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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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