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Abstract

Mitochondria evolved through endosymbiosis of an ancient prokary-
ote, and subsequently lost most genes to the host genome. In or-
der for mitochondrial proteins to be correctly localized from the
host cytosol to the mitochondrial compartments, a complex pro-
tein targeting and import machinary has evolved. Key receptor
components in the protein translocase complex of the outer mi-
tochondrial membrane, Tom20 and Tom22, recognize proteins to
be imported and assist their insertion across the outer membrane.
The solution structure of the Tom20 receptor domain from Ara-
bidopsis thaliana was determined by nuclear magnetic resonance
spectroscopy, and revealed that this protein has signi�cant struc-
tural di�erences to its functional analogue found in animals and
fungi.
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Chapter 1

Introduction

Internal transport and localisation of matter is essential for living organisms
to function as organised entities which can both self-assemble and reproduce.
Particularly for higher organisms such as eukaryotes, about half of all proteins
synthesised in the cytosol are internally transported to speci�c membranes
or compartments (organelles) for them to carry out their intended functions
(Schnell & Hebert, 2003; Wickner & Schekman, 2005). One such organelle
to which a large number of proteins are transported is the mitochondrion.

1.1 The endosymbiotic origin of mitochondria

and evolution of mitochondrial protein im-

port

Mitochondria are essential energy producing organelles found in all eukaryotic
cells (for review see (Dolezal et al., 2006; Taanman, 1999)). The enzymes
responsible for energy production and other metabolic pathways housed in
mitochondria are enclosed by two concentric membranes. These are the outer
membrane (OM), which separates the mitochondrial intermembrane space
(IMS) from the cytosol, and the inner membrane (IM) which separates the
intermembrane space from the innermost compartment of the mitochondrion,
termed the matrix.

There is overwhelming evidence to suggest that mitochondria originated
from an α-proteobacterial ancestor, which originally parasitised an early
eukaryote-like host. This bacterial ancestor developed and endosymbiotic
relationship through gene transfer to its host and development of interde-
pendant biosynthetic pathways (Dyall et al., 2004; Gray, 1999; Gray et al.,
1999; Margulis & Bermudes, 1985; Roger, 1999; Yang et al., 1985). Mitochon-

1
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dria contain genomes which are severely reduced in size when compared with
their free-living α-proteobacterial ancestors. This is thought to be the result
of a process known as �Müller's rachet�, where small populations of asex-
ually reproducing endosymbiotes that are isolated within the host and can
only migrate to host progeny during cell division tend to accumulate delete-
rious mutations in the endosymbiote chromosomal genes (Felsenstein, 1974;
Moran, 1996). Over long time periods, the only endosymbiont genes that
survive are those that migrate to the more stable host genome, and the only
remaining genes in the endosymbiont genome are likely to be those whose
products cannot be easily transported back to the organelle (Berg & Kur-
land, 2000; Daley & Whelan, 2005). In the case of mitochondrial evolution,
once the protomitochonrdrion had lost essential genes to the host nuclear
genome, not only did it become dependant on the host for survival but it
also required a protein targeting and transport system to 'relocalise' proteins
now expressed in the host cytosol to protomitochondrial membranes or in-
ternal compartments. The result of this process of gene migration (or loss)
and retargeting is evident in mitochondria of higher eukaryotes, where only
a very small number of proteins (13 in humans) are encoded by genes on the
mitochondrial chromosome and synthesized inside the matrix by mitochon-
drial ribosomes. The large majority of proteins destined for the mitochondria
are encoded by nuclear genes and synthesized by cytosolic ribosomes, and in
order for these proteins to reach their functional destination they must be
delivered to and translocated across one or both of the mitochondrial mem-
branes.

The evolution of a protein targeting system for mitochondria required
both the development of speci�c targeting information within the protein to
be localised, and development of protein import machinery for recognition
and translocation of target proteins (Lucattini et al., 2004). In most eu-
karyotes, the import of preproteins into mitochondria is handled by several
membrane-associated translocation complexes; the translocase of the outer
membrane (the TOM complex), the translocases of the inner membrane (the
TIM complexes), and the SAM complex (sorting and assembly machinery) for
insertion of proteins into the outer membrane. These mitochondrial protein
translocases, as well as speci�c cytosolic chaperones, recognize the targeting
information in proteins to be imported and assist their unfolding, membrane
insertion or translocation and refolding/assembly in the mitochondria. The
targeting information in mitochondrial proteins falls into two broad classes,
sometimes it exists as an N-terminal presequence which is often cleaved af-
ter translocation, and (probably always) also exists as an `internal' targeting
signal which is not removed after import.
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1.2 Mitochondrial targeting signals

1.2.1 N-terminal targeting presequences

N-terminal mitochondrial targeting presequences are commonly around 20-
40 amino acids in length, but can be up to 80 residues long, and could
be a short as 5-8 residues in some protists (Dolezal et al., 2005). They
are generally enriched in positively charged (arginine and lysine) residues as
well as hydroxylated (serine, threonine) residues and are de�cient in nega-
tively charged residues (aspartate, glutamate) (Lemire et al., 1989; Roise &
Schatz, 1988). Helical wheel projections of several presequences showed that
they have the potential to form amphipathic α-helices (Lemire et al., 1989;
von Heijne, 1985), with opposing hydrophobic and positively charged sides.
Other than these common properties, there is no clear consensus sequence
between N-terminal presequences (von Heijne, 1986). Due to the lack of any
clear consensus sequence, arti�cial neural network (Emanuelsson et al., 2000;
Nielsen et al., 1999), hidden Markov model (Fujiwara et al., 1997), expert
system (Nakai & Kanehisa, 1992), discriminant analysis (Claros & Vincens,
1996) and Support Vector Machine (Hua & Sun, 2001) based methods have
been developed for identi�cation of mitochondrial targeting presequences,
however none of these computational techniques has proven to be universally
reliable for this task, with most achieving at best 75 - 85 % accuracy in
predictions.

N-terminal presequences can carry all the information required to target
proteins to the mitochondrial matrix, and experimentally a presequence at-
tached as an N-terminal fusion to a cytosolic protein can alter its localisation
from the cytosol to the mitochondrion (Eilers & Schatz, 1986; Horwich et al.,
1985; Matouschek et al., 1997). Generally, N-terminal presequences target
preproteins to the matrix space, and after translocation across the inner
membrane are cleaved from the preprotein by the mitochondrial processing
protease (MPP) at a speci�c recognition site in the C-terminal most region
of the presequence (Gavel & von Heijne, 1990; Hawlitschek et al., 1988; Hen-
drick et al., 1989; Schneider et al., 1998) (reviewed by Arretz et al. (1991)
and Ito (1999)). After MPP cleavage, some preproteins are additionally pro-
cessed by the mitochondrial intermediate protease (MIP) (Isaya et al., 1994;
Kalousek et al., 1992), which cleaves a further eight residues from the N-
terminus. For some preproteins, presequence cleavage is essential to produce
the functional mature protein, while others retain their N-terminal targeting
sequences after import and do not require proteolytic processing to become
active.

In addition to the typical N-terminal presequence, there are also sev-



4 CHAPTER 1. INTRODUCTION

eral documented cases (Folsch et al., 1998; Lee et al., 1999; Perrotta et al.,
2002) of natural and engineered C-terminal sequences with similar proper-
ties to classical N-terminal targeting presequences which e�ectively act to
target proteins to the mitochondria, despite the polypeptide being appar-
ently translocated in the reverse orientation to that of the typical soluble
preprotein.

NMR and CD studies suggest that isolated presequence peptides are prob-
ably unstructured in aqueous solution (Bruch & Hoyt, 1992; Endo & Oya,
1989; Roise et al., 1988), but adopt a helical conformation upon interaction
with a detergent micelle surface (acting as a lipid mimetic) (Bruch & Hoyt,
1992; Endo & Oya, 1989; Epand et al., 1986; Hammen et al., 1994; Karslake
et al., 1990; MacLachlan et al., 1994; Moberg et al., 2004; Roise et al., 1986,
1988; Thornton et al., 1993; Wang &Weiner, 1994), or when bound to the an-
imal/fungal Tom20 receptor (Abe et al., 2000). One recent analysis suggests
that, prior to import, many mitochondrial preproteins are found associated
with the surface of the outer membrane, the levels of which increase under
conditions of high mitochondrial activity (Zahedi et al., 2006). It is unclear
whether this pool of pre-translocated precursor proteins is associated with
the lipid surface or proteinaceous receptors. However, if they do represent a
pool of protein en route to the matrix ultimately they must be imported via
interaction with the TOM complex and other proteinaceous components in
the outer membrane.

The excess of basic (arginine and lysine) residues give presequences a
net positive charge, which enables the electrochemical potential across the
inner membrane to exert a force on the polypeptide (Martin et al., 1991;
Shari� et al., 2004). Basic residues (along with correctly placed hydrophobic
residues) are also required for interaction with mtHsp70 in the matrix (Zhang
et al., 1999). An additional role proposed for these basic residues is that of
the �acid chain hypothesis�, whereby presequences speci�cally interact with
negative charges in the TOM complex along the import pathway (Honlinger
et al., 1995; Komiya et al., 1998; Lithgow et al., 1994a; Schatz, 1995) to
aid initial translocation across the outer membrane. Numerous workers have
explored the e�ect on import of mutant preproteins in vitro and in vivo in-
cluding, but not limited to, substitutions of the arginine and lysine residues.
Many of these studies indicate that while the positive charges are clearly
important for e�cient import and the amphipathicity of the presequence is
required for interaction with import receptors (Abe et al., 2000; Duby et al.,
2001), the overall helical propensity of the region responsible for targeting
may also be important (Horwich et al., 1986; Thornton et al., 1993). In most
cases, no single residue in the presequence is essential, and several point
mutations or whole segment deletions are usually required before import is
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completely abrogated (Bedwell et al., 1987; Chu et al., 1987a,b; Hammen
& Weiner, 1998; Hammen et al., 1996b; Wang & Weiner, 1993). This re-
dundancy and apparent low sensitivity to mutation is probably no surprise
considering the poor conservation and lack of sequence consensus between
presequences, and suggests that each part of the import pathway acts as a
'�lter' selecting general features of the presequence without requiring highly
speci�c interactions at any single receptor site.

There is promiscuity in recognition by the mitochondrial protein import
machinery, as experiments reported by (Lemire et al., 1989) indicate that
around 25% of randomly generated presequences (of only 10 residues long)
could function as matrix targeting signals for cytochrome oxidase IV in vivo.
Further evidence of this promiscuity in recognition has been demonstrated
in the plant mitochondrial import system, where L- or D- enantiomers of
a presequence peptide (Nicotiana plumbaginifolia F1β ATP synthase, 1-25)
showed no di�erence in their ability to inhibit import of full length pre-
proteins in vitro (Sigyarto et al., 2001). In some cases, even chloroplast
targeting sequences which bear some similarity to mitochondrial targeting
sequences (being both amphipathic and positively charged) can direct im-
port into fungal mitochondria (Brink et al., 1994), further suggesting that
the animal/fungal import machinery has evolved to be as much broadly in-
clusive as it is exclusive.

Mitochondrial targeting presequences can co-exist with other targeting
signals, and as a result mitochondrial targeting is not always an 'all-or-
nothing' process. Examples exist where dual targeting mitochondrial-per-
oxisomal (Birdsey et al., 2004) and mitochondrial-chloroplast (de Castro
Silva Filho et al., 1996; Moberg et al., 2003; Peeters & Small, 2001) signals
allow proteins to partition between two organelles, as well as weak mito-
chondrial targeting signals which result in a population of cytoplasmic and
mitochondrial protein.

Through NMR chemical shift perturbation experiments using 15N-labelled
presequence peptides (Muto et al., 2001) and mass spectrometry experiments
detecting covalently coupled peptide libraries to the Tom20 receptor (Obita
et al., 2003), a general �animal Tom20 binding� sequence motif in prese-
quences has been de�ned as, σφχβφφχ(where σ is a hydrophilic, φ is a hy-
drophobic, χ is any residue and β is a basic residue). This motif is found
in the region of at least �ve di�erent presequences that interact with the rat
Tom20 receptor.
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1.2.2 `Internal' mitochondrial targeting presequences

Internal targeting signals are so-called because they do not occur as cleavable
presequences at the terminus of a protein, but instead are found internally
within structural elements or loop regions of the protein. Hence, they are
not removed after translocation because they are embedded in the intrinsic
structure of the protein. As there is a lack of any obvious sequence similarity
or consistent location of internal targeting sequences, the features necessary
for recognition by the mitochondrial import receptors remain poorly under-
stood. The interpretation of most experiments testing the role of these signals
is problematic, since compared with N-terminal signals which are typically
independent domains, dissecting the e�ects of a true 'internal targeting sig-
nal' from mutations which simply disrupt protein folding and structure can
be di�cult. Internal targeting signals are less common than N-terminal pre-
sequences, and are typically associated with inner and outer mitochondrial
membrane proteins, as well as some proteins targeted to the intermembrane
space. The ADP/ATP carrier (AAC) class of proteins, responsible for pas-
sage of metabolites between the matrix and the intermembrane space, carry
multiple internal targeting signals (Pfanner et al., 1987a), as does the phos-
phate carrier protein (Brix et al., 1999). In some cases, internal targeting
sequences have characteristics which resemble N-terminal presequences, in
that they exist as amphipathic and positively charged internal segments, as
in the case of Bcs1 (a protein involved in biogenesis of the Rieske Fe/S pro-
tein). Curiously, Bcs1 also contains an MPP cleavage signature directly after
this positively charged segment which is not processed due to the structure
of the protein (Folsch et al., 1996). The mitochondrial heme lyases (such
as cytochrome c heme lyase) have been reported to contain a ∼60 residue
hydrophilic internal targeting signal which speci�cally directs them to the
intermembrane space. When inserted internally in the sequence of DHFR
(dihydrofolate reductase), this targeting signal is su�cient to change local-
ization of this protein from the cytosol to the intermembrane space (Diekert
et al., 1999). There is evidence that proteins with internal targeting signals
such as Tim23 and AAC can cross the TOM complex as a loop structure,
with two segments of polypeptide simultaneously occupying the Tom40 pore
(Curran et al., 2002b; Endres et al., 1999; Wiedemann et al., 2001). The
e�ective import of loop structures has also been highlighted by import as-
says on S. cerevisiae mitochondria using a barnase-presequence chimera with
engineered disulphides at various positions to prevent unfolding of adjacent
β-strands. These assays suggested that the polypeptide does not need to
completely unfold during translocation, although complete unfolding allows
for much faster import (Schwartz et al., 1999).
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Some preproteins, such as cytochrome c1, contain both an N-terminal
presequence and internal targeting signals, as well as bipartite MIP and MPP
sites (Stuart et al., 1990). N-terminal targeting signals generally enhance
import to the matrix, and examples exist where an N-terminal targeting
signal added to a protein with only internal targeting signals can override its
typical localisation, redirecting it from the outer or inner membrane to the
matrix (Liu et al., 1990; Sakaguchi et al., 1992).

1.3 From cytosol to mitochondrial matrix or

membrane: an overview

Proteins destined for the mitochondria are translated on cytosolic polysomes
and arrive at the outer mitochondrial membrane surface either co-translationally
or bound to cytosolic chaperones (Lithgow, 2000; Yano et al., 2003). Soluble
preproteins are recognised by the outer membrane receptors (Tom20, Tom70
and Tom22) which aid their insertion into the TOM complex, where they are
passed across the outer membrane and through the intermembrane space to
the TIM23 complex for translocation into the matrix (Figure 1.1a). The im-
port pathways of membrane proteins deviate from that of soluble precursor
proteins. Membrane proteins destined for the outer membrane pass via the
TOM complex to the SAM complex for insertion and assembly, while inner
membrane proteins are translocated through the TOM pore where they are
passed to the TIM22 complex for membrane insertion (Figure 1.1b).

The mitochondrial targeting (Omura, 1998; Rapaport, 2003) and translo-
cation system (Endo et al., 2003; Herrmann & Neupert, 2000; Hoogenraad
et al., 2002; Koehler, 2004; Neupert, 1997; Paschen & Neupert, 2001; Pfanner
& Chacinska, 2002; Pfanner & Wiedemann, 2002; Rehling et al., 2001; Sto-
janovski et al., 2003; Truscott et al., 2003a) has been extensively reviewed,
and detailed review articles have been published on import across the out-
ermembrane via the TOM complex (Endo & Kohda, 2002; Hoogenraad &
Ryan, 2001; Prokisch et al., 2002) including the role of cytosolic chaperones
and cotranslational import (Beddoe & Lithgow, 2002; Lithgow, 2000; Mihara
& Omura, 1996; Verner, 1992), biogenesis of the TOM complex (Rapaport,
2002) and import into to outer membrane via the TOM and SAM complexes
(Rapaport, 2005; Taylor & Pfanner, 2004), and import into (de Marcos-Lousa
et al., 2006; Herrmann & Neupert, 2003) or across (Jensen & Dunn, 2002;
Mokranjac & Neupert, 2005; van der Laan et al., 2006) the inner membrane
via the TIM complexes, including the role of matrix chaperones (Ryan et al.,
1997; Voos & Rottgers, 2002). Review articles discussing the evolution of
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Figure 1.1: (a) The import pathway of soluble proteins to the mitochondrial matrix. Mito-
chondrial preproteins (dark green line), bound to chaperones in the cytosol, are recognised
by their N-terminal targeting signal (+++) bound by Tom20 and Tom22, and by elements
of the mature protein bound by Tom70 before insertion into the pore formed by Tom40.
The translocating preprotein is speci�cally recognised by the TIM23 complex which is
activated by the N-terminal targeting sequence, and the preprotein is passed across the
inner membrane where it is pulled by the electrophoretic force and sequentially captured
by mtHsp70. The mtHsp70 is positioned close to the TIM23 pore through its interactions
with other subunits of the PAM complex. Preproteins in the matrix are converted to their
mature form by cleavage of the N-terminal targeting presequence by MPP.
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Figure 1.1: continued: (b) Import and assembly of mitochondrial membrane proteins.
Mitochondrial inner membrane proteins (eg �carrier� proteins such as AAC and the phos-
phate carrier) are recognised by Tom20 and Tom70 at the outer membrane surface, and
passed across the outer membrane by the TOM complex (light blue path). In the inter-
membrane space the �small Tim� heterohexamers Tim9/Tim10 and Tim8/Tim13, along
with Tim12, act as chaperones and assist transfer to the TIM22 complex which subse-
quently inserts the precursor protein into the inner membrane (orange path).
Mitochondrial outer membrane β-barrel proteins such as porin, Tom40 and Mdm10 are
initially recognised by the Tom20 and Tom70 receptors, but are subsequently passed to
the SAM complex for insertion into the outer mitochondrial membrane (dark blue path).
Outer membrane proteins with α-helical transmembrane segments are inserted into the
outer membrane directly by the TOM complex, without the assistance of the SAM complex
(light green path). (Stoichiometry of components is not depicted in this diagram as in most
cases it has not been accurately determined).

the mitochondrial import machinary (Dolezal et al., 2006; Lister et al., 2005)
and the plant mitochondrial protein import system (Glaser et al., 1998) have
also been published.

1.3.1 Energetics and unfolding during mitochondrial pro-
tein import

Evidence suggests that, in vivo, soluble preproteins destined for the mito-
chondria can arrive at the outer mitochondrial membrane fully folded (Bomer
et al., 1997; Wienhues et al., 1991) or unfolded bound to cytosolic chaperones
(Lithgow, 2000), and in vitro import experiments suggest that the mitochon-
drial import machinery is capable of actively unfolding folded proteins by
pulling on the N-terminal presequence (Huang et al., 1999).

Initial insertion of preproteins into the TOM complex pore does not re-
quire an electrochemical transmembrane potential or ATP (Pak & Weiner,
1990; Pfanner et al., 1990a), unlike inner membrane protein transport via the
TIM complex (Hwang & Schatz, 1989; Ohba & Schatz, 1987; Pfanner et al.,
1987b). The only ATP requirement relating to the initial insertion across the
TOM complex in vivo appears to be that of some chaperones such as MSF,
which bind the presequence portion of preproteins in the cytosol during trans-
port to the outer mitochondrial membrane, and require ATP hydrolysis to
release their cargo before import can occur (Komiya et al., 1996; Mihara &
Omura, 1996; Pfanner et al., 1987b, 1990a).

The main driving forces for complete translocation of preproteins across
both the outer and inner mitochondrial membranes are the eletrophoretic
potential across the inner membrane ((Martin et al., 1991; Rehling et al.,
2003; Shari� et al., 2004), among others), and the presequence-associated mo-
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tor (PAM) complex driven through ATP hydrolysis by the mtHsp70 ratchet
(Bauer et al., 2000; Eilers et al., 1987; Gambill et al., 1993; Geissler et al.,
2001). Import occurs at contact sites between the outer and inner mem-
branes (Horst et al., 1995; Pfanner et al., 1990b; Pon et al., 1989; Rassow
et al., 1989; Reichert & Neupert, 2002; Schleyer & Neupert, 1985; Schwaiger
et al., 1987), and unfolded preproteins can span both the inner and outer
membranes during import, over a distance of about ∼140 Å or the length
of ∼40 - 50 residues in an extended conformation (Rassow et al., 1990).
Experiments using di�erent lengths of presequence on a model preprotein
indicate that an initial lag in translocation can be avoided if the presequence
is greater than 65 residues long (Huang et al., 1999; Matouschek et al., 1997).
It is proposed that the slow step in complete translocation for preproteins
with presequences less than ∼65 residues is due to arrest of the presequence
across the Tom40 pore while the preprotein domain in the cytosol unfolds.
Longer presequences allow earlier capture by the inner membrane TIM23
complex which, through the pulling action of the electrophoretic force and
the mtHsp70 ratchet, stimulates active unfolding of the preprotein domains
still in the cytosol and subsequent fast migration through both pores.

1.3.2 Translocation across the outer membrane

Components of the animal and fungal TOM complex

The components of the TOM complex were �rst studied in the yeast Saccha-
romyces cerevisiae, and the �lamentous fungus Neurospora crassa. Compo-
nents of the TOM and TIM complexes are refered to by a uniform nomen-
clature, based on a concatenation of the acronym for the membrane complex
they are found in and their apparent molecular weight as judged by SDS-
PAGE (Pfanner et al., 1996). To avoid confusion, I will use the commonly
accepted S. cerevisiae nomenclature here when referring to putatively ho-
mologous proteins from other species. Protein names have the �rst letter
capitalised (eg Tim23), while the di�erent translocase complexes are refered
to by all-caps names (eg TOM, TIM22, TIM23). Components from a speci�c
species are refered to by pre�xing italic genus-species initials, for example
AtTom20 for Arabidopsis thaliana Tom20, RnTom22 for Rattus norvegicus
Tom22, ScTom22 for Saccharomyces cerevisiae and SpTom22 for Saccha-
romyces pombe Tom22. The cytosolic side of the outer membrane is often
refered to as cis, while the intermembrane space side is trans. In older liter-
ature, subunits are often named using �Mas�, �Isp� or �MOM� (eg Mas22p
or MOM22) instead of �Tom�, and the numbers based on e�ective molecu-
lar weight can vary slightly (eg. �Mas19� for Tom20, �MOM72� for Tom70
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and �MOM38� or �Isp42� for Tom40) (see Pfanner et al. (1996) for a name
translation table).

The TOM complex can be viewed as a collection of several subcomplexes
which have various a�nities to each other, based on the conditions of de-
tergent solubilisation required to separate them (Ahting et al., 1999; Dekker
et al., 1998; Kassenbrock et al., 1993; Meisinger et al., 2001). The core com-
plex, termed the General Import Pore (GIP) consists of the integral mem-
brane proteins Tom40, Tom22, Tom6, Tom7 and Tom5 (Ahting et al., 1999).
Associated apparently more loosely with the TOM complex are the single
transmembrane anchored receptors Tom70 and Tom20 (Dekker et al., 1998;
Meisinger et al., 2001), as well as Sam37 (�Mas37� or �Tom37�) which is now
known to be a component of the SAM complex but has also been shown to
associate with Tom70 (Gratzer et al., 1995). The Tom22, Tom20 and Tom70
have cytosolic domains which act as mitochondrial preprotein and/or mem-
brane protein receptors on the outer mitochondrial membrane (Chan et al.,
2006; Ramage et al., 1993; Sollner et al., 1990).

Electron microscopy of the TOM core complex (GIP) shows single pores
and dimers (Ahting et al., 1999, 2001), or trimers if the TOM holo complex
(GIP + all receptors) is observed (Kunkele et al., 1998a). It has also been re-
ported that depletion of Tom20 results in only dimeric pore being observed,
suggesting that the fungal Tom20 plays an important role formation of a
multimeric TOM complex (Model et al., 2002). The transmembrane conduc-
tance of reconstituted TOM complex is twice that of reconstituted Tom40
alone, suggesting the presence of two pores per native TOM complex, and
monomeric Tom40 when other components are not present (Becker et al.,
2005).

Tom40 Tom40, an integral membrane protein, is the hydrophilic pore com-
ponent of the TOM complex through which proteins being imported pass. It
is essential for viability in yeast (Baker et al., 1990; Kiebler et al., 1990; Vest-
weber et al., 1989), and shows clear sequence similarity to eukaryotic porins
(Pfam accession PF01459), with much weaker similarity to porins of bacterial
origin (Court et al., 1995). Circular dichroism of reconstituted recombinantly
expressed Tom40 shows a predominance of β secondary structure, support-
ing predictions that this protein is a β-barrel (Becker et al., 2005; Hill et al.,
1998).

Electrophysiological studies on reconstituted Tom40 (or reconstituted
TOM complex (Kunkele et al., 1998a,b)) in a liposome system show it is
a cation selective channel, with an estimated pore diameter of ∼22 - 25 Å
(Hill et al., 1998). The size of the GIP has also been probed using prepro-
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teins attached to large metal coordination complex particles of various sizes,
and suggests that the channel can translocate particles of 20 Å diameter, but
not 26 Å diameter (Schwartz & Matouschek, 1999). Pore openings of ∼20 Å
diameter are also observed by electron microscropy of the GIP, as sites which
accumulate stain (Ahting et al., 1999; Kunkele et al., 1998a). Curiously in
yeast Tom40 expression is upregulated in porin I (∆por1) knockouts, sug-
gesting that in vivo it can also play a role as a passive cation transporter,
substituting for porins when needed (Antos et al., 2001).

Preproteins directly contact Tom40 as they traverse the outer membrane
(Vestweber et al., 1989), and can be chemically crosslinked to Tom40 during
in vitro import experiments using isolated mitochondria (Kanamori et al.,
1997, 1999). Chemical crosslinking during import into mitochondrial outer
membrane vesicles (OMVs) from N. crassa showed interactions of the prese-
quence �rst with Tom20 and Tom22, as well as Tom40 when the preprotein
was bound to the cis site of the outer membrane surface (Rapaport et al.,
1997). After the presequence portion had been translocated (with the mature
part of the protein still on the cytosolic side of the membrane) crosslinking
showed it to contact the trans site of Tom40. This suggests Tom40 plays
a role in forming the trans presequence binding site, along with the Tom22
trans domain which has also been implicated in direct trans site binding by
chemical crosslinking (Kanamori et al., 1999) and in vitro binding experi-
ments using recombinant protein and synthetic presequences (Bolliger et al.,
1995).

Animal and fungal Tom20 The Tom20 receptor found in animals and
fungi is a single-pass transmembrane protein anchored at its N-terminus (Ra-
mage et al., 1993; Schneider et al., 1991; Sollner et al., 1989), with a soluble
cytosolic domain containing a single tetratricopeptide repeat (TPR) motif
(Blatch & Lassle, 1999; D'Andrea & Regan, 2003; Lamb et al., 1995). An-
tibodies to Tom20 inhibit import of preproteins with N-terminal targeting
sequences, with a lesser e�ect on membrane proteins with internal targeting
signals such as AAC (Moczko et al., 1993; Ramage et al., 1993; Sollner et al.,
1989). Various biochemical and biophysical experiments show that Tom20
binds preferentially to N-terminal presequences (Abe et al., 2000; Brix et al.,
1997, 1999; Muto et al., 2001; Obita et al., 2003), and mitochondria depleted
in Tom20 show a dramatic reduction in import of N-terminal targeting se-
quence bearing preproteins and only limited impact on import of internal tar-
geting signal bearing proteins (Harkness et al., 1994; Lithgow et al., 1994b;
Moczko et al., 1994). Yeast lacking Tom20 will only grow on fermentable
carbon sources, and show a loss of respiration with reduced levels of Tom22
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(Harkness et al., 1994; Lithgow et al., 1994a,b; Moczko et al., 1994; Ramage
et al., 1993). While the role of Tom20 appears predominantly associated
with the recognition and import of N-terminal presequence bearing prepro-
teins, the receptor has been reported to bind segments of 'internal' targeting
sequences (Brix et al., 1997, 1999). Tom20 deletion mutants also suggest it
may have a non-essential role in import of internal targeting sequence bear-
ing membrane proteins in cooperation with Tom70 (Moczko et al., 1994).
Consistent with this theory, disrupting Tom70 in N. crassa impairs AAC
import, and the remaining residual AAC import has been attributed to a
weak import ability of Tom20 (Steger et al., 1990). While Tom70 knockouts
are non-lethal, simultaneous deletion of both Tom20 and Tom70 is lethal,
presumably since at least one of these receptors is required for import of es-
sential inner membrane proteins bearing internal targeting signals (Ramage
et al., 1993). Cells lacking Tom20 can eventually adapt and begin to respire,
to the point where they will tolerate disruption of Tom70 without loss of
respiration, and it has been proposed that this is due to regained levels of
Tom22 making up for the loss of Tom70 and Tom20 (Lithgow et al., 1994b).

As well as appearing to have partially overlapping functions, Tom20 and
Tom70 have been shown to interact by a yeast 'two-hybrid' system and can
be coimmunoprecipitated (van Wilpe et al., 1999) and crosslinked in intact
mitochondria (Haucke et al., 1996). A point mutation in the TPR of Tom20
stops this interaction, and inhibits import of proteins with internal targeting
signals (Haucke et al., 1996).

The solution NMR structure of RnTom20 (Abe et al., 2000), along with
supporting mutation studies, show that the receptor binds N-terminal pre-
sequence peptides through hydrophobic interactions in a single hydrophobic
groove (see Figure 1.2). Chemical shift perturbation upon titration of prepep-
tides (Muto et al., 2001) and competition studies using mass spectrometry to
detect crosslinked presequence peptides (Obita et al., 2003), have been used
to study the binding preferences of the animal Tom20. These studies clearly
showed that some presequences are speci�cally bound in their N-terminal
regions (such as yeast CoxIV), while others can bind near or overlapping
their MPP/MIP cleavage site (such as rat ALDH) (Muto et al., 2001). De-
spite these di�erences, NMR signal relaxation using spin-labeled presequence
peptides has shown that rat ALDH and yeast CoxIV, bind in the same orien-
tation relative to the helices which make up the Tom20 binding groove (Muto
et al., 2001). Based on the presequence segments observed to bind to Tom20,
a binding motif σφχβφφχ has been proposed (where σ is a hydrophilic, χ is
any residue, φ is a hydrophobic and β is an R or K residue) (Muto et al.,
2001; Obita et al., 2003). The generality of this motif, in part due to the
diversity in mitochondrial targeting presequences and the broad speci�city of
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Figure 1.2: NMR solution structure of Tom20 from Rattus norvegicus (residues 50-145)
(dark blue ribbons) in complex with the aldehyde dehydrogenase presequence residues
12-22 (sticks, hydrophobic residues orange and hydrophilic residues cyan) (Abe et al.,
2000).

Tom20, means it can be found in many non-mitochondrial proteins as well as
in bona �de presequences and generally re�ects the pattern of heptad repeats
found in many amphipathic α-helices. The structural context and sequence
�anking this motif no doubt play an important role in recognition by Tom20
(and the rest of the mitochondrial import apparatus), by allowing the pre-
sentation of the binding motif on an exposed and predominantly disordered
terminal region.

The three dimensional structure of the mammalian RnTom20 cytosolic
domain (50-145) was determined in isolation, without the transmembrane
anchor, linker region or membrane lipid mimetic (Abe et al., 2000). Studies
on recombinantly expressed truncated forms of the human Tom20 cytosolic
domain (�hTom20cyt�, 97.9% sequence identity to RnTom20) showed that
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the N-terminal region directly after the transmembrane anchor (residues 30-
60, not included in RnTom20 cytosolic domain structure) is protected from
proteolysis when in contact with detergent micelles or a presequence peptide,
suggesting it has a role in binding the mitochondrial membrane surface and
N-terminal presequences (Schlei� & Turnbull, 1998). The C-terminal region
(residues 90-145) of hTom20cyt was implicated in the binding of proteins
with internal targeting sequences (Schlei� & Turnbull, 1998). Consistent
with this, yeast mutants where the last 13 C-terminal residues are deleted
from Tom20 import many preproteins at reduced rates (Bolliger et al., 1995).
The rat Tom20 NMR structure shows this region to be an exposed and highly
mobile α-helix with some exposed hydrophobic residues and acidic residues
at the extreme C-termini.

Tom70 Tom70 is a single N-terminal transmembrane anchored protein
with a soluble cytosolic domain comprised of eleven TPR motifs (Chan et al.,
2006). It has been shown to be responsible for import of inner membrane
proteins with internal targeting sequences (Hines & Schatz, 1993; Hines et al.,
1990; Steger et al., 1990) such as AAC class of proteins (Sollner et al., 1990),
the F1-ATPase β-subunit, the phosphate carrier protein (Moczko et al., 1994)
and has been shown to contribute to cytochrome c1 import in cooperation
with Tom20 (Hines et al., 1990). Unlike the other two main receptors with
large cytosolic domains, Tom20 and Tom22, Tom70 does not bind N-terminal
targeting presequences (Brix et al., 1999; Wiedemann et al., 2001). Prepro-
tein binding by Tom70 has been shown to be independent of salt concentra-
tion (Brix et al., 1997), and may be assisted via docking with cytosolic chap-
erones such as Hsp70 and Hsp90 in mammals (Young et al., 2003), and the
cytosolic chaperone MSF (mitochondrial import stimulation factor) (Hachiya
et al., 1995; Komiya et al., 1994, 1996).

The crystal structure of Tom70 was recently solved, and shows that the
eleven TPRs form two domains arranged in a right-handed superhelix (Wu
& Sha, 2006) (pdb accession 2GW1). The N-terminal domain is likely to be
the Hsp70 C-terminal EEVD peptide binding site (Young et al., 2003), and
contains a concave binding groove with similar surface residues to the TPR
protein Hop (Scheu�er et al., 2000a), which also binds Hsp70. The C-terminal
domain of Tom70 contains a more hydrophobic concave groove, and it has
been postulated that this is the binding site for the mitochondrial precursor
proteins (Wu & Sha, 2006). While Tom70 exists as a homodimer in the
published crystal structure (Wu & Sha, 2006), biophysical characterisation
of recombinant Tom70 indicated that the cytosolic domain is probably an
elongated monomer (Beddoe et al., 2004).



16 CHAPTER 1. INTRODUCTION

Yeast mitochondrial Tom70 co-puri�es as a heterodimer from detergent
solubilised outer membranes with an associated partner protein, Sam37 (ref-
ered to as �Mas37� or �Tom37� in some earlier literature) (Gratzer et al.,
1995), which is part of the SAM complex for polytopic outer membrane
protein import. The Tom70 cytosolic domain has also been shown to coim-
munoprecipitate with the Tom22 cytosolic domain (van Wilpe et al., 1999).

Akin to the Tom20 paralogues found in many multicellular organisms,
in S. cerevisiae there exists a paralogue of Tom70 (53% sequence identity),
termed Tom71, which is expressed at low levels and appears to have a re-
dundant role in protein import (Bomer et al., 1996; Schlossmann & Neupert,
1995; Schlossmann et al., 1996). This appears to be a yeast speci�c speciali-
sation that came about through a recent duplication of yeast genomes (Chan
et al., 2006), as currently no Tom70 paralogues have been identi�ed in other
higher animal or fungal species.

Tom22 Tom22 is a single-pass transmembrane protein which plays a role
as an N-terminal presequence receptor (Kiebler et al., 1993; Mayer et al.,
1995a) and an important structural organizer of the TOM complex (van
Wilpe et al., 1999). The membrane topology of Tom22 is the opposite in
orientation to that of Tom70 and Tom20, with the N-terminal cis domain
exposed to the cytosol and the C-terminal trans domain in the intermem-
brane space. Early experiments on Tom22 knockout strains in S. cerevisiae
and N. crassa lead investigators to believe that Tom22 was strictly essential
for cell viability (Honlinger et al., 1995; Lithgow et al., 1994a; Nakai & Endo,
1995; van Wilpe et al., 1999), however a very slow growing but viable Tom22
knockout strain has been produced in yeast by so-called �sheltered disrup-
tion� (Nargang et al., 1995). This technique selects for (uncharacterized)
suppressors of the otherwise lethal defect. This strain also showed reduced
levels (∼65%) of Tom20 associated with the loss of Tom22.

When applied to puri�ed mitochondria in vitro, antibodies recognizing
Tom22 inhibit import of both N-terminal presequence bearing preproteins
and the internal targeting signal bearing AAC and phosphate carrier pro-
teins, however binding of these proteins at the mitochondrial surface is not
inhibited (Kiebler et al., 1993). In contrast, antibodies to Tom20 and Tom70
only partially inhibit binding and hence slow the rate of import. These re-
sults together suggest that Tom22 is further down the import pathway than
Tom20, and may be involved in insertion of preproteins into the GIP after
their initial binding (Kiebler et al., 1993). The cis domain of Tom22 has been
shown to speci�cally bind N-terminal targeting presequences but shows poor
binding of preproteins with internal targeting signals in vitro (Brix et al.,
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1997, 1999). As Tom22 is tightly associated with Tom40 (Ahting et al.,
1999; Dekker et al., 1998), the Tom22 antibody mediated import inhibition
of internal targeting signal bearing precursors (Kiebler et al., 1993) might not
be due to any direct inhibition of precursor binding to Tom22, but instead
be the result of steric e�ects of antibodies occluding the pore opening.

Both the cis and trans domains of Tom22 show clusters of acidic residues
(aspartate and glutamate) in their primary sequence, leading to the sug-
gestion that along with acidic clusters in the sequence of other components
of the import machinary, these regions may bind positively charged prese-
quences through electrostatic interactions (Bolliger et al., 1995; Mayer et al.,
1995a). This observation has been coined the �acid chain� hypothesis (Hon-
linger et al., 1995; Komiya et al., 1998; Lithgow et al., 1994a; Schatz, 1995),
and proposes that preproteins are passed down an electrostatic gradient,
from low a�nity initial receptors to increasingly higher a�nity receptors,
through the Tom40 pore, and then are bound in the intermembrane space
at a trans site involving the negatively charged trans domain of Tom22, be-
fore being passed to the TIM23 translocation complex which also contains
clusters of acidic residues. Presequence binding and import via Tom22 in
vitro is inhibited by high salt concentrations supporting the role of electro-
static interactions in the function of the Tom22 cis domain (Brix et al., 1997;
Haucke et al., 1995; Mayer et al., 1995a). The synthetic peptide SynB2 (Al-
lison & Schatz, 1986) partially competes for preprotein binding to Tom22.
The SynB2 sequence, MLSRQQSQRQSRQQSQRQSRYLL, is based on the
CoxIV presequence, with arginine positions preserved but most hydropho-
bic residues replaced with glutamine, to remove amphipathicity in a helical
conformation while maintaining overall charge. As positive charge positions
are preserved but the hydrophobic surface is removed this also supports the
importance of the charged/hydrophilic residues. The Tom22 cis domain is
essential for viability in yeast (Egan et al., 1999), however, mutating 15 of the
19 acidic residues in the cytosolic domain to their uncharged amido forms was
shown to have minimal impact on preprotein binding and import (both in
vivo and in isolated OMVs) in N. crassa (Nargang et al., 1998). The observed
import at close to wildtype e�ciency in mitochondria with this �non-acidic�
Tom22 is probably in part due to the compensating function of the remaining
TOM receptors, but could also indicate that its binding capacity is retained
due to the non-acidic parts of the cis domain.

There is some evidence to suggest that Tom20 and Tom22 interact. The
cytosolic domains of Tom22 and Tom20 have been shown to coimmunopre-
cipitate with anti-Tom20 or anti-Tom22 (Dekker et al., 1998; van Wilpe
et al., 1999), and the receptors can be crosslinked in puri�ed mitochondrial
outer membrane vesicles (Mayer et al., 1995a). Additionally, Tom22 has been
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shown to interact with Tom20 by blue native PAGE (Dekker et al., 1998).
Each of these methods, in the hands of di�erent investigators, have given
varying results on the actual strength of this interaction.

While the cis domain of Tom22 probably plays a role in docking other
receptors to the TOM complex, its transmembrane segment has been shown
to be an intimately associated part of the core TOM complex (Dekker et al.,
1998) and is important in maintaining the structural integrity of the multi-
meric 400 kDa GIP complex (van Wilpe et al., 1999). Without the transmem-
brane segment of Tom22 this complex dissociates into 100 kDa complexes
containing dimeric Tom40, which are still import competent.

The C-terminal trans domain has been shown to play a role in holding
presequences in the intermembrane space after translocation at a 'trans site'
(Bolliger et al., 1995), and its deletion causes serious import (3 � 8 fold de-
crease) and growth defects in yeast (Macasev et al., 2004). Some evidence
suggests that the TOM complex and inner membrane translocase TIM23 are
temporarily linked during import into the matrix, and are enriched in the
vicinity of contact sites between the outer and inner membranes (Pon et al.,
1989; Rassow et al., 1989; Schleyer & Neupert, 1985; Schwaiger et al., 1987)
(Berthold et al., 1995; Horst et al., 1995; Pfanner et al., 1990b; Reichert &
Neupert, 2002). An experimentally supported model proposed by Chacinska
et al. (2005), explains some of the molecular details of this TOM-TIM com-
plex association. When not acting as part of a trans preprotein binding site,
the trans domain of Tom22 is released to bridge the TOM complex with the
TIM23 complex, through interaction with the transient TIM23 component
Tim21. Preproteins shu�e from a Tom22 trans site to the Tim50 receptor
for insertion into the TIM23 pore, while Tim21 is displaced from the TIM23
complex by the PAM complex in order for import actively driven by ATP
hydrolysis to begin (Chacinska et al., 2005; Perry & Lithgow, 2005).

The �small Tom� subunits, Tom5, Tom6 and Tom7 The "small Tom"
subunits are single-pass transmembrane integral membrane proteins which
are closely associated with Tom40 and Tom22 as part of the core TOM com-
plex (Dembowski et al., 2001). Each has a very small cytosolic region of ≤ 30
residues in length. It is thought that Tom5 assists insertion of substrates into
the Tom40 pore, possibly by accepting preproteins from the larger receptors
through interaction with its small negatively charged cytosolic domain (Di-
etmeier et al., 1997). Tom6 appears to be in close contact with Tom22 based
on crosslinking studies (Dembowski et al., 2001) and is thought to assist
its assembly into the TOM core complex (Dekker et al., 1998; Kassenbrock
et al., 1993). In contrast, Tom7 has been reported to decrease stability of
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interactions between the Tom22 / Tom20 receptors and the TOM complex
when present (Honlinger et al., 1996).

The solution NMR structure of ScTom5 cytosolic segment (residues 1-
26) in the presence of detergent shows most of this region of the protein
forms a short helix on the surface of the micelle (a mimic for the membrane
surface in vivo), with a cluster of acidic residues at the N-terminal (cytosolic)
end, suggesting it may participate in �acid chain� driven import (Hammen
& Weiner, 2000). The bulk of the remaining protein (residues 27-45) is
predicted to be the membrane spanning segment and was not determined in
this structure.

The SAM complex: insertion of polytopic outer membrane pro-
teins The recently discovered SAM (or �TOB�) complex in the outer mi-
tochondrial membrane is responsible for insertion and assembly of polytopic
outer membrane proteins such as VDAC and Tom40, and consists of the
subunits Sam50 (Gentle et al., 2004), Sam37 (aka �Tom37�) (Gratzer et al.,
1995), Sam35 (�Tob38�) (Milenkovic et al., 2004; Waizenegger et al., 2004)
and Mdm10 (Meisinger et al., 2004).

Sam37 (originally �Mas37�) is associated with the SAM complex on the
cytosolic side of the outer membrane, however it was originally discovered as
an interaction partner with Tom70 (Gratzer et al., 1995). In mammals, the
proteins metaxin 1 and metaxin 3 are likely to be the equivalent of Sam37
(Armstrong et al., 1997, 1999), and each show weak sequence similarity to
glutathione S-transferase domains. While Sam37 is not essential for growth,
Sam37 knockouts are temperature sensitive for respiratory growth and show
defects in import of AAC and urea-denatured ADHIII (internal targeting
signal bearing proteins). Simultaneous deletion, but not individual deletion,
of Tom70 and Sam37 (or Tom20 and Sam37) is lethal (Gratzer et al., 1995).

Sam50 (or �Tob55�), a predicted to be a β-barrel integral membrane pro-
tein, is related to the Toc75 chloroplast protein translocases and the Omp85
family of Gram-negative bacterial outer membrane proteins implicated in
assembly of outer membrane lipids and proteins (Gentle et al., 2004, 2005;
Paschen et al., 2003). Sam50 is essential for the assembly of outer mito-
chondrial membrane β-barrels such as Tom40 and VDAC (porin) (Gentle
et al., 2004; Ishikawa et al., 2004; Kozjak et al., 2003; Paschen et al., 2003).
It contains a single POTRA (Polypeptide Translocation Associated) domain
(Sanchez-Pulido et al., 2003) at its N-terminal end, which is thought to have
a chaperone-like function in other protein translocases (Ertel et al., 2005;
Yang & Braun, 2000).
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1.3.3 Across the inner membrane

The TIM complexes: transport into or across the inner membrane
The TIM complexes are the two key protein translocases of the inner mi-
tochondrial membrane. The TIM23 complex is responsible for import of
soluble proteins into the matrix (Berthold et al., 1995; Blom et al., 1993;
Dekker et al., 1993), and is comprised of the integral membrane proteins
Tim17 (Kubrich et al., 1994; Maarse et al., 1994), Tim23 (Emtage & Jensen,
1993) and the peripherally associated Tim44 (Weiss et al., 1999) in equimolar
amounts (Moro et al., 1999). Also associated with the TIM23 complex are
Tim50 (Meinecke et al., 2006; Yamamoto et al., 2002) and the more transient
components Tim21 (Chacinska et al., 2005; Mokranjac et al., 2005a) and the
small Tim intermembrane space chaperones (Koehler et al., 1998a,b). In
order to function, the TIM23 complex requires an electrochemical potential
across the inner membrane, and matrix ATP to power mtHsp70 as part of the
PAM complex associated with TIM23 during active translocation ((Hwang
& Schatz, 1989; Ohba & Schatz, 1987) reviewed by (Bauer et al., 2000)). The
Tim23 protein is thought to form a dimer in the inner membrane, dependent
on the transmembrane electrochemical potential, which upon interaction with
a presequence dissociates to open a translocation channel for the preprotein
(Bauer et al., 1996). Electrophysiological studies support this voltage depen-
dent gating, and show that presequences can activate the channel (Truscott
et al., 2001), while Tim50 aids in maintaining the channel in the closed state
in the absence of presequence (Meinecke et al., 2006). It has been reported
that the N-terminal region of Tim23 can be detected on the outer surface
of mitochondria, suggesting that while the C-terminal region is anchored in
the inner membrane, the N-terminal region could span the intermembrane
space and outer membrane, exposing the N-termini to the cytosol (Donzeau
et al., 2000). The TIM23 complex acts in concert with the PAM complex on
the matrix side, which consists of the peripheral membrane protein Tim44
(Weiss et al., 1999), the J-proteins Pam16 (�Tim16�) and Pam18, (�Tim14�)
(Mokranjac et al., 2005b) which act to regulate the ATPase activity of the
associated mtHsp70, and the cochaperone mGrpE (�Mge1� in S. cerevisiae)
a nucleotide exchange factor (D'Silva et al., 2003; Mokranjac et al., 2003;
Truscott et al., 2003b). An additional subunit, Pam17, has been reported
to mediate association of Pam16-Pam18 (van der Laan et al., 2005). Tim44
acts to dock mtHsp70 near the membrane surface at the exit to the TIM23
pore, where mtHsp70 sequentially traps and releases the preprotein stopping
it from sliding back out the pore, acting as a �Brownian ratchet� directing an
overall tendency for the polypeptide to accumulate on the matrix side (Liu
et al., 2003; Matouschek et al., 2000; Moro et al., 1999; Ungermann et al.,
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1994). Evidence suggests that the TIM23 complex can act independently,
or align with the TOM complex via a transient association with the trans
domain of Tom22 (through Tim21 and Tim50) (Chacinska et al., 2003, 2005;
Perry & Lithgow, 2005), resulting in import of preproteins simultaneously
across both outer and inner membranes (Berthold et al., 1995; Horst et al.,
1995; Schwaiger et al., 1987). As there are more TOM complexes than TIM
complexes, at saturation only one quarter of the available TOM complexes
can be part of a stable TOM-TIM supercomplex (Dekker et al., 1997; Sir-
renberg et al., 1997).

While the TIM23 complex functions to import soluble matrix proteins,
insertion of mitochondrial inner membrane proteins such as AAC and the
phosphate carrier proteins is handled by the TIM22 complex. The TIM22
complex is made up of the pore-forming Tim22 protein, which shares ∼ 25
% sequence similarity with Tim23 and Tim17 (Sirrenberg et al., 1996), the
peripherally associated Tim12 and the accessory membrane proteins Tim54
and Tim18, which unlike Tim22 are not strictly essential for viability in
yeast. The TIM22 complex forms two pores per complex (300 kDa in size)
and �uctuates between two di�erent open states of pore diameters 11 Å and
18 Å, stimulated by both the membrane potential or internal targeting signals
(Kovermann et al., 2002; Rehling et al., 2003). The larger of the pore sizes
could accommodate two packed α-helices in the loop structure expected to
form during insertion of inner membrane proteins (Rehling et al., 2003).

In addition to the TIM22 pore complex the other key components partic-
ipating in the import of inner membrane proteins are the small Tims (Tim8,
Tim9, Tim10, Tim12 and Tim13 in yeast), which act as chaperones to pro-
tect membrane proteins from aggregation in the intermembrane space before
they are passed to the TIM22 complex for membrane insertion. Tim8-Tim13
and Tim9-Tim10 form soluble heterohexamers (3:3) of ∼ 70 kDa (Adam
et al., 1999; Koehler et al., 1998b; Paschen et al., 2000) which bind to the
hydrophobic regions of proteins in transit (Curran et al., 2002a; Sirrenberg
et al., 1998; Vasiljev et al., 2004), and Tim9-Tim10 has also been found to
be associated with the TIM22 complex. Tim12 is a peripheral membrane
protein, associated with the TIM22 complex which aids insertion of proteins
into the inner membrane (Koehler et al., 1998a).

In addition to the TIM22 complex for insertion of inner membrane pro-
teins from the intermembrane space side, the inner membrane mitochondrial
membrane also contains Oxa1p, an oligomeric complex related to the bacte-
rial secretion apparatus YidC which is able to insert inner membrane proteins
originating on the matrix side (Luirink et al., 2001; Nargang et al., 2002;
Samuelson et al., 2000; Serek et al., 2004; Yen et al., 2001). Both nuclear
and mitochondrially encoded (Hell et al., 2001) matrix proteins, including
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pre-cytochrome c oxidase subunit II, and components of the ATP synthase
(Altamura et al., 1996; Hamel et al., 1997; Hell et al., 1998) are exported by
Oxa1p into the inner membrane and the intermembrane space.

1.4 Mitochondrial import in plants

1.4.1 The plant TOM complex

There is overwhelming evidence to suggest that mitochondria are mono-
phyletic in origin (Gray et al., 1999) and that a primitive TOM complex
had already begun to evolve in the last common ancestor of all modern eu-
karyotes, before several distinct lineages (Baldauf & Palmer, 1993) diverged
(Dolezal et al., 2006; Macasev et al., 2004; Wojtkowska et al., 2005). For
this reason, the TOM complex found in plants and green algae is related to
that found in animals and fungi, however molecular sequence evidence shows
some distinct variations between distant eukaryote lineages, particularly for
important �non-core� components (Macasev et al., 2000, 2004). Sequence
homologues of Tom40, Tom22 and Tom7 (corresponding closely to the stable
'core' TOM complex) are found in a diverse range of eukaryotes (Macasev
et al., 2000, 2004), including plants and green algae. Other important compo-
nents found in the animal and fungal TOM complex, such as the animal-type
Tom20 (Likic et al., 2005; Perry et al., 2006), the Tom70 receptors (Chan
et al., 2006; Lister et al., 2005), and some small Toms do not appear to have
homologues in the TOM complex of plants and green algae based on both
experimental and bioinformatic analysis.

Several studies have experimentally identi�ed components of the puri�ed
plant TOM complex. A Tom40 homologue (�MOM42�) was identi�ed in the
outer membrane of Arabidopsis thaliana mitochondria and in vitro import of
both soluble and integral mitochondrial precursor proteins could be inhibited
by antibodies to this component (Perryman et al., 1995). Blue native PAGE
of the TOM complex from potato identi�ed several proteins with sequence
similarity to Tom40, Tom7 (Jansch et al., 1998), as well a protein that had
previously been identi�ed as plant Tom20 (Heins & Schmitz, 1996). Of three
unidenti�ed bands (9 kDa, 8 kDa and 6 kDa), further sequence analysis re-
vealed that the 9 kDa and 8 kDa bands observed share considerable sequence
similarity to the animal and fungal Tom22 protein (Macasev et al., 2004).
The complete sequence of the plant �Tom22�, however, shows that it is miss-
ing the large acidic region in the cis domain at the N-terminal end (Macasev
et al., 2004), thought to be a key charged region in the �acid chain� model
of outer membrane translocation.
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A ∼20 kDa protein, named Tom20, has also been identi�ed in plants
(Heins & Schmitz, 1996; Jansch et al., 1998; Werhahn et al., 2001) and while
this receptor displays some functional similarity to the animal-type Tom20,
detailed structural and sequence analysis suggests that these two receptors
are not directly homologous (Perry et al., 2006).

To date, none of the aformentioned studies have reported any convincing
homologues for Tom70 in plants, either in solubilised plant TOM complex
nor in whole genome sequence database searches.

A database listing the mitochondrial translocase components in Arabidop-
sis thaliana, alongside many putative yeast, animal and plant equivalents has
been produced by Lister et al. (2003) (the Mitochondrial Protein Import Ma-
chinery of Plants, or MPIMP). Putative plant homologues of Tom5, Tom6,
Tom7-1, Tom7-2 are listed, as well as two Tom22 homologues Tom9-1 and
Tom9-2. The putative A. thaliana Tom5 and Tom6 listed have sequence
similarity below ∼25 % to the yeast equivalents, so without other experi-
mental evidence it is uncertain whether these two coding sequences are truly
homologues.

The TIM23 complex of plants is more conserved than the TOM complex
across kingdoms. Like many of the TOM components found in A. thaliana,
there are multiple isoforms of the TIM23 proteins, and several genes for
AtTim23, AtTim17 and AtTim44 have been identi�ed (Murcha et al., 2003).
Some interesting variations exist; AtTim17 contains a C-terminal extension
when compared with its fungal homologues, and protease shaving of intact
mitochondria suggest that this extension may cross the outer membrane into
the cytosol (Murcha et al., 2003, 2005) in a similar fashion to that reported
for the N-terminal region of fungal Tim23 (Donzeau et al., 2000). In higher
plants, the matrix processing peptidase (MPP) is integrated into the mem-
brane associated cytochrome bc1 complex (Dessi et al., 2000; Glaser & Dessi,
1999; Glaser et al., 1994; Szigyarto et al., 1998), unlike its fungal equivalent
which is soluble in the matrix. While the green algal mitochondrial import
system is more closely related to that of plants than of fungi, the algae C.
reinhardtii has been reported to have a soluble MPP (Nurani et al., 1997).

Plant Tom20

The plant Tom20 protein was �rst identi�ed in mitochondria from potato
(Solanum tuberosum) (Heins & Schmitz, 1996). It is found associated with
the TOM complex and comigrates with other components of the plant TOM
complex on blue native PAGE (Werhahn et al., 2001). Trypsin shaving of
intact mitochondria indicates that the plant Tom20 has a domain on the cy-
tosolic side of the outer membrane, and it was identi�ed that this domain has
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homology to tetratricopeptide repeat (TPR) proteins, akin the animal Tom20
and Tom70 (Heins & Schmitz, 1996; Werhahn et al., 2001). In vitro protein
import experiments showed that much like the animal/fungal Tom20 (Gop-
ing et al., 1995; Ramage et al., 1993; Sollner et al., 1989), antibodies directed
against plant Tom20 reduced the import of preproteins, suggesting that the
cytosolic domain is an important participant in mitochondrial protein import
(Heins & Schmitz, 1996). When added to yeast mitochondria in vitro import
reactions, recombinant cytosolic domain of plant Tom20 can slow the rate of
import through competitive binding to the preprotein (Perry et al., 2006).
For Arabidopsis thaliana mitochondria, two dimensional isoelectric focusing
PAGE has been used to identify three isoforms of plant Tom20 (AtTom20-2,
AtTom20-3 and AtTom20-4) (Werhahn et al., 2001), with genes on chro-
mosomes 1, 3 and 5 respectively. A fourth isoform, AtTom20-1, has been
identi�ed in the A. thaliana genome but was not detected on 2D PAGE, and
is probably not expressed (James Whelan, University of Western Australia,
personal communication).

To date, only two receptors with cytosolic domains of any appreciable
size have been clearly identi�ed in the plant TOM complex; one is the plant
Tom22, which has a highly shortened cis domain when compared with the
animal and fungal homologues and the other is the plant Tom20 which has
a TPR containing domain larger than its animal/fungal analogue. Taken in
the light of other experimental evidence presented, this suggests that in the
plant TOM complex, plant Tom20 is the main receptor for recognition and
import of preproteins.

1.4.2 Mitochondrial targeting �delity in plants

Plant and animal mitochondrial targeting sequences are similar enough that
the plant TOM complex can import preproteins with fungal presequences,
and vice versa (Bowler et al., 1989; Chaumont et al., 1990; Schmitz & Lons-
dale, 1989). Overall plant presequences have very similar physiochemical
properties when compared with those found in animals and fungi, however
they are on average slightly longer (by 7-9 residues) and have a higher ser-
ine content (Schneider et al., 1998; Sjoling S., 1998). Based on the higher
sequence identity for the N- and C- terminal regions of plant presequences in
homologues across species and the lower conservation of the central regions,
it has been suggested that the targeting information resides predominantly
in the N-terminal part of the presequence, while the MPP cleavage recogni-
tion site exists in the C-terminal part (Sjoling S., 1998). Some experimental
evidence supports this (Sjoling et al., 1994), but while the MPP recogni-
tion region is always in the C-terminal part of the presequence, both the N-
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and C-terminal regions of several presequences appear important for target-
ing and e�cient import (Glaser et al., 1998; Tanudji et al., 1999). Loosely
in support of the hypothesis that these presequences may contain distinct
'domains' corresponding to separate recognition elements, the micelle bound
NMR structure of the F1β ATPase presequence from N. plumbaginfolia shows
two amphipathic helices separated by a disordered region, which pack both
against the membrane surface and each other (Moberg et al., 2004).

The mitochondrial protein import machinery in plants apparently has
a more challenging task than the equivalent animal and fungal system; it
must discriminate between chloroplast and mitochondrial targeting prese-
quences which have some similar properties (Zhang & Glaser, 2002). Both
mitochondrial and chloroplast targeting sequences appear as N-terminal pre-
sequences, enriched in basic and hydroxylated amino acids and de�cient in
acidic ones, and many chloroplast targeting signals have the potential to form
amphipathic α-helices which bind to lipid surfaces in a similar fashion to mi-
tochondrial presequence peptides (Moberg et al., 2004; Wienk et al., 2000).
The signal sequence requirements for mitochondrial and chloroplastic tar-
geting are not mutually exclusive, as many naturally dual-targeted proteins
exist with 'ambiguous' presequences which are recognised and imported by
both mitochondria and chloroplasts in vivo (Akashi et al., 1998; Chow et al.,
1997; Menand et al., 1998; Peeters & Small, 2001; Peeters et al., 2000). It
is possible that the requirement for discrimination between similar targeting
signals in plants has driven some of the signi�cant di�erences observed be-
tween the plant and animal/fungal mitochondrial import systems (Macasev
et al., 2000, 2004). The fungal TOM complex, evolving in the absence of
plastids, seems to have not developed the discriminatory power to exclude
some chloroplast preproteins which are e�ciently imported by isolated yeast
mitochondria (Brink et al., 1994). It should be noted that in vitro import
experiments often do not replicate in vivo conditions faithfully, and mistar-
geting has also been observed for isolated plant mitochondria, which in vitro
will import some chloroplast precursor proteins that do not accumulate in
plant mitochondria in vivo (Cleary et al., 2002; Silva-Filho et al., 1997). It
may be that in plants, some other cytosolic factor that aids targeting �delity
is lost upon experimental isolation of mitochondria, such as cytosolic carrier
proteins (May & Soll, 2000) and chaperones (Zhang & Glaser, 2002) speci�c
for the chloroplast targeting sequences.
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1.5 Tetratricopeptide repeat proteins

A recurring theme in protein recognition and transport systems, including mi-
tochondrial protein targeting and import, is the involvement of tetratricopep-
tide repeat (TPR) proteins (see (Blatch & Lassle, 1999; D'Andrea & Regan,
2003; Lamb et al., 1995) for review). The classical TPR sequence motif is
de�ned as the highly degenerate 34 amino acid sequence motif, X(3)-[WLF]-
X(2)-[LIM]-[GAS]-X(2)-[YLF]-X(8)-[ASE]-X(3)-[FYL]-X(2)-[ASL]-X(4)-[PKE]-
X(2), and was originally associated with yeast cell cycle division (CDC) pro-
teins (Hirano et al., 1990; Sikorski et al., 1990), but has since been identi�ed
in thousands of protein sequences with a wide variety of functions throughout
all kingdoms of life. Most proteins containing the TPR motif are involved in
protein-protein interactions as part of larger complexes, and play a range of
diverse roles including cell cycle regulation (eg Cdc17, Cdc23, Cdc27, (Siko-
rski et al., 1990)), transcriptional control, protein folding and stress response
chaperones (eg Hop (Scheu�er et al., 2000a)), as well as mitochondrial (eg
Tom20, Tom70 (Abe et al., 2000)), chloroplastic (eg Toc64) and peroxisomal
(eg Pex5, (Gatto et al., 2000)) protein import. Plant Tom20, animal/fungal
Tom20 and Tom70 each contain functionally important TPRs which make
up the bulk of their cytosolic domains and form the receptor binding sites
which selectively interact with preprotein substrates.

The originally proposed TPR motif (Sikorski et al., 1990) was based on
a small set of only six proteins and as such is too restrictive to identify the
broad range of proteins which clearly have sequence and structural similarity
with those containing the classical TPR motif. For this reason, the classical
sequence motif as de�ned by a Prosite pattern (Bucher & Bairoch, 1994) is
no longer regarded as the strict de�nition of a TPR (D'Andrea & Regan,
2003; Main et al., 2003). Classes of TPR-like proteins are probably bet-
ter identi�ed in sequence databases using position-speci�c scoring matrices
(Gribskov et al., 1987) or pro�le hidden Markov models (Eddy, 1998) such
as those used to de�ne the several subgroups (�clans�) of TPR in the PFAM
database (Bateman et al., 2004) (Figure 1.3).

TPR proteins can be grouped into a much larger class of α/α-solenoid
proteins (Kobe & Kajava, 2000) or the α−α superhelix fold (SCOP classi-
�cation, Murzin et al, 1995) which share some general structural similari-
ties and sometimes show weak sequence similarity to TPR proteins. The
closest related subfamilies of the TPR fold include the HAT (Half-a-TPR)
repeat (Preker and Keller, 1998; PFAM accession PF02184) (also called the
�R-TPR� or CRN (Ben-Yehuda et al., 2000; Sane et al., 2005)) found in
some RNA processing proteins, and the SEL1 (HCP-like) (PFAM accession
PF08238) proteins such as the Helicobacter pylori Cysteine-rich Protein (for
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Figure 1.3: Sequence logo (Schneider & Stephens, 1990) of the PFAM TPR1 (PF00515)
seed alignment. Lack of strict conservation at every position highlights the degeneracy of
the sequence motif.

example pdb:1KLX (Luthy et al, 2004)). Some other fold classes, such as
ARM (Armadillio) repeats, HEAT repeats, 14-3-3 proteins and the Sec17
protein (Rice & Brunger, 1999) show a degree of structural similarity to the
TPR fold, but do not show any signi�cant sequence similarity that would
suggest direct homology. Like most large TPR proteins, these and other
α/α-solenoid proteins generally form right-handed superhelical structures
from their repeating α-helical units, the pitch and curvature of which is
determined by the speci�c sidechain packing between the helices (Kajava,
2002).

Structurally, a single TPR sequence motif is associated with two antipar-
allel α-helices and in most TPR proteins multiple TPR motifs pack together
as tandem helical repeats to form a well de�ned structure. Packing of helices
both within a single TPR motif and between adjacent TPR motifs occurs in a
'knobs-in-holes' type arrangement, mediated predominantly by hydrophobic
contacts between sidechains. The two antiparallel helices of a TPR structural
motif are designated �A� and �B� for the �rst and second helix respectively
(typically positions 1-13 of the sequence motif for the �A� helix and posi-
tions 17-30 for the �B� helix). Many structures of TPR proteins have now
been solved to atomic resolution and their internal geometries are have been
de�ned; interhelical angles between helix A and B range between -160 and
-168 ◦, the angles between helix B and helix A' (where helix A' is in the
following TPR) range between -149 ◦ and -162 ◦ while angles between helix
A and helix A' in adjacent TPR units range between 11 ◦ and 32 ◦ (Main
et al., 2003). Almost all TPR proteins have an additional 'capping helix' at
the C-terminal end of the repeat sequences (Main et al., 2003).

As a result of their relatively uniform interhelical angles, TPR proteins
with at least 2 repeats form a curved structure, with distinct convex and
concave sides. While the average number of TPR motifs in eukaryotic and
bacterial proteins is ∼3, scanning of several genomes has revealed TPR pro-
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teins with up to 16 potential repeats (D'Andrea & Regan, 2003). Due to
the constant curvature of the tandem repeats, large TPR proteins can form
a right-handed 'superhelical' structure with around 7.5 TPRs per superhe-
lical turn, and a superhelical pitch of ∼55 � 75 Å (Das et al., 1998; Main
et al., 2003). The concave surface lines a continuous hydrophilic space down
the axis of the superhelix which theoretically is large enough in diameter to
accommodate an α-helix (Figure 1.4, a superhelical TPR protein). While
many large TPR proteins are probably of this nature, there are examples of
non-superhelical TPR repeats integrated into globular folds (Wilson et al.,
2005). Also, at least two TPR protein crystal structures have shown unusual
extended helices, where one TPR partially unfolds to form a single long con-
tinuous helix and makes contacts across a crystallographic dimer (pdb:1HXI
and pdb:1IIP) (Kumar et al., 2001; Taylor et al., 2001b). This unusual con-
formation is most likely an artifact of crystallisation and probably does not
represent a physiologically relevant species.

The outer convex surface of typical TPR proteins is formed predominantly
by the surface of helix B of the motif and the inner concave side is lined en-
tirely by residues from helix A. Several structures of TPR/ligand complexes
highlight a common mode of binding, whereby the TPR receptor protein
speci�cally interacts with short segments of polypeptide which bind in the
groove formed on its concave side and makes contacts with sidechain and
backbone atoms in helix A of the motif. Crystal structures of the cochaper-
one Hop TPR1 and TPR2A domains (pdb:1ELW and pdb:1ELR) (Scheu�er
et al., 2000a), and peroxisomal targeting receptor Pex5 (pdb:1FCH) (Gatto
et al., 2000) show that each binds short (∼5-7 residue) terminal segments of
peptide in an extended conformation, making speci�c receptor-peptide con-
tacts on the concave side of the receptor (Figure 1.5). Residues in helix A,
and a single position in helix B, at TPR motif positions 2, 5, 6, 7, 9, 12, 13
and 23 make speci�c contacts with the ligand (Cortajarena et al., 2004). For
Hop and other similar TPR containing chaperones, these contacts are pre-
dominantly electrostatic interactions between negative charges on the peptide
and basic residues on the receptor, with the C-terminal aspartate forming a
"dicarboxylate clamp" (Scheu�er et al., 2000b). For other TPR-peptide com-
plexes, the interface is formed by a mixture of electrostatic, hydrogen bond
and hydrophobic contacts, predominantly to the concave groove but also to
other parts of the TPR domain. In the case of Pex5, the ligand binds on the
concave face of one domain formed by three tandem TPRs, but is also par-
tially locked in from above by a second TPR-containing domain which also
occupies part of the same concave groove. None of these TPR proteins show
any signi�cant change in conformation between the free and ligand bound
form.
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Figure 1.4: The TPR domain of O-linked GlcNAc transferase (1W3B), a superhelical
TPR protein (Jinek et al., 2004). Views perpendicular (left) and parallel (right) to the
superhelical axis are shown.
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Figure 1.5: TPR-peptide complexes. Structures of (A) Hop TPR1 domain (1ELW) and
(B) TPR2A domain (1ELR) complexed with short terminal peptides from Hsp70 and
Hsp90 respectively (Scheu�er et al., 2000a). (C) Pex5 complexed with the PTS1 perox-
isomal targeting signal (1FCH) (Gatto et al., 2000). The receptor secondary structures
are represented as cyan and pink ribbons, the peptide ligand as red space-�lling spheres.
Receptor residues within 4 Å of the ligand are coloured yellow with sidechains as sticks.
The TPR domain which partially traps the PTS1 peptide from 'above' in Pex5 is coloured
blue.

Multiple sequence alignments of related TPR proteins within a functional
class also point to this common binding interface, since almost all highly
conserved residues on the surface face into the groove on the concave side.
However, in large alignments of TPR proteins with di�erent functions which
bind very dissimilar substrates, these same surface residues appear 'hyper-
variable', with distributions more varied than the average. This is probably
becasuse the tuning of the concave surface to bind speci�c substrates within
each functional group of TPR proteins results in the whole �universe� of TPR
proteins displaying a more diverse concave face overall (Magliery & Regan,
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2004).
The animal RnTom20-prepeptide (Abe et al., 2000) complex is an aber-

rant example of a TPR protein and due to limited NOE data the bound
presequence peptide conformation is not well de�ned. While almost all
known TPR proteins have at least two repeats, the animal/fungal Tom20
has only one, and as a result has no appreciable concave groove when com-
pared with other larger TPR proteins. The other distinguishing feature of
the animal RnTom20 structure is that to date, it is the only TPR com-
plex where the peptide ligand is in a helical conformation. This receptor
makes typical helix A interactions with the ligand, and also makes many
contacts to positions outside the TPR motif (probably due to its lack of
multiple TPRs). The bound presequence peptide makes almost exclusively
hydrophobic-hydrophobic interactions at the binding interface in the groove
on RnTom20, with hydrophilic and positively charged residues pointing away
from the receptor into the solvent. The RnTom20 also contains a poorly or-
dered C-terminal region which contains a single isolated α-helix which does
not pack against the body of the cytosolic domain (Abe et al., 2000).

1.6 General Aims

The general aim of this study has been to better understand the mechanisms
of preprotein recognition and import by TOM complex targeting sequence
receptors through analysis of their three dimensional structures. As there was
no existing three dimensional structure for a plant Tom20 receptor, the three
dimensional structure of the Arabidopsis thaliana Tom20 (isoform 3) was
determined by nuclear magnetic resonance (NMR) spectroscopy. In addition,
the yeast Tom20 (cytosolic domain) and Tom22 (cis and trans domains) were
recombinantly expressed and puri�ed for structural and presequence peptide
interaction studies.

Chapter 2 describes the bioinformatic sequence analysis, protein con-
struct engineering, recombinant expression and puri�cation of Arabidopsis
thaliana Tom20 isoform 3 for NMR structure determination.

Chapter 3 details the nuclear magnetic resonance chemical shift assign-
ment of the AtTom20-3 cytosolic domain and subsequent determination of
secondary structure.

Chapter 4 describes the three dimensional solution structure of theAtTom20-
3 determined by NMR, including some analysis of targeting prepeptide in-
teractions.

Chapter 5 describes the recombinant expression, puri�cation and charac-
terization of Saccharomyces cerevisiae Tom20 (cytosolic domain) and Tom22
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cytosolic (cis) domain and intermembrane space (trans) domain.



Chapter 2

Recombinant expression and

puri�cation of Arabidopsis

thaliana Tom20

2.1 Introduction

Both plant and animal mitochondria contain a translocase complex in the
outer mitochondrial membrane (the �TOM� complex) responsible for recog-
nition and import of proteins targeted to this organelle ((Endo et al., 2003;
Koehler, 2004; Pfanner et al., 1997) for review). The animal/fungal TOM
complex is made up of several membrane proteins, namely the Tom40 translo-
cation pore, the Tom20, Tom22 and Tom70 preprotein receptors, and a num-
ber of small structural components (Tom6, Tom7, Tom8). PSI-BLAST and
pro�le HMM sequence similarity searches of TOM complex components have
revealed that plants, animals and fungi share a subset of similar components,
however other components are unique to either the plant/green algal or an-
imal/fungal lineage, and do not appear to have clear homologs common to
both kingdoms (Dolezal et al., 2006; Lister et al., 2005; Macasev et al., 2000,
2004; Perry et al., 2006). Plants, animals and fungi all contain putative ho-
mologues of the Tom40 pore protein, as well as homologues of the transmem-
brane anchored components Tom22 and Tom7. Together these proteins make
up the �core� TOM complex which is thought to be representative of a prima-
tive translocase found in the last common ancestor of all eukaryotes (Dolezal
et al., 2006). Other important components found in the animal/fungal TOM
complex, such as the Tom70 preprotein receptor, appear absent in the plant
lineage, and to date there are no clearly identi�ed homologues of this receptor
in complete or partially sequenced plant genomes.

33



34 CHAPTER 2. EXPRESSION AND PURIFICATION OF ATTOM20

Early literature reported the discovery of a �Tom20� receptor in plants
(Heins & Schmitz, 1996). The original isolation and characterisation of the
potato (Solanum tuberosum) Tom20 indicated that the protein showed se-
quence similarity to TPR repeat proteins, and contained a single terminal
transmembrane anchor (Heins & Schmitz, 1996). These general features are
also found in the animal/fungal Tom20, as well as the Tom70 preprotein re-
ceptor. Blue native page experiments with puri�ed plant mitochondria con-
�rmed that this receptor was associated with other components of the plant
TOM complex, and in vitro antibody blocking experiments using puri�ed
potato mitochondria showed signi�cant inhibition of import for presequence
bearing mitochondrial preproteins (Heins & Schmitz, 1996). Trypsin shav-
ing experiments on intact plant mitochondria indicate that the N-terminal
domain of the plant Tom20 receptor is on the cytosolic side of the membrane
(Heins & Schmitz, 1996). These similarities in localisation and function, com-
bined with its similar size, prompted Heins and Schmitz to name the newly
discovered plant receptor �Tom20�, making analogy to the animal/fungal
Tom20 proteins 1

Based on sequence similarity, plant Tom20 receptor sequences have been
identi�ed in a range of plant groups, including monocots (Oryza sativa), an-
giosperms (Arabidopsis thaliana) mosses (Physcomitrella patens) and green
algae (Chlamydomonas reinhardtii). Pro�le Hidden Markov Model searches
have found no convincing animal/fungal Tom20 type proteins in plants or
algae, and no plant type Tom20 sequences are found in animals and fungi
(Perry et al., 2006). The A. thaliana genome contains four predicted ORFs
corresponding to isoforms of plant Tom20 (AtTom20-1, AtTom20-2, AtTom20-
3 and AtTom20-4), three of which have been con�rmed to be expressed by 2D
isoelectric focusing SDS-PAGE of the puri�ed plant TOM complex (Werhahn
et al., 2001). The coding sequences of these four isoforms were subsequently
cloned from an Arabidopsis cDNA library (Werhahn et al., 2001). The iso-
form AtTom20-1 appears not to be expressed (Werhahn et al., 2001)(Jim
Whelan, University of Western Australia, personal communication), despite
a single matching EST (Genbank accession:T45288) in the public sequence

1It is interesting to note that the identical naming of the receptor for plant and animal
Tom20 analogues has probably caused some confusion in the early literature as to their
relatedness and degree of similarity. For example, in a review by Glaser et al. (1998) a
�gure comparing the plant and animal TOM complexes shows the plant receptor with an
N-terminal anchor analogous to the animal receptor, suggesting that the authors falsely
assumed both receptors were tip anchored and homologous, when in fact they are anchored
at opposite termini. A similar error exists in SwissProt release 51.0 (and earlier releases),
where the cytosolic domain of each plant Tom20 is incorrectly annotated as being in the
intermembrane space.
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databases. The AtTom20-1 predicted ORF (Locus AT3G27070) is directly
downstream to that of the gene for the expressed isoform AtTom20-3 (Locus
AT3G27080), and examination of the sequence of AtTom20-1 suggests it is
slightly truncated in the N-terminal region. The existence of multiple plant
Tom20 isoforms appears to be A. thaliana speci�c; multiple plant Tom20
paralogues have not been identi�ed in the small number of completely se-
quenced plant genomes. Considering that whole genome duplications have
occurred in the evolutionary history of many plant species, it would not be
surprising if multiple Tom20 isoforms are also discovered in other polyploidic
plants once more complete genomes are available.

Prior to the work presented in this thesis, no three-dimensional structural
information was known about the plant Tom20 receptor. The initial step in
structure determination of a protein by experimental methods is, not surpris-
ingly, the isolation of a protein sample which can be studied. This chapter
describes the protein construct engineering, recombinant protein overexpres-
sion and puri�cation of the Arabidopsis thaliana Tom20 isoform 3, with an
aim for production of stable, concentrated and uniformly isotopically labelled
protein for NMR studies.

2.2 Results

2.2.1 Sequence analysis and domain structure of the
plant Tom20 receptors

Sequence analysis of putative representatives of the plant Tom20 family was
undertaken in order to de�ne domain boundaries and guide protein construct
design for recombinant expression.

A multiple sequence alignment shows the overall conservation of putative
plant Tom20s across a range of species from the Magnoliophyta division
(angiosperms), as well as the conifer Pinus taeda, the moss Physcomitrella
patens and the green algae Chlamydomonas reinhardtii (Figure 2.1).

Cytosolic domain

A PSI-BLAST (Altschul et al., 1997) search against the NCBI non-redundant
(�nr�) database (07/09/2005, four iterations) using the AtTom20-3 query se-
quence shows initial top hits (log10(E-value) < -46 ) to putative plant Tom20
proteins, after which all hits (log10(E-value) > -34) are various TPR motif
containing proteins from bacterial and eukaryotic sources which show weak
similarity to the cytosolic domain (residues ∼1-145).
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Figure 2.1: Multiple sequence alignment of putative plant Tom20 proteins.
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Figure 2.1: continued: Sequences are labeled with their species name, and the four A.
thaliana isoforms are denoted as A.t20-1, A.t20-2, A.t20-3 and A.t20-4. The label of the
Tom20 isoform used for all experimental work in this study (AtTom20-3) is underlined in
red, and the cytosolic domain corresponding to the shorter construct (residues 1-145) is
boxed in red. Predicted disordered regions (residues 146-174 of AtTom20-3) and trans-
membrane anchors are boxed in yellow and orange respectively. Columns are coloured
using the standard ClustalX scheme, with colour intensity modulated to emphasize the
conservation of each position. Sequences were aligned using CLUSTAL W (version 1.82)
(Thompson et al., 1994), and presented using Jalview (version 2.06) (Clamp et al., 2004).
Most sequences are from representatives of the Magnoliophyta division (angiosperms); Vi-
tis vinifera �grape�, Camellia sinensis �tea�, Glycine max �soybean�, Medicago truncatula
�medic barrel�, Capsicum annum �capsicum�, Solanum tuberosum �potato�, Lycopersi-
con esculentum �tomato�, Betula pendula �silver birch�, Prunus persica �peach�, Populus
tremula �common aspen�, Gossypium hirsutum �cotton�, Lactuca sativa �lettuce�, Nuphar
advena �spatter-dock�, Arabidopsis thaliana �mouse-ear cress�, Beta vulgaris �red beet�,
Triticum aestivum �wheat�, Hordeum vulgare �barley�, Oryza sativa �rice�, Zea mays
�maize�, Sorghum bicolor �sorghum�, Saccharum o�cinarum �sugarcane�. Pinus taeda
�loblolly pine� is from the Division Pinophyta, Physcomitrella patens is a moss (Division
Bryophyta), and Chlamydomonas reinhardtii is a green algae (Kingdom Protista, Division
Chlorophyta).

Regular expression pattern matching against the putative plant Tom20
sequences indicates that the Prosite pattern (Bucher & Bairoch, 1994) for
a �classical� TPR, as originally de�ned by Sikorski et al (Sikorski et al., 1990),
([WLF]-X(2)-[LIM]-[GAS]-X(2)-[YLF]-X(8)-[ASE]-X(3)-[FYL]-X(2)-[ASL]-X(4)-
[PKE].) is not present in these proteins. This is not unusual, as many proteins
classi�ed as �TPR containing� (those in the four TPR superfamilies de�ned
by PFAM, for instance), do not contain this strict consensus within all of
their repeats, even though they clearly show signi�cant sequence similarity to
known (ie, Prosite pattern containing) TPR units. More modern de�nitions
of the TPR sequence are more inclusive than the original "Sikorski" motif,
and recent reviews (eg (D'Andrea & Regan, 2003)) tend to cite this original
de�nition for the sake of completeness without actually providing the now
outdated Prosite consensus. Better de�nitions of the TPR sequence motif
are the Prosite position speci�c sequence matrix for TPRs (entry PS50005),
or the PFAM pro�le HMM families TPR_1 (PF00515), TPR_2 (PF07719),
TPR_3 (PF07720) and TPR_4 (PF07721) which are the core representatives
of the greater PFAM tetratricopeptide repeat superfamily (collectively, clan
accession CL0020)(Finn et al., 2006) comprising of several di�erent HMMs
that recognise a range of divergent TPR proteins. Although these descrip-
tions are more useful as tools for sequence based detection of TPR domains,
the original Prosite pattern or �sequence logos� (Schneider & Stephens, 1990)
derived from large TPR alignments are more human-readable representations
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and as such can still be helpful in understanding the structural basis of the
TPR fold. Consistent with its divergence from most classical TPR pro-
teins, the plant Tom20 family has been assigned its own PFAM accession
(PF06552, TOM20_plant, PFAM release 20.0) and has not been included
in the greater tetratricopeptide repeat superfamily (clan accession CL0020),
indicating that HMM pro�le-pro�le comparison with members of the PFAM
TPR superfamily does not show signi�cant E-values (<0.001) and shows no
previously known three-dimensional structural similarity.

Disordered linker region and transmembrane anchor

Sequence analysis using secondary structure prediction, protein disorder pre-
diction (Figure 2.2) and sequence conservation (Figure 2.1) suggests that
the plant Tom20 proteins contain a potentially disordered linker region be-
tween the TPR-like cytosolic receptor domain and the transmembrane anchor
(equivalent to residues ∼146-174 in AtTom20-3). This region shows poor se-
quence conservation, including extensive insertions/deletions (Figure 2.1). It
has often been identi�ed that disordered regions evolve more rapidly than or-
dered ones (Brown et al., 2002; Daughdrill et al., 2005; Kimura & Ota, 1974).
Like many proteins, the sequence divergence in the putative linker regions
of the plant Tom20s is probably the result of genetic drift, which is less fre-
quently corrected through purifying selection in disordered sequences due to
the less stringent sequence constraints of these regions. Theory suggests that
mutations typically considered deleterious or non-conservative for a globular
domain are more acceptable in disordered linker regions (Weathers et al.,
2004), as long as the disorder is maintained without detrimentally changing
the charge or hydrophobicity characteristics of the polypeptide (Radivojac
et al., 2002). The Rate4Site site speci�c evolutionary rate analysis presented
in Chapter 4 also highlights the faster evolutionary rate of the proposed linker
region, consistent with this hypothesis.

The putative transmembrane anchor regions of both the plant and animal
Tom20 receptors show a similar distribution of residue types when oriented
based on their native topology in the outer mitochondrial membrane (Fig-
ure 2.3). For both the plant and animal proteins, basic residues cluster on the
cytosolic side of the transmembrane anchor, along with a a smaller number of
acidic residues. Bulky aromatic residues are likely to lie near the head groups
of the lipid, particularly on the cytosolic side. A single basic residue lies near
the lipid/aqueous interface on the intermembrane space side. There are also
several conserved glycine residues in both the plant and animal transmem-
brane regions which appear to reside in similar positions on the surface of
each transmembrane helix.
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Figure 2.2: Protein disorder prediction
for animal RnTom20 (Rattus norvegi-
cus, SwissProt accession Q62760) and
plant AtTom20-3 (Arabidopsis thaliana,
SwissProt accession P82874) proteins
using the VL3H neural network predictor
(http://www.ist.temple.edu/disprot/predictor.php).
Predicted disordered regions (de�ned for
VL3H as above 0.5 probability) are marked
with red bars. The putative transmembrane
regions are marked with striped magenta
bars. This analysis suggests that residues
131-166 are predominantly disordered in
AtTom20-3, and that residues 24-65 are
disordered in RnTom20. The putative
disordered region in the plant receptor
corresponds closely to the poorly conserved
regions between the cytosolic domain and
the transmembrane anchor seen in Fig-
ure 2.1. There are also some short predicted
disordered regions at the N- and C- terminal
regions of AtTom20-3 (1-14) and RnTom20
(114-145) respectively. The C-terminal
disordered region predicted for RnTom20 is
supported by the heteronuclear NOE data
and the NMR solution structure (Abe et al.,
2000).

The AtTom20-3 constructs used for NMR analysis in this study did not
include the transmembrane region so that the cytosolic domain could be
studied without risk of expression and aggregation problems associated with
hydrophobic segments of this nature.

2.2.2 Expression and puri�cation of AtTom20-3

Protein construct engineering for recombinant expression

Protein toxicity, low soluble expression levels, poor solubility and stability
can all complicate the process of recombinant protein production by over-
expression in bacteria (Sorensen & Mortensen, 2005a,b). It is di�cult to
predict a priori if a typical soluble protein domian is likely to overexpress to
high levels without succumbing to one of these di�culties. It is well known
that expressing the protein of interest as a fusion protein with a highly ex-
pressed domain can often help overcome these di�culties at the protein ex-
pression stage by increasing overall expression levels and solubility, and can
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Figure 2.3: Top panels: Transmembrane region prediction using the DAS method (Cserzo
et al., 1997) (�Dense Surface Alignment� method, http://www.sbc.su.se/∼miklos/DAS/)
for the sequence of AtTom20-3 and RnTom20. AtTom20-3 has a predicted transmembrane
region at the C-terminal end of the protein spanning residues ∼176-192, while RnTom20
has a predicted transmembrane region at its N-terminal end spanning residues ∼9-22.
Bottom panels: Simple transmembrane helix models for AtTom20-3 (residues 166-193) and
RnTom20 (residues 4-29), based on an idealised helical segment. Atoms are represented as
VDW spheres, hydrophobic residues (including cysteines) are coloured white, hydrophillic
residues are green, basic residues are blue and acidic residues are red. Glycine residues
are coloured pink and aromatic residues are coloured tan. An approximation of the region
where acyl-chains of the lipid bilayer are likely to contact the protein is represented by a
coloured grey background. These theoretical models highlight the similar distribution of
residue types within the membrane, despite their opposite orientation in the membrane.
While the rat and Arabidopsis sequences are used in this example, the similarity within
the plant sequences and the animal sequences is such that these observations are generally
applicable. (Images produced using VMD (Humphrey et al., 1996)).
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also aid quick and e�cient puri�cation by a�nity chromatography if a suit-
able fusion partner is chosen. In order to increase the chance of success,
AtTom20-3 protein constructs of two di�erent lengths and with several dif-
ferent fusion tags (Figure 2.4) were tested for recombinant expression levels,
stability and solubility. Both a 'long' construct, consisting of AtTom20-3
residues 1-174 with the putative transmembrane anchor region removed, and
a 'short' construct comprising of residues 1-145 with the transmembrane
and putative disordered linker region removed were studied, since experi-
ence suggests that such disordered regions can contribute to di�culties in
recombinant expression and protein puri�cation and typically do not pro-
vide three dimensional structural information. Each of these was expressed
as C-terminally hexahistidine tagged constructs, and as GST (�glutathione
S-transferase�) fusions or GB1 (�protein G, B1 domain�) fusions also with
C-terminal polyhistidine tags (see Methods section for listing of AtTom20-3
construct sequences). The GST and GB1 fusion proteins contain cleavage
sites recognized by Prescission Protease� and thrombin respectively between
the N-terminal tag and the protein domain of interest (AtTom20-3), allowing
removal of the N-terminal a�nity tag after puri�cation.

Rare codons and E. coli strain selection

The coding sequence of AtTom20 contains 9 codons which are considered rare
in E. coli, including 4 consecutive rare codons near the start of the sequence.
Low protein expression levels in E. coli strain BL21(DE3) were improved by
using the Rosetta� strain which co-expresses additional tRNAs for six rare
codons, �ve of which are found in the nucleotide sequence of AtTom20-3.

Recombinant overexpression and initial protein characterisation

Unlabeled protein for initial characterisation and development of puri�cation
methodologies was expressed using cultures of appropriately transformed and
induced E. coli grown in shaker �asks with LB media. Small scale production
of 15N-labeled or 13C/15N-labeled protein for initial characterisation by NMR
spectroscopy was achieved by growth on minimal media (with initial cell
mass grown on rich media) in shaker �asks using the method of Marley
et al. (2001). Typical yields for several AtTom20-3 constructs after a�nity
puri�cation are listed in Table 2.1.

Initial protein characterisation was undertaken using the 'long' AtTom20-
3-(1-174)-His6 construct, which includes the putative disordered linker region.
Consistent with the sequence analysis of AtTom20-3 it was noted that this
construct was susceptible to proteolysis by endogenous E. coli proteases in its
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Figure 2.4: Block diagrams of AtTom20-3 protein expression constructs. Base plasmid
vector name is shown in square backets. The position of protease cleavage sites used for
N-terminal tag removal are marked with an 'x' (a Prescission Protease� cleavage site for
pGEX6P3 derived vectors and a thrombin cleavage site for pGEV2 derived vectors).

C-terminal region (Figure 2.5) and was less soluble than the construct with-
out this region. Preliminary 3D-15N-NOESY-HSQC spectra of AtTom20-3-
His6(1-174)- His6 show very few additional amide spin systems were observed
when compared with spectra of the shorter 1-145 construct, indicating that
the region ∼143-174 is likely to be highly solvent exposed and does not give
rise to signals in this spectra due to its dynamic properties and/or amide
exchange rates (Figure 2.6). The aforementioned attributes prevented struc-
ture determination of the linker region, but provide further evidence of its
intrinsic disorder in vitro.

Comparison of total cellular protein by SDS-PAGE for induced and unin-
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Figure 2.5: Metal a�nity resin puri�cation of partially degraded AtTom20-3-(1-174)-His6
(pQE60 construct, C-terminal hexahistidine tag). Lanes (1) partially degraded AtTom20-
3-(1-174)-His6 sample, (2) Unbound fraction from metal a�nity resin, (3) Bound fraction
eluted from metal a�nity resin. The longer fragment binds to the metal a�nity resin and
has an estimated mass (21.5 kDa) very close to the expected mass of AtTom20-3-(1-174)-
His6 (21.3 kDa). The truncated product (18.6 kDa) does not bind to the metal a�nity
resin, indicating the the degradation has resulted in loss of a C-terminal portion of the
protein including the C-terminal His-tag. The truncated species appears approximately
3 kDa smaller than the band corresponding to the full length AtTom20-3-(1-174)-His6,
corresponding to the removal of ∼22 residues from the C-terminal end. This region also
corresponds closely to the expected size of the protein if the predicted disordered regions
at the C-termini (including the His-tag) were removed.

duced cultures indicated that the shorter C-terminally polyhistidine-tagged
construct of AtTom20-3 cytosolic domain without the linker region (pQE60-
AtTom20-3-(1-145)-His6) failed to overexpress to high levels. A standard
metal a�nity puri�cation of the induced cells failed to isolate any soluble
protein species near the expected molecular weight (18.0 kDa) for this con-
struct, as detected by Coomassie Blue staining (Figure 2.7). Constructs with
N-terminal fusion domains (GST and GB1) were more successful at providing
high level overexpression, (GST-AtTom20-3-(1-174)-His6, GST-AtTom20-3-
(1-145)-His6, GB1-AtTom20-3-(1-174)-His6, GST-AtTom20-3-(1-145)-His6),
and showed clear bands on SDS-PAGE with intensities greater than the most
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Figure 2.6: Overlay of 15N/1H(direct) 2D projections of 3D-15N-NOESY-HSQC spec-
tra. Blue contours are the 'short' AtTom20-3-(1-145)-His6 protein (prepared from GST-
AtTom20-3-(1-145)-His6) while red contours are the 'long' AtTom20-3-(1-174)-His6 protein
including disordered regions (prepared from GB1-AtTom20-3-(1-174)-His6). Amide chem-
ical shifts of the two constructs are essentially identical, suggesting both forms are folded
with no gross di�erence in conformation between them. There are very few additional spin
systems visible in the 'full length' spectrum, despite the extra ∼30 C-terminal residues
(143-174) of the longer construct, suggesting the majority of this region is in an exchange
regime which does not show signi�cant buildup of amide NOE signals, typical of solvent
exposed disordered regions.

abundant native E. coli proteins (Figure 2.8).
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Figure 2.7: SDS-PAGE of pQE60-AtTom20-3-(1-145)-His6 (short) construct overexpres-
sion (without pREP4 companion plasmid). Soluble fractions from induced and uninduced
cultures (SI and SU, respectively) and the insoluble fractions (�pellet� after lysis) from
induced and uninduced cultures (PI and PU, respectively). A single soluble protein band
is present in the molecular weight region expected for AtTom20-3-(145)-His6, however it
does not show di�erential expression between induced and uninduced cultures, suggesting
that this weak band is not AtTom20-3-(145)-His6. No protein was recovered by metal
a�nity chromatography from these cells. While this band could be due to leaky expres-
sion of AtTom20-3-(145)-His6, the low abundance of this protein with respect to the total
cellular protein indicates this construct would not be e�ciently isotopically labeled when
expressed under standard conditions. (BL21(DE3) contains a genomic copy of the lac
repressor, and theoretically should not require the pREP4 plasmid for repression. The in-
tensity of the �18 kDa� band was no greater in induced cells co-transformed with pREP4
[not shown]).
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Figure 2.8: Overexpression of GST and GB1 AtTom20 fusion proteins (total cellular
protein on SDS-PAGE) (1) GB1-AtTom20-3-(174)-His6 (27.3 kDa), (2) GST-AtTom20-3-
(174) (47.3 kDa), (3) GST-AtTom20-3-(174)-His6 (47.4 kDa), (4) GST-AtTom20-3-(145)
(44.3 kDa), (5) GST-AtTom20-3-(145)-His6 (44.4 kDa), (6) uninduced control (GST-
AtTom20-3-(174)). In each case, the most intense band corresponds closely to the expected
molecular weight of the fusion protein of interest, and is not present in the uninduced con-
trol.

After testing the expression, a�nity puri�cation and N-terminal tag re-
moval of several of the GST and GB1 fusion constructs, GST-AtTom20-3-
(1-145)-His6 was chosen for large scale isotopic labelling and NMR analy-
sis. Several properties of this construct in�uenced this decision. Compared
with AtTom20-3-(1-174), puri�ed AtTom20-3-(1-145) was more soluble and
stable, probably due to the removal of putative disordered regions at the
C-terminii. Also, the a�nity puri�cation of the GST fusion proteins (using
glutathione sepharose) allowed the protein to be subjected to milder condi-
tions (pH ∼7.4) than that of the GB1 fusion proteins, which required elution
from IgG sepharose resin at pH <4.0 increasing the chance of protein pre-
cipation and possible denaturation. The C-terminal polyhistidine tag was
maintained, as this gave the option for further puri�cation using metal a�n-
ity chromatography.
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Table 2.1: Yields for several AtTom20-3 constructs and expression methods, after initial
a�nity puri�cation.
Construct Expression method A�nity puri�cation Fusion protein

yield (mg/L of
culture)

pQE60-AtTom20-3-(1-174)-
His6

LB shaker, unlabelled Metal a�nity 13

pQE60-AtTom20-3-(1-174)-
His6

�Marley�, 15N label Metal a�nity 6

pQE60-AtTom20-3-(1-145)-
His6

LB shaker, unlabelled Metal a�nity - (0)

GST-AtTom20-3-(1-145)-His6 LB shaker, unlabelled Glutathione sepharose 110
GB1-AtTom20-3-(1-174)-His6 �Marley�, 13C/15N label IgG sepharose + metal

a�nity
60

GB1-AtTom20-3-(1-174)-His6 �Marley�, 15N label IgG sepharose + metal
a�nity

104

GST-AtTom20-3-(1-145)-His6 �Marley�, 15N label Glutathione sepharose 42
GST-AtTom20-3-(1-145)-His6 Bioreactor, 13C/15N la-

bel
Glutathione sepharose 92 - 117

Bioreactor expression for large scale production of isotopically la-
beled protein

For large scale expression of uniformly 15N or 13C/15N labeled protein in
minimal media, a two litre Braun fermenter and control unit was used for
culture growth. Based on the �ndings of Cai et al. (1998) the dissolved oxygen
level and pH of the media during growth can be used to determine when
nutrient has been exhausted and growth phase of the bacteria has changed.
These parameters can be exploited to make optimal use of isotopic label,
since cell mass can be grown on unlabeled media and after exhaustion of the
unlabeled nutrients, isotopically enriched nutrients can be added just prior to
induction of recombinant protein expression. This results in a predominantly
uniformly isotopically labeled protein product suitable for most heteronuclear
NMR experiments (Cai et al., 1998). An additional advantage of bioreactor
expression is that due to better aeration, cell densities achieved using this
method are far greater (OD600 ∼> 10) than that possible in shaker �asks.
Figure 2.9 shows the parameters of a typical bioreactor run for expression of
13C/15N-GST-AtTom20-3-(1-145).

Puri�cation of GST-AtTom20-3-(1-145)-His(6)

The GST-AtTom20-3-(1-145)-His6 protein construct was expressed and iso-
topically labeled using the bioreactor expression method, and the protein
puri�ed from the resulting bacterial cell pellet using glutathione sepharose
a�nity puri�cation. After cleavage with Prescission Protease� to liberate the
N-terminal GST domain, the GST was separated from the AtTom20-3-(1-
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Figure 2.9: Graph of parameters over time for a typical bioreactor growth and expression
run of GST-AtTom20-3-(1-145)-His6 in E. coli. Initially during log phase growth in unla-
beled media the dissolved oxygen levels (pO2) steadily drop. Since the bioreactor control
unit is set to attempt to maintain pO2 levels (at 12.5 %), the stirrer rate increases to
compensate. Once nutrient is exhausted the pO2 levels rise sharply and the stirrer rate
drops. At this point (orange arrow+line) the media is 'spiked' with a small amount of
the labeled nutrient (0.2 g/L 15NH4Cl or 0.5 g/L [13C]-glucose) to �ush the biosynthetic
pathways of the bacteria of unlabeled metabolites. The pO2 brie�y drops as the nutrient
is consumed (with a concomitant response of the stirrer) and then rises again as growth
ceases. The culture is then induced and the bulk of the labeled nutrient is added (green
arrow+line), whereby pO2 drops and the stirrer rate rises and remains high until the
fresh nutrient is consumed, after which the pO2 returns to basal levels. At this point, the
cells are harvested by centrifugation (red arrow at ∼7.5 hours). Throughout the culture
growth the pH remains constant (at ∼ 6.85) due to the addition of base (1 M NaOH) by
the bioreactor control unit. While not evident in this particular run, base addition (or
acidi�cation in the absence of pH control) is also a reasonable indicator the growth rate,
as after several hours of nutrient exhaustion base addition will typically cease and the pH
remains constant.
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145)-His6 moiety using a second glutathione sepharose a�nity puri�cation
step (Figure 2.10), and the AtTom20-3-(1-145)-His6 further puri�ed using
anion exchange (MonoQ) chromatography (Figure 2.11). The �nal puri�ed
protein sample is estimated to be greater than ∼95% pure based SDS-PAGE
results.

A non-monomeric AtTom20 species

Two main peaks were observed to elute at di�erent salt concentrations on
anion exchange chromatography, one at ∼180 mM NaCl (�peak A�) and one
at ∼260 mM NaCl (�peak B�). Observation of these peak fractions using na-
tive PAGE and 15N-HSQC NMR spectra indicated that the peak eluting at
higher salt concentration, �peak B�, was not monomeric AtTom20-3-(1-145)-
His6 but was likely to be some larger multimer. The 15N-HSQC spectrum of
�peak A� fractions gave strong intensity well dispersed peaks expected for a
folded protein with the molecular weight of monomeric AtTom20-3-(1-145)-
His6 (18.0 kDa) (Figure 2.12). The 15N-HSQC spectra of �peak B� fractions
at similar protein concentration was considerably di�erent, with few intense
peaks except those in the poorly dispersed 'random coil' region suggesting
that the protein in this case was much larger than monomeric AtTom20-3-
(1-145)-His6 and showed limited signals due to a shorter T2 relaxation time
(Figure 2.12). �Peak B� AtTom20-3-(1-145)-His6 runs as well de�ned band
on native PAGE (Figure 2.13), suggesting that the protein species present
is not simply a non-speci�c aggregate but has a de�ned stoichiometry (for
example a dimer). Heat denaturation alone does not change the migration
of the larger �peak B� band, however addition of DTT or heat denaturation
in the presence of DTT causes the putative dimer to dissociate and migrate
as a monomer. Heating the �peak A� sample without DTT appears to in-
crease the amount of putative dimer, presumably since in the absence of
reducing agent the unfolded monomer is more susceptible to the formation
of intermolecular disulphide bonds via the single cysteine residue, favoring
irreversible formation of the dimeric species. Since it is suspected that the
putative dimeric form is a non-phyiological species (see Discussion), no fur-
ther characteristion of this species was made, and the �peak B� material was
excluded from NMR samples used for NMR structure determination.

2.2.3 Optimisation of solution conditions

The typical heteronuclear NMR experiments used for protein solution struc-
ture determination using conventional (non-cryogenic) probes require a highly
concentrated protein sample (ideally ∼ 0.5 to >1.0 mM), which must remain
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Figure 2.10: (A) SDS-PAGE of a�nity puri�cation (gluathione sepharose) of GST-
AtTom20-3-(1-145)-His6 (Mr=44.4 kDa). Lanes are: soluble fraction after cell lysis (S)
and insoluble cell pellet material (P), �owthrough fraction of proteins that did not bind to
glutathione sepharose (UB), a�nity resin washing fraction (W) and bound protein elution
fraction (E) using PBS + 10 mM reduced glutathione.
(B) SDS-PAGE of proteolytic cleavage using Prescission Protease�, second glutathione
sepharose puri�cation and anion exchange chromatography fractions. Lanes are: Sample
before Precission Protease cleavage (1), after cleavage overnight using 2 units protease/mg,
4 ◦C (2), fraction bound to a�nity resin [GST, Precission Protease and uncleaved fusion]
(3), �owthrough not bound to resin [AtTom20-3-(1-145)-His6, Mr=18.0 kDa] (4), MonoQ
anion exchange fraction 8 (5), MonoQ anion exchange fraction 9 (6). The cleaved GST
domain, GST-tagged Precission Protease and any uncleaved fusion is removed via passing
the proteolytically treated sample down a glutathione sepharose column. Anion exchange
chromatography is used to further purify the AtTom20-3-(1-145)-His6 sample.
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Figure 2.11: Trace of absorbance and salt gradient parameters during the FPLC anion
exchange chromatography of AtTom20-3-(1-145)-His6. A stepped salt gradient was applied
to help resolve the two major peaks observed (denoted peak �A� and peak �B� eluting at
∼18 % and ∼ 26 % of 1M NaCl [bu�er B] respectively). Absorbance at both 280 nm and
220 nm is monitored to detect protein elution from the MonoQ column.

stable and soluble for long periods (ie several weeks to months), often at
temperatures near or above room temperature. For this reason, some testing
was undertaken to determine the solution conditions in which recombinant
AtTom20-3 was most stable.

Microdrop tests for optimising protein solubility

The microdrop screening method of Lepre et al, 1998 (Lepre & Moore, 1998)
was used to determine the bu�ers and pH range in which AtTom20-3-His6
(1-174) was most soluble. This technique is similar to hanging drop vapor
di�usion crystallization trials, where a small concentrated drop of protein
sample is mixed with a trial bu�er on a glass cover slip which is then sealed
against a reservoir of the trial bu�er in a 24-well plate. By observing the
amount of precipitation after 24 hours in drops covering a pH range of 4.0 -
9.0, it was determined that AtTom20-His6 (1-174) is most soluble in bu�ers
around pH 7.0 � 8.9 (Figure 2.14).

While AtTom20-3-(1-145)-His6 produced from GST-AtTom20-3-(1-145)-
His6 was used for all structure determination work, some initial experiments
were performed usingAtTom20-3-(1-145)-His6 produced from the GB1-AtTom20-
3-(1-145)-His6 construct. Using this protein, 15N-HSQC spectra were ac-
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Figure 2.12: Overlayed 2D-15N-HSQC spectra of �peak A� (blue/green) & �peak B�
(red/magenta) samples at similar concentration (∼0.24 mM), processed using identical
window and zero-�lling functions and displayed with the same contour rendering settings.
The resonances in the �peak A� spectra are well dispersed (including two tryptophan
amides outside the chemical shift range shown in this Figure), suggesting this is a well
folded protein species which is not experiencing signi�cant aggregation. In contrast to
the �peak A� sample, �peak B� shows very few strong resonances, and those present are
predominantly located within the 'random coil' region of the spectra (assignments pre-
sented in Chapter 3 indicate that most of these resonances are associated with residues
near either terminii). The lack of signal (apart from �random coil� terminal regions) sug-
gests that the �peak B� species is larger, with a greater rotational correlation time (tc)
and a correspondingly shorter T2 relaxation time of nuclei. Also present in the �peak B�
spectra are several strong resonances in the random coil region which do not align with
any resonance in the �peak A� spectra, suggesting the �peak B� species has undergone
some structural change in addition to being in a oligomeric state.

quired over a pH range from 5.9 � 7.9 to determine if any pH gave spectra
with greater homogeneity in peak intensities, indicative of conditions giving
a more homogeneous folded protein sample and more favorable amide pro-
ton exchange rates for detection (Figure 2.15). Spectra were also acquired at
two temperatures, to see if narrower linewidths could be achieved at higher
temperature to reduce peak overlap in crowded regions and aid spin system
assignment (Figure 2.16). Based on these tests, a pH in the range 7.3 � 7.6
and a temperature of 25 ◦C gave the most favorable looking spectra.

Sodium phosphate (20 mM) bu�er at pH 7.4 with 150 mM sodium chlo-
ride was chosen as the bu�er for subsequent NMR studies, since at this pH
the protein appeared most soluble, and initial attempts at concentrating
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Figure 2.13: AtTom20-3-(1-145)-His6 MonoQ �peak A� and �peak B� on native PAGE.
Samples of AtTom20-3-(1-145)-His6 �peak A� and �peak B� resolved using MonoQ anion
exchange chromatography were run on native PAGE (4 � 20 % Tris-glycine gradient gel
with no SDS, pH 8.5, room temperature, 100 V). Prior to loading, the samples marked
were either heated for 5 minutes to 95 ◦C (+heat), or had 50 mM DTT added (+DTT), or
were both heated and reduced using DTT (+heat,+DTT), while one sample of each peak
was loaded without any heat denaturation or reducing agent added. Heat denaturation
does not change the migration of the larger �peak B� band, however addition of DTT
and heating with DTT causes the putative dimer to dissociate and migrate as a monomer.
Heat denaturation alone of the �peak A� sample appears to increase the amount of putative
dimer, presumably since in the absence of reducing agent the unfolded monomer is more
susceptible to the formation of intermolecular disulphide bonds via the single cysteine
residue, favoring irreversible formation of the dimeric species.
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Figure 2.14: Graph of pH vs. average precipitation score in pH microdrop tests for ∼70
mM AtTom20-3-His6 after 24 hours at room temperature. Bu�ers with pH >7.0 and
< 8.9 showed no precipitation over this time period (area indicated by the green arrow),
suggesting a bu�er in this pH range is most suitable as a solvent for NMR studies, assuming
the protein remains folded and predominantly monomeric at the chosen pH.

AtTom20-3-His6 (1-174) indicated that solubility was increased by addition
of salt. Phosphate bu�er also has the additional advantage of not containing
any NMR visible organic nuclei which can contribute to solvent artifacts in
spectra. To limit proteolysis of any contaminating E. coli proteases, EDTA
(1 mM), PMSF (3 mM) and commercial protease inhibitor 'cocktail' (Com-
plete� EDTA-Free, Roche) was also added. Additionally DTT (1 mM) was
added to maintain the single cysteine in AtTom20-3-(1-145)-His6 in the re-
duced form and inhibit the formation of intermolecular disulphide bonds.

2.2.4 Unfolding of AtTom20-3 cytosolic domain moni-
tored by circular dichroism spectroscopy

Far UV circular dichroism spectroscopy was used to assess the level of sec-
ondary structure of AtTom20-3-His6-(1-174)-His6. The circular dichroism
spectrum shows a typical pro�le for a protein expected to contain predomi-
nantly α-helix, with strong minima at 208 and 222 nm (Figure 2.17). Analysis
using both the CDPro suite (SELCON3)(Sreerama et al., 1999) and the K2D
predictor (Andrade et al., 1993) give similar values, with average estimates of
∼ 83 % helix, ∼ 15 % �random coil� and no b-strand for AtTom20-3-His6-(1-
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Figure 2.15: Overlayed 2D 15N-HSQC spectra of AtTom20-3-(1-145)-His6 (produced from
GB1-AtTom20-3-His6) at pH 5.9, 6.4, 6.8, 7.3 and 7.6, (20 mM sodium phosphate, 150
mM NaCl, temperature 25 ◦C). All spectra are presented at the same contour level, with
the lowest contour level adjusted to exclude peaks due to baseplane noise. At low pH (5.9),
many well dispersed peaks are much less intense, while the poorly dispersed amide peaks
in the random coil region dominate the spectra. Peak intensities are most homogeneous
between pH 7.3 and 7.6, and the well dispersed peaks display greater intensity compared
with the lower pH spectra.

174)-His6 consistent with the expected secondary structure for a TPR protein
with short disordered terminal regions.

A temperature unfolding curve of AtTom20-3-(1-145)-His6 from 10 to 90
◦C was also determined, monitoring the signal at 222 nm as a measure of the
fraction of α-helix present (Figure 2.18). A two-state sigmoidal unfolding
curve was �tted by least squares to the ellipticity vs. temperature data, and
the region of greatest slope was determined to give a melting temperature
(Tm) of 55 ◦C
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Figure 2.16: Overlayed 2D 15N-HSQC spectra of AtTom20-3-(1-145)-His6 (produced from
GB1-AtTom20-3-His6) at 25 ◦C (blue contours) and 35 ◦C (red contours) (20 mM sodium
phosphate, 150 mM NaCl, pH 7.4). Spectra are presented at the same contour level. Fewer
well dispersed peaks are visible at 35 ◦C and the overall peak intensity is lower than at 25
◦C, indicating that in this case the lower temperature is preferred for resonance assignment
and structure determination of AtTom20-3-(1-145)-His6.

2.2.5 Proposed divalent ion binding of AtTom20

It has been reported, based on a two dimensional gel shift assay using whole
mitochondrial protein, that AtTom20-2 (isoform 2) may bind calcium (Her-
ald et al., 2003). In order to validate this result with an independent method,
15N-AtTom20-3 at physiological pH (25 mM Tris, 150 mM NaCl, pH 7.4) was
titrated with Ca2+ (as CaCl2) to a �nal concentration of 2 mM, monitoring
for chemical shift changes of amides in the 15N-HSQC. No signi�cant pertur-
bations were observed, suggesting that calcium binding detected by Herald
et al. (2003) is an artifact of their methodology, and is not due to any speci�c
structural or functional calcium binding site present in AtTom20. It is possi-
ble that the gel shifts observed by Herald et al. (2003) were due to the acidity
of the AtTom20 receptors and a non-speci�c interaction when high concen-
trations of calcium cations were present. Since EDTA is added throughout
the protein puri�cation of AtTom20-3-(1-145)-His6 (but was dialysed away
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Figure 2.17: Circular dichroism spectra of (pQE60) AtTom20-3-(1-174)-His6 (50mM phos-
phate pH 6.5, 100 mM NaCl, 0.02 % sodium azide, 25 ◦C). Predicted secondary structure
is 86 % α-helix, 14 % �random coil� based on K2D and 80.7 % α-helix (58.5 % regular
helix, 22.2 % distorted helix), 0.05% b-strand, 5.3 % turn, 15.2 % disordered based on
SELCON3 analysis.

for this binding experiment), no signi�cant amount of free calcium should be
initially present in the recombinant protein samples, and any exchangeable
calcium binding sites on the protein are expected to be unoccupied before
titration. It should be noted that in this study, the AtTom20-3 isoform was
tested using a construct which did not include the C-terminal region; it may
be that calcium binding observed by Herald et al. (2003) is speci�c to the
AtTom20-2 isoform or the disordered C-terminal region, although this seems
unlikely.
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Figure 2.18: AtTom20-3-(1-145)-His6 temperature unfolding monitored by CD spec-
troscopy. A plot of ellipticity (222 nm) vs. temperature shows an apparent two-state
sigmoidal unfolding transition, with a melting temperature (Tm) of 55 ◦C Inset: the CD
spectrum of the sample before heat denaturation at 10 ◦C (black line), and after heat
denaturation and cooling to 10 ◦C (red dashed line). The spectra are almost identical,
suggesting that under these conditions AtTom20-3-(1-145)-His6 is able to spontaneously
refold.

2.3 Discussion

By careful sequence analysis and puri�cation trials, a folded protein construct
with favourable properties for NMR solution structure determination was
selected, and 15N-AtTom20-3-(1-145)-His6 and 13C/15N-AtTom20-3-(1-145)-
His6 samples were prepared.

For both the animal/fungal and plant Tom20 receptors, experimental ob-
servations and protein disorder predictions suggest that the poorly conserved
linker region between the cytosolic receptor and transmembrane anchor is a
poorly ordered tethering region. It is possible this region is maintained to
provide �exibility for the receptor domain to orient correctly with respect
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to other TOM components and the membrane surface. While in vivo, or in
the presence of the transmembrane anchor and a suitable lipid mimetic, this
linker could become ordered, under the lipid-free conditions used for solution
NMR in the present study of AtTom20-3 it is experimentally advantageous
to exclude this region from engineered protein constructs.

Both the plant and animal Tom20 transmembrane anchor regions show
some similarity in the distribution of residue types when aligned in the orien-
tation which they are found in the outer mitochondrial membrane. Each has
a similar distribution of charged residues, with a net excess of basic residues
on the cytosolic side of the transmembrane and a single basic residue on
the intermembrane space side. There is some precedent for charged residues
�anking helical transmembrane segments to in�uence targeting and topology
in other membranes, such as the ER 'charge di�erence' rule (Hartmann et al.,
1989), or the bacterial 'positive inside' rule (von Heijne, 1992). The deter-
minants of targeting and topology of outer mitochondrial tail (N-terminally)
and tip (C-terminally) anchored proteins is not well understood. It could be
that the greater number of positively charged residues �anking the predicted
transmembrane segment on the cytosolic side contribute to the targeting
and topology (Waizenegger et al., 2003; Wattenberg & Lithgow, 2001), for
example through interactions with negative charges on phospholipid head-
groups near the surface of the membrane. Alternatively (or additionally), the
similar distribution of residue types across the transmembrane regions may
act as important interaction sites between Tom20 and other integral compo-
nents of the TOM complex. Irrespective of the speci�c interactions involved,
it appears the need for similar interactions within the membrane has lead
the both the plant and animal/fungal Tom20 to independently evolve simi-
lar sequences in this region, albeit in opposite orientation when read in the
conventional N-to-C direction.

The cytosolic receptor domain of AtTom20-3 appears well folded by its
15N-HSQC spectral ��ngerprint�, and is predominantly α-helical based on
analysis of its circular dichroism spectra. The receptor domain displays a
simple two-state unfolding curve, compared with the larger mitochondrial
protein import receptor Tom70 which contains eleven TPRs (Chan et al.,
2006; Wu & Sha, 2006) and apparently unfolds along a more complex mul-
tistep pathway (Beddoe et al., 2004). The melting temperature (Tm) of
AtTom20-3-(1-145)-His6 was measured here by CD spectroscopy to be 55 ◦C
In comparison, the melting temperatures of the designed single (CTPR1),
double (CTPR2) and triple (CTPR3) TPR motif proteins are 49 ◦C, 74 ◦C
and 83 ◦C respectively (Main et al., 2003). Sequence analysis (and the ter-
tiary structure presented in Chapter 4) show that AtTom20-3-(1-145)-His6
contains two TPR motifs and its melting temperature, measured here under
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similar conditions to the CTPR proteins, is greater than that of the single
TPR (CTPR1) but less than the double TPR (CTPR2) protein. There has
been some suggestion that some TPR proteins display coupled folding and
ligand binding transitions. For instance, the TPR domain of PP5 is partially
unfolded in the absence of its ligand, however becomes folded upon binding
the Hsp90 MEEVD peptide (Cli� et al., 2005). This is certainly not the
case with AtTom20-3-(1-145)-His6 which is folded in the absence of any lig-
and, and as results presented in Chapter 4 will show, displays no signi�cant
structural change in the presence of presequence peptide.

During puri�cation of the AtTom20-3-(1-145)-His6 construct, a larger
oligomeric form of the protein was separated, in addition to the monomeric
form used for further solution NMR studies. Alternate dimeric forms have
beem observed in several TPR protein crystal structures, and may provide
some hints toward the potential dimeric state of AtTom20-3-(1-45)-His6. Cy-
clophilin 40 has been observed in two crystal forms, the monoclinic form
where the typical antiparallel TPR helices fold as expected, and the tetrag-
onal form where the two central TPR helices unfold to form one long ex-
tended helix which becomes the interface for a symmetric dimer (Taylor
et al., 2001b). A similar 'straightened' TPR structure was observed in the
crystal structure of the TPRs from Trypanosoma brucei Pex5 (pdb:1HXI)
(Kumar et al., 2001), and also mediated interactions at a crystallographic
dimer interface. This unusual conformation may be an artifact of the high
protein concentration used in the crystallisation trials, and could represent a
general mechanism for non-native dimerisation of TPR proteins under these
conditions. Since native PAGE shows that the multimeric AtTom20-3-(1-
145)-His6 species can be reduced using DTT to the monomeric form, it is
likely that the multimeric form is a disulphide bonded intermolecular dimer,
formed as an artifact of handling the recombinant protein at high concen-
tration without su�cient reducing agent. While this would suggest that the
'dimeric' form is probably not physiologically relevant, it is interesting to
note that the single cysteine in AtTom20-3 is highly conserved across all
other putative plant Tom20 proteins, including the green algal Tom20 from
C. reinhardtii, (excluding AtTom20 isoform 4 and P. tremula Tom20) sug-
gesting that a similar mechanism for dimerisation could apply more generally
to this receptor. Therefore, the physiological signi�cance of this disulphide
bonded 'dimeric' form cannot be completely ruled out, and it is worth noting
that in vivo any local concentration of the receptors in the membrane via
AtTom20-3 transmembrane interactions (either with itself, or with the plant
TOM complex) may act cooperatively with the tendency for self association
of the cytosolic domain to produce a dimer or other higher order species.
The identi�cation of a multimeric species in vivo and any potential func-
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tional consequences of this could prove to be an interesting aspect for further
study.

While there is no doubt that the plant and animal/fungal Tom20 recep-
tors share some limited sequence similarity due to the presence of a TPR (or
TPR-like) motif, this similarity is far from �signi�cant� as originally reported
(Heins & Schmitz, 1996). The plant mitochondrial import protein receptor
named �Tom20�, shows very low sequence similarity to the animal/fungal re-
ceptor named �Tom20�, and is well below the �twilight zone� identity thresh-
old for clear homology (Chothia & Lesk, 1986; Rost, 1999) (Aligned plant,
animal and fungal sequences show < ∼15 % similarity and < ∼30 % identity
for aligned regions between the plant and animal/fungal groups). Addition-
ally, the plant Tom20 receptor has its transmembrane anchor on the opposite
termini to the animal/fungal receptor, suggesting that if these two proteins
did diverge from a single ancestral import receptor a non-conservative and
seemingly unnecessary topological change was undertaken. The accumulated
evidence suggests that these two distinctly di�erent proteins, while (some-
what unfortunately) bearing the same name, are not directly related to a
single ancestral Tom20 import receptor which functioned as a protein im-
port receptor. The presence of a TPR (or TPR-like) motif certainly suggests
that the plant and animal type Tom20s are likely to have been derived from
an ancient TPR containing ancestor, however it is very unlikely that this an-
cient TPR prototype functioned as a mitochondrial preprotein receptor, but
rather was the progenitor of many varied TPR proteins with diverse func-
tions. One hypothesis is that two di�erent TPR containing proteins were
ultimately co-opted as �Tom20� mitochondrial import receptors after the an-
imal/fungal and plant/green algae lineages diverged. Since the presequence
recognition requirements for both lineages are likely to have been similar
due to the early (pre-split) development of simple targeting presequences
(Lucattini et al., 2004), it is possible that similar selective pressures drove
both types of Tom20 to acquire equivalent transmembrane anchoring for in-
tegration into the TOM complex and analogous targeting sequence binding
functions.
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2.4 Methods

2.4.1 Production of calcium chloride competent E. coli
cells

All non-sterile vessels, solutions and media were sterilised by autoclaving for
at least 20 minutes at 121 ◦C. Heat sensitive reagents (antibiotics, thiamine)
were sterile �ltered using 0.22 µm syringe �lters (Millipore). All media and
agar plates for growth of bacteria contained the appropriate antibiotic if re-
quired to maintain plasmid vectors (for example, chloramphenicol for main-
tainence of the pRARE plasmid in the Rosetta� strain, or ampicillin to select
for pET, pQE, pGEX and pGEV2 based expression vectors).

5 ml of LB media, in a 50 ml tube, was inoculated with a pick of the
appropriate E. coli strain from a frozen glycerol stock and incubated for ∼16
hours at 37 ◦C shaking 200 cycles/minute. 0.5 ml of this starter culture was
used to inoculate 50 ml of LB media in a 250 ml Erlenmeyer �ask and grown
at 37 ◦C shaking 200 cycles/minute until an OD600nm of ∼ 0.6. Cell cultures
were cooled on ice for 10 minutes, then centrifuged in a 50 ml tube for 5
minutes at 1000 g (∼3000 RPM, SS34 rotor) , 4 ◦C. Cell pellet was gently
resuspended in 10 ml ice cold 0.1 M CaCl2, left on ice for 30 minutes, and
then centrifuged as before. The cell pellet was gently resuspended in 0.1
M CaCl2 10 % glycerol, and the resulting suspension snap frozen in liquid
nitrogen as 200 ml aliquots in 1.5 ml microfuge tubes.

2.4.2 Transformation of E. coli with plasmid vectors

Calcium chloride competent cells (200 µl) were thawed on ice. 1 µl of
miniprep DNA (∼50 µg/µl) was added to the cells, which were gently mixed
once, and left on ice for 30 minutes. Cells were then heat shocked at 42
◦C in a water bath for 60 seconds and immediately put back on ice. After
5 minutes recovery on ice, between 50 and 200 µl of cells were plated onto
appropriate antibiotic selective agar plates and left face up to dry at room
temperature for ∼30 minutes. Plates were incubated face down overnight for
∼16 hours at 37 ◦C.

2.4.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Standard Lamelli Tris-glycine gels with a 12.5 % or 15 % acrylamide sepa-
rating gel (pH 8.8) and a 4 % stacking gel (pH 6.8) were prepared using the
published protocol (Laemmli, 1970; Maniatis et al., 1989) and run on a Hoe-
fer SE 260 Mighty Small II minigel apparatus. Samples were diluted 2-fold
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into sample loading bu�er (2-times stock, 100 mM Tris, 4 % (w/v) SDS, 0.2
% (w/v) bromophenol blue, 20 % glycerol, 5 % (v/v) β-mercaptoethanol)
and heated to 100 ◦C for 5 mins before loading on the gel. Gels were run at
140 V, 30 - 40 mA, room temperature, allowing proteins to migrate through
the gel for 90 � 180 minutes, with the anode in electrical contact with the
origin of the gel (the sample wells at the top) and the cathode at the bottom
end of the gel.

SDS-PAGE running bu�er used was 25 mM Tris, 250 mM glycine, 0.1 %
(w/v) SDS, pH 8.3, made by dilution of a 5-fold concentrated stock solution.
Gels were stained with Coomassie Brilliant Blue R-250 (0.2 % (w/v)), 45 %
ethanol, 7.5 % acetic acid and destained with a 7.5 % acetic acid solution.

Migration of proteins on linear SDS-PAGE gels is generally proportional
to log(Mr), where Mr is the molecular weight of the polypeptide. Size es-
timation of unknown protein bands was achieved by comparison to the known
masses of low molecular weight protein markers (Amersham-Pharmacia) (14.4,
20.1 , 30.0, 45.0, 66.0, 97.0 kDa), using a standard curve of log(Mr) vs. mi-
gration distance when more accurate estimation was required.

2.4.4 Native polyacrylamide gel electrophoresis

Native PAGE was carried out in essentially the same fashion as SDS-PAGE,
however no SDS was added to gel bu�ers, running bu�er or sample loading
bu�er, and samples were not heated (unless otherwise speci�ed). Gels used
were commercial precast 4 - 20 % gradient gels (Gradipore).

2.4.5 A. thaliana Tom20 bacterial protein expression
vectors

The vectors pQE60-AtTom20-3-(1-174)-His6, pQE60-AtTom20-3-(1-145)-His6,
pGEX6P3-AtTom20-3-(1-174)-His6, pGEX6P3-AtTom20-3-(1-145)-His6, pGEV2-
AtTom20-3-(1-174)-His6 and pGEV2-AtTom20-3-(1-145)-His6 were constructed
by Joanne Hulett in the laboratory of Trevor Lithgow, Department of Bio-
chemistry and Molecular Biology, University of Melbourne. For pQE60-
AtTom20-3-(1-174)-His6, the AtTom20-3 coding sequence was PCR ampli-
�ed from a AtTom20-3 cDNA using primers GCGCGGATCCATGGAT-
ACGGAAACTGAG and GCGCGGATCCATCATACTTGGCATCAC and
ligated into the pQE60 (Qiagen) vector between the BamHI and BglII sites,
to produce the vector pQE60-AtTom20-3-(1-174)-His6. The pQE60-AtTom20-
3-(1-145)-His6 vector was constructed in a similar fasion, using the primers
GCGCGGATCCATGGATACGGAAACTGAG and CGGGGGATCCGCC-
TAAGCCTTGTTTGTA. The pGEX6P3-AtTom20-3-(1-174)-His6 vector (for
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expression of GST-AtTom20-3-(1-174)-His6) was constructed by PCR ampli-
fying the AtTom20-3 coding sequence from the pQE60-AtTom20-3-(1-174)-
His6 vector using the primers GCGCGGATCCATGGATACGGAAACTGAG
and GCGCGAATTCTTAGTGGTGGTGGTGGTGGTG (priming to the cod-
ing region of the His-tag) and after restriction digest (BamHI/EcoRI) and
agarose gel puri�cation (QIAEX II) the insert ligated into pGEX-6P-3 vec-
tor (Pharmacia Biotech Inc) (also BamHI/EcoRI digested and gel purifed)
between restriction sites BamHI and EcoRI.

The pGEV2-AtTom20-3-(1-174)-His6 vector was constructed using the
same insert, ligated into the pGEV2 vector between the BamHI/EcoRI sites.

pGEX6P3-AtTom20-3-(1-145)-His6 and pGEV2-AtTom20-3-(1-145)-His6
were constructed in a similar fashion, using PCR ampli�ed insert with pQE60-
AtTom20-3-(1-145)-His6 as a template, using the primers GCGCGGATC-
CATGGATACGGAAACTGAG and CGGGGAATTCTTAGTGATGGTGATG-
GTGATG (reverse primer complementary to the His-tag coding sequence of
the pQE60-AtTom20-3-(1-145)-His6).

Coding regions for all vectors constructed were veri�ed by DNA sequenc-
ing (Australian Genome Research Facility [AGRF] or Micromon, Melbourne,
Australia).

2.4.6 Recombinant expression of unlabelled proteins in
E. coli

A starter culture (5 ml LB media + antibiotics) was inoculated using single
bacterial colony (appropriately transformed BL21(DE3) or Rosetta� E. coli
strains) from LB agar (+antibiotic) plates with a �ame sterilised loop, and
grown overnight (16 hours) in a 25x60 mm glass vial or 50 mL plastic �Falcon�
tube at 37 ◦C, shaking 200 RPM. This starter culture was diluted 1:100 into
500 ml LB media (+antibiotic) in a 2 L Erlenmeyer �ask and grown at 37 ◦C,
shaking at 200 RPM. When the culture reached an optical density (OD600nm)
of ∼ 0.6 (usually after 2-3 hours), protein expression was induced by addition
of 1 mM IPTG. Cells were typically harvested after 3 hours induction at 37
◦C by centrifugation for 20 min at 4 ◦C, 5000 g. Cell pellets were frozen at
-20 ◦C for later use.

Unless otherwise noted, pQE based vectors (T5 polymerase / lac repres-
sor expression system) were expressed with the companion plasmid pREP4
which provides constituative expression of the lac repressor (lacI gene) to help
repress expression before induction with IPTG. Media containing ampicillin
(�nal concentration 100 mg/ml) was used for maintainence and selection of
pGEX, pGEV, pET and pQE based vectors, while kanamycin (25 mg/ml)
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was used for maintainence of the pREP4 plasmid and chloramphenicol (34
m/ml) was used to maintain the pRARE plasmid in the Rosetta� strain.

2.4.7 Recombinant expression of 15N labelled proteins
in E. coli, shaker method

For initial testing and small scale production of 15N-labeled recombinant
proteins, the method described by Marley et al (Marley et al., 2001) was used
with same the minimal media recipe as that used for bioreactor expression
(below) (Cai et al., 1998).

Initial cell mass (BL21(DE3) or Rosetta�) was grown in 500 ml unlabeled
LB media (+antibiotic) to an OD600 of ∼0.6, as described for unlabelled
shaker �ask protein expression. This culture was centrifuged for 10 mins at
3000 g, the supernatant discarded and the cell pellet resuspended in 100 ml
minimal medium (M9) without any isotopic label. The culture was again
centrifuged for 10 mins at 3000 g, the supernatant discarded and the cell
pellet resuspended in 125 ml minimal medium (M9) including 1g/L 15NHCl4.
After a 45 min shaking at 37 ◦C, 200 RPM in a 1 L Erlenmeyer �ask (to allow
biosynthetic pathways to be �ushed of any residual unlabeled metabolites),
protein expression was induced with 1mM IPTG for 3 hours. Cells were
harvested by centrifugation (4 ◦C, 5000 g, 20 min) cell pellets were frozen at
-20 ◦C for storage.

2.4.8 Recombinant expression of 15N and 13C/15N la-
belled proteins in E. coli, bioreactor method

A 2 L Braun fermenter and control unit (BIOSTAT 2 model), monitored
using a computer running the MFCS/win software (version 1.1, Windows
NT 4) was used for culture growth and expression of larger quantities of
uniformly labeled 15N or 13C/15N protein. The fermenter was equipped with
a pH electrode, dissolved oxygen electrode, variable rate stirrer and sparger
for aeration. The media composition and methodology is based on that of
Cai et al. (1998). Minimal medium (M9) contained 13 g/L KH2PO4, 10
g/L K2HPO4, 9 g/L Na2HPO4, K2SO4 2.4 g/L which was autoclaved before
adding MgCl2 to 10 mM, 30 mg/L thiamine and 10 ml/L trace element so-
lution (5g/L EDTA, 6g/L FeSO4, 6 g/L CaCl2.2H2O, 1.2g/L MnCl2.4H2O,
0.8 g/L CoCl2.6H2O, 0.7 g/L ZnSO4.7H2O, 0.7 g/L CuSO4.2H2O, 0.35 g/L
NaMoO4.5H2O, 20 mg/L H3BO3), 100 ug/ml ampicillin (and 34 ug/ml chlo-
ramphenicol if required) and the appropriate isotopic carbon and nitrogen
sources by sterile �ltration. For 15N-labelled protein production, the me-
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dia initially contained 1g/L 14NH4Cl and 12 g/L natural abundance glucose
(in excess), and 1g/L 15NH4Cl was added just prior to induction when the
free 14NH4Cl was exhausted. For 13C/15N-labelled protein production, 2
g/L 15NH4Cl was added initially (in excess) with 2 g/L natural abundance
glucose, and after glucose exhaustion just prior to induction 3 g/L U-[13C]-
glucose was added. An initial 5 ml starter culture inoculated from a single
bacterial colony was grown for ∼ 8 hours and used to inoculate 100 ml of
minimal medium using a 1:100 dilution. This culture was grown overnight
and the complete culture subsequently used to inoculate 1 L of prewarmed
minimal medium in the fermenter. Prior to inoculation of the fermenter me-
dia, the pH probe was calibrated using pH standards (4.0, 7.0 and 10.0) and
the dissolved oxygen electrode was calibrated against media saturated with
air and media �ushed of oxygen using nitrogen gas. The fermenter control
unit was set to maintain pH at 6.85 (by automatic addition of 2M NaOH via
peristaltic pump) and via feedback of the oxygen electrode the stirrer rate
was set to maintain oxygen levels at 12.5 % (stirrer 'cascade' mode). A con-
stant stream of �ltered air was delivered via the sparger, and the temperature
was maintained constant at 37 ◦C via a heated water jacket. A small amount
of �Anti-foam 289� (Sigma) was added manually as needed. See Figure 2.9
for the progression of a typical bioreactor expression of GST-AtTom20-3-(1-
145)-His6.

2.4.9 Puri�cation of AtTom20-3 cytosolic domain GST
fusions

A bacterial cell pellet from 250 ml of culture was thawed on ice in 20 mL PBS
(50 mM sodium phosphate, 150 mM NaCl, pH 7.4) with 1mM EDTA, 3mM
PMSF, 1mM DTT, half a Complete� (EDTA free) protease inhibitor cocktail
tablet (Boehringer Manningham/Roche) and 50 µl of 100 mg/ml lysozyme.
Suspension was homogenised with a dounce homogeniser (20 strokes) and
sonicated in 2.5 cm diameter �at bottomed plastic tubes on ice at 20 micron
amplitude, with four bursts of 30 seconds with a 1 minute temperature re-
covery time between bursts. Lysed cell suspension was centrifuged at 20,000
g (Sorvall RC5, SS-34 rotor), 4 ◦C for 20 minutes, and the resulting cleared
cell lysate (supernatant) syringe �ltered through 0.45 µM �lters (Millipore).
Supernatant was loaded onto 20 ml glutathione sepharose (Pharmacia) or
glutathione agarose (Scienti�x, Bundoora, Australia) pre-equilibrated with
PBS, and passed through the column three times to facilitate better binding,
resuspending the resin and placing on ice to settle each time. Column was
washed with 50 � 100 ml cold PBS, and the GST fusion protein eluted with
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up to 100 ml of cold PBS with 10 mM glutathione, 1 mM DTT, pH 7.4 and
1 mM EDTA was added to the �nal elution. Protein elution from the a�n-
ity resin was monitored using a Bradford protein assay spot test, by adding
50 µl of Bradford reagent (Biorad protein assay reagent, 5× diluted) to 50
µl of protein solution and visually comparing the blue colour to an elution
bu�er control. At each step 20 µl of column fractions were mixed with 20 µl
SDS-PAGE loading bu�er and kept for later analysis by SDS-PAGE. The in-
soluble fraction after cell lysis was resuspended in 10 ml PBS and vigorously
vortexed before taking a sample of the suspension for SDS-PAGE analysis.
Glutathione sepharose resin was regenerated after use by sequential washes
of 50 ml 100 mM sodium acetate pH 4.5, and 50 ml PBS, and stored in 20
% ethanol at 4 ◦C.

The fusion protein elution fraction was concentrated bu�er exchanged into
Prescission Protease� cleavage bu�er (50 mM Tris pH 7.0, 150 mM NaCl,
1 mM EDTA, 1 mM DTT) using an Amicon stirred cell concentrator (Mil-
lipore) with a semi-permiable membrane (10 kDa molecular weight cuto�)
under nitrogen pressure, such that the �nal glutathione concentration was
<< 1 mM and the �nal volume was ∼ 20 ml. The protein concentration was
estimated using UV-visible absorbance at 280 nm, and 2 units Prescission
Protease� (Amersham Pharmacia) per mg of fusion protein was added (typ-
ically ∼ 50 units in total). The solution was slowly inverted overnight (∼16
hours) at 4 ◦C to allow cleavage. (Prescission Protease� (Amersham Pharma-
cia) is GST tagged form of the 3C viral protease, which cleaves the recogni-
tion sequence EVLFQ/GPL provided by the pGEX-6-P3 linker)(Cordingley
et al., 1990; Walker et al., 1994). The resulting cleaved protein solution was
passed down the 20 ml glutathione sepharose column, capturing the unbound
fraction which contained cleaved AtTom20-3-(1-145)-His6. The GST moiety
remained bound to the resin and was eluted using 10 mM glutathione in
PBS pH 7.4 before regenerating the resin. The unbound fraction containing
AtTom20-3-(1-145)-His6 was concentrated and exchanged into 20 mM Tris
pH 8.0 (FPLC �bu�er A�) + 1 mM EDTA using an Amicon stirred cell con-
centrator at 4 ◦C, to a �nal volume of 15 � 20 ml. Using an Äkta Explorer
100 liquid chromatography unit (Pharmacia), at room temperature, this so-
lution was loaded onto a MonoQ anion exchange column (Pharmacia) (1 mL
column, HR5/5), and subjected to a segmented salt gradient (FPLC �bu�er
B�; 20 mM Tris pH 8.0, 1M NaCl) from 0-18 % over 20 ml, 5 ml at 18 %,
18-26% over 5 ml, then 20 ml at 26 %, then 26-40 % over 10 ml and 40-100
% over 5 ml. Any remaining GST contamination was typically separated by
this anion exchange step, however occassionally a very small amount GST
remained, and was removed by passing down the glutathione sepharose col-
umn. Final fractions of AtTom20-3 were taken from the earliest peak (∼18
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% bu�er �B�) and were concentrated and bu�er exchanged at 4 ◦C into PBS
with 1mM EDTA, 1mM DTT, 1mM PMSF using Centricon-10 centrifugal
concentrator devices. Samples were stored at 4 ◦C.

2.4.10 Puri�cation of polyhistidine tagged AtTom20-3
cytosolic domain

Frozen cell pellet from 250 ml of culture was lysed in 20 ml of lysis bu�er (50
mM Tris pH 8.0, 300 mM NaCl) with 5 mg of hen-egg white lysozyme, 1 mM
PMSF and ¼ of a Complete� EDTA-free protease inhibitor tablet (Boehringer
Manningham/Roche). Solution was homogenised with a dounce homogeniser
and sonicated on ice with four bursts of 30 seconds with a 1 minute temper-
ature recovery time between bursts. The cell lysate was centrifuged at 20000
g for 20 min at 4 ◦C and the supernatant �ltered through 0.45 mm syringe
�lter. This cleared cell lysate was bound to 10 ml pre-equilibrated TALON �
resin (Clontech) (cobalt-based immobilized metal a�nity resin), with three
passes over the column to facilitate binding. Resin was washed with 50 ml of
lysis bu�er, then 50 ml of wash bu�er (50 mM MES, 300 mM NaCl, pH 6.0).
Protein was eluted from the resin by washing with 50 mL of wash bu�er with
200 mM imidazole (pH 6.0), and 1 mM EDTA, 1 mM PMSF was added to
the �nal elution fraction. This solution was bu�er exchanged using an Am-
icon stirred cell concentrator (10 kDa cuto�) and Centricon-10 centrifugal
concentration devices in to the �nal bu�er 50 mM sodium phosphate, 100
mM NaCl, pH 6.5 used for analysis experiments.

2.4.11 Puri�cation of AtTom20-3 cytosolic domain GB1
fusions

Bacterial cell pellet from 250 ml of culture was subjected to the standard lysis
and sonication procedure as detailed for the GST fusion protein, instead using
TST bu�er (50 mM Tris, 150 mM NaCl, 0.05 % v/v Tween-20, pH 7.6) with
1mM EDTA, 3mM PMSF, half a Complete� (EDTA free) protease inhibitor
cocktail tablet (Boehringer Manningham/Roche) and 50 µl of 100 mg/ml
lysozyme. DTT was omitted to avoid denaturation of the IgG sepharose
resin through reduction of essential disulphide bonds. The �ltered cleared
cell lysate was bound to 10 ml preequilibrated (TST pH 7.6) IgG sepharose
resin (human) (Pharmacia), and the resin was washed with 50 ml TST pH
7.6, followed by 30 ml 5 mM acetate, pH 5.0. The protein of interest was
eluted by washing with 50 � 150 ml of 20 mM sodium phosphate, pH 3.0,
until no detectable change was observed on a Bradford protein assay spot
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test. The pH of this eluted fraction was adjusted to pH 7.4 by drop wise
addition of 1 M sodium hydroxide, 1 mM DTT was added, and 1 M NaCl
was added to bring the �nal NaCl concentration to 150 mM. (An alternative
elution bu�er, used for some initial tests, was 100 mM glycine pH 3.0 with
the elution fraction subsequently exchanged into PBS pH 7.4 + 1 mM DTT).
This fraction was then concentrated to 20 ml using an Amicon stirred cell
concentrator under pressurized nitrogen (10 kDa molecular weight cuto�),
and the protein concentration estimated using the UV absorbance at 280 nm.
Thrombin (Pharmacia) was added (10 units/mg of fusion protein, from a 1
unit/µl stock) and the solution slowly inverted at room temperature for ∼ 16
hours, after which 1 mM PMSF was added and the solution bu�er exchanged
into PBS pH 7.4 using a stirred cell concentrator. This solution was added to
a 10 ml preequilibrated TALON� (Clontech) a�nity resin column, washed
with 50 ml PBS and the polyhistidine tagged protein eluted from the a�nity
resin by washing with 75 ml PBS with 200 mM imidazole, pH 8 (1 mM DTT,
1 mM EDTA, 0.1 mM PMSF and Complete� protease inhibitor was added
to this elution). The eluted fraction was then bu�er exchanged by stirred
cell concentrator into PBS pH 7.4 (with 1 mM DTT, 1 mM EDTA, 0.1 mM
PMSF), and concentrated to a �nal volume of 500 ml using a Centricon-10
concentrator (1/200th of a dissolved Complete� protease inhibitor tablet and
10 % 2H2O was added to the �nal NMR sample).

IgG sepharose resin was regenerated between uses by washing with 2 × (
20 ml TST, 20 ml 0.5 M acetate pH 3.4), and stored in TST pH 7.6.

2.4.12 Protein concentration estimation

Protein concentration was estimated by measuring UV absorbance at 280
nm (often abbreviated to �A280�) and a theoretical extinction coe�cient cal-
culated based on the protein sequence. The spectrophotometer was blanked
against protein-free bu�er of the same composition as the protein solution,
and care was taken to ensure no component of the bu�er showed very strong
absorbance at 280 nm (for instance the common additives EDTA and DTT
were typically exchanged away before measurement).

Theoretical isoelectric points and protein extinction coe�cients were cal-
culated with the ExPASy ProtParam tool (Gasteiger et al., 2003) (http://-
www.expasy.org/tools/protparam.html), which uses the method of method
of Gill and von Hippel (Gill & von Hippel, 1989) for estimating extinction
coe�cients at 280 nm based on the number of tryptophan, tyrosine and
disulphide bonded cystine residues.
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2.4.13 Microdrop screening

The microdrop screening method of Lepre et al, 1998 (Lepre & Moore, 1998)
is similar to hanging drop protein crystallization trials used routinely for
protein crystallography studies, however a di�erent suite of NMR compatible
bu�ers are screened and known precipitants are typically omitted since the
goal is to maximize solubility rather than induce controlled precipitation.

Precipitation was scored visually from 0 to 4 (see Figure 2.19) using a light
microscope immediately after addition of protein solution to the test drops
(t=0), and a several periods thereafter (usually 24 hours, 48 hours, ∼10 days).
Conditions trialed in microdrop bu�er pH screen were potassium phosphate
pH 5.0, 6.0, 7.0, 7.4; sodium phosphate pH 5.5, 6.5, 7.5; sodium acetate pH
4.5, 5.0; sodium citrate pH 4.7, 5.5; cacodylic acid pH 6.0, ammonium acetate
pH 6.3; imidazole pH 8.0; bicene pH 8.5, 9.0; MES pH 5.8, 6.2, 6.5; HEPES
pH 7.0, 8.0; Tris 7.5, 8.0, 8.5 (24 conditions in total). All bu�er were at an
initial concentration of 100 mM, before dilution with protein solution.

2.4.14 Circular dichroism spectroscopy

Far UV circular dichroism spectra were acquired using an AVIV 62DS (Aviv,
USA) equipped with a Peltier temperature control jacket, using a 400 mL 1
mm pathlength rectangular quartz cuvette (Starna). The instrument control
computer used the AVIV 60DS V4.1t software (Aviv, USA) running un-
der MS-DOS (Microsoft Corporation, Redmond, CA, USA). Raw CD data
was baseline subtracted (using the spectrum of a bu�er only sample), and
smoothed using the default parameters of the software. Ellipticity (in mil-
lidegrees) was converted to mean residue ellipticity (MRE) (degrees . cm 2

. dmol−1) using the relationship:

MRE =
∆ε.Mr

n.c

where ∆ε is the raw machine units, Mr is the protein molecular weight in
Daltons, n is number of residues and c is the protein concentration in mg/ml.

A protein concetration of 0.15 mg/ml was used in 20 mM sodium phos-
phate, 150 mM NaCl, pH 7.4 (unless otherwise stated).

The temperature unfolding curve of AtTom20-3-(1-145)-His6 was deter-
mined monitoring the signal at 222 nm (5 sec signal averaging time, band-
width of 1.5 nm) over the temperature range 10 to 90 ◦C with 1 ◦C steps
and a minimum equilibration time of 30 seconds between points. After heat
deanaturation, samples were immediately allowed to equilibrate to 10 ◦C
before reacquiring the CD spectrum to assess the amount of refolding. A
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Figure 2.19: Scoring used for estimating precipitation of protein samples in 2 or 3 µL
(total volume) microdrops, based closely on the method described by Lepre et al, 1998
(Lepre & Moore, 1998). The largest circle represents the outer edge of the drop, while
the brown inner circle represents the region of precipitated protein, visible as opaque and
often brown area accumulating in the centre of the drop. At various time points after
addition of protein solution to the bu�er drop precipitation was scored between 0 and 4
based on this guide.
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two-state sigmoidal unfolding curve:

θobs =
e−∆G

RT
.(θf − θu) + θu

where Gibbs free energy of unfolding (∆G) is:

∆G =
H.(1− T )

Tm
−∆C.((Tm − T ) + T. loge(

T
Tm

))

and θobs is the observed ellipicity at a given temperature, θf and θu are the
ellipticities of folded and unfolded protein, respectively, Tm is the unfolding
temperature (in kelvin), H is the enthalpy of unfolding, ∆C is the heat ca-
pacity change between folded and unfolded, T is the temperature (in kelvin),
R is the gas constant (in L.atm.K−1.mol−1) was �tted by least squares to
the ellipticity vs. temperature data, and the region of greatest slope was de-
termined (by calculating the stationary point of the second derivative of the
curve using the program �Maxima�) to give the melting temperature (Tm).

2.4.15 Nuclear Magnetic Resonance spectroscopy

See Chapter 3 methods.

2.4.16 Tom20 transmembrane helix models

Simple transmembrane helix models were generated using the MODELLER
(v8.1) software (Sali & Overington, 1994). Dihedral angles of each residue
were �xed to idealised α-helical angles and ideal main chain hydrogen bond
distances (using the MODELLER command �MAKE_RESTRAINTS RE-
STRAINT_TYPE = 'alpha'�). No attempt at re�nement in a simulated
lipid environment was attempted, nor is there any experimental evidence for
the precise orientation of these transmembrane segments with respect the the
membrane (ie it is unknown whether they are exactly normal to the plane of
the membrane, or at some other angle). For this reason, these models should
be regarded as simply an information-rich replacement of a �helical wheel�
representation to aid visualistion of the probable arrangement of residues.
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2.4.17 AtTom20-3 protein constructs and theoretical phys-
iochemical properties

AtTom20-3-(1-174)-His6 protein sequence (pQE60-AtTom20-3-(1-
174) vector):

MGGSMDTETEFDRILLFEQIRQDAENTYKSNPLDADNLTRWGGVLLELS

QFHSISDAKQMIQEAITKFEEALLIDPKKDEAVWCIGNAYTSFAFLTPD

ETEAKHNFDLATQFFQQAVDEQPDNTHYLKSLEMTAKAPQLHAEAYKQG

LGSQPMGRVEAPAPPSSKAVKNKKSSDAKYDRSHHHHHH

Number of amino acids 186
Molecular Weight (Da) 21031.3
Theoretical pI 5.40
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 0.877

AtTom20-3-(1-145)-His6 protein sequence (pQE60-AtTom20-3-(1-
145) vector):

MGGSMDTETEFDRILLFEQIRQDAENTYKSNPLDADNLTRWGGVLLELS

QFHSISDAKQMIQEAITKFEEALLIDPKKDEAVWCIGNAYTSFAFLTPD

ETEAKHNFDLATQFFQQAVDEQPDNTHYLKSLEMTAKAPQLHAEAYKQG

LGRSHHHHHH

Number of amino acids 157
Molecular Weight (Da) 17974.9
Theoretical pI 5.04
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 0.944

GST-AtTom20-3-(1-174)-His6 (pGEX6P3-AtTom20-3-(1-174)-His6
vector)

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELG

LEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGA

VLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDH

VTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSS

KYIAWPLQGWQATFGGGDHPPKSDLEVLFQGPLGSMDTETEFDRILLFE

QIRQDAENTYKSNPLDADNLTRWGGVLLELSQFHSISDAKQMIQEAITK

FEEALLIDPKKDEAVWCIGNAYTSFAFLTPDETEAKHNFDLATQFFQQA

VDEQPDNTHYLKSLEMTAKAPQLHAEAYKQGLGSQPMGRVEAPAPPSSK

AVKNKKSSDAKYDGSHHHHHH
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Number of amino acids 413
Molecular Weight (Da) 47424.0
Theoretical pI 5.48
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 1.238

AtTom20-3-(1-174)-His6 moiety after cleavage of GST-AtTom20-3-
(1-174)-His6 with Prescission Protease�:

GPLGSMDTETEFDRILLFEQIRQDAENTYKSNPLDADNLTRWGGVLLEL

SQFHSISDAKQMIQEAITKFEEALLIDPKKDEAVWCIGNAYTSFAFLTP

DETEAKHNFDLATQFFQQAVDEQPDNTHYLKSLEMTAKAPQLHAEAYKQ

GLGSQPMGRVEAPAPPSSKAVKNKKSSDAKYDGSHHHHHH

Number of amino acids 187
Molecular Weight (Da) 21011.3
Theoretical pI 5.29
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 0.878

GB1-AtTom20-3-(1-174)-His6 (pGEV2-AtTom20-3-(1-174)-His6 vec-
tor)

MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDAT

KTFTVTELVPRGSMDTETEFDRILLFEQIRQDAENTYKSNPLDADNLTR

WGGVLLELSQFHSISDAKQMIQEAITKFEEALLIDPKKDEAVWCIGNAY

TSFAFLTPDETEAKHNFDLATQFFQQAVDEQPDNTHYLKSLEMTAKAPQ

LHAEAYKQGLGSQPMGRVEAPAPPSSKAVKNKKSSDAKYDGSHHHHHH

Number of amino acids 244
Molecular Weight (Da) 27387.3
Theoretical pI 5.11
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 1.038

GB1 is the B1 domain of protein G from Streptomyces griseus, with mu-
tations Q2T and A6I which eliminate heterogeneity in the NMR spectrum
(Huth et al., 1997).
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AtTom20-3-(1-174)-His6 moiety after cleavage of GB1-AtTom20-3-
(1-174)-His6 with thrombin:

GSMDTETEFDRILLFEQIRQDAENTYKSNPLDADNLTRWGGVLLELSQF

HSISDAKQMIQEAITKFEEALLIDPKKDEAVWCIGNAYTSFAFLTPDET

EAKHNFDLATQFFQQAVDEQPDNTHYLKSLEMTAKAPQLHAEAYKQGLG

SQPMGRVEAPAPPSSKAVKNKKSSDAKYDGSHHHHHH

Number of amino acids 184
Molecular Weight (Da) 20743.9
Theoretical pI 5.29
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 0.889

GST-AtTom20-3-(1-145)-His6 (pGEX6P3-AtTom20-3-(1-145)-His6
vector)

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELG

LEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGA

VLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDH

VTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSS

KYIAWPLQGWQATFGGGDHPPKSDLEVLFQGPLGSMDTETEFDRILLFE

QIRQDAENTYKSNPLDADNLTRWGGVLLELSQFHSISDAKQMIQEAITK

FEEALLIDPKKDEAVWCIGNAYTSFAFLTPDETEAKHNFDLATQFFQQA

VDEQPDNTHYLKSLEMTAKAPQLHAEAYKQGLGGSHHHHHH

Number of amino acids 384
Molecular Weight (Da) 44367.5
Theoretical pI 5.28
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 1.354

AtTom20-3-(1-145)-His6 moiety after cleavage of GST-AtTom20-3-
(1-145)-His6 with Prescission Protease�):

GPLGSMDTETEFDRILLFEQIRQDAENTYKSNPLDADNLTRWGGVLLEL

SQFHSISDAKQMIQEAITKFEEALLIDPKKDEAVWCIGNAYTSFAFLTP

DETEAKHNFDLATQFFQQAVDEQPDNTHYLKSLEMTAKAPQLHAEAYKQ

GLGGSHHHHHH

Number of amino acids 158
Molecular Weight (Da) 17954.8
Theoretical pI 4.94
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Number of amino acids 158
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 0.919

GB1-AtTom20-3-(1-145)-His6 (pGEV2-AtTom20-3-(1-145)-His6 vec-
tor)

MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDAT

KTFTVTELVPRGSMDTETEFDRILLFEQIRQDAENTYKSNPLDADNLTR

WGGVLLELSQFHSISDAKQMIQEAITKFEEALLIDPKKDEAVWCIGNAY

TSFAFLTPDETEAKHNFDLATQFFQQAVDEQPDNTHYLKSLEMTAKAPQ

LHAEAYKQGLGGSHHHHHH

Number of amino acids 215
Molecular Weight (Da) 24330.9
Theoretical pI 4.86
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 1.107

AtTom20-3-(1-145)-His6 moiety after cleavage of GB1-AtTom20-3-
(1-145)-His6 with thrombin:

GSMDTETEFDRILLFEQIRQDAENTYKSNPLDADNLTRWGGVLLELSQF

HSISDAKQMIQEAITKFEEALLIDPKKDEAVWCIGNAYTSFAFLTPDET

EAKHNFDLATQFFQQAVDEQPDNTHYLKSLEMTAKAPQLHAEAYKQGLG

GSHHHHHH

Number of amino acids 155
Molecular Weight (Da) 17687.5
Theoretical pI 4.94
Theoretical extinction coe�cient (A280 nm, 1cm, 1g/l) 0.959



Chapter 3

NMR resonance assignment and

secondary structure ofAtTom20-3

3.1 Abstract

Three-dimensional structure determination of proteins by triple resonance
NMR spectroscopy typically requires assignment of most 1H, 15N and 13C
resonances in the protein. The backbone and sidechain resonances of 15N/13C
uniformly isotopically labelled Arabidopsis thaliana Tom20 (AtTom20-3) cy-
tosolic domain (isoform 3, residues 1-145) were assigned using standard triple
resonance spectra and assignment techniques. The determined backbone
chemical shifts allow secondary structure determination based on the chemi-
cal shift index (CSI) and TALOS φ/ψ angle prediction, in combination with
3J(HNHA) scalar coupling values and amide NOE patterns. The secondary
structure of the AtTom20-3 cytosolic domain reveals the protein contains
seven helices, four of which make up the pair of central �tetratricopeptide
repeat�-like (TPR-like) repeats. The TPR-like repeats are �anked by an N-
terminal helix, and two shorter C-terminal helices which are separated by
a small break in regular secondary structure. These assignments provide a
starting point for NOE crosspeak assignment for tertiary structure determi-
nation.

3.2 Introduction

There are two main approaches to resonance assignment in proteins. The �rst
is an �NOE based� approach which relies on interpretation of sequential NOE
connectivities in NOESY and TOCSY spectra, using either unlabelled pro-
tein with 2D homonuclear experiments, or singly labelled 15N or 13C protein

77
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using 3D heteronuclear edited HSQC-NOESY and HSQC-TOCSY spectra
(Fesik & Zuiderweg, 1988; Wüthrich, 1986). Due to peak overlap, chemi-
cal shift degeneracy and the structural and conformational dependence of
TOCSY and NOE transfers, this approach is generally only workable with
smaller proteins of up to ∼ 80 residues in size. A second more modern ap-
proach is so-called heteronuclear �J-coupling based� assignment, which uses
a set of complementary experiments designed to exploit coherent magnetisa-
tion transfers through one- and two-bond scalar couplings between backbone
nuclei, allowing reduction of spectral complexity and establishment of se-
quential residue connections. These experiments rely on uniform labelling
with 13C and 15N, and allow resonance separation in three (or four) di�erent
dimensions to reduce overlap and chemical shift degeneracy, considerably in-
creasing the size of protein amenable to study (up to ∼30 kDa before the T2

relaxation of the protein reduces signal-to-noise to a detrimental level when
using non-TROSY type experiments). Both �NOE based� and �J-coupling
based� chemical shift assignment strategies and their associated NMR exper-
iments are reviewed by Sattler M. (1999).

In the work described here, a heteronuclear �J-coupling based� assign-
ment strategy was used to obtain backbone resonance assignments of the 18
kDa AtTom20-3 cytosolic domain, followed by sidechain assignment based on
heteronuclear edited NOESY, TOCSY and COSY spectra. The resonance
assignments of AtTom20-3 (cytosolic domain, residues 1-145) allow reliable
determination of residue speci�c secondary structure and provide a founda-
tion for NOE crosspeak assignment used in tertiary structure determination
of the domain.

3.3 Results

3.3.1 Assignment of backbone chemical shifts

Backbone (HN, N, Cα, Hα and C') and Cβ resonances were assigned us-
ing the the strip matching assignment approach of Bartels et al. (1995), as
implemented in the Sparky assignment program (Goddard T, 1997). Triple
resonance HNCACB, CBCA(CO)NH, HNCO & HN(CA)CO(CA)NH spectra
provided the core information for backbone and Cβ assignment of AtTom20-
3. The 3D HNCACB spectrum correlates the amide nitrogen and proton
chemical shifts of residue (i) to the Cα and Cβ chemical shifts of residue (i)
and (i-1 ). The resonances correlating to Cα and Cβ of (i-1 ) are of lower
intensity than the (i) Cα/Cβ peak pair, and due to the chosen Cα→Cβ cosy
mixing period (3.5 ms) the Cβ peaks are of opposite phase to the Cα peaks.
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The 3D CBCA(CO)NH spectrum correlates the amide nitrogen and proton
chemical shifts of residue (i) to the Cα and Cβ shifts of residue (i-1 ) only,
and is of greater sensitivity than the HNCACB. Ideally, this pair of spectra
can be used to identify sequential spin systems using the the strip matching
approach, since for any amide 15N/1H chemical shift of residue (i), we have
information about the Cα and Cβ chemical shifts of residue (i) and (i-1 ) (see
Figure 3.1). In addition to �nding sequential strips, the Cα and Cβ chemical
shifts (as well as other sidechain carbon and proton shifts) fall into de�ned
ranges for di�erent residue types, allowing �spin-typing� (classi�cation of a
spin system into a group of possible residue types).

In many cases, the Cα and Cβ shifts alone are not enough to distinguish
between several possibilities for sequential connectivity due to chemical shift
degeneracy and peak overlap. In this case, the HNCO (Figure 3.2) and
HN(CA)CO(CA)NH pair were used to con�rm or reject possible sequential
matches. The 3D HNCO correlates the amide nitrogen and proton chemi-
cal shift of residue (i) with the carbonyl 13C chemical shift of residue (i-1 ),
while the 3D HN(CA)CO(CA)NH correlates the amide of a residue (i) to
the carbonyl 13C of the same residue (i), sometimes with an additional weak
(i→i-1 ) peak equivalent to the HNCO correlation. Together, these spectra
allow sequential spin systems to be assigned based on the carbonyl 13C chem-
ical shift, and provide a useful additional piece of information when Cα and
Cβ shifts are not su�cient for unambiguous assignment.

In addition to spin-typing based on the Cα and Cβ chemical shift, the
3D (H)C(CO)NH 15N relayed-TOCSY (which correlates amide proton and
nitrogen chemical shifts of residue (i) to all sidechain 13C chemical shifts of
residue (i-1 )) and the 3D H(CCO)NH 15N relayed-TOCSY (which correlates
amide 1H/15N shifts of residue (i) to sidechain 1H chemical shifts of residue
(i-1 )) were used to help con�rm spin system assignments, based on the pres-
ence/absence of expected sidechain resonances (for example the distinctive
methyl resonances of aliphatic residues). To de�ne reliable assignments for
backbone Hα resonances, the 3D HNHA spectra was used in combination
with the 3D 15N-HSQC-NOESY and 3D HC(CO)HN.

Typically, alanine spin systems were used as starting points for sequential
assignment, since they are easily spin-typed due to distinctive Cα and Cβ
chemical shifts, and the strong Cβ resonance is typically always observed
in both the HNCACB and CBCA(CO)NH spectra. Serine and threonine
spin systems can also make good starting points for sequential runs, however
the poor separation and opposite phase of peaks in the HNCACB spectra
means that in some cases the Cα and Cβ peaks overlap, resulting in a weak
Cα and no visible Cβ. While glycine Cα resonances are typically easily
identi�ed by chemical shift (∼45 ppm), in the case of AtTom20-3 poor dis-
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Figure 3.1: An example of �strips� from the 3D HNCACB and 3D CBCA(CO)NH spectra,
showing 2D 1H/13C planes at a particular amide 15N chemical shift, spanning residues 46-
55. Arrows indicate peaks correlating Cα and Cβ resonances from (i) amide to the (i-1 )
amide.

persion of many of the glycine Cα chemical shifts made them a poor starting
point for sequential assignment. In most cases, once 3-4 spin systems were
linked as sequential, they could be positioned into the amino acid sequence of
AtTom20-3 unambiguously based on the order of spin-types. The mapping
of unassigned sequential spin systems to a �xed assignment in the protein
sequence was aided by the lowest average Z-score method implemented in
the Sparky software, as described in the Methods section. Final chemical
shift assignments for backbone resonances are shown in Table 3.1. In total,
98 % of expected observable backbone resonances were assigned.

Table 3.1: Backbone and Cβ resonance assignments assignments of AtTom20-3 cytosolic domain.

Residue 1HN 15N 1Hα 13Cα 13C' Residue 1HN 15N 1Hα 13Cα 13C'

Pro(-3) 4.40 63.3 177.0 Lys(73) 7.75 113.0 4.42 54.5 176.3
Leu(-2) 8.54 119.4 4.28 55.4 177.8 Lys(74) 7.40 120.1 4.54 54.9 175.5
Gly(-1) 8.37 107.4 3.78 45.4 181.6 Asp(75) 8.67 124.4 4.21 57.3 176.7
Ser(0) 8.16 113.2 58.4 174.7 Glu(76) 9.23 118.4 4.41 59.9 179.1
Met(1) 8.46 119.4 4.46 55.6 175.9 Ala(77) 7.65 117.4 3.76 55.2 178.1
Asp(2) 8.32 118.9 4.59 54.7 176.4 Val(78) 7.06 115.4 3.44 66.6 177.5
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Table 3.1: Backbone and Cβ resonance assignments assignments of AtTom20-3 cytosolic domain.

Residue 1HN 15N 1Hα 13Cα 13C' Residue 1HN 15N 1Hα 13Cα 13C'

Thr(3) 7.99 110.9 4.26 62.0 174.8 Trp(79) 7.96 117.2 3.84 62.0 178.0
Glu(4) 8.42 120.5 4.31 57.2 177.0 Cys(80) 8.26 113.0 3.34 64.3 176.7
Thr(5) 8.28 111.7 4.35 61.9 175.2 Ile(81) 7.38 118.3 3.06 66.6 177.9
Glu(6) 8.53 120.2 4.08 58.3 Gly(82) 7.22 104.6 2.38 48.1 176.9
Phe(7) 7.96 116.9 4.16 59.9 176.8 3.21
Asp(8) 7.96 116.9 4.27 56.3 178.1 Asn(83) 7.75 121.2 4.33 56.1 177.6
Arg(9) 7.81 119.2 3.66 59.1 177.1 Ala(84) 8.45 123.7 3.82 55.4 178.8
Ile(10) 7.69 116.3 3.31 65.8 177.4 Tyr(85) 8.32 114.5 4.11 64.0 178.7
Leu(11) 7.41 116.1 3.87 57.9 180.0 Thr(86) 7.91 114.4 3.76 68.4 175.5
Leu(12) 7.38 117.8 4.05 58.1 179.6 Ser(87) 8.20 115.2 4.30 63.0
Phe(13) 8.08 115.6 4.50 59.2 178.6 Phe(88) 8.55 119.3 3.80 61.3 179.0
Glu(14) 8.90 117.6 4.30 59.4 179.4 Ala(89) 8.21 120.1 3.51 55.8 179.4
Gln(15) 7.93 118.3 4.00 59.1 178.7 Phe(90) 7.72 109.4 4.50 62.4 177.2
Ile(16) 8.06 119.0 3.72 65.4 178.3 Leu(91) 7.57 118.2 4.35 55.0 175.3
Arg(17) 8.62 118.9 3.55 60.2 177.1 Thr(92) 7.41 114.4 4.64 58.0
Gln(18) 8.20 115.8 3.83 58.9 178.6 Pro(93) 3.08 63.3 176.7
Asp(19) 8.27 118.1 4.34 57.4 178.9 Asp(94) 7.39 115.6 4.36 54.7 176.2
Ala(20) 8.50 123.0 4.55 54.0 180.5 Glu(95) 8.96 124.6 3.70 60.1 178.3
Glu(21) 7.69 118.5 2.58 58.9 179.0 Thr(96) 8.07 115.6 3.88 66.5 176.7
Asn(22) 8.03 115.8 4.33 56.2 178.9 Glu(97) 8.40 122.7 4.03 58.8 180.0
Thr(23) 8.67 117.9 3.87 66.9 175.4 Ala(98) 8.84 121.6 3.52 56.3 178.4
Tyr(24) 8.01 120.9 3.86 61.3 175.9 Lys(99) 7.93 115.7 4.03 59.8 177.7
Lys(25) 7.33 112.7 3.85 59.0 178.3 His(100) 7.66 114.9 4.33 59.4 177.4
Ser(26) 7.14 108.5 4.38 59.7 174.6 Asn(101) 7.36 114.5 4.20 57.5 177.2
Asn(27) 8.47 114.7 5.03 51.0 172.2 Phe(102) 9.08 119.1 4.45 60.5 178.9
Pro(28) 4.23 64.3 177.5 Asp(103) 8.93 120.0 4.37 57.6 179.6
Leu(29) 7.42 113.3 4.58 53.5 176.0 Leu(104) 7.31 120.5 3.77 58.0 178.6
Asp(30) 6.81 114.8 4.73 53.2 177.4 Ala(105) 8.32 118.6 3.80 56.2 178.7
Ala(31) 8.98 128.5 4.25 54.8 180.1 Thr(106) 8.47 110.7 3.86 67.8 175.2
Asp(32) 8.43 120.2 4.50 58.0 179.0 Gln(107) 7.49 117.5 3.90 59.3 179.4
Asn(33) 8.62 118.9 4.40 57.4 177.4 Phe(108) 7.79 117.1 3.98 63.2 178.0
Leu(34) 7.52 116.3 4.13 59.6 178.2 Phe(109) 9.11 116.4 4.78 58.8 179.7
Thr(35) 7.83 113.0 4.04 67.9 177.0 Gln(110) 9.05 117.7 3.95 58.5 177.1
Arg(36) 8.37 122.6 4.19 59.6 178.5 Gln(111) 7.67 117.7 4.07 59.1 178.1
Trp(37) 8.75 119.7 4.34 57.3 178.7 Ala(112) 8.14 119.7 3.81 56.1 178.8
Gly(38) 8.41 101.4 2.66 48.2 175.7 Val(113) 7.70 115.7 3.68 66.0 177.0

3.04 Asp(114) 8.38 115.5 4.26 57.0 179.4
Gly(39) 8.57 105.8 3.88 47.8 175.6 Glu(115) 7.67 114.6 4.25 57.7 177.6

4.21 Gln(116) 7.98 115.5 4.90 52.7
Val(40) 8.41 119.0 4.05 64.8 177.3 Pro(117) 4.68 64.8 176.9
Leu(41) 7.83 121.8 4.03 58.4 179.2 Asp(118) 8.05 112.0 4.70 52.8 176.2
Leu(42) 7.79 114.6 3.84 58.0 181.4 Asn(119) 7.63 118.0 4.34 53.7 175.8
Glu(43) 7.72 118.6 3.93 59.4 179.6 Thr(120) 8.28 118.5 3.78 65.3 176.3
Leu(44) 8.72 116.0 4.26 57.4 180.1 His(121) 7.74 120.6 4.33 58.7 178.4
Ser(45) 8.03 113.9 3.87 62.8 175.1 Tyr(122) 7.77 118.5 4.40 57.0 179.4
Gln(46) 6.77 115.5 4.02 57.2 176.1 Leu(123) 8.05 118.3 3.93 58.2 179.6
Phe(47) 7.67 114.5 4.60 57.4 174.9 Lys(124) 7.96 118.1 4.08 58.8 179.1
His(48) 7.29 116.1 4.71 56.4 174.6 Ser(125) 8.01 114.0 3.86 63.0 175.8
Ser(49) 9.19 114.1 4.43 58.1 174.1 Leu(126) 7.53 118.7 4.08 57.8 179.4
Ile(50) 8.45 118.1 3.78 65.9 177.4 Glu(127) 8.29 119.5 4.01 59.5 179.6
Ser(51) 8.36 110.8 4.08 62.0 177.6 Met(128) 8.16 114.7 4.27 57.3 179.2
Asp(52) 7.51 120.2 4.41 57.0 178.3 Thr(129) 7.79 111.2 3.97 65.6 176.8
Ala(53) 9.52 122.2 3.84 55.7 179.7 Ala(130) 7.27 120.6 4.18 54.4 178.8
Lys(54) 8.23 113.4 3.69 61.3 178.7 Lys(131) 7.31 112.2 4.46 55.4 176.5
Gln(55) 7.19 114.9 4.07 59.0 178.6 Ala(132) 7.33 121.1 4.08 56.6
Met(56) 8.04 118.7 3.95 59.5 178.0 Pro(133) 4.04 66.2 179.5
Ile(57) 8.50 118.1 3.34 65.7 177.6 Gln(134) 7.63 115.6 4.22 58.7 178.3
Gln(58) 7.82 115.7 3.69 59.3 Leu(135) 7.93 119.0 4.18 57.6 180.0
Glu(59) 8.08 118.6 3.73 59.2 179.5 His(136) 8.86 119.7 4.16 61.7 176.3
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Table 3.1: Backbone and Cβ resonance assignments assignments of AtTom20-3 cytosolic domain.

Residue 1HN 15N 1Hα 13Cα 13C' Residue 1HN 15N 1Hα 13Cα 13C'

Ala(60) 8.44 122.2 3.22 55.8 178.2 Ala(137) 7.99 118.7 4.33 55.0 181.0
Ile(61) 7.86 114.0 3.36 67.2 177.4 Glu(138) 8.06 114.9 4.01 58.9 178.4
Thr(62) 7.36 107.7 4.14 65.6 177.4 Ala(139) 7.95 119.4 4.01 54.6 179.6
Lys(63) 7.25 119.1 3.80 57.4 178.7 Tyr(140) 7.88 112.5 4.29 60.8 177.1
Phe(64) 7.53 115.9 4.34 59.5 178.3 Lys(141) 7.91 118.9 4.24 57.9 177.5
Glu(65) 8.81 114.6 3.86 59.8 179.7 Gln(142) 8.09 115.8 4.31 56.2 176.7
Glu(66) 7.91 119.4 3.97 59.9 179.1 Gly(143) 8.05 106.3 3.90 45.5 174.6
Ala(67) 8.21 119.4 4.00 55.8 179.1 3.97
Leu(68) 7.75 114.6 4.29 56.2 179.2 Leu(144) 8.10 118.8 4.28 55.3
Leu(69) 7.50 117.4 4.14 57.0 179.5 Gly(145) 8.54 108.0 45.4
Ile(70) 7.26 117.6 3.79 63.8 176.8 Gly(146) 8.19 106.3 174.3
Asp(71) 8.48 114.6 5.03 50.4 174.6 His(152) 4.34 57.6
Pro(72) 4.67 63.9 177.5 His(153) 7.86 123.2 4.52

3.3.2 Secondary structure

The secondary structure of AtTom20-3 was determined based on the chem-
ical shift index (CSI) (Wishart et al., 1992), TALOS φ/ψ angle prediction
(Cornilescu et al., 1999) and 3J(HNHA) scalar coupling values (Figure 3.3).

Assignment of sequential and medium range NOEs crosspeaks in the 15N-
NOESY-HSQC spectrum allowed independent de�nition of secondary struc-
ture based on the observed NOE patterns (Figure 3.4). Strong (i→i+1 )
HN -HN NOEs and medium/weak intensity (i→i+3 ) and (i→i+4 ) Hα-HN

NOEs are characteristic of α-helical regions, while extended conformations
typically show strong (i→i+1 ) Hα-HN NOEs NOES. AtTom20-3 shows NOE
patterns supporting the predominantly helical secondary structure predicted
from the chemical shift and J-coupling data.

Together, the chemical shift, J-coupling and NOE based secondary struc-
ture assignments reveal that AtTom20-3 cytosolic domain consists of seven
helices (α 1 7-25, α 2 31-46, α 3 50-70, α 4 75-91, α 5 95-115, α 6 120-130,
α 7 132-141). Assigned residues spanning (-5)-6 and 142-153, which include
5 non-native residues in the N-terminal region and 8 non-native residues at
the C-terminal region, show chemical shifts and 3J(HNHA) couplings similar
to that of �random coil� peptide, and are considered disordered. The four
central helices (α2/α3 and α4/α5) make up the TPR-like repeats. These
TPR-like helices are preceded by an N-terminal helix (α1), and followed by
two shorter C-terminal helices (α6 and α7, in the position of the �solubilising
helix� in classical TPR proteins). The C-terminal helices α6 and α7 are sep-
arated by a small break in regular secondary structure spanning A130-K131,
most likely induced by the following proline residue P132 which being any
other residue type would typically hydrogen bond to the carbonyl oxygen of
T129, but in this case lacks the necessary amide hydrogen. This small kink
is supported by both 3J(HNHA) coupling and chemical shift values over this
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Figure 3.2: Assigned 15N-HSQC of AtTom20-3 cytosolic domain (128 complex points in
indirect dimension, spectral width of 7080.2 Hz [1H] and 1120.0 Hz [15N]), including the
tryptophan amide region (left panel). A 2D (1H, 15N) projection of a 3D-HNCO (30
complex points in indirect 15N dimension and 32 in the indirect 13C' dimension, spectral
width of 7080.2 Hz [1H] and 1080.0 Hz [15N]). Weak peaks labelled 'deg' in the 15N-HSQC
and HNCO projection appear after several days incubation at room temperature, and are
suspected to be degraded species due to slow proteolysis of the protein by endogenous E .
coli proteases. These peaks do not show crosspeaks in the 15N-NOESY-HSQC spectrum
or triple-resonance spectra. N-terminal amine of G(-4) is not visible due to exchange. The
C-terminal non-native residues G145, S147 and individual histidines of the polyhistidine
tag (H148-H153) are unassigned.
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Figure 3.3: Deviation from random coil values for 1Hα, 13Cα and 13CO backbone chem-
ical shifts, the chemical shift index (CSI) consensus, 3J(HNHA) scalar coupling values and
predicted φ/ψ angles from TALOS. The chemical shift index (CSI) consensus is the ��l-
tered CSI consensus� output from Wishart & Sykes CSI program, where a value of -1
indicates helix and 0 indicates coil. DSSP secondary structure as determined from the
�nal AtTom20-3 coordinates is displayed above on the top line of the plot. Notable is the
large (10.5 Hz) 3J(HNHA) coupling value of residue K131 HN-Hα between helices 6 and 7,
which con�rms the small break between the helices.

region.

3.3.3 {15N}-1H heteronuclear steady state NOE

The extreme N- and C- terminal regions are poorly ordered in the �nal
ensemble of calculated structures presented in Chapter 4. It appears this is
not only due to lack of observed long range NOEs to these regions leaving
them unconstrained in the model, but also re�ects real disorder in solution.
Low {15N}-1H steady state heteronuclear NOE values indicate that residues
-5 to 6 and 142-153 are poorly ordered (Figure 3.5). These regions include
the non-native residues spanning (-5)-0 and 146-153. The residues in these
two regions also display �random coil� chemical shifts and 3J(HNHA) scalar
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Figure 3.4: NOE connectivity plot de�ning secondary structural elements of AtTom20-
3. Short and medium range NOE constraints are represented as bars between residues.
Backbone φ and ψ angle constraints from TALOS (supported by 3JHNHα couplings) are
classi�ed as able to occupy ideal α- or 3-10 helix (upward triangle), β-strand (downward
pointing triangle) or outside the range for regular secondary structure (�lled circle). The
absence of a symbol indicates no TALOS backbone angle constraints were used for this
residue.
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Figure 3.5: Graph of {15N}-1H heteronuclear NOE vs. residue number for AtTom20-3.
Error bars are ± one standard error, as detailed in the Methods section. Red bars indicate
α-helical regions.

couplings, and agree with protein disorder predictions shown in Chapter
2. In addition, the kink region over residues 131-134 before the �nal C-
terminal helical region (P133-K141) shows lower than average steady state
NOE values.

3.3.4 Assignment of sidechain chemical shifts

The 3D (H)C(CO)HN and 3D H(CCO)HN were used for assignment of
sidechain carbon and proton resonances respectively, in combination with
the 3D HCCH-TOCSY, 3D HCCH-COSY and the 3D 13C-HSQC-NOESY.
The 3D HCCH-TOCSY correlates all protons within a spin system, while the
3D HCCH-COSY correlates only protons on the same or adjacent carbons;
both are separated by the 13C chemical shift of the attached carbon. The
HCCH-COSY and HCCH-TOCSY spectra were of limited utility alone, due
to the broad linewidths observed in these spectra, however they could be
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interpreted when used in combination with the better resolution provided by
the 3D 13C-HSQC-NOESY.

The HNHB spectra assisted in unambiguously identifying Hβ2/3 reso-
nances from Hγ2/3 resonances, particularly for glutamine and glutamate
residues where these two atom types have very similar chemical shifts. Sidechain
amides of asparagine and glutamine were predominantly assigned based on
sidechain amide to sidechain Hβ and Hγ NOEs in the 3D 15N-NOESY-HSQC
spectrum. A focus was made on assigning sidechain NH2 groups which
showed NOE crosspeaks in the 13C-HSQC-NOESY (H2O), since these are
more likely to contain useful structural information compared with those
that appear in the 3D 15N-NOESY-HSQC only. Sidechain amides of Q20,
Q60, N88, Q139, Q147 are unassigned, and three clear resonance pairs remain
unassigned in the 15N-HSQC in the NH2 region. A single sidechain hydroxyl
proton (Hγ1) of T96 was assigned with a chemical shift of 5.14 ppm, identi-
�ed by intraresidue NOEs from T96 Hγ2/3. This peak is not visible in 2H2O
(due to deuteration), and may be shifted by ring currents due to proximity
with F114.

Proline conformations based on chemical shift

Cis/trans proline conformations can be determined based on the (13Cβ �
13Cγ) chemical shift di�erence, where trans proline (13Cβ � 13Cγ) values
average at ∼4.5 ppm, and less frequently observed cis prolines show average
(13Cβ� 13Cγ) values ∼ 9.6 ppm (S. et al., 1989; Siemion et al., 1975). Since
there is some overlap between the statistical distributions of (13Cb � 13Cγ)
of the proline two conformers, the method of (Schubert et al., 2002), as
implemented in CYANA 1.0.7 (the �cispro� command), was used to correctly
determine the most likely conformer from the observed chemical shifts. All
proline (13Cβ � 13Cγ) values in AtTom20-3 are in the range 2.1 � 5.6 ppm,
giving a very high probability (> 0.99) that all proline conformers are in the
trans conformation. The 3D structure of AtTom20-3 presented in Chapter 4
is in agreement with the conformations determined by chemical shift alone.

Assignment of aromatic ring resonances

Poor dispersion of the phenylalanine δ and ε protons made unambiguous
assignment of many aromatic resonances di�cult. Initial aromatic ring pro-
ton assignments were made based on Hβ→Hδ/Hε NOE crosspeaks. The 3D
13C-HSQC-NOESY in 2H2O, where amides are predominantly deuterated
and do not show NOE crosspeaks, allowed easy identi�cation of aliphatic
to aromatic ring proton crosspeaks which resonate at similar chemical shifts
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to amide protons. Using this spectra, some tentative assignments were also
made based on expected NOEs from preliminary structures calculated with-
out any aromatic ring NOE constraints. The aromatic region 3D 13C-edited
NOESY-HSQC spectrum allowed many of these tentative assignments to be
con�rmed by identifying 'return' NOE crosspeaks from aromatic to aliphatic
protons.

Some limited chemical shift information was provided by a 2D (Hβ)Cβ-
(CγCδ)Hδ spectrum (Yamazaki et al., 1993) which correlates the aromatic
13Cβ to ring Hδ protons, and a 2D aromatic 1H-TOSCY-relayed ct-[13C, 1H]-
HMQC (Zerbe et al., 1996) spectrum which correlates aromatic protons to
their directly attached 13C with crosspeaks correlating to vincinal protons
in the ring. These spectra su�ered from poor sensitivity and overlap of
phenylalanine resonances and so did not provide complete chemical shift
information for the aromatic rings. Intense resonances from the poly-histidine
tag also obscured the regions where other native histidine resonances would
be found.

In total, 91 % of expected observable sidechain resonances were assigned,
with the ambiguous phenylalanine and tyrosine Hδ/Hε/Hζ resonances being
the main contributor to missing assignments.

Table 3.2: Sidechain proton resonance assignments of AtTom20-3

Residue 1Hβ2/1Hβ3/1Hβ 1Hγ2/1Hγ3/1Hγ 1Hδ2/1Hδ3 1Hε2/3, Methyl & aromat-
ics protons, other

Pro(-4) 2.24/1.88 1.93* 3.54/3.48
Leu(-3) 1.54* 1.58 0.82*/0.81*
Gly(-2)
Ser(-1)
Met(1) 2.00*
Asp(2) 2.69/2.59
Thr(3) 4.21 1.13*
Glu(4) 2.06/1.97 2.21*
Thr(5) 4.27 1.19*
Glu(6) 1.94* 2.17/2.09
Phe(7) 3.01* 7.17*/7.28*
Asp(8) 2.6*
Arg(9) 1.7/1.59 1.52/1.36 3.17*
Ile(10) 1.46 0.67*/0.40*
Leu(11) 1.57/1.44 0.79*/0.74*
Leu(12) 1.5* 1.47 0.79*/0.70*
Phe(13) 3.27/3.1 7.11*/7.36*
Glu(14) 2.13/1.99 2.33*
Gln(15) 2.24* 2.45/2.33 -
Ile(16) 2.1 0.91*/0.90*
Arg(17) 1.82* 1.69/1.48
Gln(18) 2.08* 2.43/2.3 ε21(7.46)/ε22(6.80)
Asp(19) 2.75/2.65
Ala(20) 0.91*
Glu(21) 1.75/1.65 2.16/1.96
Asn(22) 2.88/2.77 δ21(6.92)/δ22(7.78)
Thr(23) 4.17 1.13*
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Table 3.2: Sidechain proton resonance assignments of AtTom20-3

Residue 1Hβ2/1Hβ3/1Hβ 1Hγ2/1Hγ3/1Hγ 1Hδ2/1Hδ3 1Hε2/3, Methyl & aromat-
ics protons, other

Tyr(24) 2.99/2.82 7.42*/7.00*
Lys(25) 1.9* 1.72/1.5 1.7* 2.97*
Ser(26) 3.85*
Asn(27) 2.95/2.68
Pro(28) 1.76/1.48 1.8/1.7 3.69/3.23
Leu(29) 1.75/1.69 1.5 0.92*/0.81*
Asp(30) 3.09/2.59
Ala(31) 1.68*
Asp(32) 3.0/2.73
Asn(33) 2.91/2.65 δ21(8.05)/δ22(7.57)
Leu(34) 1.9/1.74 1.92 1.01**/1.01**
Thr(35) 4.43 1.28*
Arg(36) 2.01* 1.76/1.49 3.24*
Trp(37) 3.44/3.26 δ1(6.97) / ε3(-) / ε1(10.49) /

ζ3(6.16) / ζ2(7.39) / η2(6.92)
Gly(38)
Gly(39)
Val(40) 2.23 1.25*/1.23*
Leu(41) 1.93/1.18 1.78 0.28*/0.84*
Leu(42) 1.93/1.57 1.86 0.90*/0.75*
Glu(43) 1.44/1.34 1.97/1.9
Leu(44) 2.0/1.60 1.68 0.94*/1.20*
Ser(45) 4.12/4.12
Gln(46) 1.59* 1.95/1.46 ε21(7.60)/ε22(6.69)
Phe(47) 3.38/2.6 7.38**
His(48) 3.44/2.74 7.24/7.37
Ser(49) 4.24/4.1
Ile(50) 1.86 0.97*/0.93*
Ser(51) 3.84*
Asp(52) 2.85/2.46
Ala(53) 1.47*
Lys(54) 1.84* 1.73/0.68 1.45/1.35 2.38*
Gln(55) 2.16* 2.46/2.34 ε21(7.46)/ε22(6.68)
Met(56) 2.54/2.27 1.91* 1.68*
Ile(57) 1.71 0.60*/0.64*
Gln(58) 2.16/1.98 2.44/2.15 ε21(6.67)/ε22(6.62)
Glu(59) 1.93/1.85 1.98/1.7
Ala(60) 1.37*
Ile(61) 1.7 0.60*/-0.11*
Thr(62) 4.08 1.21*
Lys(63) 1.64* 0.86/0.0 0.1/0.62 0.11/1.30
Phe(64) 3.19/2.85 6.93*/6.74*
Glu(65) 2.12/1.82 2.49/2.02
Glu(66) 2.14* 2.43/2.35
Ala(67) 1.66*
Leu(68) 1.8/1.41 1.72 0.78*/1.00*
Leu(69) 1.9/1.63 1.76 0.90*/0.86*
Ile(70) 1.96 1.07*/0.98*
Asp(71) 2.82/2.37
Pro(72) 2.46/1.92 2.09/1.96 3.85/3.49
Lys(73) 2.22/1.84 1.5/1.39 1.71* 3.08/3.00
Lys(74) 2.26* 1.49* 1.75* -
Asp(75) 2.8/2.67
Glu(76) 2.16/1.89 2.46/2.3
Ala(77) 1.65*
Val(78) 2.35 1.11**
Trp(79) 3.32/2.38 δ1(7.39) / ε3((7.12) / ε1(10.46)

/ ζ3(7.12) / ζ2(7.45) / η2(7.84)
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Table 3.2: Sidechain proton resonance assignments of AtTom20-3

Residue 1Hβ2/1Hβ3/1Hβ 1Hγ2/1Hγ3/1Hγ 1Hδ2/1Hδ3 1Hε2/3, Methyl & aromat-
ics protons, other

Cys(80) 1.72/1.26
Ile(81) 1.37 -0.21*/0.59*
Gly(82)
Asn(83) 2.4/2.32 -
Ala(84) 1.25*
Tyr(85) 3.42/2.36 6.96*/6.36*
Thr(86) 4.61 1.53*
Ser(87) 4.02/3.82
Phe(88) 3.15/3.05 6.88*/7.27*
Ala(89) 0.44*
Phe(90) 3.35/2.98 7.52*/7.30*
Leu(91) 1.58* 1.77 0.67*/0.75*
Thr(92) 4.13 1.14*
Pro(93) 1.73/1.88 1.86* 3.84/3.67
Asp(94) 2.59/2.52
Glu(95) 2.08* 2.38/2.29
Thr(96) 4.27 1.14*
Glu(97) 1.92/1.92 2.29/2.1
Ala(98) 0.84*
Lys(99) 2.0* 1.54/1.44 1.81*
His(100) 3.24/3.14 δ2(6.77)
Asn(101) 2.88/2.45 δ21(6.87)/δ22(7.18)
Phe(102) 3.32/3.0 6.95**/6.95**
Asp(103) 2.81/2.52
Leu(104) 1.12/0.32 1.08 0.22*/0.47*
Ala(105) 1.54*
Thr(106) 4.36 1.24/γ1(5.14)
Gln(107) 2.0/1.94 2.22/1.98 ε21(6.84)/ε22(6.53)
Phe(108) 2.37/3.19 7.34*/7.17*
Phe(109) 3.15/3.04 7.12*/7.11*
Gln(110) 2.23/2.11 2.25* ε21(7.51)/ε22(6.78)
Gln(111) 2.1* 2.52/2.26 ε21(6.43)/ε22(7.39)
Ala(112) 1.07*
Val(113) 2.14 1.05*/0.94*
Asp(114) 2.88/2.58
Glu(115) 2.32/2.18 2.58/2.42
Gln(116) 2.16/2.09 2.62/2.25 ε21(6.80)/ε22(7.93)
Pro(117) 2.36/1.88 2.01/1.82 3.62/3.41
Asp(118) 2.64/2.56
Asn(119) 2.65/2.21 δ21(6.67)/δ22(6.07)
Thr(120) 3.95 1.10*
His(121) 2.78* 6.62 δ2(6.62)
Tyr(122) 3.29/3.12 6.19 6.19*/6.13*
Leu(123) 1.7/1.51 0.83*/0.91*
Lys(124) 1.98* 1.49* 1.68* 2.99*
Ser(125) 3.4/2.1
Leu(126) 2.05/1.36 1.63 0.98*/0.96*
Glu(127) 2.15* 2.37/2.13
Met(128) 2.2/2.2 2.75/2.61 2.06*
Thr(129) 4.34 1.72*
Ala(130) 1.50*
Lys(131) 1.96/1.8 1.47* 1.65* 2.92*
Ala(132) 0.86*
Pro(133) 2.23/1.75 2.01/1.52 3.31*
Gln(134) 2.17* 2.4*
Leu(135) 2.08/1.67 1.75 0.89*/0.85*
His(136) 3.37/3.01 δ2(6.59)/ε1(7.20)
Ala(137) 1.58*
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Table 3.2: Sidechain proton resonance assignments of AtTom20-3

Residue 1Hβ2/1Hβ3/1Hβ 1Hγ2/1Hγ3/1Hγ 1Hδ2/1Hδ3 1Hε2/3, Methyl & aromat-
ics protons, other

Glu(138) 2.06* 2.43/2.29
Ala(139) 1.26*
Tyr(140) 3.14/2.61 6.79*/6.51*
Lys(141) 1.91* 1.46* 1.68*
Gln(142) 2.16/2.01 2.38* -
Gly(143)
Leu(144) 1.54* 1.56 0.84**/0.84**
Gly(145)
Gly(146)
His(152) 3.08/2.95 δ2(6.90)
His(153) 2.96/2.52

* indicates degenerate protons, such as methyl protons or unresolved Hβ2/3 pairs, included as pseu-
doatoms.

- indicates missing assignment for an expected resonance.

Table 3.3: Sidechain carbon and nitrogen resonance assignments of AtTom20-3.

Residue 13Cβ 13Cγ 13Cδ 13Cε 13Cγ1/13Cγ2 13Cδ1/13Cδ2 13Cε1
13Cε2

other / aro-
matic / 15N

Pro(-4) 32.4 27.2
Leu(-3) 42.1 27.2 25.0/23.6
Gly(-2)
Ser(-1) 64
Met(1) 32.7 32.1 17.1
Asp(2) 41.1
Thr(3) 69.7 21.7
Glu(4) 30.4 36.5
Thr(5) 70.4 21.8
Glu(6) 29.8 36.6
Phe(7) 39.2 131.8 131.6

Asp(8) 40.7
Arg(9) 30.2 27.7 43.6
Ile(10) 37.7 17.1/29.1 13.7
Leu(11) 41.6 26.9 25.0/23.6
Leu(12) 41.4 27 24.3/24.5
Phe(13) 38
Glu(14) 29.1 35.9
Gln(15) 28.3 34 -
Ile(16) 38.2 17.2/29.0 13.8
Arg(17) 30.2 25.9 45.3
Gln(18) 28.7 34.3 Nε2(110.5)
Asp(19) 41
Ala(20) 16.1
Glu(21) 29.2 36.4
Asn(22) 38 Nδ2(110.8)
Thr(23) 68.1 21
Tyr(24) 39.5 133.8 119.3

Lys(25) 32.4 25.6 29.4 42.3
Ser(26) 64
Asn(27) 38.4 -
Pro(28) 31.7 26.6 50.3
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Table 3.3: Sidechain carbon and nitrogen resonance assignments of AtTom20-3.

Residue 13Cβ 13Cγ 13Cδ 13Cε 13Cγ1/13Cγ2 13Cδ1/13Cδ2 13Cε1
13Cε2

other / aro-
matic / 15N

Leu(29) 40.3 27.4 25.4/22.6
Asp(30) 40.5
Ala(31) 19.1
Asp(32) 40
Asn(33) 39.4 Nδ2(110.4)
Leu(34) 43.5 26.3/24.7
Thr(35) 68 21.5
Arg(36) 30.2 27.8 43.8
Trp(37) 30.5 δ1(122.8) /

ζ3(121.4) /
ζ2(114.9) /
η2(123.5)

Nε1(125.5)

Gly(38)
Gly(39)
Val(40) 31.4 21.2/23.5
Leu(41) 41.8 27.2 25.0/22.3
Leu(42) 40.9 26.3 25.0/24.3
Glu(43) 28.8 35.2
Leu(44) 43.5 17.2 24.7
Ser(45) 62.7
Gln(46) 29 33.2 Nε2(110.0)
Phe(47) 39.1 132.3
His(48) 34.4 121.3
Ser(49) 64.2
Ile(50) 38 17.5/29.1 13.3
Ser(51) 62.4
Asp(52) 40.6
Ala(53) 19.6
Lys(54) 32.5 27.4 29.3 41.7
Gln(55) 28.3 34 Nε2(110.4)
Met(56) 33.4 17.2
Ile(57) 37.9 19.0/29.7 14.5
Gln(58) 28 34.4 Nε2(108.7)
Glu(59) 29 36.2
Ala(60) 18
Ile(61) 37.9 16.8/31.6 12.3
Thr(62) 68.6 22.2
Lys(63) 29.1 23.4 26.1 41
Phe(64) 39.2 129.6 128.9

Glu(65) 29.9 37.6
Glu(66) 29.5 36.3
Ala(67) 18.4
Leu(68) 42.7 27.9 26.0/23.7
Leu(69) 41.9 26.9 25.1/23.5
Ile(70) 39.3 18.0/28.7 15.5
Asp(71) 42
Pro(72) 32.6 27 50.4
Lys(73) 30.7 24.6 28.3 41.8
Lys(74) 30.2 25.8 29.7 38.2
Asp(75) 41.3
Glu(76) 30.5 36.5
Ala(77) 17.4
Val(78) 32.2 23.8
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Table 3.3: Sidechain carbon and nitrogen resonance assignments of AtTom20-3.

Residue 13Cβ 13Cγ 13Cδ 13Cε 13Cγ1/13Cγ2 13Cδ1/13Cδ2 13Cε1
13Cε2

other / aro-
matic / 15N

Trp(79) 28.5 δ1(127.9) /
ε3(124.1) /
ζ3(122.0) /
ζ2(113.8) /
η2(121.9)

Nε1(127.9)

Cys(80) 25.4
Ile(81) 37.4 17.9/32.5 14.3
Gly(82)
Asn(83) 37.3 -
Ala(84) 19.3
Tyr(85) 38.2 132.7 118.3

Thr(86) 68.5 21.7
Ser(87) 62.8
Phe(88) 39.6 131.1 131.4

Ala(89) 18
Phe(90) 39 132 130.4

Leu(91) 42.3 26.5/22.7
Thr(92) 70.5 20.7
Pro(93) 32.3 26.7 50.9
Asp(94) 43
Glu(95) 29.9 36.4
Thr(96) 67.8 21.8
Glu(97) 29.6 36.3
Ala(98) 16.9
Lys(99) 31.9 25.2 42.3
His(100) 29.8 119.5
Asn(101) 40.3 Nδ2(109.3)
Phe(102) 37.8 130.9
Asp(103) 39.3
Leu(104) 40.9 26.8 25.1/22.9
Ala(105) 18.6
Thr(106) 68.8 21.8
Gln(107) 28.4 33.7 Nε2(108.6)
Phe(108) 38 132 131.9

Phe(109) 38.1 130.3

Gln(110) 28.7 34.1 Nε2(112.8)
Gln(111) 27.9 33.7 Nε2(107.8)
Ala(112) 16.1
Val(113) 31.9 25.2/21.6
Asp(114) 40.2
Glu(115) 30.7 35.9
Gln(116) 29.6 32.7 Nε2(110.8)
Pro(117) 32.3 27 50.3
Asp(118) 41.1
Asn(119) 38.3 Nδ2(110.4)
Thr(120) 68.4 21.7
His(121) 29.3 119.2
Tyr(122) 35.3 131.6 117

Leu(123) 42.1 24.7/24.2
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Table 3.3: Sidechain carbon and nitrogen resonance assignments of AtTom20-3.

Residue 13Cβ 13Cγ 13Cδ 13Cε 13Cγ1/13Cγ2 13Cδ1/13Cδ2 13Cε1
13Cε2

other / aro-
matic / 15N

Lys(124) 31.5 25 28.6
Ser(125) 61.3
Leu(126) 42.4 23.8/26.4
Glu(127) 29.7 36.3
Met(128) 31.7 32.3 16.7
Thr(129) 69 23.4
Ala(130) 18.8
Lys(131) 33.5 25.1 29.1
Ala(132) 15.7
Pro(133) 30.7 28.6 50.1
Gln(134) 28.2 34 -
Leu(135) 41.9 25.3/22.9
His(136) 31.7 117.2 138.7

Ala(137) 18.1
Glu(138) 29.8 36.4
Ala(139) 18.1
Tyr(140) 38.4 133.2 117.2

Lys(141) 32.6 25.1 29.4
Gln(142) 29.3 34 -
Gly(143)
Leu(144) 42.2 32.2/27.1
Gly(145)
Gly(146)
His(152) 31 120.1
His(153)

- indicates missing assignment for an expected resonance

Chemical shift assignments for sidechain 1H, 13C and 15N resonances are
shown in Tables 3.2 and 3.3. Final backbone and sidechain assignments were
deposited at the BioMagResBank (BMRB) under accession number 6626. A
summary of the AtTom20-3 cytosolic domain resonance assignments detailed
in this chapter were subsequently published (Perry et al., 2005).

3.4 Discussion

Backbone resonance assignment of AtTom20-3 cytosolic domain has allowed
its secondary structure to be determined for the �rst time. The domain
consists of seven helices; four which make up central TPR-like repeats, and
non-TPR motif helices at the N- and C-terminal ends. The two �capping�
helices at the C-terminal end appear separated by a small kink.

Backbone chemical shift 1H, 13C and 15N assignments of native residues
(1-145) are essentially complete; some resonances for non-native residues
at the N- and C-terminii (cloning artefacts and the polyhistidine tag) were
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not observed or could not be reliably assigned. Sidechain 1H, 13C assign-
ments are complete for most aliphatic and methyl resonances, however several
phenylalanine and tyrosine aromatic ring resonances could not be assigned
or have ambiguous assignments. The chemical shift assignments determined
here form the foundation for NOE crosspeak assignment required for tertiary
structure determination of the AtTom20-3 cytosolic domain.
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3.5 Methods

3.5.1 NMR experiments for assignment and secondary
structure determination

Uniformly 15N-labelled and 13C/15N-labelled AtTom20-3 (cytosolic domain)
was produced as described in Chapter 2. The protein construct assigned was
AtTom20-3-(1-145)-His6, prepared as described from the GST-AtTom20-3-
(1-145)-His6 fusion protein.

Samples of uniformly 15N-labelled or 13C/15N-labelledAtTom20-3-(1-145)-
His6 (cytosolic domain) were between 0.5 and 1.0 mM protein in 90% H2O/10%
2H2O or 100 % 2H2O, 20mM sodium phosphate, 150 mM sodium chloride,
1mM EDTA, 1mM TCEP or 1mM DTT, pH 7.4. Protein samples were con-
tained in 528-PP 5-mm (outer diameter) NMR tubes (Wilmad, NJ, USA)
during spectra acquisition, and were stored at 4oC when not being used for
spectra acquisition. All NMR spectra were recorded at 25 oC on a Varian
600 INOVA equipped with a 1H, 15N, 13C single z-axis gradient probe, ex-
cept for the 2D (Hβ)Cβ(CγCδ)Hδ spectra, which were acquired on a Varian
500 INOVA. Unless otherwise stated, experiments were those implemented
in Varian BioPack, running under VNMR 6.1C.

Table 3.4: Summary of NMR experiments, parameters & pulse sequence references.

Experiment
name

Number
of

complex
points in
direct

dimension
(real)

Number of
complex
points in
indirect

dimensions
(13C/ 1H/

15N)

Spectral
widths (Hz)

(1H/13C /
15N)

Total
experi-
ment
time

Other
features
(constant
time,

sensitivity
enhanced)

Sample label
& solvent

Reference

(1H,15N)-HSQC 1024 - / - / 64 7080 / - /
1080

40 mins Sensitivity
enhanced in
15N

[U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(Kay
et al.,
1992)

HNCACB 512 48 / - / 26 7080 / 9300 /
1080

115
hours

Sensitivity
enhanced
and constant
time in 15N

[U-95% 13C;

U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(Wittekind
& Mueller,
1993)(Muhandi-
ram &
Kay, 1994)
(Kay
et al.,
1994a)

CACB(CO)NH 512 48 / - / 26 7080 / 9300 /
1080

90.5
hours

Sensitivity
enhanced
and constant
time in 15N,
Constant
time in 13C

[U-95% 13C;

U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(Grzesiek
& Bax,
1992a)

HNCO 512 32 / - / 30 7080 / 1110 /
1080

20 hours Sensitivity
enhanced
and constant
time in 15N

[U-95% 13C;

U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(Ikura
et al.,
1990)
(Grzesiek
& Bax,
1992b)
(Muhandiram
& Kay,
1994) (Kay
et al.,
1994b)
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Table 3.4: Summary of NMR experiments, parameters & pulse sequence references.

Experiment
name

Number
of

complex
points in
direct

dimension
(real)

Number of
complex
points in
indirect

dimensions
(13C/ 1H/

15N)

Spectral
widths (Hz)

(1H/13C /
15N)

Total
experi-
ment
time

Other
features
(constant
time,

sensitivity
enhanced)

Sample label
& solvent

Reference

(HCA)CO(CA)NH 512 32 / - / 24 7200 / 1110 /
1080

65 hours Sensitivity
enhanced in
15N

[U-95% 13C;

U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(Lohr &
Ruterjans,
1995)

HNHA 512 - / 48 / 32 7080 (1H) /

3540.1 (1H) /

1080 (15N)

22 hours [U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(Vuister
& Bax,
1993b)
(Kuboniwa
et al.,
1994)
(Grzesiek
& Bax,
1995)
(Zhang
et al.,
1997)

HNHB 512 - / 64 / 24 7080 (1H) /

3700 (1H) /

1120 (15N)

64 hours [U-95% 13C;

U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(ARCHER
et al.,
1991)(Bax
et al.,
1994)

(H)C(CO)NH
15N-relayed
TOCSY

512 64 / - / 28 7080 / 9300 /
1080

76 hours Sensitivity
enhanced
and constant
time in 15N

[U-95% 13C;

U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(Grzesiek
et al.,
1993)(LYONS
& MON-
TELIONE,
1993)

H(CCO)NH 15N-
relayed TOCSY

512 - / 64 / 28 7080 (1H) /

3600 (1H) /

1080 (15N)

76 hours Sensitivity
enhanced
and constant
time in 15N

[U-95% 13C;

U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(Grzesiek
et al.,
1993)(LYONS
& MON-
TELIONE,
1993)

3D 15N-NOESY-
HSQC

512 - / 128 / 32 7080 (1H) /

7080 (1H) /

1080 (15N)

89 hours Sensitivity
enhanced in
15N, 100 ms
mixing time

[U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

(Kay
et al.,
1992)(Zhang
et al.,
1994)

3D 13C-edited
HSQC-NOESY

1024 64 / 200 / - 7080 / 3600

(1H) / 3700

(13C)

69 hours 100 ms mix-
ing time

[U-95% 13C;

U-95% 15N],

(90 % 1H2O,

10 % 2H2O)

3D 13C-edited
HSQC-NOESY

1024 64 / 200 / - 7080 / 3600

(1H) / 3700

(13C)

69 hours 100 ms mix-
ing time

[U-95% 13C;

U-95% 15N],

(95 % 2H2O)

3D 13C-edited
NOESY-HSQC
(aromatic region)

1024 80 / 256 / - 7080 (1H) /

7080 (1H) /

4525 (13C)

109
hours

100 ms mix-
ing time

[U-95% 13C;

U-95% 15N],

(95 % 2H2O)

3D HCCH-
TOCSY

1024 64 / 256 / - 7000 (1H) /

3700 (1H) /

3700 (13C)

42 hours 14 ms DIPSI-
3 isotropic
mixing time

[U-95% 13C;

U-95% 15N],

(95 % 2H2O)

(Bax
et al.,
1990)(Kay
et al.,
1993)

3D HCCH-COSY 1024 64 / 256 / - 7000 (1H) /

3700 (1H) /

3700 (13C)

41 hours [U-95% 13C;

U-95% 15N],

(95 % 2H2O)

(Kay
et al.,
1990)
(Clore
et al.,
1990)

1H-TOSCY-
relayed ct-[13C,
1H]-HMQC

2048 144 7080 (1H) /

4524 (13C)

21 hours (Zerbe
et al.,
1996)

2D
(Hβ)Cβ(CγCδ)Hδ

1024 44 / - / - 5900 (1H,
11.0 ppm) /

3774 (13C,
30.2 ppm)

18 hours Run on Var-
ian 500 IN-
OVA

[U-95% 13C;

U-95% 15N],

(95 % 2H2O)

(Yamazaki
et al.,
1993)

2D aromatic
3J(C'Cγ) spin-
echo di�erence

1024 - / - / 140 5911 (1H,
11.8 ppm) /

1150 (15N,
23.0 ppm)

18 hours Run on Var-
ian 500 IN-
OVA

Delay δ = 50
or 30 ms

(Hu et al.,
1997)



98 CHAPTER 3. RESONANCE ASSIGNMENT OF ATTOM20-3

Table 3.4: Summary of NMR experiments, parameters & pulse sequence references.

Experiment
name

Number
of

complex
points in
direct

dimension
(real)

Number of
complex
points in
indirect

dimensions
(13C/ 1H/

15N)

Spectral
widths (Hz)

(1H/13C /
15N)

Total
experi-
ment
time

Other
features
(constant
time,

sensitivity
enhanced)

Sample label
& solvent

Reference

2D aromatic
3J(NCγ) spin-
echo di�erence

1024 - / - / 280 5911 (1H,
11.8 ppm) /

1150 (15N,
23.0 ppm)

18 hours Run on Var-
ian 500 IN-
OVA

Delay δ = 64
or 40 ms

(Hu et al.,
1997)

All triple resonance experiments used States-TPPI quadrature detection
in ω1 and ω2 (Marion et al., 1989). Carrier frequencies were; 1H at 4.7 ppm,
15N 118.6 ppm, 13C (aliphatic) 36 ppm (e.g. 13C-edited HSQC_NOESY /
TOCSY / COSY), 13C (Cα/Cβ) 47.3 ppm (for HNCACB / CACB(CO)NH),
13C (aromatics) 125 ppm (for carbon excitation in 13C-edited aromatic NOESY
2D (Hβ)Cβ(CγCδ)Hδ), 13C' (carbonyl) 176.8 ppm.

An aromatic region 13C-HSQC-NOESY spectra (with superior resolu-
tion in the indirect proton dimension compared to the aromatic region 13C-
NOESY-HSQC spectra) was acquired, however due a hardware failure 13C
decoupling was inoperational causing splitting of resonances and reducing
the usefulness of this data.

3.5.2 Data processing

The proton chemical shift was referenced against DSS as 0.0 ppm, and het-
eronuclei (13C and 15N) referenced relative to the proton reference frequency
(Wishart et al., 1995).

All raw FID data was processed using the NMRPipe software (Delaglio
et al., 1995) on a 1.0 Ghz AMD Duron processor machine with 512 Mb RAM,
running Mandrake GNU/Linux (v10.1).

FID data of double and triple resonance spectra used in backbone as-
signment were processed using time-domain convolution for solvent signal
suppression (�SOL�), multiplication by a Gaussian window function with
�rst point scaling of 0.5 in the directly detected dimension (�GM -g1 25 -g2
45 -c 0.5�). Data was zero-�lled to double the number of points (�ZF -auto�),
before Fourier transformation (�FT -auto�) and zero-order phase correction
with removal of the imaginary dimension (�PS -p0 -di�). Indirect dimen-
sions were multiplied by a cosine-squared window function (�SP -o� 0.5 -end
0.98 -pow 2 -c 1.0�), before zero-�lling and Fourier transformation. For in-
direct dimensions using sensitivity enhancement a 90 o zero-order and 180 o

�rst-order phase correction was applied (�PS -p0 -90.0 -p1 180.0 -di�). The
indirect 13C dimension was forward linear predicted to double the number of
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data points, with a linear prediction order of 8 coe�cients (LP). Polynomial
subtraction for baseline correction in the frequency domain was used in the
directly acquired dimension (�POLY -auto�).

No linear prediction was used in processing the HNCO or (HCA)CO(CA)NH
spectra.

The (H)C(CO)NH and H(CCO)NH 15N-relayed TOCSY used a slightly
narrower Gaussian apodization (�GM -g1 10 -g2 30 -c 0.5�) in direct dimen-
sion. The 3D 13C-edited NOESY spectra, 3D HCCH-TOCSY and 3D HCCH-
COSY spectra used forward-backward linear prediction of future points in
the indirect carbon dimension (�LP -x1 1 -xn 32 -ord 8 -fb -pred 32 -after�).
3D 13C-edited NOESY spectra used the Gaussian apodization (�GM -g1 18
-g2 22 -c 0.5�) in the direct dimension, and the 3D HCCH-TOCSY and 3D
HCCH-COSY experiments used cosine-squared window functions (�SP -o�
0.5 -end 0.98 -pow 2 -c 0.5�). Zero-order and �rst-order phase correction val-
ues were determined visually using the nmrDraw program included with the
NMRPipe package. Transformed spectra were converted to Sparky format
for analysis using the �pipe2ucsf� program included with the Sparky package.

3.5.3 Peak picking

For each spectra, automatic peak picking was used to produce an initial
unassigned peak set (simple maxima detection within Sparky, no gaussian
lineshape �tting). From this initial peak list, considerable hand editing was
required to add/reposition peaks placed on overlapped resonances and re-
move clear noise/artifact peaks. Initially, a general approach of 'overpick-
ing', or allowing very weak peaks (which could ultimately be due to noise) to
remain included, was followed. The reasoning for this approach is as follows
- when searching for peaks of matching chemical shifts in other spin systems,
it is desirable to see all hits of possible matching strips so that no potential
sequential strip is missed. This is preferred to missing an important match
due to removal of a weak peak from the initial peak pick. Spurious matches
due to noise peaks among search results are easily ignored, and noise peaks
in matching strips were removed when they were clearly not part of a true
spin system. The resulting peak list after assignment contains only noise
peaks at chemical shifts distant from an assigned resonance, and these peaks
are unlikely to confuse both manual or automated assignment procedures.
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3.5.4 Sequential backbone assignment by strip match-
ing

�Strips� are a 2D view of a 3D or 4D spectral region, usually associated
with a particular spin system. For example, useful strips in a HNCACB /
CBCA(CO)NH spectra pair are typically 2D 13C/1H planes (or 2D 13C/15N
planes), allowing resolution of both 13Cα and 13Cβ resonances at a partic-
ular amide 15N/1H chemical shift. �Matching strips� are de�ned as a set of
spin systems which contain one or more peaks at the same chemical shift
in a single chosen dimension, within set tolerances (see Figure 3.1). In the
case of backbone sequential assignment using a HNCACB / CBCA(CO)NH
spectra pair, the dimension of interest for matching chemical shifts is the 13C
dimension. Typically, matching tolerances of 0.3 ppm for 15N, 0.2 ppm for
13C and 0.05 for 1H were used for backbone assignment.

3.5.5 Objective sequential assignment based on chemi-
cal shift statistics

The Sparky program includes functions to access chemical shift statistics
derived from the BioMagResBank (BMRB). This allowed a simple spin typ-
ing extension to be developed which lists the most likely residue type for a
selected pair of Cα an Cβ peaks based on Z-scores calculated against the
BMRB distributions of Cα and Cβ chemical shifts for each residue type.
The most likely residue type for a spin system is that with the lowest av-
erage Z-score for its set of Cα/Cβ resonances. Using this extension is more
convenient and accurate than using a printed lookup table or chart as used
for manual spin typing.

During the backbone assignment process, initially several spin systems
may be determined as sequential without having a speci�c assignment to a
region of sequence in the protein. By calculating the average Z-score for each
of the possible positions in the sequence for a set of sequential spin systems,
the most likely position in the sequence can be objectively determined based
on the lowest average Z-score. The Sparky program allows positioning of
a set of sequential spin-systems into the protein sequence using the lowest
average Z-score to �nd the best solution, taking into account mismatched
spin systems (for residues like Gly where a Cβ should not be present) and
collisions with already assigned parts of the sequence. To calculate the Z-
score for a single spin system (i.e. both Cα and Cβ resonances), the average
of zi, for all i, is determined using:

zi =
(δ[obs]−δmean )

σ
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where i is a single resonance in the spin system, δi[obs] is the observed
chemical shift for the resonance of interest. δmean and σ are the mean and
standard deviation, respectively, of the BMRB database chemical shift for the
spin-type of interest from the protein sequence. In practise, three sequentially
assigned spin systems are often enough to unambiguously map to the correct
position in the protein sequence, while for some regions four or �ve sequential
spin systems are required before there is a clear best ranking position. While
fast and reasonably objective, this method will fail if two spin systems are
assigned as sequential when they are in fact not.

3.5.6 Secondary structure determination

Secondary structure was determined based on deviation from random coil
of 1Hα, 13Cα and 13CO chemical shifts, known as the chemical shift index
(CSI)(Wishart & Sykes, 1994), 3J(HNHA) scalar coupling values and predicted
φ/ψ angles from TALOS (Cornilescu et al., 1999), as well as intensities of
HN -HN and HN -Hα NOE crosspeaks in the 15N-NOESY-HSQC spectrum.
φ and ψ values predicted by TALOS were classi�ed as �Good�, �Bad� or
�Warn� based on the guidelines for usage of TALOS prepared by Cornilescu
et al. (1999). If all 10 database matches fall in a consistent region of the
Ramachandran space, the prediction is classi�ed as �Good�. A prediction is
still �Good� if 9 out of 10 database matches fall in a consistent region with
φ > 0, or when 9 out of 10 database matches fall in a consistent region with
ψ < 0 and the only outlier has φ < 0. If these criteria are not met, the
prediction is marked as �Bad� (or �Warn�, at the users discretion) and in
most cases should be excluded from structure calculations.

After assignment of HNHA crosspeaks, peak intensities of the diagonal
(IN) and the crosspeak due to the HN-Hα correlation (Iα) were measured
in Sparky, and the 3J(HNHA) scalar coupling values were calculated using the
relationship:

3J (HNHA) =

q
tan−1( Iα

IN )

2πζ
× 1.1

where the dephasing/rephasing period ζ = 0.01305 seconds. A correction
factor of 1.1 is applied to account for a faster apparent T1 of the crosspeak
compared with the diagonal due to cross-relaxation (Vuister & Bax, 1993a).

3.5.7 {15N}-1H heteronuclear steady state NOE

The steady-state {15N}-1HNOE experiment acquired was the Varian BioPack
implementation (gNnoe.c) as described by (Farrow et al., 1994). Saturated
and reference spectra were acquired interleaved, with a total recycle delay of
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5 sec and a saturation time of 3 sec. The steady-state {15N}-1H heteronuclear
NOE values were measured by taking the ratio of intensities between peaks in
the saturated spectrum (Isat) to those in the unsaturated reference spectrum
(Iref). Data was analysed using a Perl script from an early version of the
'relax' software, provided by Edward d'Auvergne. Errors are derived from the
standard deviation of the baseplane noise (σsat and σref) measured separately
for the saturated and reference spectra, where the standard deviation of the
�nal heteronuclear steady state NOE value (σ(NOE)) is:

σ(NOE) =

√
(σsatIref )2+(σref Isat )2

(Iref )2



Chapter 4

NMR solution structure of

AtTom20-3 cytosolic domain

4.1 Abstract

The plant Tom20 is the key receptor involved in recognition and translocation
of mitochondrial proteins across the outer mitochondrial membrane in plants.
In this Chapter, the three-dimensional structure of the cytosolic receptor do-
main of a plant Tom20 from Arabidopsis thaliana is presented, as determined
by nuclear magnetic resonance (NMR) spectroscopy. The structure reveals
that the plant Tom20 is a TPR-like protein with distinct modi�cations to
the classic TPR fold, and shows both marked structural di�erences as well
as some similarities to the equivalent animal and fungal type receptor. Bind-
ing experiments with mitochondrial targeting presequence peptides suggests
that both the plant and animal/fungal Tom20 receptors recognise similar
signatures in the presequence, and that like many other TPR or TPR-like
proteins the plant Tom20 binds ligands on the convex face.

4.2 Introduction

The plant Tom20 receptor is a component of the plant TOM complex (Jansch
et al., 1998), and is found only in plants and green algae (Perry et al., 2006).
Experimental evidence (discussed in Chapter 1) indicates it is a presequence
receptor with an analogous function to the well characterised animal/fungal
Tom20 receptor (Heins & Schmitz, 1996; Werhahn et al., 2001).

Preliminary sequence analysis using PSI-BLAST revealed that the A.
thaliana Tom20-3 is similar to many two-repeat TPR proteins. The originally
de�ned TPR motif (Sikorski et al., 1990) is quite degenerate at most positions

103
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within the 34 amino acid repeat sequence, and it is now accepted that the
TPR motif can be expanded to include many more residue types at the
consensus positions than proposed in the original �classical� motif (D'Andrea
& Regan, 2003; Main et al., 2003). Multiple sequence alignments of plant
Tom20s with other TPR proteins show that conservative substitutions within
the TPR consensus are not the only reason a �classical� TPR motif cannot be
detected plant Tom20s; there are also unique insertions of 10-11 residues with
the 34 amino acid repeat which are only present in plant Tom20 sequences.
The 3D structure of AtTom20-3 presented in this chapter reveals how these
novel insertions are accommodated by the TPR fold of the receptor.

TPR or TPR-like domains are often recruited for various protein im-
port and recognition functions where a linear sequence of polypeptide must
be recognised, usually occurring at one termini of the target protein. The
structures of several di�erent TPR proteins in complex with peptide ligands
have been solved, including the co-chaperone Hop with the Hsp70/Hsp90
C-terminal peptide (Scheu�er et al., 2000a), the peroxisomal protein import
receptor Pex5 with a peroxisomal targeting sequence peptide (Gatto et al.,
2000, 2003) and the animal/fungal Tom20 receptor with a mitochondrial
targeting presequence peptide (Abe et al., 2000). In each of these cases,
the receptor proteins bind their ligands on the concave side making speci�c
contacts with residues on the surface of the groove.

The plant Tom20 receptor functions by speci�cally interacting with mito-
chondrial targeting presequences, as part of its role in capturing preproteins
destined for translocation across the outer mitochondrial membrane (Heins
& Schmitz, 1996). There are a large number of mitochondrial targeting se-
quences, all of which have no clear consensus between them, other than a high
frequency of basic and hydroxylated residues (R/K and S/T, respectively),
a low frequency of acidic residues (E, D) and the potential to form amphi-
pathic helices based on the spacing of their hydrophobic residues (von Heijne,
1986). Generally, plant presequences have similar physiochemical properties
to those from animals and fungi, however on average they are slightly longer
(7-9 residues) and have a higher serine content (Glaser et al., 1998; Schnei-
der et al., 1998). As there are a number of cases where plant mitochondrial
targeting sequences will e�ectively target proteins to the mitochondria in
the animal/fungal system (Bowler et al., 1989), and vice versa (Schmitz &
Lonsdale, 1989), it is expected that the determinants of recognition and the
binding conformation of plant, animal and fungal presequence peptides are
also similar.

This chapter presents the �rst direct evidence that the plant Tom20 recep-
tor interacts speci�cally with a mitochondrial presequence, and shows some
preliminary work in mapping the receptor-presequence peptide interaction
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surface.

4.3 Results

4.3.1 Backbone amide exchange and hydrogen bond con-
straints

Hydrogen bond constraints were de�ned based on slowly exchanging amide
resonances from an 1H/2H exchange experiment. Most amides had predomi-
nantly exchanged by acquisition of the �rst timepoint (t=7.5 mins) and after
16.5 hours only 11 amide signals remained visible. After 1.3 hours exchange,
weak signals remained for amides of residues spanning helix 2 and 3 (residues
31-41 and 56-71) as well as parts of helix 4 (residues 77-81, 85 and 91). It
was inferred that these amides were hydrogen bond donors participating in
regular HNi→C=Oi+4 hydrogen bonds characteristic of α-helix, and so hy-
drogen bond distance constraints were used between these atoms in structure
calculations (Figure 4.1).

The overall pattern of 1H/2H exchange observed is very similar to that
of the designed TPR proteins CTPR2 and CTPR3, which show little to
no protection of amides on the N- and C- terminal helices and increased
protection for the inner helices with a maximum at the central helix (Main
et al., 2005). These rates of 1H/2H exchange re�ect the stability of each helix
and indicate how TPR (or TPR-like) proteins are likely to unfold, with outer
helices unfolding more frequently, and the central helix unfolding at the rate
of global unfolding of the domain (Kajander et al., 2005).

4.3.2 Stereospeci�c assignments

The naturally occurring amino acids contain several prochiral groups, for
instance the sidechain methylene Hβ protons, or the methyls of leucine and
valine. For high quality protein structures to be determined, the identity
of resonances due to these groups at prochiral centres must be assigned as
proR or proS, determining a stereoassignment and thus avoiding the need
for pseudoatoms (Hyberts et al., 1987). Unless the local structure is known
a priori, NOESY crosspeak intensities cannot be interpreted unambiguously
to determine stereoassignments so methods such as stereoselective labelling
and J-coupling experiments that can distinguish proR and proS protons are
employed to solve this problem.

Stereoselective fractionally 13C-labelled protein was produced through
protein expression in 10% 13C-glucose/90 % 12C-glucose (Neri et al., 1989).
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Figure 4.1: Slowest exchanging amides shown on the AtTom20-3 NMR structure (backbone
trace). Backbone amide hydrogen bond donors (blue) and backbone carbonyl acceptors
(black) constrained based on hydrogen bonds are displayed as 'neon' bonds.
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A constant time 13C-HSQC spectrum of the speci�cally labelled protein, in
combination with the assignments from an equivalent reference spectrum of
uniformly 13C-labelled protein, was used to determine stereospeci�c assign-
ments of prochiral methyl groups of valine and leucine residues. This method
enabled the methyl groups for one valine and �fteen leucine residues to be
stereospeci�cally assigned. Of these, one leucine (L34) and one valine (V40)
had non-degenerate carbon shifts with degenerate proton chemical shifts,
limiting the usefulness of these stereoassignments in NOE assignment. A
single valine (V78) has degenerate carbon and proton shifts for both methyl
groups, and due to the opposite phase in the spectra of the proR and proS
methyl peaks no signal is visible in the CT-13C-HSQC due to cancellation.

Qualitative assessment of the 3JHαHβ and 3JHNHβ scalar coupling val-
ues, based on crosspeak intensity from 3D HACAHB and HNHB spectra
respectively, in combination with 15N-NOESY HN-Hβ intensities aided in
determining some methylene Hβ stereoassignments. Many methylene Hβ
protons could not be stereoassigned due to spectral overlap of required peaks
or clear conformational averaging. A focus was to determine stereoassign-
ments of Hβ methylene protons in aromatic residues, since the structure of
these residues were most likely to bene�t due to the limited chemical shift
assignments of ring protons. The Hβ protons of Y24, F47, Y85, F108, F109,
Y122, Y140 were explicitly stereoassigned.

Glycine Hα protons and many Hβ protons which could not be given any
experimentally determined stereoassignment, were left to be automatically
handled by the ��oating chirality� algorithm (Folmer et al., 1997; Weber
et al., 1988) used by CYANA, which periodically tests both stereoassignment
possibilities during the structure calculation and keeps the lowest energy al-
ternative. Comparison with those stereoassignments that could be experi-
mentally determined indicated that without explicit experimental stereoas-
signments, CYANA derived correct stereoassignments of most diastereotopic
methyl groups and methylene Hβ protons.

The HACAHB spectra normally displays a �double quantum term� o�-
diagonal artefact (see Grzesiek et al. (1995)), however the spectra acquired
for this study was of much poorer quality than expected. It is suspected that
the data in this experiment is suboptimal since it was acquired just prior to
the discovery of a spectrometer hardware failure in carbon decoupling.

Amplitude modulated 15N-1H correlation spectra for measurement of three
bond scalar couplings between the carbonyl carbon and the aromatic γ car-
bon (3JC′Cγ), and the backbone nitrogen and the aromatic γ carbon (3JNCγ ),
were used to determine χ1 angles for some aromatic residues (Hu et al., 1997).
Large 3JNCγ couplings (in the order of ∼2.5Hz) result from trans (180 ◦) χ1

angles, while large 3JC′Cγ couplings (∼4.1 Hz) are indicative of gauche- (-
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60◦) χ1 angles. Peaks for Y24, W79, H100 and a weak peak for F7 in the 2D
15N-{13Cγ} spin-echo di�erence 15N-HSQC experiment suggest that the χ1

of these residues is trans, although for use as dihedral angle constraints it is
preferable that these be di�erentiated from those rotamers undergoing con-
formational averaging by comparison with the complementarity 13C'-{13Cγ}
experiment. Unfortunately, few constraints could be con�dently derived us-
ing this approach since the 2D 13C'-{13Cγ} spin-echo di�erence 15N HSQC
experiment is very insensitive and only yielded a single signal (suggesting
that χ1 of H48 is gauche-).

4.3.3 Combined NOE assignment and preliminary struc-
ture calculation

Backbone and sidechain resonance assignments and NOE lists from a 3D
13C-HSQC-NOESY (1H2O), 3D 13C-HSQC-NOESY (2H2O), aromatic region
3D 13C-NOESY-HSQC (2H2O) and a 3D 15N-NOESY-HSQC spectra, as well
as TALOS derived φ/ψ angles and 3J(HNHα) scalar couplings were used as
input to the CYANA program, which produced an initial automated NOE
assignment and three dimensional structure of AtTom20-3. CYANA assigns
NOE crosspeaks and calculates trial structures iteratively, through seven
cycles of 100 structures each. These calculations were repeated several times,
correcting any manual assignment errors, noise peaks and poorly placed peaks
evident in the results before running CYANA again.

Assessment of automated structure calculations

Work by Herrmann et al. (2002) and Jee & Güntert (2003) performing test
calculations with CYANA have shown that the typical assessment criteria for
manually determined NMR structures (e.g. ensemble RMSD, target function
and residual violations) are of limited utility in gauging the quality of the
�nal structure ensemble generated by CYANA.

Jee and Günter (2003) identi�ed two criteria that indicate a successful
automated structure determination with CYANA, assuming greater than 90
% of non-labile 1H, 15N and 13C resonances are assigned, and unassigned
NOESY peak lists are calibrated to each other, these criteria are:

(i) that the average backbone RMSD to the mean structure (over ordered
regions) is less than 3.0 Å at the end of cycle 1. (This is important since
NOE assignments in subsequent cycles are dependant on the accuracy
of this initial folded model)
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(ii) that less than 25 % of long range constraints are discarded by CYANA
for cycle 7 (since only unambiguous constraints are included in cycle
7).

If these criteria are met, the spectroscopist can be reasonably con�dent that
the protein fold is correct and the quality of the �nal ensemble is similar
to that of a manual structure determination using similar data. Other ad-
ditional criteria originally identi�ed by Herrmann et al. (2002) have been
found to be weak or redundant indicators of success, and are outlined in the
Methods section.

Table 4.1: Automated NOE assignment and structure calculation statistics

Total percentage of unassigned peaks 26.4 %
Percentage unassigned peaks, by spectra:
15N-NOESY-HSQC 14.1 %
13C-HSQC-NOESY (H2O) 19.7 %
13C-HSQC-NOESY (2H2O) 22.0 %
Aromatic region 13C-HSQC-NOESY (2H2O) 69.2 %
Long range (i, i+n; n≥5) assignments discarded for cycle 7 12.6 %
Distance constraints generated by CANDID (unedited):
intraresidue 742
sequential (�short range�) 541
medium range (1< i � j <5) 599
long range (i - j >= 5) 482
RMSD between mean structures in cycle 1 and cycle 7 (residues 7-141, Å2):
backbone 1.24
heavy atoms 1.46

(where i and j are the residue numbers at either end of a distance constraint)

The assignment statistics in Table 4.1 show that the �nal CYANA run
full�lls the criteria suggested by Jee and Güntert, 2003, since less than 25 %
of long range assignments were discarded for cycle 7. All peaklists contain
a number of noise peaks which do not lie along any resonance lines and
hence are not assigned by CANDID. The 15N-NOESY-HSQC and the 13C-
HSQC-NOESY peaklists contain an acceptable number of unassigned peaks
(< 20% unassigned). The total number of unassigned peaks over all spectra
appears high due to the limited aromatic assignments in the aromatic region
13C-NOESY-HSQC. This is also slightly re�ected in the 13C-HSQC-NOESY
(2H2O), in where the peaklist has been edited to contain predominantly peaks
due to aromatics, many of which remain unassigned.

Table 4.2 summarizes the statistics from the �nal automated structure
calculation. These statistics full�ll the criteria suggested by Jee & Güntert,
2003, as the average backbone RMSD (to the mean structure over ordered
regions) is less than 3.0 Å at the end of cycle 1.

During the preparation of this thesis, CYANA version 2.1 was released,



110 CHAPTER 4. PLANT TOM20 SOLUTION STRUCTURE

Table 4.2: Constraints, target functions and RMSD values throughout the CYANA calculation.

Cycle 1 2 3 4 5 6 7

Upper distance limits
total 4166 3520 3048 2953 2796 2660 2364
short range (i - j <= 1) 2486 2137 1820 1790 1654 1515 1283
medium range(1 < i � j <5 ) 1129 1013 734 676 652 643 589
long range (i - j >= 5) 551 370 494 487 490 502 492
Average assign-
ments/constraint

3.91 2.05 1.36 1.31 1.26 1.20 1.00

Average target function value 232.68 176.30 172.94 112.64 40.12 10.76 9.73
Average backbone RMSD to
mean coordinates (7-141)

1.31 0.86 0.59 0.39 0.32 0.36 0.44

Average heavy atom RMSD to
mean coordinates (7-141)

1.71 1.27 0.96 0.77 0.73 0.75 0.82

(Calculation with CYANA 1.0.7, statistics output from the �cyanatable� script, CYANA v2.1)

with several improvements including a new NOE assignment algorithm (un-
fortunately detailed documentation of this new method is still forthcoming).
Structure calculation using the same input data (NOESY peak lists, reso-
nance lists with associated stereoassigments, dihedral angles and scalar cou-
plings) and identical chemical shift tolerances produced �nal structures with
an average target function of 0.57 Å 2 and an average backbone RMSD of
0.46 Å. The coordinates of the mean structures produced by CYANA v1.0.7
and v2.1 were very similar, with an RMSD of 1.13 Å between them.

4.3.4 Structure re�nement and violation analysis

Following automated NOE assignment and trial structure generation viola-
tions of distance constraints were examined. The cause of constraint vio-
lations can be due to incorrect assignment of legitimate peaks, unintended
inclusion of spurious noise peaks or overestimated volume contributions due
to peak overlap and artifacts in the spectra. The violations observed may be
directly due to the peaks from which the constraint was derived, or indirect
violations due to the e�ect of incorrect constraints propagating through the
constraint network. Resolution of violations assumes that the constraints
form a self consistent set, where all can simultaneously be satis�ed, and
assumes that the e�ects of conformational exchange do not produce peak
volumes (or additional peaks) which are incompatible.

Peaks associated with violating constraints were inspected, and classi�ed
as either overlapped or near an artifact (e.g. water line), noise, or incor-
rectly assigned. Noise peaks were removed, overlapped peaks were loosened
by 0.2 - 0.5 Å to account for the additional volume contributed by the over-
lapping peaks and peaks near intense artifacts were loosened to an upper
limit of 6 Å or removed. Increasing the upper distance cuto� of a constraint
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does not restrict accessible conformations and so should not contribute to
an incorrect conformation, but at worst will decrease the e�ective resolution
of the coordinates (i.e. produce an ensemble with higher RMSD). For any
peaks deemed to be incorrectly assigned, it was established whether this was
indeed due to the initial backbone and sidechain assignments or whether a
poorly picked peak position was leading to an incorrect NOE assignment.
In most cases, carefully correcting the placement of the peak marker allowed
CYANA to correctly assign this peak when full autoassignment and structure
calculation was repeated.

In 24 cases, peaks were inspected and the the restraint distance loosened
due to peak overlap. An additional 48 artifact and noise peaks were removed.

For the �nal calculation, most intraresidue distance constraints were re-
moved, except for selected aromatic residue HN-Hβ2/3 and Hα-Hring con-
straints.

After initial rounds of automated NOE assignment and correction of mis-
assigned and miscalibrated constraints, the �nal 3D solution structure of
AtTom20 was determined using the CYANA software based on 1639 inter-
proton NOE distance constraints, 232 backbone dihedral angle constraints
and 129 backbone J-coupling constraints. The 20 lowest energy conformers
from a total of 100 calculated structures is presented, showing root mean
square deviation (RMSD) from the mean coordinates of 0.42 Å for the back-
bone heavy atoms (Cα , C', N atoms) and 0.6 Å for all heavy atoms, over the
well de�ned regions (residues 7-141) (see Table 4.3 statistics and Figure 4.2
for Ramachandran plot of the ensemble).

4.3.5 The tertiary structure of AtTom20-3 cytosolic do-
main

The NMR structure presented here comprises residues 1-145 of Arabidopsis
thaliana Tom20 isoform-3 (Swissprot: P82874) which is the cytosolic do-
main of the receptor, with an additional �ve non-native residues (GPLGS)
at the N-termini from an engineered protease cleavage site, and an additional
eight non-native residues at the C-terminus (GSHHHHHH) incorporating a
polyhistidine tag. This construct does not include the native C-terminal
residues 146-202, which contains the disordered linker sequence and the pu-
tative transmembrane anchor region.

AtTom20 is comprised of seven antiparallel α-helices (residues α1 7-25, α2

31-46, α3 50-70, α4 75-91, α5 95-115, α6 120-130, α7 132-141). As presented
in Chapter 3, this secondary structure was de�ned on the basis of short and
medium range NOE connectivities, chemical shift index (CSI) of 1Hα, 13Cα
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Figure 4.2: Ramachandran plot showing backbone φ/ψ angles over the most favourable
(red), allowed (yellow), generously allowed (cream) and dissallowed (white) regions for
the best 20 structures in the �nal ensemble. Glycine and proline residues are triangles,
all other residues are squares. Non-glycine/proline residues in the disallowed regions are
labelled with red text.

and 13C' atoms (Wishart & Sykes, 1994) and TALOS predictions, (Cornilescu
et al., 1999) as well as 3J(HNHα) coupling values, and is re�ected in the
�nal 3D structure. Low {15N}-1H steady state heteronuclear NOE values,
combined with the determined secondary structure, indicate that residues -5
to 6 and 142-153 are disordered. A conserved proline residue (P133) in the
C-terminal helical region results in two short helices punctuated by a small
kink where a single long helix would otherwise be expected. The break in
regular secondary structure at this position is supported by 3J(HNHα) values.

Overall, the cytosolic receptor forms a TPR-like fold, consisting of a
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Table 4.3: NMR structure statistics. Summary of total NOEs, violations and RMSDs from CYANA

and Ramachandran statistics from PROCHECK-NMR.

Distance constraints
All 1627
Intraresidue 45
Sequential 526
Medium range (1< i � j <5) 586
Long range (i - j >= 5) 470
Hydrogen bond constraints 68
Dihedral angle constraints
Φ 116
ψ 116
Total number of 3J(HNHα) coupling constraints 129
Structural statistics
Maximum upper distance violation 0.30
Maximum angle violation 4.53◦

Average CYANA target function (Å2) 1.19 (± 0.17)
Ramachandran statistics
Residues in most favored regions 91.8
Residues in additionally allowed regions 6.0
Residues in generously allowed regions 1.5
Residues in disallowed regions 0.7
RMSDs to mean structure (ordered residues) a

Backbone atoms (Cα , C', N) 0.44 (± 0.07)
All heavy (non-hydrogen) atoms 0.82 (± 0.06)

a � residues 7 to 141 are considered ordered

stacked array of antiparallel helices in a slightly curved arrangement forming
a convex and a concave side (Figure 4.3 and 4.4). The surface of the concave
side is formed entirely by sidechains from the �A� TPR helices (α2 and α4)
and the C-terminal solubilising helix (α6 / α7), while the �B� TPR helices
(α3 and α5) form the convex surface with only a small contribution from the
�A� helices.

Coordinates of the top 20 structures (by target function) have been lodged
at the Protein Data Bank (http://www.pdb.org) under PDB accession code
1ZU2.

Ring current shifts

A number of sidechain and Hα protons show chemical shifts considerably
outside the normal expected range for their residue type, most notably K54
(Hγ1/2, Hδ1/2 and Hε1/2), K63 (Hγ2), L104 (Hβ2) and S125 (Hβ2) which are
shifted considerably up�eld, suggesting shielding due to ring current e�ect of
a nearby aromatic ring (see Figure 4.5 for sidechains protons, Figure 4.5 for
backbone α-protons). Figure 4.7 shows the position of the aromatic rings in
the tertiary structure of AtTom20-3-(1-145) and highlights the proximity of
the sidechain and backbone protons displaying chemical shifts signi�cantly
di�erent from their expected mean value.
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Figure 4.3: Stereo ensemble �line-bundle� structure representation of the cytosolic domain
of AtTom20-3 (residues 1-145). Helix �A� and �B� of the TPR-like motif are coloured blue
and red respectively, the N-terminal helix is orange and the two C-terminal helices are
magenta and cyan. Turn and disordered loop regions are coloured in gray.
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Figure 4.4: Several views of a solvent accessible surface representation of AtTom20-3,
showing exposed neutral hydrophilic residues (green), hydrophobic residues (gray), acidic
residues (red), basic residues (blue) and proline/glycine residues atoms (white).

An aromatic-cation interaction

A notable structural feature is what appears to be a so-called 'aromatic-cation
interaction' (Gallivan & Dougherty, 1999; Tatko & Waters, 2003) between
the highly conserved residues W37 and K63, making long range stabilizing
contacts between helix α1 and α2 (Figure 4.8). The K63 sidechain protons
Hδ2/3, Hγ2/3, Hε2/3 show considerable ring current shifts (up to ∼1.25 ppm,
∼1.5 ppm and ∼2.8 ppm, respectively, from expected random coil chemical
shifts), consistent with the proximity to the W37 aromatic ring.

A survey of a non-redundant subset of the PDB has suggested that
aromatic-cation (�π-cation�) interactions are very common, occuring for about
one quarter of tryptophan residues found in protein structures, and con-
tribute an average of -3.3 ± 1.5 kcal/mol for lysine-tryptophan interactions
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Figure 4.5: Plot showing chemical shift values of sidechain protons, with range bars span-
ning one standard deviation either side of the BMRB database mean chemical shift for
that atom type. A number of protons show chemical shifts considerably outside the normal
expected range for their residue type (red labelled positions). In most cases these nuclei
are in proximity to an aromatic ring.
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Figure 4.6: The chemical shift values of backbone Hα protons, with range bars spanning
one standard deviation either side of the BMRB database mean chemical shift for that
atom type. A number of protons show chemical shifts considerably outside the normal
expected range for their residue type (red labelled positions). In most cases these nuclei
are in proximity to an aromatic ring.

(Gallivan & Dougherty, 1999). Residues equivalent to both W37 and K63 are
highly conserved in the plant Tom20 family, presumably since these residues
are involved in this important stabilising interaction.

Structural comparison of AtTom20-3 with TPR proteins

The two helices of a the TPR structural motif are designated �A� and �B�
for the �rst and second helix respectively (typically positions 1-13 of the
classical sequence motif for the �A� helix and positions 17-30 for the �B�
helix, see Figure 4.12 sequnce logos). The interhelical angles which de�ne a
TPR protein are depicted in Figure 4.9, and the interhelical angles found in
AtTom20-3 are summarised in Table 4.4. These values are similar to those
found in other typical TPR proteins, where the A-B interhelical angle is
ranges from -160◦to -168 ◦, the B-A' interhelical angle from -149◦to -162◦and
the A-A' interhelical angle from 11◦to 32◦(Main et al., 2003). The angle
between the N-terminal helix and the adjacent TPR helix A (α1 -α2) is -
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Figure 4.7: A stereo-pair (cross-eye) line representation of a single AtTom20-3 structure
from the ensemble shows the proximity of ring current shifted sidechains (red) and α-
protons (green) to aromatic rings (magenta). Mainchain bonds are shown in blue.

Figure 4.8: Two views of the spatial arrangement of W37 (magenta) and K63 (green)
in the 3D structure of AtTom20-3, forming a putative aromatic-cation interaction. The
sidechain amide protons of K63 are shown as white spheres.
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Figure 4.9: Interhelical angles de�ned for the TPR structure. Labelled sequence positions
correspond to the end of helices within the classical TPR motif.

142.3± 2.0◦ which is outside the range of any expected TPR interhelical
angles since α1 is at the edge of the helical repeats and is not part of a TPR
motif. The two C-terminal helices α6 and α7 (spanning residues 120-141)
make interhelical angles to α5 of -156.5± 2.5◦ (α5-α6) and -148.2± 3.2 ◦ (α5-
α7), respectively, both of which are not within the ideal ranges of any TPR
interhelical angle. This is however expected, since this kinked helical region
is equivalent to the so-called C-terminal 'solubilising helix' which is not part
of the motif repeat sequence but is found in almost all TPR proteins.

Table 4.4: Comparison of AtTom20-3 interhelical angles with typical TPR protein angles

Helix Helix Motif designation Interhelical angle Typical angle in TPR
proteins

1 2 XN � A (TPR1) -142± 2◦ -
2 3 A - B (TPR1) -168±1◦ -160 to -168◦

3 4 B (TPR1) � A (TPR2) -161±1◦ -149 to -162◦

4 5 A � B (TPR2) -165±1◦ -160 to -168◦

5 6 / 7 B (TPR2) - XC -156± 3◦/ -148± 3◦ -
2 4 A (TPR1) � A (TPR2) 19±2◦ 11◦to 32◦

Interhelical angles were measured using MOLMOL (Koradi et al., 1996), based on the angle be-

tween cylinder axes generated for each helix. Cylinders were �tted using the least-squares method to the

backbone N, Cα and C atoms. Errors are expressed as one standard deviation based on a ensemble of 20

structures calculated. helices denoted XN (1) and XC (6/7) are the non-TPR N- and C-terminal helices,

respectively.
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To objectively compare the AtTom20 structure to other protein struc-
tures, a structure based similarity search using the DALI (http://www.ebi.ac-
.uk/dali/) (Holm & Sander, 1993, 1996) and VAST (http://www.ncbi.nlm.nih.gov-
/Structure/VAST/vast.shtml) (Gibrat et al., 1996) servers was undertaken.
TPR proteins predominate the top scoring hits, reinforcing the view that
AtTom20 truly has a TPR-like fold (see Tables 4.5 and 4.6). See Figure 4.10
for structural comparison between AtTom20-3-(1-145) and the highest scor-
ing structural similarity search hits.

Table 4.5: Top six DALI structural similarity hits, ( Z-score > 9.7 )

Pdb code Z-score RMSD over
aligned region

Length of aligned
segment

% identity over
alignment

Protein
name

Reference
to protein
struc-
ture and
function

1FCH-A 12 2 106 14 Pex5 (Gatto
et al.,
2000)

1A17 12 2.5 114 13 PP5 (Das et al.,
1998)

1IYG 11.6 3.1 114 11 unknown -
1HXI-A 10 2.6 94 19 Pex5 (Kumar

et al.,
2001)

1QQE 9.7 4.6 116 11 Sec17 (Rice &
Brunger,
1999)

1QJA 9.7 3 114 14 14-3-3 (Hachiya
et al.,
1993)

(The �rst DALI hit 1ool-A was excluded from our list as it is a theoretical model of a TPR protein).

1om2 (chain A), the RnTom20 structure, is ranked low (113) in the list, Z-score: 4.3, RMSD: 3.0, length

of alignment: 56, identity: 13 %.

Table 4.6: Top six VAST structural similarity hits

Pdb code VAST
score

RMSD over
aligned re-
gion

Length of
aligned
segment

% identity
over align-
ment

Protein name Reference to
protein structure
and function

1NA0-A 10 1.6 102 22.5 CTPR 3, designed
protein

-

1FCH-B 9.5 1.4 100 14 Pex5 (Gatto et al.,
2000)

1E96-B 9.3 1.7 92 15.2 p67phox (Lapouge et al.,
2000)

1HZ4-A 9.1 2.9 100 7 Transcription fac-
tor

(Steegborn
et al., 2001)

1ELW-A 9.1 1.8 101 10.9 Hop (Tpr1) (Scheu�er et al.,
2000a)

1IHG-A 8.9 1.4 104 17.3 Bovine Cyclophilin
40

(Taylor et al.,
2001a)
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Figure 4.10: Comparison of AtTom20-3 (magenta) to other TPR proteins (blue), with
helices represented as cylinders. Shown are Protein phosphatase-5 TPR domain [PP5]
(1A17), the TPR1 domain of the Hop cochaperone (1ELW), a designed TPR protein
[CTPR3] (1NA0), a peroxisomal protein import receptor [Pex5] (1FCH), malt domain
III transcriptional activator [malT] (non-TPR) (1HZ4) and the secretory pathway protein
Sec17 (non-TPR) (1QQE).

Table 4.6: Top six VAST structural similarity hits

Pdb code VAST
score

RMSD over
aligned re-
gion

Length of
aligned
segment

% identity
over align-
ment

Protein name Reference to
protein structure
and function

(Medium redundancy subset). VAST does not �nd the RnTom20 as a structural neighbor.

Some of the structurally similar proteins identi�ed are involved in protein-
protein interactions, usually by recognition of a linear region of sequence on
the target protein, and many are receptors in protein transport systems (e.g.
peroxisomal import [Pex5], secretory pathway [Sec17]).

In addition to a range of TPR proteins, the structural similarity searches
also revealed some non-TPR proteins with similar arrangements of helices to
the TPR fold, including other modular helical repeat proteins such as the
14-3-3 zeta protein (Rittinger et al., 1999) (pdb:1QJA). The structural simi-
larity of 14-3-3 proteins to the TPR fold has been recognised previously (Das
et al., 1998). 14-3-3 proteins are traditionally associated with phosphoser-
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ine/phosphothreonine peptide recognition for cell cycle control, apoptosis and
signal transduction (Fu et al., 2000), however there are also several examples
where they participate in protein transport systems. These include modu-
lating nuclear import/export (Faul et al., 2005), and as cytosolic chaperones
associated speci�cally with chloroplast (May & Soll, 2000) or mitochondrial
(Hachiya et al., 1994) protein import.

Plant Tom20 proteins display a unique variation to the TPR motif

Comparision of plant Tom20 sequences to those of classical TPR proteins
reveals that the plant Tom20s contain a 10 - 11 residue insertion in the TPR
motif. Sequence and structural alignments of AtTom20 with typical TPR
proteins show the additional residues within the TPRs are in both cases
extensions to the helices A and B, and not simply loop insertions. These
insertions lengthen both the C-terminal end of �helix A� by 3 or 4 residues
and the N-terminal end of �helix B� by 6 or 7 residues (Figure 4.11).

Conserved hydrophobic residues F47 and L91 in the helical extension
regions are structurally conserved in both the �rst and second repeats, and
appear to stabilize the packing between the N-terminal end of �helix A� and
the C-terminal end of �helix B�.

This unique variation to the TPR repeat is conserved across putative
Tom20s found in �owering plant species, as well as the moss P. patens and the
algae C. reinhardtii, and a PSI-BLAST (Altschul et al., 1997) search against
the NCBI non-redundant database reveals no additional TPR (or TPR-like)
proteins with this type of insertion. This suggests that the style of insertion
observed in the plant Tom20s is unique and is not a common feature seen
in other TPR proteins. There is at least one other example of signi�cant
insertions in a TPR protein, albeit of a di�erent nature. The TPR domain of
the human Neutrophil Cytosol Factor 2 [Ncf-2] (pdb:1E96) (Lapouge et al.,
2000), contains a 15 residue β-hairpin insertion between two of its TPR units.
This is a distinctly di�erent type of insertion to that observed in the plant
Tom20s, where the insertion occurs within the TPR-like motif and extends
the existing secondary structural elements.

In addition to insertions within the TPR motif, the plant Tom20s do
not always contain 'classical' TPR consensus residues at each motif position,
but often display semi-conservative substitutions with respect to the motif
originally de�ned by Sikorski et al. (1990). Figure 4.12 shows the consensus
residues and conservation of typical TPR repeats (using the PFAM TPR1
seed alignment) along side that of the �rst and second plant type TPR re-
peats.



4.3. RESULTS 123

Figure 4.11: Structural and sequence alignment of the AtTom20-3 cytosolic domain
(residues 1-145, red, with helical extensions in pink) with the designed TPR protein
CTPR3 (blue, pdb:1NA0) (Main et al, 2003). Structures are represented as backbone
bonds, and helical regions are coloured in the sequence alignment. The sequence of the
TPR(-like) helices A and B are boxed, and the plant Tom20 speci�c insertion is colored
pink. The TPR consensus residues are shown (orange), as well as the insertion extending
both helices A and B in AtTom20-3 (magenta). In addition to the insertion, AtTom20-3
has some semi-conservative substitutions to the 'classical' TPR motif at positions 1, 4 and
8.
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Figure 4.12: Sequence logos (Schneider & Stephens, 1990) dervied from alignments of
classical TPRs (PFAM TPR1 seed alignment, (Bateman et al., 2004)) and 17 plant Tom20s
(TPR1, TPR2 and both TPRs). Conservation of the character and spacing for residues
is evident, as well as the poorer conservation in the plant Tom20 speci�c TPR insertion
region. The plant Tom20 speci�c insertion is highlighted in orange, and regions equivalent
to helix A and B of the motif are coloured blue and red respectively. Sequence logo images
were generated using WebLogo (Crooks et al., 2004) (http://weblogo.berkeley.edu/).
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A structural comparison of plant and animal/fungal Tom20 cytoso-
lic receptor domains

It is of interest to compare the animal and plant Tom20 receptor 3D struc-
tures to understand the gross structural features which make them similar,
but also set them apart (Figure 4.13).

The structure of the cytosolic receptor domain of Rattus norvegicus Tom20
(RnTom20) (Abe et al., 2000), a representative of the animal/fungal Tom20
receptors, is considerably di�erent to the plant AtTom20-3 receptor domain.
The plant Tom20, in addition to having its transmembrane anchor at the
C-terminal rather than N-terminal end, has an additional TPR-like repeat
and additional N- and C-terminal helices outside the TPR-like motif. The
single TPR repeat in the animal and fungal Tom20 doesn't contain the novel
insertions to the motif found in the plant Tom20. Having a single TPR makes
the animal/fungal Tom20 a somewhat atypical TPR protein, since most con-
tain at least two or on average three TPR units (D'Andrea & Regan, 2003).
This means that unlike the plant Tom20, the animal/fungal Tom20 does not
form an appreciable concave/convex type structure, and so has a more open
hydrophobic groove with less surface area in its presequence peptide binding
site. The animal/fungal Tom20 also has some poorly ordered short helices
which do not pack into the main TPR domain, and do not have any obvious
equivalent in the plant Tom20 receptor.

Presequence binding in the animal RnTom20 receptor is primarily medi-
ated by hydrophobic interactions, which at least in one case has been shown
to bind as an amphipathic helix with hydrophilic residues exposed to the
solvent (Abe et al., 2000). Examination of the groove on the concave side
of the AtTom20-3 receptor domain reveals a mixture of hydrophobic and
hydrophilic surface. If the concave groove is the site of presequence peptide
binding, it appears signi�cantly di�erent to the entirely hydrophobic binding
groove of the animal Tom20 receptor.

4.3.6 Tom20 receptor presequence peptide binding

In order to understand some of the molecular details of targeting sequence
recognition by AtTom20-3, a series of titrations with two di�erent prese-
quence peptides (S. cerevisiae GB1-CoxIV and A. thaliana F1β residues 1-
14) were undertaken, monitoring chemical shift and peak intensity changes
of either the presequence peptide or the AtTom20-3 receptor.
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Figure 4.13: RMS �t of the rat RnTom20 (red ribbons) (pdb:1om2, chain A) to the
Cα positions of the �rst TPR-like repeat (left), and second TPR-like repeat (right) in
AtTom20-3 (green ribbons). The segment of aldehyde dehydrogenase presequence peptide
(residues 12-22) bound to the RnTom20 is displayed in magenta. While there is reasonable
concurrence of the interhelical angles between TPR-like units, other parts of the structures
do not align. The insertion in the AtTom20-3 TPR-like motif makes its helices slightly
longer than that of RnTom20. While RnTom20 does not contain enough TPR repeats to
form a large concave surface, its prepeptide binding site still occurs on the face equivalent
to the concave side in other TPR proteins.

Presequence peptide chemical shift perturbation

The plant AtTom20-3 or fungal ScTom20 (S. cerevisiae) unlabelled receptor
cytosolic domains were titrated into a solution containing an 15N-labelled
yeast mitochondrial targeting sequence attached to a carrier fusion protein
(15N-GB1-CoxIV, 1-25, C19S), observing any chemical shift perturbation in
the 15N-GB1-CoxIV 15N-HSQC spectrum (Figure 4.14). Titrated with ei-
ther receptor, 15N-GB1-CoxIV shows very similar patterns of amide chemical
shift perturbation, providing a simple �ngerprint for comparison of binding
regions. Irrespective of the Tom20 receptor used, essentially the same reso-
nances of the targeting sequence broaden and disappear while others remain
mostly unperturbed. The broadened resonances are considered to be in an
�intermediate exchange� regime on the NMR timescale, strongly suggesting
that their associated nuclei are part of the segment of targeting sequence
interacting with the receptor. These results are in agreement with the ob-
servations of (Muto et al., 2001), where using the same targeting sequence
(yeast cytochrome oxidase IV [CoxIV], 1-25 C19S, without a fusion partner)
and either the animal RnTom20 or the fungal ScTom20 it was shown that
resonances from a 9-10 residue segment of the presequence broadened upon
receptor binding. This region encompasses residues 3-12 of the yeast cy-
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tochrome oxidase IV presequence, and contains the general sequence motif,
σφχβφφχ (where σ is a hydrophilic, φ is a hydrophobic, χ is any residue
and β is a basic residue) found in animal/fungal Tom20 binding segments of
several presequences (Muto et al., 2001; Obita et al., 2003).

The selective broadening of resonances of the presequence peptide sug-
gests that the targeting sequence is undergoing a large conformational change
from 'disorder' to a more constrained bound conformation. The broadened
signals are likely to be only from the segment of prepeptide which speci�cally
binds to the receptor, and the linewidth/chemical shift changes of these sig-
nals are indicative of the overall dissociation rate being 'intermediate' with
respect to the NMR chemical shift timescale. In the intermediate exchange
regime, the timescale of the exchange process is of similar magnitude to
the time associated with the chemical shift di�erence between the free and
bound state of the ligand, and is usually seen for ligands with dissociation
constants in the range ∼1µM - 1mM. Considering that the 15N-GB1-CoxIV
signal perturbations are heterogenous in nature (a mixture of fast and inter-
mediate exchange across the prepeptide region), and the receptor and ligand
resonances show markedly di�erent magnitudes of perturbation, no attempt
at determination of a dissociation constant from lineshape �tting has been
attempted; this type of information would be better determined by other
biophysical methods.

Receptor chemical shift perturbation

To gain insight into which regions of the AtTom20-3 receptor are likely to
interact with mitochondrial targeting presequences, a solution of uniformly
15N- or 13C,15N-labelled AtTom20-3 was titrated with an unlabelled pre-
sequence peptide fragment from F1β subunit from ATP synthase (residues
1-14, A. thaliana, referred to as "F1β(1-14)") or unlabelled GB1-CoxIV (a
fusion protein of the protein G B1 domain and the S. cerevisiae cytochrome
oxidase IV presequence residues 1-25, C19S mutant). Chemical shift changes
to the 15N-HSQC and 13C-HSQC spectrum of the AtTom20-3 receptor were
monitored in separate titration experiments.

Overall, both 15NH and 13CH chemical shift changes were very small; for
the GB1-CoxIV titration maximum chemical shift change for 1H and 15N
was 0.05 ppm and 0.15 ppm respectively, for the F1β titrations maximum 1H
and 15N change was 0.04 ppm and 0.36 ppm respectively, and 0.09 ppm and
0.40 ppm in 1H and 13C respectively. Despite this, the large perturbations of
the 15N-GB1-CoxIV prepeptide signals (presented in the previous Section)
indicate that, at least for this presequence peptide, an interaction is tak-
ing place. It is also important to note that the RnTom20 cytosolic domain
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Figure 4.14: 15N-HSQC titrations of 15N-GB1-CoxIV(1-25,C19S) with unlabelled re-
ceptor domain. Red contours are GB1-CoxIV only, while cyan contours are 1:1 GB1-
CoxIV:ScTom20(cytosolic domain) (left) and 1:1 GB1-CoxIV:AtTom20-3(cytosolic do-
main) (right) . Peaks due to the GB1 domain are marked with a cross (determined using
a GB1 only sample with targeting sequence removed), while peaks due to the cytochrome
oxidase IV (CoxIV) presequence portion are unmarked. The GB1 domain (56 residue B1
domain of protein G from Streptomyces griseus) is a convenient fusion partner for produc-
ing short isotopically labelled peptides in E. coli. The GB1-CoxIV(1-25,C19S) construct
contains the GB1 domain with the 25 residue mitochondrial targeting sequence of S. cere-
visiae cytochrome oxidase subunit IV at its C-termini. The GB1 domain amide resonances
also act as a useful internal standard, allowing the possibility of non-speci�c interactions,
from protein aggregation for example, to be ruled out immediately. See Methods section
for solution conditions.
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Figure 4.15: (A) A graph of chemical shift perturbations observed upon titra-
tion of (13C,15N)-AtTom20 with the presequence peptide F1β(1-14) (1:7, recep-
tor:peptide) or GB1-CoxIV (1:2, receptor:peptide). For 13C/1H shift changes, ∆δsum =√

(3∆δH)2 + (∆δC)2, while for 15N/1H shift changes ∆δsum =
√

(5∆δH)2 + (∆δN)2.
Due to overlap of signals in some regions of the 13C-HSQC, only a limited number of
changes to 13C/1H shifts could be unambiguously identi�ed. (B) Sidechains of residues
which show 13C/1H chemical shift perturbation (13C-HSQC) upon F1β (1-14) titration are
shown in red (∆δsum > 0.15, residues R9, I10, L12, I16, R36, G39, V40, L42, E43, Q46,
H48, I50, K54, I57, I61, F64, W79, C80, L91, P93, H136 and Y140), and residues which
show 15N/1H chemical shift perturbation (15N-HSQC) are represented as yellow spheres
at the position of the amine nitrogen for F1β induced shifts (∆δsum > 0.25, residues G38,
G39, A84, S87, A89, F90 and Q142) and as blue spheres for GB1-CoxIV induced shifts
(∆δsum > 0.20, residues R9, V40, F88, T92).
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also displays small 15NH chemical shift changes of a similar magnitude when
titrated with presequence peptides (Abe et al., 2000), suggesting neither re-
ceptor undergoes any large conformational changes occur upon presequence
binding. Due to lack of presequence peptide material, none of the titrations
reached saturation, precluding any accurate calculation of dissociation con-
stants or numbers of binding sites. Despite this, preliminary non-linear curve
�tting assuming a single site, using the chemical shift changes for the most
perturbed residues indicates that the dissociation constant for both peptides
lies in the high millimolar range (Kd > 1 mM) (data not shown). Further
experiments by NMR or another biophyical technique (eg �uorescence spec-
troscopy) are required to determine accurate binding constants.

The residue positions undergoing chemical shift perturbations upon titra-
tion of either presequence peptide are very similar. Mapping residues with
the perturbations onto the molecular surface of AtTom20-3 reveals that most
changes occur to surface residues in the groove on the concave side of the
molecule (see Figure 4.15).

Isotope edited and �ltered NOESY experiments

In an attempt to better de�ne the AtTom20-prepeptide complex, a series of
isotope-edited and isotope-�ltered NOESY spectra were acquired on {13C,15N}-
AtTom20 in the presence of unlabelled F1β(1-14) presequence peptide.

Isotope edited NOE experiments are designed to retain only signals from
protons attached to heteronuclei, while isotope �ltered experiments are de-
signed to remove signals of protons attached to labelled heteronuclei (using
the nomenclature of (Breeze, 2000), other authors vary). Both styles of exper-
iment can be run in a 2D 1H format, or a 3D format with additional chemical
shift separation by the heteronuclei. A combination of editing and �ltering is
also possible (�half-�lters� of (Breeze, 2000; Otting G, 1990)), to provide con-
tacts between only 13CH and 12CH. In e�ect, when using a labelled receptor
and unlabelled ligand this type of experiment should give NOE crosspeaks
for intermolecular contacts only, �ltering intramolecular NOEs due to the
labelled receptor.

Working with a mixture of {13C,15N}-AtTom20 and excess F1β (1-14) pre-
sequence peptide (14:1 prepeptide:receptor molar ratio), a standard isotope-
edited 13C-NOESY-HSQC showed only the characteristic chemical shift changes
of prepeptide binding, and no additional NOE crosspeaks were observed be-
tween 1H-12C prepeptide and 1H-13C receptor resonances.

A 2D-{13C,15N}-�ltered NOESY (2H2O) spectra, designed to suppress
all signals due to 13C and 15N attached protons of the receptor and leave
only peaks due to unlabelled components, was acquired on {15N,13C}-labelled



4.3. RESULTS 131

AtTom20-3 with unlabelled F1β (1-14) (2:1 prepeptide:receptor molar ratio).
Unfortunately the data acquired was not useful for determining receptor-
prepeptide contacts due to a large number of intramolecular peaks which
appear to arise from protons within the receptor. Particularly telling are
intraresidue NOE crosspeaks in the aromatic region, a region where the F1β
(1-14) prepeptide should show no signals due to the absence of aromatic
residues. A similar e�ect was observed in an isotope-�ltered 3D 13C-HMQC-
NOESY (Lee et al., 1994) where only intermolecular NOE contacts between
protons of the labelled receptor and protons of the unlabelled prepeptide
should be observed, but many NOE crosspeaks appeared to be intrareceptor
in origin.

The receptor protein sample used for these experiments was marked by
an abnormally long fermentation time (∼24 hours), and it is suspected that
there was signi�cant leakage from unlabelled 12C cell mass into the predom-
inantly {15N,13C} labelled AtTom20-3 protein. This would explain the ob-
served intramolecular NOE crosspeaks in a spectrum where only intermolec-
ular crosspeaks between the prepeptide and the receptor would be expected.
As noted by others (Breeze, 2000; Reilly D, 1994), it appears necessary to
grow all starter cultures and cell mass in labelled media (unlike the method
of (Cai et al., 1998) used here) to avoid this problem.

Site speci�c evolutionary rates are slower on the concave surface

The relative evolutionary rates at each site in a multiple sequence alignment
of putative plant Tom20s were estimated using Rate4Site (Mayrose et al.,
2004a; Pupko et al., 2002). This method, while somewhat similar to measur-
ing simple residue conservation in a multiple sequence alignment, takes into
account an estimation of the evolutionary distance between homologs to give
a more reliable view of the relative levels of selection operating at each site.

As expected, the TPR-like consensus and other buried hydrophobic residues
display low relative evolutionary rates indicative of their role in maintaining
the overall fold. The most rapidly evolving positions occur near the end of
helices, in turn regions, and in disordered regions at the N-terminus and the
C-terminal linker region. Almost all highly conserved residues on the surface
of the protein face out to the concave side, as has been observed for other
classes of TPR proteins when they are part of a homologous group with the
same function (Magliery & Regan, 2004). Particularly notable is a conserved
patch of hydrophilic residues (N83, T86, S87) on helix α4 and a hydrophobic
(L42) from helix α2 which all lie at the base of the groove on the concave side
of the domain (Figure 4.16). Many TPR proteins bind their ligands in the
groove on their concave side, and this analysis suggests that the plant Tom20
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is likely to do the same since there is reasonable concurrence of residues per-
turbed upon presequence titration and the slowest evolving residues on the
protein surface (Figure 4.18).

The positions with the highest relative evolutionary rate is L69 at the
end of helix α3, which is exposed on the convex face and is considered un-
favourable by the ProsaII statistical surface potential (data not shown). This
hydrophobic residue is poorly conserved throughout the plant Tom20s (Fig-
ure 2.1, sequence alignment) and is often a hydrophilic residue in other plant
Tom20 proteins. The next most poorly conserved residues K73, S51and H100
are also on the concave side.

Two recent studies (Magliery & Regan, 2004, 2005) have shown that
across a large set of TPR proteins of diverse function, typical concave side
ligand binding residues in motif positions 2, 5, 9, 12, 13, 33 and 34 show more
sequence variation than residues on the convex side, somewhat contrary to
expectation. The motif positions 2, 5, 9, 12 and 13 are also the positions of
typical ligand binding residues in several TPR-peptide complexes of known
structure (e.g. Hop TPR1 and TPR2A). This apparent �hypervariation� of
ligand binding positions in the TPR motif results from the statistical analysis
being carried out on a large number of TPR proteins which bind a diverse
range of ligands, rather than a focused orthologous set with the same or
similar function. The Rate4Site analysis presented here is based on a set
of orthologous plant Tom20s (which are likely to bind a very similar set of
ligands), and so it is expected that ligand binding residues in this set will
display less variation (i.e. lower evolutionary rates), and not more variation
as observed across a large set of TPRs of varying function.

Examining average Rate4Site evolutionary rates for regions of secondary
structure and parts of the TPR-like motif shows that the classical TPR motif
region forms a conserved core, surrounded by less conserved elements (Fig-
ure 4.17). The N-terminal helix α1 which is not part of a TPR-like motif
has lower sequence conservation, apart from several key residues (F13, A20,
Y24), which make long range hydrophobic contacts, and the proline (P28)
residue that de�nes the turn at the end of helix. Regions in the folded recep-
tor domain which correspond to parts of the classical TPR motifs are more
conserved than the insertion regions in the motif (residues 50-59 and 94-104).
It is unclear whether these insertions are more recent additions still under-
going heavy mutation in order to stabilize them, or simply just an indication
of less stringent sequence constraints on the exposed ends of helices and turn
regions.
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Figure 4.16: A molecular sur-
face displaying conservation pat-
terns, coloured by Rate4Site scores
(Mayrose et al., 2004b; Pupko
et al., 2002) (empirical Bayesian
method) for each residue based
on an alignment of ∼20 pu-
tative plant Tom20 protein se-
quences (lowest evolutionary rates
are black, blue is the mean [0.0]
and red is the highest relative
rate). Views showing the con-
cave and convex side and look-
ing down the groove on the con-
cave side are shown. A molecu-
lar surface displaying hydrophobic
(grey), hydrophilic (green), basic
(blue), acidic(red) and backbone
(olive) solvent exposed residues is
also shown.

4.4 Discussion

Structural consequences of the TPR motif insertions

The sequence similarity of AtTom20-3 to other putative plant Tom20s sug-
gests that the receptor domain structure presented here is a reasonable repre-
sentative of all known plant Tom20s. The lack of insertions in the multiple se-
quence alignment of the plant Tom20 receptor domains (Figure 2.1) strongly
suggests that there are no additional loop insertions in the other known plant
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Figure 4.17: A plot of Rate4Site score vs. sequence, with a running average (7 residue
window) and block average scores for the TPR-like regions (magenta bars for �classical�
motif regions, blue bars for insertion regions) and the N- and C- terminal helices (orange
bars).

orthologs, and indicates that the AtTom20-3 cytosolic domain should be a
reasonable template for comparatively modelling other plant Tom20 receptor
domains.

The plant Tom20 receptors all contain a novel insertion within the TPR
motif making the plant Tom20s not strictly TPR proteins in the classical
sense; the terminology �TPR-like� protein has been adopted for this reason.
There are structurally characterised examples of TPR proteins with inser-
tions between adjacent TPR units (eg. pdb:1E96, (Lapouge et al., 2000)),
however the plant Tom20 receptors are unique in that they contain signi�cant
insertions within the TPR motif. The insertions extend the length of �helix
B�, which lines the convex side of the domain and has very little surface
area exposed to the concave groove. For this reason, the insertion regions
are unlikely to contribute many direct contacts to the ligand, although the
�rst 3-4 residues of each insertion (residues 47-50 and 90-92) are exposed
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Figure 4.18: (A) A molecular surface highlighting residues that display the greatest amide
and aliphatic chemical shift perturbations. Residues which show 1H/13C chemical shift
perturbation (13C-HSQC) upon F1β (1-14) titration are shown in red (∆δsum > 0.15) and
residues which show 1H/ 15N chemical shift perturbation (15N-HSQC) are colored yellow
(∆δsum > 0.15). Regions where both amide and aliphatic groups were perturbed are
colored orange. GB-CoxIV 15N perturbations were not mapped here since they contain
essentially the same information as the F1β perturbations. The residues which show the
greatest chemical shift perturbation trace a path through the groove on the concave surface
of the receptor, indicating the likely binding site of the presequence peptide. (B) A molec-
ular surface displaying the conserved residues based on an alignment of 19 plant Tom20
protein sequences. The normalised Rate4Site relative evolutionary rates are mapped to
the surface of AtTom20. Blue indicated values < -1.0 standard deviations from the mean
rate, and cyan for values < -0.5 standard deviations from the mean, where negative rates
are slower than the mean evolutionary rate. Molecular graphics were generated using
PyMOL (DeLano Scienti�c).

on the concave surface, and display some chemical shift perturbation upon
presequence peptide titration.

Assuming that a distant ancestor of the plant Tom20 is a classical TPR
protein without these helical extensions, it remains to be answered exactly
why they have evolved. It may be that the few residues in the insertion
region exposed to the concave groove are important in ligand recognition,
and increasing the length of the concave side groove may allow more speci�c
recognition of longer regions in the presequence. Alternatively, the role of
this region of the receptor may not be directly related to ligand binding and
instead play a role in docking Tom20 into the greater plant TOM complex.
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Helical extension in the context of a TPR superhelix

While no clear representatives have been detected outside the putative plant
Tom20 proteins, it is quite possible that other TPR-like proteins may contain
similar helical insertions. To determine if the style of helical extensions found
in the plant Tom20 receptors are geometrically compatible with the super-
helical structure formed by larger TPR proteins, a comparative model which
incorporates these extensions into an idealised superhelical TPR protein was
created (Figure 4.19).

Assuming a TPR-like protein of this nature adopts the same pitch as the
classical TPR superhelix1, the model indicates that the sequence insertions
can be geometrically accommodated without disrupting the extended super-
structure. The insertions only slightly reduce the accessibility to the open
cavity at the axis of the helix.

Structural context of the full plant Tom20 receptor in vivo

In vivo, the Tom20 receptors do not operate in isolation, but are one of several
components acting together in the TOM complex. In the full length plant
Tom20, the membrane tethering linker region extends from the C-terminii of
the receptor domain, making it attractive to believe that the receptor may
orient with both its N- and C-terminal ends roughly perpendicular to the
plane of the membrane. It is curious to note that if the orientation were such
that the N- and C- terminal side was oriented toward the membrane surface,
this would also put the TPR-like insertion regions directly facing the mem-
brane and the TOM complex. However, the linker region in most putative
plant Tom20s is ∼30 residues long. This is long enough to allow considerable
freedom in the orientation of the receptor domain with respect to the mem-
brane, assuming that the tether is only constrained by its attachment point
to the transmembrane segment and is not involved in strong interactions with
other TOM components or the membrane surface. Certainly more work is
required to establish how both the plant and animal Tom20s integrate with
the TOM complex at the macromolecular level.

Plant Tom20 presequence peptide binding

While other studies have shown that in vivo the plant Tom20 is likely to be
involved in import of mitochondrial preproteins (Heins & Schmitz, 1996; Jan-

1Since the interhelical angles in AtTom20-3 are within the range observed for other
TPR proteins, this assumption seems safe, however it should be kept in mind that a slight
bias in the interhelical angles of the TPR repeats can have a dramatic e�ect on the overall
pitch of the superhelix.
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Figure 4.19: Comparison of an idealised TPR superhelix (cyan) and without (pink) plant
Tom20-like helical extensions, based on �extrapolation� of the designed CTPR 3 protein
(pdb:1NA0) (Main et al., 2003). Residues in the �rst and second insertion are coloured
red and magenta, respectively.
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sch et al., 1998; Werhahn et al., 2001), this study is the �rst to directly show
that a plant Tom20 can speci�cally interact with a mitochondrial targeting
sequence, demonstrating further functional similarity to the animal/fungal
type of receptor.

It is not unreasonable to expect that many TPR or TPR-like proteins
bind short linear polypeptide segments along their concave groove, and it
seems that in this respect the plant Tom20 receptor is no di�erent. Magliery
and Regan (Magliery & Regan, 2004, 2005) have shown that the TPR motif
positions 2, 5, 9, 12, 13, 33 and 34 (refer to Figure 4.12 and Figure 4.20)
face into the concave side groove and are likely to be residues at the ligand
binding interface in TPR proteins. All but position 33 and 34 have been
observed to make ligand contacts in the few TPR-ligand structures avail-
able. In AtTom20-3, these positions correspond to residues D32, T35, G39,
L42, E43, K73 and K74 in TPR1 and E76, W79, N83, T86, S87, D118 and
N119 in TPR2, nine of which are conserved, and half of which (G39, L42,
E43, W79, T86 and S87) show some chemical shift perturbation upon pre-
sequence peptide titration. These latter residues are also among the most
conserved on the concave face, suggesting that in contrast to the poorly con-
served residues on the convex surface of the molecule, the putative ligand
binding residues in the concave groove are generally under stronger positive
evolutionary selection. The overall 'focus' of the binding region appears to be
toward the N- and C-terminal end, and residues K73/D118 and K74/N119
which correspond to motif positions 33 and 34 respectively, show no chemical
shift perturbations and are distant from the putative binding site.

In addition to the residues identi�ed by Magliery and Regan, the TPR
proteins O-linked GlcNAc transferase (OGT), Tom70 and Hop all contain
a conserved asparagine in position 9, as well as high conservation at posi-
tion 12. In Hop TPR1 and TPR2A domains, these two positions are highly
conserved and are involved in substrate interactions with the Hsp70/Hsp90
EEVD peptide (Scheu�er et al., 2000a), while in OGT, a conserved pattern
of asparagines at position 12 in the TPR motifs has also been proposed to
be involved in substrate recognition (Jinek et al., 2004). The plant Tom20
receptor also contains conserved residues at these positions (N83 and T86)
which contribute to a hydrophilic patch in the groove on the concave face,
along with the conserved S87 (motif position 13). Based on the chemical
shift perturbation results, it appears that N83, T86 and S87 may be part
of the presequence peptide binding interface, contributing weak electrostatic
and/or hydrogen bonding interactions, in addition to the hydrophobic inter-
actions from other residues in the groove. This is quite unlike the animal
Tom20, which displays an almost entirely hydrophobic interface for prese-
quence peptide binding, and contains considerably di�erent residues at the
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motif positions 9, 12 and 13 (E78, L81 and A82 in rat respectively, of which
E78 and A82 appear in contact with the ligand in the published structure).

While there is no direct evidence, it appears a reasonable hypothesis that
presequence peptides bound to plant Tom20 are in a helical conformation,
similar to that found for the animal RnTom20 (Abe et al., 2000). There is
some evidence that mitochondrial targeting presequences were present as a
�preadaptation� in bacterial proteins, before the endosymbiotic event which
gave rise to mitochondria (Lucattini et al., 2004). Plant and animal/fungal
presequences have very similar physiochemical properties, presumably due
to the common origin of the core TOM complex in plants and animals and
the associated sequence requirements in order to function in this system.
Functionally, these targeting sequences appear equivalent, since plant mito-
chondrial presequences often correctly target proteins in yeast (Bowler et al.,
1989), and vice versa (Schmitz & Lonsdale, 1989). The results presented here
show that a yeast presequence (CoxIV 1-25) will speci�cally interact with the
plant AtTom20-3 receptor. Due to the general cross-kingdom functionality of
mitochondrial targeting presequences, it is likely that the plant Tom20 recep-
tor exploits the amphipathicity of presequence peptides in a similar fashion
to the animal Tom20 receptor, which almost certainly requires the prese-
quence peptide to be in a helical conformation to form a large hydrophobic
interface.

While unlikely, another possibility is that presequence peptides are bound
in an extended conformation, such as that seen in the Hop TPR1 or TPR2A
peptide complexes. This would require the plant Tom20 to make interactions
with a mixed pattern of hydrophobic/hydrophilic residues in a completely
di�erent spatial arrangement to that found in an amphipatic helix. For
example, proteins such as the chaperones mtHsp70 (or bacterial DnaK) and
yeast Ssa1 bind mitochondrial presequences in an extended conformation,
but are probably less speci�c than the Tom20 receptors (Zhang & Glaser,
2002; Zhang et al., 1999). While this type of bound conformation to the
plant Tom20 is certainly possible, it seems a helical binding conformation is
more probable.

Using a molecular model, Das et al. (1998) have shown that a poly-leucine
helix is comfortably accommodated within the groove of a typical TPR pro-
tein, and Abe et al. (2000) directly demonstrated the binding of a small
helical presequence peptide segment in the groove of RnTom20. To visu-
alise the relationship between the observed chemical shift perturbations and
the possible position of presequence peptide binding, a theoretical model of
AtTom20-3 cytosolic domain with three 8 residue segments of helical prepep-
tide was constructed (helices represented as cylinders) (Figure 4.21).

While the presequence peptide fragments are depicted as helical segments,
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Figure 4.20: Chemical shift perturbations observed in AtTom20-3 F1β (1-14) titration
(transparent molecular surface over ribbon representation). Residues in the �Magliery
and Regan� predicted ligand binding positions (motif positions 2, 5, 9, 12, 13, 33 and 34)
are shown as sticks.
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there is no direct experimental evidence that the presequence peptide bind-
ing conformation to plant Tom20 is helical, other than blind analogy to the
animal Tom20 presequence peptide binding conformation. Although the ex-
act orientation of the presequence is not known this model shows that the
geometry of the groove can accommodate a helical segment of similar com-
position to that those found in many presequences. Almost all mitochondrial
targeting presequences are > ∼12 residues long, most being long enough to
span the entire groove on the concave side of the plant Tom20 in a helical
conformation. This model illustrates a possible path of a presequence pep-
tide across the receptor surface which appears reasonably consistent with
observed chemical shift perturbation results.

Plant Tom20 as a charge based �lter?

Apart from electrostatic interactions playing an overall role in TPR fold sta-
bility through i→i+3 and i→i+4 salt bridges, it has also been shown that
the overall charge on the convex face can modulate binding of an oppo-
sitely charged peptide ligand. Cortajarena et al. (2004) designed a Hop-like
TPR protein (based on CTPR3) to bind the acidic Hsp90 C-terminal pep-
tide, matching all residues of the ligand binding interface to the consensus
for the natural receptor, but engineering a highly negatively charged convex
side. They found that unless mutations were introduced to neutralise this
charge on the convex face, no peptide binding could be detected. Most acidic
residues in AtTom20-3 are on the convex face, and cluster to the end of the
helices furthest from the N- and C-termini and the extreme N-termini. Over-
all, the electrostatic potential at the surface in most parts of the molecule is
negative, including the surface of the concave groove (Figure 4.22), quite un-
like most TPR motifs which tend to have an overall neutral charge (Magliery
& Regan, 2004). By analogy, the work of Cortajarena et al. (2004) suggests
that despite not directly clustering over the concave groove, acidic residues
on the convex face of AtTom20-3 could still play an important role in modu-
lating a�nity for the highly positively charged presequences it binds through
long range electrostatic interactions. Since the putative Tom22 receptor in
plants is truncated and lacks the large acidic regions of its animal and fungal
counterpart (Macasev et al., 2004), it is possible that the plant Tom20 has
taken over this role as a 'charge based �lter' at the entrance to the Tom40
pore.

No doubt future experiments will cast more light on the molecular de-
tails of presequence peptide binding by the plant Tom20, and comparison of
binding speci�cities across a range of diverse presequences will be required
to determine the extent of similarity to the binding preferences of the ani-
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Figure 4.21: A theoretical model depicting segments of presequence peptide bound to the
AtTom20-3 receptor (helices as cylinders) (two views). The short prepeptide segments
trace a possible path of longer presequence peptides through the groove on the concave
surface of the receptor, loosely mapping to regions which show weak chemical shift per-
turbation upon presequence peptide titration. The receptor is cyan, prepeptide segments
(8 residues each) are orange purple and pink. Sidechains are displayed for residues which
showed the greatest 1H/ 13C perturbation (13C-HSQC) upon F1β(1-14) titration (Yellow
∆δsum > 0.20 ppm, brown ∆δsum > 0.15 ppm), while spheres represent amides which
showed signi�cant perturbation (15N-HSQC) when titrated with F1β(1-14) (blue spheres,
∆δsum > 0.15 ppm) or GB1-CoxIV (additional brown spheres, ∆δsum > 0.20 ppm) titra-
tion. The solvent contact surface of the receptor is also shown, with coloured hydrophobics
(white), hydrophilics (green), basic (blue) and acidic residues (red).
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Figure 4.22: Electrostatic potential at the surface of AtTom20-3, for a single model of
the calculated ensemble. The electrostatic potential (in kT) at the surface of AtTom20-3
(looking into the concave groove) is shown in blue (+ve) and red (-ve) (top left), along side
a ribbon representation showing the placement of acidic and basic residues (top right).
Isosurfaces of the electrostatic potential radiating from the surface of the protein at 1
kT and 2 kT contour level are also shown (bottom panels), highlighting the predominant
negative potential at pH 7.4. The electrostatic potential surface was calculated with ABPS
v0.3.2 (Baker et al., 2001) (http://apbs.sourceforge.net) using the �pdb2pqr� utility v1.0.0
(PARSE force�eld, pH 7.4) to prepare the coordinates and ionisation states, and the
PyMOL ABPS Tools Plugin (Micheal Lerner, 2004; www.umich.edu/∼mlerner/Pymol)
(default parameters, temperature 298 K, 200 mM monoionic salt) to assist calculation
and visualisation.
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mal/fungal receptor. Hopefully in the future, determination of a receptor-
prepeptide complex structure will clearly answer many questions about the
molecular details of mitochondrial presequence recognition in plants.

The relationship of animal and plant Tom20

Over the long time scales of protein evolution, sequence changes faster than
structure. The sequences of modern proteins often have diverged beyond
recognition from their ancestors, while the overall fold appears to have re-
mained the same. In most cases, it is assumed that when two proteins have
a similar three-dimensional structure (the same overall fold), they are ho-
mologous. Similarity in structure is often re�ected in the sequence identity
between the two proteins, and if sequence identity is ∼30 % or greater it
usually guarantees that the two proteins share a common structure, and are
presumed to be related (Hilbert et al., 1993; Orengo et al., 1994; Sander
& Schneider, 1991). However the reverse is not always true; similar struc-
ture does not guarantee any level of sequence identity. It is often observed
that proteins with the same overall fold show very low sequence identity, in
the same range as unrelated proteins (less than 20-25 %) (Chothia & Lesk,
1986; Sander & Schneider, 1991). The result is that when sequence identity
is low, it becomes di�cult to establish if two proteins are related using se-
quence alignments alone. When the sequence identity between two proteins
is in this so-called 'twilight zone', the solution of their three dimensional
structures can be used to determine if they share a common fold, and hence
determine if they are likely to be distantly related.

Based on sequence alone, the animal and fungal Tom20 proteins do not
show enough sequence identity to establish whether the plant Tom20 recep-
tors are homologous, however, comparison of their three-dimensional struc-
tures in combination with sequence features �anking the TPR receptor do-
mains gives some indication of their likely pedigree. The weak sequence
similarity due to the presence of a single TPR in the animal/fungal receptors
suggests that ultimately, both receptors have a lineage that could be traced
back to an original prototypical ancestor of all TPR proteins2 . However,
other features such as the presence of two repeats in the plant receptors (the

2There has also been some speculation that some very common folds, such as α-β
TIM barrels, have arisen more than once through internal gene duplications of simple
secondary structural elements, and are maintained due to the overall stability of the fold
(Farber GK, 1990; Orengo et al., 1994; Reardon D, 1995). It is possible that the TPR fold,
consisting of simple tandem repeats with a large variation in sequence, could also have
arisen multiple times in a similar fashion, however the most parsimonious explanation is
that most TPR proteins are homologous and did not arise de novo from duplication of
simple helix-turn-helix elements. A much deeper sequence analysis could prove otherwise.
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animal/fungal protein only has one), the TPR-like insertions found only in
the plant receptor and the opposite topology of the transmembrane anchors
suggest that these receptors did not share the same TPR ancestor immedi-
ately prior to divergence, but rather arose in two separate events where two
di�erent TPR proteins underwent a change of function. Since TPR motifs are
ubiquitous in protein-protein recognition and protein transport systems, it is
not inconceivable that two di�erent TPR ancestors happened to be suitable
sca�olds from which two unrelated but functionally similar Tom20 receptors
could evolve.

Of course, this is only one hypothesis that appears the most parsimonious.
The exact history of the two types of Tom20 is unknown, and there are
various scenarios whereby one type of Tom20 could have evolved early in
the evolution of mitochondria (in the last common ancestor of plants and
animals), to be later replaced by a new functional analogue in either the plant
or animal/fungal lineage. Since without molecular sequence data from these
ancient organisms we can only speculate about this history the enumeration
of these possibilities is left as an exercise to the reader.



146 CHAPTER 4. PLANT TOM20 SOLUTION STRUCTURE

4.5 Methods

4.5.1 Combined NOE assignment & structure calcula-
tion

Peaklist preparation

NOE distance constraints were derived from 3D 13C-HSQC-NOESY (1H2O),
3D 13C-HSQC-NOESY (2H2O) and aromatic region 3D 13C-NOESY-HSQC
(2H2O) spectra acquired on uniformly labelled {15N,13C}-AtTom20-3(1-145)-
His6, and a 3D 15N-NOESY-HSQC spectra acquired on uniformly labelled
{15N}-AtTom20-3(1-145)-His6. Resonance assignments were derived from
standard triple resonance spectra as described in Chapter 3. The CYANA
program (version 1.0.7) with the CANDID module (Güntert et al., 1997; Her-
rmann et al., 2002) was used for initial NOE crosspeak assignment. Manual
assignment and manipulation of NOESY peak lists was done using the Sparky
program (Goddard T, 1997). Initial NOESY peak lists were prepared to limit
redundant information, as outlined below.

All NOESY peak lists were edited to remove peak markers over the water
signal (∼4.7 ppm) and spectral artefacts arising from very intense signals.
Both the 3D 13C-HSQC-NOESY (1H2O) and 3D 13C-HSQC-NOESY (2H2O)
were folded in the indirect 13C dimension, using an initial F2 sampling delay
of 1

2SW
(where SW is the carbon dimension spectral width in Hz) to invert

the phase of folded peaks. These folded peaks were identi�ed and marked as
'aliased' to allow their correct chemical shifts to be calculated.

NOE crosspeaks within the chemical shift range ∼5.4-10.6 ppm in the
NOESY proton dimension were identi�ed as backbone NH, sidechain NH or
aromatic peaks based on amide assignments and NOE crosspeak presence in
the 3D 13C-HSQC-NOESY (2H2O). All crosspeaks to aromatic protons were
removed from the 3D 13C-HSQC-NOESY (1H2O) peaklist, leaving only NOEs
to amide protons in the F3 proton dimension range ∼5.4-10.6 ppm. Aliphatic
to aromatic NOEs were provided by the 3D 13C-HSQC-NOESY (2H2O) in
which amides are fully deuterated and hence do not produce any NOE cross-
peaks. Separating aliphatic-aromatic and aliphatic-amide NOE crosspeaks
into distinct peak lists reduces ambiguity of assignments in this region of the
spectra. Predominantly, NOE crosspeaks in the CαH and aliphatic region
(<4.25 ppm) were derived only from the 3D 13C-HSQC-NOESY (1H2O),
however some select peaks in this region were included from the 3D 13C-
HSQC-NOESY (2H2O) in situations where they were better resolved. Peaks
with chemical shifts >4.25 ppm in the 3D 13C-HSQC-NOESY (2H2O) in-
direct proton dimension were included (encompassing the water line at 4.7
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ppm and the aromatic region) allowing resolution of peaks obscured in the
1H2O equivalent.

All peaks in the aromatic region 3D 13C-NOESY-HSQC and 3D 15N-
NOESY-HSQC were included. When compared with the 3D 13C-HSQC-
NOESY spectra, these spectra are of lower resolution in the NOESY F1
dimension since it is not directly acquired, and so careful placement of peak
positions in the F1 dimension was required.

Peak heights rather than peak volumes were used for calibration of derived
distance constraints due to the di�culty in accurately determining volumes
for overlapped peaks.

Resonance list preparation

Accurate placement of peaks in NOESY spectra is particularly important for
producing an accurate NOE assignment with CANDID, since the software
has no access to the underlying spectra and only uses the peak positions and
heights (or volumes) provided to it. The input chemical shift assignments
for automated NOE assignment (mean chemical shift values with associated
standard deviations) were derived only from intra-residue NOE assignments
of NOESY peaks, since this provides more accurate chemical shifts which
better re�ect the crosspeak positions in the NOESY spectra for a particu-
lar solvent. This was preferable to using average chemical shift values from
all triple resonance spectra to generate one single resonance list, since due
to slight variation between spectra and peak placement the derived average
chemical shifts have much larger standard deviations, reducing the quality
of automated NOESY assignments. Separate resonance lists were used for
assignments in 1H2O and 2H2O, although there were only a small number
signi�cant chemical shift di�erences between protein resonances in these sol-
vents. Aromatic ring resonances were excluded from the 1H2O resonance list,
while amide resonances were excluded from the 2H2O resonance list.

4.5.2 Automated NOE assignment with CANDID

The CANDID algorithm (Herrmann et al., 2002), implemented as a script
within the CYANA torsion angle dynamics software (Güntert et al., 1997), is
an automated approach to NOE crosspeak assignment and distance restraint
generation for calculation of macromolecular structures. Automated assign-
ment approaches have the advantage of following objective rules, based on
the methodology of the expert human NMR spectroscopist, but can avoid
the potential inconsistency and bias which may otherwise plague the �black
art� of manual NOE assignment. In other words, given the same input data,
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CANDID provides a clearly de�ned deterministic approach to NOE assign-
ment, while manual assignment by two di�erent human operators can vary.
Test cases comparing structures determined by both manual assignment and
automatic NOE assignment with CYANA (Jee & Güntert, 2003)(personal
communication, James Swarbrick, Victorian College of Pharmacy, Monash
University, Australia) suggest that with su�cient input resonance assign-
ments the structures produced by CANDID/CYANA are of comparable pre-
cision and accuracy to structures derived from manually assigned NOEs.

Summary of the CANDID algorithm

As initial input, CANDID requires the protein sequence, near complete res-
onance assignments (∼90 %) and unassigned NOESY peak lists. Other re-
straints such as J-couplings, dihedral angle constraints and hydrogen bond
restraints can also be included if available. The algorithm goes through seven
cycles of NOE assignment, calibration, �ltering and structure generation, us-
ing the structure calculated in the previous cycle as a template for further
assignment scoring and elimination. In the �rst cycle, where no initial struc-
ture is available, ambiguous distance constraints, constraint combination,
network anchoring and peak �ltering play a pivotal role in allowing CAN-
DID to produce the correct protein fold. Subsequent cycles depend on this
initial folded structure for scoring and elimination of NOE assignments, and
if the initial fold in the �rst cycle is incorrect these later cycles will fail to
converge upon the correct fold.

Each possible assignment (k) for an NOE peak is given a score, termed a
�generalized relative contribution� to the peak volume, Vk, which is a nor-
malised value based on chemical shift �t to the proposed assignment (Ck),
the presence of symmetry-related (mirror) peaks (Tk), compatibility with co-
valent structure (Ok), network anchoring score (Nk) and compatibility with
the 3D structure (in cycles 2-7) (Dk). The sum of Vk for all possible assign-
ments (k) of a peak is equal to 1. Low ranking assignments are discarded,
while assignments which rank above a de�ned threshold are retained and
used to generate distance constraints.

A detailed description of the CANDID algorithm can be found in Her-
rmann et al. (2002), and general overview of various automated NOE as-
signment techniques is covered in Güntert (2003) and Gronwald & Kalbitzer
(2004). Some of the key techniques used by the CANDID algorithm are
outlined below.
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Ambiguous distance constraints

If a peak lies at the chemical shift of a unique resonance in each dimen-
sion (within de�ned tolerances), the NOE crosspeak can be unambiguously
assigned, and a single distance restraint generated (assuming other peak
quality measures are also met).

However, because of limited accuracy in which the chemical shift of
NOESY crosspeaks can be measured, many crosspeaks cannot be unam-
biguously assigned to a single unique resonance. It has been reported that
when using a proton chemical shift threshold of 0.01 ppm, ∼ 90 % of NOE
crosspeaks can be considered ambiguous in the absence of a reference struc-
ture (Mumenthaler & Braun, 1995), while others have provided even higher
estimates (Güntert, 2003). This means that if only unambiguous distance
restraints are used for calculation, the majority of the potential information
available in the NOESY spectrum is lost. In the �rst cycle of AtTom20-3
CANDID calculation where there was no reference structure for elimination
of assignments, there was on average 3.4 assignments per constraint.

Ambiguous distance constraints allow peaks with multiple possible as-
signments to be included in a structure calculation, and as long as one or
more correct assignments exists in the set, the incorrect constraints should
not introduce inconsistencies or detrimentally counteract 'trusted' unambigu-
ous constraints (Nilges, 1993, 1995, 1998). Ambiguous upper bound distance
constraints are implemented in CANDID by treating an ambiguous peak as
the sum of intensities for each possible assignment, and weighting an as-
signment's contribution to the total peak intensity by its generalized volume
contribution score (Vk). As long one of the possible interatomic pairs is
within the upper bound, the ambiguous constraint is considered satis�ed.

Constraint combination

Long range constraints (i→i+n, where n >=5) are pivotal in determining
the overall fold of the proteins. Constraint combination aims to reduce the
impact of erroneous long range constraints, which could otherwise distort the
fold, by randomly combining groups of long range constraints into ambigu-
ous distance constraints. During cycles 1 and 2, long range constraints are
randomly grouped in 2→1 or 4→4 style ambiguous distance constraint sets.
2→1 combinations pair two long range constraints into a single ambiguous
distance constraint, equivalent to the treatment of ambiguous assignments,
while 4→4 combinations do the same but for all pairwise combinations of
the four constraints. Like regular ambiguous distance constraints, provid-
ing one of the combined constraints in the group is correct, the combined
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constraint will not violate. Combined constraints help reduce the impact of
limited numbers of incorrectly assigned long range constraints and reduce
the chance of early cycle calculations producing an incorrect fold.

Network anchoring

The network anchoring score (Ok) is a measure of the 'connectedness' of an
NOE assignment with the graph formed by all assignments, and operates to
eliminate 'orphan' constraints which can arti�cially distort relatively uncon-
strained parts of the structure. This e�ectively mimics the typical practice
of an expert human spectroscopist, who would carefully scrutinise and often
discard such constraints if they are poorly supported.

The network anchoring score (Nk) for a peak assignment to atoms α and
β is based on the number of indirect connections bridging α and β through
a third atom, where the third atom must be within the residue range i or
i±1 relative to α and β. Here, connections are de�ned as NOE distance
constraints, as well as distances to atoms that due to covalent connectivity
should be within range to display an NOE. The �nal value of Nk is weighted
by the generalised volume contributions associated with each connection, and
since Nk itself is required to calculate the generalised volume contribution, Nk
must be evaluated iteratively alternating with generalised volume contribu-
tion evaluations. For further details of network anchoring score calculation,
see Herrmann and Güntert, 2002.

Structure dependant NOE elimination

Much of the structure dependant NOE �ltering method used by CANDID
is based on methods used by the earlier NOAH routine for automated NOE
assignment (Mumenthaler & Braun, 1995; Mumenthaler et al., 1997). In
CANDID implementation of NOE elimination (as described for version 1.0.7),
an NOE peak only contributes to a distance constraint if its generalised
volume contribution (Vk) is greater than the de�ned threshold (Vmin), it
has less than a de�ned number of possible assignments (nmax =20 in cycles
1-6), its associated distance constraint does not violate by a de�ned amount
(in 75% of structures in cycles 2-3, 40 % in cycles 4-7) and the peak has a
su�ciently high average network anchoring score. Assignment possibilities,
retained assignments and results of elimination are output at the end of
each cycle (.ass �les) and can be examined to assist manual correction of
assignments if required.
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Assessment criteria

Hermann and Günter (2002) have de�ned several criteria which help assess
whether a structure determination using CANDID was successful, providing
> 90 % of non-labile 1H, 15N and 13C resonances are given in the input chem-
ical shift list, and NOESY peak lists are carefully calibrated (for 3D spectra
to within 0.03 ppm and 0.6 ppm in proton and heteronuclei dimension, re-
spectively):

(i) Average target function in cycle 1 < 250 Å 2, �nal (cycle 7) average
target function < 10 Å 2, 80 % of picked NOESY crosspeaks assigned
and < 20 % long range constraints eliminated.

(ii) Average backbone RMSD to the mean (over ordered regions) < 3.0 Å
after cycle 3. The backbone heavy atom RMSD (mean coordinates over
ordered regions) between the ensemble in cycle 1 and cycle 7 should
be < 3.0 Å, and not greater than the average backbone heavy atom
RMSD after cycle 1 by more than 25%.

Subsequent testing by Jee and Günter (2003) suggested that only criteria
(ii), and the requirement that less than 25 % of long range contraints be
discarded for cycle 7 (where only unambiguous constraints are included),
were essential to indicate a successful automated structure determination.

Structures that these pass these criteria have been shown in all cases to be
correctly folded and are typically of similar quality to manually determined
structures.

4.5.3 Interoperation of Sparky and CYANA

Although Sparky version 3.111 includes an extension to allow export of
XEASY format peak ('.peak') and resonance ('.prot') lists, it did not have the
ability to import XEASY format, which is produced by CYANA. An XEASY
format import extension was written in the embedded Python language to
allow easy analysis of NOESY peak assignments and violations output by
CYANA (Figure 4.23 shows the graphical user interface).

CYANA uses XEASY peak IDs as identi�ers of individual peaks. This
poses a problem for interoperation with Sparky, since Sparkys internal peak
IDs are not persistent between sessions and cannot be relied upon to remain
as immutable identi�ers of a peak. This was overcome by appending the
XEASY peak ID to the Sparky peak note �eld (as the string �XEASY_ID=X�,
where X is the peak ID number), which is saved by Sparky and remains per-
sistent between sessions. This allows a mapping between peaks identi�ed by
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CYANA and peaks in Sparky, enabling more e�cient location of violating
peaks in the spectra. To �nd a peak based on the XEASY peak ID a cus-
tom peak list window which allows regular expression �ltering based on the
peak notes was used to search directly for the XEASY_ID in the peak notes.
The string 'VIOL', followed by several �elds relating to the violation (e.g.
average violation, maximum violation, number of structures with violation)
is appended to the Sparky peak notes based on information in the CYANA
overview �le (.ovw), and can be used to list only peaks whose associated
distance constraint violates.

The XEASY export extension (bottom dialog) is essentially the same as
that provided with the Sparky distribution, however the customised version
presented here allows an integer o�set to the export peak IDs (in this case,
+10000), allowing clearer and easier identi�cation of peaks with identical
assignments from di�erent spectra.

4.5.4 Backbone angle and coupling constraints

TALOS (Cornilescu et al., 1999) backbone φ/ψ dihedral angles were pre-
dicted based on Hα, Cα, Cβ, C', N chemical shifts, and the quality of pre-
dictions classi�ed based on the rules outlined in Chapter 3. Residues with
predictions classi�ed as �Good� were used as dihedral angle constraints, using
either the predicted error range or ± 15 ◦, whichever was greater.

3J(HNHα) vicinal scalar couplings measured from the HNHA spectrum
were used directly in re�nement. 129 3J(HNHα) values were used directly as
constraints in the structure calculation with error bounds of ±2 Hz. Inter-
nally, the CYANA program uses the Karplus equation 3J (HNHA) = 1.72 −
1.38 cosφ + 6.98 cos2 φ (Figure 4.24), to de�ne allowed ranges of backbone
φ dihedral angles and directly re�ne against 3J(HNHα) by backcalculating
couplings during structure the calculation.

4.5.5 Hydrogen bond constraints

Hydrogen bonds were de�ned based on slowly exchanging amide resonances
from an 1H/2H exchange experiment, where {15N/13C}- AtTom20-3 was
freeze dried in 1H2O based bu�er, and then resuspended in 2H2O bu�er
(∼0.5 mM protein, 375 µl total volume) before quickly acquiring a series
of 15N-HSQC spectra. The �rst timepoint was taken at t=7.5 mins, with
one spectrum acquired every 5.25 mins until t=80.25 mins (total acquisition
time 5.25 mins per spectra), then one spectrum acquired every 20.75 mins
until t=164.25 mins (total acquisition time 20.75 mins per spectra), a single
spectra at t=185 mins with 42.0 mins acquisition time, and then one spectra
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Figure 4.23: Custom Sparky CYANA import (top) and XEASY format export (bottom)
dialogs. The CYANA import extension takes a CYANA overview �le (.ovw) and the �nal
assignment peak and resonance lists (output by CYANA in XEASY format) and creates
the peaks on the selected spectrum. Typically, the user should �rst open or create a
second copy of the relevant spectrum in a di�erent Sparky 'condition' in order to keep
automatically and manually assigned peaks separate.
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Figure 4.24: 3J(HNHα) Karplus curve, describing the coupling dependence on the dihedral
angle

every 123.5 mins from t=246.75 to t=987.75 (t=16.5 hours) (total acqui-
sition time 84 mins per spectra). Amides with signals remaining after 1.3
hours exchange were inferred to be hydrogen bonded in a standard α-helical
periodicity.

Hydrogen bond constraints were included in the CYANA calculation using
upper and lower distance constraints such that the donor-acceptor (HN-O)
range is 1.5-2.5 Å and the donor heteroatom-acceptor (N-O) range is 2.4-3.6
Å (similar to (Baber et al., 1999)). These constraints are more conservative
than the default hydrogen bond constraint implemented in CYANA 1.0.7
('hbond' command) which constrains the donor-acceptor (HN-O) range to
1.8-2.0 Å and the donor heteroatom-acceptor (N-O) range to 2.7-3.0 Å.

4.5.6 Stereospeci�c methyl assignments

Stereoselective fractionally 13C-labelled protein was produced for stereospe-
ci�c assignment of prochiral methyl groups of valine and leucine residues by
growth of appropriately transformed E. coli in minimal media containing a
10 % {U,13C}-glucose / 90 % 12C-glucose mix as the sole carbon source (Neri
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et al., 1989). Due to the stereoselective nature of valine and leucine biosynthe-
sis in E. coli, this results in a mixture of species whereby if the proR methyl is
13CH3 (labelled) it always has an attached 13CH2 (labelled) methylene, while
if the residue has a proS 13CH3 (labelled) it is predominantly attached to
a 12CH2 (unlabelled) methylene. This means that, for example, in a proton
decoupled directly detected 13C 1D spectra, the proR methyl signals will be
spit due to the 13CH3-13CH2 scalar coupling, while proS methyl signals will
show no splitting since the methylene carbon position will be predominantly
unlabelled. For this study, a constant time 13C-HSQC spectra was used for
stereoassignment of these methyl groups, where the presence or absence of
13C-scalar couplings for proR or proS methyl carbons respectively results in
proR methyl signals being of opposite phase to proS methyl signals (since
during the constant time carbon evolution period (27 ms) the scalar coupling
on the proR carbons will change their phase with respect to the uncoupled
proS carbons). As with typical 13C-HSQC spectra, this scalar coupling is
prevented from evolving during proton signal acquisition by using carbon
decoupling, so that all peaks in the resulting 2D spectrum are observed as
singlets.

Some methylene Hβ protons were stereoassigned using analysis of the
3JHαHβ2/3 and 3JHNHβ2/3 scalar coupling values, based on HACAHB and
HNHB crosspeaks intensity respectively, in combination with 15N-NOESY
HN-Hβ2/3 intensities. When one of the two stereoassignment possibilities
was consistent with the expected NOE pattern associated with a predicted
χ1 torsion angle range (from binning of 3JHαHβ2/3 and 3JHNHβ2/3 into trans,
gauche+ and gauche- rotamers), this assignment was used. If expected
patterns were inconsistent or suggested conformational averaging, the best
stereoassignment was left to be automatically determined by the �oating
chirality algorithm within CYANA structure calculations. This analysis is
similar to the method of Hyberts et al. (1987), but here amplitude modu-
lated experiments rather and 2D COSY α-β spin multiplets were used to
determine coupling values.

4.5.7 PSI-BLAST and multiple sequence alignments

The PSI-BLAST (Altschul et al., 1997) search using the AtTom20-3 (Swis-
sprot: P82874) query sequence against the NCBI non-redundant ('nr') database
(06/09/2005) was conducted using the NCBI PSI-BLAST webservice with
default parameters (BLOSUM62 scoring matrix; e-value cuto� = 10; word
size = 3; gap existance cost = 11; gap extension cost = 1; e-value threshold
for inclusion into next iteration <= 0.005) for four iterations.
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4.5.8 Rate4Site evolutionary rate analysis

Sequences of 19 putative plant Tom20 proteins identi�ed using Hidden Markov
Model searches were kindly provided by Vladimir Likic and Trevor Lith-
gow (Department of Biochemistry and Molecular Biology, University of Mel-
bourne, Australia). A multiple sequence alignment (MSA) of these sequences
was generated using T-COFFEE v2.03 (Notredame et al., 2000). The Rate4Site
program (Pupko et al., 2002) was used to estimate site speci�c evolutionary
rates, by providing the MSA as input and using default parameters. Brie�y,
Rate4Site generates a phylogenetic tree with the maximum likelyhood (ML)
method, and estimates site speci�c relative evolutionary rates using an em-
pirical bayesian method (Mayrose et al., 2004b), given the ML branch lengths
and assuming the JTT substitution model (Jones et al., 1992) for independent
sites. Figures representing Rate4Site data were prepared with an in-house
Python script which produces a MOLMOL (Koradi et al., 1996) macro for
colouring the relevant structure.

15N-labelled GB1-CoxIV presequence peptide titration

15N-GB1-CoxIV, ScTom20 andAtTom20-3 were expressed and puri�ed as de-
scribed in Chapters 2, 3 and 5. Aliquots of concentrated, unlabelled ScTom20
or AtTom20 receptor (20 mM sodium phosphate, 150 mM sodium chloride, 1
mM EDTA, pH 7.4) were added to 350 µL of 0.1 mM 15N-GB1-CoxIV in the
same bu�er, such that the molar ratio of 15N-GB1-CoxIV:receptor was 1:1
and the total volume change less than 10%. 15N-HSQC spectra were acquired
at 25 °C before and after addition of the receptor. An 15N-HSQC spectrum of
15N-GB1 alone (with the CoxIV peptide region removed by thrombin cleav-
age and repuri�cation on IgG sepharose) was used to identify resonances
arising from the GB1 domain.

4.5.9 Chemical shift mapping presequence peptide bind-
ing to 15N,13C-labelled AtTom20-3

A sample containing 0.1 mM 15N-AtTom20 (20mM sodium phosphate, 150
mM sodium chloride, 1 mM EDTA, 1 mM TCEP, pH 7.4) was titrated with
a concentrated solution of unlabelled GB1-CoxIV or the synthetic peptide
based on the F1β subunit of ATP sythase from Arabidopsis thaliana (residues
1-14, MASRRVLSSLLRSS) (Auspep, Melbourne, Australia) recording 15N-
HSQC spectra at intermediate points up to a �nal protein:prepeptide molar
ratio of 1:1 for GB1-CoxIV and 1:10 for F1β (1-14). An equivalent experiment
acquiring 13C-HSQC spectra was recorded using 0.5 mM{13C,15N}-AtTom20
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titrated with the F1β peptide up to a �nal protein:prepeptide molar ratio of
1:7.

4.5.10 Comparative modelling TPR superhelix with plant
Tom20-like insertions

An idealised TPR superhelix with the plant Tom20-like helical extensions
was constructed using overlapping repeats of the designed CTPR3 coordi-
nates (Main et al., 2003) (pdb:1NA0) as a template and the AtTom20-3
TPR-like repeats as the target sequence, using the MODELLER 8v1 soft-
ware (Fiser et al., 2000; Marti-Renom et al., 2000; Sali A, 1993) (http://-
salilab.org/modeller/modeller.html). The standard �model-default.top� pro-
tocol was used to generate 20 models (with additional secondary structure
constraints, below), using MD_LEVEL = 're�ne_3'. Secondary structure
was constrained to α-helix over regions corresponding to the AtTom20-3 TPR
helices, since the template structure does not contain structural information
for constructing the helical insertion regions. The �nal model contains 10
TPR units, which is more than one complete turn of superhelix, and matches
the pitch seen in the bona �de superhelical TPR crystal structure of O-linked
GlcNAc transferase (pdb:1W3B, (Jinek et al., 2004)).

4.5.11 Receptor/presequence peptide hypothetical model

The model was generated as follows. The program ftdock from the 3D-
DOCK suite (Gabb HA, 1997) (http://www.bmm.icnet.uk/docking/) was
used to produce simple rigid body surface complementarity models of the
AtTom20-3 structure (residues 5-142) with an 8 residue segment of alde-
hyde dehydrogenase from the RnTom20 complex structure (1om2 chain B,
residues 4-11which is the best de�ned region), using the default parameters
(12 degree rotation steps, electrostatic complementarity 'on', 0.706 Å grid
cell size). These results were ranked using the residue pair-potential RP-
SCORE (Moont G, 1999), and then �ltered based on proximity (4.5 Å) to
three residues (G39 and S87 or P93 and S87) near the centre of regions with
the greatest chemical shift perturbations. The three prepeptide segments
shown are single representatives selected from the top 10 models after �lter-
ing.
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Chapter 5

Expression, puri�cation and

characterisation of

Saccharomyces cerevisiae Tom20

and Tom22

5.1 Introduction

In opisthokonts, the TOM complex contains two key receptor components
with cytosolic domains responsible for recognition of N-terminal mitochon-
drial targeting signals. The �rst is the animal/fungal type Tom20 receptor,
and the second is the Tom22 protein.

Tom22 is an integral part of the TOM complex, acting as both a cytosolic
(�cis�) receptor for mitochondrial preproteins (Brix et al., 1997; Kiebler et al.,
1993) and as a trans site in the intermembrane space for binding and transfer
of preproteins to the TIM23 complex (Bolliger et al., 1995; Chacinska et al.,
2005; Moczko et al., 1997). It is also an intrinsic structural component of
the TOM complex, required for its correct assembly (van Wilpe et al., 1999),
and is generally essential for viability in yeast (Honlinger et al., 1995; Lith-
gow et al., 1994a; Nakai & Endo, 1995; van Wilpe et al., 1999). It is found
in all kingdoms of eukaryotes although shows some signi�cant variations be-
tween the fungal, mammalian and plant forms (Macasev et al., 2004). The
transmembrane region of Tom22 is the most highly conserved region across
all eukaryote kingdoms, while large parts of the cis and trans domains show
much lower sequence conservation (Macasev et al., 2004). In yeast, only
the transmembrane region is required for structural integrity of the TOM
complex (400 kDa General Import Pore complex), while the cis and trans

159
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domain can be removed without any detectable dissociation of the complex
on native PAGE (van Wilpe et al., 1999).

The cis domain of fungal Tom22 has been shown to act as an N-terminal
targeting presequence receptor in vivo (Kiebler et al., 1993) and in vitro
using outer membrane vesicles (Mayer et al., 1995a) or puri�ed cytosolic do-
main (Brix et al., 1997, 1999). The N-terminal half of the fungal and animal
Tom22 cis domain is highly enriched in acidic amino acids, and it has been
proposed that this region of the fungal Tom22 contributes to its role as a
targeting presequence receptor through electrostatic interactions with posi-
tively charged presequences (part of the 'acid chain')(Honlinger et al., 1995;
Kiebler et al., 1993; Komiya et al., 1998; Lithgow et al., 1994a; Schatz, 1995).
Truncation mutants lacking this acidic region in S. cerevisiae or Neurospora
crassa result in loss of viability, highlighting the importance of this domain
in the function of the fungal TOM complex (Egan et al., 1999; Nargang et al.,
1998).

The short trans domain of Tom22 is found on the intermembrane space
side of the TOM complex, and its precise function is less clear, since there
have been con�icting reports about its importance in the formation of a
trans precursor binding site and its contribution to import e�ciency. Sev-
eral lines of evidence have been used to demonstrate the role of the Tom22
trans domain in preprotein import. These include lowered growth rate of
mutant yeast strains containing a truncated Tom22 trans domain (Macasev
et al., 2004; Moczko et al., 1997), decreased in vitro import into isolated
mitochondria from these mutant strains (Bolliger et al., 1995; Frazier et al.,
2003; Macasev et al., 2004; Moczko et al., 1997), and in vitro binding or
coimmunoprecipitation between puri�ed (recombinant) Tom22 trans domain
fusion proteins and preproteins or presequence peptides (Bolliger et al., 1995;
Komiya et al., 1998).

Yeast truncation mutants lacking the trans domain show slower growth
than the parental wildtype strain under some conditions, and preproteins
with N-terminal presequences are imported in vitro with lower e�ciency
(typically in the range ∼ 3 � 8 fold) (Bolliger et al., 1995; Frazier et al.,
2003; Macasev et al., 2004; Moczko et al., 1997). Curiously, despite their
poor sequence conservation, Tom22 trans domains appear somewhat inter-
changable between distantly related organisms, since a chimeric yeast Tom22
containing the trans domain from A. thaliana Tom22 also restores growth
to near wildtype levels (Macasev et al., 2004). Others have reported no dif-
ference in viability of strains containing a truncated Tom22 trans domain
(Nakai et al., 1995), and only slight or undetectable di�erence of in vitro
import e�ciency of precursors when the Tom22 trans domain was removed
(Court et al., 1996; Nakai et al., 1995) (although as noted by Moczko et al.
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(1997), elevating growth temperature to 37 ◦C from 30 ◦C can di�erentiate
the Tom22-∆trans strain from wildtype, and Nakai et al. (1995) only re-
port growth at 30 ◦C. It is believed that the preprotein binding function of
the trans domain is presequence mediated, since truncation of the domain
in N. crassa or S. cerevisiae was shown to only impair import of some ma-
trix preproteins with N-terminal targeting signals, and not those targeted to
the outer membrane or intermembrane space without cleavable presequences
(Court et al., 1996; Moczko et al., 1997). In support of this �nding, no direct
binding was detected by coimmunoprecipitation of a Tom22 trans domain
fusion protein and outer membrane precursors porin (Por1) and Mdm12p
(Komiya et al., 1998).

The binding of recombinantly produced MBP-ScTom22(trans) domain
fusion protein with synthetic presequence peptides (yeast CoxIV and cpn10)
has been measured using pulldown assays detecting with SDS-PAGE, and a
competition assay using radiolabelled prepeptide (Bolliger et al., 1995). By
these methods it was found that the Tom22(trans) domain fusion protein
had a relatively high a�nity (Kd < 1 µM) for these presequence peptides,
while a control MBP fusion protein (MBP-lacZ) displayed at least 10-fold
lower binding a�nity (Bolliger et al., 1995). Binding a�nities of a similar
order of magnitude were measured by coimmunoprecipitation of radiolabelled
preproteins with recombinantly produced MBP-Tom22(trans) fusion protein,
while no coimmunoprecipitation of precursors with MBP alone was detected
(Komiya et al., 1998). Synthetic presequence peptides could compete for
binding to MBP-Tom22(trans) indicating that the interaction was via the
targeting signal of the preprotein. Additionally, it was also shown that in
vitro the MBP-Tom22(trans) fusion protein could transfer bound precursors
to the acidic N-terminal domain of the TIM23 complex (as a puri�ed GST
fusion protein) (Komiya et al., 1998), suggestive of a mechanism for transfer
from the trans site to the TIM23 complex.

A commonly accepted model for the preprotein interaction pathway dur-
ing import across the outer membrane proposes that after initially binding
at the cis site on the cytosolic side and subsequent pore insertion, the N-
terminal portion of the preprotein becomes tightly associated with a protease
protected trans site in the intermembrane space, while the mature region is
unfolded on the cytosolic side (Mayer et al., 1995b; Rapaport et al., 1998).
If the preprotein substrate is arrested in the TOM complex by dissipation of
the membrane potential, and the mitochondria subjected to a high salt wash
(to disrupt electrostatic interactions) (Kanamori et al., 1999) or external
protease shaving (removing the cytosolic receptor domains) (Moczko et al.,
1997), after restoration of the membrane potential only mitochondria with an
intact Tom22 trans domain can e�ciently complete import of the precursor
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into the matrix. This accumulated evidence suggests that the trans domain
is not essential for initial association or insertion of the presequence region
across the TOM complex, however it plays an important role in completion
of translocation of the full preprotein, possibly due to prevention of 'back-
sliding' by holding presequences at the trans site, or by facilitating transfer
to the TIM complexes for active transport under the electrophoretic force.

More recently, good evidence has been presented to suggest that the
Tom22 trans domain is directly involved in tethering the TOM complex
to the TIM23 complex, in cooperation with Tim50 and Tim21, to gener-
ate a transient supercomplex (Chacinska et al., 2003, 2005). In this model,
the Tom22 trans domain initially forms part of the trans preprotein bind-
ing site, but is subsequently released to interact with Tim21 in the TIM23
complex, physically tethering the TOM complex to the TIM23 complex. Pre-
proteins are passed from the trans site to the Tim50 receptor for insertion
into the TIM23 pore, while Tim21 is displaced from the TIM23 complex
by the PAM complex in order for import actively driven by ATP hydrolysis
to begin (Chacinska et al., 2005; Perry & Lithgow, 2005). This TOM-TIM
interaction is consistent with previous observations of import 'contact' sites
between the outer and inner membranes (Berthold et al., 1995; Horst et al.,
1995; Pfanner et al., 1990b; Pon et al., 1989; Rassow et al., 1989; Reichert &
Neupert, 2002; Schleyer & Neupert, 1985; Schwaiger et al., 1987), and pro-
vides an experimentally supported model to explain the import enchancing
role of the Tom22 trans domain.

Plants contain clear sequence homologs of Tom22, based on similarity
within the transmembrane region and a portion of the cytosolic domain,
however the plant Tom22 cytosolic domain is shortened with respect to those
found in opisthokonts and does not contain the highly acidic N-terminal
region (Macasev et al., 2000). No studies have directly shown that the plant
Tom22 can function as a presequence receptor in vivo or in vitro, and it is
possible that since the acidic region of the plant Tom22 cis domain is absent,
its presequence recognition role has been entirely taken over by the other
components of the plant TOM complex, such as the plant Tom20 receptor.

While Tom22 appears essential and is found in all eukaryote genomes ex-
amined to date, the animal/fungal Tom20 receptor is not strictly essential in
yeast although deletion mutants show severe growth defects (Harkness et al.,
1994; Lithgow et al., 1994a,b,b; Moczko et al., 1994; Ramage et al., 1993).
The animal/fungal Tom20 receptor is functionally similar to the apparently
non-homologous receptor in the plant/green algae lineage (Perry et al., 2006;
Werhahn et al., 2001)(Chapter 4 this thesis). Animal/fungal Tom20 func-
tions to recognise mitochondrial preproteins at the surface of the outer mito-
chondrial membrane, through direct binding of targeting presequences (Brix
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et al., 1997, 1999; Muto et al., 2001; Obita et al., 2003), and possibly other
regions of preproteins (Brix et al., 1997, 1999; Moczko et al., 1993; Ramage
et al., 1993; Sollner et al., 1989). The NMR solution structure of the cy-
tosolic domain of Tom20 from Rattus norvegicus has been determined (Abe
et al., 2000), and shows that the presequence peptide binds in an amphi-
pathic helical conformation, burying the hydrophobic surface formed in the
hydrophobic binding groove formed by the single TPR repeat in the animal
Tom20. The cytosolic domains of Tom22 and Tom20 have been shown to
coimmunoprecipitate (Dekker et al., 1998; van Wilpe et al., 1999), the re-
ceptors can be crosslinked in puri�ed mitochondrial outer membrane vesicles
(Mayer et al., 1995a) and have been shown to interact by blue native PAGE
(Dekker et al., 1998). This suggests that there may be some functional co-
operation between the Tom20 and the Tom22 receptor in animals and fungi,
where each may recognise di�erent aspects of the targeting presequence and
preprotein to increase �delity of targeting.

This chapter describes the recombinant expression and puri�cation of
the S. cerevisiae of Tom20 and Tom22 receptor domains for NMR solution
structure determination, as well as some biophysical characterisation and in-
vestigation of receptor-presequence interactions. There are several important
requirements for successful bacterial expression and puri�cation of recombi-
nant proteins for NMR structure determination. As often documented by
structural genomics projects (Chance et al., 2002; Edwards et al., 2000; Goh
et al., 2004; Service, 2002), targets of interest can become problematic at
any stage of the protein production and structure determination pipeline.
From the initial molecular cloning and expression, to the concentration of a
puri�ed protein sample and acquisition of useful NMR spectra, there are sev-
eral problems that can arise which ultimately make the goal of producing an
NMR solution structure a di�cult task. Issues such as protein toxicity to the
host, low expression levels, poor solubility and stability can all complicate
the process of recombinant protein overexpression in bacteria (Sorensen &
Mortensen, 2005b). Once recombinant protein can be successfully expressed
with isotopic label incorporation, a natively folded puri�ed product must be
obtained which is predominantly free from proteolysis over extended time
periods, is soluble to high (∼ 0.5 - 1 mM) concentrations in aqueous bu�ers
and remains in a favourable (typically monomeric) aggregation state to pro-
vide useful heteronuclear NMR spectra for structure determination (Bax,
1989; Lepre & Moore, 1998; Wüthrich, 1990). For these reasons, protein
production and optimisation of sample conditions is often recognised as the
bottleneck in many structural biology studies. In this study, several di�-
culties in the production of the Tom20 and Tom22 receptor domains were
encountered and overcome, paving the way for further detailed structural
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characterisation. The possibility of a direct interaction between a target-
ing presequence and the Tom22 trans domain was also tested using NMR
chemical shift perturbation experiments.

5.2 Results for ScTom20

This section outlines the recombinant expression and characterisation of the
cytosolic domain of yeast Tom20 (ScTom20), the major presequence recep-
tor of the TOM complex on the cytosolic side of the outer mitochondrial
membrane.

5.2.1 Expression and puri�cation of ScTom20 cytosolic
domain

The cytosolic domain of Tom20 from Saccharomyces cerevisiae residues 41-
183 (His6-ScTom20-(41-183)) was expressed in E. coli BL21(DE3) trans-
formed with the pQE9-ScTom20(41-183) and pREP4 vectors. Standard
metal a�nity puri�cation (Figure 5.1) followed by anion exchange chro-
matography (Figure 5.2) yielded protein that was estimated to be ∼95 %
pure by SDS-PAGE, with a typical yield of ∼ 40 mg/L of LB culture in
shaker �asks, or ∼65 mg/L in minimal media using a bioreactor.

His6-ScTom20-(41-183) eluted in two distinct peaks on anion exchange
chromatography, both running at the same apparent molecular mass on SDS-
PAGE (Figure 5.3). Based on migration by gel �ltration chromatography,
the protein in peak 'B' is likely to be a larger aggregate, while peak 'A'
appears to be closer to the expected monomeric molecular mass of 17.2 kDa
(Figure 5.4).

5.2.2 Optimisation of solution conditions for NMR spec-
troscopy

At low protein concentrations (< ∼ 0.1 mM based on absorbance at 280
nm) in 20 mM Tris pH 8 or 20 mM sodium phosphate bu�er pH 6.5, His6-
ScTom20-(41-183) was soluble, however when further concentrated using a
pressurised stirred cell or centrifugal concentration devices the protein was
observed to precipitate. To better de�ne the bu�er conditions where this
protein was most soluble, a microdrop bu�er screen was used (Figure 5.5).
Based on examination of precipitation in the drops, it was established that
the protein was most soluble in the pH range from 7.0 to 8.0.
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Figure 5.1: SDS-PAGE gel of His6-ScTom20-(41-183) TALON metal a�nity puri�ca-
tion. Lanes are: LMW=low molecular weight marker, S=supernatant [cleared cell lysate],
P=insoluble cell debris, UB=protein fraction which did not bind to TALON resin [un-
bound], W1=�rst wash fraction, W2=second wash fraction, E=elution fraction containing
puri�ed His6-ScTom20-(41-183).

The e�ects of two detergents were also tested, to determine if these could
help increase solubility without denaturing the protein or degrading the
NMR spectrum through adversely increasing the rotational correlation time
in solution via protein-detergent complex formation. A sample of 15N-His6-
ScTom20-(41-183) in 20 mM sodium phosphate was concentrated using Cen-
tricon centrifugal devices (10 kDa cuto�), progressively adding CHAPSO to a
�nal concentration of 25 mM, with a �nal concentration of ∼ 1 mM 15N-His6-
ScTom20-(41-183), although some precipitation was evident. An equivalent
sample of 15N-His6-ScTom20-(41-183) was concentrated in the prescence of
25 mM DPC (dodecylphophatidylcholine) and was soluble to a �nal concen-
tration of 0.6 mM protein, without visible precipitate. 15N-HSQC spectra
were acquired for each of these samples (Figure 5.6). Circular dichroism
spectra were also acquired in the presence of 0 mM and 6.25 mM DPC, how-
ever equivalent CD spectra using CHAPSO could not be acquired due to the
high absorption of this detergent solution in the UV wavelengths of interest.
The 15N-HSQC chemical shift dispersion suggests that 15N-His6-ScTom20-
(41-183) is folded in the presence of CHAPSO, however in the presence of
DPC the loss of dispersion combined with lower circular dichroism signal at
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Figure 5.2: FPLC trace for His6-ScTom20-(41-183) puri�ed by anion exchange chromatog-
raphy (MonoQ column, bu�er A: 20 mM Tris pH 8.0, bu�er B [gradient] 20 mM Tris pH
8.0, 1 M NaCl). ScTom20 elutes in two distinct peaks, peak 'A' at ∼ 23 % bu�er B (0.23
M NaCl) and peak 'B' in the range ∼ 30-100 % bu�er B (0.3 � 1.0 M NaCl).

Figure 5.3: SDS-PAGE gel of His6-ScTom20-(41-183) anion exchange chromatography
fractions. Fractions are labelled by their fraction number. A sample of the protein solution
before anion exchange chromatography is labeled 'init'. It can be seen that both major
peaks (peak 'A' and peak 'B') contain protein corresponding to the molecular weight of
His6-ScTom20-(41-183), despite eluting at signi�cantly di�erent salt concentrations.
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Figure 5.4: Size exclusion chromatography for peak 'A' (red) and peak 'B' (blue) fractions
of anion exchange puri�ed His6-ScTom20-(41-183). Determination of precise molecular
weight values using Superose 12 gel �ltration can be unreliable (Lee & Whitaker, 2004),
however based on comparison against molecular weight standards it is clear that peak 'A'

is closest to the expected molecular mass of 17.2 kDa, while peak 'B' is a larger aggregate.
(Superose 12 HR 16/50 column, 1 ml/ min, 20 mM sodium phosphate, 200 mM NaCl, pH
8.0, 4 ◦C, 4 ml fractions taken).

222 nm (diagnostic of α-helical content) suggests that this detergent is par-
tially unfolding ScTom20. For this reason, DPC was ruled out as a useful
additive for increasing solubility in further ScTom20 studies.

It was suspected that the use of Centricon centrifugal concentration de-
vices was contributing to the aggregation and precipitation of His6-ScTom20-
(41-183), since the protein may reach very high local concentrations on the
semi-permeable membrane surface despite remaining at a lower concentration
in bulk solution. As a test, a sample of 15N-labelled His6-ScTom20-(41-183)
(desalted using a PD-10 gel �ltration column into 20 mM sodium phosphate,
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Figure 5.5: The pH dependence of solubility for His6-ScTom20-(41-183) was tested using
a microdrop bu�er screen. Saturated ScTom20 (∼ 0.1 mM) in 20 mM Tris, pH 8.0 was
diluted 1:2 and 1:3 into drops. This protein construct appears most soluble in the pH
range 7.0 � 8.0. At most pH values below the theoretical isoelectric point (pI at 6.0) of
His6-ScTom20-(41-183) the amount of precipitation increases signi�cantly (although at
the speci�c pH values of 6.0 and 5.5 no precipitate in the drops was observed. This could
be due to e�ects speci�c to the bu�er [sodium or potassium phosphate] used at these pH
values). The conditions for this screen were identical to those described in Chapter 2,
except 100 mM cacodylic acid pH 6.0 was replaced by 100 mM magnesium acetate pH 4.5.

pH 7.4), was freeze dried and resuspended by rapid addition of water. While
the freeze dried protein did not fully dissolve, suggesting that this method did
not circumvent aggregation of the protein, the 15N-HSQC spectrum is well
dispersed with chemical shifts the same as those in samples concentrated
using centrifugal concentration over semi-permeable membranes, indicating
that the soluble fraction is folded (Figure 5.7). A sample of freeze dried His6-
ScTom20-(41-183) was also resuspended in bu�er at pH 3.5. In addition to
being poorly soluble, the 15N-HSQC spectrum at this low pH suggests that
the protein is not well folded or conformationally inhomogeneous (Figure 5.7).

5.2.3 Presequence interaction with ScTom20 for solu-
bility enhancement

As it has been shown that ScTom20 interacts with mitochondrial targeting
signals directly (Abe et al., 2000; Muto et al., 2001), several attempts were
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Figure 5.6: 2D 15N-HSQC spectra of His6-ScTom20-(41-183) with CHAPSO (20 mM) or
DPC (25 mM), 20 mM sodium phosphate, pH 7.4, 25 ◦C. Inset: Circular dichroism spectra
of His6-ScTom20-(41-183) in the absence (solid line) and presence (dashed line) of 25 mM
DPC. In the presence of DPC, the 15N-HSQC spectra shows a loss of peak dispersion
and displays numerous chemical shift changes. There was no signi�cant change to the
15N-HSQC spectra after diluting this sample to a �nal concentration of 4 mM DPC, then
reconcentrating the solution to 0.6 mM 15N-His6-ScTom20-(41-183) without any visible
precipitation (not shown). The circular dichroism signal at 222 nm is reduced, suggesting
a loss of secondary structure. These results suggest that His6-ScTom20-(41-183) binds to
DPC and becomes partially unfolded.
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Figure 5.7: 15N-HSQC spectra of His6-ScTom20-(41-183) (saturated, ∼0.1 mM) at 20 ◦C
in 20 mM sodium phosphate pH 7.4 (upper panel) or 50 mM sodium citrate, 100 mM
sodium phosphate pH 3.5 (lower panel). The chemical shift dispersion suggests that His6-
ScTom20-(41-183) is at least partially folded after freeze drying and resuspension in bu�er
at pH 7.4, however the poor dispersion after resuspending in bu�er at pH 3.5 suggests that
His6-ScTom20-(41-183) is not well folded at this lower pH.
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made to reconsititute His6-ScTom20 with the cytochrome oxidase IV prese-
quence peptide (CoxIV(1-25), C19S), with the aim of improving solubility
and potentially producing a complex suitable for further study.

Freeze dried His6-ScTom20-(41-183) (∼0.7 mM �nal concentration) was
mixed in a 1:2 molar ratio with a solution of synthetic CoxIV prepeptide (1.4
mM) in 20 mM sodium phosphate, pH 7.4. Initially, the receptor component
did not fully dissolve, however after 2 days mixing at room temperature the
solution become almost clear, and a 2D 15N-HSQC spectra of the receptor
was acquired which showed favourable dispersion and homogeneity compared
with many other solution conditions (Figure 5.8). Further mixing (5 days
total) at room temperature, trying to further increase the portion of soluble
receptor, resulted in a severe loss of dispersion and homogeneity in the 15N-
HSQC spectra, suggesting degradation or unfolding of the receptor.

5.2.4 N- and C- terminally truncated ScTom20 con-
structs

With the intention of improving solubility, two new constructs with N-terminal
(ScTom20-(75-183)-His6) and C- terminal (ScTom20-(41-154)-His6) trunca-
tions were designed, based on analysis of a multiple sequence alignment be-
tween several animal and fungal Tom20 sequences (Figure 5.9) and compar-
ison to the rat Tom20 sequence of known 3D structure (Abe et al., 2000).
The N-terminal truncation deletes a region of sequence which is an insertion
unique to the fungal Tom20 family and is not present in RnTom20. Addi-
tionally, this truncation removes part of a region equivalent to that removed
by limited proteolysis for determination of the rat Tom20 (Abe et al., 2000),
making the length of ScTom20-(75-183)-His6 similar to the rat Tom20 NMR
construct. The C-terminal truncation removes part of a highly solvent ex-
posed region (ScTom20 residues 155-183) shown to be poorly ordered in the
rat Tom20 NMR structure, including a ∼15 residue insertion in ScTom20
(Figure 5.10).

Both ScTom20-(75-183)-His6 and ScTom20-(41-154)-His6 (with C-terminal
His6 tags in the pET22b(+) vector) were expressed as soluble protein in E.
coli and could be readily puri�ed using metal a�nity chromatography and
anion exchange chromatography, using the same protocol established for the
original His6-ScTom20-(41-183) construct (Figure 5.11). Circular dichroism
spectra suggest that His6-ScTom20-(41-183) and ScTom20-(41-154)-His6 are
folded with similar amounts of secondary structure, while ScTom20-(75-183)-
His6 is shows slightly less signal at 222 nm which is indicative of lower helical
content, possibly due to some unfolding of the remaining secondary structure
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Figure 5.8: 2D 15N-HSQC spectra of His6-ScTom20-(41-183) (∼0.7 mM) with synthetic
CoxIV peptide [1-25, C19S] (1.4 mM), 20 mM sodium phosphate, pH 7.4, 25 ◦C. After 5
days mixing at room temperature, the 15N-HSQC spectra were found to be dramatically
di�erent, with considerable loss of signal dispersion. It is suspected that these changes
were due to proteolysis of the receptor, suggesting further puri�cation is required for long
term stability. Alternatively the change could be due to to slow unfolding of the receptor
when excess amphipathic peptide is present.
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elements (Figure 5.12).
Incidental observations during concentration of the ScTom20-(41-154)-

His6 protein suggest that it is more soluble at high concentration than His6-
ScTom20-(41-183), however this remains to be rigorously tested using micro-
drop screening or concentration of larger quantities of protein. It is hoped
that the C-terminally truncated ScTom20-(41-154)-His6 will provide a suit-
able construct for NMR or other biophysical studies in the future.

5.3 Results for ScTom22

This section outlines the recombinant expression of the two soluble domains
of ScTom22 (the cis domain, residues ∼ 1 - 97, found on the cytosolic side
of the outer membrane, and the trans domain ∼ 120 - 152, found on the
intermembrane space side), as well as a preliminary experiment testing re-
combinant expression of full length ScTom22.

5.3.1 Recombinant expression and puri�cation of Sc-
Tom22(cis)

The cis (cytosolic) domain of ScTom22 was expressed with a C-terminal
His-tag (ScTom22(cis)-His6) using E. coli BL21(DE3) harbouring the plas-
mid pET22b-ScTom22(cis). Overall expression levels in rich media under
standard conditions were very poor for this protein construct, with only a
weak overexpression band visible in whole E. coli cell protein analysed by
SDS-PAGE and yields of ∼ 0.15 - 0.25 mg protein per litre of LB culture
after metal a�nity puri�cation (Figure 5.13). This low expression was only
marginally improved by using the BL21(DE3) Codon+ RIL strain which sup-
plements for three rare codons found in the ScTom22(cis) coding sequence. A
similar construct with an N-terminal polyhistidine tag (His6-ScTom22(cis))
expressed from the plasmid pQE60-ScTom22(cis), showed no obvious over-
expression on Coomassie stained SDS-PAGE (not shown).

ScTom22(cis)-His6 was observed to quickly degrade over several days at 4
◦C after metal a�nity puri�cation followed by anion and/or cation exchange
chromatography. A more proteolytically stable fragment ∼2-3 kDa smaller
than full length cytosolic domain construct was evident in the degraded mix-
ture when visualised by SDS-PAGE, however this truncated form was unable
to be separated using further ion exchange chromatography (Figure 5.13).

Recombinant expression levels of the ScTom22 cytosolic domain were im-
proved by using N-terminal fusion proteins of GB1 or GST (constructs GB1-
ScTom22(cis)-His6 and GST-ScTom22(cis)-His6 from pGEV2 and pGEX-6P-
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Figure 5.9: Animal and fungal Tom20 multiple sequence alignment (based on a subset of sequences found using a pro�le

hidden Markov model search (Likic et al., 2005)). Sequences are from the insects Bombyx mori, Cicindela campestris,

Anopheles gambiae and D. melanogaster, the nematodes C. elegans and Echinococcus multilocularis [incomplete],

the �atworms Schistosoma japonicum and Schistosoma mansoni [incomplete], the coelenterate Ciona intestinalis, the

mollusk Crassostrea virginica, the �shes Danio rerio and Oryzias latipes, the frogs Silurana tropicalis and X. laevis,

the mammals H. sapiens, Sus scrofa, M. musculus, Meriones unguiculatus and R. norvegicus. There are seven fungal

sequences from Botrytis cinerea, Candida albicans, Gibberella zeae, Metarhizium anisopliae [incomplete], N. crassa,

Schizosaccharomyces pombe, including the S. cerevisiae sequence used in this study). The His6-ScTom20-(41-183)

construct region is boxed in blue, and the truncations to make ScTom20-(75-183)-His6 and ScTom20-(41-154)-His6 are

boxed in red. The boundaries of the rat RnTom20 protein structure (Abe et al., 2000) are boxed in orange. (Sequences

were aligned using ClustalW 1.83 (Thompson et al., 1994), �gure produced using Jalview (Clamp et al., 2004) using the

ClustalX colouring scheme ).
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Figure 5.10: The three-dimensional structure of rat Tom20 (Abe et al., 2000) represented
as a backbone trace (PDB code 1OM2). RnTom20 (residues 51-145) [orange/blue] with
bound aldehyde dehydrogenase presequence peptide (residues 12-22 [grey]). The twenty
models from the PDB are shown, with the region equivalent to that truncated to create
ScTom20-(41-154)-His6 coloured red. This region is more mobile than the well de�ned
regions indicated by the high {15N}-1H heteronuclear NOE values reported by (Abe et al.,
2000).
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Figure 5.11: SDS-PAGE analysis of metal a�nity puri�cation of His6-ScTom20-(41-183)
(full cytosolic domain), ScTom20-(75-183)-His6 (N-terminal truncation) and ScTom20-
(41-154)-His6 (C-terminal truncation). The insoluble fraction for ScTom20-(75-183)-His6
has a unique low molecular weight band, with an apparent mass less than the full length
ScTom20-(75-183)-His6 protein eluted from the a�nity resin. It is possible this is an
insoluble degradation product of the full length ScTom20-(75-183)-His6, which is generated
only for this construct due to its poor folding.

3 vectors, respectively). A C-terminal polyhistidine tag was also included in
the constructs to enable double-a�nity puri�cation and produce highly pure
protein before too much degradation by endogenous E. coli proteases could
occur. Yields of GB1-ScTom22(cis)-His6 were ∼ 1 mg / L of culture after
metal a�nity (TALON) and anion exchange (MonoQ) chromatography.

In addition to the expected full length protein, a�nity puri�cation of
GST-ScTom22(cis)-His6 and GB1-ScTom22(cis)-His6 using the N-terminal
tag (GST or GB1) gave several truncated fragments which did not bind to
metal a�nity resin, indicating that the C-terminal poly-histidine tag was no
longer present (Figure 5.14, puri�cation of GB1-ScTom22(cis)-His6).

5.3.2 Analysis of rare codons in ScTom22

It is well understood that synonymous (degenerate) codon usage can be sig-
ni�cantly di�erent between organisms of di�erent taxa, or between chro-
mosomes of di�erent organelles. For instance while the codons AGA(Arg),
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Figure 5.12: Circular dichroism spectra of His6-ScTom20-(41-183), ScTom20-(41-154)-
His6 and ScTom20-(75-183)-His6. While His6-ScTom20-(41-183) and ScTom20-(41-154)-
His6 have similar spectra and similar values at 222 nm, ScTom20-(75-183)-His6 has less
signal at 222 nm suggesting it has a lower helical content.

AGG(Arg), CUA(Leu), AUA(Ile), CCC(Pro) are relatively common in the
eukrayote S. cerevisiae, they are considered rare in bacteria such as E. coli.
This codon bias is also re�ected to some degree in the intracellular availabil-
ity of tRNA species corresponding to each synonymous codon (Xia, 1998).
It has been shown by numerous workers that the presence of rare codons in
a coding sequence without appropriate levels of the required tRNA species
can result in signi�cantly lower expression levels of heterologous proteins
(Kirienko et al., 2004; Schenk et al., 1995; Wakagi et al., 1998), probably
since the availability of the cognate tRNA is the rate limiting step in exten-
sion of the polypeptide during translation (Varenne et al., 1984; Xia, 1998).
The low expression levels observed are thought to result from stalling at the
ribosome causing protein truncation (Varenne et al., 1984) and subsequent
degradation, although misincorporation of residues at the position of rare
codons has also been reported (Calderone et al., 1996; Forman et al., 1998;
McNulty et al., 2003).
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Figure 5.13: Upper: SDS-PAGE gel of fractions from metal a�nity puri�cation (TALON)
of ScTom22(cis)-His6, expressed in BL21(DE) Codon+RIL harbouring the pET22-
ScTom22(cis) vector). LMW: low molecular weight marker, S: supernatant (cleared cell
lysate), P: pellet (insoluble fraction), UB: fraction of protein that did not bind to TALON
resin, W1: �rst wash fraction (lysis/wash bu�er), W2: second wash fraction (25 mM
MES, 300 mM NaCl, 5 mM imidazole, pH 6.0), E: elution fraction containing 95 % pure
ScTom22(cis)-His6. On SDS-PAGE, the ScTom22(cis)-His6 construct migrates with an
apparent molecular mass of ∼ 22 kDa, considerably larger than the expected mass of 12.0
kDa. This could be explained by the poor hydrophobicity of the N-terminal region of the
protein limiting the amount of bound SDS when compared with proteins of typical amino
acid composition, and hence migration is slower due to an atypical mass-to-charge ratio.
Elution fraction was exchanged into 25 mMMES, 10 mM EDTA, pH 6.0 and stored at 4 ◦C
overnight before anion exchange chromatography. Lower: SDS-PAGE gel of fractions from
MonoQ anion exchange chromatography of a�nity puri�ed ScTom22(cis)-His6. Lanes are
labelled by fraction number. Fraction 29 contains the majority of the ScTom22(cis)-His6,
which shows some degradation. Approximately half of the ScTom22(cis)-His6 is present
as a truncated fragment ∼ 2-3 kDa smaller than the full length construct.
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Figure 5.14: SDS-PAGE of GB1-ScTom22(cis)-His6 a�nity puri�ed using IgG sepharose
(�E-N�, N-terminal tag selection) or TALON metal a�nity resin (�E-C�, C-terminal tag
selection) [Codon+RIL, 3 hour induction] ). Proteolytic digestion by residual E. coli pro-
teases appears to occur progressively from the C-terminal end of the ScTom22(cis) moiety,
since puri�cation using the C-terminal tag (�E-C�) gives a single product with the same
mobility on SDS-PAGE as the full length construct, while puri�cation using the N-terminal
tag (�E-N�) shows a mixture of species, each with parts of the C-terminal region removed.
There appears to be a stable intermediate containing the N-terminal GB1-tag with ∼ 5
kDa of the C-terminal region of the ScTom22(cis) moeity removed, similar to the trun-
cation pattern observed for the His-tagged only construct ScTom22(cis)-His6. Complete
removal of the ScTom22(cis) region to leave only the stable GB1 domain would give a
6.8 kDa species, below the lowest molecular weight marker at 14.4 kDa. Similar to the
ScTom22(cis)-His6 construct, GB1-ScTom22(cis)-His6 migrates at an apparent molecular
mass on SDS-PAGE (∼26 kDa) that is considerably larger than the expected mass of 18.8
kDa.
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Figure 5.15: Rare codon distribution in ScTom22. The codons highlighted (AGA, ATA,
CTT, CTA and GGA) are frequently found in eukaryotic coding sequences but rarely
found in bacterial genes (codons with usage less than 0.12 frequency within all codons
coding for that amino acid type for E. coli K12 coding sequences). There is some clus-
tering of rare codons, including one position where there are two consecutive rare codons.
The clustering of rare codons has been shown to contribute to stalling of elongation and
truncation of protein products (Kane, 1995), and one hypothesis is that this could be
partially responsible for the low expression of ScTom22. Codons corresponding to the
additional tRNA species present in BL21(DE3) Codon+RIL are underlined, and it can be
seen that use of this strain should supplement the required tRNA most of the rare codons
in the sequence. Amino acid residues of the cis domain are coloured blue.

It was suspected that the large number of rare codons (with respect to
E. coli) in the ScTom22(cis)-His6 coding sequence (Figure 5.15) was respon-
sible for the low heterologous expression in E. coli, and possibly the trun-
cated products found shortly after cell lysis. The entire coding sequence
of ScTom22 contains at least twelve codons considered rare in E. coli, �ve
of which are found in the cis domain construct ScTom22(cis)-His6. To in-
vestigate if these rare codons were adversely impacting recombinant expres-
sion levels or contributing to product truncation, the GST-ScTom22(cis)-His6
construct was expressed in the BL21(DE3) Codon+RIL E. coli strain, which
contains extra copies of the E. coli tRNA genes argU, ileW and leuY (which
recognise the codons AGA(Arg), AGG(Arg), AUA(Ile), CUA(Leu)). Of the
�ve rare codons in the ScTom22 cis domain, four are AGA(Arg) which is
a codon supplemented in the BL21(DE3) Codon+RIL strain, and only one
[GGA(Gly)] remains unsupplemented.

Since protein translation occurs in an N- to C-terminal direction, com-
parison of truncation products for GST-ScTom22(cis)-His6 expressed in rare
codon supplemented and unsupplemented strains and puri�ed using the N-
terminal a�nity tag (GST) should reveal any di�erentially truncated protein
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Figure 5.16: GST-ScTom22-His6 products expressed in BL21(DE3) or Codon+RIL and
puri�ed using the N-terminal GST tag on glutathione sepharose display the same trun-
cation pattern (compare glutathione sepharose elution lanes at 37 ◦C for BL21(DE) and
Codon+). Induction at 23 ◦C for signi�cantly longer periods (30 hours) versus 37 ◦C
for short periods (2 hours) increases the proportion of lower molecular weight fragments,
suggesting that these are generated by intracellular proteolysis, not premature stalling of
translation due to rare codons (compare glutathione sepharose elution lanes at 37 ◦C and
23 ◦C. The band marked �*� at and apparent molecular mass of ∼ 45 kDa is probably the
full length GST-ScTom22-His6 (38.8 kDa), since this is the band that binds to metal a�n-
ity resin. The truncated fragments after glutathione sepharose puri�cation were further
puri�ed using the C-terminal His-tag on TALON metal a�nity resin. The two �TALON
unbound� lanes of the gel show the unbound fraction from the puri�cation of either the
37 ◦C or 23 ◦C fragments. The putative full length GST-ScTom22-His6 band is miss-
ing, as it is the only species with an intact C-terminal His-tag and binds to the resin,
while the smaller fragments do not. (The �*� band is enriched in TALON elutions from
larger scale puri�cations, however was too dilute to be visible in this particular small scale
puri�cation).

products if translation is prematurely terminating in the ScTom22(cis) do-
main sequence. Despite the supplementation of the rare tRNA species, the
GST-ScTom22(cis)-His6 construct shows no signi�cant di�erence in the over-
expression level or truncation pattern (Figure 5.16). This suggests that the
presence of rare codons is probably not responsible for the low expression
levels and truncation seen for ScTom22(cis) constructs, but rather other fac-
tors such as proteolysis (before or after cell lysis), mRNA degradation and/or
secondary structure or general toxicity could be at play.
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5.3.3 Secondary structure and circular dichroism spec-
troscopy of ScTom22(cis) domain

The far-UV circular dichroism spectrum of 0.15 mg/ml ScTom22(cis) shows
only limited secondary structure (Figure 5.17). Analysis of the spectrum
from 197 to 250 nm by four methods of secondary structure estimation sug-
gests ScTom22(cis) is a mixture of ∼ 26 % α-helix, ∼ 14 % β-strand and ∼
60 % disordered structures. Methods used were SELCON3, CDSSTR, CON-
TIN/LL as part of the CDPro software suite (Sreerama &Woody, 2000) avail-
able at http://lamar.colostate.edu /∼sreeram/CDPro/main.html using refer-
ence protein basis set 7, and the K2D self-organising neural network (Andrade
et al., 1993) available at http://www.embl-heidelberg.de /∼andrade/k2d.html
(see Table 5.1).

Table 5.1: Secondary structure estimation of ScTom22(cis) from circular dichroism spec-
tra.
Method α-Helix β-Strand Turn Disordered RMSD

(Exp-Calc)
Reference

SELECON3 0.31 0.16 0.18 0.36 0.79 (Sreerama et al., 1999)
CONTIN/LL 0.21 0.14 0.22 0.43 0.17 (Provencher & Glock-

ner, 1981; Sreerama
et al., 1999)

CDSSTR 0.25 0.14 0.22 0.28 0.25 (Johnson, 1999)
K2D 0.28 0.14 - 0.57 107.17 ∗ (Andrade et al., 1993)
Average (stddev) 0.26

(±0.04)
0.15
(±0.01)

0.21
(±0.02)

0.41
(±0.12)

∗ - RMSD values greater than 0.227 for K2D are considered unreliable predictions and should be discarded.

Despite the poor �t of the experimental and calculated CD spectra for the K2D predictions, the values

are similar to that of other methods and so are included here.

Estimated fractions of helix, sheet, turn and disordered sequence are shown for di�erent four methods of

analysis, along with goodness-of-�t values.

While the �t between the experimental and back calculated CD spec-
tra are poor, visual comparison with a theoretically calculated 100 % disor-
dered spectra show that the ScTom22(cis)-His6 CD spectrum does not resem-
ble a fully denatured 'random coil' polypeptide, and clearly contains some
secondary structure. The secondary structure predicted using PSIPRED
((Bryson et al., 2005; Jones, 1999; McGu�n et al., 2000)) (http://bioinf.-
cs.ucl.ac.uk/psipred/, May 2005) is 36 % helix, 6 % strand and 58 % random
coil, in loose agreement with the estimates from CD data.

A multiple sequence alignment of numerous putative Tom22 proteins in-
cluding representatives for animals, fungi, plants and protists shows that the
most conserved regions across kingdoms correspond closely with regions of
predicted to have ordered secondary structure, and the poorly conserved re-
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Figure 5.17: Circular dichroism polarimetry spectrum of His6-ScTom22(cis) (0.15 mg/ml,
50 mM sodium phosphate, pH 6.5, 0.2 mM EDTA, 25 ◦C). For comparison, the back
calculated spectra from K2D and CONTIN/LL are shown, as well as a theoretical spec-
trum for 100 % disordered polypeptide (calculated using K2D server at http://www.embl-
heidelberg.de/∼andrade/k2d/, which uses two published reference protein sets (Chang
et al., 1978; Yang et al., 1986) as a basis for theoretical spectra reconstruction).

gions correspond closely to predicted disordered regions (Figure 5.18). Using
sequence numbering for ScTom22, the N-terminal acidic region (residues 1 ∼
55) is predicted to be disordered and shows considerable variation in length
across kingdoms, while residues ∼ 55 � 90 of the cis domain are predicted
to contain ordered secondary structural elements. As noted by others the
transmembrane region is the best conserved region (Macasev et al., 2004)
and contains an absolutely conserved proline that is required for correct tar-
geting of Tom22 to the mitochondria in yeast (Allen et al., 2002). Thirteen
(∼13) residues of the trans domain directly C-terminal to the transmem-
brane region of ScTom22 are predicted to be ordered, while the remaining
∼20 residues at the C-terminal end are predicted to be disordered.

Despite the di�culty in preparing a stable highly concentrated sample of
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Figure 5.18: A multiple sequence alignment of animal, fungal, plant and protist Tom22
proteins. These sequences were derived from those in published in (Macasev et al., 2004),
with additional sequences added through iterative PSI-BLAST searches against the NCBI
'nr' database (September 2006).
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Figure 5.18: continued: Several sequences with clear lack of identity in highly conserved
transmembrane positions were discarded, and only complete open reading frames are in-
cluded. Several sequences with high identity in the transmembrane region, presumed to be
bona �de Tom22 homologues, were excluded from the alignment for the sake of clarity due
to large low sequence complexity insertions in the cis or trans domains (namely sequences
from S.purpuratus, A.gambiae and A.fumigatus). The expected transmembrane region
is boxed in purple and disordered regions predicted for ScTom22 (DisProt VL3H pre-
dictor, http://www.ist.temple.edu/disprot/predictor.php) are boxed in orange. Residues
with greater than 5 % identity in any column are coloured to highlight conserved columns.
Acidic residues are coloured red, basic residues blue (including histidine), uncharged polar
residues green, hydrophobic aliphatic residues pink, aromatic residues yellow, proline and
glycine residues are coloured magenta. The �acid-bristles� of the cytosolic domain are
evident in the sequences for animals and fungi, but are absent in plant, algal and protist
sequences.

ScTom22(cis)-His6, a 2D homonuclear NOESY spectrum (Figure 5.19) was
acquired on a sample within 24 hours of puri�cation (by metal a�nity chro-
matography followed by anion exchange chromatography, bu�er exchange
and concentration). The amide region of the spectrum (∼ 6.8 � 8.6 ppm)
shows no NH to NH or CαH crosspeaks which would indicate the presence of
secondary structural elements (eg i→i+3 and i→i+4 HN -HN crosspeaks for
α-helix). This is consistent with the large proportion of disordered residues
expected for ScTom22(cis)-His6, although measurement on a further puri�ed
and more concentrated sample known to be stable to proteolysis could reveal
evidence of the small amount of expected secondary structure not observed
here.

5.3.4 Recombinant overexpression of full length ScTom22

ScTom22(full)-His6 (residues 1-152), expressed in E. coli strain BL21(DE3)
Codon+RIL using the pQE60-ScTom22(full) vector showed no detectable
overexpression on Coomassie Brilliant Blue stained SDS-PAGE. Addition-
ally, puri�cation of the soluble or insoluble fraction fully denatured in 6 M
GuHCl using metal a�nity chromatography did not reveal even low levels
of the poly-histidine tagged protein. The growth curve of induced and unin-
duced cultures suggest that overexpression of this protein is toxic to the
host, as growth stops dramatically upon induction (Figure 5.20). Growth
rates during overexpression of non-toxic proteins during log-phase growth
are usually in the order of ∼0.2 � 0.6 OD600/hour, or greater (Ou et al.,
2004), while complete cessation of growth often indicates that the product is
toxic to the host.
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Figure 5.19: Homonuclear 2D NOESY spectrum of His6-ScTom22(cis) (∼0.2 mM) in 50
mM sodium phosphate pH 6.5, 150 mM NaCl, 1 mM EDTA, 5 ◦C (100 ms mixing time,
13 hours total acquisition time). The region between 6.8 � 8.6 ppm shows no amide-
amide NOE crosspeaks (a small number of very broad amide-aliphatic/methyl crosspeaks
are below the contour level shown). While not ideal, since His6-Tom22(cis) is subject
to progressive degradation to a more resistant truncated product during acquisition, this
result tentatively suggests that His6-ScTom22(cis) has little stable secondary structure
under these conditions. The strong lines around 3 � 5 ppm in the ω1 dimension are due
to EDTA in the sample.
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Figure 5.20: Full length ScTom22 (pQE60-ScTom22(full)) growth curve, absorbance at
600 nm (OD600) vs. time. Two cultures of 5 ml LB media, 37 ◦C, 200 RPM using E.coli
strain BL21(DE3) + pREP4 were inoculated by 100 fold dilution of an overnight starter
culture. At OD600, one culture was induced (black line) with 1 mM IPTG, the other left
uninduced (red line).

5.3.5 Tom22 intermembrane space domain structure and
interactions

Tom22 contains a domain in the intermembrane space (IMS) of the mito-
chondria, and although short (∼30 � 40 amino acids in animals/fungi) it has
been proposed to play a role in forming the trans site for docking of prepro-
teins during transit (Bolliger et al., 1995; Macasev et al., 2004; Moczko et al.,
1997).

As an initial step toward understanding the three dimensional structure of
Tom22 trans domains, and to test the hypothesis that these domains can di-
rectly interact with targeting presequences, the trans domains from three or-
ganisms (S. cerevisiae, S. pombe and A. thaliana) were expressed and puri�ed
as GB1 fusion proteins (GB1-ScTom22(trans), GB1-SpTom22(trans) and
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Figure 5.21: SDS-PAGE gel of IgG sepharose a�nity puri�ed GB1-ScTom22(trans), GB1-
SpTom22(trans) and GB1-AtTom22(trans). Cleared cell lysate fraction (supernatant) for
cells expressing GB1-ScTom22(trans), GB1-SpTom22(trans) and GB1-AtTom22(trans)
is shown in lanes labelled S(Sc), S(Sp) and S(At), respectively. Elution fractions (0.1
M glycine, pH 3.0) containing puri�ed GB1-ScTom22(trans), GB1-SpTom22(trans) and
GB1-AtTom22(trans) are shown in lanes labelled E(Sc), E(Sp) and E(At), respectively.
Low molecular weight markers are in the lane labelled LMW. Each puri�ed protein sample
appears greater than 95 % pure.

GB1-AtTom22(trans)) using IgG sepharose a�nity chromatography (Fig-
ure 5.21).

The trans domain of Tom22 across diverse species is poorly conserved and
enriched in glycine, proline and hydrophilic amino acids, and protein disor-
der prediction suggests that the Tom22 trans domain is likely to be natively
disordered (see Figure 5.13, full length Tom22 conservation and predicted dis-
ordered regions). These predictions are supported by the observed chemical
shift dispersion of trans domain amide resonances in the 15N-HSQC spec-
tra of 15N-GB1-ScTom22(trans) and 15N-GB1-AtTom22(trans), which are
poorly dispersed and predominantly occupy the 'random coil' region of the
spectrum (Figure 5.22).

The targeting presequence construct GB1-CoxIV has been shown to act
as a good interaction probe for several presequence receptors, particularly for
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Figure 5.22: 2D 15N-HSQC spectra of GB1-ScTom22(trans) and GB1-AtTom22(trans)
(50 mM sodium phosphate, pH 6.5, 25 ◦C). Chemical shifts of the amide resonances due
to trans domain residues are marked with an 'X' and lie predominantly in the random
coil region of the spectrum. (The amide chemical shifts of GB1 are known (Huth et al.,
1997), and were identi�ed by comparison to a sample containing only GB1 without a
fusion partner).
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the plant and fungal Tom20 (Perry et al., 2006) (Chapter 4 of this thesis). To
investigate if any interaction between the Tom22 trans domain and this prese-
quence could be detected, 15N-GB1-CoxIV was titrated with unlabelled GB1-
ScTom22(trans), GB1-SpTom22(trans) or GB1-AtTom22(trans), respectively,
recording 15N-HSQC spectra and watching for any perturbation of the pre-
sequence amide resonances. No perturbations were observed upon titration
of each of the three trans domains, indicating that there is no speci�c high
a�nity binding between this representative presequence construct and the
tested Tom22 trans domains under these conditions (Figure 5.23).

The �reciprocal� titration using 15N-GB1-AtTom22(trans) and unlabelled
GB1-CoxIV was also undertaken. The 15N-HSQC of 15N-GB1-AtTom22(trans)
shows no signi�cant chemical shift perturbation after addition of 1:1 GB1-
CoxIV (Figure 5.24). Due to the low concentrations (∼ 40 µM) and low
Tom22(trans):GB1-CoxIV molar ratios used in these experiments, small chem-
ical shift perturbations due to very weak interactions with high dissociation
constants (KD) in the millimolar range may not be detected, since binding
saturation would not be reached. It can be concluded, however, that under
these conditions there appear to be no strong interactions (KD < µM) be-
tween the trans domain and the CoxIV presequence inducing a structural
and magnetic environment change in either component.

Tom22 is embedded in the outer mitochondrial membrane as part of the
TOM complex, and therefore the trans domain is positioned to be in close
proximity to the surface of the inner lea�et of the outer membrane. As
the phospholipid composition of the outer mitochondrial membrane is domi-
nated by zwitterionic phospholipids (phosphatidyl choline and phosphatidyl
ethanolamine) (Sperka-Gottlieb et al., 1988), the zwitterionic detergent do-
decylphosphocholine (DPC) was used as a lipid membrane mimetic. To in-
vestigate the possibility that a trans domain may bind to this model surface,
DPC was added to 15N-GB1-ScTom22(trans) at concentrations above the
critical micelle concentration (CMC). No chemical shift changes were evi-
dent in the 15N-HSQC spectrum, suggesting that this construct does not
make any preferential interaction with DPC micelles (Figure 5.25).

5.4 Discussion

Some progress has been made in establishing solution conditions and protein
constructs of ScTom20 for NMR structure determination. When describing
the structure of the homologous rat RnTom20 receptor cytosolic domain,
Abe et al (Abe et al., 2000) noted that RnTom20 displayed poor solubility,
and used either the zwitterionic detergent CHAPS, or the CoxIV(1-25, C19S)



5.4. DISCUSSION 191

Figure 5.23: 2D 15N-HSQC of 15N-GB1-CoxIV before (cyan) and after (red) titration
with (A) GB1-ScTom22(trans), (B) GB1-SpTom22(trans) and (C) GB1-AtTom22(trans)
in 50 mM sodium phosphate, pH 6.5. Amide resonances due to the presequence peptide
CoxIV(1-25,C19S) portion of 15N-GB1-CoxIV have proton chemical shifts between 7.9
and 8.4 ppm (within the 'random coil' region), and are considerably more intense than
the dispersed backbone amide resonances of the folded GB1 moiety. The large broad peak
at 7.0 (1H) and 116 (15N) ppm is due to the guanadinium 15NH groups of the arginine
residues of the presequence peptide. A small number of dispersed peaks in (A) with (δH
< 7.8) display small changes, however these peaks are due to the the amides of the GB1
moiety, not the CoxIV(1-25) region.
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Figure 5.24: 2D 15N-HSQC of 15N-GB1-AtTom22(trans) before (cyan) and after (red)
addition of GB1-CoxIV presequence (40µM:40µM �nal ratio), 50 mM sodium phosphate,
pH 6.5. No signi�cant perturbation is observed, suggesting no speci�c strong interaction
between this trans domain construct and the presequence peptide. Signals due to the
AtTom22(trans) amides, identi�ed based on elimination of the known amide chemical
shifts of the GB1 moiety and comparison with the other GB1 fusion proteins, are marked
�X�. Of the 27 expected amide peaks for the AtTom22(trans) domain, 13 are clearly
identi�ed as being due to the AtTom22(trans) domain and marked. No sequence speci�c
assignments have been determined.

presequence peptide to help maintain solubility for NMR structure determi-
nation. Similar strategies employed here for the yeast ScTom20 cytosolic
domain showed some promise, however none were successful in producing
a sample suitable for high quality NMR structure determination by con-
ventional heteronuclear methods. Of the three ScTom20 constructs tested,
the C-terminally truncated ScTom20-(41-154)-His6 is likely to be the best
candidate for further optimisation, since it is folded and is likely to display
favourable solubility. It should be noted that at the time of this study, high
sensitivity cryogenic NMR probes were still not commonplace, however with
their increasing availability the solubility of the original His6-ScTom20-(41-
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Figure 5.25: 2D 15N-HSQC of 15N-GB1-ScTom22(trans) (92 µM) before (cyan) and af-
ter (red) addition of 23 mM DPC. No signi�cant perturbation of the ScTom22(trans)
resonances were observed upon addition of detergent, however some small shifts in the
resonances of the GB1 moiety were observed. As a control, addition of 6.8 mM DPC
to 15N-GB1-CoxIV(1-25) (100 µM) causes large perturbations of the presequence peptide
resonances, with comparatively no change to the GB1 resonances other than signal loss
due to dilution. It is well known that mitochondrial targeting presequences bind to de-
tergent micelles, and e�ects similar to those observed here have been reported by others
(Endo & Oya, 1989; Hammen et al., 1996a; Karslake et al., 1990).
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183) construct should be adequate for structure determination on a suitably
equipped spectrometer.

A construct of the ScTom20 cytosolic domain with the N-terminal 'linker'
region between the putative folded domain and the transmembrane anchor re-
moved (ScTom20-(75-183)-His6) showed a loss of secondary structure by CD
spectroscopy when compared with the full cytosolic domain construct His6-
ScTom20-(41-183) which includes this putative linker region. This suggests
that the predicted linker region probably contains some secondary struc-
ture, or is responsible for helping stabilise the secondary structure of the
TPR domain in yeast Tom20. In the published NMR structure of the rat
Tom20 the equivalent region was removed by limited proteolysis, and hence
no comparative structural information is available (Abe et al., 2000). Prior
to publication of the rat Tom20 structure (Abe et al., 2000) Schlei� et al
(Schlei� & Turnbull, 1998) found that the putative disordered linker region
(residues ∼30-60 in human Tom20) was stabilised from proteolysis by de-
tergents or presequence peptides and was able to mediate binding of the
receptor to lipid coated beads. These �ndings, in addition to the possible
role in folding presented here, suggest that this region may play a role in
orienting the receptor at the membrane surface and/or could contribute to
presequence peptide binding, despite its protease sensitivity in the isolated
receptor domain.

The cis domain of yeast Tom22 appears highly susceptible to proteol-
ysis by E. coli proteases, making it di�cult to produce large quantities of
stable recombinant protein for biophysical studies by the standard methods
described in this study. Secondary structure and disorder prediction sug-
gest the N-terminal region (residues ∼ 1 - 55) is likely to be disordered.
Circular dichroism spectra support this prediction of partial disorder, and
homonuclear proton NOESY spectra of dilute ScTom22(cis) do not show
NOE crosspeaks indicative of any stably folded region. It is suspected that
the secondary structure observed by circular dichrosim spectroscopy is part
of a loosely folded �molten globule�, but contains some pre-structuring in-
dicative of a structured form of ScTom22(cis) which could fully fold when it
binds to interaction partners such as ScTom20, targeting prepeptides or the
outer membrane surface.

No association between the yeast Tom22 trans domain (GB1-ScTom22-
(trans)) and detergent micelles of dodecylphosphatidylcholine (DPC) was
detected, while another GB1-peptide fusion, the GB1-CoxIV(1-25, C19S)
shows a speci�c association via the presequence with the detergent based
on chemical shift perturbation. DPC is probably a reasonable lipid mimetic
to model the outer mitochondrial membrane surface, since the lipids in this
membrane are mostly zwitterionic, the majority being phosphatidylcholine
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(Sperka-Gottlieb et al., 1988). The GB1 moiety itself does not appear to
interact strongly with the micelle and appears to not hinder the GB1-CoxIV
prepeptide region from interaction with the micelle surface, suggesting that
if the ScTom22 trans domain had a tendency to interact with a lipid surface
it would be evident from this experiment.

No evidence was seen here that the isolated Tom22 trans domain and a
presequence peptide interact. Due to the low concentrations and molar ratios
of trans domains and presequence used in these experiments (not greater than
2:1 trans domain:presequence), very weak binding (dissociation constants ≥
∼10−3 M) would be unlikely to be detected, and hence cannot be ruled out. It
is clear, however, that these results do not re�ect the low (1 µM) dissociation
constants previously measured by others (Bolliger et al., 1995). In these
earlier studies, signi�cant background binding was also detected between
presequence peptides and the control fusion protein, MBP-lacZ, suggesting
that the overall binding constants measured there may contain a signi�cant
contribution from presequence peptide interactions with the MBP domain
(it was reported that the MBP-lacZ binding was at least 10-fold lower that
that of MBP-Tom22(trans), which could indicate a dissociation constant as
low as 10 µM for the MBP-lacZ:prepeptide).

Recent �ndings of Chacinska et al. (2005) suggest that the Tom22 trans
domain in yeast interacts with Tim21 of the TIM23 inner membrane com-
plex, and probably acts to pre-align the TOM and TIM23 pores prior to
initiation of import. It is possible that the growth phenotypes and detrimen-
tal e�ects on in vitro preprotein import observed for trans domain truncated
yeast strains (Bolliger et al., 1995; Frazier et al., 2003; Macasev et al., 2004;
Moczko et al., 1997) are secondary e�ects of disrupting this TOM-TIM asso-
ciation, rather than any direct disruption of a trans preprotein binding site.
This is supported by other reports which show that removal of the Tom22
trans domain has no apparent e�ect on trans site binding in outer membrane
vesicles, where there are no inner membranes or associated complexes con-
tributing to preprotein import (Court et al., 1996). It is possible that the
intermembrane space portions of other components, particularly Tom40 and
Tom7, are primarily responsible for formation of the trans preprotein binding
site (Esaki et al., 2004), while the Tom22 trans domain plays a comparatively
minor role.
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5.5 Methods

5.5.1 DNA manipulation and subcloning

Production of �Inoue� competent E. coli cells

This method is based on the one described by Inoue et al. (1990). It pro-
vides cells with high competency which are more suitable for transformation
with smaller amounts of plasmid DNA, such as that produced during DNA
ligation.

5 ml of LB media, in a 50 ml tube, was inoculated with a pick of the
appropriate E. coli strain from a frozen glycerol stock and incubated for ∼16
hours at 37 ◦C shaking 200 cycles/minute. 0.5 ml of this starter culture
was used to inoculate 50 ml of LB media in a 250 ml Erlenmeyer �ask and
grown at 37 ◦C shaking at 200 cycles/minute until an OD600nm of ∼ 0.6. The
cells were cooled on ice for 10 minutes, then centrifuged in a 50 ml tube for 5
minutes at 1000 g (∼3000 RPM, SS34 rotor) , 4 ◦C. The cell pellet was gently
resuspended in 16 ml ice cold TB bu�er (10 mM PIPES, 15 mM CaCl2, 250
mM KCl, 55 mM MnCl2, pH adjusted to 6.7 using KOH) and left on ice for
10 minutes, before centrifuging as before. Cells were then resuspended in 4
ml ice cold TB bu�er, with DMSO added to a �nal concentration of 7 % (300
µl), and left on ice for another 10 minutes. Finally, cells were snap frozen in
50 or 200 ml aliquots using liquid nitrogen and stored at -80 ◦C.

Production of calcium chloride competent E. coli cells

See Chapter 2, Methods section.

Transformation of E. coli with plasmid vectors

200 µl of calcium chloride or �Inoue� competent cells were thawed on ice. For
CaCl2 cells, 1 µl of miniprep DNA was added to the cells, while when using
�Inoue� cells for DNA ligations the entire ligation reaction mix was added.
The cells were gently mixed once, and left on ice for 30 minutes. Cells were
then heat shocked at 42 ◦C in a water bath for 60 seconds and immediately
put back on ice. After 5 minutes recovery on ice, 800 µl of LB was added
and the cells incubated at 37 ◦C shaking at 200 cycles/second for 1 hour.
Between 50 and 200 µl of cells were plated onto appropriate selective agar
plates and left face up to dry at room temperature for ∼30 minutes. Plates
were incubated face down overnight for ∼16 hours at 37 ◦C.

It was found that omitting the addition of LB media and the 1 hour
incubation phase was a faster and more convenient transformation method
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when quantities of puri�ed miniprep plasmid DNA (∼50 ng/µl) were avail-
able. This method was used preferentially when transforming calcium chlo-
ride cells for subsequent protein expression, and while the transformation
e�ciency is usually lower, this is not a serious drawback since typically only
a few colonies are required for starting seed cultures for expression trials.

Ampli�cation of linear DNA fragments by Polymerase Chain Re-
action (PCR)

Linear fragments of DNA were ampli�ed using Polymerase Chain Reaction
with Taq DNA polymerase (Qiagen) (1 µL of 5 units/µL stock) or Vent
DNA Polymerase (New England Biolabs) (1 µL of 2 units/µL stock) with
50 - 100 ng template DNA (miniprep plasmid), 0.2 mM dNTPs (1:1:1:1
ATP:TTP:GTP:CTP, 2 µL of 10 mM stock), 1 µL (100 µM stock) of ap-
propriate forward and reverse primer oligonucleotides, 10 µL of 10x PCR
reaction bu�er (10x Qiagen PCR reaction bu�er [Taq ] or 10x Thermopol
bu�er [Vent]) with 15 mM MgCl2 (for Taq) or 2 mM MgSO4 (for Vent) and
made up to 100 µL total reaction volume with sterile distilled water. The
standard temperture cycling protocol was carried out using an GeneAmp
PCR 9700 model thermocycler (Applied Biosystems), with 25 cycles of 94
◦C for 30 sec, 55 ◦C for 1:30 min, 72 ◦C for 3:00 min, and a single 7:00 min
period at 72 ◦C before samples were cooled to 4 ◦C. Samples were stored
frozen at -20 ◦C after ampli�cation.

Restriction digests

Restriction digests were performed by addition of 1 µL of each restriction
enzyme stock (10 u/µL) (Promega) and 2 µL of appropriate 10x bu�er
(Promega bu�er �B�, �D� or �Multicore�) to a maximum of 10 µL of miniprep
vector DNA or gel puri�ed PCR product, with the total reaction volume
made up to 20 µL with sterile deionised water. For all restriction enzymes
used, the documented optimum reaction temperature was 37 ◦C, so reactions
were incubated at 37 ◦C for 3 hours or overnight (∼ 16 hours).

Agarose DNA gel electrophoresis

Agarose gel electrophoresis was carried out as described by (Maniatis et al.,
1989), using 1 � 2 % agarose gels made with 0.5× TBE (40 mM Tris-base,
9.5 mM acetic acid, 1 mM EDTA, 0.2 µg/ml ethidium bromide, pH 8). DNA
size was estimated by comparison to a marker produced by HinfI restriction
digested pSP65 plasmid. Gels were run at 80 V for approximately 45 minutes
and immediately visualised under UV light.
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Gel puri�cation of DNA

Restriction digested vectors and PCR products prior and after restriction
digest were puri�ed from bands on an agarose gel using a QIAEX II gel
extraction kit (Qiagen), following the manufacturers protocol.

Ligation of insert and vector fragments

All vectors were restriction digested and gel puri�ed before ligation. All PCR
products were gel puri�ed, restriction digested overnight, and subsequently
gel puri�ed before ligation. Puri�ed restriction digested vectors and PCR
products (�insert�) were ligated using a Promega Rapid DNA ligase kit (2X
ligase bu�er), by mixing approximately 1:3 molar ratio of vector:insert and
following the manufacturer's ligation protocol. The entire ligation reaction
mix was transformed into E. coli strain DH5α competent cells prepared using
the Inoue method (Inoue et al., 1990).

Along with the vector+insert ligation, a control reaction was also trans-
formed, containing the vector only. Positive colonies from the vector+insert
plate were identi�ed by preparing DNA from these transformants (LiCl DNA
miniprep) and testing for the presence of insert by an appropriate restriction
digest and visualisation on agarose gel. All positive clones were sequenced
using BigDye terminator PCR reactions using primers upstream or down-
stream of the coding sequence. Reactions were visualised on slab gels or a
capillary DNA sequence system run by AGRF (Parkville, Victoria, Australia)
or Micromon (Clayton, Victoria, Australia).

5.5.2 Expression of recombinant proteins in E. coli

Each of the expression vectors used here contain a lac repressor site upstream
of the coding sequence for repression of protein expression, and protein ex-
pression can be induced by addition of the non-hydrolysable lactose analogue
isopropyl-β-D-thiogalactopyranoside (IPTG).

5 ml LB media with appropriate antibiotics (100 ug/ml Ampicilin, 25
ug/ml kanamycin if pREP4 plasmid is to be maintained, 34 ug/ml chloram-
phenicol if using BL21(DE3) Codon+RIL or Rosetta strains) was inoculated
with a single colony of freshly transformed E.coli BL21(DE3) or Codon+RIL
(plates less than one week old, stored at 4 ◦C). and grown overnight (∼ 16
hours) at 37 ◦C, shaking at 200 RPM. This starter culture was used to inoc-
ulate 250 ml LB (with antibiotic), shaking at 200 RPM, 37 ◦C. The culture
was grown to an OD600 (absorbance at 600 nm) of between 0.6 and 0.8 (mid-
log to late-mid-log phase) before induction to protein expression by addition
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of 1 mM IPTG. After between 2 and 4 hours induction time, cells were har-
vested by centrifugation (20 min spin at 5000 g, 4 ◦C) and the cell pellet
stored frozen at -20 ◦C for later use.

5.5.3 Saccharomyces cerevisiae Tom20 (ScTom20) meth-
ods

pQE9-ScTom20(41-183) plasmid expression vector

The pQE9-ScTom20(41-183) vector is comprised of the ScTom20 coding se-
quence (residues 41-183), ligated between the BamHI/HindIII sites of the
pQE9 expression vector (Qiagen). The expressed protein product contains
an N-terminal polyhistidine tag (introducing 12 non-native residues, MRGS
HHHHHHGS-). This vector was kindly provided by Trevor Lithgow, and
was originally produced in the G. Schatz Laboratory by Sabine Rospert and
Renate Looser.

The pQE9-ScTom20(41-183) vector was typically co-transformed with
the pREP4 companion vector, which provides constitutive expression of ad-
ditional lac repressor (the E. coli lacI gene) and carries kanamycin resistance
for selection. The lac repressor binds to the T5 promoter/operator site on the
pQE expression vector and helps to repress 'leaky' expression in the absence
of inducer (IPTG). It should be noted however that the pREP4 plasmid is
often not nesscary in E. coli BL21(DE3) and derivatives, since they contain a
chromosomal lacI gene which often appears su�cient for e�ective repression.

Construction of pET22-ScTom20-(41-154)-His6 and pET22-ScTom20-
(75-183)-His6 plasmid expression vectors

The pET22-ScTom20-(41-154)-His6 and pET22-ScTom20-(75-183)-His6 vec-
tors were produced by Jonanne Hulett, by subcloning the ScTom20 coding
sequence from the pQE9-ScTom20(41-183) vector. The insert for pET22-
ScTom20-(41-154)-His6 was PCR ampli�ed using the primers GGAATTC-
CATATGAAAGTGTTGAGACAAAGGGC and GCGCCTCGAGAGGCAA-
GATGGCAATCATTA, while the insert for pET22-ScTom20-(75-183)-His6
was PCR ampli�ed using the primers GGAATTCCATATGATGGAATTAGC-
CAAGGACCCC and GCGCCTCGAGGTCATCGATATCGTTAGC. The re-
striction digested PCR products were ligated into pET22b(+) (Novagen) be-
tween the NdeI and XhoI sites.
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A�nity puri�cation of polyhistidine tagged ScTom20 fusion pro-
teins

Initial unlabelled puri�cations used a 10 ml Ni-NTA agarose (an immobilised
Nickel(II) nitrolotriacetic acid ligand) (Qiagen) column and later uniformly
15N-labelled protein was puri�ed using a functionally equivalent a�nity resin,
Ni-IDA agarose (an immobilised Nickel(II) iminodiaceticacid ligand) (Scien-
ti�x, Bundoora).

A frozen cell pellet from 250 ml of culture was thawed on ice (30 min),
then resuspended by inversion at 4 ◦C in 40 ml Lysis/Wash bu�er (25 mM
potassium phosphate, 200 mM potassium chloride, 10 % (w/v) glycerol, 5
mM imidazole, pH 8.0) containing 10 mg lysozyme, 3 mM PMSF (in 100
% ethanol) and half a tablet of Complete� EDTA-free protease inhibitor
(Roche) (providing inhibitors for serine/threonine and cysteine class pro-
teases). Cell pellet was further resuspended using a dounce homogeniser
(∼10 strokes). The solution was sonicated (Soniprep 150, MSE) in 30 ml
volumes on ice/water slurry at 20 micron amplitude for 6 × 30 sec pulses,
with 1 min recovery time between pulses. The sonicated cell lysate was cen-
trifuged for 20 min at 20000 g, 4 ◦C, and the �ltered supernatant (0.45 µm
syringe �lter) loaded onto the nickel a�nity column (pre-equilibrated with
cold Lysis/Wash bu�er). The column was washed with at least 5 column vol-
umes (50 ml) of Lysis/Wash bu�er, and the protein of interest eluted using 5
column volumes (50 ml) of Elution bu�er (25 mM potassium phosphate, 200
mM potassium chloride, 10 % (w/v) glycerol, 500 mM imidazole, pH 8.0).
EDTA (5 - 10 mM) was added to the elution fraction as a metalloprotease
inhibitor. All fractions were stored at 4 ◦C. Samples (20 µL) were taken
throughout the puri�cation and added to 2× SDS-PAGE loading bu�er (20
µL) for later analysis by SDS-PAGE.

Nickel a�nity resin was regenerated after each use by washing with ∼3
column volumes of 200 mM EDTA to remove Ni(II) ions, rinsed with dis-
tilled H2O, recharged with ∼2 column volumes of 50 mM NiCl, rinsed with
distilled H2O and stored in 20 % ethanol at 4 ◦C. Resin was used for the
same protein species for multiple puri�cations, and only replaced when a no-
ticeable decrease in capacity was observed (usually after approximately 10 �
15 puri�cations).

Anion exchange chromatography of ScTom20 constructs

Elution fractions from metal a�nity chromatography were exchanged into
20 mM Tris, pH 8.0 + 1 mM EDTA using Amicon stirred cell concentrators
(Millipore) (3 or 10 kDa cuto�, in a cold room at 4 ◦C, and syringe �ltered
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(0.22 µm) before anion exchange chromatography.
The sample was loaded onto a preequilibrated (Bu�er A: 20 mM Tris, pH

8.0) MonoQ (1 ml, HR5/5) (Phamacia) anion exchange column using an Äkta
Explorer 100 (Pharmacia) liquid chromatography unit at room temperature.
A salt gradient (Bu�er B: 20 mM Tris, 1 M NaCl, pH 8.0) was applied,
typically from 0 � 100 % bu�er B over 80 ml, taking 2 or 4 ml fractions.
Segmented gradients were also used, with manual modi�cation of the gradient
in real-time using the �Gradient Hold� function to maintain the gradient at
a �xed salt concentration during elution of larger peaks. Absorbance at
280 nm (for detection of Trp/Tyr containing polypeptides) was monitored
throughout the puri�cation. Samples of fractions were saved for analysis
using SDS-PAGE.

Size exclusion chromatography, His6-ScTom20-(41-183)

Separate samples of His6-ScTom20-(41-183) peak 'A' and peak 'B' samples
from anion exchange chromatography were bu�er exchanged into 20 mM
sodium phosphate, 200 mM NaCl, pH 8.0 and concentrated to a �nal vol-
ume of 1 ml before loading onto a preequilibrated Superose 12 HR 16/50 gel
�ltration column attached to a Pharmacia FPLC unit, 1 ml/ min �ow rate,
4 ◦C. Absorbance at 280 nm was monitored to determine the elution volume
of protein species, and 4 ml fractions were taken. Approximate molecu-
lar weight was estimated by comparison to the elution volumes of Pharmacia
LMW gel �ltration calibration standards [Ribonuclease A (13700 kDa), Chy-
motrypsinogen A (25 kDa), Ovalbumin (43 kDa), Bovine Serum Albumin (67
kDa), Blue Dextran 2000 (2000 kDa)].

5.5.4 Saccharomyces cerevisiae Tom22 (ScTom22) meth-
ods

pQE60-Tom22(cis) and pET22-Tom22(cis) plamid vectors

The pQE60-ScTom22(cis) and pQE60-ScTom22(full) vectors containing the
coding sequence for the cytosolic domain (residues 1-97) and full length
(residue 1-152) S. cerevisiae Tom22, respectively, were kindly provided by
Trevor Lithgow, and were originally produced in the G. Schatz Laboratory
by Sabine Rospert and Renate Looser. The coding sequences are inserted be-
tween the NcoI/BamHI restriction sites in the pQE60 vector (Qiagen) which
provides a C-terminal polyhistidine tag (contributing the non-native residues
-GSRSHHHHHH).

The pET22-ScTom22(cis) vector was constructed by Tahn Hong in the
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laboratory of Paul Gooley, Department of Biochemistry and Molecular Biol-
ogy, University of Melbourne by PCR ampli�cation of the Tom22 cis domain
coding sequence (residues 1 � 97 with �anking NdeI and XhoI sites) using
pQE60-ScTom22(cis) as a template, and subsequent restriction digest and
ligation between the NdeI/XhoI restriction sites in the pET22b(+) vector
(Novagen).

Construction of pGEV2-(Sc/Sp/At)Tom22(trans) vectors

The vectors pGEV-ScTom22(trans)-His6, pGEV2-SpTom22(trans)-His6 and
pGEV2-AtTom22(trans)-His6 (for production of GB1-ScTom22(trans), GB1-
SpTom22(trans) and GB1-AtTom22(trans) fusion proteins, respectively) were
constructed by Diana Macasev in the laboratory of Trevor Lithgow, De-
partment of Biochemistry and Molecular Biology, University of Melbourne,
by ligation of appropriate restriction digested PCR products between the
BamHI/EcoRI restriction sites of the pGEV2 vector (Huth et al., 1997).

pGEV2-ScTom22(cis)-His6 and pGEX-ScTom22(cis)-His6 vector con-
struction

The coding sequence for ScTom22 residues 1 � 97 was subcloned from pET22-
ScTom22(cis) as a template using the forward primer GCCGGGATCCATGGTC-
GAATTAACTG and the reverse primer GCGCGAATTCTTAGTGGTGGTGG-
TGGTGGTGGTG (complementary to the existing His6 tag in pET22-ScTom22(cis)
). This PCR product was ligated between the BamHI and EcoRI sites in the
pGEV2 and pGEX-6-P3 vectors.

A�nity puri�cation of polyhistidine tagged ScTom22 fusion pro-
teins

A frozen cell pellet from 250 ml of culture was thawed on ice and resus-
pended at 4 ◦C in 30 ml Lysis/Wash bu�er (50 mM Tris, 300 mM NaCl,
5 mM imidazole, pH 8.0) containing 10 mg lysozyme, 3 mM PMSF (in 100
% ethanol) and half a tablet of Complete� EDTA-free protease inhibitor
(Roche). Solution was homogenised with 10 strokes of a dounce homogeniser
and sonicated (Soniprep 150, MSE) on ice with 5 × 30 second pulses at 20
micron amplitude with 1 min recovery between pulses. The cell debris was
pelleted by centrifugation at 20000 g, 4 ◦C for 20 mintues, and the resulting
supernatant �ltered through a 0.45 µm syringe �lter. This cleared cell lysate
was loaded onto a 10 ml column of pre-equilibrated TALON Co(II) metal
a�nity resin (Clontech), which was resuspended and left on ice for 20 mins
to facilitate binding. The unbound fraction was run out of the column, and
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the column washed with 5 column volumes (50 ml) of cold Lysis/Wash bu�er.
The column was then washed with 5 column volumes (50 ml) of Wash bu�er
2 (25 mM MES, 300 mM NaCl, 5 mM imidazole, pH 6.0), and the protein of
interest eluted by washing with Elution bu�er (25 mM MES, 300 mM NaCl,
200 mM imidazole, pH 6.0). One quarter of a Complete� protease EDTA-
free protease inhibitor tablet, 1 mM PMSF and 10 mM EDTA were added
to the elution fraction to help limit proteolysis, and all fractions were stored
at 4 ◦C. Samples (20 µL) were taken throughout the puri�cation and added
to 2× SDS-PAGE loading bu�er (20 µL) for later analysis by SDS-PAGE.

Anion exchange chromatography of ScTom22 constructs

ScTom22 contructs were puri�ed by anion exchange chromatography using
essentially the same protocol as that used for ScTom20 constructs, however
elution fractions from metal a�nity chromatography were exchanged into 20
mM MES, pH 6.0 + 10 mM EDTA using Amicon stirred cell concentrators
(Millipore) (3 kDa cuto�, 4 ◦C, and syringe �ltered (0.22 µm) before anion
exchange chromatography. Bu�er A was 20 mM MES, pH 6.0, and Bu�er B
was 20 mM MES, 1 M NaCl, pH 6.0. Absorbance at 280 nm (for detection
of Trp/Tyr containing polypeptides) and 220 nm (for detection of polypep-
tides due to amide bond absorbance, as well as other organic moeities) was
monitored throughout the puri�cation, since ScTom22(cis) does not contain
and tryptophan or tyrosine chromophores.

Puri�cation of glutathione S-tranferase (GST) fusion proteins

Glutathione S-transferase fusion a�nity puri�cation was carried out using the
same method as that used for the puri�cation of AtTom20-3 GST fusions in
Chapter 2, with cell lysis in PBS pH 7.4 with 50 µl of 100 mg/ml lysozyme,
1 mM DTT, 3 mM PMSF, 10 mM EDTA and half a Complete� (EDTA
free) protease inhibitor cocktail tablet (Boehringer Manningham/Roche).
For small scale test preparations (< 50 ml culture) lysis of cell pellets by ho-
mogenisation in an appropriate volume (∼1/20th original culture volume) of
B-PER (Bacterial Protein Extraction Reagent, Pierce) without a sonication
step provided similar lysis e�ciency and a�nity resin binding, and avoided
the di�culties (foaming) associated with sonicating smaller volumes.

Puri�cation of Protein G (GB1) Tom22 fusion proteins

GB1 fusion proteins (products of pGEV2-based vectors) were puri�ed on IgG
sepharose resin as described in Chapter 2, however for GB1-ScTom22(trans)-
His6 protein was eluted from the resin using 0.5 M sodium acetate pH 3.4,
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while GB1-[Sc]/[Sp]/[At ]Tom22(trans) constructs were eluted using 0.1 M
glycine pH 3.0. The elution fractions were exchanged into 50 mM sodium
phosphate, pH 6.5 using an Amicon stirred cell concentrator and Centricon-
10 or Centricon-3 centrifugal concentration devices (Millipore). The GB1
fusion partner was not cleaved, but left intact for subsequent experiments.

5.5.5 GB1-CoxIV prepeptide production

GB1-CoxIV (C19S, 1-25) is a fusion of the Streptomyces griseus protein G
B1 domain and the mitochondrial targeting presequence from S. cerevisiae
cytochrome oxidase IV (residues 1-25, C19S mutation to remove the reac-
tive thiol). This protein construct was developed as a convenient probe for
testing presequence interactions, since it can be readily isotopically labelled
using conventional E. coli overexpression methods, and the NMR spectra
monitored to determine if any of the resonances due to the prepeptide are
perturbed upon addition of a putative interacting partner.

pGEV2-CoxIV(C19S,1-25) plasmid vector construction

The coding sequence for Saccharomyces cerevisiae cytochrome oxidase IV,
residues 1-25, was PCR ampli�ed from yeast genomic DNA using the primers
GGCCGGATCCATGATCGAAGGTCGTATGCTTTCACTACGTCAA and
CGCGGGATCCCGCGGAATTCTTAAAGCAGATATCTAGAGCTAGACAAAGTT-
CTTCTGGC, which a introduce Factor Xa protease cleavage site N-terminal
to the CoxIV sequence, and a C19S mutation within it. The insert was lig-
ated between the BamHI and EcoRI sites in the pGEV2 (Huth et al., 1997)
vector.

A�nity puri�cation of GB1-CoxIV(C19S,1-25)

Typically GB1 fusion proteins are puri�ed from the soluble fraction of the
bacterial cell pellet after lysis using IgG sepharose a�nity chromatography.
This type of soluble puri�cation did not provide large yields in this case,
since GB1-CoxIV(C19S, 1-25) was enriched in the insoluble cell pellet when
BL21(DE3) cells were grown in minimal media using the isotopic labelling
method of Marley (Marley et al., 2001). It was found that protein in the
insoluble fraction could be solubilised in 6M GuHCl, and the GB1 moiety
refolded by 10-fold rapid dilution of the resulting mixture. The GB1-CoxIV
could then be successfully bound to IgG sepharose in the presence of 600 mM
GuHCl and eluted successfully using bu�er at low pH.
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15N-GB1-CoxIV was overexpressed in E. coli BL21(DE3) cells harbouring
the pGEV2-CoxIV(1-25,C19S) vector, using the method of Marley (Marley
et al., 2001) as described in Chapter 2. The cell pellet (from 250 ml M9
culture) was lysed on ice in 20 ml TST (50 mM Tris, 150 mM NaCl, 0.05 %
Tween-20, pH 7.6), with 10 mM EDTA, 3 mM PMSF and 5 mg lysozyme,
using 10 strokes in a dounce homogeniser. After centrifugation at 20000g, 20
min, 4 ◦C (Sorval RC5, SS-34 rotor), the cell pellet was homogenised then
vortexed to resuspend in TST + 6 MGuHCl (5 ml). This solution was diluted
10-fold into TST, to a �nal volume of 50 ml, then centrifuged as before. The
cleared supernatant was syringe �ltered (0.45 µm) and passed through a
column of 5 � 10 ml preequilibrated IgG sepharose resin (Pharmacia). The
resin was washed with 50 ml TST, 50 ml 5 mM sodium acetate pH 5.0 and the
GB1-CoxIV eluted using 0.1 M glycine-HCl, pH 3.0 or 0.5 M sodium acetate,
pH 3.4. 1 mM EDTA, 3 mM PMSF and Complete EDTA-free protease
inhibitors (Roche) were added to the elution fraction.

5.5.6 Circular dichroism polarimetry

(as described in Chapter 2)

5.5.7 ScTom20 protein constructs and theoretical phys-
iochemical properties

His6-ScTom20(41-183) protein sequence (pQE9-ScTom20(41-183)
):

MRGSHHHHHHGSKVLRQRAKEQAKMEEQAKTHAKEVKLQKVTEFLSMEL

AKDPIPSDPSEREATFTTNVENGERLSMQQGKELEAASKFYKALTVYPQ

PADLLGIYQRSIPEAIYEYIILMIAILPPANVASFVKGVVGSKAESDAV

AEANDIDD

Number of amino acids 155
Molecular Weight (Da) 17269.5
Theoretical pI 5.98
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 0.37
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ScTom20-(41-154)-His6 (C-terminally truncated) protein sequence:

MKVLRQRAKEQAKMEEQAKTHAKEVKLQKVTEFLSMELAKDPIPSDPSE

REATFTTNVENGERLSMQQGKELEAASKFYKALTVYPQPADLLGIYQRS

IPEAIYEYIILMIAILPLAHHHHHH

Number of amino acids 123
Molecular Weight (Da) 14151.3
Theoretical pI 6.65
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 0.45

ScTom20-(75-183)-His6 (N-terminally truncated) protein sequence:

MMELAKDPIPSDPSEREATFTTNVENGERLSMQQGKELEAASKFYKALT

VYPQPADLLGIYQRSIPEAIYEYIILMIAILPPANVASFVKGVVGSKAE

SDAVAEANDIDDLAHHHHHH

Number of amino acids 118
Molecular Weight (Da) 13015.7
Theoretical pI 4.94
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 0.49

5.5.8 Tom22 protein constructs and theoretical physio-
chemical properties

ScTom22 cytosolic domain, pQE60-ScTom22(cis) (residues 1-97):

MVELTEIKDDVVQLDEPQFSRNQAIVEEKASATNNDVVDDEDDSDSDFE

DEFDENETLLDRIVALKDIVPPGKRQTISNFFGFTSSFVRNAFTKSGNG

SRSHHHHHH

Number of amino acids 107
Molecular Weight (Da) 12161.0
Theoretical pI 4.52
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) no Trp, Tyr, S-S

ScTom22 cytosolic domain, pET22-ScTom22(cis) (residues 1-98):

MVELTEIKDDVVQLDEPQFSRNQAIVEEKASATNNDVVDDEDDSDSDFE

DEFDENETLLDRIVALKDIVPPGKRQTISNFFGFTSSFVRNAFTKSGNL

EHHHHHH
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Number of amino acids 105
Molecular Weight (Da) 12015.9
Theoretical pI 4.41
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) no Trp, Tyr, S-S

ScTom22 full length, pQE60-ScTom22(full) sequence (residues 1-
152):

MVELTEIKDDVVQLDEPQFSRNQAIVEEKASATNNDVVDDEDDSDSDFE

DEFDENETLLDRIVALKDIVPPGKRQTISNFFGFTSSFVRNAFTKSGNL

AWTLTTTALLLGVPLSLSILAEQQLIEMEKTFDLQSDANNILAQGEKDA

AATANGSRSHHHHHH

Number of amino acids 162
Molecular Weight (Da) 18000.7
Theoretical pI 4.38
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 0.306

GB1-ScTom22(cis)-His6 (pGEV2 vector):

MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDAT

KTFTVTELVPRGSMVELTEIKDDVVQLDEPQFSRNQAIVEEKASATNND

VVDDEDDSDSDFEDEFDENETLLDRIVALKDIVPPGKRQTISNFFGFTS

SFVRNAFTKSGNLEHHHHHH

Number of amino acids 167
Molecular Weight (Da) 18803.4
Theoretical pI 4.47
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 0.530

GST-ScTom22(cis)-His6 (pGEX-6-3P vector):

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELG

LEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGA

VLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDH

VTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSS

KYIAWPLQGWQATFGGGDHPPKSDLEVLFQGPLGSMVELTEIKDDVVQL

DEPQFSRNQAIVEEKASATNNDVVDDEDDSDSDFEDEFDENETLLDRIV

ALKDIVPPGKRQTISNFFGFTSSFVRNAFTKSGNLEHHHHHH
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Number of amino acids 336
Molecular Weight (Da) 38840.1
Theoretical pI 4.96
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 1.110

GB1-ScTom22(trans) (pGEV2 vector):

MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDAT

KTFTVTELVPRGSEQQLIEMEKTFDLQSDANNILAQGEKDAAATAN

Number of amino acids 95
Molecular Weight (Da) 10395.4
Theoretical pI 4.33
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 0.959

GB1-SpTom22(trans) (pGEV2 vector):

MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDAT

KTFTVTELVPRGSEAQLTEYEKQIKDQRGANEVIAPGATSGALPQ

Number of amino acids 94
Molecular Weight (Da) 10201.2
Theoretical pI 4.62
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 1.123

GB1-AtTom22(trans) (pGEV2 vector):

MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDAT

KTFTVTELVPRGSEMDREAQINEIELQQASLLGAPPSPMQRGL

Number of amino acids 92
Molecular Weight (Da) 10110.2
Theoretical pI 4.49
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 0.986
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GB1-CoxIV(C19S, 1-25) (S. cerevisiae cytochrome oxidase IV pre-
sequence fusion protein):

MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDAT

KTFTVTELVPRGSMIEGRMLSLRQSIRFFKPATRTLSSSRYLL

Number of amino acids 92
Molecular Weight (Da) 10346.7
Theoretical pI 9.00
Theoretical extinction coe�cient (A280nm, 1cm, 1g/l) 1.108

GB1 is the B1 domain of protein G from Streptomyces griseus, with mu-
tations Q2T and A6I which eliminate heterogeneity in the NMR spectrum
(Huth et al., 1997). This construct contains a Factor Xa protease cleavage
site (�-MIEGR-�) C-terminal to the existing thrombin site from the pGEV2
vector.
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