roma et al., 1988). Most of these human
hnRNP proteins have a modular structure. Theyv usually contain one or
more RNA-binding domains which may or may not include an RRM motif.
Many also include an auxiliary domain whose function is still unclear. It is
believed that these domains may be involved in protein-protein interactions,
intracellular localization or even RNA-binding specificity (Nagai and Mattaj,
1994a).

One of the most abundant hnRNP proteins is hnRNP Al. [t has
several roles in eukaryotic RNA metabolism. First, it plays a key role in the
packaging of pre-mRNA into a hnRNP particle through the recruitment of
other hnRNP proteins (Dreyfuss, 1993). The Al protein has been implicated
in the selection of the 5 and 3’ splice sites through recruitment of other
splicing factors (Mayeda and Krainer, 1992). Second, as part of this function,
A1 has been shown to promote the formation of base-paired double strands in
RNA (Munroe and Dong, 1992). It has been suggested that this activity
presents the pre-mRNA in a topology suitable for interaction with splicing
snRNPs and therefore functions as part of the spliceosome assembly (Buvoli
et al., 1992). Third, it has been identified as a carrier of mature mRNA to the
cytoplasm (Pinol-Roma and Dreyfuss, 1992).

The RNA structure recognized by Al is not a stem-loop structure as

seen with U1-A but a single-stranded RNA sequence. Al shows a preference
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for binding to both 5 and 3' splice site sequences and this binding was
particularly sensitive to mutations affecting these highly conserved sequences
(Buvoli et al., 1990; Swanson and Dreyfuss, 1988). Selection/amplification
(SELEX) experiments using random RNA pools have identified a high-
affinity binding site (UAGGGA/U) for Al which is highly similar to RNA
sequences observed for 5" and 3' splice sites (Burd and Dreytuss, 1994).

Sequence analysis of human cDNA clones reveals that the human
hnRNP A1l protein is 320 amino acids in length with a monomeric molecular
weight of 34 kDa (Buvoli ¢t al., 1988). The protein can be divided into two
major domains which can be separated by proteolysis. The N-terminal
region, which is 184 amino acids in length, consists of two RRM motifs which
are arranged in tandem and separated by a linker peptide of approximately 17
amino acids. The peptide fragment (UP1), obtained by proteolysis of
hnRNP Al, contains only this N-terminal region of the protein. [t has been
demonstrated to bind RNA independently although the C-terminal region
has been shown to affect cooperativity of RNA binding (Nadler et al., 1991;
Riva et al., 1986).

The RRM motifs of Al share many of the characteristics outlined
previously for Ul-A. The precise three-dimensional structure of proteolytic
fragment UP1 has recently been solved by x-ray crystallography (Figure 1.7)
(Shamoo et al., 1997). Both RRMs have the characteristic apBaf structure, a
result which confirms earlier NMR studies {(Garrett, 1994). As with U1l-A, the
four-stranded B-sheet of each RRM forms a flat, solvent-exposed RNA-
binding surface with exposed aromatic amino acids. The most highly

conserved feature of each RRM are the aromatic amino acids of RNP1 and
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Figure 1.7. X-ray crystal structure of UP1, a proteolytic fragment of human
hnRNP A1 (Shamoo et al., 1997). The coordinates were obtained from the
Image Library of Biological Macromolecules (PDB code: 1upl) and visualized
using the RasMol 2.5 software package (Sayle and Milner-White, 1995;
Suhnel, 1996). The protein is shown as a ribbon structure: o-helices are

shown in purple, the four-stranded B-sheets are shown in vellow.






RNP2. Photochemical cross-linking experiments with Al and single-stranded
nucleic acids have previously implicated these conserved phenylalanine
residues of each RRM in RNA binding (Merrill et al., 1988).

While many of the features of Al resemble those discussed for Ul-A,
this protein also has several very distinguishing characteristics. The variable
loop 3 of each RRM is rich in basic amino acids such as arginine and lysine,
thereby creating an electropositive side to the RNA-binding platform and
suggesting a role in RNA binding. However, the residues Lys20 and Lys22
which are critical to the interaction of Ul-A with Ul snRNA are not
maintained in Al. This change supports an earlier finding that Al shows the
strongest preferences for single-stranded RNA (Nadler ¢t al., 1991). Another
key difference with Al is the fact that two RRM motifs are required for
binding to a single-stranded RNA target. Both RRMs actually tace the same
side of the overall structure of the protein, an orientation that is held in place
by antiparallel helix-helix interactions between helix 2 of each RRM (Shamoo
et al., 1997). Although both RRMs face to one side of the overall structure,
their binding platforms are in fact oriented in opposite directions. This
suggests that the RNA ligands bound by each RRM of Al may be reversed as
well (Shamoo et al., 1997). The structure of the two RRMs indicates that RNA
sequences bound by each RRM motif pass within 25 A of one another in an
antiparallel manner. Al could therefore alter the folding topology of an RNA
target by the formation of an RNA loop formed when the RNA target binds

to the first RRM and then loops back to bind to the second RRM (Shamoo et
al., 1997).
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Another difference from the features observed in Ul-A RNA-binding
protein comes from the remaining 124 amino acids which constitute the C-
terminal auxiliary domain of Al. Sequence analysis reveals that this region is
rich in glycine residues (>40%). More specifically, the glycine-rich domain
consists of a regular spacing of aromatic amino acids interspersed between
glvcine residues (Biamonti and Riva, 1994). Within this region is a 36 amino
acid domain of regularly spaced RGG repeat sequences interspersed with
aromatic amino acids. This "RGG box" has also been demonstrated to have
RNA-binding activity, and therefore represents a second RNA-binding
domain within the protein (Kumar and Wilson, 1990). Located just
downstream of the RGG box is a 26 amino acid domain known as the
"nuclear localization determinant.” It is believed that this domain is
involved in mediating the movement of Al between the nucleus and
cytoplasm by way of interaction with a carrier protein (Pinol-Roma, 1997;
Wieghardt et al., 1995).

The glycine-rich domain in Al has several functions. It has been
shown to confer cooperative RNA binding and therefore is likely involved in
protein-protein interactions (Cobianchi et al., 1988). Recent evidence has
confirmed that Al interacts with itself and other RNA-binding proteins
through its glycine-rich domain, and that the aromatic residues of this
domain are critical for these interactions (Cartegni et al., 1996). The protein
binding capacity of this domain may play a role in recruitment of other
proteins during assembly of the hnRNP particle.

The auxiliary domain is also the site of several post-translational

modifications. Many hnRNP proteins, including Al, are phosphorylated in



vive (Dreyfuss, 1993). In Al, phosphorylation of serine residues within the
auxiliary domain completely abolishes the RNA-annealing activity of this
protein without affecting its nucleic-acid binding properties (Cobianchi et al.,
1993). The auxiliary domain of Al also contains four arginine residues which
are sites for methylation (Kim, 1997). All methylated residues are located
within the domain identified as the RGG box. A role has been suggested for
Al methylation in modulating the interaction of Al with nucleic acids (Kim,
1997).

Other hnRNP proteins which have been studied in detail are the
hnRNP C proteins. This group consists of two protein isoforms (C1 and C2)
which are identical except for the insertion of 13 amino acids in C2 (Burd et
al., 1989). Several functions have been identified for these proteins. First, this
highly conserved protein has been shown to be confined to the nucleus in
interphase vertebrate cells (Choi and Dreyfuss, 1984). It is therefore believed
that the C proteins may act as part of a mechanism which retains unprocessed
pre-mRNA transcripts within the nucleus (Legrain and Robash, 1989). Some
intron sequences in pre-mRNA have been shown to contain RNA sequences
which act as nuclear retention signals (Chang and Sharp, 1989). These
sequences have been identified as one of the high-affinity binding sites for C
proteins (Swanson and Dreyfuss, 1988a). C1 and C2 have also been implicated
in proper selection of splice sites on nuclear pre-mRNA. The C proteins
promote annealing of complementary RNA sequences in vitro (Portman and
Dreyfuss, 1994). Immunoinhibition experiments with nuclear extracts using
antibodies to C proteins show that splicecosome assembly is interrupted (Choi

et al., 1986). It has been suggested that by facilitating a particular RNA
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conformation, the C proteins may be influencing binding of other splicing
factors and therefore affecting particular splice-site selection (Nagai and
Mattaj, 1994a).

A number of methods have identified uridine (U) rich sequences as the
primary RNA targets for hnRNP C. Early experiments with
ribohomopolymers showed that hnRNP C bound tightly to poly (U) RNA
sequences (Swanson and Dreytfuss, 1988b). Crosslinking and
immunoprecipitation experiments showed that hnRNP C was associated
with uridine-rich sequences located downstream of the 3’ splice site (Swanson
and Dreyfuss, 1988a; Wilusz et al., 1988). The location of hnRNP C binding in
close proximity to a pre-mRNA splice site supports its possible role in splice
site selection. Selection/amplification experiments using a random pool of
RNA oligonucleotides have confirmed that hnRNP C1 selects oligo(U)
stretches, especially Ug (Gorlach et al., 1994).

Complementary DNA (cDNA) sequences reveal that the human
hnRNP C1 and C2 proteins are 290 amino acids (41 kDa) and 303 amino acids
(43 kDa) in length, respectively (Burd ef al., 1989). As stated previously, C2
differs only by the presence of 13 additional amino acids in the middle of the
protein. The proteins have a single RRM motif at the N-terminal end ot the
protein as well as a C-terminal auxiliary domain containing several sub-
motifs. The N-terminal region of hnRNP C (minimum 94 amino acid
element) has been shown to bind poly(U) in the absence of the C-terminal
auxiliary region (Gorlach et al., 1994). This single RRM is a typical eukaryotic
RNA recognition motif with both of the RNP1 and RNP2 sequences.
Deletion analysis showed that binding to poly(U) RNA was abolished by
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removal of the first five amino acids of the N-terminal region or by removal
of nine amino acids at the C-terminal region of this minimal binding
element (Gorlach et al., 1994). It is believed that these C-terminal amino acids
are the primary determinant of RNA-binding specificity (Gorlach et al., 1994).

A nuclear magnetic resonance (NMR) structure of the 94 amino acid
RNA-binding domain was obtained by Wittekind ¢f al. {1992) (Figure 1.8).
The RRM motif has the typical BapBBapB topology observed in other RRM
structures. As expected, NMR structural analysis also revealed that upon
binding to Ug RNA, the residues most affected by RNA interaction were those
residing on the RRM platform, as well as some of the N and C-terminal
regions of the RRM (Gorlach ¢t al., 1992). However, there were also several
key differences from the RRM structures observed previously. In particular,
the N and C-terminal regions are more structurally disordered than those
observed with other RRMs. This fact combined with the results of deletion
analysis suggests that these regions may be the ones responsible for sequence
specific recognition (Gorlach et al., 1994). Since the additional 13 amino acids
observed in C2 are inserted in this C-terminal region, it has been suggested
that these could influence the binding specificity of the two forms of hnRNP
C protein (Burd et al., 1989). Another important difference is the complete
absence of the variable loop (loop 3) which was shown to be an important
determinant of specificity for the RNA-binding platform of U1l-A (Scherly et
al., 1990). This loop region in Ul-A makes critical contacts with the stem
portion of Ul snRNA loop II, so it is not suprising that hnRNP C binds a

single-stranded RNA target without obvious secondary structure.

37



Figure 1.8. Ribbon diagram of the RRM (residues 2-94) of hnRNP C
(Wittekind et al., 1992). Locations of the antiparallel B-sheet (31-B4) and the
two oa-helices (a1l and o2) are indicated. The two RNP sub-motifs are located

on the two inner B-strands (f1 and B3). Reprinted from (Dreyfuss, 1993).






The C-terminal portion of the hnRNP C proteins constitute an
auxiliary domain which is rich in acidic amino acids such as aspartate and
glutamate. Auxiliary domains of this type are highly similar to transcription
activation domains observed in eukaryotic transcription factors such as GCN4
(Hope and Struhl, 1986). While the function of this region is unclear, it is
believed to be involved in protein-protein interactions of hnRNP C with
other hnRNPs and splicing factors. This domain also consists of two clusters
of basic amino acids identified as the nuclear localization signal which
confines hnRNP C to the nucleus (Siomi and Dreytuss, 1995). Also present is
a potential NTP binding site whose function is unclear. It is known that like
hnRNP A1, the hnRNP C proteins are phosphorylated in vivo. These
phosphorylations occur via several kinase activities, one of which is RNA-
dependent, and are believed to modulate binding of hnRNP C to pre-mRNA
(Holcomb and Friedman, 1984; Fung et al., 1997).

1.2.4. An RNP-Type RNA-Binding Protein Involved in Alternative Splicing
and Sex-Determination in Drosophila

Members of the RNP super-family of RNA-binding proteins are now
known to be involved in a great number of RNA processing reactions. One
in particular has been studied in great detail and deserves mention here. This
protein, known as sex-lethal (5xl), is involved in the developmental pathway
of sex-determination in Drosophila. The Sxl protein acts to regulate the
alternative splicing of several downstream genes, including the feminizing
gene transformer (tra), by binding to poly(U) tracts near the proximal splice-

site of tra pre-mRNA (Inoue et al., 1990). This binding is necessary to produce
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a correctly spliced mature tira mRNA in females (Nagoshi ef al., 1988). Sx|
protein also regulates its own sex-specific expression by interaction with its
own pre-mRNA. The result is that male sx/ mRNA transcripts have an extra
exon which contains a premature termination codon; only in females is this
exon removed and the fully functional Sxl protein produced (Bell ¢t al., 1988).

The Sxl protein has several RNA targets in vivo.
Selection/amplification experiments from pools of random RNA have
identified an AULU,AGU tight-binding RNA ligand, as well one U-rich target
flanked by guanine ribonucleotides (Sakashita and Sakamoto, 1994; Horabin
and Schedl, 1993). The U-rich sequences bound in vive occur at some
distance from the sx! splice site, and it is believed that Sxl protein recruits
other splicing factors by protein-protein interaction during the splice event
(Wang and Bell, 1994). As stated previously, the autoregulation of sx/
expression is caused by Sxl interaction with its own pre-mRNA by binding
cooperatively to adjacent U-rich sequences in its pre-mRNA (Wang and Bell,
1994).

The inferred amino acid sequence of the Sxl protein shows two RRM
motifs arranged in tandem in the middle of the protein (Bell ¢t al., 1988). The
N-terminal end of the protein is rich in glycine residues. This region has
been demonstrated to be required for cooperative RNA binding (Wang and
Bell, 1994). As seen with hnRNP Al, a glycine-rich region is believed to
function as a protein interaction domain. Protein interaction assays have
demonstrated that this is the only protein fragment required for interaction
with other Sxl monomers (Wang et al., 1997). The preponderance of glycine

residues is believed to fold this region into a series of flexible coils (glycine
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loops) with charged and polar residues at the apex of each loop which makes
critical inter-molecular contacts (Steinert et al., 1991).

The RRMs of Sxl have been studied, both together and individually, by
sequence analysis, nuclear magnetic resonance (NMR) and RNA binding
assays. There are conflicting reports as to whether or not the RRMs
themselves are sufficient to confer specificity of binding to transformer (¢ra)
pre-mRNA polypyrimidine tracts. Sakashita and Sakamoto (1996)
demonstrated by UV crosslinking assays that both RRMs were required for
proper specificity and strength of RNA binding (Sakashita and Sakamoto,
1996). This somewhat contradicts the results of Wang et al. {(1997) who used
mobility shift experiments with several RNA targets to analyze the RNA-
binding activities of each domain of Sxl. They found that an Sx| protein
fragment containing the two RRMs lost all specificity for Ug RNA; specificity
was retained only if the protein fragment included either the N-terminal or
C-terminal region of the protein. Suprisingly, an RRM1 protein fragment by
itself showed only moderately decreased affinity for Ug RNA. Even more
suprising was the fact that RRM2 by itself lost all ability to bind Ug RNA but
instead gained an affinity for Ul snRNA (Wang et al., 1997).

Sequence and structural analysis of the two RRMs of Sx] revealed that
they are quite different. The C-terminal RNA recognition motif (RRM2) is
quite similar to the RRM motifs observed in other RNA-binding proteins
(Haynes, 1992). The sequences of both the RNP1 and RNP2 sequences are
highly similar to those of other RRMs with several exceptions. For example,
the conserved aromatic amino acid at position 3 of the RNP1 sub-motif is

replaced by a valine residue in RRM2 (Bell et al., 1988). The NMR structure of
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RRM2 has been determined and is shown in Figure 1.9 (Lee et al., 1994). As
with other RRM-type proteins discussed previously, one of the regions of
particular interest is the sequence connecting the B2 and B3 strands (loop 3).
In the case of Sx! RRM2, loop 3 consists of a sequence of ten amino acids, the
largest loop 3 identified to date within the RNP family of proteins. It has been
suggested that the presence of the charged amino acids within this loop play a
roie in the mechanism of RNA binding by this motit (Lee et al., 1994). As
observed with the hnRNP C and Ul-A proteins, the two a-helices align
themselves in what is essentially a perpendicular arrangement.

The sequence and structural analysis of the N-terminal RRM of SxI
(RRM1) reveals an unusual RRM motif quite different from any of those
previously characterized. The three dimensional structure solved by NMR
does have the typical BapBop pattern seen in other RRM motifs (Inoue ¢t al.,
1997). However, amino acids thought to be crucial for RNA binding by the
RRM are poorly conserved. First, in the RNP2 sequence, the highly
conserved aromatic amino acid at position 2 which has been shown to be
involved in base stacking interactions with RNA is replaced with an
isoleucine residue (Ile128) (Bell ¢t al., 1988). At position 5 of RNP2, a small
conserved amino acid (usually leucine) is replaced by a tyrosine residue
(Tyrl131).

The differences seen in RRM1 also extend to the RNP1 sequence. The
N-terminal end of a typical RNP1 sub-motif almost always consists of a basic
amino acid (Arg or Lys) followed by a glycine residue (Bandziulis et al., 1989).
Co-crystallography demonstrates that, in Ul-A, this RG/KG set of amino acids

forms specific contacts with the stem-loop junction of its RNA target
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Figure 1.9. Ribbon diagram of the second RRM (RRM2) of Drosophila sex-
lethal (Sx1) protein (Lee et al., 1994). The four-stranded B-sheet structure (B1-

B4) is shown perpendicular to the page; the two a-helices (H1 and H2) are

shown below the f-sheet.






(U1l snRNP loop II) and is therefore crucial to the recognition of an RNA
target with that secondary structure (Oubridge ¢t al., 1994). In the RRM1 motif
of Sxl, this conserved basic amino acid is replaced by an aromatic amino acid
(Phel166); this RRM is the only known example of such a change within the
RNP family of proteins. The third major difference lies in the loop
connecting the B2 and B3 strands (loop 3). Unlike other RRMs which tend to
have charged amino acids at these positions, the RRM1 of Sx! contains three
aromatic amino acids (Tyr160, Thr162 and Tyrlé4) within loop 3. This
arrangement is also very rare. [t is possible that in the case of RRM1, aromatic
amino acids of loop 3 may interact with the nucleotides in an RNA target
sequence via a mechanism of ring stacking.

Overall, the two RRMs of Sxl are quite distinct and appear to have very
different RNA-binding specificities when examined separately (Sakashita and
Sakamoto, 1996; Wang ¢t al., 1997). The actual role of RRM2 is somewhat
unclear given that RRM1 appears to show almost normal specificity towards
the natural RNA target of Sxl. It is likely that each RRM, along with the
auxiliary domain mentioned previously, each have particular tunctions in

the cooperative binding of Sxl to its RNA splice sites.

1.2.5. Evolution of the RNP Family of RNA-Binding Proteins

A comparison of the sequences of RRM motifs from a wide variety of
these RNA-binding proteins reveals that, in terms of nucleotide sequences,
the RRM is a loosely conserved motif. Within the 80 - 90 amino acid region
known as the RRM, only 21 amino acids show a high degree of conservation;

14 of these are accounted for by the RNP1 and RNP2 sequences (Kim and
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Baker, 1993). In spite of this low sequence identity, the examples outlined in
this chapter demonstrate that the actual three-dimensional structure is very
highly conserved. Many of the conserved amino acids of the RRM motif
form the hydrophobic core essential to the proper folding of the RNA-binding
platform.

Phvlogenetic comparison of a variety of RRM motifs have been used to
attempt to answer the following questions: (1) How early in evolutionary
history was the RRM established as an RNA-binding motif? (2) How were
family members with multiple RRM motifs established and how did they
evolve? (3) How did the auxiliary domains of this protein tamily evolve in
comparison to the RRM?

The phylogenetic relationship of large samples of RRM sequences have
been rigorously tested (Birney et al., 1993; Fukami-Kobayashi ¢t al., 1993). The
results have shown that the RRMs of functionally related sub-groups of this
protein family (hnRNPs, PABPs, splicing factors, etc.) cluster on a
phylogenetic tree. This correlation between RRM sequence identity and
functional relatedness extends to quite diverse species of organisms,
indicating that the RRM family of proteins likely evolved from a single
ancient ancestral motif (Birney et al., 1993). For example, comparison of the
4 RRMs present in the PABPs of yeast and man indicate that multiple RRMs
appeared early in evolution. Results indicate that these multiple RRMs arose
by a gene duplication event which predated the divergence of yeast and man.
Following duplication, the sequence and function of each RRM is believed to

have evolved independently, a theory supported by binding studies with
individual RRMs.
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A comparison of auxiliary domains from various RNA-binding
proteins also indicate a clustering based on function over a diverse group of
organisms. This clustering suggests that the fusion of RRMs with these
domains occurred before the divergence of the RRM family into these protein
sub-groups. A proposed pathway for the evolution of the RRM family of
proteins is shown in Figure 1.10 (Fukami-Kobavashi et al., 1993). In this
scheme, duplication of the RRM and fusion with a varietv of auxiliary
domains subsequently gave rise to a diverse collection of proteins which then
evolved independently.

The ancient origin of the RRM motif is underscored by the
identification of six chloroplast encoded RNA-binding proteins in tobacco and
spinach (Schuster and Gruissem, 1991; Ye et al., 1991). It is now generally
believed that eukaryotic cellular organelles such as chloroplasts and
mitochondria originated as ancient eubacterial-like endosymbionts (Gray,
1989). In particular, the chloroplast is believed to have evolved from an
ancient cyanobacterial endosymbiont (Gray, 1993). The recent discovery of
proteins of the RNP family in many species of cyanobacteria therefore has
several implications (Mulligan et al., 1994). First, since these proteins form a
cluster with chloroplast RNA-binding proteins in a phylogenetic analysis, it
provides additional evidence in support of the endosymbiont theory of
chloroplast evolution. Second, it positions the emergence of the RRM motif
as pre-dating the divergence of prokaryotes and eukaryotes. Third, it
implicates an ancient cyanobacterial RRM as the likely progenitor of the
modern RNP family of RNA-binding proteins. From this perspective, the

study of cyanobacterial RNA-binding proteins would yield information
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Figure 1.10. Evolution of the RNP-family of RNA-binding proteins, as
proposed by Fukami-Kobayashi et al. (1993). Proteins outlined include sex-
lethal protein (Sxl), poly (A) binding protein (PABP), splicing factors such as
human SF2/ASF (Mayeda and Krainer, 1992), chloroplast RNA-binding
proteins from tobacco (Ye et al., 1991) and spinach (Schuster and Gruissem,
1991), plant glycine-rich stress proteins (Cruz-Alvarez and Pellicer, 1987;
Dunn et al., 1996; Sturm, 1992; van Nocker and Vierstra, 1993), heterogeneous
nuclear ribonucleoprotein A1 (hnRNP Al) (Buvoli et al., 1988), Ul small

nuclear ribonucleoprotein 70K (Surowy et al., 1989) and nucleolin (Lapeyre et

al., 1987).
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useful in the corresponding studies of the eukaryotic RNP-type RNA-binding

proteins.
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1.3. RNP-TYPE RNA-BINDING PROTEINS IN CYANOBACTERIA

Cyanobacteria are a very ancient and diverse group of prokaryotes.
Early fossil evidence has indicated that the earliest form attributable to
cyanobacteria appeared approximately 3.5 billion years ago (Hayes, 1983). The
emergence of oxygen-evolving cvanobacteria during the Precambrian Era led
to the gradual oxygenation of the Earth's atmosphere and the formation of
the stratospheric ozone shield (Garcia-Pichel, 1998). This protection and
aerobic conditions were part of the evolutionary transitions which preceded
the rise of aerobic microorganisms and ultimately, early plants and animals
(Schopf et al., 1983).

Cyanobacteria can be broadly subdivided into 5 distinct groups: Group [
(unicellular), Group II (pleurocapsalean), Group III (non-heterocystous,
filamentous), Group [V (heterocystous, filamentous, non-branching),
Group V (heterocystous, filamentous, branching) (Rippka et al., 1979).
Genomic Southern blots from cyanobacterial strains representing most of
these groups show that genes encoding RNP-type RNA-binding proteins are
widespread in cyanobacteria (Figure 1.11) (Mulligan et al., 1994). Under the
hybridization conditions used in these blots, copies of rbp genes were
observed to be relatively abundant (4-10 copies) in the heterocystous species
(Group IV and V). The only exception was Calothrix which contained only
two strongly hybridizing bands; however, two weakly hybridizing signals
observed within this organism may also represent rbp genes. In contrast to
the heterocystous species, non-heterocystous species appeared to contain

relatively few copies of rbp genes; Oscillatoria and Pseudanabaena each
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Figure 1.11. Southern hybridization of a cyanobacterial rbp gene with genomic
DNA from other cyanobacteria, as outlined in Mulligan et al., 1994. Group I:
Synechococcus sp. PCC 7942. Group III: Oscillatoria sp. PCC 7515;
Pseudanabaena sp. PCC 7403; LPP Group B Strain sp. PCC 7124; Phormidium
foveolarum CCAP 1442-1. Group IV: Anabaena sp. PCC 7120; Nodularia sp.
PCC 73104; Cylindrospermum sp. PCC 7604; Nostoc MAC sp. PCC 7911 R2;
Scytonema sp. PCC 7110; Calothrix sp. PCC 7102; Calothrix sp. CCAP 1410-1
(representative of Tolypothrix). GroupV: Chlorogloeopsis sp. PCC 6912;
Fischerella sp. PCC 7414. Also shown are the hybridization analyses of
Escherichia coli MC1061 and Rhodobacter capsulatus SG1003. Bacteriophage A

BstEIl DNA fragments used as size markers are indicated.






contained only two copies whereas Phormidium and an LPP Group B strain
did not contain any rbp genes. No copies were observed in the Gram negative
bacteria Escherichia coli and Rhodobacter cavsulatus. The significance of
these observations is discussed in Chapter 6.

The unicellular species Synechococcus 7942 (Anacystis nidulans R2)
appeared to contain a single hybridizing fragment of 6.4 kb in size. The
characterization of that gene and its comparison to other cyanobacterial rbp
genes formed the basis of my research work. This unicellular strain was
chosen for a number of reasons. First, it appeared at the time that this species
contained only a single hybridizing fragment representing a single rbp gene.
[nactivation studies of this relatively simple system would therefore not be
complicated by the presence of additional rbp genes within the same
organism. Second, the unicellular Synechococcus species is a very amenable
system for mutational analysis of genes. It is a strain which is naturally
competent and therefore readily transformable (Shestakov and Khyen, 1970).
[t also contains a very efficient system of recombination, most likely due to
the necessity of this photoautotrophic organism to repair radiation damage to
DNA by light (Kuhlemeier and van Arkel, 1987). Vector systems have been
established which take advantage of this efficient recombination system to
integrate DNA fragments such as antibiotic resistance cassettes into specific
locations within the cyanobacterial chromosome (Kuhlemeier et al., 1983).

My work on this rbp gene in Synechococcus 7942, which [ have named
rbpA, is divided into several sections. Chapter 2 deals with the initial cloning
and sequence analysis of the rbpA gene, including its comparison with other

known cyanobacterial rbp genes. Chapter 3 describes the results of
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experiments designed to inactivate the rbpA gene in Synechococcus 7942 and
study the resulting phenotype. Chapter 4 summarizes the strategies used to
complement the "knock-out” phenotype by re-introduction of an intact copy
of the rbpA gene. Chapter 5 deals with the isolation of the RbpA gene product
and the initial characterization of its RNA-binding properties. Finally, in
chapter 6, [ bring together and summarize all of these tindings while

speculating on some of the possible roles for rbp genes in Synechococcus and

in cyanobacteria in general.
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CHAPTER 2. CLONING AND SEQUENCE ANALYSIS OF THE rbpA GENE
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2.1. INTRODUCTION

Proteins belonging to the RNP family of RNA-binding proteins were
found exclusively in eukaryotes until Kovacs et al. (1993) reported that a
number of proteins were precipitated from total protein extracts of
Sunechococcus leopoliensis by anti-RNP or by anti-Sm (core snRNP proteins)
sera. Small RNAs, some of which carried the snRNP-unique 5’ m2.2,7G
(m3G) cap structure were also precipitated by the sera and by a monoclonal
anti-m3G antibody.

Our laboratory reported the characterization of the first genes encoding
RNP-type RNA-binding protein in two species of filamentous cyanobacteria,
Anabaena sp. PCC 7120 (Anabaena 7120) and Chlorogloeopsis sp. PCC 6912
(Chlorogloeopsis 6912) (Mulligan et al., 1994). Genomic Southern blots
carried out at that time indicated that many species of cyanobacteria possess
RNP-type RNA-binding protein (rbp) genes (Mulligan ¢t al., 1994). At the
same time, two genes were identified in a wunicellular species,
Synechococcus sp. PCC 6301 (Synechococcus 6301) (Sugita and Sugiura, 1994).
Subsequently, five genes have been characterized in the filamentous strain
Anabaena variabilis M3 {(Anabaena M3) (Sato, 1994; Sato, 1995) and our
laboratory has characterized two further genes from Anabaena 7120 (Holden,
1995; Wu and Mulligan, unpublished). RNA-binding protein genes have also
been sequenced in Agmenellum quadruplicatum PR-6 (Wagner et al., 1993)
and Synechocystis sp. PCC 6803 (Synechocystis 6803) (Nakamura et al., 1996).
All but one of the cyanobacterial genes characterized to date code for a short

polypeptide (95-110 amino acids) with a single RNA Recognition Motif
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(RRM) and most of them contain an auxiliary domain consisting of a short
stretch of glycine residues at the C-terminus (Mulligan and Belbin, 1995).

This chapter outlines the cloning and sequence analysis of an RNA-
binding protein gene (rbpA) in the unicellular cyanobacterium
Synechococcus 7942. Comparison of the inferred amino acid sequence with
those of the other known cvanobacterial Rbps reveal that the protein has the
typical modular structure of a single RRM followed by an auxiliary domain
which is rich in glycine residues. It also demonstrates the high degree of
structural conservation seen within this family of proteins.

Computational analysis of the nucleotide sequence tlanking the rbpA
gene reveals secondary structure capable of forming in RNA transcripts of
rbpA which may provide a means for regulating the expression of this gene.
These structures have also been seen in the flanking sequence of other

cyanobacterial rbp genes.



2.2. MATERIALS AND METHODS

2.2.1. Plasmids and Strains

All chemicals used for cloning and sequencing were of reagent grade or
better. Restriction endonucleases and other enzymes were purchased from
New England Biolabs, Pharmacia, or Bethesda Research Laboratories (BRL),
and were used according to the recommendations of the suppliers. A
complete list of plasmids used for this work is given in Table 2.1. Liquid
cultures of all Escherichia coli (E. coli) strains used were grown in LB
medium (1% Bacto®Tryptone (Difco), 0.5% Bacto® Yeast Extract (Difco), 1%
NaCl) at 37°C in a Series 25 Incubator Shaker (New Brunswick Scientific Co.)
shaking at 200 rpm. LB plates containing 1.5% Bacto® Agar were incubated
12-18 hrs at 37°C in a GCA /Precision Scientific Model 6M Incubator.

Synechococcus 7942 wild type and mutant cultures were grown on BG-

Il medium at room temperature with constant illumination

2.2.2. Isolation of Genomic DNA from Synechococcus 7942

Genomic DNA from 1 L cultures of Synechococcus 7942 was prepared
as described by Golden (1987). Cells were collected by centrifugation
(5000 rpm, 5 min) and resuspended in 5 mL of TEjgp (100 mM Tris, 100 mM
EDTA, pH 8.0) in a 25 mL Corex tube. Autoclaved glass beads (5 mL), 5 mL of
phenol-chloroform-isoamyl alcohol (25:24:1) and 250 pL of 20% SDS were
added to the cell suspension and the entire solution vortexed at top speed in
3 min intervals for a total of 9 min, cooling briefly on ice between each

interval. This mixture was centrifuged (10,000 rpm, 10 min) and the upper
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Plasmid

pBGS18

pBR322

pSyR1

pSyR1.2

pSyR1.3

pSyR1.4

pSyR1.5

pUC18/19

Table 2.1. Plasmids Used In Sequence Analysis

Description

Analogue of the cloning vector pUC18
which contains a gene for kanamycin
resistance instead of ampicillin resistance

Ampt Tetf

6.3 kb HindlIII fragment containing
the Synechococcus 7942 rbpA gene
cloned in pBR322

1.45 kb Nhel/HindlIII fragment
containing the Synechococcus 7942
rbpA gene cloned in pUC19

4.1 kb Nhel fragment containing the
Synechococcus 7942 rbpA gene cloned
in pBGS518

2.65 kb HindIII/Nhel fragment
downstream of the Synechococcus 7942
rbpA gene cloned in pBGS18

1.3 kb BamHI/HindlII fragment

containing the Synechococcus 7942
rbpA gene cloned in pUC19

AmpT
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Reference

Spratt et al.,
1986

Bolivar
et al., 1977

This work

This work

This work

This work

This work

Yanisch-
Perronet al.,
1985



aqueous phase transferred to a clean 25 mL Corex tube. This crude
preparation was extracted once with phenol, once with phenol-chloroform-
isoamyl alcohol (25:24:1), and once with chloroform-isoamyl alcohol (24:1).
At each stage, phases were separated by centrifugation (5000 rpm, 5 min).
Nucleic acid precipitation was carried out by adding 0.5 volumes of 7.5 M
ammonium acetate, pH 7.5 followed by 2.5 volumes of 100% ethanol. The
mixture was incubated on ice for 30 min and total nucleic acid pelleted by
centrifugation (10,000 rpm, 10 min).

The crude nucleic acid pellet was resuspended in 500 puL of TE (10 mM
Tris, 1 mM EDTA, pH 8.0) and transferred to a 1.5 mL microfuge tube. This
solution was extracted once with phenol-chloroform (1:1) and once with
chloroform. RNA was removed by adding 0.5 volumes of 7.5 M ammonium
acetate, pH 7.5, incubating on ice for 30 min, and centrifuging (10,000 rpm,
10 min). The supernatent was transferred to a clean microfuge tube and the
genomic DNA precipitated with 100% ethanol as outlined above; intact
genomic DNA was spooled from solution with a drawn pasteur pipette, dried
in air, and resuspended in TE. The quantity of recovered genomic DNA was
determined spectrophotometrically by measuring the absorbance at 260 nm.
The quality of the recovered DNA was determined by calculating the ratio of

absorbances taken at 260 nm and 280 nm and by agarose gel electrophoresis.

2.2.3. Isolation of Plasmid DNA

Small scale isolation of plasmid DNA from cultures of E. coli was
carried out using the Merlin mini-prep protocol of Iyer (1993). Cells from

5mL LB cultures were pelleted by centrifugation and resuspended in 200 pL
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of Cell Resuspension Solution (50 mM Tris-HCl, pH 7.5, 10 mM EDTA, 100
ug/mL RNase A). Cells were lysed by addition of 200 uL of Cell Lysis Solution
(0.2 M NaOH, 1% SDS) and the solution then neutralized by the addition of
200 pL of Neutralization Solution (1.25 M potassium acetate, 1.24 M acetic
acid) to precipitate cellular protein and genomic DNA. After a brief
centrifugation, the supernatent was transferred to a fresh tube containing
1 mL of DNA-binding resin (Celite resin slurry in 7 M guanidine
hydrochloride). After gentle mixing, the slurry was passed through a mini-
column (Promega). Plasmid DNA retained in the column was washed with
1-2 mL of Wash Solution (20 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5 mM
EDTA, 50% ethanol) and then eluted into a clean microfuge tube with 60 pL
of warm TE. Recovery of plasmid DNA was analyzed by restriction
endonuclease digestion, followed by gel electrophoresis.

Large scale isolation of plasmid DNA was carried out as follows. Cells
from a 500 mL overnight culture were harvested by centrifugation
(10,000 rpm, 10 min), washed with M9 salts (42 mM NaHPOy4, 22 mM
KH>PO4, 9 mM NaCl, 19 mM NHyCl ) and resuspended in 20 mL of GTE
(25 mM Tris, pH 8.0, 10 mM EDTA, 50 mM glucose). Cells were lysed by the
addition of 40 mL of Lysis Solution (0.2 M NaOH, 1% SDS) followed by gentle
mixing and incubation on ice for 5 min. The solution was neutralized by the
addition of 30 mL KAcF (4.79 M potassium acetate, 1.45 M formic acid) and
incubated on ice for another 5 min. Precipitated protein and nucleic acid was
removed by filtration through two layers of cheesecloth. Plasmid DNA in the

filtrate was precipitated by the addition of 0.6 volumes of ice-cold isopropanol;



this solution was centrifuged (10,000 rpm, 10 min) and the supernatent
discarded.

The crude plasmid DNA was resuspended in 4 mL of TE, extracted
twice with phenol and once with chloroform. To facilitate the removal of
contaminating RNA, 4 mL of 7.5M ammonium acetate, pH 7.5 was added
and the solution centrifuged (10,000 rpm., 10 min). The supernatent
(approximately 8 mL) was transferred to a fresh tube and the plasmid DNA
was precipitated by the addition of 5mL of isopropanol followed by
incubation on ice for 30 min. After centrifugation (10,000 rpm, 10 min), the
plasmid DNA pellet was resuspended in 0.5 mL of TE. [ts quality and quantity

were verified spectrophotometrically and by agarose gel electrophoresis.

2.2.4. Gel Electrophoresis of DNA and Transfer by Southern Blot

Gel electrophoresis of DNA samples was carried out in 0.5X TBE buffer
(1X TBE is 100 mM Tris-Cl, pH 8.0, 100 mM boric acid, 2.5 mM EDTA)
containing ethidium bromide (50 ug/mL). In circumstances where precise
determination of DNA fragment size was necessary, agarose gels were run in
0.5X TBE buffer without ethidium bromide and subsequently stained. DNA
fragments were visualized on a Chromato-Vue TM-36 transilluminator
(Ultra-Violet Products) and photographed with a Polaroid MP-4 Land camera
using Polaroid 665 positive/negative instant Land pack film.

Gels to be used for Southern transfer were first treated with 0.25 M HCl
for 15 min, then briefly rinsed with distilled water. DNA was transferred to
Hybond N+ nylon membrane (Amersham) using a downward capillary

transfer in 0.4 M NaOH (Reed and Mann, 1985; Chomczynski, 1992). The



membrane containing transferred DNA was briefly soaked in 200 mL of a
neutralization solution (0.2 M Tris-Cl, pH 7.5, 2X SSC (1X SSC is 150 mM
sodium chloride, 15 mM sodium citrate)) and thoroughly dried at 60 °C.
Efficient transfer of DNA was confirmed using a Model UVL-56 hand-held

transilluminator (UVP Inc.) at a wavelength of 366 nm.

2.2.5. Hybridization and Detection of Digoxygenin (DIG)-Labelled DNA Probes

Detection of DNA hybrids was carried out using an enzyme-linked
immunoassay system (Boehringer Mannheim). DNA fragments to be used as
probes were labelled by random priming using the Klenow fragment of DNA
polymerase. One of the nucleotides incorporated (DIG-dUTP) was linked via
a spacer arm to the steroid hapten digoxygenin (DIG). Hybridization of this
DIG-labelled probe was detected by an anti-digoxygenin alkaline phosphatase
conjugate using a colour reaction with 5-bromo-4-chloro-3-indolyl phosphate
(X-phos) and nitroblue tetrazolium salt (NBT).

Approximately 1-2 pg of a linear DNA fragment was used to make a
DNA probe. The DNA was completely denatured by boiling for 10 min,
quickly cooled on ice, and then incubated overnight at 37°C in the labelling
mixture (6.25 Azgo units/mL random hexanucleotides, 100 uM dATP, 100 uM
dCTP, 100 uM dGTP, 65 uM dTTP, 35 uM DIG-dUTP, 2 Units of labelling-grade
Klenow enzyme, pH 6.5). This reaction was stopped by the addition of EDTA
to a final concentration of 40 mM. Total DNA was ethanol precipitated as
outlined above, dried, and resuspended in 50 mL of TE.

Nylon membranes containing transferred DNA were briefly soaked in

2X SSC, then incubated 1-2 hrs at 60°C in Hybridization solution (5X SSC, 0.1%
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N-lauroyl sarcosine, 0.8% SDS, 0.5% Blocking Compound (Boehringer
Mannheim)). This solution was then replaced with Hybridization solution
containing the DIG-labelled DNA fragment, and hybridization was allowed to
proceed for 24-48 hrs at 60°C.

Washes and subsequent colour detection of bound probe were carried
out using a modified procedure trom the manufacturer's recommended
protocol. Membranes were washed twice with 2X SSC plus 0.5% SDS (room
temperature, 15 min), 3 times with 0.5X SSC plus 0.5% SDS (60°C, 20 min),
and twice with 0.5X SSC without SDS (room temperature, 10 min). This was
followed by a 30 min room temperature incubation with 1% blocking
compound in Buffer I (100 mM Tris-Cl, 150 mM NaCl, pH 7.5) to eliminate
nonspecific binding of the antibody. The membrane was then incubated for
30 min in a solution of polyclonal sheep anti-digoxygenin Fab-fragments
conjugated to alkaline phosphatase (150 mU/mL) in Buffer . Unbound
antibody was removed by washing the membrane twice with Buffer | (room
temperature, 15 min). Hybridized probe was detected using at least 20 mL of
colour solution (100 mM Tris-Cl, pH 9.5, 100 mM NaCl, 50 mM MgCl5,
0.338 mg/mL NBT, 0.175 mg/mL X-Phos). For a typical 11 cm by 15 cm nylon
membrane, this corresponded to 8.25 c¢cm? nylon membrane/mL colour
solution. Distinct bands corresponding to the location of hybridized probe
typically appeared within 1 hr. The colour reaction was stopped by washing

the membrane with TE and allowing it to dry at room temperature overnight.
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2.2.6. DNA Cloning and Sequencing

DNA was purified from agarose gel slices using the protocol described
by Heery (1990). The gel slice was placed inside a punctured 0.5 mL microfuge
tube containing 1-2 mm of aquarium filter floss (Levine, 1994). This was
centrifuged at 6000 rpm for 10 min, yielding 100-200 pl of liquid containing
the DNA fragment of interest. This DNA was subsequently purified by
phenol:chloroform (1:1) extraction and ethanol precipitation as outlined
previously. Recovery and quality of the purified fragment were confirmed by
agarose gel electrophoresis.

[solated DNA fragments were cloned into suitable cloning vectors
using T4 DNA ligase. Ligation reactions were carried out in ligation buffer
(66 mM Tris-Cl, pH 7.5, 6.6 mM MgCl2, 10 mM DTT, 0.5 mM ATP) at room
temperature for at least 1 hr prior to transformation. T4 DNA ligase was
generally inactivated by heating at 65°C for 20 min as this has been shown to
increase the efficiency of transformation reactions with E. coli (Michelson,
1995). Transformed cells containing plasmid DNA were selected on LB plates
containing the appropriate antibiotic. The ligation mixture was used to
transform an E. coli host using a standard CaCl; protocol
(Sambrook et al., 1989).

Fragments to be sequenced were cloned into plasmid pUC18 or pUC19.
Template DNA for sequencing was then prepared by alkali denaturation of
plasmid DNA. Approximately 10 pg of plasmid DNA was incubated at 37°C
for 5 min in 0.2 M NaOH/0.2 mM EDTA. This solution was quickly cooled on

ice, and then neutralized with 3 M sodium acetate, pH 5.2. The denatured
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plasmid DNA was ethanol precipitated, resuspended in 20 pl of TE, and
stored at -20°C until needed.

Sequencing was carried out on both DNA strands using the
dideoxynucleotide sequencing method with Sequenase 2.0® (U.S.
Biochemical Corp.) following the recommended protocol. In the primer
annealing reaction, 3 - 4 ug of template DNA and 0.5 pmoles of sequencing
primer were mixed in Sequenase® reaction buffer (40 mM Tris-Ci pH 7.5,
20 mM MgClp, 50 mM NacCl). This mixture was heated to 65°C for 5 min,
then allowed to cool to 35°C (approximately 1°C/min). The annealed
template-primer was then incubated for 5 min at room temperature in
6.67 mM DTT, 0.2 pM dGTP, 0.2 uM dCTP, 0.2 uM dTTP, 5 uCi [0-355] dATP
and 3.25 Units of Sequenase 2.0 DNA polymerase to allow extension from the
primer and incorporation of radiolabelled dATP. To terminate the
elongation reaction, 3.5 pl was transferred to each of 4 tubes containing 2.5 ul
of termination mixture (one for each base), such that the final concentration
of each deoxynucleotide was 33 pM and final concentration of
dideoxynucleotide was 3.3 pM. This reaction was incubated 5 min at 37°C,
then stopped by the addition of 4 pl of stop solution (0.05% Bromophenol
Blue, 0.05% Xylene Cyanol FF, 20 mM EDTA, 95% formamide). DNA
fragments were separated on a 6% polyacrylamide sequencing gel in 7M
urea, using a Sequi-Gen sequencing apparatus (Biorad) at a constant power of
30 W. The gels were fixed in a 10% methanol/10% acetic acid solution, dried
on a DryGel Sr. Slab Gel Dryer Model SE 1160 (Hoefer), and the results
visualized by autoradiography using Kodak X-OMAT Scientific Imaging Film.
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2.2.7. Computer-Derived Figures and Sequence Analysis

All Southern blots were scanned on a Hewlett Packard ScanJet Plus at
300 dpi using DeskScan II (version 2.1). Analysis of nucleic acid sequences
was carried out using the DNAlysis program of Dr. Bill Buikema (University
of Chicago). Sequence identity calculations for the nucleic acid and amino
acid sequences were carried out using the ALIGN and FASTA software
packages on a Macintosh (Pearson & Lipman, 1988). The nucleotide sequence
region upstream of rbpA was folded using the program Mulfold, displayed
with the program loopDloop, and annotated by hand (Jaeger ¢t al., 1989;
Zuker, 1989). Multiple alignments of the upstream sequences were carried
out using the CLUSTALW Muitiple Sequence Alignment Program
(Thompson et al., 1994). Alignments of cyanobacterial RBPs and upstream
sequences were visualized using DNADraw on a Macintosh (Shapiro, 1995).
Nucleotide sequences were retrieved from the GenBank database using the

Entrez WWW Server or ExXPASy WWW Server (Appel ¢t al., 1994; Benson et
al., 1998).
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2.3. RESULTS AND DISCUSSION

2.3.1. Cloning and Restriction Mapping of SyR1 and SyR1.2

In order to isolate the 6.3 kb HindlIII fragment containing the rbp gene,
a size-biased (5-10 kb) pBR322 plasmid library was constructed using
Sunechococcus 7942 genomic DNA digested with HindIIl. Approximately 800
clones were probed with a digoxygenin-labelled Cg9.2 RBP probe from
Chlorogloeopsis 6912 (Mulligan et al., 1994). Plasmid DNA from 6 potentially
positive clones was isolated and digested with HindIIl and analyzed on an
agarose gel (Figure 2.1A). Four of these plasmids showed a 4.3 kb fragment
characteristic of linearized pBR322, and all four contained at least one insert
fragment. DNA was then transferred to a nylon membrane and probed with
the Cg9.2 RBP probe (Figure 2.1B). Of the six clones originally isolated, only
plasmid clones #1 and #2 showed a strongly hybridizing signal corresponding
to a fragment of length 6.3 kb. Clone #1 was re-streaked to obtain a pure
clone; the corresponding plasmid was named pSyR1.

Restriction endonuclease mapping of the 6.3 kb SyR1 fragment was
carried out using a variety of enzymes. The fragment SyR1 was digested with
combinations of selected restriction enzymes and the results visualized on an
agarose gel (Figure 2.2A). The results of Southern blot hybridization analysis
with a 250 bp Msel DNA fragment containing the Chlorogloeopsis 6912 rbpA
gene (Mulligan et al., 1994) localized the rbpA gene to a 1.45 kb Nhel/HindIll
DNA fragment, which was named SyR1.2 (Figure 2.2B). This was cloned into
pUC19; the resulting plasmid was named pSyR1.2.
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Figure 2.1. Screening of potentially positive clones for presence of the 6.3 kb
SyR1 fragment. (A) Plasmid DNA from six positive clones (lanes 1-6), along
with pBR322 DNA, was digested with HindIII and fractionated on a 0.7%
agarose gel. (B) Following electrophoresis, DNA was transferred to a nylon
membrane and probed with the digoxygenin-labelled Cg9.2 rbp fragment from
Chlorogloeopsis 6912 (Mulligan et al.,, 1994). The location of the 6.3 kb
hybridizing fragment on the blot is indicated by an arrow. The restriction
patterns for HindlIII digests of clones #4 and #5 were unusual. Clones #4 and
#5 contain a 900 bp DNA fragment which gave a strong hybridizing signal.
This fragment was not characterized further. In both figures, the locations of

bacteriophage A BstEIl fragments used as size markers are indicated.






Figure 2.2. Restriction endonuclease mapping of the SyR1 fragment from
Synechococcus 7942. (A) DNA fragment SyR1 was digested with the indicated
enzyme(s) and the products separated on a 0.7% agarose gel. Numbers at the
top of each lane correspond to the combinations of enzymes used as follows:
(1) EcoRV; (2) EcoRV+Scal; (3) EcoRV+Scal+EcoRI;

(4) Scal+EcoRI; (5) Scal; (6) EcoRI; (7) EcoRV+EcoRI; (8) EcoRV+Nhel;

(9) EcoRV+Scal+Nhel; (10) Scal+Nhel; (11) Nhel. (B) Following
electrophoresis, DNA was transferred to a nylon membrane and probed with
the 250 bp Msel DNA fragment containing the Chlorogloeopsis 6912 rbpA
gene. The 1.45 kb Nhel/HindIIl hybridizing fragment containing the
Synechococcus 7942 rbpA gene is indicated by the arrow. In both figures, the

locations of bacteriophage A BstEIl fragments used as size markers are

indicated.






2.3.2. Cloning and Restriction Mapping of SyR1.3 and SyR1.4

In order to identify and characterize sequence downstream of the rbpA
gene, it was necessary to clone an overlapping DNA fragment. A Southern
blot of Nhel-digested Synechococcus genomic DNA revealed that the rbpA
gene was located on a 4.1 kb Nhel fragment (data not shown). A size-biased
librarv (3-5.5 kb) of Nhel-digested Synechococcus 7942 genomic DNA was
constructed using the plasmid pBGS18 (Spratt et al., 1986). From the
approximately 800 clones probed with the 250 bp Msel rbp DNA probe
(Mulligan et al., 1994), twelve potential positives were selected. Agarose gel
electrophoresis and Southern blot hybridization analysis revealed that ten of
these clones contained the 4.1 kb insert and that both orientations were
represented (Figure 2.3). Clone #3 was designated as clone pSyR1.3; the
corresponding 4.1 kb DNA fragment was named SyR1.3. Clone #4 contained
the same insert in the reverse orientation and was named pSyR1.3R. The
2.65 kb sequence downstream of rbpA was isolated by HindlIII digestion of

pSyR1.3 and subsequent re-circularization of the plasmid. This new plasmid

was named pSyR1.4.

2.3.3. Sequence Analysis of the rbpA gene and surrounding sequence

The sequencing strategy for DNA fragments originating from SyR1.2
and SyR1.4 is shown in Figure 2.4. More than half of the SyR1.2 DNA
fragment has now been sequenced. The sequence of a 707 bp region which

included the rbpA gene was deposited in the Genbank nucleotide database

(Accession No. L48458).
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Figure 2.3. Screening of positive clones for presence of the 4.1 kb Nhel SyR1.3
fragment. (A) Plasmid DNA from twelve positive clones was digested with
HindlIlII and fractionated on a 0.7% agarose gel. (B) Following electrophoresis,
all DNA was transferred to a nylon membrane and probed with the
digoxygenin-labelled 250 bp Msel DNA fragment containing the rbpA gene
from Chlorogloeopsis 6912 (Mulligan et al., 1994). The location of the 1.45 kb
SyR1.2 hybridizing fragment on the blot is indicated by an arrow. Clone #3
was designated as pSyR1.3; clone #4 was designated as pSyR1.3R. In both

figures, the locations of bacteriophage A BstEII fragments used as size markers

are indicated.






Figure 2.4. Restriction Map of the rbpA region in Synechococcus 7942. (A) A
partial restriction map of the 6.3 kb SyR1 fragment and 4.1 kb SyR1.3 fragment
isolated from Synechococcus 7942 is shown. The major restriction sites that
were used in cloning and sequencing are indicated: Ac, Accl; E, EcoRI; H,
HindIII; N, Nhel; S, Scal; V, EcoRV. (B} A partial restriction map of the
1.45 kb Nhel/HindIIl fragment named SyR1.2 is shown in more detail, along
with approximately 300 bp of downstream sequence obtained from the 2.65 kb
HindIII/Nhel fragment named SyR1.4. Restriction sites used for cloning and
sequencing are indicated as follows: A, Apol; Ac, Accl; B, BamHI; Bs, BstEIlL; C,
Clal; D, Dral; H, HindIII; N, Nhel; Nc, Ncol; T, Tagl. The locations of the rbpA
and tRNAVal (trnV) genes are shown as boxes (blue). Arrows indicate the
length and direction of various sequencing reactions. Not all Taql restriction

sites are shown in this figure.






The nucleotide sequence of a 1207 bp region which included part of the
SyR1.4 DNA fragment is shown in Figure 2.5. The rbpA gene is 324 bp in
length. It codes for a protein of 107 amino acids, which contains a single RNA
recognition motif (RRM) with both of the highly conserved RNP1 and RNP2
sequences. The RbpA protein also contains an auxiliary glycine-rich domain.
This motif is 24 amino acids in length and contains 15 glycine residues (62.5%
of the total). This region also contains 3 arginine residues so that RbpA may
belong to the RGG box family of RNA-binding proteins as well (Burd and
Dreyfuss, 1994). The final tyrosine classifies this gene product with the major
subfamily of RNA-binding proteins and distinct from Rbpl of
Synechococcus 7942, 12RNP1 of Synechococcus 6301, and sequence ssr1480
from Synechocystis 6803, the only members of the other subfamilies
(Mulligan and Belbin, 1995) (see Section 2.3.4).

This work also confirmed the location of a tRNA-valine (trnV) gene
upstream of rbpA in Synechococcus 7942. The sequence of this gene was 100%
identical with the corresponding gene identified previously in the closely-

related Synechococcus 6301 (Sugita and Sugiura, 1994).

2.3.4. Comparison with Other Cyanobacterial RNA-Binding Proteins

A list of inferred amino acid sequences of the known cyanobacterial
RNA-binding proteins is shown in Figure 2.6. They vary in size from 83
amino acids to 110 amino acids in length. All consist of an 83 amino acid
RRM and most also contain an auxiliary domain which is variable in length

and composition. The RRM contains both of the RNP1 and RNP2 conserved
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Figure 2.5. The complete nucleotide sequence of a 1207 bp region in
Synechococcus 7942, including the rbpA gene and flanking sequence. The
sequence of a 707 bp region from positions 194 to 901 has been submitted to
Genbank (Accession No. L48548). Lower case letters are used to indicate DNA
sequence which has only been sequenced in one direction. Restriction sites
used in cloning and sequencing are indicated above the nucleotide sequence.
The Clal and HindIII sites were used for mutagenesis (Sections 3.2.1 and 3.2.2).
The two BstEI sites indicate the boundaries of a 290 bp restriction fragment
used as a probe in Southern blots. The location of a probable transcription
start site at position 374 is indicated (*) (Sugita and Sugiura, 1994). Double
underlined sequence indicates a sequence which is potentially a ribosome
binding site. Palindromic sequences capable of forming a stem-loop structure
in RNA are shown as arrows. The inferred amino acid sequence for the rbpA
gene is given below the nucleotide sequence. The RNP1 (amino acids 42-49)
and RNP2 (amino acids 3-8) sequences are light shaded. The glycine residues
of the auxiliary domain are shown in bold type. The tRNA-Val (trnV) gene

located upstream of rbpA is indicated by boxed sequence.






Figure 2.6. The inferred amino acid sequence of 17 cyanobacterial RNA-
binding proteins. Sequences have been aligned manually; residues that occur
in at least 13 sequences are shown in reverse type, residues that occur in at
least 9 sequences are shaded. The sequences are as follows: 7120-A, 7120-B,
7120-C, and 7120-D are the RbpA, RbpB, RbpC and RbpD proteins,
respectively, from Anabaena 7120 (Mulligan et al., 1994; Mulligan and Belbin,
1995); M3-A1, M3-A3, M3-B, M3-C and M3-D are the RbpAl, RbpA3, RbpB,
RbpC and RbpD proteins, respectively, from Anabaena variabilis M3 (Sato,
1995); 6912-A is the RbpA protein from Chlorogloeopsis 6912 (Mulligan et al.,
1994); 7942-A and 7942-B are the RbpA and Rbpl proteins, respectively, from
Synechococcus 7942 (Mulligan and Belbin, 1995; Dolganov and Grossman,
1993); 6301-A and 6301-B are the 12RNP1 and 12RNP2 proteins, respectively,
from Synechococcus 6301 (Sugita and Sugiura, 1994); PRé-A is the RbpA
protein from Agmenellum quadruplicatum PR-6 (Wagner et al., 1993); sll0517
and ssr1480 are proteins from Synechocystis 6803 (Nakamura et al., 1998). Not
shown is the sequence of clone slr0193 from Synechocystis 6803 (Nakamura et
al., 1998). Conserved residues in eukaryotic RBPs are shown below the
sequence alignment (Nagai and Mattaj, 1994). The RNP1 and RNP2

sequences are indicated above the sequence alignment.
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sequences that are characteristic of the RNP family. A feature common to
almost all other cyanobacterial RNA-binding proteins characterized to date
has been the presence of a methionine residue at position 8 of the RNP1
motif. I[n the sll0517 gene product, the methionine is replaced with a leucine
residue.

The auxiliary domains are highly variable and have provided the basis
tor dividing the cyanobacterial Rbps into several distinct classes (Mulligan
and Belbin, 1995). In one class are those which contain glycine-rich auxiliary
motifs and have tyrosine as the C-terminal amino acid. All of the proteins
from the filamentous cyanobacteria Anabaena and Chlorogloeopsis fall into
this class, as do the RbpA proteins from the Synechococcus and Agmenelluimn
and the sll0517 gene product from Synechocystis. In this class, the glycine
content of the auxiliary domain ranges from 18% (Anabaena wvariabilis M3
RbpD) to over 60% (Synechococcus 7942 RbpA). The second class of
cyanobacterial RBPs comprise the RbpB proteins from the Synechococcus 7942
and Synechococcus 6301. The auxiliary domains of these two proteins do not
contain a preponderance of any given amino acid and they contain a single
glycine residue. A third class would consist of the ssr1480 gene product from
Synechocystis 6803, which does not appear to have any form of auxiliary
domain. Finally, the slr0193 gene product from Synechocystis 6803 contains
an auxiliary domain which is significantly longer than any of the
cyanobacterial Rbp sequences previously characterized. It contains only 3

glycine residues. Due to its divergent sequence, it is not included in the

alignment.
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The percentage sequence identities between the RRMs of the known
cyanobacterial Rbps are listed in Tables 2.2, 2.3 and 2.4. An alignment of all
cyanobacterial Rbps revealed that the first 83 amino acids representing the
RRM motif were the most highly conserved. The length and sequence
variability of the auxiliary domains made sequence identity calculations for
this region difficult. Therefore, sequence identity calculations were calculated
only for the 83 amino acid RRM segments. Both Synechococcus 7942 and
Synechococcus 6301 are almost identical strains of cyanobacteria (Golden et al.,
1989), so the high degree of similarity evident in the sequences of rbpA and
RbpA is not suprising (see Table 2.2). RbpA from Synechococcus 7942 showed
98.8% identity with the 12RNP1 protein from Synechococcus 6301, but only
65.1% and 66.3% identity with the second Rbp from the two strains,
Synechococcus 7942 (Rbp1l) and Synechococcus 6301 (12RNP2), respectively.
RbpA was 73.5% identical to another unicellular cyanobacterium
Agmenellum quadruplicatum PR-6 and was 79.5% and 85.5% identical to the
ssr1480 and sll0517 gene products, respectively, trom the unicellular strain
Synechocystis 6803. RbpA was only 43.4% identical to the slr0193 gene
product.

Table 2.3 lists the percentage identities between RRM segments of the
filamentous cyanobacterial strains. These genes showed a high degree of
conservation; most were greater than 80% identical at the nucleotide level. It
should be noted that three sets of gene products were 100% identical to one
another at both the nucleotide and amino acid level. Therefore, these
represent corresponding genes in the two closely related Anabaena strains.

The RbpB, RbpC and RbpD gene products from Anabaena 7120 (7120-B, 7120-C
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Table 2.2. Identities of RRM segments? of Known Unicellular Cyanobacterial RNA-Binding Proteins

Synechococcus 7942
Synechococcus 6301

A. quadruplicatum PR-6
Synechocystis 6803

NN GA BN

2 Numbers indicate % identities between 83 amino-acid segments (below the diagonal) or corresponding 249 nucleotide segments (above

the diagonal).

bThis work.

CDolganov and Grossman, 1993.
d Sugita and Sugiura, 1994.

€ Wagner et al., 1993.

f Nakamuraet al., 1996

Ab

B€
12RNP1d
12RNP2d
Ae
s110517f
ssr1480f
sir0193f

1.
65.1
98.8
66.3
735
85.5
795
434

2.
65.9

63.9
97.6
61.4
62.7
66.3
37.2

3.
99.6
65.5
65.1
72.3
84.3
78.3
434

4,
65.9
98.8
65.5
62.7
63.9
67.5
38.4

5.
67.9
59.0
67.5
59.4
75.9
75.9

6.
75.1
59.8
74.7
60.6
71.1

79.5

7.
69.1
62.7
68.7
63.1
69.1
67.5

434 410 434

8.
46.9
46.5
46.5
47.3
494
48.1
49.2
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Table 2.3. Identities of RRM segments? of Known Filamentous Cyanobacterial RNA-Binding Proteins

Anabaena 7120

Anabaena variabilis M3

XN LN

10. Chlorogloeopsis 6912

Ab
Bb
(o

Dd
Ale

A3f
B8
cs
D8

Ab

1.

94.0
86.7
78.3
86.7
83.1
94.0
78.3

74.7
95.2

74.7
91.6

3.
80.3
79.5

79.5
100

83.1
86.7
79.5

723
88.0

4.
731
72.3
74.3

79.5
80.7
80.7
100

73.5
78.3

5.
80.3
79.5
100
74.3

83.1
86.7
79.5

723
88.0

6.
791
77.1
79.1
73.5
79.1

83.1
80.7

759
85.5

7.
85.9
100
79.5
72.3
79.5
77.1

80.7

74.7
91.6

8.
73.1
72,3
743
100
74.3
73.5
723

735
78.3

9.
67.9
69.1
66.3
68.7
66.3
65.5
69.1
68.7

735

2 Numbers indicate % identities between 83 amino-acid segments (below the diagonal) or the corresponding 249 nucleotide segments

(above the diagonal).
b Mulligan and Jackman, 1994
€Wu and Mulligan, unpublished
d Holden, 1995
€ Gato, 1994
f Sato and Maruyama, 1997
8 Sato, 1995

10.
90.0
87.1
83.1
73.5
83.1
82.7
87.1
73.5
66.3
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Table 2.4. Identities of (A) 249 nucleotide and (B) 83 amino acid RRM segments between Unicellular
and Filamentous Cyanobacterial RNA-Binding Proteins

[
QLW UTLWNKE

Filamentous Strains

Anabaena 7120

Anabaena variabilis M3

Chlorogloeopsis 6912

Anabaena 7120

Anabaena variabilis M3

Chlorogloeopsis 6912

POoQUPDPUOWY
W
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7942-A
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and 7120-D) correspond to the RbpB, RbpA1l and RbpC (M3-B, M3-A1 and M3-
C) gene products, respectively, from Anabaena variabilis M3. The lowest
identities among the filamentous strains were observed for the RbpD protein
from Anabaena variabilis M3 (Sato, 1995). Its RRM segment showed only 70-
75% identity with the other RRMs of the filamentous strains.

Table 2.4 compares RRM segments between the unicellular and
filamentous cyanobacterial strains. RbpA from Synechococcus 7942 was
approximately 80% identical with the inferred amino acid sequences of RBPs
from filamentous cyanobacterial strains. This was only marginally higher
than average as most of the unicellular RRMs were 60-80% identical to their
filamentous counterparts. However, several exceptions should be noted. At
the amino acid level, the RbpA sequence from Agmenellum was 86.7%
identical with RbpD from Anrabaena 7120 (i.e. RbpC from Anabaena
variabilis M3). Also, the sll0517 gene product from Synechocystis 6803 was
88.0% identical to both RbpA and RbpB from Anabaena 7120 (also RbpB from
Anabaena variabilis M3).

Overall, the comparison of nucleotide and amino acid sequence
identities supported the classification for cyanobacterial Rbps. The Rbp1l and
12RNP2 gene products from Synechococcus 7942 and Synechococcus 6301,
respectively, showed a decreased sequence identity when compared to all
other known cyanobacterial Rbps but not when compared to each other.
Also, the slr0193 gene product from Synechocystis 6803 was only 40-50%
identical to any of the known cyanobacterial Rbps. The one exception was the
ssr1480 gene product from Synechocystis 6803. Although it was classified

separately based on the fact that it did not contain an auxiliary domain, the
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RRM of this protein was greater than 75% identical to the other unicellular
Rbps (excluding Rbp1l and 12RNP2, above) and 70-80% identical to all of the

Rbps from the filamentous strains at the amino acid sequence level.

2.3.5. Comparison with Eukaryotic RNA-Binding Proteins

The cvanobacterial RRM sequences show a high degree of similarity to
the RRM sequences of eukaryotic RNA-binding proteins of the RNP family.
Conserved residues observed in eukaryotic RRM sequences are shown in
Figure 2.6 (Nagai and Mattaj, 1994). The cyanobacterial RNP2 sequences are
essentially identical to those observed in eukaryotic RNA-binding proteins
with only conservative substitutions observed. The RNP1 sequences are also
highly similar to those found in eukaryotes, but with several notable
exceptions. The RNP1 sequences of almost all cyanobacterial Rbps contain
methionine at position 8 in place of an aromatic residue seen in eukaryotic
Rbps (Mulligan and Belbin, 1995). This substitution has also been found in
the first RRM motif of many plant chloroplast proteins (Breiteneder ¢t al.,
1994; Ye et al., 1991). As well, both glycine residues of RNP1 have been
replaced by alanine in at least one cyanobacterial sequence. The cyanobacterial
sequences also contain leucine at position 32, a conservative substitution
from the eukaryotic consensus. All of the cyanobacterial Rbps contain a

tryptophan residue at position 67 in place of the aliphatic residue seen in the

eukaryotic sequences.
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2.3.6. Sequence Analysis of Regions Upstream of Cyanobacterial rbp genes

Primer extension experiments have located a putative transcription
start site for the 12RNP1 gene of Synechococcus 6301 which lies 112 nt
upstream of the start codon (Sugita and Sugiura, 1994). An analysis of the
corresponding region upstream of rbpA in Synechococcus 7942 reveals an
interesting feature. When transcribed into RNA, this sequence contains
complementary sequences capable of folding into three stem-loop structures
(Figure 2.7). I have designated these structures as stem-loops [, II and III based
on their proximity to the start codon for the gene. Stem-loop [ was
particularly interesting; it contained the complementary consensus sequences
UCUCCGAAA and UUUUGGAGA which made up the stem. It was located
immediately upstream of the rbpA gene in Synechococcus 7942 and included
the region previously identified as the potential ribosome binding site (see
Figure 2.5).

A comparison of the known upstream DNA sequences for the other
cyanobacterial rbp genes revealed that this stem-loop structure is well
conserved among the various strains of cyanobacteria (Figure 2.8). All of
these are located less than 14 nt upstream of the start codon for each gene
with the exception of the rbpA gene from Anabaena 7120, where the stem-
loop is located 56 nt upstream of the start codon for the gene. While there
appears to be a high degree of similarity among the stem sequences, the loop
region shows a much higher degree of variability. The loops range from 19-
24 nt in length. The only region of similarity appears to be a moderately

conserved hexameric sequence whose consensus sequence in RNA is

UCUCUA.
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Figure 2.7. Potential secondary structures formed upstream of the
Synechococcus 7942 rbpA gene. The nucleotide sequence of a 112 nt RNA
segment, extending from the reported start site of transcription in
Synechococcus 6301 (Sugita and Sugiura, 1994) to the start codon for the gene,
was folded by using the program Mulfold. The potential stem-loops are
numbered (I-III) according to their proximity to the rbpA gene. Sequence
numbering starts using the first nucleotide preceding the start codon and
proceeds in the reverse direction towards the potential transcription start site.
Bases in the stem similar to those observed in other sequences upstream of
cyanobacterial rbp genes are shaded; conserved sequences in the loop are
shown in outline type. Bases previously identified as a potential ribosome

binding site (see Figure 2.5) are double-underlined.






Figure 2.8. Alignment of the nucleotide sequences upstream of 16
cyanobacterial rbp genes. In each case, the sequence of a DNA segment
immediately preceding the start codon for the rbp gene is shown. Sequence
alignments were carried out using the ClustalW Multiple Sequence
Alignment Program and the results visualized using DNADraw. Nucleotides
that occur in at least 12 sequences (75%) are shown in reverse type while
nucleotides that occur in at least 8 sequences (50%) are shaded. Strain and
gene abbreviations (see Figure 2.6) indicating the source of each sequence are
shown at the left. Nucleotides representing stem-loop | sequences are
outlined as follows: highly conserved regions in the stem portion of the
stem-loop [ are outlined with a solid line, conserved nucleotides included in

the loop portion are outlined with a broken line.
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The function of this stem-loop structure is unclear. However, its
proximity to the start codon of the gene suggests that it may play a role in
regulating expression of the gene at the translational level. One possibility is
that by binding to nucleotides in the stem-loop, a cyanobacterial Rbp may
inhibit translation of its own RNA transcript by interfering with binding by
the ribosomal machinery. Autoregulation of expression bv an RNP-type
RNA-binding protein has been observed previously. The human UlA
protein regulates its own expression by binding to a polyadenylation
inhibition element (PIE) located in the 3'-untranslated region of UlA pre-
mRNA (van Gelder et al., 1993).

A second possibility is that the stem-loop may be the site of regulation
of these genes by cold. This theory is supported by the 