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ABSTRACT

Localization of the Arabidopsis tRNA nucleotidyltransferase in plant cells and
characterization of a novel Arabidopsis protein (Gim1p) interacting with tRNA
nucleotidyltransferase

Antonino Sabetti

The enzyme tRNA nucleotidyltransferase catalyzes the addition of CMP and
AMP residues to the 3° end of immature tRNAs. In eukaryotic cells, the nuclear.
mitochondrial and  chloroplast genomes all encode tRNAs and tRNA
nucleotidyltransferase is therefore required in these compartments as well as in the
cytosol In yeast, one gene codes for the tRNA nucleotidyltransferase that functions in
the nucleus, mitochondrion and 'cytosol. As a single gene coding for tRNA
nucleotidyltransferase has been identified in Arabidopsis, we were interested in
determining whether its gene product(s) is(are) targeted to multiple locations. Protoplast
transformation ~ experiments  using a  green fluorescent  protein tRNA
nucleotidyltransferase fusion protein suggests that, as in yeast, both mitochondrial and
nuclear targeting information are encoded by the Arabidopsis tRNA
nucleotidyltransferase.  In addition, this protein also appears to be targeted to the
chloroplast.

The Arabidopsis homologue of the yeast Gimlp which has been shown in a yeast
two-hybrid assay to interact with the Arabidopsis tRNA nucleotidyltransferase (Gu,
2000), complemented a cold and benomyl-sensitive defect in the yeast G/IAf/ gene. The

two-hybrid interaction between the Arabidopsis Gimlp homologue and the Arabidopsis

il



tRNA nucleotidyltransferase was shown to be dependent on the presence of the yeast
Gim5p. This observation may suggest that the interaction between Gimlp and tRNA
nucleotidyltransferase requires the Genes Involved in Microtubule assembly Complex

(GIMC) of which both Gim1p and GimSp are components.
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ABBREVIATIONS

aa -Amino acid

bp -Base pair

Em  -emerald

H,0 -Water

g -Gram

GFP  -green fluorescent protein
His  -histidine

Leu -leucine

mGFP -modified green fluorescent protein
min  -minute

OD  -optical density

PCR -Polymerase chain reaction
PEG -Polyethleneglycol

rpm  -Revolutions per minute
SC  -Synthetic complete

TBE -Trnis/Borate/EDTA

TE -Tns/EDTA

Trp  -tryptophan

YPD -Yeast extract/peptone/dextrose
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Introduction

Transfer ribonucleic acids (tRNAs) are low molecular weight molecules with a
conserved three-dimensional structure (Soll and RajBahandary, 1995). Their primary
role is to act as adaptor molecules in protein synthesis by being the direct interface
between the amino acid sequence and the information contained in DNA (Soll and
RajBahandary, 1995). The biological properties of tRNAs from biosynthesis to function
are well defined.

Before a tRNA can function it must go through a number of maturation events
mediated by enzymes. In addition, after maturation, tRNAs interact with other proteins
(e.g., ribosomal proteins) as they carry out their functions. [ am interested primarily in
one enzyme, tRNA nucleotidyltransferase, which catalyzes a specific step in tRNA
maturation, and any proteins that may interact with tRNA nucleotidyltransferase during
its biosynthesis or functioning. [ will begin by placing tRNA nucleotidyltransferase in the

broader picture of tRNA biosynthesis.

1. Transfer RNA Maturation

Transfer RNA synthesis is a multi-step process in which tRNA genes are
transcribed, specific bases on the transcripts are modified and leader, trailer and intron
sequences (if present) are removed. Many features of tRNA maturation are widely
conserved over great evolutionary distances from archaea to eukaryotes to eubacteria

(Martin, 1995). Initially, tRNA genes are transcribed as precursors containing additional



residues at both the 5’ and 3’ ends that must be removed by processing enzymes
(Deutscher, 1984). One well characterized processing enzyme, RNase P (Guerrier-
Takada et al., 1983, Woese et al., 1990), functions to form the mature 5’ end of a tRNA
by cleaving pre-tRNAs at specific sites. All cells that synthesize tRNAs are presumed to
contain RNase P (Frank and Pace, 1998). Processing enzymes must also modify the
3’ends of tRNAs. In eubactenial cells this is a simple process involving endonucleolytic
cleavage by RNase III and RNase E (Ray and Apirion, 1981a,b, Apiron and Miczak,
1993, Deutscher, 1995) followed by exonucleolytic trimming by additional RNases and
polynucleotide phosphorylase (Deutscher, 1990). In eukaryotes, 3’ processing is more
complex using either exonucleases (Garber and Altman, 1979, Engelke er al., 1985) or
endonucleases (Schurer et al, 2001). Characterization of 3’ processing in yeast
demonstrated that while endonucleases are preferred an additional 3" exonucleolytic
cleavage pathway exists (Schurer ¢t al., 2001).

Along with the removal of 5° and 3’ flanking regions, bases may need to be
modified before a tRNA is functional. Several experiments have been performed that
implicate these modifications in the various interactions in which tRNAs are involved
(reviewed by Bjork, 1995). Modified nucleosides can be found in all phylogenic
domains and in identical positions of tRNAs suggesting a conserved function of some
tRNA modifications (Bjork, 1986, Bjork e al., 2001). For example, the S-methyluridine
residue at position 54 (m’U54) is a highly conserved feature of eukaryotic and eubacterial
tRNAs and the presence of this modification influences the fidelity and rate of protein
synthesis as well as the stability of tRNA (Davanloo er al., 1979, Kersten et al., 1981,

Johansson and Bystrom, 2002). Base modifications may occur at various stages of
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processing (Deutscher, 1995).  For instance, the injection of a tRNA
Xenopus laevis oocytes demonstrated that all base modifications except those involving
the anticodon region occurred before splicing (Melton e al., 1980). Some tRNAs contain
introns and undergo additional steps to remove the introns (Deutscher, 1990). After
transcription and processing any tRNAs that lack a 3’ cytidine-cytidine-adenosine (CCA)
at the acceptor stem must have this added by ATP(CTP): tRNA nucleotidyltransferase.
The addition by tRNA nucleotidyltransferase of CMP and AMP residues onto
tRNAs that have an incomplete CCA sequence at their 3’ terminus is necessary in protein
synthesis because this addition enables the correct positioning of peptidyl tRNA at the P-
site and aminoacyl tRNA at the A site (Nagaike ef al., 2001, Nissen ¢/ al., 2000, Samaha
et al., 1995). In E. coli, yeast and Sulfolobus shibatae CCA addition has been shown to
be achieved by the recognition of the elbow region of the tRNA formed by the D- and T-
loops (Nagaike er al., 2001, Nissen et al., 2000, Samaha ¢t al., 1995). This explains the
ability of the enzyme to add the CCA sequence regardless of the amino acid acceptor
specificity. The CCA-adding enzyme, tRNA nucleotidyltransferase, shares some regions
of sequence similarity between eubacteria, eukarya and archaea (Shi er al., 1998). In
E.coli, tRNA nucleotidyltransferase has been extensively studied and is one of the best-
characterized tRNA maturation enzymes (Williams and Schofield, 1977). It also has
been studied in other organisms such as yeast (Chen er al., 1990), Sulfolobus shibatae
(Shi et al., 1998, Seth et al., 2002), rabbit (Masiakowski and Deutscher, 1980), rat
(Mukerji and Deutscher, 1972), wheat (Dullin et al., 1975) and lupin (Cudny ¢t al., 1978,
Shanmugam e al., 1996). In E. coli, all tRNA genes encode the 3° CCA sequence and

thus tRNA nucleotidyltransferase is not coded for by an essential gene in this organism
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(Zhu and Deutscher, 1987). Although tRNA nucleotidyltransferase is not essential in £
coli it does have a repair function there (Zhu and Deutscher, 1987). In contrast, tRNA
nucleotidyltransterase is essential in some other eubacteria, archaea and in all eukaryotic
organisms whose genes lack the CCA sequence (Sprinzi ef al., 1998) such that it must be

added post-transcriptionally by tRNA nucleotidyltransferase.

2. Compartmentalized tRNA maturation

While the reactions described for tRNA maturation take place in prokaryotic
organisms, the compartmentalization of eukaryotic cells adds an extra level of complexity
to this process. Eukaryotic tRNAs are encoded in the nuclear, mitochondrial and
chloroplast (when present) genomes (Sprinzl et al., 1998), therefore, tRNA maturation in
eukaryotes is a more complicated process requiring the movement of proteins and RNAs
from one intracellular compartment to another.

The mechanism by which tRNAs leave the nucleus has been studied extensively
(Kruse ef al., 2000) and can be related to what is known about the well characterized
mechanisms of mRNA maturation (reviewed in Dreyfuss ¢s al., 2002). The tRNA
maturation process involves the association of various proteins and protein complexes
(Figure 1) and these proteins may not only assist in modification of the tRNA but also in
its migration and transport (Kruse et al., 2000). Upon export many of the associated
proteins stay bound to the tRNA while others dissociate (Kruse et al 2000).

The proteins that interact with tRNAs destined for export from the nucleus are

synthesized on cytosolic ribosomes and must, therefore, first be transported into the



Nucleus

_— | EF1
Vigilin
((Ribo \
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Figure 1: A current model highlighting the role of vigilin in tRNA export from the
nucleus. Vigilin is presumed to associate with NLS receptors (importin « and p) which
mediate import into the nucleus via a nuclear pore complex. Once inside the nucleus,
vigilin, associates with other proteins (EF-1 aand exportin-t) and tRNA forming a
nuclear transfer nibonucleoprotein complex (tRNPx) for export from the nucleus. Once
outside the nucleus some factors dissociate (e.g., exportin-t) and others such as
translation factors (EF-l«, EF-1p, EF-ly and EF-15) associate forming the cytosolic
tRNP (tRNPc) which can interact with the ribosome to deliver the aminoacyl-tRNA for
polypeptide synthesis (Kruse et al., 2000).



nucleus. Vigilin (Figure 1) represents a protein thought to be involved in tRNA export
from the nucleus (Kruse et al., 2000). This protein is made in the cytoplasm, translocated
into the nucleus, via a nuclear pore complex, by interactions with other associated
proteins such as the importin a and f families (Arts er a/, 1998, Kutay er al., 1998).
Once inside the nucleus it dissociates from this import complex and associates with a
tRNA which, in combination with a number of other proteins (e.g., EF-1 a, exportin-t),
as well as with other as yet unidentified proteins, can then be exported to the cytosol.
Loslp, which is similar to the importin B family of proteins and is the yeast homologue of
exportin-t (Sarkar e al., 1998, Feng and Hopper., 2002), has been shown to interact with
tRNAs. When the human Loslp homologue, exportin-t, which is 19% similar to the yeast
Loslp, was overexpressed in Xenopus oocytes and in HeLa cells it facilitated the export
of tRNA from the nucleus to the cytosol (Arts er al , 1998, Kutay er al., 1998). As the
LOS! gene is not an essential gene in yeast (Hurt et al., 1987), there must exist an
additional mechanism for tRNA transport. Once tRNA has reached the cytoplasm some
proteins (e.g., EFl and vigilin) remain bound to the tRNA to attract other unidentified
proteins while other proteins dissociate from the tRNA complex (Kruse er al., 2000).
Clearly, a large number of proteins are involved in tRNA synthesis, maturation and
transport. It is possible that some of these proteins will interact with one another in
addition to interacting with the tRNA.

Movement of these molecules between the nucleus and the cytoplasm is a signal-
mediated process with possible localization signals within the interacting proteins (Feng
and Hopper, 2002). In our lab we are interested in the proteins involved in tRNA

maturation in general and specifically, in my case, in the properties and targeting of the



CCA-adding enzyme, ATP(CTP):tRNA nucleotidyltransferase, which has been found in

the nucleus, mitochondrion and chloroplast.

3. Localization and targeting of tRNA nucleotidyltransferase

Although chloroplasts and mitochondria contain their own tRNA genes, many of
the proteins involved in the maturation of chloroplast and mitochondrial tRNAs are
encoded in the nucleus, synthesized in the cytosol and finally imported into these
organelles. One enzyme that is transported into these organelles, as well as into the
nucleus, is the modifying enzyme ATP(CTP): tRNA nucleotidyltransferase.

[n yeast, one gene (('C’A/) codes for nuclear, mitochondrial and cytosolic forms
of this enzyme (Chen er al., 1992). The CCAl gene has three in frame start codons such
that initiation of protein synthesis from the different start codons leads to three different
forms of Ccalp (Chen er al, 1992, Wolfe et al., 1994). Ccalp-I (protein product from
the first start codon) is located primarily in the mitochondrion, but a portion of it is
detected in the cytosol and nucleus. In contrast, Ccalp-II (protein product from the
second start codon) and Ccalp-lil (protein product from the third start codon) are
primarily found in the cytosol with a smaller fraction located in the nucleus (Wolfe er al..
1994, 1996)

Recently, the gene (Theologis er al., 2000) and two cDNAs (Gu, 2000, Lam et al.,
2001) encoding the Arabidopsis thaliana tRNA nucleotidyltransferase have been
completely sequenced. The predicted protein products show high similarity with the

lupin and yeast forms of the enzyme (Figure 2). Detailed sequence analysis revealed that
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Figure 2: Sequence alignment of the Arabidopsis (ATCCAL) lupin (LUPCCA) and S
cerevisiae (SCERCCA) tRNA nucleotidyltransferases. The standard one letter code is
used for amino acids and the numbers indicate the amino acid position within the protein.
Identical amino acids are illustrated with a (*) and similar amino acids by (.). Gaps (-)
are introduced to maximize identity. Sequences in bold are not required for enzyme
activity and are mitochondrial (SCERCCA) or have characteristics of mitochondrial
(ATCCAL, LUPCCA) or chloroplast (ATCCAl, LUPCCA) targeting signals. A
canonical nuclear localization signal is underfined in the lupin protein.
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like the lupin and yeast CCA-adding enzymes, the Arabidopsis thaliana tRNA
nucleotidyltransferase could contain a possible amino-terminal organellar targeting signal

(Gu, 2000) (bold in Figure 2). Although no nuclear localization signal (NLS) has been
identified in the Arabidopsis thaliana protein, it seems likely that this protein does
contain an NLS in the same relative position as the canonical nuclear localization signal
in the lupin sequence (Figure 2). The possibility, therefore exists that, as in yeast, the
CCA-adding enzyme in Arabidopsis thaliana could be targeted to multiple cellular

destinations.

4. Protein Targeting

The targeting of proteins to specific cellular compartments has been the subject of
intense research and the Nobel Prize in Physiology or Medicine was awarded in this field
in 1999. Intracellular transport is essential in the proper function of proteins within the
cell. If a protein cannot reach its proper destination, cellular function can be impaired.
Targeting signals on a protein as well as additional accessory proteins that recognize
these signals allow a protein to go to specific cellular destinations. [ will discuss the
targeting of proteins with reference to locations in the cell to which tRNA

nucleotidyltransferase may be targeted.

i) Nuclear Targeting
Macromolecules such as proteins and RNAs move in and out of the nucleus

through the nuclear pore complex (NPC), which forms a channel for bi-directional
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movement (Heese-Peck and Raikhel, 1998). Targeting to the nucleus is a multi-step
process. One well-characterized pathway involves binding of the targeted protein to a
heterodimeric receptor, followed by translocation through the nuclear pore complex and
finally dissociation into the nucleus (Figure 3) (Schlenstedt, 1996, Nigg, 1997). Nuclear-
targeted proteins have nuclear localization signals (NLSs) that are characterized by
having one or more clusters of basic amino acids which may interact with the importin-
B family of proteins along with additional factors for delivery to and through the nuclear
pore complex where they can possibly associate with additional factors in export or

folding (Dingwall and Laskey, 1991).

ii) Mitochondria Targeting

Protein targeting to the mitochondrion is also a multi-step process which involves
1) the synthesis of the precursor protein containing a mitochondrial targeting signal, 2)
interaction of the protein with additional factors to induce recognition at the
mitochondrial membrane, 3) passing of the protein through the membrane, 4) processing
of the precursor protein and 5) assembly of the mature protein (Figure 4) (Zhang and
Glaser, 2002). Mitochondrial targeting signals (MTSs) lack acidic residues and contain
many basic, hydroxylated and hydrophobic amino acids (von Heijne er al., 1989) and are
often found at the amino terminus of proteins. Structurally, MTSs contain two domains:
one which can potentially fold into an amphiphilic helix with one positively charged and

one apolar face in contact with either lipids or other proteins (von Heijne, 1986) and
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Figure 3: Model for the nuclear import of proteins. (A) The recognition of a protein
containing a nuclear localization signal (NLS) by an importin o and P heterodimer to
form a complex for docking at the nuclear pore complex (NPC). (B) Translocation
through the NPC is energy dependant requiring Ran, NTF2 and Ran binding proteins as
well as components of the NPC. (C) Afier translocation both importin « and B dissociate
and retumn to the cytoplasm for additional import. N represents the nucieus and C the

cytosol (Nigg, 1997).
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Figure 4: Model for protein import into the mitochondrion or chloroplast. Many proteins
are synthesized in the cytosol and interact with cytosolic Hsp70 (Hsc70) in cooperation
with other chaperones to keep the precursor protein in an import competent state. When
proteins are imported into the mitochondrion the Tom complex (Tom 70, 40, 20, 9, 8, 7
and 6) functions as a receptor (Tom 20) and as a channel (Tom 40) for protein import.
Once across the outer membrane (OM) the protein interacts with innermembrane space
(IMS) proteins (Tim8-13) which assist in its next interaction with innermembrane (IM)
proteins (Tim17, 23 and 44) and results in translocation into the mitochondrial matrix.
Once in the matrix, mitochondrial Hsp70 (mHsp70) in conjuction with co-chaperones
MDJ and MGE (homologues of the bacterial DnaJ and GrpE, respectively) interact with
incoming presequences and possibly trigger its unfolding for mitochondrial processing
peptidase (MPP). For import of proteins into the chloroplast a similar mechanism occurs
with various different proteins. Precursors first are transported to the outer envelope
(OE) through the interaction with Hsc70 and 14-3-3 proteins. Once there, they are
recognized by Toc 64, transferred first to Toc34 or 160 and finally to the Toc75 channel.
The protein traverses through the inner envelope (IE) into the stroma by way of Tic
complex (Ticll0, 59, 40, 22 and 20). Finally in the stroma it associates with stromal
Hsp70 (sHsp70) and possibly CGE and CDJ (bacterial homologues of DnalJ and GrpE
respectively) and the targeting signal is cleaved off by stromal processing peptidase
(SPP) (Zhang and Glaser 2002).
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another which defines a cleavage motif for Mitochondrial Processing Peptidase (MPP).
The amphiphilic nature of the MTS indicates that it can interact with the mitochondrial
membrane and may be a part of the mechanism of protein import (Glaser ¢t al., 1998). In
rat liver mitochondnia, the amphiphilic helix is sufficient for import while in soybean
mitochondria it is not (Tanudji ¢ al., 1999) suggesting a role for additional proteins in
plants. In plants, other steps such as binding to specific chaperones, also may be
involved in specificity for mitochondria targeting (Tanudji et al., 1999). Accessory
proteins such as Hsp70 and Hsp40 which keep the precursors in an import competent
state (Artigues et al., 2002) may be required (¢.g., Hsc70 in Figure 4). The mitochondrial
membrane contains receptor proteins that recognize precursor proteins in a similar
manner to the importin-B family of proteins. These receptors include a Transport Quter
Membrane (TOM) complex, which assists in the translocation through the membrane
where another set of proteins, Transport Inner Membrane (TIM) complex, compliete the
transfer through the membrane where finally MPP cleave the protein (Artigues er al

2002, Neupert and Brunner, 2002, Zhang and Glaser, 2002).

iii) Chloroplast Targeting

While import into the chioroplast involves the association of various protein
complexes in a similar manner to that of mitochondrial import (Artigues er al., 2002),
chioroplast targeting is slightly more complex. It has been shown that import into the
chloroplast occurs post-translationally (Schmidt er a/., 1986). As with mitochondria the
import of proteins into the chloroplast is a multi-step process involving 1) binding of the

precursor protein to the organelle surface, 2) transiocation between the two envelope
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membranes, 3) proteolytic processing of the precursor protein and 4) if necessary,
translocation across the thylakoid membrane (Figure 4) (Zhang and Giaser, 2002).
Chloroplast targeting signals (CTSs) are generally amino-terminal and lack acidic
residues, but contain basic and hydroxylated residues and more serine and threonine
residues than do MTSs (von Heijne er al., 1989). Generally, CTSs contain an uncharged
amino terminus, a variable central domain containing many serines and a carboxy
terminus of 8 to 10 residues, which can potentially fold into an amphiphilic beta-strand
(von Heijne er al., 1989). Similar to mitochondnal import, accessory proteins such as
Hsc70 (heat shock cytosolic protein 70) and 14-3-3 (a molecular chaperone that
modulates interaction between components of the signal transduction pathway) are
involved in transporting chloroplast-targeted proteins (Figure 4).

Mitochondrial and chloroplast targeting signals have similar properties but are
different enough such that proteins are targeted to their appropriate intracellular
destination within the plant and not to the wrong location (Neupert, 1997, Keegstra and
Cline, 1999, Filho et al., 1996). However, there are proteins encoded by a single gene
that must be targeted to both mitochondria and chloroplasts. For example, glutathione
reductase in pea functions in the cytosol, mitochondrion and chloroplast. in this case a
single targeting signal directs this protein to both mitochondria and chioropliasts (Creissen
et al, 1995). There are other examples of proteins shared between multiple cellular
compartments in plants. For example, carrot dihydrofolate reductase-thymidylate
synthase, a bifunctional protein involved in dTMP synthesis is found in both the nucleus
and chloroplast (Luo et al., 1997). This is done by producing two sets of transcripts from

the DHFR-TS gene, the long transcript codes for a protein containing a chloroplast
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targeting sequence while the short transcript codes for a nuclear version of the protein
lacking the chloroplast targeting signal (Luo e al., 1997). Also, /PSl (famesyl-
diphosphate synthase) is an Arabidopsis gene with two in frame start codons which result
in a long transcript generating a protein that is targeted to the mitochondria and the short
transcript generating a protein for the cytosol (Cunillera ¢r al, 1997). These two
examples show a similar mechanism to what was described previous for targeting of
tRNA nucleotidyltransferase to mitochondria and the nucleus in yeast where the
additional amino-terminal amino acids code for the targeting information that directs the
protein to the mitochondrion. Similanly, in Arabidopsis, enzymes involved in tRNA
synthesis and function have been shown to be sorting isozymes, ‘.e. a single gene may
generate proteins targeted to multiple distinct cellular compartments. For example, valyl-
tRNA, threonyl-tRNA, alanyl-tRNA and glycyl-tRNA synthetases are all sorting
isozymes and function in the cytosol and mitochondrion while arginyl-tRNA synthetase
functions in the mitochondrion, chloroplast and cytosol (see Small ¢r al., 1998 for
review). However, as yet no sorting isozyme has been identified that functions in the
cytosol, mitochondrion, chloroplast and nucleus. Due to its role in tRNA biosynthesis
and repair, tRNA nucleotidyltransferase may represent the first such example.

As described previously, in addition to the targeting information (NLS, MTS or
CTS) contained on any specific protein there are a number of accessory proteins that are
involved in protein targeting. One class of proteins that has been shown to be involved in

this process is molecular chaperones.



S. Molecular Chaperones

The folding process and the correct assembly of many polypeptides are dependent
on molecular chaperones (reviewed in Gething and Sambrook, 1992, Hartl, 1996, Bukau
and Horwich, 1998). These are proteins that, through their interactions, either prevent the
improper folding or assist in the proper folding of various other proteins (Vainberg e al.,
1998). Molecular chaperones are of great importance and have many roles in protein
folding, protein trafficking (intracellular transport), the interaction of proteins with other
cellular components and in conformation changes of some proteins (Hendrick ¢r al.,
1993). Chaperonins are one major class of molecular chaperones that have been well
charactenized. They are involved primarily in assisting protein folding by providing a
sequestered environment where folding can proceed unimpaired (Agashe and Hartl,
2000). Chaperonins can be divided into two groups: group | (GroEL-like) found in
eubacteria and endosymbiotic organelles (Bukau and Horwich, 1998, Ellis and Hartl,
1999) and group II (TriC/CCT) found in the cytosol of eukaryotic cells (Gutsche ¢r al.,
1999 and Willison, 1999). Chaperonins interact with other molecular chaperones to
perform various cellular functions by assisting in overcoming kinetic barriers in the
folding process (Bukau and Horwich, 1998). Group Il chaperonins have been
demonstrated to interact with the Prefoldin or GIMC (Genes Involved in Microtubule
biogenesis Complex) family of chaperone proteins (Siegers et al., 1999) and also mediate
protein folding and are involved in binding to and transferring target proteins to cytosolic
chaperonins (Vainberg er al/, 1998 and Siegers et al., 1999). Prefoldin or GIMC

chaperone proteins have been isolated as heterohexameric complexes from cows
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(Vainberg et al., 1998) and yeast (Siegers et al., 1999). The yeast GIMC is assembled as
an alpha dimer (Pac!Op and GimS5Sp) surrounded by four beta subunits (Gimlp, Gim3p,
Gim4p, and Pfd1p) which may suggest a multi-purpose role for this complex in that each
protein in the complex may mediate a different function (Siegert es al., 2000). The
Prefoldin or GIMC seems to be conserved evolutionarily because there is a similar
complex found in the archaebacterium Methanobacterium thermoautotrophicum (Leroux
et al., 1999) and eubacteria (Vainberg er al., 1998). The M. thermoautotrophicum form
of this complex is simplified as compared to the eukaryotic complex because the alpha
and beta subunits each contain only one protein (Figure 5) (Leroux et a/., 1999).

The GIM complex in yeast has been best characterized through its interaction
with TriC (T-complex polypeptide | (TCP-1) ring complex) or CCT (Cytosolic
chaperonin containing TCP-1), known chaperones that interact in a subunit specific
manner with actin and tubulin (Siegers e¢f al/., 1999, Geissler ¢t al, 1998). The GIMC
protein complex in cooperation with TrC/CCT enables the folding of a- and v-tubulin,
their assembly into a heterodimer and finally the formation of the microtubule (Solomon,
1991). GIMC interaction accelerates actin folding five fold, prevents the early release of
non-native proteins from TriC (Siegers et a/., 1999) and is essential for cell growth at low
temperatures (Geissler er al., 1998). However, there is increasing evidence that these
chaperones are not limited to binding actin and tubulin but rather may bind additional
unrelated proteins, much like the M. thermoautotrophicum GIMC which interacts with
not only unfolded actin but also unfolded hen lysozyme, bovine mitochondrial rhodanase
and glucose dehydrogenase from 7Thermoplasma acidophilum (Leroux et al., 1999,

Siegert et al., 2000) suggesting a more general role for this complex. Since the simplified
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An archael homologue of GIMC/Prefoldin

Class Archaea Eukaryotes
a Gim a Gim2,5
B Gimf3 Giml,3,4,6

Figure 5: Subunit representation of archaeal and eukaryotic homologues of the GIMC
(Leroux et al., 1999).
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complex in M. thermoautotrophicum has multiple functions, this suggests that a more
intricate complex, such as in eukaryotic organisms, consisting of different proteins would
have even more functions.

Recently, in our laboratory the Arabidopsis homologue of one of the subunits
(GIM1) of this complex was shown through the yeast two-hybrid system to interact with

Arabidopsis tRNA nucleotidyltransferase (Gu, 2000), therefore, [ will focus on GIM /.

6. GIM1

Gimlp has been best studied in yeast where it is also known as YKE2 (Geissler et
al., 1998, Shang et al, 1994). The yeast Gimlp has 114 amino acids and shows
significant sequence similarity with mouse KE2 (Figure 6) (Ha et a/., 1991, Shang et al.,
1994). Geissler ¢r al., (1998) predicted that Gimlp might function in protein folding and
assembly, possibly as a molecular chaperone. Yeast cells with the deleted G/Af/ gene
have phenotypes, such as supersensitivity to benomyl (a microtubule depolymerizing
drug) and cold sensitivity, similar to cells with microtubule defects (Geissler er al., 1998).
The supersensitivity results from decreased levels of a-tubulin, which implies that this
gene product is involved in tubulin formation and microtubule biogenesis (Geissler e al.,
1998). Decreased levels of a tubulin lead to an imbalance in a and P tubulins causing
microtubule defects. As microtubules serve to orient the mitotic spindle in yeast
(Carminati and Stearns, 1997), this results in the misalignment of the mitotic spindle at
cold temperatures, and generates defects in cell division. A yeast gim/ deletion strain

was complemented by the mouse or human (;/M/ homologues (Geissler ¢r al., 1998),
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Gimlp -MSELGAK---=-==--=--~- YQQLINELEEFIVARQKLETRLOENKIVINEE] 38
MGim1p-MAELIQKKLQGEVEK----YQQLQKDLSKSMSGROKLEAQUTENNIVKEE| 46

Gimlp -FDQEEDTPMYKLTINVILPVEQSEARTNVIDKRLE HIETEJITRICEKNIRD] 88
MGim1p-LALUDGSNVVIFKLLIGEVLVKQE LGEARATVGKRILDY[IITAET KRYESQLRD 96
AGimlp-LDLLEEDANVYKLIGPVLVKQDLAEANANVIRKRIEY[T)SAELKRILDAILQD 100

Gimlp -KQEELEKMRSELIKLNN----TARNSTGPGR- 114
MGimlp-LERQSEQQRETLAQURQEFQRAQRAKAPGKA 127
AGimlp-MEEKQNNKRET IMKLQORLQT IQAIGKA--KA 129

Figure 6: Sequence similarity of the yeast, mouse and Arabidopsis Giml proteins. The
predicted Arabidopsis Giml protein (AGimlp) has been aligned with the mouse GIM1p
(Ha et aul. 1991) and yeast Gimlp (Shang er al/.. 1994). The standard one letter code is
used for the amino acids and the numbers indicate the amino acid position within the
protein. Identical amino acids are boxed, similar amino acids are indicated by (.) and gaps
are introduced to maximize alignment. [n total 29 amino acids are identical (22.1 %) and

53 amino acids are similar (40.5 %).



therefore, suggesting conservation among organisms in the function of this gene product.
The GIMC protein complex has been identified in yeast, humans, cows and archaea and it
seems likely that a similar complex exists in Arabidopsis thaliana since homologues for
all of the protein subunits (except pfd1/Gim6p) have been identified at the gene level

(Table 1) (Town et al., 2002).
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7. This Work

As discussed, in addition to defined targeting signals contained on a protein, many other
proteins are involved in directing a protein to its final cellular location. The enzyme
tRNA nucleotidyltransferase is needed for tRNA maturation in many compartments in
plants. Based on what has been shown in yeast (Chen et al., 1992) and lupin
(Shanmugam e/ al, 1996) it seems likely that the Arabidopsis tRNA
nucleotidyltransferase is targeted to multiple subcellular destinations. In this work | have
attempted to define some of the targeting information contained on this protein and to
explore the role of the Arabidopsis homologue of the yeast GimIp which has been shown

to interact with tRNA nucleotidyltransferase.



Materials and Methods

1. Strains and growth media

Saccharomyces cerevisiae strains SGY 101 and HF7c, FEscherichia coli strains
XL2-Blue and JM109 and Agrobacterium tumefaciens strain GV3101 were used in this
work. The relevant genotypes are listed in Table 2. Yeast strains SGY 10! and HF7c
were supplied by Dr. Elmar Schiebel and Dr. Pascale Gaudet, respectively. Jason Boyd
provided the Agrobacterium tumefaciens strain GV3101. [. coli strains XL2-Blue and
JM109 were purchased from Stratagene and Promega, respectively. Growth media used

are listed in Table 3.

2. Plasmids

The yeast centromere plasmid p415-ADH (Figure 7), as well as plasmids pSG55
and pSG72 containing the yeast and mouse /M| genes respectively, in p415-ADH, were
supplied by Dr. Elmar Schiebel. All of these plasmids contain the Z/(/2 gene for
selection and the ADH/ promoter for heterologous gene expression. The Arabidopsis
GIM 1 homologue (Figure 6) (with and without a C-terminal 6X His Tag) was cloned into
the BamHIl and Hindlll sites of the multiple cloning site of p415-ADH to generate
pJSI9H (with the His tag) and pJS19 (without the His tag).

The plant expression vectors pBIN35SmGFP4-ARACCA-Long (containing the

sequence coding for the Arabidopsis tRNA nucleotidyltransferase) or pBIN35SmGFP4-
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Figure 7: Map of p415-ADH expression vector. (A) The plasmid p415-ADH carries the
ADH promoter and is based on pRS414 carrying the L£(/2? gene and Cen6/ARSH4. The
restriction sites of the multiple cloning site are shown between the promoter arrow and
terminator and unique sites are in bold. (B) Map of the promoter (dark box) and C'Y('/
(striped box) terminator expression cassette (Mumberg ¢f al., 1995).



ARACCA-Short (lacking the targeting signal) fused to GFP (generated by Dr. P. Joyce)
and pBIN35SmGFP4-CCA-TS containing only the potential targeting signal (amino
acids 1-68 of the tRNA nucleotidyltransferase) fused to GFP were generated by cloning
the appropriate inserts into the BamHI site of pBIN35SmGFP4 (Haseloff ez al., 1997).
The plant expression vector pBIN35S35S-EmGFP was generously donated by
Alexandre Joyeaux (Universite de Montreal). The inserts of interest (CCA-Long, CCA-
Short and CCA-TS) were cloned into the BamHI site of this vector generating
pBIN35S35SEmGFP-ARACCA-Long,  pBIN35S35SEmGFP-ARACCA-Short  and

pBIN35S35SEmGFP-ARACCA-TS. All plasmids used in this work are listed in Table 4.

3. Polymerase Chain Reaction (PCR)

The templates and primers used to generate the PCR products are listed in Table 5.
To generate the inserts to construct pJSI19 (Arabidopsis GIMI), pJSIOH (Arabidopsis
GIM! with 6X His tag), pBIN35SmGFP4-ARACCA-TS. pBIN35S35SEmGFP-
ARACCA-Long, pBIN35S35SEmGFP-ARACCA-Short and pBIN35S35SEmGFP-
ARACCA-TS each PCR reaction contained 1X Native Pfu buffer (Stratagene), 200 uM
dNTPs, 100 pmoles of each primer, ~10 ng template DNA and 1.25 units of Pfu
polymerase (Stratagene) in a final volume of 50 ul. The samples were overlaid with two
drops of mineral oil and the reaction was performed using a Perkin Elmer DNA thermal

cycler. The following reaction conditions were used: 94°C for 3 min, followed by 30

cycles of denaturing at 94°C for 45 sec, annealing at 37 to 42°C (depending on the
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Table S: Primer Sequences

Oligos Sequence Purpose Restriction site

19A(F) YACGACGGGATCCATGAG 5'end primer of Bam HI
TTCATCGACTG 3’ Arabidopsis GIM |

19A(R) SGAGTAAAGCTTTCAAGC 3' end primer of HindllI
CTTTGCTTTTCC 3' Arabidopsis GIM |

[9A(R )-HIS STCTAGAAAGCTTTCAGT 3' end primer of Hindlll
GGTGATGATGGTGGTGAG Arabidopsis
CCTTTGCTTTTCCTGCCTG (:/M [ containing a 6X His
3 tag

ATGIGFP SGTCGACTGATCATCTAG 5" end primer of Bel 1
AATTCAACAATGATACTA Arabidopsis CCA from
AAAACCATG 3 ATGI

ATG3GFP SGTCGACTGATCATCTAG 5' end primer of Bl |
AATTCAACAATGACGAAT Arabidopsis CCA from
GTTGGAGAGG 3 ATG3

CCA3ZEMGFP  5S'CTGCAGCTGATCAGCCT 3" end primer for Bcll
CTATCCTTTGTCGTTTAGC Arabidopsis CCA
3'

KE2RTF S'AGGCTAATGATCTCGGC 5' end primer of
AAA 3 Arabidopsis GIM! RT -

PCR

KE2RTR SAGAATTGCATCAAGCCG 3' end primer for

TTT3 Arabidopsis GIM1 RT
PCR

Y2H-GIMS (F) STGCTGTGACCCAAACAA 5' end primer for G/IM3
GAAAGAGCACTGTAAAAA disruption with 7RP/
TCAAGCCATGAGATTGTA )

CTGAGAGTGCAC 3'



Table S: Primer Sequences

Oligos Sequence Purpose Restriction site

Y2H-GIMS (R) S'CAAATGAGATATGAAAA 3' end primer for GIMS5
ATCGTAGGAAAAGCAAAA disruption with 7TRP/

GAGTTACCTACTGTGCGG
TATTTCACACCG 3’
GIMS5CONF STGCTGTGACCCAAACAA 5' end primer for
GJ3 confirmation of G/AMS -

disruption in yeast

GIM5CONR S'TGAAAAATCGTAGGAAA 3' end primer for
AGC 3' confirmation of G/M3 -
disruption in yeast

(V%)
W



primers) for 45 sec and elongation at 72°C for | to 2 min depending on the size of the
expected product. The last cycle was finished with 72°C for 10 min. The specific
reaction conditions for each construct are listed in Table 6. PCR amplification of cDNA
generated from various tissues was also carried out as described above except using 1 ug
of each template and a 55°C annealing temperature.

Yeast colony PCR (Akada e¢f al., 2000) was used to identify gene disruptions in
HF7c. Colonies were patched on YPD plates and incubated for 48 h. Approximately 3
mm’ of cells were collected (giving roughly 1 X 10’cells), dissolved in 20 ul of 0.25%
SDS (sodium dodecyl sulfate), vortexed and centrifuged for 30 sec at 14 000 rpm. For
PCR 1 ul of this preparation served as template in 1X Taq buffer (MBI), 1.5 mM MgCl:
(MBI), 0.2 mM dNTPs, 10 pmols of each primer, 1.25 ul 20% Triton X-100 and 1.25
units of Taq polymerase (MBI) in a final volume of 25 ul. The denaturation, elongation
and annealing conditions were as described previously.

To generate products for homologous recombination into the (;/Af5 gene of the yeast
strain HF7c each PCR reaction contained | pl of pRS314 template, i X Taq buffer, 2.5
mM MgCl;, 0.8 mM dNTP, 25 pmols of each primer (Table 4) and 2 units of Taq
polymerase in a final volume of 50 ul. The samples were overlaid with 2 drops of
mineral oil and the reaction was performed using a Perkin Elmer DNA thermal cycler.
The following reaction conditions were used (Brachmann er al., 1998): 94°C for 5 min,
followed by 10 cycles of denaturing at 94°C for | min, annealing at 55°C for | min and
elongation at 72°C for 2 min. This was followed by 20 cycles of denaturing at 94°C for 1

min, annealing 65°C for | min and elongation at 72°C for 2 min. The last cycle was

finished with 72°C for 10 min.



(¢DLV 01 [DLV) [eudis

DoCL UIW] (UOISUIINT fuon SLl-ddD Funadie) jeupuoydsoliw
JoL€ UMW ‘BulEauuy  -vOIVYV-ISVd  -WIEVDD  dADIDLY dq Lot VOO sisdopquay
Dol UNUT (UOISUdIXY Suony d4D €D LV woyj Fuiies
JoL WW ‘BuiEauly  -yIOVYV-ISVA  -WIEVID  ddOEDLV  dqo6oi~ YNAD VIO stsdopiqoay
Dol UNUT UOISUIIXT fuon 44D DLV woly Juiuels
JoLE MW Buygauuy  -yIOVYV-IS¥d  -WIEVID  ddDIOLY  das68l YNQO VIO swsdopiguay
(€DLV 01 [DLV) [euTis
DoCL U] (UOISUNXT fuo AunaBiel [eupuoydoiw
DoL€ UW Fuleouuy  -vVOOVYV-ISVE  ddDEVID  ddDIDLY dq Loz VOO stsdopiqvay
JoTL UIW] ‘UOISUAIXT g+4 (Se1siH X9
JoTb 295 p Butesuuy M Zv6l SIH-(WVel (dvel  dqoiv~ yum) () sisdoprgoay

DoTL UL ‘UOISUIIXT J+9
JoTl 938 St ‘Buljeauuy M V6l (Wvol (Hvel  dq oot~ INID) sisdopigoay
sarejdwd | YDd ISIAY premioy paldadxy 1onpold

SIouiLlf

SUOINIPUOD UOIIIEIN UTEYD ISBIIWA0] 9 qu ],



DoCL UIWLT (UOISUIIXT
DS S ulw| Jureauuy

DoCL UILIZ UOISUIXT
DoSS utwi | Suijesuuy

Doll UIW] (UOISUIIXT
DoSs uiw| Suljeauuy

Dol ULZ (UOISUIXT
D0§9 utw| :Juyeauuy
Dol UIWZ UOISUIIXT
Jo$§ Ul :Suieauuy

YNOISWID ANOISWID  dqooL ~

UNOOSIID ANOISKID Pt~

auad ¢yyrr) adk piim

auad ¢yyyr) pardrusip

aweyy Suipeas
uado 770 Jo uoidal

udld /3]

(vl (Dver  dqooL ~
(WSWID (1)
rlesyd "HTA  SIWID-HTA dggre ~
sdigidwa | ¥YOd 3SINNY pilemioj  paoadxy
slowig

19Npoig

SUOINPUO0D UOIIILIL UIRYD ISLIWA|04 9 Iqe ]



After completion of each PCR amplification an aliquot (5 ul) of each PCR mix or, in
the case of colony PCR, the entire mix was used to confirm by agarose gel
electrophoresis the presence of the desired fragment. To the remainder of the sample an
equal volume of water and either 10 pul of 3 M sodium acetate or 50 ul of 7.5 M
ammonium acetate was added. The sample was mixed, phenol extracted twice with equal
volumes of phenol and subjected to ether extraction to remove residual phenol. The
sample was air dried for 2 minutes and then precipitated by adding 2 volumes of 99%
ethanol with incubation at -70°C for | hour. Samples were centrifuged at 14 000 rpm for
30 min at 4°C, decanted, washed with 80% ethanol, desiccated and resuspended in the
desired volume (10-50 pl) of sterile water. For gene disruptions, the samples were

ethanol precipitated a second time to remove any residual phenol.

4. Restriction digestions

The restriction enzymes used were purchased from MBI or NEB. DNA samples (0.2-
2 pg) were incubated with 1X reaction buffer and 2-5 units of enzyme in a final volume
of 10 ul. The mixture was incubated at the temperatures indicated by the supplier. To
generate pJS19 (Arabidopsis GIM1) and pJS19H (Arabidopsis GIM! with 6X His tag),
the PCR products and plasmid (p415-ADH) were digested with BamHI and Hindlil. To
construct  pBIN35SmGFP4-ARACCA-TS, pBIN35S3SSEmGFP-ARACCA-Long,
pBIN35S35SEmGFP-ARACCA-Short and pBIN35S35SEmGFP-ARACCA-TS the PCR

products were digested with Bc/ [ and pBIN35S3SSEmGFP was digested with BamHI.
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The plasmids were dephosphorylated to prevent self-ligation. All restriction digestions
were confirmed by electrophoresis at 95 volts for 30-60 min on a 1% agarose TBE (50

mM Tris, S0 mM boric acid, | mM EDTA) gel containing 1 pg/ml ethidium bromide.

S. Phenol freeze fracture (Bewsey eral., 1991)

In summary, after electrophoresis the DNA fragment of interest was excised from the
agarose gel and placed in a 1.5 ml Eppendorf tube to which 300-400 ul of phenol was
added. The fragment was vortexed for about 2 min, stored at -70°C for a minimum of 30
min and then thawed at 37°C for 10 min. An additional 300-400 pl of phenol was added,
the sample vortexed, placed at -70°C as described previously, and finally thawed again.
At this point, 100-200 ul of water and 50 ul of 3 M sodium acetate were added. the
sample was vortexed and centrifuged at 14 000 rpm for 10 min at 4°C. The aqueous
phase was collected and extracted twice with phenol and twice with ether followed by
ethanol precipitation as described previously. Finally, the fragment was resuspended in

the desired volume of sterile water (10-20 pl).

6. Ligation

Ligations were performed according to the protocol supplied with T4 DNA ligase
(MBI). Insert (100-500 ng) and plasmid (10-60 ng) were mixed with 1X ligase buffer,

2.5 units of ligase (MBI) and 0.25 mM ATP in a final volume of 20 ul and incubated at

4°C overnight.
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7. E. coli transformation (Sambrook ¢t al., 1989)

Ligation mixtures (5 pl) or 50 ng of plasmid DNA were incubated for 30 min on
ice with 45 ul of competent XL2-Blue cells (prepared by Dr. Pamela Hanic). The cells
were then heat shocked at 42°C for 1.5 minutes, an additional 900 ul of YT (Table 3) was
added and the cells incubated at 37°C with shaking for 45 minutes. The cells were
centrifuged at 14 000 rpm for | min, 800 pl of the aqueous phase was removed and the
pellet was resuspended in the remaining liquid. The transformed cells were plated on YT
agar plates (Table 3) containing the appropriate antibiotic (50 ug/ml Ampicillin or 50

ug/ml Kanamycin) and incubated at 37°C overnight.

8. Plasmid preparation

i) High copy number plasmids

A single colony was inoculated into a 50 ml Falcon screw cap tube containing 5
ml of YT with the desired antibiotic and incubated overnight at 37°C with shaking at 225
rpm.  Plasmid DNA was isolated using the protocol supplied with the commercial
SpinPrep Plasmid Kit (Novagen) with the following modification: plasmid was eluted
with 2 aliquots of 30 ul of prewarmed (60°C) Elution buffer C at step 12 giving 60 pl of

plasmid DNA at a concentration of 1-2 pg/ul.
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ii) Low copy number plasmids (Krieg and Melton, 1991)

A single colony from the transformation was inoculated into 200 ml YT
containing the appropriate antibiotic and incubated overnight at 37°C with shaking at 225
rpm. Plasmid DNA was isolated from the cells using the double stranded DNA template
preparation procedure in the Promega protocols and applications guide (1991). Pellets
were resuspended in 30-60 pl of sterile H>O to give a final concentration between -2
pg/ul.

iii) EndoFree plasmids

Plasmids for transformation into tobacco protoplasts were prepared using the
EndoFree Maxi Kit from Qiagen. The procedure was as described in the protocol
supplied and the pellet was resuspended in 300 pl of supplied TE (10 mM Tris, | mM

EDTA).

9. Preparation of competent yeast cells

Yeast competent cells were prepared according to Schiestl and Gietz (1989). All
steps were performed using sterile technique. A single colony was inoculated into 5 ml
of YPD (Table 3) and incubated at 30°C with shaking at 225 rpm until stationary phase
(48 h). An aliquot of this (350 ul) was used to inoculate 300 ml of YPD and incubated at
30°C until an ODg4o of 0.2-0.9 was reached. The culture was centrifuged at 5000 rpm for
10 min at room temperature using a JA-14 rotor in a Beckmen J2HS centrifuge. The

pellet was washed twice with 150 ml of sterile distilled water, pelleted and resuspended
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in sterile water to a final volume of 2.7 ml. To this 300 ul of IM LiAc (pH 7.5) was
added and incubated at 30°C for 15 min. The cells were mixed, divided into 500 ul
aliquots, centrifuged for 30 sec at 14 000 rpm and each pellet resuspended in 0.1 M LiAc
(pH 7.5) to a final volume of 250 ul. Glycerol was added to a final concentration of 15-

20% and the cells were stored at -80°C.

10. Yeast transformation

Yeast cells were transformed using a modification of the protocol developed by
Schiest! and Gietz (1989). All manipulations were performed using sterile technique. A
50 pl aliquot of competent cells (prepared as described above) were centrifuged at 14 000
rpm for 30 sec at room temperature. The supernatant was discarded and the following
reagents were layered on the pellet: 240 ul 50% w/v PEG 4000, 36 ul | M LiAc (pH 7.5),
50 ug of herring sperm DNA and 5-10 g of plasmid DNA or 20-50 pg of linear DNA
and water to 350 ul. The pellet was resuspended with a pipette and the mixture was
incubated at 30°C for 30 min, heat shocked at 42°C for 15 min and centrifuged at 14 000
rpm for 30 sec. The resulting pellet was resuspended in 400 ul of sterile water and 150 p
aliquots plated onto synthetic complete medium (Table 3) lacking the appropriate amino

acids. The plates were incubated at 30°C for 3-5 days.



11. Complementation of the yeast gim! gene

Plasmids (no insert [p415-ADH], Yeast GIM/! [pSGSS], Mouse GIM! [pSG72],
Arabidopsis GIM! [pJS19] and Arabidopsis GIM! with 6X His tag [pJSI9H]) were
transformed into SGY'101 as described previously. Colonies showing growth on SC-leu
plates (Table 3) were patched onto YPD medium (Table 3), grown overnight at 30°C and
replica plated to YPD medium either with or without 2.5 ug/ml of benomyl and incubated

at 14°C (7 days), 23°C (3 days) or 30°C (overnight).

12. Growth curves

The growth characteristics of transformed yeast cells were determined in two
different ways: 1) Yeast cells were grown in SC-leu medium to stationary phase (2-3
days). An aliquot (2-4 ml) of this culture was inoculated into 100 ml of YPD containing
benomyl (2.5 pg/ml) to give a starting ODsg4y of 0.03-0.08 and the cells were incubated at
various temperatures (14°C, 23°C and 30°C) with shaking at 225 rpm. The cells
subsequently were allowed to double until they reached stationary phase (except for the
cells grown at 14°C which were left until the positive control reached stationary phase).
ODg4o readings were taken every 1-3 h for the 23°C and 30°C grown cells and every 8 h
for the 14°C grown cells. 2) Yeast cells were grown to stationary phase and diluted into
100 ml YPD to an ODs4 of 0.015-0.025 and placed at 30°C with shaking at 225 rpm.

These cells then were allowed to double until they reached early exponential phase

(ODg4o ~0.08) at which point benomyl was added to a final concentration of 2.5 pg/ml
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and the cells were transferred to 14°C and allowed to double until they reached stationary

phase. ODgy readings were taken every [-5 h.

13. Yeast 2-hybrid

Competent HF7c and HF7c GIMS:: TRP1 were prepared as described previously.
Plasmids containing the inserts of interest (pACT14A, pACT19A and pACT108A) were
each co-transformed with pAS2-ARACCA-Long into competent yeast HF7c and HF7c
GIMS5:TRP! as described previously. Both the HF7c and HF7c GIMS: TRPI
transformants were plated on SC-leu-trp-his plates and a two-hybrid interaction was
identified by the ability of the cells to grow in the absence of histidine. The cells were

incubated at 30°C for 3-5 days.

14. Determination of /M1 expression in Arabidopsis tissue

To determine in which tissue the Arabidopsis GIM| gene was expressed, mRNA
from rosette leaves, cauline leaves, floral stems and flowers was extracted (Cashmore et
al., 1980) and reverse transcribed by Dr. Diego Spertini (Concordia University) to
generate cDNA.  Equal amounts of this cDNA (1 ug) were used in PCR reactions as

described previously.
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15. Protein expression and purification of Arabidopsis Gim1p

The £.coli expression vector Plasmid pTric His containing the Arabidopsis GIM1
gene was transformed into XL2-blue as described previously. A S ml YT-Amp (50
ug/ml) starter culture was inoculated with a single colony and incubated at 37°C
overnight. The culture was transferred to 200 ml YT-Amp medium and incubated at
37°C until an ODgyy ~ 0.7 was reached at which point 250 pl of 0.8 M IPTG
(isopropylthio-B-D-galactosidase) was added to induce protein expression. The culture
was incubated for an additional 3 h and centrifuged at 4 500 rpm for 15 min at 4°C in a
Beckman J2-HS JA-10 rotor. The pellet was resuspended in 15 ml of resuspension buffer
(50 mM sodium phosphate [pH 7], 100 mM NaCl and 5 mM imidazole) to which 50 pl of
protease inhibitor cocktail Il (Calbiochem)/g F. coli, 0.15 mM PMSF and | mi lysozyme
buffer (0.012 g lysozyme/ml resuspension buffer) was added. The sample was mixed,
incubated at room temperature for 1S min, sonicated 10 times (10 sec pulse, 20 sec
pause) on ice with a Sonifier 250 (Branson) and centrifuged at 9 500 rpm for 20 min at
4°Cin 2 JA-20. The supernatant was applied to 5-10 ml of Talon CellThru Metal affinity
resin (Clontech) (pre-equilibrated with 1X PBS), and incubated at 4°C for 30 min with
gentle agitation. The slurry was placed in a | cm diameter column and the flow-through
collected. The resin was washed with 60 ml of resuspension buffer and then the protein
was eluted with 20 ml of elution buffer (50 mM sodium phosphate [pH 7], 300 mM NaCl
and 150 mM imidazole). The resin was regenerated by washing with 25 ml of 20 mM
MES buffer (pH 5) containing 0.1 M NaCl and stored at 4°C in 20% ethanol. The eluted

protein was concentrated to an appropriate volume using the Millipore centrifugal filter
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and buffer exchanged at 4°C in 20 mM Tris (pH 8), 150 mM NaCl using a 3 ml 10 000
MW Slidalyzer (Pierce). The sample concentration was determined using the Bradford
Protein assay as recommended by the supplier (BioRad) and each sample was analyzed

by SDS-PAGE (15%) for purity (Figure 8).

16. Circular dichroism spectroscopy

Secondary structure and thermal stability studies were conducted with the Jasco J-
710 Spectropolarimeter, equipped with a thermostatically controlled cell holder. A CD
cell of 200 ul volume and 0.05 cm path length was used. The Arabidopsis GIMIp was at
a concentration of 0.75 mg/ml for analysis. Full spectra were recorded between 190 and
260 nm with the following settings: a scan speed of 50 nm/min, bandwith of 1.0 nm,
response of 0.5 sec and a sensitivity of 100 mdeg. Two accumulations of scans were
taken for the cell and buffer alone and five accumulations for the sample. The sample
was also monitored as it was temperature denatured. The scans were done as described
but the temperature was increased by 5°C increments from 25°C -90°C. The sample was
allowed to equilibrate at each temperature for 5 min prior to scanning. The data were
analyzed using the software supplied with the Jasco instrumentation and buffer and cell
scans were subtracted from the sample. The melting temperature (T,) was calculated
using a plot of the denaturation curves at 222 nm. The percent a-helix was predicted
using the secondary structure prediction program peptool lite version 1.1 from Twist

tools (www.uib.no/People/mblpp/links_old/software hym).
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45 kDa
31 kDa

21.5kDa #
14.5 kDa
6.5 kDa

Figure 8: Polyacrylamide gel (15%) representing purified Arabidopsis Gim! protein.

Lane |: Broad range BioRad prestained SDS-PAGE standard
Lane 2: Purified Arabidopsis Gim| protein
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17. Growth of Arabidopsis

Arabidopsis Col 0 seeds (20-50 ul) were incubated at 4°C in the dark for 2-3 days
and then distnbuted to small pots. The plants were grown under 16 hour light and 8 hour
dark for 2 weeks or until primary bolts emerged. Plants were watered every 2 days and
given 20/20/20 (N/P/K) fertilizer (1 g/l) every 2 weeks. Primary bolts were cut to
encourage proliferation of secondary bolts and the above ground part of the plants was

dipped 4-6 days after clipping.

18. Preparation of competent Agrobacterium (Clough and Bent, 1998, modified from

Bechtold et al., 1993)

A single colony of Agrobacterium strain GV3101 was inoculated into 5 ml LB
containing gentamycin (25 pg/ml) and incubated at 28°C for 2 days. The sample was
divided into 350 pl aliquots and 50% glycerol was added to a final concentration of 15%
prior to storing at -70°C. To prepare competent cells 200 ml of LB containing
gentamycin (25 pg/ml) was inoculated with 100 ul of GV3101 freezer stock. The culture
was incubated at 28°C until an ODggo of 0.6-0.9 was reached. The cells were centrifuged
at 3000 rpm (JA-14) for 10 min at 4°C. The pellet was resuspended in 1 ml of sterile 20

mM CaCly, placed in liquid nitrogen for 10 sec and then stored at -70°C.
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19. Agrobacterium and Arabidopsis Transformation

Plasmid DNA (0.5-3 pg) was added to a 50 pl aliquot of competent GV3101. The
sample was frozen in liquid nitrogen for | min, thawed at 37°C for S min and then 500 pl
of LB and gentamycin (25 pg/ml) was added with incubation at 28°C for 3.5 hrs.
Aliquots (250 pl) of the transformed cells were plated on minimal AB medium (Table 3)
containing gentamycin (25 pg/ml) and kanamycin (50 pg/ml) and incubated at 28°C for
2-4 days.

Long day grown Col 0 Arabidupsis plants were used for Agrobacterium
transformation. A small liquid culture (10 ml) of minimal AB containing 25 pg/ml
gentamycin and 50 pg/ml kanamycin was inoculated with Agrobacterium GV3101
carrying the plasmid of interest and incubated at 28°C until stationary phase. This was
then transferred to a large liquid culture (500 ml) and incubated once again at 28°C until
stationary phase was reached. The Agrobacterium was centrifuged at 7000 rpm (JA-14)
and the peliet resuspended to an ODsgo of 0.8 in fresh 5% sucrose. Silwett L-77 was
added to a concentration of 0.05%. The Agrobacterium solution was poured into a plastic
container and the above ground part of the plant was dipped for 2-5 sec. The dipped
plants were covered with plastic wrap and grown normally. When the plants became
mature they were set aside and allowed to dry. The dry seeds from each transformed line
were harvested and collected in an Eppendorf tube and stored in the dark at room

temperature.



20. Selection of transformants

Seeds (20 ul) were placed in a sterile Eppendorf tube to which 1 ml of
sterilization solution (1.05% sodium hypochlorite and 0.02% SDS) was added and
incubated at room temperature with gentle mixing for 10 min. The seeds were allowed to
settle, washed 5 times with sterile water and incubated at 4°C in the dark for 3 days.
Transformants were selected by plating the seeds on MS selection medium containing 50
pg/ml kanamycin. The green plants were retained while yellow ones were discarded (5-7
days). The transformed plants were placed in soil and grown to seed under normal long

day conditions.

21. Localization in tobacco protoplasts

All solutions for this procedure were sterile and each step was done aseptically in
a laminar flow hood. Four week old tobacco plants were used for protoplast formation.
Leaves were harvested and the upper surface gently brushed on Whatman paper with
carborundum (silicon carbide) using a fine paintbrush. This removes the fine hairs,
cuticle and trichomes. The leaves were rinsed twice by gentle agitation in a beaker
containing 250 ml of water, patted dry on Whatman filter paper to remove excess water,
placed in a glass Perti dish containing 15-20 ml of plasmolysis solution (Table 3) and
incubated in the dark for 4-6 h. The solution was gently removed with a syringe and 15-
20 ml enzymatic solution (Table 3) was added with incubation overnight in the dark. The

enzymatic solution was removed with a syringe without disturbing the leaves and 15 ml
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of dense solution (Table 3) was added. The leaves were shaken gently with metal forceps
to liberate the protoplasts. The digested leaves are filtered through cheesecloth and
collected in a sterile Babcock bottle. The volume of the filtrate in the bottle was adjusted
to 4 ml with dense solution and then the bottle was filled with culture medium (Table 3).
The samples were centrifuged at low speed for 10 min and the protoplast interphase layer
collected and placed on ice. The protoplasts were counted on a hemocytometer and
diluted to a final concentration of [ million cells/ml. Endofree DNA (40 ul of 1 pg/ul)
was aliquoted into an Eppendorf tube, mixed with an equal volume of 2X electroporation
buffer (Table 3) and 320 ul of protoplasts. The contents of the tube were mixed gently
and transferred with a pipette to an electroporation cuvette (1 cmz). The samples were
electroporated at 225 V, 1000 pF and immediately placed on ice for 10 min (Matton et
al., 1993). The electroporated protoplasts were transferred to 3.5 ml of culture medium
(Table 3) in a 60 mm Petri dish and incubated in the dark for 24 h. Slides were prepared
a few minutes prior to use. An aliquot (20 ul) of protoplasts was placed on a slide,
covered with a cover slip and then sealed with clear nail polish. The cover slip was
sealed to prevent evaporation and because a Leica DMIRBE confocal inverted
microscope with the DD488/568 filter set was used to view the protoplasts. A pinhole
size of 1.0 and the 63X objective was used. The following beam path settings were used:
pMT]1 for phase contrast, pMT2 with a capture wavelength between 500-530 nm (green)
for the GFP fluorophore, pMT3 with a capture wavelength between 670-700 nm (red) for
the chlorophyli and a signal gain set at 1020 V (variable). Samples were photographed in

green, red and phase contrast and then overlayed.



Results

L. Isolation of the Arabidopsis GIM1 homologue

Utilizing the yeast 2-hybrid system with tRNA nucleotidyltransferase as bait a cDNA
coding for the Arabidopsis thaliana homologue of the yeast GIM/ gene product was
isolated by Jun Gu in our lab. The identity of this gene product was first predicted based
on its similarity to the yeast Gimlp (Figure 6). Structural data or functional
complementation of a yeast (;im/ mutant would help to more firmly establish the identity

of the Arabidopsis protein.

2. Structural analysis of Gimlp

To provide evidence that the a-helical coiled coil regions that are present in
archaeal Gim a and B proteins (Leroux er a/., 1999) are also present in the Arabidopsis
Gimlp, circular dichroism (CD) was performed on the Arabidopsis Gimlp. The spectra
obtained are typical of proteins containing primarily a—~helices. There is a distinct trough
at 222 and at 209 nm. (Figure 9). Overall the CD spectrum is similar to Gimlp from
other organisms (Leroux et al., 1999). The sample was also temperature denatured in
5°C increments from 25°C to 90°C. The decrease in intensity of the two troughs at 222
and 209 nm (Figure 9) indicates that the protein unfolded gradually with no intermediate
forms. The relative intensity of the trough at 222 nm was plotted to demonstrate gradual
unfolding with no plateau (Figure 10). The Ty, for the unfolding of the Arabidopsis

Gimlp was calculated to be 42°C.
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Figure 9: Circular dichroism spectra of the Arabidopsis Gimlp taken at 5° increments
between 25 °C and 90 °C.
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3. Complementation analysis

The open reading frame from the Arabidopsis GIMI cDNA was PCR amplified from
the yeast two-hybrid vector (PACT19A) and fragments corresponding to the expected
size of the open reading frame with (436 bp) and without (416 bp) an added C-terminal
6X His tag were generated (Figure 11). The fragments were digested with the
appropriate restriction enzymes and cloned into p415-ADH to generate pJSI19
(Arabidopsis GIM1) and pISI19H (Arabidopsis GIMI with 6X His tag). Restriction
digestion confirmed single insertion events and the correct orientation of the inserts
(Figure 12). Subsequently, these plasmids were transformed into the Gim/::KanMX+
disrupted yeast strain, SGY10l. Cells were plated on SC-leu medium and colonies
showing leucine prototrophy were patched to SC-leu plates, grown overnight, replica
plated to YPD medium and incubated at three ditferent temperatures (14°C, 23°C or
30°C). In addition to the plasmids containing the Arabidopsis cDNAs, SGY 101 also was
transformed with p415-ADH alone (negative control) or p415-ADH containing the yeast
GIMI gene or mouse (;IM1 cDNA (positive controls). All of the strains appeared to
grow well at all of the temperatures tested although the p415-ADH negative control may
have grown slightly less well at 14°C (Figure 13). To intensify any differences in growth
rate the experiment was repeated in the presence of 2.5 ug/ml benomyl. Under these
conditions there is a significant decrease in yeast cell growth for p415-ADH (no insert)
alone at 14°C and at 23°C. Equally as significant, there is no obvious difference in

growth in the strains with the GIM/ genes from mouse, yeast or Arabidopsis thaliana
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947 bp
831 bp

1000 bp

500 bp

Figure [1: Agarose gel showing products generated from PCR amplification of the
Arabidopsis GIM1 open reading frame.

Lane 1: 100 bp DNA marker

Lane 2: PCR product of the Arabidopsis GIM I gene

Lane 3: PCR product of the Arabidopsis (;/IM1 gene containing 6X His tag
Lane 4: EcoRI-Hindlll lambda marker
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1000 bp

500 bp

Figure 12: Agarose gel showing restriction digestion of p415-ADH contatning the
Arabidopsis GIM 1 gene. The plasmids were digested with HindIII and BamHI

Lane 1: 100 bp DNA marker

Lane 2 and 3: p415-ADH containing the Arabidopsis GIM1 in the correct orientation
Lane 4: p415-ADH containing the Arabidopsis GIM| with the His tag in the correct
orientation
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p415-ADH
pSGSS
pSG72
pJS19
pJSI9H

p415-ADH
pSGSS
pSG72
pIS19
pJSI9H

Figure 13: Replica plating of SGY 101 containing the following plasmids:
p415-ADH - plasmid alone

pSGSS-yeast (;/M 1 gene in p415-ADH

pSG72-mouse (;/M/[ cDNA in p415-ADH

pJS19-Arabidopsis GIMI cDNA in p415-ADH

pIS19H-Arabidopsis GIM! cDNA with 6X His tag in p415-ADH

(A) YPD medium at temperature indicated
(B) YPD medium containing 2.5 ug/ml benomyl at temperature indicated
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(Figure 13). Growth curves were generated to more precisely determine the ability of

the Arabidopsis cDNA to complement the yeast growth defect.

4. Growth curves

As no differences were seen in the replica plating results in the absence of 2.5 pg/mi
benomyl, growth curves were calculated only for samples in the presence of benomyl.
Growth curves were generated under two different experimental conditions and the
differences in growth rates were analyzed. All experiments at 14°C or 30°C were done on
two separate occasions. When the cells were allowed to grow to stationary phase, diluted
into 100 ml of YPD medium containing benomy! to an ODg4 of 0.03 and then incubated
at 30°C there was no significant difference in growth rate among any of the transformed
strains (Figure 14). On the other hand, when the cells were treated the same way but then
incubated at 23°C there was a difference in growth pattern in that the strain carrying
p415-ADH (no insert) alone grew more slowly than the strains carrying either the yeast
or Arabidopsis (;IM! genes (Figure 15). This effect was even more dramatic in the yeast
cells that were grown at 14°C (Figure 16).

For the second set of growth curves the cells were allowed to grow to stationary
phase, diluted in 100 ml YPD to an ODgyo of 0.02 and allowed to grow until the ODgy
had reached 0.08 (early exponential phase ~11-12 hrs) at which time benomyl was added
and the temperature was shifted to 14°C. Figure 17 indicates that the addition of

benomyl and the temperature shift to 14°C reduces the doubling time of the strain
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Figure 14: Growth curves for growth at 30°C in YPD containing benomyl (2.5 ug/ml). A
stationary phase culture of SGY 101 containing the plasmid indicated was diluted into fresh YPD
containing 2.5 pg/ml of benomyl and incubated at 30°C for the time indicated. A and B
represent the same experiment conducted on separate days. C is a combination of all the data.
The plasmids are: p415-ADH (no insert), pSGSS (yeast GIM1), pIS19 (Arabidopsis GIMI),
PISISH (Arabidopsis GIM! with 6X His tag).
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Figure 15: Growth curves for growth at 23°C in YPD containing 2.5 ug/ml benomyl. A
stationary phase culture of SGY 101 carrying the indicated plasmid was diluted into fresh
YPD containing benomylt (2.5 ug/ml) and incubated at 23°C for the time indicated. The
plasmids are: p415-ADH (no insert), pSGSS (yeast GIM!), pIS19 (Arabidopsis GIM ),
pISI9H (Arabidopsis (;IM 1 with 6X His tag).
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Figure 16: Growth curves for growth at 14°C in YPD containing 2.5 ug/ml benomyl. A
stationary phase culture of SGY 101 carrying the indicated plasmid was diluted into fresh
YPD containing benomyl (2.5 ug/ml) and incubated at 14°C for the time indicated.
A and B represent the same experiment conducted on separate days. C is a combination
of all the data. The plasmids are: p415-ADH (no insert), pSGSS (yeast GIMI), pIS19
(Arabidopsis GIM1), pISI19H (Arabidopsis GIM [ with 6X His tag).
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Figure 17: Growth curves for exponentially growing SGY101 cells containing the
plasmid indicated to which benomyl (2.5 pg/ml) was added and the temperature shifted
to 14°C. The arrow represents the time at which benomyl was added and the temperature
shifted. A and B represent the same experiment conducted on separate days. C is a
combination for all the data at the times indicated. The sample containing pJSI9H in
experiment A was terminated due to contamination. The plasmids are: p415-ADH (no
insert), pSGSS (yeast GIMI), pIS19 (Arabidopsis GIMI), pJSI9H (Arabidopsis GIM I
with 6X His tag).
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carrying p415-ADH (no insert) over the time course of the experiment. In contrast, there

is no difference between the Arabidopsis and yeast GIM | strains (Figure 17).

S. Disruption of GIMS

Gimlp is part of GIMC (Genes Involved in Microtubule Biogenesis Complex) in
yeast. To address the question of whether this complex is needed for interaction with
tRNA nucleotidyltransferase, the G/MS gene (coding for another constituent of this
complex) of the yeast strain HF7c was disrupted with 7RP/. The TRP[ gene was PCR
amplified from pRS314 and transformed into competent HF7¢c. After transformation of
HF7c with this DNA fragment containing the yeast 7RP1l gene and 50 bp of G/MS
sequence at each end, IS5 potential candidates were isolated on SC-Trp plates. The cells
were patched on new SC-Trp plates and then replica plated onto YPD plates containing
benomyt and grown at 14°C and 30°C. Two colonies demonstrated cold sensitivity (data
not shown), indicating disruption of one of the GIM genes. The location of the DNA
insertion in the potentially disrupted strains was confirmed by yeast colony PCR (Figure
18). Products of ~ 650 bp (lane 2 and 3) and ~ 1.2 kbp (lane 4 and 5) corresponding to

GIMS (control) and GIMS:: TRP1, respectively, were generated.
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1904,2027 bp
1584 bp
1325bp

1000 bp 947 bp

900 bp 831bp

800 bp

700 bp

600 bp

500 bp

400 bp

300 bp

200 bp

Figure 18: Agarose gel of the PCR products of colony PCR of HF7¢c and HF 7¢
GIMS: . TRPIL.

Lane t: 100 bp DNA marker

Lane 2,3: PCR product of HF 7¢

Lane 4,5: PCR product of HF7c GIMS5:: TRP1
Lane 6: LcoRI-HindlIl lambda marker



6. Interaction of Arabidopsis GIMI with tRNA nucleotidyltransferase in HF7¢

GimS::TRPI

Yeast strain HF7c GIMS::-TRP1 was used to test the ability of Arabidopsis Gimlp to
interact with tRNA nucleotidyltransferase in a yeast two-hybrid assay. Plasmids pAS2-
ARACCA-Long and pACTI19 (drabidopsis GIMI) were co-transformed into the wild-
type and disrupted strains and plated on SC-leu-trp-his plates. Also, plasmids pAS2-
ARACCA-Long and pACT14A (positive control) and plasmids pAS2-ARACCA-Long
and pACTI08A (negative control) were transformed into these strains. The expected
results were obtained from the HF7¢ yeast strain, that is, pACT14A and pAS-ARACCA-
Long showed an interaction (~ 150 colonies) as did pACTI9A and pAS2-ARACCA-
Long (160 colonies). As expected the negative control plasmid pair (PACT108A and
PAS2-ARACCA-Long) showed no interaction (Table 7) In the disrupted yeast strain
(HF7c  GIMS:TRPI) pACTI08A and pAS2-ARACCA-Long again showed no
interaction while pACTI4A and pAS2-ARACCA-Long showed the expected interaction.
In contrast, the plasmid pair pACTI9A and pAS2-ARACCA-Long now showed no

interaction (Table 7).

7. Identification of Arabidopsis GIMI mRNA in Arabidopsis thaliana tissue

Genomic Arabidopsis DNA was PCR amplified with oligonucleotides specific for the
Arabidopsis GIM1 gene or cDNA. The reaction generated a fragment of ~700 bp when

Arabidopsis chromosomal DNA was used as a template (Figure 19A). When cDNA from

67



Table 7:Yeast two-hybrid results

Screening for an interaction with pAS2-ARACCA-Long (Bait)

. Strain
P
lasmid (Prey) HF7c HF7c GIMS: - TRP1
pACTI14A (+ control) 150 colonies [ 16 colonies
pACTI9A (Arabidopsis GIM 1) 160 colonies 2 colonies
pACT108A (- control) 0 colonies 0 colonies

Legend: A positive interaction between the bait and the prey plasmids was defined by
growth on His ™ plates.
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500 bp
400 bp

300 bp

Figure 19: Agarose gel of PCR products generated from Arabidopsis genomic DNA and cDNA
using GIM| specific primers

(A) Agarose gel of PCR products generated from Arabidopsis genomic DNA
Lane 1: 100 bp DNA marker

Lane 2: ~ 700 bp fragment representing G/M/I PCR product.

(B) Agarose gel of PCR products generated from Arabidopsis cDNA isolated from the
tissue indicated.
Lane I: cauline leaves
Lane 2: rosette leaves
Lane 3: floral leaves
Lane 4: flowers
Lane 5: pJS19 control
Lane 6: 100 bp DNA marker
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various Arabidopsis tissues were used as template with the same oligonucleotides,

products of the expected size (~300 bp) were generated (Figure 19B).

8. Phenotypic analysis of Arabidopsis thaliana tRNA nucleotidyltransferase

overexpression in Arabidopsis

The region of the Arabidopsis thaliana cDNA between ATG1 and ATG3 containing
the predicted mitochondrial and/or chloroplast targeting signal was PCR amplified from
PBIN35SmGFP4-ARACCA-Long (Arabidopsis tRNA nucleotidyltransferase cDNA
containing the targeting signal). A PCR product of the expected size (250 bp) was
generated (Figure 20). The fragment was digested with the appropriate restriction
enzyme and cloned into pBIN35SmGFP4 to generate pBIN35SmGFP4-ARACCA-TS
(Arabidopsis targeting signal). Restriction digestion confirmed a single insertion event
and the correct orientation (Figure 21). A fragment of expected length was evident in
lanes 3, 5 and 6 while lanes 2 and 4 contain an insert in the reverse orientation. Plasmids
PBIN35SmGFP4-ARACCA-Long (Arabidopsis tRNA nucleotidyltransferase containing
the targeting signal), pBIN35SmGFP4-ARACCA-Short (Arabidopsis  tRNA
nucleotidyltransferase lacking the targeting signal) and pBIN35SmGFP4-ARACCA-TS
(Arabidopsis targeting signal) were transformed into Agrobacterium tumefaciens
GV3101, as described previously and plated on MS medium (Table 3) containing 50
ng/ml kanamycin and 25 pg/ml gentamycin for selection. For each transformation 2-5
colonies were obtained. Cells from these colonies were inoculated into minimal AB

medium (Table 3) containing the appropriate antibiotics and prepared for transformation
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Figure 20: Agarose gel of PCR product generated from Arabidopsis cDNA using primers
to amplify region between ATG! and ATG3.

Lane I: 100 bp DNA marker
Lane 2,3: PCR product generated representing potential organellar targeting sequence
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Figure 21: Agarose gel of restriction digestions of pBIN35SmGFP4-ARACCA-TS with
Sacl

Lane I: 100 bp DNA marker

Lane 2,4: pBIN35SmGFP4 containing the Arabidopsis targeting signal in the reversed
orientation

Lane 3,5,6: pBIN35SmGFP4 containing the Arabidopsis targeting signal in the correct
orientation

Lane 7: EcoRI-Hindl1l lambda marker
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as described previously. Plants were dipped, transferred back to pots and allowed to
grow to seed. The seeds for each construct were collected, sterilized and selected on MS
selection medium containing kanamycin. After the first selection less than 1% of the

seeds were green indicating an insertion event (Table 8). The green plants were self-
crossed, grown once again to seed, the seeds collected, germinated and screened once
again on MS medium containing kanamycin. Plants were analyzed for any phenotypic
abnormalities on a weekly basis until they were mature. In all stages there were no

physically detectable phenotypes.

9. Localization of tRNA nucleotidyltransferase in Arabidopsis thaliana

The Arabidopsis tRNA nucleotidyltransferase containing the potential targeting
signal (CCA-Long). lacking the targeting signal (CCA-Short) or the targeting signal
alone (CCA-TS) were amplified by PCR from pAS2-ARACCA-Long. The expected
fragments of ~1950 bp, ~1700 bp and ~250 bp correspond to ARACCA-Long,
ARACCA-Short and ARACCA-TS, respectively were generated (Figure 22). The PCR
fragments were digested with the appropriate restriction enzyme and cloned into
PBIN35S35SEmGFP to generate pBIN35S3SSEmGFP-ARACCA-Long (Arabidopsis
tRNA nucleotidyltransferase containing the targeting signal) and pBIN35S35SEmGFP-
ARACCA-Short (drabidopsis tRNA nucleotidyltransferase lacking the targeting signal).
Restriction digests once again confirmed single insertion events and correct orientation
(Figure 23). Plasmids showing the expected restriction pattern were transformed into
XL2-Blue and extracted from the cells using the EndoFree Kit as described previously.
The DNA was transformed into tobacco protoplasts as described and viewed on a Leica
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1904, 2027 bp
1584 bp

1375 bp

947 bp

831 bp

Figure 22: Agarose gel showing products generated from PCR amplification of the
Arabidopsis tRNA nucleotidyltransferase cDNA

Lane 1: EcoRI-Hindlll lambda marker

Lane 2: PCR product of the Arabidopsis tRNA nucleotidyltransferase cDNA from
ATG] (~ 1895 bp)

Lane 3: PCR product of the Arabidopsis tRNA nucleotidyltransferase cDNA from
ATGS3 (~ 1700 bp)

Lane 4: PCR product of the Arabidopsis tRNA nucleotidyltransferase cDNA from
ATGI1 (~ 1895 bp)

Lane 5: PCR product of the Arabidopsis tRNA nucleotidyltransferase cDNA from
ATG3 (~ 1700 bp)
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Figure 23: Agarose gel representing the restriction digestion of the expression vector
pBIN35S35SEmGFP containing the Arabidopsis tRNA nucleotidyltransferase cDNAs with Sacl.

(A) Agarose gel representing the restriction digestion of the expression vector
pBIN35S35SEmGFP-ARACCA-Long with Sacl

Lane |: EcoRI-HindlIl Lambda marker

Lane 2: Uncut pBIN35S3SSEmGFP (control)

Lane 3: Digested pBIN35S3SSEmGFP (control)

Lane 4,6,8,10 and 12: Uncut plasmid DNA

Lane 5,7,9 and 13: Digested plasmid DNA resulting in no insert

Lane 11: pBIN35S35SEmGFP containing the Arabidopsis cDNA starting from ATG].

(B) Agarose gel representing the restriction digestion of the expression vector
pBIN35S35SEmGFP-ARACCA-Short with Sacl

Lane I: EcoRI-Hindlll Lambda marker

Lane 2: Digested pBIN35S35SEmGFP containing the insert in the wrong orientation.
Lane 3: Digested pBIN35S3SSEmGFP containing the Arabidopsis tRNA
nucleotidyltransferase cDNA starting from ATGS3 in the correct orientation.
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DMIRBE confocal microscope. The protoplasts and protoplasts containing the plasmid
encoding GFP alone were used as controls. Protoplasts lacking GFP showed little
fluorescence when excited with light at 488 nm (Figure 24, panel A) while the cells
carrying GFP fluoresced with GFP being dispersed throughout the cytoplasm and nucleus
(Figure 24, panel B). When cells carrying pBIN35S35SEmGFP-ARACCA-Short
(Arabidopsis tRNA nucleotidyltransferase lacking the targeting signal) were viewed,
fluorescence was found throughout the cytoplasm and nucleus (Figure 24, panel C). On
the other hand, pBIN35S35SEmGFP-ARACCA-Long (Arabidopsis tRNA
nucleotidyltransferase containing the targeting signal) is clearly not found throughout the
cytoplasm but in particular locations in the cell, possibly the mitochondria or chloroplasts
(Figure 24, panel D). Autofluorescence makes it difficult to make any comments about

the presence of GFP in the chloroplast (Figure 24, panel E-H).
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pBIN-Em-
GFP

pBIN-Em-
GFP-ARA
CCA-Short
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CCA-Long

D H oL p

Figure 24: Confocal microscopy images of pBIN-EmGFP transformed into tobacco protoplasts.
Samples are excited at 488 nm. Images (A-D) represent pictures taken with the green filter
(capture wavelength 500-530 nm), (E-H) represent pictures taken with the red filter

(capture wavelength 670-700), (I-L) represent pictures taken under phase contrast and (M-P)
represent the overlay of the three images.
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Discussion

A c¢DNA coding for the Arabidopsis homologue of the yeast G/IM/ gene product
was isolated using the yeast two-hybrid system (Gu, 2000). The predicted function of the
Arabidopsis GIM| gene product is currently unknown although the significant similarity
with both the yeast and mouse Gimlp’s (Figure 6) may suggest a similar function for this
protein in all of these organisms. A comparison of the Arabidopsis GIM! cDNA with the
Arabidopsis GIM1 gene suggests that the entire open reading frame coding for Gimlp
has been isolated. In addition, the size of the predicted Arabidopsis Gimlp is in good
agreement with the predicted sizes of Gimlp in yeast and mouse. Previous studies have
shown that in other organisms (Geissler ¢r al., 1998), Gimlp is part of a larger complex
that functions in the formation of the cytoskeleton (specifically in the formation of
tubulin, the subunits of microtubules). If this protein plays a similar function in
Arabidopsis it seems logical that this protein would be present in all tissues. To
determine if the Arabidopsis GIM! gene was expressed in many tissues in Arabidopsis,
cDNA was isolated from cauline leaves, rosette leaves, floral leaves and flowers and PCR
amplified resulting in a fragment of expected size for the mRNA (compare to the cloned
cDNA control in pJS19) (Lane S, Figure 19B). As expected, the G/M/ gene is being
transcribed in all tissues. That these PCR products reflect the mRNA and not the gene
itself is evident because the presence of an intron in the gene sequence results in a 700 bp

product being produced when genomic DNA is used as a template for PCR (Figure 19A).
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1. Structural characterization of the Arabidopsis Gimlp

In yeast, the family of GIM proteins shows a higher degree of similarity to their
counterparts in other organisms than to each other, suggesting that if these proteins do
have different functions then these different functions might be conserved within these
organisms. Furthermore, the high degree of sequence conservation between the G/Af/
gene products in eukaryotic organisms (Figure 6) and the conservation of the protein with
its archaea homologue suggest a conserved function for this protein.

In order to determine whether or not the conservation at the level of primary
sequence was reflected in conservation of higher order structure, the Arabidopsis Gimlp
was analysed by circular dichroism (CD) spectroscopy, an analytical technique that can
elucidate secondary structural properties of a particular protein of interest by measuring
the difference in absorption between left and right handed circularly polarized light
(Alder er al., 1973). Proteins and nucleic acids contain elements of asymmetry and thus
exhibit distinct CD signals. A protein CD signal arises from peptide bonds, histidine,
cysteine, tryptophan, tyrosine and phenylalanine residues (Greenfield and Fasman, 1996).
In this work, we used Far UV CD (190 am and 260 nm) and structure prediction
programs to determine secondary structural characteristics of the Arabidopsis Gimlp to
compare it to the published archael model (MtGimB) (Leroux er al., 1999). The
Arabidopsis Gimlp is a relatively small protein of only 129 amino acids and its similarity
in size and primary sequence with its M. thermoautotrophicum (121 amino acids), mouse
(127 amino acids) and yeast (114 amino acids) homologues suggests a similar secondary

structure for all of these proteins. The scans acquired for the Arabidopsis Gimlp (Figure
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9) were compared to those published for the MtGimp protein. The Arabidopsis Giml1p
spectrum at 25°C has clear troughs at 222 nm and 209 nm, typical of proteins with high
a-helical content and consistent with what was observed for the MtGimf protein (Leroux
et al, 1999). Using prediction programs such as Peptool lite

(www_.uib.no/People/mblpp/links_old/software.htm) we predicted that the Arabidopsis

Gimip would be 86% a-helical, in good agreement with data presented for the archaeal
GimBp. From figure 9 we also see that as the temperature is gradually increased (25°C to
90°C) there is a decrease in trough intensity at 222 nm and 209 nm indicating that the
protein is being denatured. By plotting the relative molar ellipticity intensity at 222 nm
versus temperature, we can monitor unfolding patterns and determine the melting
temperature (Tm) when 50% of the protein is unfolded (Figure 10). The plot clearly
demonstrates that the Arabidopsis Gim!lp unfolds gradually in a one state process with no
distinct intermediate. Based on these data the melting temperature was calculated as
42°C. This Ty, is considerably lower than the Tn (> 60°C) published by Siegert er al.
(2000) for the MtGimpB. This is perhaps not surprising as M. thermoautotrophicum is a
thermophilic bacterium. However, this also is a low melting temperature as compared to
other proteins of similar size, e.g., RNase T1 (114 amino acids, T, =48°C) ( Myers et al ,
1997) or the regulatory subunits of aspartate transcarbomylase (154 amino acids, Tm
=50°C) (Peterson et al., 1994). The low Ty, for the Arahidopsis Gim|p may suggest that
this protein is unstable when not associated with the GIMC. A difference in Ta’s for a
protein either free or in a complex also has been seen with the catalytic and regulatory
subunits of aspartate transcarbomylase (ATCase) (Peterson and Schachman, 1991,

Peterson et al., 1994). The isolated regulatory and catalytic subunits unfold at
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temperatures of 50°C and 60°C, respectively. However, when present as part of the
holoenzyme complex their T,,’s increase by 10°C and 5°C, respectively (Peterson and
Schachman, 1991, Peterson e al., 1994). To better clarify the stability of the Arabidopsis
Gimlp as part of GIMC it would be of interest to determine the T, value for Gimlp as
part of the compiete Arabidopsis GIM complex.

One cavear that must remain in the analysis of these data is the fact that the
Arabidopsis Gimlp generated here has an additional 36 amino-terminal amino acids
including 6 histidine residues that result from expressing this protein in the heterologous
expression system. It is possible that the additional amino acids alter the CD spectrum or
the melting temperature and so these experiments need to be repeated with the protein
lacking these amino acids. In any event, these data suggest that the Arahidopsis Gimlp
homologue is similar to Gim1p from other organisms, not only at the amino acid level but
also structurally. Based on this it seemed reasonable to suggest that it might also have a

common function in these organisms.

2. Complementation of the yeast GIM! defect with the Arabidopsis Gim1p

A key feature of genes involved in microtubule biogenesis is that mutations in
them result in cold and benomyl supersensitive phenotypes (Stearns ef al., 1990, Chen er
al., 1994, Archer et al., 1995, Tian et al., 1997). This is the case with many of the GIM
deletions in yeast (Geissler e al., 1998). The strong similarity of the ;/M/ genes among
different species suggests that a defect in one G/A// gene could be complemented by its

homologue from another organism. Geissler ¢r al. (1998) clearly demonstrate this by
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using the murine and human G/M/ homologues to eliminate the cold and benomyl
supersensitivity present in a yeast strain bearing a disrupted G/M/ gene. They observed
in both serial dilution growth on plates and in growth curves, that the yeast A
giml::kanMX4 mutation can be complemented by either its mouse or human homologue.
Moreover, they showed that a defect in any of the GIM family of genes results in a
reduced growth rate as compared to the wild-type at low temperature. We wanted to
define the function of the Arabidoupsis GIM! gene and initially attempted to show that it
would complement the same G/M/ defect Geissler e¢f al. (1998) had generated. To do
this 2 cDNA coding for the Arabidopsis Gimlp was cloned into the vector p415-ADH
and transformed into the yeast strain SGY 101 lacking a functional Gimlp. At the same
time we also transformed with p415-ADH (no insert) alone (negative control) and pSGSS
and pSG72 (positive controls). [n contrast to what had been shown by Geissler er al.
(1998), when the yeast strains were patched on YPD medium (30°C). we found that there
was no difference between strains lacking the (;/Af/ gene (p415-ADH) or carrying GIAL/
genes from Arabidopsis, mouse or yeast (Figure 13A) This is a clear indication that the
(IM1 gene is not essential at this temperature. The yeast strains were also incubated at
reduced temperatures (14°C and 23°C) because microtubule biogenesis is affected as the
temperature is decreased (Chen et al., 1994). As expected, all of the yeast strains grew
more slowly at the lower temperatures but no significant differences were seen in growth
rates among any of the strains. The negative control (no insert [p415-ADH]) had fewer
cells at 14°C than all the other strains but the differences were negligible (Figure 13A).
This is also different from the data presented by Geissler ef al. (1998) who showed that

there was no growth of the negative control at 14°C. These differences between what |



observed and what Geissler ef al. (1998) reported may result from the way that the data
were collected. I used replica plating to transfer my cells while Geissler es al. (1998)
performed serial dilutions and thus fewer cells were transferred to the plates. The
question of the effect that cell number transferred to each plate might have on the
interpretation of the data will be addressed later.

To enhance the cold sensitive effect, the yeast strains were plated on YPD
containing 2.5 pg/ml of benomyl which has been shown to amplify the cold sensitivity.
Under these conditions, Geissler ef a/. (1998) reported that growth of the strain bearing a
disrupted G/M/! gene (no insert [p415-ADH]) alone was effected at 14°C. 23°C and
30°C. Again, we report that there is no growth defect at 30°C, but the data obtained at
14°C and 23°C (Figure 13B) are consistent with what has been reported (Geissler ¢r al.,
1998). As expected, the growth of the positive control strains carrying the yeast (pSGS5S)
and mouse (pSG72) G/M/ sequences was not affected. In addition, the strains carrying
the Arabidopsis (GIM1 homologue (pJS19 and pJS19H) grew at a rate equal to that of the
positive controls indicating that the Arabidopsis GIM! gene product is able to
complement the yeast defect. These data indicate that the Arabidopsis GIMI gene
product can replace the yeast copy of this protein. This observation, taken with evidence
identifying Arabidopsis proteins corresponding to each of the yeast GIMC subunits
except Gim6p which seems to be present only in yeast (Table 1), suggests that like in
other organisms this complex also exists in Arabidopsis where it may have a similar

function.

84



3. Interaction of Arabidopsis Gim1p with the Arabidopsis tRNA

nucleotidyltransferase

The isolated GIMC has been extensively studied in yeast (Geissler et al., 1998).
Genetic interaction studies (Geissler et al., 1998) have demonstrated that Gim!p interacts
with two distinct classes of gene products, one which is involved in protein folding in
general and the other which plays a role more specifically in microtubule biogenesis.
[nterestingly, the (;/MI gene product is not essential in yeast (Geissler er al, 1998)
suggesting that under certain conditions there are other proteins with shared function.
Double and triple knockout experiments with subunits of GIMC (e.g., Agiml with any
one of Agim2/pacl0, Agim3, Agim4 or Agim$ and Agim1/2/3) have demonstrated that the
strain is still viable and shows a cold sensitive phenotype (Geissler er al., 1998)
suggesting that knocking out one of the GIM genes is as effective as knocking out more
than one in causing a complete loss of function, at least in actin and tubulin folding
(Stegers er ul., 1999, Llorca et al, 2001). These data imply that the Gim proteins act in
unison as a complex to perform their various roles in microtubule biogenesis. Even if
this is the case we cannot rule out possible functions for the components of this complex
in addition to microtubule formation (Leroux ef al., 1999).

The yeast two-hybrid system (Fields and Song, 1989) is used to identify in vivo,
genes encoding proteins that physically interact. This in vivo system monitors the ability
of a protein attached to the DNA binding domain of GAL+ to interact with another
protein attached to the activation domain of GAL+ reconstituting GAL+ and activating
expression of a reporter gene (e.g., HI53). It is evident from our preliminary studies that
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the Arabidopsis Gimlp is structurally similar to its yeast and mammalian homologues
and, therefore, will likely have a similar function. As the best characterized function of
this protein seems to be in microtubule formation it was surprising that a two-hybrid
screen with tRNA nucleotidyltransferase identified Gimlp. There is no obvious
connection between tRNA nucleotidyltransferase and microtubules. However, given the
more general role of Gimlp as a molecular chaperone in yeast (Geissler et al., 1998), it is
perhaps less surprising that its Arabidopsis homologue can interact with tRNA
nucleotidyitransterase possibly as a molecular chaperone. There is clearly a precedent
for molecular chaperones, ¢.g., HSP70, COM70 and MSF being involved in protein
folding, assembly and intracellular trafficking (Hachiya er a/,, 1993, 1994). If tRNA
nucleotidyltransferase is directed to specific locations within the cell Gimlp may, like
these proteins, play a role in this process. The Arabidopsis Gimlp interacts with the
Arabidopsis  tRNA  nucleotidyltransferase  containing the N-terminal potential
mitochondrial or chloroplast targeting signal and not with tRNA nucleotidyltransterase
lacking this sequence (Gu, 2000). In our lab we have shown a reduced growth rate for
yeast cells overexpressing either the lupin or Arabidopsis tRNA nucleotidyltransferase
containing this additional N-terminal targeting information (Joyce, unpublished).
Mitochondrial and chloroplast targeting signals have been hypothesized to reduce the
folding efficiency (see review Luzikov, 1999) or how tightly a protein can fold (Pugsley,
1989) to allow it to remain in a loose conformation so that it can more easily be
transported across the chloroplast or mitochondria membranes (Bandlow ef al., 1998).
Perhaps the long forms of the plant tRNA nucleotidyltransferase interact with Gimlp in

yeast simply because they are improperly or incompletely folded and Gimlp plays some
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role in their folding. In yeast Gimlp carries out its function as part of a larger complex
(GIMC) (Getssler er al., 1998) and this complex has been implicated in protein folding
(Leroux and Hartl, 2000). As mentioned previously, the M. thermoautotrophicum
homologue of GIMC has been shown to interact with a number of unfolded proteins
(Leroux ef al., 1999, Leroux and Hartl, 2000). We wanted to know if GIMC was
required in yeast for the interaction of the Arabidopsis Gimlp with tRNA
nucleotidyltransferase or whether Gimlp played a role in tRNA nucleotidyltransferase
synthesis, assembly, folding, transport or targeting that was not dependent on GIMC. To
address this question we disrupted a gene, (G/M3, coding for one of the other components
of GIMC. GimSp is part of the alpha subunit of the complex (Figure 5), therefore,
removing this should make it impossible for the complex to assemble. As expected, the
GIMS knockout strain was cold and benomyl sensitive (data not shown). This indicates,
as had been proposed previously by Geissler ez al. (1998), that a (;/M3 knockout like a
(IM 1 knockout has a defect in microtubule assembly indicating a non-functional GIMC.
When either HF7c or HF7c GIMS:: TRPI was transformed with pAS2-ARACCA-Long
and pACTI08A no two-hybrid interaction was observed. Previous experiments (Gu,
2000) had identified pl08A through two-hybrid interaction with another protein but not
with A4rabidopsis tRNA nucleotidyltransferase.  This lack of interaction in HF7c
GIMS5::TRP1 indicates that disrupting (/M3 did not generate a false positive two-hybrid
result. When both the pAS2-ARACCA-Long and pACT14A or pACTI9A (Gimlp) were
transformed into the yeast strain HF7c the expected interaction was observed (Gu, 2000)
(Table 7). When these same plasmids were transformed into HF7¢ GIMS::TRPI the

results indicated that the product of pACTI4A still interacted with tRNA
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nucleotidyltransferase confirming that the two-hybrid interaction, in general terms. is not
affected by the disruption of G/MS5. These data also indicate that although the GIMS3
gene was disrupted with 7RP/ (and, therefore, there is now a functional chromosomal
copy of TRP1I), the plasmid pAS2-ARACCA-Long which also carries the 7RP/ gene as a
selectable marker is maintained if in combination with the second two-hybrid plasmid it
helps to confer histidine prototrophy. To this point the results were as expected. The
most interesting results were generated when pAS2-ARACCA-Long and pACTI19A
(Gimlp) were transformed in HF7c and HF7c GIMS::TRP1. As expected histidine
prototrophy was seen in HF7¢ indicating that the two proteins interacted. In contrast, no
interaction was seen in HF7c GIMS::TRP1. This suggests that the Arabidopsis Gimlp
does not function alone in its interaction with tRNA nucleotidyltransferase, but requires
at least Gim5p and probably the whole GIMC. Although based on our data with pAS2-
ARACCA-Long and pACTI9A in HF7c GIMS:- TRPI, it seems unlikely that the lack of
a positive two-hybrid result with pAS2-ARACCA-Long and pACT19A (Gim!p) in HF7c
GIMS5 TRP1 is simply the result of the loss of pAS2-ARACCA-Long (since it is no
longer required for growth on trp” medium) or the inability to transform this plasmid into
the strain, we can not as yet formally exclude this possibility. To address this concern I
am using two approaches: 1) [ am disrupting GIM3 with Candida glabrata ADI2 and 2) [
am generating a new two-hybrid pAS2 derivative which contains ADE? as a selectable
marker instead of 7RI’/ (Hanic-Joyce, 1998). With either of these two approaches I will
be able to repeat this experiment eliminating the concern of having the same marker in
the chromosome and the plasmid. Also, | would like to disrupt G/AM// in HF7c. This

would allow two questions to be addressed: 1) Can the Galdp-Gimip fusion protein
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complement the cold-sensitive defect and 2) will the Arabidopsis Gimlp interact with
tRNA nucleotidyltransferase under these conditions?

The role of the interaction of Gimlp and tRNA nucleotidyltransferase in tRNA
maturation, synthesis or targeting remains to be elucidated. It is interesting that for the
two-hybrid interaction to occur the two interacting proteins must be in the yeast nucleus
(to induce gene expression) yet GIMC has been reported in the cytosol (Geissler er al.,
1998). The fact that Gimlp has a leucine zipper characteristic of DNA binding proteins
(Shang er al., 1994) may suggest that this protein also has a function in the nucleus. The
fact that this two-hybrid interaction is only seen when GimSp is present may indicate that
this function is as part of GIMC.

[n yeast, Gimlp and even GIMC may be involved in correcting the misfolding of
tRNA nucleotidyltransferase.  Perhaps the incomplete or incorrect folding of the
Arabidopsis tRNA nucleotidyitransferase containing its targeting signal allows it to
remain associated with Gimlp long enough for a two-hybrid interaction to be registered
in yeast. One might also suggest that if Gimlp is associated with GIMC and GIMC is
required for other cellular functions (e.g., tubulin assembly) then having GIMC filled
with Arabidopsis tRNA nucleotidyltransferase (when overexpressed) would not allow
this complex to interact with other proteins and could lead to the reduced growth rate that
we have observed. To further address the role of GIMC in tRNA nucleotidyltransferase
synthesis, targeting or function it would be useful to see if the yeast tRNA
nucleotidyltransferase interacts with the yeast Gimlp. If the yeast tRNA
nucleotidyltransferase was shown to interact with the yeast Gimlp then this would

suggest a role for this interaction that was conserved between organisms. In contrast, if
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no interaction was observed between these two proteins in yeast this might suggest either
that the interaction that we observed between the Arabidopsis proteins was an artifact of
producing these proteins in yeast or that the interaction is specific for the Arabidopsis
proteins. To further explore these possibilities it would be interesting to mix and match
these proteins, for example, to see if Arabidopsis tRNA nucleotidyltransferase interacts
with the yeast Gimlp or vice versa. Data from Uetz ef al. (2000a, 2000b) and Ito er al.
(2001) have not identified an interaction between yeast Gimlp and yeast tRNA
nucleotidyltransferase. The significance of this observation remains to be elucidated.
More research, particularly, the analysis of protein-protein interaction in Arabidopsis will
be required to determine what role, if any, Gimlp plays in Arabidopsis in the synthesis,

folding, targeting, transport or function of tRNA nucleotidyltransferase.

4. Determination of relative growth rates from stationary phase

Our replica plating results indicated that the Arabidopsis GIM ! homologue could
complement the yeast gim/ defect. To more precisely define how efficiently the
Arabidopsis GIMI homologue could function in yeast, growth curves comparing the
growth rates of yeast cells producing the yeast wild-type or Arabidopsis Gimlp were
generated. This experiment may also help to address the differences in phenotypes we
saw compared to Geissler et al. (1998). If the observed differences resulted from
transferring too many cells during replica plating as compared to using serial dilutions as
Geissler er al. (1998) did then this procedure may allow me to better compare my results

to those of Geissler ef al. (1998). Because benomyl amplified any effects seen, growth
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curves were generated only for the cells grown in YPD medium plus benomyl. I
proceeded to grow each yeast strain in YPD containing benomyl to determine relative
growth rates. All strains are compared to the yeast strain carrying its own G/M/ gene on
p415-ADH. Growing the cells at 30°C resulted in a similar growth rate for each of the
homologues and even the strain bearing the disrupted G/M/ gene grew fairly well (Figure
14). By comparing the slopes of the growth curves, the disrupted strain grows
approximately 84% as well as the strain carrying the yeast G/M/ gene once again
indicating that this gene is not essential at the permissive temperature (Figure 25). Based
on these data [ now can confirm, as Geissler ¢f al. (1998) reported. that at 30°C there is a
change in growth rate between the G/M/ disrupted strain and the strain carrying the yeast
GIM! gene (pSGSS) although both strains do grow at this temperature. When the
temperature was decreased to 23°C, there was a decrease in growth rate of the strain
bearing the disrupted (G/M/! gene as compared to the wild-type gene (Figure 15)
Interestingly, not only is doubling time affected but also the level of saturation of the
stationary phase culture. A possible explanation of this observation is that although most
cells are still dividing, more die as the experiment progresses as compared to the control.
When the same experiment was conducted at 14°C the strain lacking the GG/M/ gene exits
lag phase very slowly while the strain with the yeast (GIM/ gene, although growing
slower than at 23°C and 30°C, grows as expected (Figure 16). [n all of these examples
the mouse G/M/ (when tested) was able to restore the growth to approximately wild-type

levels. Similarly, as expected, the Arabidopsis GIM 1 did so as well.
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Figure 25: Bar graph representing the relative growth rates of the yeast strains
containing the indicated plasmids. The values of the strain carrying the yeast G/AM/ gene
have been normalized to 100% and all values adjusted accordingly. The plasmids are:

p415-ADH (no insert), pSGSS (yeast GIMI), pIS19 (Arabidopsis GIMI), pJSI9H
(Arabidopsis GIM ! with 6X His tag).
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The inability of the strain bearing the disrupted GIM/ gene to exit from stationary phase
was an interesting result that had not been reported before. This same phenotype has
been reported previously. For example, complexes composed of multiple subunits have
been identified (Schramm er al, 2000, Drebot et al., 1987), that when unable to come
together prevent cells from exiting stationary phase. Clearly, the removal of a particular
component from GIMC, Gim|p confers a similar phenotype.

An interesting observation is that at 30°C the yeast strain carrying the Arabidopsis
GIM! (pJS19) grows at a rate that is the same as that of the strain carrying the yeast
GIM! (pSG5S) while the strain carrying the Arabidopsis GIM/ with the additional 6X
His tag (pJS19H) grows even more quickly (Figure 25). When the strains are compared
at 23°C the strain carrying the Arabidopsis GIMI (pJS19) grows more quickly than the
strain with the yeast GIM1 (pSGSS5) and the strain expressing the his-tagged Arabidopsis
Gimlp (pJSI9H) is still the fastest doubling (Figure 25). Finally. at 14°C both the strains
carrying the Arabidopsis GIMI double faster than the yeast GG/Af/ strain although no
difference is seen between the two. Although the data sets are too small to attach any
statistical significance to these observations it is interesting in that the yeast cells with the
Arabidopsis GIM1 gene containing the 6X His tag also exit lag phase before the yeast
control at all temperatures. This could be due to the extra 6X His tag at the carboxy
terminus adding 6 positively charged amino acids which may allow for better interaction
with associated protein or which may increase the stability of the Arabidopsis Gimlp. It
is unclear whether the extra amino acids confer a structural advantage to assist in protein-

protein interactions or to prevent premature degradation (Varshavsky er al., 2000).



5. Determination of relative growth rate from exponential phase

We found that a deletion of the G/M/ gene seems to prevent the yeast strains
from coming out of stationary phase (G,). It is evident from Figure 16 that at 14°C a
stationary phase culture of yeast cells lacking the (/M gene shows only a small increase
in absorbance over time suggesting a lack of cell division. To separate the inability of
cells to exit G, from their ability to divide, the effects of cold and benomyl were tested on
cells that had already entered exponential phase. This was done by adding benomy! and
shifting the temperature during early exponential phase. The yeast strains carrying the
Arabidopsis, yeast and mouse (:/M [ genes grew more slowly due to the temperature shift
but continue to divide normally based on an increase in ODgyo (Figure 17). The strain
lacking the (s/M1 gene also slows in growth rate compared to the yeast strains carrying
the (:/M 1 genes but its ability to continue to divide indicates that the effects of the cold
and benomyl are not as dramatic on cells that are actually dividing as they are on cells in
G,. This was somewhat surprising due to the fact that microtubules disassemble in the
presence of cold and benomyl when the (s/Af/ gene is absent (Ursic and Culbertson, 1991
and Getssler et al., 1998). In §. cerevisiae the series of events (START) required to
initiate the cell cycle is regulated by checkpoints which control the ability of the cell to
continue to divide (Dahmann er al., 1995, Nasmyth, 1996). One such check point
involves the kinetochore which mediates the attachment and movement of chromosomes
along microtubules during cell division (Gruneberg et al., 2000). When microtubules are
not functional such as in a strain lacking the G/M/ gene grown at 14°C, the kinetochore

fails to attach to the microtubules thus arresting the cell at the mitotic checkpoint. A
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possible explanation for the observation of continued cell division in the strain bearing
the disrupted G/M/ gene at 14°C is that the cells that are already in the process of
dividing at the time of the block will continue to divide until they reach START while
cells at START will be blocked. The apparent growth of the yeast strain bearing the
disrupted G/M/ gene may be due to the fact that the yeast cells accumulate at START but
not necessarily at any other part of the cell cycle. One example, of this type of response
is the rpo2/-+4 mutation which is a temperature sensitive mutation for RNA polymerase
[I. [t was found that this mutation does not impede cell cycles in progress, but rather
blocks the START regulatory step to initiate a new cell cycle (Drebot et al., 1993). This
explains why the cells seem to continue to divide for an extended period of time. To
address some of these questions it would be pertinent to check the morphology of the
cells at the various temperatures and times to see if they are forming buds slowly or if
they are not budding at all. It might also be of interest to block the cell cycle using
chemicals (e.g.. A or a-factor prior to the temperature shift and addition of benomyl) to

synchronize the cells and see at what stage they arrest in the cell cycle.

6. Phenotypic analysis of transformed Arabidopsis plants

The enzyme, tRNA nucleotidyltransferase, is required for the addition of AMP
and CMP residues onto immature tRNAs that have an incomplete CCA sequence. The §.
cerevisiae, tRNA nucleotidyltransferase is produced from a single gene and has been
shown to function in muitiple cellular locations (Chen er al., 1992). Preliminary

experiments indicate that this may also be the case for other organisms including plants.
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There is currently very little information on how this enzyme is targeted to various
compartments. Proteins that are shared between different cellular compartments often
result from different transcription initiation sites being used such that multiple in frame
start codons are generated in mRNAs from a single gene (Small er al, 1998). To localize
the Arabidopsis tRNA nucleotidyltransferase in the different subcellular compartments,
various plasmid constructs: 1) the entire Arabidopsis tRNA nucleotidyltransferase coding
region including the potential organellar targeting signal fused to GFP, 2) the Arabidopsis
tRNA nucleotidyltransferase coding region lacking the potential organellar targeting
signal fused to GFP and 3) only the potential organellar targeting signal (bold in Figure
2) fused to GFP, were generated in pBIN35SmGFP4 and transformed into Arabidopsis
(Figure 8). Agrobacterium mediated transformation was used so that the DNA of interest
was transferred at random into the plant nuclear genome. On average 10 000 - 15 000
seeds per plant construct were screened for insertion events. After the first round of
selection (FI) <1% of the seeds had at least one insertion event i.c. were able to grow in
the presence of kanamycin. It is difficult to determine how many insertion events
occurred in each plant. After the second round of selection (F2) there was great variation
between each line (Table 8). The ratio of transformed to untransformed seeds varied
from 50% in the plants transformed with only the Arabidopsis organellar targeting signal
to 100% in plants transformed with the Arabidopsis cDNA containing the targeting
signal. At the F3 generation there was no variation in each construct and all the seeds
were green (Table 8). This was surprising because at this point with insertion at a single
locus one would expect to see a Mendelian genetic result where 25% of the progeny

would be sensitive to the antibiotic. These results suggest that in all of the lines selected
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there were multiple insertion events. Overall, the plants were monitored on a weekly
basis and demonstrated no phenotypic abnormalities during growth. Unfortunately, using
these plasmids derived from pBIN35mGFP4 resulted in a very faint fluorescent signal
from GFP which was difficult to view. To overcome this deficiency I began building

new constructs with a stronger promoter and brighter fluorescing GFP.

7. Localization of Arabidopsis tRNA nucleotidyltransferase in tobacco protoplasts

As discussed above, the localization of Arabidopsis tRNA nucleotidyltransferase
to various cellular compartments is of great interest to us. To address this question I used
plasmids derived from pBIN35S35SEmGFP and a transient transformation system
utilizing tobacco protoplasts. As with the stably transformed lines | used plasmids
carrying the long form of tRNA nucleotidyltransferase (containing the amino terminal
targeting signal), the short form of tRNA nucleotidyltransferase (lacking this
information). Initially I was able to transiently transform tobacco protoplasts with CCA-
long and CCA-short and 1 am generating a plasmid carrying the targeting signal alone.
As expected before transformation, the protoplasts showed limited green fluorescence
(Figure 24, panel A) but did show autofluorescence from chlorophyll (Figure 24, panel E)
as expected. Comparing these results to the protoplasts that contained
pBIN35S35SEmGFP (Figure 24, panel B) it appears that in these plants GFP is
distributed throughout the nucleus and the cytosol. While the location of the nucleus can
be determined from the phase contrast photos (Figure 24, panel J) it will be important to

confirm its location with nucleus-specific markers. As GFP is not targeted to any
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particular region of the cell it is not surprising that it would be found in the cytosol and
the nucleus. GFP with a molecular mass of 25 000 Da is small enough to enter the
nucleus through the nuclear pore complex even though it lacks an NLS, but it should not
enter mitochondna or chloroplasts or the vacuole as it lacks targeting information to
direct it to these intracellular destinations. [f one compares panels B and J, Figure 24, it
is clear the there is no green fluorescence associated with the vacuole. The presence or
absence of green fluorescence in the chloroplast is slightly more problematic (Figure 24,
compare panels B and J). A Z scan through the cell (data not shown) makes it more
apparent that there is no green fluorescence in the chloroplast. The small size of
mitochondria makes it difficult at this point to determine whether or not there is any GFP
in these organelles. Cells carrying pBIN35S35SEmGFP-ARACCA-Short (Arabidopsis
tRNA nucleotidyltransferase lacking the targeting signal) showed similar results to
EmGEFP alone with green fluorescence found primarily in the cytosol and nucleus (Figure
24, panel C) and none in the chloroplast or vacuole (Figure 24, panel O). The large size
of this fusion protein means that it must contain a nuclear localization signal to be
transported into the nucleus. This is the first evidence that tRNA nucleotidyltransferase
may be present in the nucleus in plants as it is in yeast. Finally, cells carrying
pBIN35S35SEm-ARACCA-Long (Arabidopsis tRNA nucleotidyltransferase containing
the targeting signal) clearly show that green fluorescence is primarily not distributed
throughout the cytosol but rather located in distinct aggregations in the cytosol and areas
surrounding the chloroplast (Panel D). The punctate staining is characteristic of
mitochondrial localization (Kohler er al., 1997) as is the location of these organelles in

the cell. Without a second mitochondrial-specific marker the identity of these fluorescent

98



aggregations can not be confirmed, but their presence in the protoplasts carrying the gene
coding for the potential targeting signal and their absence from all of the other protoplasts
again supports their identity as mitochondria. Again, the first experiment to further
confirm this localization is to carry out this experiment in plants with a known
mitochondrial marker. Also, I will complete construction of the plasmid carrying the
targeting signal from the Arabidopsis tRNA nucleotidyltransferase fused to GFP and
transform that into plants. These preliminary experiments suggest that the Arabidopsis
tRNA nucleotidyltransferase is found in the nucleus, cytosol and mitochondrion. There
are other examples of plant enzymes shared among these locations, ¢.g, glutathione
reductase (Creissen ef al., 1995), carrot dihydrofolate reductase-thymidylate synthase and
valyl-tRNA, threonyl-tRNA, alanyl-tRNA and glycyl-tRNA synthetases (see Small ¢f al.,
1998 for review) and they are expressed in a similar manner to tRNA
nucleotidyltransferase, i.e., by producing two types of transcripts, one which can code for
the mitochondrial targeting signal and one which cannot. If we assume that as these
preliminary results indicate this tRNA nucleotidyltransferase is not found in chloroplasts
then that raises the intriguing question of where is the gene coding for the chloroplast
enzyme? There is only one gene in the Arabidopsis genome that shows significant
similarity with tRNA nucleotidyltransferases from other organisms (Theologis e al.,
2000). Further experiments will be required to rule out that this protein is found in the
chloroplast as well. Autofluorescence makes it difficult to view the presence of green
fluorescence in the chloroplast. It is particularly difficult to precisely define the location
of a protein that must exist in some form or other in the cytosol, nucleus, mitochondrion

and perhaps even chloroplast.
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8. Conclusion

In this work, an Arabidopsis homologue of the yeast G/IM/ gene has been further
characterized and shows significant similarity to the yeast and mouse G/M/ gene. The
highly conserved homology between the GI/M/ family may indicate a similar
fundamental role. Our findings demonstrate that the Arabidopsis Gimlp can complement
a yeast Gimlp deletion. The fact that the Arabidopsis Gimlp can substitute for the yeast
Gimlp in yeast suggests that these proteins share a common function.

In conjunction with GIMC, the 4rabidopsis Gimlp is involved in the interaction
with a cDNA encoding an Arabidopsis tRNA nucleotidyltransferase. This interaction
between the Arabidopsis tRNA nucleotidyltransferase containing the amino terminal
targeting signal with Gimlp along with the lack of interaction between the yeast tRNA
nucleotidyltransferase and the yeast Gimlp suggests that this function may be unique to
plants. Thus suggesting a possible role of GIMC in the intracellular transport and
targeting of tRNA nucleotidyltransferase in Arabidopsis. To support my two-hybrid
result 1 would like to demonstrate, using biochemical techniques such as CD and
fluorescence, that there is an interaction between the Arabidopsis GIM complex and the
Arabidopsis  tRNA  but not between the Arabidopsis Gimlp and tRNA
nucleotidyltransferase.

We also have demonstrated that the Arabidopsis tRNA nucleotidyltransferase
without the targeting signal is found in the nucleus and cytosol while the protein

containing the amino terminal targeting signal is directed to more localized regions,
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possibly the mitochondria although the chloroplast cannot be ruled out at this point. If it
is only targeted to mitochondria then there may be an additional gene coding for tRNA
nucleotidyltransferase for the chloroplast. It will be necessary in the future to clarify
where it is targeted and possibly find the additional protein that is targeted to the

chloroplast.

101



REFERENCES

Agashe, V.R. and Hartl, F.U. (2000) Roles of molecular chaperones in cytoplasmic
protein folding. Cell and Developmental Biology 11: 15-25.

Akada, R., Murakane, T., Nishizawa, Y., (2000) DNA extraction method for screening
yeast clones by PCR. Biotechniques 28: 668-674

Alder, A.J,, Greenfield, N.J. and Fasman, G.D. (1973) Circular dichroism and optical
rotary dispersion of proteins and polypeptides. Meth Enzymology 27: 675.

Apiron, D. and Miczak, A. (1993) RNA processing in prokaryotic cells. Bioessays 15
113-120.

Archer, J.E., Vega, L.R. and Solomon, F. (1995) Rbl2p, a yeast protein that binds to 8-
tubulin and participates in microtubule function in vivo. Cell 82: 425-434

Artigues, A, [rarte, A. and Martinez-Carrion, M. (2002) Binding to chaperones allows
import of a purified mitochondrial precursor into mitochondria. J Biol Chem 277
25047-25055S.

Arts, G.J, Kuersten, S., Romby, P., Ehresmann, B. and Mattaj, LW. (1998) The role of
exportin-t in selective nuclear export of mature tRNAs EMBO J 17: 7430-7441

Bai, C. and Elledge, S.J., (1996) Gene identification using the yeast two-hybrid system.
Methods in Enzymology 273: 331-347

Bandlow, W, Strobel, G. and Schricker, R. (1998) Influence of N-terminal sequence
variations on the sorting of major adenylate kinase to the mitochondrial intermembrane
space in yeast. Biochem J 329(Pt 2): 359-367.

Bechtoldt, N, Ellis, J. and Pelletier, G. (1993) In planta Agrobacterium-mediated gene
transfer by infiltration of adult Arabidopsis thaliana plants. C.R.Acad.Sci.Paris, Life
Sciences 316: 1194-1199.

Bewsey, K.E., Johnson, M.E. and Huff J.P. (1991) Rapid isolation and purification of
DNA from agarose gels: the phenol freeze-fracture method. Biotechniques 10: 724-725.
Bjork, G.R. (1986) Transfer RNA modifications in different organisms. Chemica
Scripta 26B: 91-95.

Bjork, G.R., (1995) Biosynthesis and Function of Modified Nucleosides, in tRVA:

Structure, Biosynthesis, and Function, Dieter Soll and Uttam RajBhandary eds .,
Washington, DC: American Society for Microbiology, p. 165-205.

102



Bjork, G.R., Jacobsen, K., Nilsson, K., Johansson, M.J, Bystrom, A S. and Persson, O.P.
(2001) A pnimordial tRNA modification required for the evolution of life? EMBO J 20:
231-239.

Brachmann, C.B., Davies, A., Cost, G.J., Caputo, E., Li, J, Hieter, P. and Boeke, J.D.
(1998) Designer deletion strains derived from Saccharomyces cerevisiae S288C: a
useful set of strains and plasmids for PCR-mediated gene disruption and other
applications. Yeast 14: 115-132.

Bukau, B. and Horwich, A.L. (1998) The Hsp70 and Hsp60 chaperone machines. Cell
92: 351-366.

Carminati, J.L. and Stearns, T, (1997) Microtubules orient the mitotic spindle in yeast
through dynein-dependent interactions with the cell cortex. J Cell Biol 138: 629-641

Cashmore, A.R., Dreyer, R.N., Horvath, C., Knipe, J.O., Coward, J K., Bertino, J.R.
(1980) Seperation of pteroyl-oligo-gamma-L-glutamates by high-performance liquid-
chromatography. Methods Enzymol. 66: 459-468.

Chen, J.Y , Kirchner, G., Aebi, M. and Martin, N.C. (1990) Purification and properties
of yeast ATP(CTP):tRNA nucleotidyltransferase from wild type and overproducing cells.
J Biol Chem 265: 16221-16224.

Chen, J.Y, Joyce, P.B.M., Wolfe, C.L , Steffen, M.C_and Martin, N.C. (1992)
Cytoplasmic and mitochondrial tRNA nucleotidyltransferase activities are derived from
the same gene in the yeast Saccharomyces cerevisiae. J Biol Chem 267: 14879-14883.

Chen, X, Sullivan, D.S. and Huffaker, T. (1994) Two yeast genes with similarity to
TCP-1 are required for microtubule and actin function in vivo. Proc Natl Acad Sci USA
91: 9111-9115S.

Clough, S.J. and Bent, A.F. (1998) Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J 16: 735-743.

Creissen, G., Reynolds, H., Xue, Y. and Mullineaux, P. (1995) Simultaneous targeting
of pea glutathione reductase and of a bacterial fusion protein to chloroplasts and
mitochondnia in transgenic tobacco. Plant J 8: 107-175.

Cudny, H., Pietrzak, M. and Kaczkowski, J. (1978) Plant tRNA nucleotidyltransferase:
Isolation and purification of tRNA nucleotidyltransferase from Lupinus luteus seeds.
Planta 142: 23-27.

Cunillera, N., Boronat, A. and Ferrer, A. (1997) The Arabidopsis thaliona FPS1 gene
generates a novel mRNA that encodes a mitochondrial farnesyl-diphosphate synthase
isoform. J Biol Chem 272: 15381-15388.



Dahmann, C., Diffley, J.F., Nasmyth, K.A. (1995) S-phase-promoting cyclin-dependent
kinases prevent re-replication by inhibiting the transition of replication origins to a pre-
replicative state. Curr Biol 11: 1257-1269.

Davanloo, P., Sprinzl, M., Watanabe, K, Albani, M. and Kersten, H. (1979) Role of
ribothymidine in the thermal stability of transfer RNA as monitored by proton magnetic
resonance. Nucleic Acids Residues 6: 1571-1581.

Deutscher, M.P. (1984) Processing of tRNA in prokaryotes and eukaryotes. Critical
Reviews in Biochemistry 17: 45-71.

Deutscher, M.P. (1990) Ribonucleases, tRNA nucleotidyltransferase, and the 3’
processing of tRNA. Prog Nucleic Acid Res Mol Biol 39: 209-240.

Deutscher, M.P., (1995) tRNA Processing Nucleases in tRNA: Structure, Biosynthesis,
and Function, Dieter Soll and Uttam RajBhandary eds., Washington, DC: American
Society for Microbiology, p. 51-65.

Dingwall, C. and Laskey, R.A. (1991) Nuclear targeting sequences — a consensus?
Trends Biochem Sci 16: 478-481.

Drebot, M. A, Johnston, G.C. and Singer, R A. (1987) A yeast mutant conditionally
defective only for reentry into the mitotic cell cycle from stationary phase. Proc Natl
Acad Sci USA 84: 7948-7952.

Drebot, M.A_, Johnston, G.C., Friesen, J.D. and Singer, R A. (1993) An impaired RNA
polymerase Il activity in Saccharomyces cerevisiae cause cell-cycle inhibition at START.
Molecular General Genetics 241: 327-334.

Dreytuss, G., Kim, V.N. and Kataoka, N. (2002) Messenger-RNA-Binding proteins and
the messages they carry. Nat Rev Mol Cell Biol 3: 195-205.

Dullin, P, Fabisz-Kijowska, A. and Walerych, W. (1975) Isolation and properties of
tRNA nucleotidyltransferase from wheat embryos. Acta Biochim Pol 22: 279-289.

Ellis, RJ. and Hartl, FU. (1999) Principles of protein folding in the cellular
environment. Curr Opin Struct Biol 9: 102-110.

Engelke, D.R., Gegenheimer, P. and Abelson, J. (1985) Nucleolytic processing of a
tRNAYERNA™P dimeric precursor by a homologous component from Saccharomyces
cerevisiae. J Biol Chem 260: 1271-1279.

Feilotter H.E., Hannon G.J., Ruddell C_.J. and Beach D. (1994) Construction of an
improved host strain for two-hybrid screening. Nuc. Acid. Res. 22: 1502-1503.

104



Feng, W.and Hopper, A K. (2002) A Loslp-independent pathway for nuclear export of
intronless tRNAs in Succharomyces cerevisiae. Proc Natl Acad Sci USA 99: 5412-
5417.

Fields, S. and Song, O. (1989) A novel genetic system to detect protein-protein
interactions. Nature 340: 245-246.

Filho M., Chaumont F., Leterme S., Boutry M. (1996) Mitochondrial and chloroplast
targeting sequences in tandem modify protein import specificity in plant organelles. Plant
Mol Biol. 30: 769-780.

Frank, D. and Pace, N. (1998) Ribonuclease P: Unity and diversity in a tRNA
processing ribosyme. Annu Rev Biochem 67: 153-180.

Garber, R.L. and Altman, S. (1979) [n vitro processing of B. mori transfer RNA
precursor molecules. Cell 17: 389-397.

Geitssler, S., Siegers, K. and Schiebel, E. (1998) A novel protein complex promoting
formation of functional a- and y- tubulin. EMBO J 17: 952-966.

Gething, M.J. and Sambrook, J. (1992) Protein folding in the cell. Nature 355: 33-45

Glaser, E_, Sjoling, S., Tanudji, M. and Whelan, J. (1998) Mitochondrial protein import
in plants. Plant Mol Biol 38: 311-338.

Greenfield, N. and Fasman, G.D. (1996) Computed circular dichroism spectra for the
evaluation of protein conformation. Biochemistry 8: 4108.

Gruneberg, U., Campbell, K., Simpson, C., Grindlay, J. and Schiebel, E. (2000) Nudlp
links astral microtubule organization and the control of exit from mitosis. EMBO J 19-
6475-6488.

Gu, J. (2000) Identification of proteins interacting with lupin and Arabidopsis tRNA
nucleotidyltransferases. M.Sc. Thesis Concordia University.

Guerrier-Takada, C., Gardiner, K., Marsh, T., Pace, N. and Altman, S. (1983) The RNA
moiety of ribonuclease P is the catalytic subunit of the enzyme. Cell 35: 849-857.

Gutsche, [, Essen, L-O. and Baumeister, W. (1999) Group Il chaperonins: New
TRiC(k)s and turns of a protein folding machine. Journal of Molecular Biology 293
295-312.

Ha, H., Abe, K. and Artzt, K. (1991) Primary structure of the embryo expressed gene
KE2 from the mouse H-2K region. Gene 107: 345-346.

105



Hachiya, N., Komiya, T., Alam, R, Iwahashi, J., Sakaguchi, M., Omura, T. and Mihara
K. (1994) MSF, a novel cytoplasmic chaperone which functions in precursor targeting
to mitochondna. EMBO J 13: 5146-5154.

Hachiya, N., Komiya, T., Sakasegawa, Y, Sakaguchi, M., Mihara, K. and Omura. T.
(1993) A mitochondrial import factor purified from rat liver cytosol is an ATP-
dependent conformational modulator for precursor proteins. EMBO J. 12: 1579-1586.

Hanic-Joyce, P.J. and Joyce, P.B.M. (1998) A high-copy-number A/} 2-bearing
plasmid for transformation of Candida glabrata. Gene 211: 395-400.

Hartl, F.U. (1996) Molecular chaperones in cellular protein folding. Nature 381: 571-
579.

Haseloff, J., Siemering, K .R., Prasher, D.C., Hodge, S. (1997) Removal of a cryptic
intron and subcellular localization of green fluorescence protein are required to mark
transgenic Arabidopsis plants brightly. Proc Natl Acad Sci USA 94: 2122-2127.

Heese-Peck, A. and Raikhel, N.V. (1998) The nuclear pore complex. Plant Mol Biol
38: 145-162.

Hendrick, J.P., Langer, T., Davis, T.A_, Hartl, F.U. and Wiedmann, M. (1993) Control
of folding and membrane translocation by binding of the chaperone DnaJ to nascent
polypeptides. Proc Natl Acad Sci USA 90: 10216-10220.

Hurt, D.J., Wang, S.S_, Lin, Y.H. and Hopper, A K. (1987) Cloning and characterization
of LOS1, a Saccharomyces cerevisiae gene that affects tRNA splicing. Mol and Cell
Biol 7: 1208-1216.

Ito, T, Chiba, T., Ozawa, R., Yoshida, M., Hattori, M. and Sakaki, Y. (2001) A
comprehensive two-hybrid analysis to explore the yeast protein interactome. Proc Natl
Acad Sci USA 98: 4569-4574.

Johansson, M. and Bystrom, A.S. (2002) Dual function of the
tRNA(m’Uss)methyltransferase in tRNA maturation. RNA 8 324-335.

Kersten, H., Albani, M., Mannlein, E., Praisler, R., Wurmbach, P. and Nierhaus, K H.
(1981) On the role of ribosylthymine in prokaryotic tRNA function. Eur J Biochem 114:
451-456.

Keegstra, K. and Cline, K. (1999) Protein import and routing systems of chloroplasts.
Plant Cell L1: 557-570.

106



Kohler, R.H., Zipfel, W.R., Webb, W W _, Hanson, M.R_, (1997) The green fluorescent
protein as a marker to visualize plant mitochondria in vivo. Plant J 11: 613-621.

Krieg, P. and Melton, D., The Promega Protocols and Applications Guide 2™ edition
(1991) Titus, D.E., ed.: p. 106.

Kruse, C., Willkomm, D K., Grunweller, A_, Vollbrandt, T., Sommer, S., Busch, S.,
Pfeiffer, T., Brinkmann, J., Hartmann, R K. and Muller, P.K. (2000) Export and transport
of tRNA are coupled to a multi-protein complex. Biochem J 346: 107-115.

Kutay, U., Lipowsky, G., lzaurralde, E., Bischoff, F R, Schwarzmaier, P_, Hartmann, E.
and Gorlich, D. (1998) ldentification of a tRNA-specific nuclear export receptor. Mol.
Cell 1: 359-369.

Lam, B., etal. (2001) Arabidopsis thaliana tRNA adenylyltransterase-like protein
mRNA. Submitted to DNA Sequencing and Technology Center, Stanford University.

Leroux, M.R_, Fandnch, M., Klunker, D., Siegers, K., Lupas, AN, Brown, JR ,
Schiebel, E., Dobson, C.M. and Hartl, F.U. (1999) MtGimC, a novel archaeal chaperone
related to the eukaryotic chaperonin cofactor GimC/prefoldin. EMBO J 18 6730-6743.

Leroux, M.R. and Hartl, F.U. (2000) Protein folding: Versatility of the cytosolic
chaperonin TRIC/CCT. Current Biology 10: R260-R264.

Llorca, O., Martin-Benito, J., Grantham, J ., Ritco-Vonsovici, M., Willison, KR,
Carrascosa, J.L. and Valpuesta, J. M. (2001) The "sequential allosteric ring’ mechanism
in the eukaryotic chaperonin-assisted folding of actin and tubutin. EMBO J 20 4065-
4075

Luo, M., Orsi, R., Patrucco, E. and Pancaldi, S. (1997) Multiple transcription start sites
of the carrot dihydrofolate reductase-thymidylate synthase gene, and sub-cellular
localization of the bifunctional protein. Plant Mol Biol 33: 709-722.

Luzikov, V.N., (1999) Quality control: from molecules to organelles. FEBS lett. 448:
201-205.

Martin N.C. (1995) Organellar tRNAs: Biosynthesis and function in tRNA: Structure,
Biosynthesis and Function, Soll, D. and RajBhandary, U, eds., Washington, DC:
American Society for Microbiology, p. 1-4.

Masiakowski, P. and Deutscher, M.P. (1980) Dissection of the active site of rabbit liver

tRNA nucleotidyltransferase. Specificity and properties of the tRNA and acceptor
subsites determined with model acceptor substrates. J Biol Chem 255: 1233-1239.

107



Matton, D.P., Prescott, G., Bertrand, C., Camirand, A. and Brisson, N. (1993)
Identification of cis-acting elements involved in the regulation of the pathogenesis-related
gene STH-2 in potato. Plant Mol Biol 22: 279-291.

Melton, D.A_, De Robertis, E.M. and Cortese, R. (1980) Order and intracellular location
of the events involved in the maturation of spliced tRNA. Nature 284: 143-148.

Mukeri, S.K. and Deutscher, M.P. (1972) Reaction at the 3’ terminus of transfer
ribonucleic acid: Subcellular localization and evidence for a mitochondrial transfer
ribonucleic acid nucleotidyitransferase. J Biol Chem 247: 481-488.

Mumberg, D., Muller, R. and Funk, M. (1995) Yeast vectors for the controlled
expression of heterologous proteins in different genetic backgrounds. Gene 156: 119-
122.

Myers, J.K., Pace, C.N,, Scholtz, J. M., (1997) Helix propensities are identical in proteins
and peptides. Biochemistry 36: 10923-10929.

Nagaike, T., Suzuki, T., Tomari, Y., Takemoto-Hon, C., Negayama, F., Watanabe, K.
and Ueda, T. (2001) Identification and characterization of mammalian mitochondrial
tRNA nucleotidyltransferases. J Biol Chem 276: 40041-40049.

Nasmyth, K. At the heart of the budding yeast cell cycle. (1996) At the heart of the
budding yeast cell cycle. Trends Genet 10: 405-412.

Neupert, W. (1997) Protein import into mitochondria. Annu Rev Biochem 66: 863-
917.

Neupert, W. and Brunner, M. (2002) The protein import motor of mitochondria. Nat
Rev Mol Cell Biol 3: 555-565.

Nigg, E.A. (1997) Nucleocytoplasmic transport: signals, mechanisms and regulation.
Nature 386: 779-787.

Nissen P, Hansen J., Ban N., Moore P.B., and Steitz T.A., (2000) The structural basis of
nbosome activity in peptide bond synthesis. Science 289: 920-930

Peterson, C.B. and Schachman, HK. (1991) Role of a carboxyl-terminal helix in the
assembly, interchain interactions, and stability of aspartate transcarbamoylase. Proc Natl
Acad Sci USA 88: 458-462.

Peterson, J., Zhou, B.B., Hsich, D, Creager, A.N., Schachman H.K. (1994) Association
of the catalytic subunit of aspartate transcarbamoylase with a zinc-containing polypeptide
fragment of the regulatory chain leads to increases in thermal stability. Protein Sci. 6:
960-966.

108



Pugsley, A.P. (1989) Protein import into mitochondria and chloropiasts, in Protein
targeting Academic Press, Toronto.

Ray, B.K. and Apirion, D. (1981) Transfer RNA precursors are accumulated in
Escherichia coli in the absence of RNase E. Eur J Biochem 114: 517-524.

Ray, B.K. and Apirion, D. (1981) RNase P is dependent on RNase E action in
processing monomeric RNA precursors that accumulate in an RNase E” mutant of
Escherichia coli. J Mol Biol 149: 599-617.

Samaha R.R., Green R, and Noller H.F. (1995) A base pair between tRNA and 23S
rRNA in the peptidyl transferase centre of the ribosome. Nature 342: 142-148.

Sambrook, J., Fritsch E.F. and Maniatis, T. (1989) Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor Laboratory Press: Cold Spring Harbor, New York.

Sarkar, S. and Hopper, A K. (1998) tRNA nuclear export in Saccharomyces cerevisiae:
In situ hybridization analysis. Mol Biol Cell 9: 3041-3055.

Sarkar, S., Azad, A K. and Hopper, A K. (1999) Nuclear tRNA aminoacylation and its
role in nuclear export of endogenous tRNAs in Saccharomyces cerevisiae. Proc Natl
Acad Sci USA 96: 14366-14371.

Schiestl, R.H. and Gietz, R D (1989) High efficiency transformation of intact yeast
cells using single stranded nucleic acids as a carrier. Curr Genet 16. 339-346.

Schlenstedt, G. (1996) Protein import into the nucleus. FEBS lett. 389: 75-79.

Schmidt P. and Mishkind M., (1986) The transport of proteins into the chloroplast. Annu
Rev Biochem 55:879-912

Schramm, C_, Elliott, S., Shevchenko, A., Shevchenko, A., Schiebel, E. (2000) The
Bbplp-Mps2p complex connects the SPB to the nuclear envelope and is essential for
SPB duplication. EMBO J 19: 421-433.

Schurer, H., Schiffer, S., Marchfelder, A. and Morl, M. (2001) This is the end:
Processing, editing and repair at the tRNA 3’-terminus. Biological Chemisty 382: 1147-
1156.

Seth, M., Thurlow, D.L. and Hou, Y-M. (2002) Poly(C) synthesis by class I and class II
CCA-adding enzymes. Biochemistry 41: 4521-4532.

Shang, H-S., Wong, S-M_, Tan, H-M. and Wu, M. (1994) YKFE2, a yeast nuclear gene

encoding a protein showing homology to mouse KE2 and containing a putative leucine-
zipper motif. Gene 151: 197-201.

109



Shanmugam, K., Hanic-Joyce, P.J. and Joyce, P.B.M. (1996) Purification and
characterization of a tRNA nucleotidyltransferase from Lupinus albus and functional
complementation of a yeast mutation by the corresponding cDNA. Plant Mol Biol 30:
281-295.

Sherman F., (1991) Getting started with yeast. Methods in enzymology 194: 3-21

Shi, P-Y., Maizels, N. and Weiner, A M. (1998) CCA addition by tRNA
nucleotidyltransferase: polymerization without translocation? EMBO J 17: 3197-3206.

Siegers, K., Waldmann, T., Leroux, M.R_, Grein, K., Shevchenko, A., Schiebel, E. and
Hartl, F.U (1999) Compartmentation of protein folding in vivo: sequestration of non-
native polypeptide by the chaperonin-GimC system. EMBO J 18: 75-84.

Siegert, R., Leroux, M.R., Scheutler, C_, Hartl, F.U. and Moarefi, [. (2000) Structure of
the molecular chaperone prefoldin: Unique interaction of multiple coiled coil tentacles
with unfolded proteins. Cell 103: 621-632.

Sikorski, R.S. and Hieter, P. (1989) A system of shuttle vectors and yeast host strains
designed for efficient manipulation of DNA in Saccharomyces cerevisiae. Genetics 122:
19-27.

Small, I, Wintz, H., Akashi, K. and Mireau, H. (1998) Two birds with one stone: genes
that encode products targeted to two or more compartments. Plant Mol Biol 38: 265-
277

Soll, D. and RajBhandary, U., eds. tRNA: Structure, Biosynthesis and Function.
Washington, DC: American Society for Microbiology. 1995. 1-4.

Solomon, F. (1991) Analysis of the cytoskeleton in Saccharomyces cerevisiae. Annu
Rev Cell Biol 7. 633-662.

Sprinzi, M., Horn, C., Brown, M., loudovitch, A. and Steinberg, S. (1998) Compilation
of tRNA sequences and sequences of tRNA genes. Nucleic Acids Res 26: 148-153.

Stearns, T., Hoyt, A.M. and Botstein, D. (1990) Yeast mutants sensitive to
antimicrotubule drugs define three genes that affect microtubule function. Genetics 124
251-262.

Tanudji, M., Sjoling, S., Glaser, E. and Whelan, J. (1999) Signals required for the
import and processing of the alternative oxidase into mitochondria. J Biol Chem 274:
1286-1293.

Theologis, A., Ecker, J.R., Palm, C.J, ¢t al. (2000) Sequence and analysis of
chromosome 1 of the plant Arabidopsis thaliana. Nature 408: 816-820.

110



Tian, G, Lewis, S.A., Feirerbach, B, Stearns, T., Rommelaere, H., Ampe, C. and Cowan,
N.J. (1997) Tubulin subunits exist in an activated conformational state generated and
maintained by protein cofactors. J Cell Biol 138: 821-832.

Town, C.D., Haas, BJ., Wu, D. et al, (2002) Arabidopsis thaliana chromosome [
CHR1v12152001 genomic sequence. Unpublished

Uetz, P. and Hughes, R.E. (2000) Systematic and large-scale two-hybrid screens. Curr
Opin Microbiol 3: 303-308.

Uetz, P., Giot, L., Cagney, G., et al (2000) A comprehensive analysis of protein-protein
interactions in Saccharomyces cerevisiae. Nature 403 623-627

Ursic. D. and Culbertson, M.R. (1991) The yeast homolog to mouse Tcp-1 affects
microtubule-mediated processes. Mol Cell Biol 11: 2629-2640.

Varshavsky, A., Turner, G, Dy, F., Xie, Y., (2000) Felix Hoppe-Seyler lecture 2000. The
ubiquitin system and the N-end rule pathway. Biol Chem 9-10: 779-789

Vainberg, LE., Lewis, S.A., Rommelaere, H., Ampe, C., Vandekerckhove, J., Klein, H.L.
and Cowan, N.J. (1998) Prefoldin, a chaperone that delivers unfolded proteins to
cytosolic chaperonin. Cell 93: 863-873.

von Heijne, C. (1986) Mitochondrial targeting sequences may form amphiphilic helices.
EMBO J §: 1335-1342.

von Heijne, G., Steppuhn, J. and Herrmann, R.G. (1989) Domain structure of
mitochondrial and chloroplast targeting peptides. Eur J Biochem {80: 535-545.

Wach, A, Brachat, A., Pohlmann, R. and Philippsen, P. (1994) New heterologous
modules for classical or PCR-based gene disruptions in Saccharomyces cerevisae. Yeast
10: 1793-1808.

Williams K.R. and Schofield, P. (1977) Kinetic mechanism of tRNA
nucleotidyltransferase from Fscherichia coli. J Biol Chem 252: 5589-5597.

Willison, K.R., (1999) Compostion and function of the eukaryotic cytosolic chaperonin-
containing TCP-1, in Molecular Chaperones and Folding Catalysts, B. Bukau ed.
Harwood Academic Press Amsterdam: p.555-571.

Woese CR, Kandler O, Wheelis ML. (1990) Towards a natural system of organisms:

proposal for the domains Archaea, Bacteria, and Eucarya. Proc. Natl. Acad Sci. USA 87:
4576-4579

111



Wolfe, C.L., Lou, L., Hopper, A K. and Martin, N.C. (1994) Interplay of heterogeneous
transcriptional start sites and translational selection of AUGs dictate the production of
mitochondrial and cytosolic/nuclear tRNA nucleotidyltransferase from the same gene in
yeast. J Biol Chem 269: 13361-13366.

Wolfe, C.L., Hopper, A.K. and Martin, N.C. (1996) Mechanisms leading to and the
consequences of altering the normal distribution of ATP(CTP):tRNA
nucleotidyltransferase in yeast. J Biol Chem 271: 4679-4686.

www.uib.no/People/mblpp/links old/software.htm

Zenklusen, D. and Stutz, F. (2001) Nuclear export of mRNA. FEBS Letters 498: 150-
156.

Zhang, X-P. and Glaser, E. (2002) Interaction of plant mitochondrial and cholorplast
signal peptides with the Hsp70 molecular chaperone. Trends in Plant Science 7: 14-21.

Zhu, L. and Deutscher, M.P. (1987) tRNA nucleotidyltransferase is not essential for
Escherichia coli viability. EMBO J 6: 2473-2477.

112





