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Uncoupling protein, a mitochondrial inner membrane protein found
in mammalian brown adipose tissue, functions as an uncoupler of
oxidative phosphorylation by serving as a proton carrier when activated,
resulting in heat production, the function of the tissue. Unlike most
nuclear-encoded mitochondrial proteins, uncoupling protein is not made
with a cleavable presequence. With the availability of an uncoupling
protein cINA clone, the region responsible for targeting uncoupling
protein to mitochondria was examined using in vitro transcription and
translation and import into isolated mitochondria. In order to localize
the targeting sequence of uncoupling protein, fusion proteins containing
portions of uncoupling protein and uncoupling protein modified by site-
directed mutagenesis were constructed and analysed for their ability to
be imported.

Previously it has been shown that there was a targeting signal
within uncoupling protein amino acids 13 to 105 (Liu et al., 1988).
However, amino acids 13 to 51 did not target a passenger protein to

mitochondria (Liu et al., 1988). Here the role of amino acids 53 to 105

of uncoupling protein in targeting was examined with two new constructs,
uncoupling protein amino acids 53 to 105 joined to rat ornithine
carbamoyltransferase amino acids 147 to 354 and to mouse dihydrofolate
reductase. These two constructs along with uncoupling protein with
amino acids 2 to 51 deleted were imported into mitochondria consistent

with uncoupling protein amino acids 53 to 105 having a potential
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targeting role in uncoupling protein. Further, these three constructs
were processed upon import. The major processed forms of all three
constructs are approximately 20 amino acids smaller than the initial
translation product. Both fusion constructs also have an intermediate-
sized processed form approximately 14 amino acids smaller than the
initial translation product. Processing suggests that at least the
amino terminus of these proteins has reached the mitochondrial matrix.

The location of the proteins was examined using Nay003
extraction. Uncoupling protein and U13-105-OCT (uncoupling protein
amino acids 13 to 105 joined to ornithine carbamoyltransferase amino
acids 147 to 354) were found in the membrane fraction while the
processed forms of Ud2-51 (uncoupling protein with amino acids 2 to 52
deleted) and U53-105-DHFR (uncoupling protein amino acids 53 to 105
joined to dihydrofolate reductase) were found in the aqueous fraction
suggesting that uncoupling protein amino acids 2 to 52/53 are involved
in membrane localization. Analysis of Ud2-35 (uncoupling protein with
amino acids 2 to 35 deleted) revealed that it was associated with both
the membrane and aqueous fractions.

Analysis of uncoupling protein amino acids 53 to 105 revealed the
potential existence of two positively charged amphipathic a-helices.
Based on the sizes of processed forms and on the helical wheel
projection for the first possible sequence, arginineg,, lysinegg and
lysinegy were changed to glutamines, individually and in various
cambinations using oligonucleotide site-directed mutagenesis. All
mutant proteins were imported into mitochondria even when all three

basic amino acids were replaced. The results suggest that this portion
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of uncoupling protein, amino acids 54 to 67, is not a targeting signal

in the protein.
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1. INTRODUCTION

The cell is the basic unit of life. Within the eukaryotic cell,
the mucleus controls growth and cell division but mitochondria are the
power plants which supply the required energy. Most proteins found
within the cell are coded for by nuclear DNA ard are synthesized in the
cytosol including the majority of mitochondrial proteins. These
proteins must by some means be targeted to mitochorndria, imported into
the organelles amd sorted to their appropriate subcompartment (the outer
membrane, the intermembrane space, the inner membrane or the matrix).
Further they must reach their mature conformation and, finally, be
assembled into their functional camplexes. This includes the formation
of those protein complexes in which some of the subunits are proteins
encoded by mitochondrial DNA and synthesized within the organelle.

The mechanism by which nuclear-encoded mitochondrial proteins
synthesized in the cytosol are targeted to and imported into
mitochondria is under investigation by several groups. There are many
camprehensive reviews on mitochondrial protein import (Douglas et al.,
1986; Hartl et al., 1989; Hay et al., 1984; Nicholson & Neupert, 1988;
Pfanner & Neupert, 1987a). Consequently, a comprehensive review is not
given here. Rather, the aspects of mitochondrial protein import that
will be covered include discussions on precursors, targeting signals,
receptors, protein translocation, energy requirements for import,
processing of precursors, sorting and assembly of the proteins.

Emphasis will be given to the discussion on targeting signals as this
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project deals with the targeting of uncoupling protein. The discussion
will then turn to uncoupling protein, the structural relationship
between uncoupling protein, the ADP/ATP carrier and the phosphate
carrier, and finally, the import model of the ADP/ATP carrier as a

starting point for a model for uncoupling protein.

1.1 MODELS FOR MTTOCHONDRTAL PROTEIN IMPORT

How are proteins synthesized in the cytosol targeted to the
mitochondria?  What is the mechanism by which the proteins are
translocated across the membrane(s)? At what steps is energy required
and in what form for translocation? Once targeted to mitochondria, the
proteins are directed to their correct sub-organellar locations. How is
this achieved? Membrane proteins must also achieve a specific
orientation and location. What is the mechanism by which the membrane
proteins achieve their final conformation? These are the types of
questions that are currently being addressed. A general model for
targeting and import of a matrix protein with a presequence is shown in
Fig. 1. The events which occur have been divided into the following
steps: 1) mitochondrial proteins are synthesized in the cytosol on free
polysomes. 2) The majority of imported matrix proteins are made with an
N-terminal extension or presequence containing most, if not all, of the
information needed for targeting the protein to mitochondria. 3) After
passage through the cytosol, the targeting sequence reacts directly with
the receptor (R), or reacts with the ocuter membrane and then with the
putative receptor. The precursor/receptor camplex is then positioned to
permit translocation through the membranes. Evidence suggests that the



Basic Amphiphilic
a-Helical
Presequence

-k
Z 44

Figure 1. Model of Import of Matrix Proteins into Mitochondria.
(Freeman et al., 1989). Details are given in the text. An insert
diagram shows the amphipathic a-helical presequence. Presequences have
a high content of basic (+) and hydroxyl (°) amino acids, hydrophobic
residues which are not present in a continuous stretch, and lack acidic
residues. The arrangement of the residues is such that the hydrophilic
amino acids are on one side of the a-helix and the hydrophabic amino
acids on the other side; that is, the helix is amphipathic. P,
protease; R, receptor.
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precursor must be in an unfolded state for import and that cytosolic
factors including ATP or GIP are required to keep the precursor in an
import-competent conformation. 4) Translocation of the precursor occurs
at contact sites between the ocuter and inner mitochondrial membranes and
the precursor probably crosses the membranes via a proteinaceous pore
rather than through the phospholipid bilayer. 5) Translocation is
dependent on the membrane potential. 6) For precursors with targeting
presequences, the amino terminus enters the matrix ahead of the rest of
the protein and the presequence is proteolytically removed by a metal-
requiring protease (P). 7) After import, additional processing steps
may occur and the protein achieves its final conformation. The mature
protein may interact with other proteins to form hamo- or hetero-
oligomers.

The following discussion will deal with each of the steps in more

detail and will include the import of proteins destined to all

subconpartments.

1.1.1 CYTOSOLIC PRECURSORS

Most mitochondrial proteins are nuclear-encoded, synthesized on
cytosolic free polysomes as precursor proteins and are imported by a
post-translational mechanism. The evidence supporting a post-
translational mechanism for import came first from pulse—chase
experiments using intact cells and radiocactive amimo acids (Hallermayer
et al., 1977; Hartl et al., 1986; Reid & Schatz, 1982; Teintze et al.,
1982). labeled proteins appeared first in the cytosolic pool and then

in mitochondria after a lag period. Experiments in which proteins
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synthesized in cell-free translation systems were added to and imported
by isolated mitochordria helped substantiate a post-translational
mechanism and have shown that mitochondrial protein import is
indeperdent of concomitant protein synthesis (Korb & Neupert, 1978;
Zimmermann & Neupert, 1980). In contrast, there is same evidence from
yeast for co-translational import.

Early evidence supporting cotranslational translocation for
mitochondrial proteins came from work done by Butow and coworkers (Ades
& Butow, 1980; Kellems & Butow, 1972; Kellems et al., 1974). It was
shown that cytoplasmic 80 S ribosames were tightly attached to yeast
mitochondria after inhibition of protein elongation with cyclcheximide.
Ribosomes remaining after washing were released with puromycin
indicating that they were coupled to the nascent polypeptide. This
indicates that the polypeptides were probably being translocated across
the mitochondrial membranes during synthesis. However, in these
experiments, it was not shown that incomplete precursors were spanning
the mitochondrial membranes. In a later study Suissa and Schatz (1982)
showed that mRNMA extracted from mitochondrially bound polyscmes was
enriched in imported mitochondrial protein mRNAs. However, none of the
mRNAs for the 12 imported mitochondrial proteins was predominantly
associated with mitochondrially bound polysomes (Suissa & Schatz, 1982).
Mitochondrially bound polysomes may play a role in protein import but do
not appear to be obligatory for the process. It may be that the
relative kinetics for protein synthesis and protein binding to
mitochondria are responsible for the difference between the two

mechanisms (Suissa & Schatz, 1982).
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Cytosolic precursors differ from their mature counterparts. The
most obvious difference is the precursors' larger size. Other
differences include that they are soluble in the cytosol, including
integral membrane proteins, are recognized by the mitochondrial import
machinery and are in an import competent conformation (Hartl et al.,
1989). The larger precursor proteins are synthesized with an amino-
terminal extension which likely conveys many of these requirements. For
example, subunit 9 of the Neurospora crassa FoFp ATPase (FgF19), a very
hydrophcbic protein of 81 amino acids, is synthesized with a very
hydrophilic 66 amino acid presequence that could help convey cytosolic
solubility (Viebrock et al., 1982). The precursor forms aggregates
possibly by the interaction of the hydrophobic portion of the precursor
thereby exposing the hydrophilic presequence to the cytosol. For those
integral membrane proteins made without presequences, solubility must be
conferred by a conformation which differs from that of the mature
protein. This would also include the formation of complexes in the
cytosol to convey solubility. Such is the case for the ADP/ATP carrier,
an inner membrane protein which forms soluble complexes (Zimmermann &
Neupert, 1980). Also, a different conformation is assumed as the mature
protein in the mitochondrial inner membrane binds carboxyatractyloside
and passes through a hydroxyapatite colum in the presence of the
inhibitor while the precursor does not (Schleyer & Neupert, 1984).
Experiments in which the presequence is removed show that mature
proteins are not imported into mitochondria (Gasser et al., 1982)
indicating that the presequence is required for recognition by the
mitochondrial import machinery. However, there is some evidence that
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the mature portion of the protein can contain redundant targeting
information as seen with the yeast F,-ATPase f subunit (F;B) (Bedwell et
al., 1987). Deletion of the entire Fyf subunit presequence did not
prevent import although the efficiency was decreased. Obviously, for
proteins synthesized without presequences, sequences recognized by the
import machinery reside within the protein itself (Bedwell et al.,
1987).

For either of these two sets of proteins, those with and those
without presequences, the precursors must be in an import campetent
conformation. This is in part accomplished by their solubility in the
cytosol. Equally important is that the precursor be unfolded to same
degree (Eilers & Schatz, 1988; Zimmermann & Meyer, 1986). Several lines
of evidence support this conclusion. Eilers and Schatz (1986) examined
the effect of conformation on the import of a fusion protein joining the
presequence of cytochrame oxidase subunit IV to dihydrofolate reductase.
In the presence of methotrexate, an antifolate drug which binds tightly
to dihydrofolate reductase, the fusion protein was not imported into
mitochondria suggesting that the protein must be able to unfold for
import (Eilers & Schatz, 1986). This led Rothman and Kornberg (1986) to
propose the existence of an ATP-dependent "unfoldase" which would keep
precursors in an import competent, unfolded conformation. In support of
the need for an unfolded conformation for import, Chen and Douglas
(1987a) showed that the import of a FqB-copper metallothionein fusion
protein was inhibited in the presence of copper. Verner and Schatz
(1987) found that unlike completed chains, imcompletely synthesized

precursor chains did not require ATP for import and were more sensitive
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to protease digestion. Further, Pfanner et al. (1987a) found that
precursors with the same presequence but different mature portions
required different levels of ATP or GIP for import and that the
precursors studied, including the ADP/ATP carrier were more sensitive to
protease digestion in the presence than in the absence of ATP or GIP,
again suggesting the importance of an unfolded conformation for import
campetence.,

The role of the proposed unfoldase is very similar to the role
ascribed to the 70 kDa heat shock proteins by Pelham (1986). These
proteins disrupt the quaternary structure or denature protein
aggregates. Indeed, it has recently been suggested that the unfoldase
activity is a member of the hsp70 gene family (Deshaies et al., 1988a,b;
Pelham, 1988) and that the original role of hsp70 be extended to
relaxing the tertiary structure of single polypeptides. Convincing
results come from studies with yeast both in vitro (Chirico et al.,
1988) and in vivo (Deshaies et al., 1988a). 1In the study by Chirico et
al. (1988), translocation of prepro-a-factor, synthesized in a wheat
germ translation system, into yeast microsomes required Ssalp/Ssa2p,
which are two yeast hsp70 proteins, and an N-ethylmaleimide sensitive
activity. In the in vivo study, depletion of Ssalp resulted in an
accumilation of prepro—a-factor and Fi8 precursor under steady state
conditions (Deshaies et al., 1988a). Pulse-labeling experiments and
experiments using accessibility to exogenously added protease
demonstrated that the accumilation of newly synthesized prepro—a-factor
resulted from a block in translocation of the protein across the
menbrane rather than in the covalent modification which occurs within
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the lumen of the endoplasmic reticulum (Deshaies et al., 1988a). These
results demonstrated that hsp70s function in post-translational import
(Deshaies et al., 1988a).

Chaperones were defined by Ellis (1987) as cellular proteins
which assist folding and assembly of oligameric protein structures but
do not form part of the final structure of the protein camplex nor do
they necessarily contain information specifying assembly. Chaperones
were then divided into three groups; nuclecplasmins, the BiP group and
chaperonins (Ellis et al., 1989). Nucleoplasmins were first described
by laskey et al. (1978) along with the concept of molecular chaperones.
The nucleoplasmins are involved in nuclecsome assembly. The BiP group
includes the immunoglobulin heavy chain binding protein (BiP or GRP-78)
which is found in the lumen of the endoplasmic reticulum, the major
hsp70 protein in mammalian cell cytosol and the yeast cytocolic hsp70
proteins, Ssalp and Ssazp. Chaperonins are proteins found in
mitochondria, chloroplasts and prokaryotes and appear to be involved in
the assembly of oligomeric protein camplexes. They include the
Escherichia coli oroEL gene (Ellis et al., 1989), the chloroplast
ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco) subunit-
binding protein (Hemmingsen et al., 1988) and hsp60 (Cheng et al., 1989;
Ostermann et al., 1989).

Besides the involvement of hsp70s, other cytosolic factors are
suggested to be required for import. These factors are reported present
in rabbit reticulocyte lysate (Argan & Shore, 1985; Ono & Tuboi, 1988).
Murakami et al. (1988) partially purified an N-ethylmaleimide sensitive
component from a Yyeast post-ribosomal supernatant which acts
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synergistically with Ssalp/Ssa2p in the in vitro import of deltal-
pyrroline-5-carboxylate dehydrogenase into yeast mitochondria. Randall
and Shore (1989) reported an N-ethylmaleimide sensitive, import
stimulating factor that interacts with the surface of mtodlondrla Its
activity may be deperdent on the structure of the mature portion of the
precursor as deleting the carboxy-73 amino acids from preornithine
carbamoyltransferase resulted in the lack of stimulation for import by
the factor (Randall & Shore, 1989). The exact nature and function these
cytosolic factors play in precursor solubility and import campetent
conformation is unclear, however, studies with purified camponents

should help to elucidate the number and role of these factors.

1.1.2 MITOCHONDRIAL TARGETING SIGNALS

The search for mitochondrial targeting signals began by examining
the possible role of presequences of imported proteins in part because
the signal targeting proteins to the endoplasmic reticulum is contained
within the presequence. The role of the presequence can be studied
directly using recombinant DNA technology to join its coding sequence to
the coding sequence of a non-mitochondrial passenger protein such as
dihydrofolate reductase. The resulting fusion protein can then be
synthesized using an in vitro expression system. The first studies with
fusion proteins demonstrating the role of mitochondrial presequences
were carried out by Hurt et al. (1984) and Horwich et al. (1985). Hurt
et al. (1984) showed that a fusion protein joining the N-terminal 53
residues of the yeast cytochrame ¢ oxidase subunit IV precursor to mouse

dihydrofolate reductase was imported to the mitochondrial matrix. A
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later study showed that only the first 12 amino acids were necessary for
signalling import (Hurt et al., 1985). Horwich et al. (1985) found that
the presequence of human ornithine carbamoyltransferase fused to
dihydrofolate reductase targeted the protein to mitochondria. In a
later report they showed that the midportion of the presequence was all
that was required for targeting and that arginine;; was critical for
targeting function (Horwich et al., 1986).

Once it had been established that presequences target proteins to
mitochondria, their sequences were compared to loock for hamology but
none was found. (A list of presequences can be fourd in the review by
Hartl et al. (1989) and include 2 in the intermembrane space, 28 in the
inner membrane including 4 which face the cytosol, 14 which face the
matrix and 10 which are intrinsic proteins, and 41 in the matrix.)
Although no sequence hamology exists, presequences do share same common
structural features. These include being rich in basic amino acids
(usually arginine), lacking acidic residues, having a high content of
hydroxyl group-containing amino acids (usually serine), and having a
tendency to fold into an amphipathic a-helix. An example is the
presequence of a mitochondrial matrix protein, rat malate dehydrogenase,
given here wusing the single 1letter amino acid code:
MISATARPVGAAIRRSFSTSAQNN (adapted from Nicholson & Neupert, 1988).
Hypothetical roles for these structural features include interaction
with receptors, spontanecus penetration into the bilayer due to the
amphipathic nature of the signal, and translocation by an
electrophoretic mechanism driven by the mitochondrial membrane potential

(negative inside) due to the net positive charge of the signal. It is
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possible that a combination of these are involved in the targeting
signal's function.

The importance of positive charge in the targeting signal has
been studied. Substitution of arginine;3 by glycine in the presequence
of ornithine carbamolytransferase resulted in lack of import into
mitochondria (Horwich et al., 1986). 1In a later study, Horwich et al.
(1987) showed that as the net positive charge was reduced, there was a
corresponding loss in import function. Another study removed the
targeting signal from F41f and analyzed the spontaneous mutations which
resulted in the correct localization of the altered protein (Vassarotti
et al., 1987). The modifications observed were the replacement of
amino-terminal acidic residues with neutral or basic amino acids thus
generating less negative and more positive charge. They suggest that
this would result in a less acidic amphipathic helix. In another study,
Chu et al. (1987a) replaced arginine 4 with asparagine, glutamine,
alanine or glutamic acid in the presequence of rat malate dehydrogenase
and found a decrease in the relative level of import again demonstrating
the importance of positive charge. Moreover, they also found that
replacing leucine;3 with glutamic acid or asparagine abolished import.
Asparagine substitution for leucinej3 indicated that the change
decreased import by a mechanism which was independent of changes in net
charge (Chu et al., 1987b). Substitutions with proline, histidine or
arginine severely diminished import while replacement with glutamine,
tyrosine, valine or alanine did not affect import suggesting that
uncharged residues are also important and may play a role in binding

precursors to the mitochondrial surface (Chu et al., 1987b).
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The importance of a high hydrophcbic mament has been addressed by
von Heijne (1986). Analysis of 23 mitochondrial targeting sequences
with respect to their potential to form amphipathic helices revealed
that most of the sequences could be expected to form helices with a high
hydrophobic moment. It was also cbserved that the segments with maximal
hydrophobic moment closely coincided with the critical regions for
targeting defined by deletions and point mutations (von Heijne, 1986).
Studies with synthetic peptides emphasize the importance of the
amphipathic structure. The chemically synthesized signal peptide of
yeast cytochrome c oxidase subunit IV is soluble in aqueocus buffer and
yet spontaneously inserts into phospholipid monolayers (Roise et al.,
1986; Tamm, 1986). The effect is enhanced in the presence of anionic
phospholipids and incorporation is consistent with the peptide becoming
at least partially a-helical (Roise et al., 1986; Tamm, 1986). Anionic
phospholipids also induce an a-helical structure for a synthetic peptide
corresponding to the first 27 residues of preornithine
carbamoyltransferase (Epand et al., 1986). The interaction of this
peptide with anionic 1lipid vesicles is independent of a transbilayer
potential (Skerjanc et al., 1987). While an amphipathic a-helix appears
to be a cammon structrual feature for targeting signals, Roise et al.
(1988) using artificial presequences showed that while all active
presequences were amphipathic they were not necessarily a-helical.
Results from a later study by Iemire et al. (1989) support the
hypothesis that the targeting signal for a matrix protein is usually a
positively charged amphipathic a-helix. Sequence analysis of 89
randomly generated peptide sequences fused to the amino termirnus of
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mature yeast cytochrame oxidase subunit IV showed that their efficiency
as targeting signals correlated with the potential to fold into an
anphipathic a-helix (Lemire et al., 1989). An analysis carried out by
von Heijne et al. (1989) on 36 mitochondrial targeting presequences
revealed two structurally distinct damains: an amino-terminal damain
with amphipathic a-helical character and a carboxy-terminal damain with
different amphipathic properties. From these results and cthers, it
seems that both positive charge and a high hydrophobic mament resulting
in an amphipathic a-helix or another amphipathic structure are important
for interaction with anionic phospholipids of the outer membrane.

There is also evidence that regions other than the targeting
signal are invovled in targeting. In studies joining the presequence of
FoF19 to dihydrofolate reductase, import rates increased when same of
the mature, hydrophobic portion of subunit 9 were included in the fusion
protein indicating that hydrophobic "assistant" seguences can increase
import efficiency (Pfanner et al., 1987b).

Recent studies have shown that cryptic and artificial sequences
can also target passenger proteins to mitochondria. Hurt and Schatz
(1987) fused the first 85 amino acids of dihydrofolate reductase to
dihydrofolate reductase and found that the resulting protein was
imported into mitochondria. Random sequences from the E. coli gename
can also function to target passenger proteins to mitochondria (Baker &
Schatz, 1987) as can artificial presequences (Allison & Schatz, 1986).

Despite the fact that cryptic and artificial sequences can target
proteins to mitochodria, mitochondria maintain a specific protein

composition. It has been shown that non-mitochondrial proteins are
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targeted to mitochondria, however, this occurs at low rates (Hurt et
al., 1986). The number of steps involved in targeting and import
contribute to the specificity and the efficiency of import. It could be
that some steps may be bypassed but this reflects the obligatory
features for translocation (Pfaller et al.,1989).

Not all mitochondrial proteins are synthesized with cleavable
presequences and yet, they too are targeted to and imported into
mitochondria. These include proteins of the outer membrane and proteins
from the other subcompartments. For example, two outer membrane

proteins, the yeast 70 kDa protein and porin from yeast and N. crassa,

are not synthesized with an N-terminal extension. In the case of the 70
kDa protein, the amino terminus resembles presequences of other
mitochondrial proteins. Hase et al. (1984) showed that all the
information for tareting and sorting is contained within the N-terminal
41 residues and that matrix targeting is mediated by the first 11 amino
acids. This was accomplished by a series of deletions and fusions
joining different lengths of the N-terminal region to B-galactosidase.
When the first 41 amino acids of the protein were deleted, the resulting
construct was recovered with the cytosolic fraction indicating that the
N-terminal 41 amino acids contained all the information for targeting
and anchoring the 70 kDa protein. Fusion studies confirmed this result.
Fusing the N-terminal 61 amino acids to B-galactosidase resulted in
mitochondrial targeting whereas the N-terminal 21 amino acids failed to
efficiently target the fusion protein to mitochondria. Some of the
deletion constructs which removed sequences downstream from amino acid
11 campletely abolished normal attachment to the mitochondrial outer
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membrane but still allowed a fraction of the construct to reach the
matrix indicating that the residual targeting was most likely effected
by amino acids 1 to 11 (Hase et al., 1984).

Table 1 provides a list of the non-ocuter membrane proteins
synthesized without cleavable presequences that are known at present.
The proteins are organized according to their location within the
mitochondrial subcompartments: 3 in the matrix; 2 in the
intermembranespace; and 11 in the inner membrane (cytochrome bc; camplex
subunit VI and the ubiquinocne-binding protein are counted as one as are
cytochrome ¢ oxidase subunit VIa-c which are also counted as one
protein; see Table 1 for an explanation). It should be noted that of
those proteins whose sequence is known from several sources, there is no
presequence in any case. This includes examples from mammals and fungi.

The targeting information of these proteins must reside within
the mature protein itself. Proteins made without a cleavable
presequence can be divided into three groups, those whose amino termini
resemble presequences, those whose amino termini are similar to
presequences but differ by having one or two acidic residues arnd those
whose amino termini do not resemble presequences. Amino termini which
resemble presequences are indicated by (++) in Table 1, while those
which are similar but differ by having one or two acidic residues are
indicated by (+).Amino termini which do not resemble presequences are
indicated by (=). Examples from the first two groups include 2-
isopropyl malate synthase, 3-oxoacyl-CoA thiolase and cytochrome ¢
oxidase subunit VIc (see Table 1 for references). Amaya et al. (1988)

found that amino acids 1 to 61 of rat 3-oxoacyl-CoA thiolase could
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TABLE 1 Mitochondrial Proteins without Presequences

Protein

Evidence and Reference

Proteins

2-isopropyl malate
synthase (+) (yeast)

3-oxoacyl—-CoA
thiolase (++) (rat)

cyt-21 mitochondrial
ribosamal protein (++)
(N. crassa)

protein mobility on gel®, uptake into
isolated mitochondrial

targeting studies using fusion proteins
from expression plasmids?

protein moblllty on gel3
cDNA sequence

DA sequence®

Intermenbrane Space Proteins

adenylate kinase (-)
(chicken)
(bovine)

cytochrome ¢ (-)
(N. crassa)

(rat)

Imer Memebrane Proteins

ADP/ATP carrier (-)
(human)

(N. crassa)

(rat)

(yeast)

ATP synthase
subunit d (+) (bovine)

cytochrame bcy complex:
subunit VI (=) (bovine?)

(N. crassa)
(yeast)

subunit VII (+) (yeast)

protein mobility on gel®
cDNA sequence’

relative molecular mass of precursor
and mature forms equal

pmtem mobility on gel amino~-terminal
amino acid sequence

protein moblllty on gel, amino acid

sequencel?

cINA sequence, ccmparlson to bovine
amino acid sequence

protein mobility on gell2

protein moblllty on qel13

cDNA sequencel?

amino acid sequence and cINA
sequenceld®

protein mobility on gel]-6

protein mability on 5gell7

DNA sequence and [ Sjmet at positions 1
and 3_of both precursor and mature
forms18

DNA sequencel®

17
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subunit VIII (-) (yeast) DNA sequence and amino-terminal amino
acid sequence20

hinge protein (-) DNA sequence?l

(human)

ubiquinone-binding partial cDNA seguence, protein mobility

protein (++) (rat) on gel after in vitro translation and
immunoprecipitation

(human) ciiNa sequenc:e22

QCR9 (++?) (yeast) DNA sequence and amino-terminal amino

acid sequence?3

subunit VIIa (-) protein mobility on gel?4
(yeast') cINA sequence2>

subunit VIa® (<) (rat) cDNA sequence26: 27
(human) cDNA sequence?8

subunit VIb? (-) (human) cDNA sequence?9

subunit VIc (+) (rat) DNA sequence3?

(human) cDNA sequence31

subunit Ve (++) protein mobility on gel after in vitro
(sweet potato) translation and immunoprepitation
uncoupling protein

(hamster) amino acid sequence33

(rat) cDNA , amino-terminal amino acid

sequence’4/, 35

(++) N-terminal region resembles presequences.
(+) N-terminal region is similar to presequences but differ by
having one or two acidic residues in the region.
(-) N-terminal region does not resenble presequences nor is the

nature of the targeting signal cbvious.
*Protein mobility on gel indicated that the precursor has the same
mobility as the mature protein on SDS polyacrylamide gels.
+Itshouldbendtedﬂ')atinthecaseofcytochrmne_bglccmplexsukxmit
VI, the bovine subunit has been found to be nearly identical to the rat
and human ubiquinone-binding protein (Suzuki et al., 1988) indicating
that these may be the same protein.
It should also be noted that yeast cytochrame oxidase subunit VIIa has
a C-terminal 4 amino acid extension (Wright et al., 1986).
¥In the case of cytochrame ¢ oxidase subunits VIa-c, the homology of all
these subunits is still unclear so that the origin of the differences is
not apparent.
1. Bampsey et al., 1983; 2. Beltzer et al., 1988; 3. Miura et al., 1986;
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4. Arakawa et al., 1987; 5. Ruiper et al., 1988; 6. Watanabe & Kubo,
1982; 7. Kishi et al., 1987; 8. Korb & Neupert, 1978; 9. Zimmermann et
al., 1979; 10. Matsuura et al., 1981; 11. Battini et al., 1987;
12.Zimmermann & Neupert, 1980; 13. Hatalova & Kolarov, 1983; 14. Adrian
et al., 1986; 15. Walker et al., 1987; 16. Nishikimi et al., 1986; 17.
Teintze et al.,1982; 18. van Loon et al., 1984; 19. De Haan et al.,
1984; 20. Maarse & Grivell, 1987; 21. Ohta et al., 1987; 22. Suzuki et
al., 1988; 23. Phillips et al., 1989; 24. Mihara & Blabel, 1980; 25.
Wright et al., 1986; 26. Schlerf et al., 1988; 27. Goto et al., 1989;
28. Fabrizi et al., 1989; 29. Taarman et al., 1989; 30. Suske et al.,
1987; 31. Otsuka et al., 1988; 32. Nakagawa et al., 1987; 33. Aquila et
al., 1985; 34. Ridely et al., 1986; 35. Bouillaud et al., 1986
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target mature ornithine carbamoyltransferase to mitochondria indicating
that the N-terminal 61 amino acids function as a non-cleavable signal
for targeting and import. Examples from the third group include
cytochrome ¢, adenylate kinase, and the ADP/ATP carrier (see Table 1 for
references). Current understanding on the targeting and import of the
ADP/ATP carrier will be discussed in detail later on as the carrier is
homologous to uncoupling protein and can serve as a starting point for
the search of the targeting signal in uncoupling protein. However, it
should be noted here that Pfanner et al. (1987c) showed that the C-
terminal two-thirds of the N. crassa protein could be imported into
isolated mitochondria indicating that targeting information can reside

in regions distant from the amino terminus.

1.1.3 IMPORT RECEPIORS

The binding of mitochondrial proteins to a receptor is suggested
to be an early step in the import process. There are several lines of
evidence to support the existence of these receptors. One approach to
determine the nature of the targeting region and the receptor with which
it interacts is the use of synthetic peptides to inhibit the import of
precursors. In early competition experiments, a synthetic peptide
corresponding to the 27 N-terminal amino acids of rat preornithine
carbamolytransferase blocked the import of the complete precursor, the
rat malate dehydrogenase precursor and rat uncoupling protein precursor
whereas a synthetic peptide corresponding to amino acids 16 to 27 of the
precursor failed to block import (Gillespie et al., 1985). This led

Gillespie et al. (1985) to conclude that a common mitochondrial signal
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recognition apparatus is employed for the import of both inner membrane
and matrix proteins and that the competition observed was for an
essential component of the import apparatus, possibly an import
receptor. Ono and Tuboi (1988) showed that a 34 amino acid peptide of
preornithine aminotransferase inhibited the import of ornithine
aminotransferase, a large subunit of succinate dehydrogenase, sulfite
oxidase and porin. Chu et al. (1989) showed that a synthetic peptide
correspording to the N-terminal 28 amino acids of rat premalate
dehydrogenase inhibited the import of the rat precursors of malate
dehydrogenase and ornithine carbamoyltransferase. A matrix enzyme
synthesized without a cleavable presequence but having an N-terminus
similar to presequences, rat 3-oxoacyl-CoA thiolase, was shown to
inhibit the import of bovine ornithine carbamoyltransferase, rat medium-
chain acyl-CoA dehydrogenase and rat acetoacetyl-CoA thiolase, three
matrix enzymes synthesized as larger precursors (Mori et al., 1985).
Results of all these experiments indicated common receptors or shared
import components.

Ancther approach used is to pretreat mitochondria with low
concentrations of proteases which leave the outer membrane intact but
could still destroy any possible proteinaceous surface receptors.
Pretreatment of mitochondria with trypsin inhibited the import of yeast
cytochrome b,, yeast citrate synthase (Riezman et al., 1983) and rat
ornithine carbamolytransferase (Argan et al., 1983). Pretreatment of
mitochondria with low concentrations of either trypsin or proteinase K
inhibited the import of the following N. crassa proteins: porin, the

ADP/ATP carrier, FoF19, F1B and the Fe/S protein of the bcj-complex
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(Pfaller et al.,1989) but not apocytochrome c (Nicholson et al., 1988).
Pretreatment with elastase inhibited the import of the N. crassa
proteins porin and the ADP/ATP carrier but not the import of FoF49 or
FiB (Zwizinski et al., 1984). Pfaller et al. (1988) later showed that
pretreatment with elastase did inhibit the import of FgF;9 but not F48.
Taken together these results suggest the existence of at least three
types of receptors, one for porin, FpFq9 and the ADP/ATP carrier,
another for F1B and a third for apocytochrome c. The binding sites for
porin (Pfaller & Neupert, 1988) and the ADP/ATP carrier (Hartl et al.,
1989) have been titrated separately indicating the extistence of a
separate receptor for the ADP/ATP carrier bringing the total of separate
receptors to 4. Recently, Séllner et al. (1989) report the
identification of a N. crassa 19 kDa protein of the outer membrane which
they believe is a specific mitochondrial import receptor. Monospecific
IgG ard Fab fragments against the protein inhibited the import of the N.
crassa proteins porin, cytochrome ¢;, the Fe/S protein of the bcy
camplex, FoF19 and Ff at the level of high affinity binding of the
precursors to mitochondria. The antibodies and the Fab fragments did
not inhibit the import of the ADP/ATP carrier or apocytochrome ¢
(Séllner et al., 1989). Their results indicate the existence of two N.
crassa receptors, one for the ADP/ATP carrier and one for the rest of
the mitochondrial proteins.  Séllner et al. (1989) clarified the
observation from previous studies using differential sensitivity to
elastase that suggested the existence of separate receptors for porin
and FiB (Zwizinski et al., 1984; Pfaller et al., 1988). Mild elastase

treatment generated initially an 18 kDa fragment and subsequently a 17
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kDa fragment (Sollner et al., 1989). The import of porin and other
precursors required the intact receptor or the 18 kDa fragment whereas
import of FiB was unaffected provided that the 17 kDa fragment was
present. Sdllner et al. (1989) propose that precursors similar to the
ADP/ATP carrier would use the same receptor. This would include
precursors which do not carry a signal seguence at the N-terminus of the
precursor, and were most likely not present in the prokaryotic ancestors
of mitochondria. The import of apocytochrome ¢ represents a third
pathway distinct from all other mitochondrial proteins presently known.
Translocation into the intermembrane space is coupled to the covalent
addition of heme by cytochrome ¢ heme lyase, an intermembrane space
enzyme (Nicholson et al., 1988) and import is independent of protease-
accessible surface components (Sollner et al., 1989).

Studies with the ADP/ATP carrier have led to a clearer
understanding of a possible receptor and other components of the import
pathway. Import of the carrier has been studied extensively by Neupert
and his coworkers. They have found that there are two steps involved in
the binding of the N. crassa protein to mitochondria (Pfaller et al.,
1988; Pfanner & Neupert, 1987b; Pfamner et al., 1987a). The first step
is the binding to the receptor which can occur at low temperature, low
NTP levels or in the absence of the membrane potential. At this point,
the protein is still accessible to externally added proteases. The
second step requires higher temperatures and NTP levels. Pfaller et al.
(1988) extended their studies of binding sites to include the Fe/S
protein of the bcj-camplex, FgFq9 and Fif. They showed that the

precursors interacted first with distinct protease-accessible binding
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sites on the mitochondrial surface. Campetition observed after this
point suggested that the import pathways converged at a common insertion
site in the outer membrane where the precursors became protease-
resistant. These results led Pfaller et al. (1988) to suggest that
these proteins interact with another mitochordrial protein in the outer
membrane after binding to their specific receptors. This protein they
termed the general insertion protein (GIP) (Pfaller et al., 1988).

The binding to receptor sites (Hartl et al., 1989) ard binding to
GIP (Pfaller et al., 1988) have been titrated separately for the ADP/ATP
carrier using Scatchard analysis. Results showed that there are
approximately 10 times as many GIP sites as specific receptors. 1In
campetition experiments, porin competed for binding with the Fe/S
protein, the ADP/ATP carrier, FgF9 and Fjf but not cytochrame ¢
(Pfaller et al., 1988). The campetition between the ADP/ATP carrier and
porin was for the GIP. Cytochrome ¢ does not compete with any protein
tested to date, but binding sites have been titrated for this protein as

well (Hennig et al., 1983).

1.1.4 PROTEIN TRANSLOCATION

Outer membrane proteins appear to have the simplest import
pathway (Hartl et al., 1989). It is proposed that they bind first to
specific binding sites and then interact with the GIP before being
sorted to the outer membrane where assembly takes place. Import of
these proteins is independent of a membrane potential and no proteolytic

processing occurs.
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Translocation across a membrane does not occur for outer membrane
proteins. However, for proteins of the other mitochondrial
subcampartments, at least one membrane must be crossed. The lipid
portion of the phospholipid bilayer poses a barrier to the hydrophilic
portions of proteins and as a result, import models suggest that
translocation occurs through a proteinaceous pore (e.g. Singer et al.,
1987). 1In support of this idea, trapped precursors of F,f, the ADP/ATP
carrier and cytochrome b, can be extracted from the membranes by protein
denaturants such as alkaline pH or urea (Pfanner et al., 1987d).

Given that translocation is via a proteinaceous pore, two
possible pathways exist for import into the matrix. The first is for
the precursor to cross the ocuter membrane, the intermembrane space and
then the inner membrane, or secondly, to cross at contact sites where
outer and inner membranes come together. The evidence is in favour of
translocation occurring at contact sites. Schleyer and Neupert (1985)
found that the precursors of Fif and cytochrome c¢; could be trapped in
the import pathway by low temperature such that the amino termini were
processed by a matrix protease while a portion of the precursors were
still accessible to externally added proteases at concentrations that
did not degrade the outer membrane. The precursors could also be
trapped by first binding to C-terminal directed antibodies before
import. These results showed that the inner and cuter membranes were
close enocugh to be spanned by the precursors.

A later study by Schwaiger et al. (1987) showed that
translocation intermediates were located at contact sites. F¢f was
trapped by first prebinding the precursor with antibodies before being
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added to mitochondria. Protein A gold was used to react with the
antibodies and for visualization by electron microscopic analysis. The
gold particles were cobserved over the contact sites between the outer

and inner membranes (Schwaiger et al., 1987).

1.1.5 ENERGY REQUIREMENTS

Early studies by Schleyer et al. (1982) using inhibitors of electron
transport (rotenone, antimycin A and potassium cyanide), an inhibitor of
FoFjATPase (oligomycin), protonophores, i.e. uncouplers, (COCP and
FCCP), a K" ionophore (valinomycin) and an inhibitor of the ADP/ATP
carrier (carboxyatractyloside) showed that protein import requires
energized mitochondria. Similar results were cbtained by Gasser et al.
(1982) and Kolansky et al. (1982). Two components make up the
electrochemical potential of energized mitochondria, the membrane
potential (4¥) and the chemical potential (ApH). Pfanner and Neupert
(1985) showed that the ADP/ATP carrier could be imported by a
valinamycin-induced potassium diffusion potential which could not be
inhibited by the additon of a protonophore indicating that the membrane
potential is the energy source. It has since been accepted that the
membrane potential is required for the initial interaction of the
precursor with the inner membrane (Hartl et al., 1989). Campletion of
translocation occurs without the membrane potential as has been shown
for FiB, cytochrome ¢, (Schleyer & Neupert, 1985), the Rieske Fe/S
protein (Hartl et al., 1986), the ADP/ATP carrier (Pfamner & Neupert,
1987b) and cytochrome by, (Pfanner et al., 1987d). The current
hypothesis for the role of the membrane potential is that it exerts an
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electrophoretic effect on positively charged presequences or damains in
precursors synthesized without cleavable presequences to pull the
presequences or domains into the mitochondrial inner membrane (Hartl et
al., 1989).

Import also requires energy in the form of NTPs (ATP or GIP) and
the requirement is independent of that for the membrane potential.
Pfanner and Neupert (1986) demonstrated this for F;B8 by showing that
import of the protein did not occur in the presence of the membrane
potential without the addition of ATP or GTP. Import also did not occur
without the presence of the membrane potential even if NTPs were present
(Pfanner & Neupert, 1986). NIPs were shown to be required for the
initial interaction with the mitochondrial surface and higher levels of
NTPs were required for the campletion of translocation. This has been
demonstrated for F1f (Chen & Douglas, 1987b; Pfanner & Neupert, 1986),
the ADP/ATP carrier (Pfamner et al., 1987a), porin (Kleene et al.,
1987), a fusion protein joining FgF19 to dihydrofolate reductase
(Pfanner et al., 1987a), and a fusion protein joining the presequence of
cytochrome oxidase subunit IV to dihydrofolate reductase (Eilers et al.,
1987).

The role of NTPs in the import of precursors into mitochondria
appears to be to provide energy to keep the precursors in an import-
campetent conformation. The evidence includes results from fusion
protein studies where the proteins were more sensitive to proteinase K
digestion in the presence of NIPs suggesting that the proteins were in
an unfolded, import-competent conformation (Pfanner et al., 1987a).

Further evidence comes from studies where acid/base treatment (exposure
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to trichloroacetic acid, followed by alkali and rapid neutralization) of
porin replaced the NTP requirement (Pfanner et al., 1988) and
incampletely synthesized presursors required lower NIP levels (Verner &
Schatz, 1987). This role for NTPs is in line with the activity of the
BiP group of chaperones or more specifically, the hsp70s. That is,
hydrolysis of ATP by chaperones could disaggregate cytosolic aggregates
and unfold the precursor for import.

Hwang and Schatz (1989) have shown that ATP is required in the
matrix to complete translocation of precytochrome b, and a fusion
protein joining the presequence of cytochrome oxidase subunit IV to
dihydrofolate reductase. This requirement was observed after the
membrane potential-dependent step. In constrast, the import of porin
into the outer membrane did not require ATP in the matrix but only

outside the inner membrane, i.e. cytosolic ATP (Hwang & Schatz, 1989).

1.1.6 PROCESSING

Proteolytic processing is obviously necessary for precursors of
larger size to reach their mature length and perhaps conformation.
Early work with N. crassa showed that a matrix peptidase responsible for
the cleavage of the presequence of FgpF,9 requires divalent cations for
its activity and that it is inhibited by metal chelators, including
ortho-phenanthroline (Schmidt et al., 1984). Hawlitschek et al. (1988)
purified the matrix peptidase and found it was comprised of two
camponents, a 57 kDa matrix processing peptidase (MPP) and a 52 kDa
processing enhancing protein (PEP), both of which are required but do

not form a tight complex. Corresponding components have been identified
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in yeast and are the gene products of MAS1 (Witte et al., 1988; the PEP
camponent) and MAS2 (Pollock et al., 1988; the MPP camponent). Two
sequentially acting matrix proteases have been identified and
characterized in rat liver (Kalousek et al., 1988) but how they relate
to MPP and PEP is not known. Protease I is insensitive to EDTA
chelation and N-ethylmaleimide while protease II is inactivated by both
treatments (Kalousek et al., 1988). A preparation enriched in protease
II with only a trace amount of contaminating protease I has little or no
cleavage activity toward mitochondrial precursors but rapidly and
efficiently converts the intermediate forms of malate dehydrogenase and
ornithine carbamoyltransferase to their mature size (Kalousek et al.,
1988). On the other hand, a preparation of protease I free of protease
II is able to process the B subunit of propionyl-CoA carboxylase to its
mature size (Kalousek et al., 1988).

Other proteins also require a second cleavage step in order to
achieve their final length. These proteins are intermembrane space
proteins or proteins embedded in the inner membrane but extending into
the intermembrane space and include cytochrome b, and cytochrome ¢,
(Hartl et al., 1987; Teintze et al., 1982), cytochrome c peroxidase
(Reid et al., 1982) and the Rieske Fe/S protein (Hartl et al., 1986).
This second processing step has only been studied in depth in yeast and
N. crassa. The second step ocurrs at the outer surface of the inner
membrane and is insensitive to treatment with metal chelators (Hartl et
al., 1987). Evidence suggests that there are two proteases in the
intermembrane space in yeast mitochondria. A temperature-sensitive pet

mutant was shown to be defective in the second step for the processing
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of cytochrome b, but not cytochrome c peroxidase (Pratje & Guiard, 1986;
Pratje et al., 1983).

There is no consensus sequence for the cleavage site of the
matrix protease, however, analysis of a representative sample of 36
mitochondrial presequences by von Heijne et al. (1989) revealed that
arginine is frequently found a position =10 or -2 relative to the
cleavage site. A more extensive analysis has been performed by Hendrick
et al. (1989). Of the 50 mitochondrial proteins examined 8 are cleaved
in two places by matrix proteases and when analysed, were found to have
a highly conserved 3 amino acid motif in common. This included an
arginine at position =10, a hydrophobic amino acid at position -8 and
serine, threonine or glycine at position -5 relative to the second
cleavage site (Hendrick et al., 1989). The first cleavage occurred
between -9 and -8 putting the arginine at -10 at position -2 relative to
the cleaved bond. Another 14 proteins conformed with this motif,
however, 2 step processing has not been confirmed for these proteins. A
further 15 proteins were found to have arginine at position -2 meaning
that 74% of the matrix processing cleavage sites follow an arginine at
position -2 relative to the cleavage suggesting that the first enzyme is
responsible for the cleavage (Hendrick et al., 1989). The lack of a
strict consensus sequence suggests that a common structure is recognized
by the processing apparatus (Nicholson & Neupert, 1988). Also,
proteolytic processing is not species specific indicating the existence
of a cammon mechanism (Hartl et al., 1989).

Other types of processing occur besides proteolytic cleavage.

This includes the covalent attachment of prosthetic groups such as heme
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to cytochrome ¢ and c;, and the Fe/S centers on several subunits of
respiratory complexes I, II, and III; the non-covalent attachment of
coenzymes and cofactors such as NAD", FAD, hemes and metal ions (Hartl
et al., 1989). It should also be noted that processing is not needed
for translocation of proteins into mitochondria. For example, after
inhibition of the processing peptidase, the Fe/S protein of the bcg

camplex was still imported into mitochondria (Hartl et al., 1986).

1.1.7 SORTING AND ASSEMBLY

Outer membrane proteins and proteins of the matrix appear to have
the simplest sorting mechanism. It is suggested that outer membrane
proteins such as N. crassa porin (Kleene et al., 1987; Pfaller &
Neupert, 1987) and the yeast 70 kDa protein (Hase et al., 1984; Hurt et
al., 1985) bind first to specific receptors on the mitochondrial
surface, interact with the GIP and then are inserted into the outer
membrane. Matrix proteins are proposed to follow the route shown in
Fig. 1. They bind to their appropriate receptor, interact with a GIP
and are translocated at contact sites to the matrix where processing and
assembly occurs.

Proteins of the inner membrane and the intermembrane space follow
more camplicated sorting mechanisms. These proteins could be inserted
directly into their appropriate subcompartment (the stop-transfer or
stop-transport hypothesis) or they can be translocated to the matrix and
then redirected to their final destination (the evolutionary or

conservative model). Evidence exists for both mechanisms.
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The stop-transfer hypothesis of Blobel (1980) was applied to
mitochondrial targeting by Hurt and van Loon (1986). It is based on the
linear arrangement of a matrix-targeting domain, a stop-transport domain
and cleavage sites. The arrangement of these functional domains would
determine the final location of the protein. Matrix and inner membrane
proteins would have a matrix-targeting domain followed by a cleavage
site. Intermembrane space proteins would have a matrix-targeting
damain, a cleavage site, a stop-transfer domain holding the protein in
the inner membrane, and a final cleavage site releasing the protein into
the intermembrane space. Outer membrane proteins would have a matrix-
targeting domain followed directly by a stop-transfer domain.

Evidence in support of this model comes from studies on the yeast
70 kDa protein, cytochrome cq and rat pre-ornithine carbamoyltransferase
fused to the stop-transfer domain of vesicular stomatitis virus G
protein. Hase et al., (1984) report that the 11 amino-terminal residues
of the 70 kDa protein 1is responsible for matrix targeting while
residues 9 to 38 anchor the protein in the outer membrane. In an
analogous study the presequence of cytochrome c; directed dihydrofolate
reductase to the intermembrane space, while the first half of the
presequence directed the fusion protein to the matrix (van Loon et al.,
1986) . Kinetic studies showed that a fusion protein of the presequence
of cytochrome ¢; fused to cytochrome ¢ oxidase subunit IV was
transported to the intermembrane space but was never found in the matrix
(van Ioon & Schatz, 1987). Another study of a fusion protein joining
the 19 amino acid stop-transfer domain of vesicular stomatitis virus G

protein toward the C-terminus of pre-ornithine carbamoyltransferase
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anchored the protein in the inner membrane via the stop-transfer
sequence with the N-terminus facing the matrix and the short C-terminal
tail in the intermembrane space (Nguyen et al., 1988). When the same
stop-transfer sequence was placed near the N-terminus of the protein,
the protein was inserted in the outer membrane in the opposite
orientation (Nguyen et al., 1988).

Despite the above evidence, there are problems with this model.
This mechanism of tareting has not been demonstrated for naturally
occurring inner membrane proteins synthesized as larger precursors. It
is possible that some proteins are sorted via the stop-transfer model,
however, it is clear that the model does not apply to all proteins.

The evolutiocnary model or conservative sorting mechanism was
first described by Hartl et al. (1986) working with the Fe/S protein of
the bcy) complex of N. crassa. They demonstrate that the precursor is
first translocated to the matrix where the first 24 amino acids of the
presequence are removed. The remaining 8 residue peptide of the
intermediate redirects the protein across the inner membrane in the
absence of a membrane potential to its final 1location in the
intermembrane space attached to the inner membrane. Hartl et al. (1986)
suggest that the 24 amino acid presequence was added when the gene was
transferred to the nucleus and that the presequence targets the
precursor to the matrix where the "ancestral" assembly pathway takes
over. This type of sorting has also been demonstrated for N. crassa
cytochrome c; and yeast cytochrome b, (Hartl et al., 1987) and for the
Fe/S protein and cytochrome ¢ oxidase subunit IV of yeast (van Loon &

Schatz, 1987). At present, the results for the sorting mechanism for
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cytochrome c; in yeast (van Loon & Schatz, 1987) and in N. crassa (Hartl
et al., 1987) are contradictory and further work is required to
determine which pathway is followed.

The final step for imported proteins includes folding of the
protein to its mature conformation and assembly into homo- or hetero-
oligamers. This step is poorly understood at the present time, however,
chaperonins such as hsp60 appear to be involved (Cheng et al., 1989;
Ostermann et al., 1989). The co-ordination of both the nuclear and
mitochonrial genomes is also poorly understood. This is especially true
for protein complexes whose subunits are derived from both genomes. A
review of this area is beyond the scope of the thesis and the review by
Hartl et al. (1989) can be consulted for an overview and further

references.

1.2 BROWN ADIPOSE TISSUE AND UNOOUPLING PROTEIN

Brown adipose tissue functions to produce heat in newborn
mammals, small mammals in the cold and in animals arousing from
hibernation (Nicholls & Locke, 1984). The heat produced by non-
shivering thermogenesis is the result of an activated 32 kDa protein
unique to brown adipose tissue mitochondria. Most commonly this protein
is now termed the uncoupling protein or thermogenin. In mitochondria,
oxidative phosphorylation generates an electrochemical gradient as
protons are expelled across the inner membrane. The energy stored in
the gradient generates ATP as protons flow through the ATP synthase.
When uncoupling protein is activated in brown adipocyte mitochondria,

the protein functions as a membrane potential driven proton translocator
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(Klingenberg & Winkler, 1985) thereby uncoupling oxidative

phosphorylation. The ATP synthase is bypassed and the energy is
released as heat.

1.2.1 UNOCOUPLING PROTEIN FUNCTION

The evidence suggesting that uncoupling protein is responsible
for the uncoupling of brown adipose tissue mitochondria is summarized in
a review by Nicholls and Locke (1984). Cross-linking analysis has shown
that uncoupling protein functions as a dimer in vivo (Klingenberg &
Appel, 1989; Lin & Klingenberg, 1982). In hamster, the disulfide bridge
is 1likely to be formed between two cysteines at position 304
(Klingenberg & Appel, 1989). Other studies have shown that uncoupling
protein is inhibited by purine nucleoside di- or triphosphates and is
activated by fatty acids. Purine nucleotides bind to uncoupling protein
at the outer face of the inner membrane thus inhibiting proton transport
(Heaton et al., 1978). A direct correlation has been shown for
nuclectide affinity and inhibition of proton transport (Heaton et al.,
1978; Lin & Klingenberg, 1982) with the decreasing order of affinity for
GTP, GDP, ATP and ADP (Lin & Klingenberg, 1982). Although the highest
affinity is exhibited for GTP, ATP likely acts in vivo due to its higher
concentration (Klingenberg, 1984; Nicholls & Locke, 1984).

Fatty acids increase proton transport and induce uncoupling of
brown adipose tissue mitochondria (Locke et al., 1982). In non-
energized mitochondria this results from lowering uncoupling protein's
affinity for purine nucleotides (Rial et al., 1983). But in energized

mitochondria it has been proposed that free fatty acids act by causing a
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conformational change and not by competing for the nucleotides (Rial et
al., 1983).

Direct proof that uncoupling protein is responsible for the
cbserved effects cames from studies in which purified uncoupling protein
was functionally reconstituted into liposomes (Klingenberg & Winkler,
1985; Strielman et al., 1985). Uncoupling protein was studied with
respect to proton transport, nucleotide binding and the effect of free
fatty acids. Uncoupling protein was shown to be necessary for the
proton influx indicated by the increase in pH observed upon the addition
of valinomycin to potassium ion loaded liposomes (Klingenberg & Winkler,
1985). From this study, Klingenberg and Winkler (1985) concluded that
uncoupling protein's function as a proton translocator is dependent on
the membrane potential. It was shown that GDP could inhibit the proton
influx (Klingenberg & Winkler, 1985). Strielman et al. (1985)
demonstrated that fatty acids increased the proton permeability of
liposomes with uncoupling protein present suggesting that free fatty
acids activate uncoupling of brown adipose tissue mitochondria and that
they act via the uncoupling protein. These results strongly suggest
that uncoupling protein is indeed responsible for the uncoupling of
brown adipose tissue mitochondria, however, in the reconstitution
studies, small amounts of other proteins were present (20% of other
protein, Klingenberg & Winkler, 1985; 10% of other protein, Strielman et

al., 1985).
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1.2.2 UNOQOUPLING PROTEIN, THE ADP/ATP CARRIER AND THE PHOSPHATE CARRIER:
THE STROUCTURAL REIATTONSHTP

The primary structure for hamster uncoupling protein was
determined by direct protein sequencing. The protein has 306 amino
acids and a molecular mass of 33,215 Da (Aquila et al., 1985). A full
length cDNA clone for the rat protein has been obtained and sequenced
(Bouillaud et al., 1986; Ridley et al., 1986a). The predicted amino
acid sequence is 91.5% identical to the hamster sequence and consists of
307 amino acids with a molecular mass of 33,084 Da (Bouillaud et al.,
1986; Ridley et al., 1986a). The N-terminal 30 amino acids were also
determined by direct protein sequencing and are identical with the
deduced sequence with the exception of the N-terminal methionine which
is removed from the precursor (Ridley et al., 1986a). Cleavage of the
initiating methionine is not unusual and has been reported for other
proteins (Tsunasawa et al., 1985). The sequencing results confirm
previous findings that uncoupling protein is synthesized as a mature
length precursor (Freeman et al., 1983; Freeman & Patel, 1984; Freeman
et al., 1985; Ricquier et al., 1983).

Once the primary sequence was known, it became possible to
predict secondary structure and a membrane disposition model for
uncoupling protein. Hydropathy calculations which take sided a-helices
and B strands into account suggest the existence of 6 a-helices and an
amphipathic B strand (Aquila et al., 1985, 1987). The membrane
disposition model is shown in Fig. 2a. Standard hydropathy calculations
(Kyte & Doolittle, 1982) were performed by Runswick et al. (1987) and

suggest the existence of 6 membrane spanning domains. It should be



Figure 2. Membrane Disposition Models of Three Mitochondrial
Transport Proteins. a, Hamster uncoupling protein as illustrated
in Aquila et al., (1985). The six membrane spanning a-helices are
labeled A-F. Areas with residues more hydrophcbic than glycine
are shaded grey. A possible B-strand is shown between helix A and
a stretch of unknown structure as depicted by shaded boxes. The
single amino acid code is used. b, Bovine heart ADP/ATP carrier
as illustrated in Bogner et al., (1986). Membrane spanning a-
helices and B-strands were derived from hydrophabicity
distribution calculations for amphipathic a- and B-structures.
The direction of the segments toward the cytosol or the matrix was
based on the availability of 1lysine residues for chemical
derivitization in mitochondria and submitochondrial particles.
The position of the lysines in the headgroup region is based on
comparisons of incorporation into soluble protein, mitochondria
and particles. Inaccessible lysines are marked by a dashed
circle. Iysines accessible in a carboxyatractylate-protein
camplex are marked by a full circle. Those accessible in the
bongkrekate-protein camplex are marked by a rectangle. Possible
assigmment of lysines to the translocation path is indicated by
omission of background pattern. ¢, Bovine phosphate carrier as
illustrated in Aquila et al. (1987). The six membrane spanning a-
helices are labeled A-F. A possible B-strand is shown between
helices A and B. The intervening hydrophilic segments are shown
as hatched boxes as their structure is unclear. The single amino
acid code is used.
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noted that differences between the two models leads to opposite
positions of the N-termimus with respect to the C-termimus. There is
evidence showing that the C-terminus is located on the cytosolic face of
the inner membrane (Eckerskorn & Klingenberg, 1987). Further analysis
of uncoupling protein in the membrane is required to determine which
basic model is correct.

Analysis of the primary structure revealed that several features
are very similar to bovine heart ADP/ATP carrier whose primary structure
had been previocusly determined by Aquila et al. (1982). The ADP/ATP
carrier is composed of 297 amino acids with a molecular mass of 32,906
Da. An updated membrane disposition model for the carrier is shown in
Fig. 2b and is the result of a study using a lysine-specific labeling
reagent with modified mitochondria, sub-mitochordrial particles and
solubilized protein (Bogner et al., 1986). Note that in this model the
C-terminus is proposed to reside within the membrane. A similar study
has not yet been performed on the uncoupling protein.

The primary sequences of 3 mitochondrial carriers, the uncoupling
protein (Aquila et al., 1985), the ADP/ATP carrier (Aquila et al., 1982)
and the phosphate carrier (Aquila et al., 1987; Runswick et al., 1987)
have been compared and are very similar (Aquila et al., 1987; Runswick
et al., 1987). All three proteins have a tripartite structure of three
100 amino acid repeats. All nine repeats in the three proteins are
related to each other with homology amongst the full sequences and
between the repeats (Aquila et al., 1987; Runswick et al., 1987). A
menbrane disposition model for the phosphate carrier is shown in Fig. 2c

as presented by Adquila et al. (1987). The similarity in the amino acid
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sequences and in the membrane disposition models for the three proteins
has led to the suggestion that the proteins have evolved by gene
triplication followed by diversification (Aquila et al., 1987). It has
also been proposed that uncoupling protein belongs to a subgroup of
proton/anion cotransporters and has evolved by the deletion of the anion
binding site making uncoupling protein a degenerated proton/anion
cotransporter (Aquila et al., 1985).

Despite the similarity amongst the proteins, there is a major
difference in the precursors. Unlike the ADP/ATP carrier and the
uncoupling protein, the phosphate carrier is synthesized with a 49 amino
acid presequence (Runswick et al., 1987). Consequently, it is possible
that the targeting and import of the phosphate carrier is also different
from that of the other two proteins.

1.2.3 THE ADP/ATP CARRIER: A MODEL FOR UNCOUPLING PROTEIN TARGETING
Because the ADP/ATP carrier is structurally similar to the
uncoupling protein, it is possible that the uncoupling protein has a
similar mechanism for import. Both proteins are synthesized as mature
length precursors and would therefore contain the targeting information
within the mature sequence. Targeting sequences of proteins synthesized
with presequences are rich in basic amino acids. There are several
regions rich in basic amino acids within uncoupling protein that could
be targeting sequence candidates; amino acids 54 to 67, 73 to 92, and
138 to 153 (Ridley et al., 1986a,b). The current knowledge on import of

the ADP/ATP carrier can serve as a starting point for the targeting of

uncoupling protein.
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A model for the import of the N. crassa ADP/ATP carrier has been
proposed (Pfanner & Neupert, 1987b; Pfanner et al., 1987a) and is shown
in Fig. 3. The steps include: 1) the ADP/ATP carrier is synthesized as
a mature length precursor on free polysomes in the cytosol. 2) The
protein then binds to a receptor in the outer membrane in an NTP-
dependent, membrane potential-independent manner. 3) The protein is
then translocated into saturable protease protected sites within the
outer membrane in an NTP-dependent process (interaction with GIP). 4)
The protein is translocated from the outer membrane to the inner
membrane at contact sites being led by a hairpin and this step requires
a membrane potential. An intermediate was observed spanning both
membranes simultanecusly if import occurred at low temperatures (Pfanner
et al., 19874). 5) The completion of translocation into the inner
membrane occurs in a membrane potential-independent manner.

One approach used to identify the targeting sequence of a
precursor not synthesized with a cleavable presequence is to fuse
regions of the precursor to a passenger protein which does not normally
reside within mitochondria. This approach is very similar to fusing
presequences to passenger proteins and often, the same passenger
proteins are used for both types of precursors. In targeting studies on
the yeast ADP/ATP carrier, the first 115 amino acids of the protein were
fused to E. coli B-galactosidase and the resulting fusion protein was
imported into mitochondria (Adrian et al., 1986). The possible
targeting region has been defined even further by Smagula and Douglas
(1988a,b) to be within amino acids 72 and 111. This was based on

results of two fusion proteins, amino acids 1 to 111 joined to
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NTP dependent
unfolding

Matrix

Figure 3. TImport of the ADP/ATP Carrier. The requirement for a
membrane potential (AY) is indicated. The requirements for NTPs are
indicated in squares from high requirement (++) to no requirement (-).
M, outer mitochondrial membrane; IMS, intermembrane space; IM, inner
membrane; R, receptor; AY, membrane potential. The steps are explained
in the text. As illustrated in Pfanner et al. (1987a).
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dihydrofolate reductase which was imported into mitochondria, and amino
acids 1 to 72 joined to dihydrofolate reductase which was not imported
(Smagula & Douglas, 1988a,b). Amino acids 72 to 111 have not been
tested directly. More convincing evidence that this region is
responsible for targeting the ADP/ATP carrier would came from the lack
of import of the precursor in which the suspected region was altered.
It is possible that there exists a second targeting sequence within the
ADP/ATP carrier. Pfanner et al. (1987c) deleted the first 103 amino
acids and found that the N. crassa protein was still imported into
mitochondria. This is not surprising due to the tripartite nature of
the protein. Analysis of each domain reveals that the C-~terminal half
of each damain contains a positively charged stretch of about 20 amino
acids which are predicted to form an a-helix sharing characteristics
with mitochondrial presequences (Pfanner et al., 1987c).

The uncoupling protein parallels the ADP/ATP carrier in that it
is possible that two targeting sequences exist within the protein. A
fusion protein joining rat uncoupling protein amino acids 13 to 105 to
ornithine carbamoyltransferase amino acids 147 to 354 was imported by
mitochondria and inserted in the inner membrane (Liu et al., 1988).
Further, a fusion protein joining uncoupling protein amino acids 13 to
51 to ornithine carbamoyltransferase was not imported indicating that
this segment of uncoupling protein containing amino acids 13 to 51 does
not carry sufficient information for targeting although it might be
necessary (Liu et al., 1988). Deletion of the first 51 amino acids
resulted in a deletion construct which was imported poorly into
mitochondria (Liu et al., 1988). The protein, after the first 101 amino

acids had been deleted (UCP102-307), was imported by mitochondria but
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was not integrated within a membrane (Liu et al., 1988). This indicates
that the information to target protein to the inner membrane is
contained within the first 101 amino acids of the protein. Import of
the UCP102-307 is not surprising in light of the tripartite structure of

the protein.

1.3 SCOPE AND GOAIS OF PRQJECT

The aim of this project was to identify the targeting sequence or
sequences for rat uncoupling protein. Based on the above information,
the search for a targeting sequence would begin within amino acids 13 to
105. For this, uncoupling protein cDNA and the cDNA for uncoupling
protein amino acids 13 to 105 joined to ornithine carbamoyltransferase
amino acids 147 to 354 (obtained from Dr. G. Shore's laboratory, note
that wuncoupling protein amino acid 105 and ornithine
carbamoyltransferase amino acid 146 are identical with the same serine
codon, TCA) were used and changed by oligonucleotide site-directed
mutagenesis to produce uncoupling protein lacking amino acids 2 to 35
and uncoupling protein amino acids 53 to 105 fused to ornithine
carbamoyltransferase. These were subcloned into an expression vector.
A second fusion protein was also constructed to aid in the search, this
one joining uncoupling protein amino acids 53 to 105 to dihydrofolate
reductase. The import of the fusion proteins was used to narrow the
region responsible for targeting uncoupling protein. In order to test
potential targeting regions directly, site-directed mutagenesis was used
to affect single amino acid substitutions within uncoupling protein
itself. The criteria for targeting was based on the sucessful import of

the protein by isolated mitochondria.



2. MATERTALS

2.1 SOLUTIONS, BUFFERS AND REAGENTS

Bacto-tryptone and bacto-yeast are supplied by Difco, Detroit,
Michigan. The 1 kb ladder, the restriction enzyme PstI, 10x
restriction enyzme buffers, bacteriophage M13mpl8 and M13mpl9, E. coli
JM107 and library efficiency HB10l1 cells, IPIG, and Bluo-gal were
supplied by BRL, Gailthersburg, Maryland. The restriction enyzmes EcoRI
and KpnI, one-phor-all buffer plus: 10x concentration, the vectors
pSPT18 and 19, T4 polynucleotide kinase, the Klenow fragment of DNA
polymerase, m’GpppG, and T7 and SP6 RNA polymerases were supplied by
Pharmacia, Uppsala, Sweden. IBI, New Haven, Connecticut, supplied 10x
ligase reaction buffer and T4 DNA ligase. E. coli BW313 cells were a
generous gift from Len Rasile and Dr. H.P. Ghosh. TFB was a gift from
Dr. A.B. Futcher's and Dr. C. Harley's laboratories. [a=32P]dATP (1000
to 1500 Ci/mmol), [T-22PJATP (10mCi/ml), [14C]formaldehyde (17 mM, 0.25
mCi) and [3°S)methionine (9.85 mCi/ml) were supplied by New England
Nuclear, Iachine, Quebec. [a-3°S]dATPaS (10 mCi/ml) was supplied by
Amersham, Arlington Heights, Illinois. Uridine and CCCP were supplied
by Sigma, St. Iousis, Missouri. The oligonuclectide primers AB268,
AB270, AB271, AB484, AB572, AB636-AB640 were supplied by the Central
Facility of the Institute for Molecular Biology and Biotechnology at
McMaster University. A list of these can be found at the end of this
section. The T; promoter primer was supplied by Promega Biotech,

distributed through Bio/Can Scientific 1Inc., Mississauga, Ontario.
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BiolOl, as distributed by Bio/Can Scientific, supplied the Nal solution,
the NEW solution and the glass milk in their GeneClean kit. Promega
Biotech suppied 5x Transcription Buffer, 100 mM DIT, RNasin at 40 U/ul,
10 mM stocks of the NTPs, T; and SP6 RNA polymerases, RNase-free DNase 1
U/ul, nuclease treated lysate and 1 mM amino acid mixture (minus

methionine). All other chemicals are reagent grade.

2.2 Plasmid Preparation Solutions
1B Medium: 10 g bacto-tryptone
5 g bacto-yeast
10 g sodium chloride
per 1 L, pH 7.5 with NaCH
IB Agar: 15 g agar in 1 L LB medium
Lysozyme Solution: 50 mM glucose (Mr 180.16) 0.9008 g
10 mM CDTA (Mr 346.2) 0.3462 g
25 mM Tris (Mr 121.1) 0.3028 g
per 100 ml, pH 8.0 with HCl
Alkaline SDS: 0.2 M NaOH (Mr 40) 0.8 g
1% (w/v) SDS 1.0 g/100 ml
High Salt Solution: 3 M potassium acetate: 60 ml of 5 M potassium
acetate
1.8 M formic acid: 5 ml of 90% formic acid
35 ml sterile water
Acetate-CTDA-MOPS: 0.1 M sodium acetate (Mr 136.08) 1.36 g
0.05 M MOPS (Mr 209.3) 1.0465 g
1 nM CDTA (Mr 346.2) 0.0345 g

per 100 ml, pH 8.0 with NaOH
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CDTA-Tris: 1 mM CDTA (Mr 346.2) 0.0346 g
10 mM Tris (Mr 121.1) 0.1211 g
100 ml, pH 7.5 with HC1
Licl Solution: 5 M LiCL (Mr 42.39) 21.20 g
0.05 M MOPS (Mr 209.3) 1.0465 g
1 mM CDTA (Mr 346.2) 0.0346 g
per 100 ml, pH 8.0 with NaOH
Tetracycline: 10 mg tetracycline/ml 95% ethanol

Chloramphenicol: 170 ug chloramphenicol/ml 95% ethanol

2.3 Agarose Gel Solutions
1% Agarose Gel: 1.5 g agarose
50 ml 0.5x TBE
Dye Mix: 0.1% (w/V) Xylene cyanol
0.1% (w/V) bromophenol blue
10 mM Na,EDTA
95% (v/v) deionized formamide
10 x TBE: 1 M Tris (Mr 121.1) 121.1 g
0.89 M boric acid (Mr 61.83 ) 55 g
20 mM Na,EDTA (Mr 372.24) 7.4 g
per 1 L, pH 8.3 with boric acid or Tris

Ethidium Bromide Stain: 10 mg ethidium bromide/ml

2.4 Restriction Endomuclease Digestion and Ligation
10x Restriction Enzyme Buffer (high salt, supplied):

100 mM MgCl,, 500 mM NaCl, 500 nM Tris-HC1l pH 8.0



10x Concentration One-phor-all Buffer Plus (supplied)
10x Ligase Reaction Buffer (supplied):

100 mM MgCl,, 10 mM DIT, 4 mM ATP, 250 mM Tris-HCl pH 7.8

2.5 Cell Transformation Solutions
YT Broth: 8 g peptone
5 g yeast extract
5 g NaCl
per 1 L, pH 7.5 with NaCH
B Top Agar: 10 g peptone
8 g NaCl
6 g agar per 1 L, pH 7.5 with NaOH
B Bottom Agar: 10 g peptone
8 g NaCl
12 g agar per 1 L, pH 7.5 with NaCH
CaCl, Solution: 50 mM CaCl, (Mr 147.02) 0.735 g
10 M Tris (Mr 121.1) 0.1211 g

per 100 ml, pH 8.0 with HCl

2.6 High Efficiency Campetent Cells — Hanahan Solutions
SOB Medium: 20 g Bacto-tryptone
5 g Yeast extract
0.5 g NaCl
per 1 L, pH 7.5 with NaCH
After autoclaving, 20 ml sterile 1 M MgSO, was added

SOC Medium: SOB medium plus 20 mM glucose
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TFB (supplied): 10 mM K-Tes pH 6.2
100 mM RbCl
45 mM MnCl,*4Hy0
10 mM CaCl,*2H,0

3 mM hexamine CoClj

2.7 ssINA Purification Solutions
TES Buffer: 20 mM Tris (Mr 121.1)
10 mM NaCl (Mr 58.44)
0.1 mM Na,EDTA (Mr 372.24)
pH 7.5 with HCL
Chloroform: iso—amyl alcochol; (24:1 v/v)
20% (w/v) PBG, 2.5 M NaCl: PEG 8000 20 g
2.5 M NaCl (Mr 58.44) 14.6 g
per 100 ml
3 M Sodium Acetate: 3 M sodium acetate (Mr 82.03) 24.6 g

per 100 ml, pH 5.0 with acetic acid

2.8 dsINA Purification Solutions for Sequencing
2 M Ammonium Acetate: 2 M ammonium acetate (Mr 77.08) 1.54 g
per 10 ml
4 M NaOH: 4 M NaCH (Mr 40.0) 4 g
per 100 ml
4 mM EDTA: 4 mM NayEDTA (Mr 372.24) 0.1489 g

per 100 ml
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2.9 Urea Sequencing Gel Solutions
Instagel: 40% (w/v) acrylamide:bis-acrylamide (19:1 w/w)
acrylamide 19 g
bis-acrylamide 1 g
50% (w/v) urea 105 g
10x TBE 25 ml per 250 ml
Ammonium Persulphate: 10% (w/v) ammonium persulphate

TEMED

2.10 Sequenase Reagents

5x Annealing Buffer: 200 mM Tris-HCl pH 7.5
100 mM MgCl,
250 mM NaCl
Labeling Nucleotide Mix: 1.5 pM each of dCTP, dGTP, dTTP
Termination Nucleotide Mix: 50 mM NaCl
80 UM each of dATP, dCTP, dGTP, 4dITP
for each of the mixes plus
A Mix: 8 uM ddaATP
C Mix: 8 uM ddCTP
G Mix: 8 pM ddGTP
T Mix: 8 uM d4dTTP
Stop Solution: 95% (v/v) formamide
20 mM EDTA
0.05% (w/v) Bromophenol Blue

0.05% (w/v) Xylene Cyanol FF

51



2.11 T7 Sequencing Kit Reagents
Annealing Buffer: supplied
ILabeling Mix: supplied

A Mix-Short: supplied

C Mix-Short: supplied

G Mix-Short: supplied

T Mix-Short: supplied

Enzyme Dilution Buffer: supplied

Stop Solution: supplied

2.12 Oligomiclectide Site-Directed Mutagenesis

5 M NaCl: 5 M NaCl (Mr 58.44) 29.2 g per 100 ml
1M Tris pH 7.8: 1 M Tris (Mr 121.1) 12.1 g
per 100 ml, pH 7.8 with HC1l
100 mM MgCl,
100 mM DIT
1 mM ATP
10x Annealing Buffer: 200 mM Tris-HCl pH 7.5: 200 pl of 1 M
Tris-HCl, pH 7.5
100 mM MgCl,: 50 pl of 2 M MgCl,
500 mM NaCl: 100 pl of 5 M NaCl
10 mM DIT: 20 pl of 500 mM DIT
per 1 ml
Solution B: 200 mM Tris-HCl pH 7.5: 200 pl of 1 M Tris-HCl,
pH 7.5
100 mM MgCl,: 50 pl of 2 M MgCl,



100 mM DIT: 200 pl of 500 mM DIT

per 1 ml
2.5 mM dNTP Mix: 2.5 mM each of dATP, dCTP, dGTP, QITP

10 mM ATP

2.13 GeneClean Solutions from BiolOl

NaI solution: Na;SO5
NaI in 50 ml final volume

NEW: Tris, ethanol, EDTA, NaCl pH 7 - 8.3

2.14 INA Recovery Solutions from Iow Melting Agarose

0.2 M Tris: 0.2 M Tris (Mr 121.1) 2.42 g
per 100 ml, pH 8.0 with HCl
3 M Sodium Acetate: 3 M sodium acetate (Mr 82.03) 24.6 g

per 100 ml, pH 5.2 with acetic acid

2.15 Transcription In vitro
DEPC-treated Water: 500 pl of DEPC per 500 ml water left at 20 °C
overnight, then autoclaved
5% Transcription Buffer (supplied): 200 mM Tris-HCl, pH 7.5
30 mM MgCl,
10 mM spermidine
50 mM NaCl
100 mM DIT (supplied)

NTP Mix: 2.5 mM each of ATP, CTP, UTP and 0.5 mM of GTP
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10 mM Nucleotide Stocks from Promega

10 M Ammonium Acetate (Mr 77.08) 7.7 g per 10 ml

2.16 Translation In Vitro: lysate solution and amino acid mixture

supplied by Promega

2.17 Heart Mitochondria Solutions
Medium B: 10 mM HEPES (Mr 238.3) 1.19 g
220 mM mannitol (Mr 182.2) 20 g
70 mM sucrose (Mr 342.3) 11.98 g
1 mM EGTA (Mr 380.4) 0.190 g
per 500 ml, pH 7.5 with KoH
Medium A: Medium B plus 2 mg BSA/ml
Resuspension Medium: 0.25 M sucrose (Mr 342.3) 8.5 g
10 mM HEPES (Mr 238.3) 0.0357 g
2 mM K;HPO, (Mr 174.18) 0.026 g
5 mM sodium succinate (Mr 162) 6.0 g
1 M DIT (Mr 154.3)
1 mM ATP (Mr 605.2)
0.08 mM ADP (Mr 427.2)
per 100 ml, pH 7.2 with KOH
Cycloheximide: 15 mg/ml solution in 95% ethanol

Chloramphenicol: 40 mg/ml solution in absolute ethanol
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2.18 Brown Adipose Tissue Mitochondria Solutions
Sucrose-Tes pH 7.2: 0.25 M sucrose (Mr 342.3) 42.79 g
5 mM Tes (Mr 229.3) 0.579 g
per 500 ml, pH 7.2 with KOH
Sucrose-EDTA-Tris: 0.3 M sucrose (Mr 342.3) 25.67 g
10 mM Tris (Mr 121.1) 0.3027 g
2 MM NayEDTA (Mr 372.24) 0.1862 g

per 250 ml, pH 7.2 with HCl

2.19 Iowry Reagents
Lowry A: 2% (W/V) NayCO3 (Mr 105.99) 20 g
0.02% (w/v) Na,K tartrate (Mr 282.231) 0.2 g
0.1 N NaOH (Mr 40) 4 g
per 1000 ml
Lowry B: 0.5% (W/v) CuSO4.5H,0 (Mr 249.69) 0.5 g
per 100 ml
Lowry C: 50 ml Iowry A
1 ml Iowry B
Lowry D: 5 ml Phenol Reagent Solution 2N (Folin-Ciocalteau):

supplied
5 ml water
2.20 Mitochondria Import Solutions

1.5 MM CCCP: 50 mM CCCP (Mr 204.6) 0.0102 g in 1 ml 95% ethanol
diluted to 1.5 mM in 95% ethanol

5 mg Proteinase K/ml in 2x PK buffer
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2x PK Buffer: 20 mM Tris (Mr 121.1) 0.2422 g
10 mM Na,EDTA (Mr 372.24) 0.3722 g
1% (w/Vv) SDS 1 g
per 100 ml, pH 8.0 with HCL
100 mM PMSF: 100 mM PMSF (Mr 174.2) 0.01742 g in 95% ethanol
0.1 M Nag03: 0.1 M NayCO3 (Mr 105.99) 1.06 g

per 100 ml, pH 11.5 with NaCH

2.21 Uncoupling Protein Purification Solutions
Standard Medium: 20 mM morpholinopropane sulfonate (Mr 209.3)
20 mM NaySO, (Mr 142.02)
0.16 mM Na,EDTA (Mr 372.24), pH 6.7 with NaCH
0.3 M Sucrose, 10 mM Tris, 2 mM EDTA, pH 7.2:
0.3 M sucrose (Mr 342.3)
10 mM Tris (Mr 121.1)

2 mM NayEDTA (Mr 372.24), pH 7.2 with HCl

2.22 SDS Polyacrylamide Gel Solutions

30% Acrylamide/Bis Solution: 9 g acrylamide
0.24 g bis-acrylamide
22.5 ml water
Separating Gel: 18.75 ml water
15 ml separating gel buffer
25 ml acrylamide/bis-acrylamide solution
0.6 ml 10% (w/v) SDS

0.12 ml 50% (v/V) glycerol



20 ul TEMED
0.45 ml 10% (w/v) ammonium persulphate
Separating Gel Buffer: 1.5 M Tris (Mr 121.1) 182 g
per 1 L, pH 8.8 with HCl
Stacking Gel: 11.8 ml water
5 ml stacking gel buffer
3.8 ml acrylamide/bis-acrylamide solution
40 pl 50% (v/v) glycerol
100 wl 10% (w/v) SDS
20 ul TEMED
125 ul 10% (w/v) ammonium persulphate
Stacking Gel Buffer: 0.5 M Tris (Mr 121.1) 61 g
per 1 L, pH 6.8 with HC1
2X SDS Sample Buffer: 1 ml glycerol
1 ml stacking gel buffer
1 ml B-mercaptoethanol
0.5 ml 0.2% (w/v) bromophenol blue
1.5 ml 20% (w/v) SDS
10x Reservoir Buffer: 2.5 M Tris (Mr 121.1) 30.2 g
2 Mglycine (Mr 72) 144 g
per 1 L, pH 8.3 with HC1
Reservoir Buffer: 1x reservoir buffer: 100 ml of 10x buffer
0.1% (w/v) SDS: 10 ml of 10% (w/v) SDS

per 1 L
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2.23 4c-1abeling of Proteins
Borate Buffer: 1 M borate (Mr 61.83)
pH 9.0 with NaOH
Sodium Borchydride: 5 mg sodium borchydride/ml made fresh

l4c-Formaldehyde: 0.25 mCi diluted to 17 mM with water

2.24 Oligomuclectide Primers

AB268: 5'-pOGAGCCAAGATGACOGCCAAA-3'

This was used in site-directed mutagenesis to join the initating
methionine to threoninejg in UCP. AB268 correspords to nucleotides -9
to 3 and 106 to 114 of the antisense strand of rat UCP cDNA. The
resulting construct was called Ud2-35.

AB269: 5'-pOGAGCCAAGATGATTAGGTAT-3'

This oligonucleotide was not used but could be used to join the
initating methionine to isoleucinesy in UCP. AB269 corresponds to
muiclectides -9 to 3 and 157 to 165 of the antisense strand of rat UCP
cDNA.

AB270: 5'-pCAACCCACCATGACOGCCAAA-3!

AB271: 5'-pCAACCCACCATGATTAGGTAT-3'

These were used in site—directed mutagenesis to join methionine;; to
threonine;g and isoleucinegy respectively in UCP13-1050CT147-354
(details for this construct are given by Liu et al., 1988). AB270
corresponds to muclectides 28 to 39 and 106 to 114 while AB271
corresponds to nuclectides 28 to 39 and 157 to 165 of the antisense
strand of rat UCP cNA. The resulting constructs were called U36-105-

OCT and U53-105-OCT respectively. The former construct did not yield a
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translation product.
AB484: 5'-pGATCGIGCA-3'
This was used as a bridge in the construction of UCP53-105DHFR. The
first four nucleotides hybridize to the 5'-overhang of the BglII cut and
the last four nucleotides hybridize to the PstI 3'-overhang. The centre
nucleotide was needed to keep the construct in frame.
AB572: 5'-CCTTGAGTTCICTACIG-3'
This is a sequencing primer used to sequence across the bridge joining
UCP53-105 to DHFR corresponding to nucleotides of the coding strand of
DHFR cDNA.
AB636: 5'-AAGTGCAACCCACCATG-3'!
This is a sequencing primer used in the screening of mutants and
corresponds to nucleotides 23 to 39 of the antisense strand of rat UCP
CDNA.
AB637: 5'-pCCAGTACTATTCAGTATAAAGG-3'
AB638: 5'-pCTATTAGGTATCAAGGIGICITA-3'
AB639: 5'-pCACCCTGGCCCAGACAGAAGG-3!
AB640: 5'-pCCAGTACTATTCAGTATCAAGGTGTCITA-3'
These were used in site-directed mutagenesis to create point mutations
in UCP in which arginineg,, lysinesg and lysineg; are changed to
glutamines. They correspond to nucleotides 149 to 170, 155 to 177, 189
to 209 and 149 to 177 respectively of the antisense strand of rat UCP

CDNA.
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2.25 Plasmids
Schematic diagrams of all constructs used or made are shown below.
Inserts are represented by wavy lines. Important restriction sites are
PSPT18-UCP; UCPd2-35; U-054; U-056; U-067; U~-054,56; U-056,67;
U-054,56,67. These vectors are linearized with PstI for transcription.
PstI KonI EcoRI T7 proawter

P <
I ' -

—|

PSPUCPd2-51: cbtained from Dr. G.C. Shore. The parent vector is pSP64.
This vector is linearized with EcoRI for transcription.
SP6 promoter PstI PstI EcoRT

»
»

PSPUCP13-1050CT: obtained from Dr. G.C. Shore. The parent vector is

pSP64. This vector is linearized with EcoRI for transcription.

SP6 promoter PstI EcoRI

» I —~ A I
PSPT19-UCP53-1050CT. This vector is 1linearized with EcoRI for
transcription.

EcoRI PstI T7 promoter

3
|
¢
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PSPT19-UCP53-105DHFR. The bridge is indicated below the arrow. The
BglII site originated from UCP53-1050CT. The vector is linearized with
EcoRI for transcription.

T7 promoter PstI EcoRT

> | smmnnnnrnrnsssrrrrrrrrrrrrrrres | =—————
1
ex BglIl 5'-GATOGIGCA-3' ex PstI

pSP(d1-3)DHFR: obtained from Dr. G.C. Shore's laboratory. The parent
vector 1is pSPé64. This vector is 1linearized with EcoRI for
transcription. When cut with PstI, the following sequence is obtained
with the TagIl site underlined:
{GGT CGA CCA TIG ...
A OGT CCA GCT GGT AAC ...

SP6 promoter PstI Taql Ncol EcoRI

> I | = |=l I

DPSPOCT-DHFR: obtained from Dr. G.C. Shore's laboratory. The parent
vector is pSP64. The arrow indicates a Pvull/blunt Pstl site used to
join preOCT signal amino acids 1 to 32 plus 4 amino acids of mature OCT
to (d1-3)DHFR. The vector is linearized with EcoRI for transcripiton.

SP6 pramoter PstI Xbal NcoI EcoRI

> | =—=]rres | |=——-
——|anmn
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PSPUCP; pSPUCPd1-12: cobtained fram Dr. G.C. Shore's laboratory. The
parent vector is pSP64. These vectors are linearized with EcoRI for
transcription. The sequence for the bridge used to join the 5'-PstI
site to the Tagl site is given below for pSPUCP. pSPUCPd1-12 was
constructed in the same way but the adaptor used was GGTGAGATT.
GACCATGGTGAGIT

SP6 promoter PstI TaqIl PstI EcoRT

» E——— I I

pSPO19; cobtained from Dr. G.C. Shore's laboratory. The parent vector is
pSP64. This vector codes for preOCT and is linearized with EcoRI for
transcription.

SP6 pramoter HindIITI Xbal Smal EcoRI




3. METHODS

3.1 ISOLATION OF PIASMID INA

The method used for the isolation of plasmid DNA is a modified
version of the method presented by Birnboim (1983). Plates were streaked
to yield single colonies which were picked and transferred to 3 ml IB
medium and left to incubate at 37°C overnight with shaking at 200 rpm.
Ampicillin was added to each tube to a final concentration of 40 ng/ml.
1B medium (500 ml) with 40 ng ampicillin/ml was inoculated with 1 ml of
the culture and left to incubate until an Aggg of 0.8 to 1.0 was
reached. Chloramphenicol was added to give a final concentration of 0.7
pug chloramphenicol/ml and incubation was allowed to continue at 37°C for
22 hr. For better yields of plasmid DNA, 1 ml of the overnight culture
was used to inoculate 50 ml of YT medium containing 40 ng ampicillin/ml
and left to incubate until an Aggq of 0.6 was reached. The 50 ml
culture was then added to 450 ml of YT medium containing 40 ng
ampicillin/ml and left to grow for a further 2.5 hr. At this point,
chloranphenicol was added to give a final concentration of 20 g
chloramphenicol/ml and incubation continued overnight.

Cells were harvested by centrifugation in 2, 250 ml
polycarbonate bottles at 6,000xgy,,y for 10 min at 5°C. The pellets were
resuspended in water (25 ml) and transferred to 40
ml polypropylene Sorvall tubes. The centrifugation was repeated at

6,000xg for 10 min at 5°C.
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Each pellet was resuspended in 0.5 ml of an ice-cold solution
containing 50 mM glucose, 10 mM CDTA and 25 mM Tris-HCl, pH 8.0
(lysozyme solution) without lysozyme. The cells were lysed by the
additon of 4.5 ml of lysozyme solution containing 5 mg lysozyme. The
suspensions were well mixed and kept at 0°C for 30 min. Ten millilitres
of 0.2 M NaOH ard 1% (w/v) SDS (alkaline SDS) at room temperature was
added to the mixture which was swirled until homongeneous and clear, and
then left at 0°C for 10 min.

High salt solution (3 M potassium acetate, 1.8 M formic acid,
7.5 ml) was added and swirled vigorously for a few min until a course
white precipitate formed. The mixture was then allowed to stand for 30
min at 0°C. This was then centrifuged at 12,000xg for 10 min at 0°C and
the clear lysate was decanted into 4 Sorvall tubes. Two volumes of 95%
(v/v) ethanol were added to each tube to precipitate the mucleic acids
for 10 min at room temperature.

The precipitate was collected by centrifugation at 16,000xg for
20 min at 0°C. The pellet was dissolved in 2 ml of a solution with 0.1
M acetate, 1 nM CDTA and 50 mM MOPS, pH 8.0 (acetate—-CDTA-MOPS buffer)
and a 10 pl sample was taken for agarose gel analysis. The tubes were
cambined and brought to a total volume of 5 ml. The mucleic acids were
precipitated with
two volumes of 95% ethanol and left at room temperature for 10 min.

The nucleic acids were collected by centrifugation at 12,000xg
for 30 min at 0°C. The pellet was dissolved in 2 ml of a solution
containing 1mM CDTA and 10 mM Tris-HCl, pH 7.5 (Tris-CDTA) and a 10 pl

sample was taken for agarose gel analysis. The total volume was
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measured and an equal volume of a solution containing 5 M LiCl, 1 mM
CDTA and 50 mM MOPS, pH 8.0 (LiCl solution) was added. The sample was
held at 0°C for 15 min and the heavy precipitate was removed by
centrifugation at 12,000xg for 10 min at 0°C.

The supernatant was transferred to a 15 ml Corex tube and then
heated for 10 min at 60°C. Any additional precipitate was removed by
centrifugation at 12,000xg for 10 min at 0°C. The supernatant was
transferred to a new 15 ml Corex tube. Two volumes of 95% ethanol were
added to precipitate DNA for 10 min at room temperature.

The precipitate was collected at 12,000xg for 30 min at 0°C and
redissolved in 2.5 ml of acetate-CDTA-MOPS solution. A 10 ul sample was
taken for gel analysis. The sample was then precipitated with 2
volumes of 95% ethanol at room temperature for 10 min. The precipitate
was collected at 12,000xg for 30 min at 0°C and then dried under vacuum.
The pellet was then dissolved in 2 ml of Tris-CIDA solution.

The solution containing the plasmid was made up to 4.8 ml with
Tris-CDTA solution and 5 g of CsCl was added. The sample was mixed
gently by swirling and inversion until the salt dissolved. Eighty
microlitres of ethidium bromide (10 mg/ml) was added to the CsCl
solution which was then transferred to quick seal type 65 polycarbonate
tubes (6.3 ml), the tubes were sealed and centrifuged in a Type 80Ti
rotor on a Beckman ultracentrifuge for 22 hr at 48,000 rpm at 17°C.

The lower band containing closed circular plasmid DNA was
removed from the tube with a syringe and a 22 gauge 1.5 inch needle.
Ethidium bromide was extracted 6 times with water-saturated butanol.

The aqueocus layer was placed in a 30 ml Corex tube with 2 volumes of
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water. Two volumes of 95% ethanol was then added and the DNA left to
precipitate for 10 min at room temperature.

The precipitate was collected at 12,000xg for 30 min at 0°C and
then dried under vacuum. The pellet was dissolved in a minimm volume
of Tris-CDTA solution (200 pl). The absorbance was determined with 20
pl of sample diluted in 1 ml of water. Samples were frozen rapidly with

liquid nitrogen and stored at -20°C.

3.2 SMALL SCALE PIASMID PREPARATTON

An E. coli culture was grown overnight at 37°C and 1.5 ml
centrifuged in a microfuge tube for 5 min at room temperature. The
pellet was resuspended in 0.1 ml of lysozyme solution containing 1 mg
lysozyme/ml. 'I‘hé sample was then left at 0°C for 5 min after which, 0.2
ml of alkaline SDS was added and mixed by gentle inversion. Following a
5 min incubation at 0°C, 0.15 ml of high salt solution was added to the
tube, mixed by inversion and left for a futher 15 min at 0°C. The tube
" was then centrifuged for 5 min at room temperature.

The supernatant (0.35 ml) was transferred to a fresh microfuge
tube while being careful to avoid the sticky pellet. Ethanol (95%, 0.9
ml) was added to the supernatant and the DNA was left to precipitate at
0°C for 15 min. The pellet was collected by a 5 min centrifugation at
room temperature, washed by dissolving in 0.1 ml of acetate—-CDTA-MOPS
solution and reprecipitating with 0.2 ml of 95% ethanol. The DNA was
recovered after 15 min at 0°C, the wash step repeated and the final

pellet was dried and dissolved in 30 pl of 0.1x Tris—CDTA solution.
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3.3 ELECTROPHORESIS OF INA

The method used for electrophoresis of DNA is that given by
Maniatis (1983). Agarcse (1.5 g) was added to 150 ml of 0.5x TBE
buffer. The mixture was heated until the agarose melted. The solution
was poured into a horizontal gel apparatus and combs were inserted so as
to make wells without going through the gel. The gel was allowed to set
and then equilibrated with 0.5x TBE buffer.

The sample for electrophoresis contained appoximately 200 ng of
nucleic acid, 4 pl of dye mix and water to make a total volume of 20 ul.
Electrophoresis conditions varied from overnight at 20 V to 15 min at
200 V. The gel was stained in a solution containing 15 pl of ethidium
bromide (10 mg/ml) in 150 ml of distilled water for 30 min before

recording the result by ultraviolet fluorescence photography.

3.4 RESTRICTION ENDONULCEASE DIGESTION AND LIGATION

For the digestion of the desired plasmid, the appropriate amount
of the plasmid, 2 pl of 10x one-phor-all buffer plus, water and 0.5 to 1
pl of the enyzme to 20 pl were mixed and incubated for 1 hr at 37°C.
Then, a 4 ul sample was taken to check the completeness of the reaction
by electrophoresis on a 1% agarose gel at 200 V for 15 min. When the
reaction was complete, the sample was subjected to electrophoresis on a
1% agarose gel and the appropriate band was isolated using the protocol
from the GeneClean kit or the sample was subjected to electrophoresis on
a 1% low melting point agarose gel for 3 hr at 100 V at 4°C and the

appropriate band was removed after visualization using ethidium bromide
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staining and ultraviolet fluorescence, both methods to be described
later.

For the ligation reaction, a molar ratio, based on insert to
vector length, of 4:1 insert to vector was used. The reaction volume of
20 pl consisted of the insert (typically, 200 ng of cDNA insert), the
vector (approximately 200 ng of pSPT18 or pSPT19), 2 pl of 10x ligase
reaction buffer, 0.02 units of T4 DNA ligase (for sticky end ligation)
and water to make up the volume. The samples were incubated overnight
at 15°C. The reactions were stopped by the addition of 2 pul 3 M sodium

acetate pH 5.0.

3.5 CELL TRANSFORMATTON

The protocol for the preparation of competent host cells and
host cell transformation were taken from the BRL M13 Cloning/Dideoxy
Sequencing instruction manual. YT broth (1 ml) was inoculated with a
loop from a single colony of E. coli JM 107 cells (maintained on minimal
media plates) or 294 host cells (stored at -70°C in 16% (v/v) glycerol).
The broth was incubated overnight at 37°C with shaking at 200 rpm.

The culture was diluted 1:100 in YT broth and the incubation
was continued at 37°C until the Ag5y reached 0.4 to 0.5. At this
point, the growth flask was placed at 0°C for 20 min. Twenty
millilitres of culture was transferred to 2 chilled 30 ml Corex tubes
and the cells were pelleted by centrifugation at 2,500 g for 15 min at
4°C. The supernatant was decanted and the cells were resuspended in

half the original volume of a sterile, ice-cold solution containing 50
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mM CaCl, and 10 mM Tris-HCl, pH 8.0 by gentle swirling and kept at 0°C
for 30 min.

The cells were centrifuged again at 2,500 g for 15 min at 4°C
and the supernatant decanted. The cell pellet was resuspended in one-
tenth of the original volume using ice-cold 50 mM CaCl,, 10 mM Tris-HC1,
pH 8.0 by gentle swirling. Competent E. coli JM107 cells were used the
same day of preparation while
competent E. coli 294 cells could be stored at -70°C in 16% (v/V)
glycerol, thawed and then used for transformations.

Lawn host cells were prepared from the same overnight culture
used to make the competent host cells by transferring 500 pl of the
culture to 100 ml sterile YT medium and left to incubate at 37°C for 2
to 3 hr with shaking at 200 rpm.

For the transformation, sterile borosilicate glass tubes were
chilled at 0°C. The competent host cells were mixed by gentle swirling
and samples of 0.3 ml transferred into each tube. One to forty
nanograms of phage DNA was then added to appropriate tubes, mixed gently
and left to incubate at 0°C for 30 min before plating. '

B top agar was melted and held at 50°C. IPIG (10 ul), and
Bluo—gal (50 pl) were added to the tubes as necessary. The transformed
cells were warmed two tubes at a time at 42°C for 2 min. In the
meantime, B top agar (3 ml) was added to the tubes containing IPIG and
Bluo—gal. After the 2 min, 0.2 ml of lawn cells was added to the
campetent cells and the two sets of tubes were mixed and quickly poured
onto B agar plates. The plates were then rocked and covered. This was

repeated until all the samples had been plated. Once the top agar had
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solidified, the plates were inverted and left to incubate at 37°C

overnight.

3.6 PREPARATION OF HIGH EFFICIENCY OOMPETENT CELIS

The protocol for the production of high efficiency competent
cells is that given by Hanahan (1983). One millilitre of an overnight
E. coli JM107 culture grown in SOB medium was used to inoculate 100 ml
of SOB medium. The culture was left to grow at 37°C until an Aggqg of
0.45 to 0.55 is reached for rec™ strains such as JM107 cells. From this
point, only the required volume of culture was used for the remainder of
the preparation. For one transformation using 200 pl of competent
cells, 2.5 ml of the original culture was required.

The cells were collected in a 15 ml polypropylene tube at 0°C for
10 to 15 min. The cells were then collected using a table top
centrifuge at 2500 rpm for 12 min at 4°C. The pellet was resuspended in
one-third the original volume in TFB solution and left at 0°C for 10 to
15 min. The cells were collected again using a table top centrifuge at
2500 rpm for 10 min at 4°C. The cells were resuspended in 0.08x the
original volume in TFB solution to which was added fresh IMSO (7 ul/200
pl campetent cells). The cells were then left at 0°C for 5 min after
which a solution containing 2.25 M DIT and 40 mM potassium acetate pH
6.0 (7 pl/200 pl competent cells) was added for a further 10 min
incubation at 0°C. Finally, more IMSO was added (7 ul/200 pl campetent
cells) and the cells were left at 0°C for at least 5 min. The cells

were then ready for use.
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For transformation, 210 pl of the competent cells were added to

sterile, chilled borosilicate tubes. The DNA was added in quantities of

10 pl or less and the mixture was left at 0°C for 30 min. The cells
were warmed for 90 sec at 42°C and then placed at 0°C for 1 to 2 min.

For plating phage, 200 pl of lawn cells were added along with 3

ml of B top agar. The sample was gently mixed and plated immediately.

For plating vectors, 800 pl of SOC solution was added and left to

incubate for 1 hr at 37°C with shaking at 225 rpm. Then 100 pl or 100

pl of a 1:10 dilution was spread on an LB plate containing 40 ng

ampicillin/ml.

3.7 PURTFICATION OF SINGLE-STRAND BACTERTOPHAGE INA

The proceddre used for the purification of phage INA was that in
the BRL M13 Cloning/Dideoxy Sequencing instruction manual, pp 44-49.
Follow the steps from the E. coli overnight culture at the top of Fig. 4
on page 77 until ssDNA template is made for a schematic diagram of the
protocol. Note that for sequencing purposes, uridine is not included in
the preparation of ssDNA, rather YT medium (2 ml) was inoculated with a
single colony of M13 E. coli host JM 107 cells and grown overnight at
37°C with shaking.

The overnight growth (100 pl) was diluted into 5 ml of YT medium
and each tube was inoculated with a single white plaque. The
borosilicate glass culture tubes were incubated at 37°C for 6 hr with
vigorous shaking. Approximately 1.5 ml of the cultures were transferred
to 1.5 ml polypropylene microcentrifuge tubes. Cells were recovered by

centrifugation for 5 min at room temperature. The virus fourd in the
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supernatant was used to prepare the DNA templates for sequencing. The
bacterial pellets were stored at 4°C as virus stock.

The viral supermatants were transferred to fresh microcentrifuge
tubes and stored at 4°C. Before use, a second 5 min centrifugation was
done to ensure the removal of all cells. Culture supernatant (1.2 ml)
was transferred again and 300 pl of a solution containing 20% (w/v) PEG
8000 and 2.5 M NaCl was added to it. The solution was mixed well on a
vortex mixer and left to stand at room temperature for 15 min. The
remaining viral supernatant was also stored at 4°C as stock. The tubes
containing the 20% PEG, 2.5 M NaCl solution were then centrifuged for 10
min at room temperature to recover the virus. The supernatant was
campletely removed with the use of a drawn out glass capillary.

The viral DNA was resuspended in 100 pl of a solution containing
10 mM NaCl, 0.1 mM EDTA and 20 mM Tris-HCl, pH 7.5 (TES solution) and
extracted with 50 pl of phenol saturated with a solution containing 1 mM
EDITA and 10 mM Tris-HCl, pH 7.5 (TE buffer). The tubes were mixed
vigorously using a vortex mixer for 15 to 20 sec and the phases were
separated by centrifugations for 2 to 3 min. The lower organic phase
was removed and the aqueous phase was extracted with 50 upl of

- chloroform/iso-amyl alcchol (24:1, v/v). The phases were mixed with a
vortex mixer for 15 to 20 sec and then separated by centrifugation for 2
to 3 min. The upper aqueocus phase (80 pl) was removed to a 1.5 ml
microcentrifuge tube. Care was taken to avoid the interface and lower
phase. Nine microlitres of 5 M sodium acetate pH 5.0 and
200 pl of 95% ethanol was added to the aqueocus phase. The DNA was

precipitated overnight at -20°C.
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The precipitate was collected by centrifugation for 10 min at

4°C and the pellet was then washed with 1 ml of cold 80% ethanol. The
sample was left at 0°C for 30 min and then centrifuged again for 10 min
at 4°C. The ethanol was poured off and the pellet was briefly dried
under vacuum. Viral DNA was resuspended in 20 pl of TE buffer. DNA
samples were then stored at -20°C. The presence of template DNA was

checked by using 2 to 3 ul for visualization on agarose gels.

3.8 DENATURATION OF dsINA FOR SEQUENCING

For sequencing of dsDNA, the plasmid must be free of
contaminating RNA. To achieve RNA-free dsINA from a mini preparation of
dsDNA, the preparation was treated with 20 ug of DNase-free RNase A for
3 hr. RNase A was removed with two phenol:chloroform (1:1, v/v)
extractions followed by a chloroform extraction. The DNA was
precipitated using 2 M NH4Ac and ethanol. After centrifugation, the
pellet was washed, dried and resuspended in 20 pl of water. A 2 ul
sample was taken for visualization on an agarose gel.

The protocol for the preparation of template DNA is given by
Zhang et al. (1988). To denature the pure DNA sample, 1 ul of 4M NaOH
and 1 pl of 4 mM EDTA were added and the solution left to incubate at
room temperature for 5 min. The sample was then '"neutralized" by
quickly adding 2 pl of 2 M NH4Ac and 60 pl of 100% ethanol. The DNA was
left to precipitate on ice for 30 min. The DNA was then pelleted by a
15 min centrifugation in a microfuge at 4°C. The pellet was washed once
with 70% ethanol and following a 5 min centrifugation, was dried for 10

min. The DNA was then ready for immediate sequencing. The DNA was
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resuspended in 7 pl of water and to this was added 2 ul of Sequenase
buffer and 1 pl (5 ng) of the sequencing primer. The primer was
amnealed to the DNA by heating at 65°C for 5 min and then allowing the

reaction to cool slowly. Sequencing was then carried out as described

in the Sequenase protocol.

3.9 PREPARATION OF UREA SEQUENCING GELS

The procedure used to prepare the sequencing gel is as
described in the BRL M13 Cloning/Dideoxy Sequencing manual. The plates
were cleaned with Sparkleen, a non-abrasive detergent, and then rinsed
with deionized water and left to dry. Immediately before assembly, the
plates were rinsed with ethanol and wiped with lint free Kimwipes.

The gel was prepared by de-gasing 75 ml of the Instagel solution
(19 g acrylamide, 1 g bis-acrylamide, 105 g urea, 25 ml 10x TBE solution
per 250 ml) under vacuum for 5 min. Ammonium persulphate (10% (w/V),
0.45 ml) and 30 pl of TEMED were added to the Instagel. The gel
solution was mixed by swirling and was poured within 10 min of adding
the ammonium persulphate. '

The polymerized gel was subjected to pre-electrophoresis for 1
hr at 1500 V before application of samples. The 2 pl samples were
heated at 90 to 100°C for 3 to 5 min then transferred to 0°C. Before
application of the samples, the wells were rinsed to remove any urea.
Electrophoresis was at 30 to 45 mA to maintain a temperature of about
50°C until the dyes ran off the gel. The gel was then transferred to

Whatman 3 MM paper and covered with Resinite plastic wrap. The gel was
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then dried before exposure to Kodak X-Omat AR film for appropriate

lengths of time at ~70°C.

3.10 DIDFOXY SEQUENCING OF SINGLE-STRANDED INA

The protocol used for seguencing using dideoxy mnucleotides is
given by United States Biochemicals, Cleveland, Ohio in their Sequenase
kit. To anneal the primer to the DNA, 2 pl of the Annealing Buffer, and
1 pl of the primer were added to the DNA. Water was added to a final
volume of 10 pl. The sample was heated for 2 min at 65°C and then
allowed to cool slowly to less than 35°C.

During that period, 2.5 pl of the Termination Mixes were added to
the appropriate microcentrifuge tubes. The Labeling Mix was diluted 1:5
and enough modified T; DNA polymerase for the reaction was diluted 1:8
in ice-cold TE solution. The tubes containing the Termination Mixes
were prewarmed to 37°C.

For the labeling reaction 1 pl of 0.1 M DIT, 2 ul of dilute
Iabeling Mix, 0.5 ul [a-32P]dATP (10 mCi/ml) and 2 pl dilute DNA
polymerase were added to the annealed DNA mix. The sample was mixed and
left to incubate for 5 min at room temperature.

For the termination reaction, 3.5 pl of the labeling reaction was
added to each of the four termination tubes. The contents were mixed
and the reaction was continued for a further 5 min at room temperature.
The reactions were stopped by adding 4 pul of the Stop Solution. Samples

were heated for 2 min at 75°C immediately before loading into wells of

the seguencing gel.
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The protocol used for sequencing UCP mutants using dideoxy
mucleotides is given by Pharmacia, Uppsala, Sweden in their Ty
Sequencing kit. To amneal the primer to the INA, 1.5 to 2 pg of
template INA in 10 pl was mixed with 2 pl of 0.80 uM primer and 2 ul of
annealing buffer. The sample was heated for 10 min at 60°C and then
left to cool slowly to room temperature.

During that period, V-bottom shaped wells of a 96 well plate were
labeled A, C, G, and T and 2.5 pl of the A mix-short, C mix-short, G
mix-short and T mix-short were added to the corresponding wells. T; DNA
polymerase was diluted to 1.5 U/ul using cold enzyme dilution buffer.

For the 1labeling reaction, 3 pl of labeling mix, 1 ul of [a-
355)dATPaS (10 pCi) and 2 pl of diluted T; DNA polymerase were added to
the annealed template and primer and left to incubate for 5 min at room
temperature. The plate containing the sequencing mixes were prewarmed
for at least 1 min at 37°C. After the labeling reaction was completed,
4.5 pl of the labeling reaction was transferred into each of the 4
prewarmed sequencing mixes and left to incubate for 5 min at 37°C at
which point, 5 pl of the stop solution was added to each well and the
samples were collected at the bottom of the wells by a brief spin using
a modified salad spinner. Samples were heated at 75 to 80°C for 2 min

immediately before loading into wells of the sequencing gel.

3.11 OLIGONUCLEOTIDE SITE-DIRECTED MUTAGENESIS
The method used is based on the method developed by Zoller and
Smith (1983, 1984) with a modification introduced by Kunkel (1985). See

Fig. 4 for a schematic diagram of the procedure.
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E. coli BW 313 cells were infected with the desired bacteriophage
and plated to obtain single plaques. IB medium (2 ml) was inoculated
with 20 pl of a culture of uninfected BW313 cells grown overnight and
left to incubate for 90 min at 37°C with shaking at 275 rpm. The cells
were recovered by a 5 min centrifugation at 5,000xg. The cells were
then resuspended in 2 ml of prewarmed 1B medium containing 0.5 ug
uridine/ml. The cells were infected with an isolated plaque grown on E.
coli BW313 cells. At the same time, 10 ml of prewarmed IB medium was
inoculated with 100 ul of an overnight culture of E. coli BW313 cells
and both cultures were grown for 3 hr at 37°C with shaking at 275 rpm.

After the incubation period, 1 ml of the infected cells and 10 ml
of uninfected cells were mixed with 90 ml prewarmed IB medium containing
0.5 pg uridine/ml. The culture was left to grow for 6 hr at 37°C with
shaking at 275 rpm. At the same time E. coli JM107 and BW313 cultures
were started to be used as lawn cells.

After the 6 hr incubation, the 100 ml culture was collected by
centrifugation at 5,000xg for 5 min to remove the cells. The
supernatant was stored at 4°C for use the next day. A sample of the
bacteriophage was taken and diluted 1:103 and 1:107 to titer the
bacteriophage using 200 pl of lawn JM107 cells (1:103 dilution, 10 and
20 pl) and 200 pl of lawn BW313 cells (1:107 dilution, 10 and 20 ul).
After an overnight incubation at 37°C, if the difference in the order of
magnitude in plaque forming units is 104 to 10° in favor of the BW313
cells, then uracil has been incorporated into the DNA and ssDNA can be

prepared.
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In order to prepare ssDNA, the supernatant was subjected to
another centrifugation at 5,000xg for 5 min at 4°C. A solution
containing 19.3 ml of 20% PEG and 2.5 M NaCl was added to the resulting
supernatant and left to stand at room temperature for 30 to 45 min. The
solution was subjected to a centrifugation for 15 min at 10,000xg and
the supernatant was decanted while being careful not to lose the pellet.
The pellet was resuspended in 1 ml of TE solution and subjected to
centrifugation for 5 min to remove insoluble matter. An equal volume of
water-saturated phenol was added to extract the aqueous phase. The
aqueous phase was then extracted with an equal volume of
phenol:chloroform (1:1, v/V). The acqueous phase was then extracted
again with chloroform:iso-amyl alcchol (24:1, v/v) to remove any traces
of phenol. To precipitate the ssDNA, 10 pl of 5 M NaCl and 2.5 volumes
of 95% ethanol were added and the mixed solution was left at 0°C for 30
min. The ssINA was recovered by a 10 min centrifugation at 4°C. The
pellet was washed once with 70% ethanol, dried and dissolved in 50 pl of
TE solution. To visualize the ssDNA, 3 pl of the sample was applied and
mobilized on a 1% agarose gel.

Once the ssDNA was visualized on a 1% agarocse gel, the
oligomucleotide was phosphorylated. Phosphorylated primer is stable for
one week only. A solution containing 1.5 pl of 1 M Tris-HCl1 pH 7.8, 1.5
pl of 100 mM MgCl,, 0.75 pl of 100 mM DIT, 1.5 pl of 1 mM ATP and 1.75
pl water was added to 700 ng of primer for phosphorylation. To this
mixture, 1 pul of T, polynuclectide kinase was added and the sample was
J.ncubated at 37°C for 45 min. To stop the reaction, the sample was

heated for 10 min at 65°C.
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For the best results of annealing the phosphorylated primer to
the ssIMNA, a molar ratio of 20:1 of primer to template was used as
suggested by M. Smith (personal communication to ILen Rasile). The
annealing reaction was performed in a microcentrifuge tube in 10 ul of
solution consisting of the uracil-containing template, the
phosphorylated primer, 1 pl of the annealing buffer and water to make up
the volume. The contents were mixed and collected at the bottom of the
tube by a quick centrifugation. The sample was heated for 5 min at 90
to 95°C and then left to cool slowly to room temperature. Again, the
contents were collected at the bottom of the tube by a quick
centrifugation.
To the annealed reaction a solution containing 1 pl of 100 mM
DIT, 100 mM MgCl, and 200 mM Tris-HCl, pH 7.5 (solution B), 4 pl of 2.5
mM ANTP mix, 1 ul of 10 mM ATP, 2 pl (3 U) of T, DNA ligase, 0.5 pl (3
U) of the Klenow fragment of DNA polymerase and water were mixed
together to a total of 20 pl. The contents were collected at the bottom
of the tube and left overnight at 15°C. The next steps involved
transforming high efficiency competent E. coli HB101 or 294 cells (108

transformants/pg DNA), picking isolated plaques to prepare dsINA for

screening by size and ssDNA from appropriate plaques for sequencing.

3.12 ISOIATION OF INA FROM AGAROSE
The protocol used to isolate DNA from agarose gels is that given
by the BiolOl company, Ia Jolla, California, with their GeneClean kit.

The method is given below.
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Agarose containing DNA was excised from the ethidium bromide
stained agarose gel and weighed. If the agarcse had a mass less than
0.4 g, then the steps were carried out in a microcentrifuge tube. Next,
2 to 3 volumes of the NaI stock solution were added and the tube was
placed in a 45 to 55°C water bath for 1 to 2 min. The contents of the
tube were mixed and the tube was replaced in the water bath for a
further 5 min in order for the agarose to become campletely dissociated.
For DNA of less than 5 ug, 5 pl of glass milk was added, mixed and left
at 0°C for 5 min. The sample was pelleted by centrifugation for 5 sec
and the Nal supernatant was discarded. The pellet was washed 3 times
with 10 to 50 volumes of NEW solution by resuspending the pellet
followed by a 5 sec centrifugation. After the third centrifugation,
ancther one was required to remove the last of the liquid. The pellet
was resuspended in 10 ul of water, placed in a 45 to 55°C water bath for
2 min followed by a 30 sec centrifugation and the DNA was removed in the
supernatant. A second elution was done to obtain an additional 10 to

20% of the DNA.

3.13 ISOIATION OF INA FROM I1OW MELTING POINT AGAROSE GELS

DNA samples were run on 1% low melting agarose gels at various
voltage readings for various lengths of time at 4°C. After
visualization, the appropriate band was cut from the gel, chopped into
smaller pieces and placed in an Eppendorf tube to which was added 200 ul
of 0.2 M Tris-HC1l pH 8.0 and 10 pg of tRNA. The tube was heated for 10
min at 65°C until the gel melted. An equal volume of phenol saturated

with 0.2 Tris-HCl pH 8.0 was added for the first extraction. The phenol
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was back-extracted with 200 pl of water and the aqueous phases cambined.
The aquecus sample was then extracted twice with a solution of Tris-HCl-
saturated phenol:chloroform (1:1, v/v) and 4% iscamyl alcohol, with each
extraction followed by a back-extraction. The caombined aqueocus sample
was then extracted with 500 pl of chloroform and then three times with
500 pl of water-saturated ether. The DNA in the aqueous phase was
precipitated with one tenth the volume of 3 M NaAc, pH 5.2 and one
volume of isopropanol and left on ice for 15 min. The DNA was recovered
by a 15 min centrifugation and followed by a wash with 70% ethanol. The
DNA sample was dried and resuspended in 20 pl of water or TE buffer. A

5 ul sample was usually taken for visualization on an agarose gel.

3.14 TRANSCRIPITTON IN VITRO

The procedure followed for in vitro transcription is that given
by Promega, Wisconsin, USA, in their kit. The method is outlined below.

The following components were added in order: DEPC-treated water
to make up the volume to 50 ul, 5x Transcription Buffer (10 ul), 100 mM
DIT (10 pl), RNasin (2 ul-80 U), NTP mix containing 2.5 mM of ATP, CTP,
UTP and 0.5 mM GTP (10 pl), 5 mM m/GpppG (1 pl), 2 pg of linear plasmid
and 90 U T7 or 10 U SP6 RNA polymerase (1 pl). The reaction was
incubated at 37 to 40°C for 2 hr after which time, 2 pl of INase (2 U)
was added for a further 15 min incubation at 37°C. The transcript was
extracted once with an equal volume of phenol:chloroform:iso~amyl
alcohol (25:24:1, v/v/v) and once with an equal volume of
chloroform:iso-amyl alcohol (24:1, v/v). To precipitate the RNA and

remove DNA, 0.2x the volume of 10 M NH4OAc was added along with 2.5
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volumes of 95% ethanol. The transcript was 1left to precipitate
overnight at -20°C and the pellet was collected by a 15 min
centrifugation at 4°C. The RNA was washed once with ice-cold 70%
ethanol, dried and resuspernded in 20 pl of DEPC-treated water with 40 U
of RNasin and stored at -70°C.

For linearized plasmids with 3'-overhangs (PstI cut), the DNA is
first treated with the Klenow fragment of DNA polymerase as suggested by
Promega Notes (March 1985) in order to decrease extraneocus

transcription.

3.15 TRANSIATION IN VITRO

The protocol used for in vitro translation is that given by
Promega with their muclease-treated lysate. The protocol is given
below.

For a 50 pl reaction, 35 pl of the nuclease-treated lysate and 1
pl of the amino acid mixture minus methionine were mixed. The RNA,
usually 3 pl, was diluted with water to 9 pl, heated for 5 min at 65°C,
and then added directly to the lysate mixture. Finally, 5 pl of
[39S)methionine was added to the translation mixture and the reaction
was incubated at 30°C for 20 min. Samples (1 ul) were taken at time

zero and at 20 min to determine acid-insoluble counts.

3.16 PREPARATION OF RAT HEART MITOCHONLDRIA
The protocol used to prepare rat heart mitochondria is described
previously (Argan et al., 1983) ard is given here. Hearts from new-born

to 2 week-old Sprague-Dawley or Wistar rats were rinsed first in an ice-
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cold solution containing 10 mM HEPES, 220 mM mannitol, 70 mM sucrose and
1 mM EGTA, pH 7.5 (medium B) and then homogenized in 10 ml of ice-cold
medium A (medium B with 2 mg BSA/ml) for 2 sec in a 40 ml polypropylene
tube using an Ultraturrax disintegrator with a rheostat setting of 90.
The homogenate was then diluted to 40 ml using ice—cold medium B and the
mixture was then subjected to centrifugation for 10 min at 4°C in an
SS34 rotor at 500xg. The upper three—quarters of the supernatant was
removed for a further centrifugation at 5,910xg at 4°C for 10 min.

The pellet was resuspended in 10 ml of ice-cold medium B and
centrifugation was repeated at 500xg for 10 min at 4°C. The supernatant
was then subjected to further centrifugation at 5,910xg for 10 min at
4°C to pellet the final mitochondrial fraction. The ring of broken
mitochondria was washed from the final pellet which was then resuspended
in 1 ml of a solution containing 250 mM sucrose, 5 mM succinate, 10 mM
HEPES, 2 mM K,HPO4, 1 mM DIT, 1 mM ATP, and 0.08 mM ADP, pH 7.5
(resuspension buffer). An option is the addition of 15 to 20 pg of
cycloheximide for the inhibition of protein synthesis and/or the
addition of 80 pg of chloramphenicol for the inhibition of mitochondrial
protein synthesis.

For a quick approximation to determine the mitochondrial protein
concentration, 10 and 20 pl samples were added to 1 ml of 0.1 M NaCH,
mixed using a vortex mixer and the A,gy measured. The concentration of
mitochondrial protein was then determined using the following equation
based on a standard curve with air as the reference: Concentration =

[(Aggo = 0.055) + 0.00225] + volume (pl) where 0.055 is the Aygq for 0.1
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M NaCH. For more accurate determinations, 5 and 10 pl samplers were

taken for Lowry protein determinations done at later times.

3.17 PREPARATION OF RAT BROWN ADIPOSE TISSUE MITOCHONDRTA

Brown adiopose tissue was first rinsed twice in a solution
containing 0.25 M sucrose and 5 nmM Tes-KOH, pH 7.2. The tissue was then
homogenised by 3 sets of 8 strokes in a 40 ml polypropylene tube
containing 8 ml of the same solution with 40 mg BSA using an
Ultraturrax disintegrator with a maximum reading of 80 (rheostat at 42
to 48). The homogenate was filtered through two layers of cheese cloth
into an ice-cold beaker. The filtrate was transferred to a fresh tube
and made up to a volume of 30 ml with the sucrose-Tes solution
containing 5 mg BSA/ml for a 10 min centrifugation at 8,500xg at 4°C.
The fatty layer was discarded along with the supernatant. The sides of
the tube were wiped to remove any residual fat. The pellet was
resuspended in 1 to 2 ml of the sucrose-Tes, pH 7.2 solution containing
5 mg BSA/ml and then made up to 25 ml using the same solution.

The resuspensed pellet was subjected to centrifugation for 10 min
at 4°C at 2,500xg and the supernatant was removed carefully to avoid the
nuclear fraction pellet. The supernatant containing mitochondria was
then subjected to centrifugation for 10 min at 8,500xg at 4°C. The
resulting supernatant was then discarded and the mitochondrial pellet
was resuspended in 1 to 2 ml of a solution containing 0.3 M sucrose, 2
mM EDTA and 10 mM Tris-HCl, pH 7.2 and then made up to a volume of 25 ml
with the same solution. The mitochondrial fraction was pelleted by

centrifugation for 10 min at 4°C at 8,500xg. The pellet was resuspended
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in the sucrose-EDTA-Tris solution and the wash was repeated twice more.
The final pellet was resuspended in 0.5 to 1 ml of the resuspension
buffer described for heart mitochondria. A sample was taken for protein

determination and then BSA was added to a final concentration of 2 mg

BSA/ml.

3.18 BIO-RAD PROTEIN DETERMINATION

The protocol used for protein determination is that given by Bio-
Rad, Rockville Centre, New York, with their reagent based on the method
of Bradford (1976). The standard assay procedure is given below.

Standards of ovalbumin ranging from O to 100 pg and appropriately
diluted samples in 0.1 ml volumes were placed in clean, dry test tubes
to which was added 5 ml of the dilute dye reagent. The contents were
mixed using a vortex mixer being careful to avoid excessive foaming.
After a 5 min waiting period, the absorbance of the standards and
samples were read at 595 mm. An empty cuvette was used as the

reference.

3.19 IOWRY PROTEIN DETERMINATION

The determination of protein concentration as described by Lowry
(Lowry et al., 1951) is given below.

Standards of BSA ranging from 0 to 100 pg and appropriately
diluted samples were made up to 1 ml with water in test tubes. To the
standards and samples was added 5 ml of reagent C which is composed of
50 ml of reagent A and 1 ml of reagent B. The samples were mixed using

a vortex mixer and left to stand at room temperature for 30 min. After
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this period, 0.5 ml of diluted Folin reagent (1:1 with water) was added
‘and mixed immediately using the vortex mixer. The samples were left to
stand at room temperature for 1 hr before measuring the Aggg. An empty

cuvette was used as the reference.

3.20 PROTEIN IMPORT INTO MITOCHONDRTA

For the import experiments, 75 pg of mitochondrial protein in 100 -
pl was used per reaction. To the mitochondria, 50 pl of the translation
reaction (200 000 to 400 000 cpm of translation diluted with lysate
previously prepared in our laboratory) was added. The samples were
incubated for 60 min at 30°C. After the incubation period, the
mitochondria were collected by a 5 min centrifugation at 4°C. The
pellet was washed using the mitochondrial isolation buffer B (150 ul)
and the centrifugation was repeated. The final mitochondrial pellet was
dissolved in 2X SDS sample buffer and diluted 1:1 with water before SDS
polyacrylamide gel electrophoresis.

If CCCP was to be used, 1 pl of 1.5 mM stock solution was added
before the incubation period. If samples were to be treated with
proteinase K, 3 ul of a 5 my proteinase K/ml stock was added to cooled
tubes after the import incubation period and the sample was further
incubated for 30 min at 0°C. To stop the digestion, 3 ul of 100 mM PMSF

was added and the sample was left at 0°C for a further 10 min.

3.21 SUBFRACTTONATION OF MTTOCHONDRTA
In order to determine the location of the imported proteins,

import incubations with untreated mitochondria and mitochondria treated
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with CCCP were washed as above but were not dissolved in SDS sample
buffer. Instead, mitochondrial pellets were resuspended in 150 pl of
cold 0.1 M Nay,(03 pH 11.5 using a pipette and a vortex mixer. The
samples were left on ice for a least 1 hr and then membranes were
pelleted by centrifugation in an airfuge rotor at 30 psi for 15 min.
The supernatant was removed and saved. The pellet was washed with 100
ul of 0.1 M Nay00; and following a brief centrifugation, the wash
supernatant was removed and discarded, and the sides of the tube were
wiped dry with tissue. The membrane pellet was then dissolved in 2X SDS
sample buffer and diluted 1:1 with water before applying a sample for
SDS polyacrylamide gel electrophoresis. A sample of the supernatant was

also diluted 1:1 with 2X SDS sample buffer before analysis.

3.22 UNOCOUPLING PROTEIN PURTFICATION

The method used to purify uncoupling protein from mitochondria is
as given by Lin and Klingenberg (1982). Mitochondria (100 mg protein)
were treated with 3.6 ml of standard medium containing 3.2% (v/v) Lubrol
WX and left for 30 min at 0°C. The sample was then centrifuged at
100,000xg for 30 min. The pellet was resuspended in a solution
containing 0.3 M sucrose, 2 mM EDTA, 10 mM Tris-HCl, pH 7.2 and
centrifuged again for 30 min at 100,000xg. The pellet was resuspended
in 3.2 ml of standard medium containing 5% (v/v) Triton X-100 and left
at 0°C for 30 min. The sample was then centrifuged for 30 min at
100,000xg and the resulting supernatant applied to a hydroxylapatite
mini-colum (blue pipette tip) equilibrated with standard medium.

Uncoupling protein was eluted at room temperature with standard medium.
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3.23 SDS-POLYACRYIAMIDE GEL EIECTROPHORESIS
For the analysis of protein uptake or location by mini gel
electrophoresis, a 12.5% (w/v) polyacrylamide separating gel was used
based on the method of Laemmili (1970). The separating gel was allowed
to polymerize for approximately 1 hr before the stacking gel was poured.
Once the stacking gel had been poured, samples were applied to the gel
within 30 min. After electrophoresis, the gel was treated with PPO in

DMSO for fluorography and then dried for fluorography.

3.24 14C-IABELING OF PROTEINS

The method for labeling proteins with [14C]formaldehyde is that
given by Rice and Means (1971). The protocol is given below.

Borate buffer (1 M, pH 9.0) was added to 400 pg of uncoupling
protein in a volume of 700 pl to a final borate concentration of 0.2 M
and the solution was cooled on ice. Formaldehyde (94 pl, NEN, 17mM,
0.25mCi) was then added and mixed on a vortex mixer. After 30 sec, 8 ul
of 5 mg sodium borohydride/ml was added four times, capping and shaking
after each addition. After 1 min, 40 pl of the borochydride solution was
added and mixed by shaking. Unreacted formaldehyde was removed by
dialysis against 4, 2 L volumes of isolation buffer at 4°C. Five
microlitres of the sample were used to determine acid-precipitable

counts.



4. RESULTS

4.1 SUBCIONING INTO AN IN VITRO EXPRESSION VECTOR

Several vectors are now available which allow large scale
production of mRNA and subsequent capping for translation. These
vectors contain the promoter for one or more of bacteriophage SP6, T3
or T; RNA polymerase. A multiple cloning site is present in the vectors
beside the promoters to allow for ease of insertion of sequences for
transcription. The rat uncoupling protein cDNA insert was first
subcloned from the PstI site of pUCP15 (Ridley et al., 1986a) into the
PstI site of pTZ18U which was then linearized with BglI. Subsequent
transcription and translation failed to yield any uncoupling protein.

It was not realized at this point that 3'-overhangs produced by
restriction enyzmes such as Bgll or PstI used to linearize plasmids for
transcription could result in RNA being transcribed from the opposite
strand of that desired (Promega Notes, March 1985) possibly resulting in
camplementary RNA hybridizing to the mRNA thus preventing translation.
The transcription reaction procedure was then modified slightly to
remove the 3'-overhangs by digesting with the Klenow fragment of DNA
polymerase before transcription. Again, translation of the transcript
failed to yield uncoupling protein.

A further modification was made to the construct to eliminate the
5'-0ligo(dG)-oligo(dC) extension of the UCP cDNA insert without
modifying the 3'-end. It was thought that the transcript could be

forming secondary structures using G-C pairing which would explain the

90
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block in the translation. In order to accomplish this, the pTZ18U-UCP
was digested with KpnI and then religated. This eliminated the 5'-PstI
site so that the plasmid could be linearized by PstI. still,
translation of the transcript failed to produce uncoupling protein.

As a control for both transcription and translation, a proven
vector was chosen. Rat ornithine carbamoyltransferase precursor cINA
inserted into pSP64 served as a control for transcription, translation
and later, for import into isolated mitochondria. Translation of this
transcript yielded a unique protein corresponding in size to the
ornithine carbamoyltransferase precursor (Mr 39 000), indicating that
the procedure worked.

As another control, Dr. Gorden Shore's group sent a construct,
pSPUCP, this one containing the uncoupling protein insert cut with Taql
to remove the 5' extension and inserted back into the PstI site of pSP64
with the aid of an oligonucleotide (Liu et al., 1988). When this
construct was linearized with EcoRI to yield 5'-overhangs, transcribed,
translated and the product immunprecipitated, uncoupling protein was
detected in the translation product and in the immunoprecipitated
product (results not shown).

A second construct, pSPUCPd1-12, again in pSP64, was sent by
Shore's group in which the first 12 amino acids were deleted (Liu et
al., 1988). The plasmid was linearized with EcoRI and transcribed. The
mRNA was translated and the shorter uncoupling protein was observed
after electrophoretic analysis.

When the translation products of the two constructs were compared

directly, one band was seen for the UCPd1l-12 construct while two bands
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of approximately equal intensity were seen for the construct deleting
most of the 5' extension, one corresponding to the uncoupling protein
with a molecular mass of 32 000 Da and the second band of higher
mobility corresponding to the UCPd1-12 product. This result likely
explains why two products for uncoupling protein are sometimes seen in
immunoprecipitations from translations of brown adipose tissue polysomes
(Freeman et al., 1983). The smaller product probably corresponds to the
uncoupling protein initiating at methionine;3, however, direct protein
sequencing is required for proof and this has not been done.

Because the pTZ18U-UCP construct never yielded a transcript which
resulted in synthesis of uncoupling protein, another vector was tried.
G. Pacepavicius and J. Ramchatesingh, working in our laboratory as
Biochemistry 4P3 project students, subcloned the KpnI-PstI uncoupling
protein cDNA into the vectors, pSPT18 and pSPT19 respectively.
Transcription of the pSPT18-UCP vector made use of T; RNA polymerase and
PSPT19-UCP construct made use of the SP6 RNA polymerase. In both cases
uncoupling protein was observed after transcription and translation but
more uncoupling protein was made using the T; RNA polymerase and the

PSPT18 vector (results not shown).

4.1.1 IMPOVING TRANSCRIPTION AND TRANSIATION

One attempt to improve the quality of the transcript was to
campare transcript purified by phenol extraction versus transcript
purified by spun column dialysis. The transcripts were radiolabeled
with [a=32P]JUTP and compared by analysis on a 1% agarose-formaldehyde

gel. Recovery was marginally greater when transcript was purified using
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spun column dialysis, however, there was no difference in the amount of
translation product. Phenol extraction was simpler and was used in
subsequent reactions (results not shown).

Another factor which affected the amount of translation product
was the concentration of m7GpppG used in the transcription reaction.
With early transcription reactions, it appeared that high concentrations
of the cap (0.5 mM cf 0.1 mM) reduced the amount of the translation
product. A final concentration of 0.1 mM m’/GpppG yielded transcript
producing more uncoupling protein than did the transcripts using 0.5 nmM
m/GpppG in the transcription reaction (results not shown). All four
reactions maintained the same final concentration of 0.02 mM GIP. The
final transcription reaction used 0.1 mM m’GpppG and 0.1 mM GTP.

Two bands were sometimes seen in the translation of pSPT18-UCP
and pSPT19-UCP transcripts corresponding to the two bands always seen
with the translation products observed from pSPUCP. However, the second
band of higher mobility probably corresponding to initiation at the
second methionine was made in much smaller quantities compared to the
full-length protein. This result may reflect the length of the 5'-
nontranslated portion of the cDNA. In both pSPT18 and pSPT19, there are
66 nucleotides preceding the initial methionine whereas in pSPUCP, there
are 9 nucleotides preceding the initial methionine, 45 preceding
methionine;3 and 40 nucleotides preceding methioninejs in pSPUCPd1-12.

In sumary the transcription-translation system was improved by
removing the 5' extension thus eliminating the possibility of G-C
pairing, removing 3'-overhangs from linear DNA transcription templates

to reduce extraneous transcription (Promega Notes, March 1985), using
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lower concentrations of m’/GpppG during transcription and using a high

quality fresh lysate for translation.

4.2 TMPORT INTO MITOCHONDRTA

The functioning transcription/translation system was now used to
set up the system for import of uncoupling protein into isolated rat
heart mitochondria. The analysis of import into mitochondria is based
on the association of uncoupling protein with mitochondria incubated
with and without CCCP, an uncoupler of oxidative phosphorylation,
campared to the same incubations after proteinase K treatment. If
uncoupling protein is associated with mitochondria treated with
proteinase K but not with mitochondria treated with both CCCP and
proteinase K, then uncoupling protein requires a membrane potential for
import as do other matrix and inner membrane proteins. Protection from
proteinase K digestion can be used as the criteria for import and
internalization into mitochondria. As a more direct control in initial
experiments, the processing of preornithine carbamoyltransferase to its
mature size and its protection from proteinase K digestion was included

but not shown.

4.2.1 IMPORT BY RAT HEART MITOCHONDRTA

The first several uptake experiments were largely unsuccessful.
This was probably due to insufficient mitochondria, too little of the
translation being used and the order of preparation of mitochondria and
translations. It was noted by Dr. Shore's group that uptake of

uncoupling protein was optimal for freshly synthesized protein, i.e.
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protein that had been translated for 20 minutes and used directly for
import (Liu et al., 1988). During the course of these early experiments
I found that frozen mitochondria did not support uptake of exogenocusly
added protein, frozen samples of uncoupling protein were not imported
into mitochondria and mitochondria from young animals (less than 3 weeks
old) worked best for import experiments.

Fig. 5 shows the import of uncoupling protein under various
conditions. Ianes 1 to 4 do not have any uncoupling protein present yet
radiocactively labeled bands are detected. These correspond to
mitochondrially synthesized proteins and can be eliminated with the
addition of chloramphenicol to the import reaction (Fig. 5, lanes 6, 8-
10). The addition of CCCP decreased the amount of mitochondrial
proteins synthesized (Fig. 5, lanes 2 and 4) and blocked import of
uncoupling protein (lanes 10 and 12), but did not prevent association of
uncoupling protein with mitochondria (lanes 9 and 11). Addition of
chloramphenicol did not affect the import of uncoupling protein (cf
lanes 7 and 8) and was included in all subsequent import reactions
unless otherwise stated. Treatment with proteinase K had no effect on
mitochondrially synthesized proteins (Fig. 5, cf lanes 1 and 3) or on
uncoupling protein imported into mitochondria (cf lanes 8 and 10; lanes
7 and 12).

In order to determine whether or not there was a limit to the
amount of uncoupling protein which could be taken up by mitochondria,
increasing amounts of freshly translated uncoupling protein were added
to import reactions. Fig. 6 shows that for the amounts of translation

used in these experiments, a limit was not reached for those reactions
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Figure 5. Import Conditions for Uncoupling Protein. Concentrations of
all components are as described in the Methods section. Mitochondria
were prepared from 3 day old rats. Import reactions were carried out
for 60 min. Where indicated, CCCP and chloramphenicol were added to a
final concentration of 0.1 pM and 80 ug/ml respectively. Proteinase K
digestion where indicated occurred for 30 min. All lanes are
mitochondrial pellets. 1Ianes 1 to 4 have no translated uncoupling
protein added but the incubation was carried out in the presence of 100
uCi of [39S]methionine and 40 pl of lysate. Molecular mass markers are
indicated on the left in kDa and uncoupling protein marker is indicated
on the right. The flourogram was exposed for 63 hr. Abbreviations:
Chlor - chloramphenicol.
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Figure 6. Import of Uncoupling Protein. Import conditions are as
described in the Methods section except that the amount of uncoupling
protein translation was varied as indicated with extra lysate added to
maintain a volume of 50 pl. O , Untreated mitochodria; o, mitochondria
digested with 0.15 mg proteinase K/ml for 30 min after import. Each
lane of the fluorogram was scanned twice using a Hoefer Scientific
densitometer. The plot of absorbance (arbitrary units) versus amount
represents the average of the scans.
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treated with proteinase K (Fig. 6, open circles) and that the
relationship between the amount of uncoupling protein added and that
imported is roughly linear.

The precursor of malate dehydrogenase can be internalized
directly into mitochondria from a prebound state (Chien et al., 1984).
But as shown in Fig. 7, this was not observed for uncoupling protein.
Panel A serves as a control on the amount of uncoupling protein bound to
mitochondria at 0°C in 60 minutes and panel C is a control for standard
import conditions. In the actual experiment (Fig. 7, panel B),
uncoupling protein was allowed to bind to mitochondria at 0°C for 60
minutes, mitochondria were then collected and resuspended in fresh
import medium and left to incubate at 30°C for 60 minutes. The results
show that the bound form of uncoupling protein is poorly imported into
mitochondria. However, it is possible that in these experiments, malate
dehydrogenase would not have been imported either.

The time courses and relative efficiency of import of uncoupling
protein (Fig. 8, open circles) and preornithine carbamoyltransferase
(Fig. 8, open squares) were also examined. Both proteins were imported
equally with import reaching a maximum level at 60 minutes. The decline
seen after 60 minutes may reflect protein or mitochondrial degradation.

Of special interest in these import experiments is the
possibility that the imported protein is able to function in
mitochondria from different tissues. A simple, though not definitive
answer can be achieved by purifying imported uncoupling protein using
the same technique used to purify the protein from brown adipose tissue.

Fig. 9 shows that imported uncoupling protein could be purified from



99

-. —uCP
B
Cc

~ -+ CCCP
+ 4+ Prot. K

Figure 7. Import of Bound Uncoupling Protein. Import conditions are as
described in the Methods section with the following exceptions. Panel
A: Import was carried out on ice for 60 min. Panel B: Import was
carried out on ice for 60 min; the mitochondrial pellet was then
resuspended in fresh import buffer and incubation continued at 30°C for
60 min. Panel C: Standard import conditions. Ianes 1 to 4 are
mitochondrial pellets. Uncoupling protein marker is indicated on the
right.
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Figure 8. Time Course for Import of Uncoupling Protein and Ornithine
Carbamoyltransferase. Import conditions are as described in the Methods
section except that standard volumes were increased 9 fold and 150 ul
samples were removed after 10, 20, 30, 60 and 90 min. Both uncoupling
protein (o) and ornithine carbamoyltransferase (o) were added together
in duplicate import reactions. The samples were treated with proteinase
K and subjected to SDS polyacrlyamide gel electrophoresis. Each lane of
the flourogram was scanned twice using a Hoefer Scientific densitometer.
The plot of absorbance (arbitrary units) versus time represents the
average of the integrated values.
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Figure 9. Purification of Imported Uncoupling Protein fram Heart
Mitochondria. Uncoupling protein synthesized in vitro was imported into
heart mitochondria as described in the Methods section. The
mitochondrial pellet was then dissolved in Triton X-100 and applied to a
hydroxylapatite column to purify uncoupling protein as described in the
Methods section. Ianes 1 to 8, collected fractions 1 to 8; lane 9:
uncoupling protein marker.
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heart mitochondria as it is collected in the flow through fractions
(Fig. 9, lanes 5 and 6) as is uncoupling protein purified from
mitochondria of its source tissue (Lin & Klingenberg, 1982). This
indicates that the imported protein in the membrane is indistinguishable
fram the natural protein with respect to purification and provides same
indication that uncoupling protein imported into heart mitochondria has
the potential to uncouple oxidative phosphorylation when activated.

As an aside, it was of interest to determine if isolated
mitochondria from brown adipose tissue could import uncoupling protein
in vitro, since they do so in vivo. Isolated brown adipose tissue
mitochondria did import uncoupling protein although those prepared from
rats left at 6°C for 4 days did not import as well as mitochondria
prepared from rats left at 23°C (results not shown). The imported
uncoupling protein could also be purified from the brown adipose tissue
mitochondria as seen in Fig. 10, lanes 6 to 8. Experiments done by C.
McCallum and H.V. Patel showed that the double band seen in Fig. 10 was
the result of digestion with proteinase K since only a single band was

seen with trypsin treatment.

4.3 UNOOUPLING PROTEIN CONSTRUCTS

The design of the first constructs was based on earlier results
(Liu et al., 1988). The first 12 amino acids are not required for
import of uncoupling protein or the uncoupling protein-ornithine
carbaimoyltrarsferase fusion protein, U13-105-OCT. This suggests that a
targeting sequence lies within amino acids 13 to 105 as this region

joined to ornithine carbamoyltransferase produced as fusion protein
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Figure 10. Purification of Imported Uncoupling Protein from Brown
Adipose Tissue Mitochondria. Uncoupling protein synthesized in vitro
was imported into brown adipose tissue mitochondria as described in the
Methods section. Uncoupling protein was then purified from the
mitochondrial pellet as described in the Methods section. ILanes 2 to 9,
fractions 2 to 9; lane 10, uncoupling protein marker.
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which is imported by mitochondria. Further, a fusion protein of amino
acids 13 to 51 of uncoupling protein Jjoined to ornithine
carbamoyltransferase was not imported. To complete the examination of
this series of constructs, amino acids 2 to 52 needed to be deleted from
the hybrid construct in order to test amino acids 53 to 105 for
targeting. The basis for the other constructs whose import was examined
initially was to simply delete the first 35 amino acids proposed to form
the first membrane-spanning region of uncoupling protein (Fig 2a).

In order to create the constructs the uncoupling protein insert
was removed from the pSPT18 vector using EcoRI and PstI to be subcloned
into the EcoRI-PstI site of M13mpl9. At the same time, the UCP-OCT
hybrid joining amino acids 13-105 of uncoupling protein to mature
ornithine carbamoyltransferase from amino acids 147 to the end was
removed from the pSP64 vector using the same enzymes and subcloned into
M13mpl8. In these orientations, the sequence that would be read from
the ssDNA would be the coding sequence in both cases. Once the inserts
were subcloned, the phage were used to infect E. coli BW313 cells. The
cells were then grown in the presence of uridine in order to incorporate
uracil into the ssDNA. ssDNA was prepared from the phage after the
titre results showed a difference of six orders of magnitude in the
survival of phages with uracil in their DNA in BW313 cells over wild
type cells. The ssINA was then used for oligonucleotide site-directed
mutagenesis (Fig. 11 for constructs). Once the reaction was complete
and dsDNA was made, competent E. coli JM107 cells, prepared by Hanahan's
method (Hanahan, 1983) and commercially prepared HB10l1l cells were used

for the transformation. It was noted that the purchased HB10l1l library
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ValgGlng gProj 1 ThrypMet 3T1es3Args  Tyrsslysse .- - - Sery gsASp1 47

Figure 11. Oligomxclectides Used for Creating Deletion Constructs.

105

a,

AB268 used for Ud2-35; b, AB270 used for Ud2-35-OCT; c, AB271 used for

U53-105-0CT.
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efficiency competent cells were more efficient in transformation than
the campetent JM107 cells prepared by Hanahan's method.

Eight of about 40 plaques from each of the constructs were picked
at random for an initial screening. This consisted of preparing dsDNA
from the phage and digesting the DNA with EcoRI and PstI to remove the
insert. The deletions removed 102 (methionine; to threonineszg), 66
(methionine;3 to threoninejg) and 117 (methioninej3 to isoleucinessy)
base pairs, differences which can be observed when compared to the
original inserts. The digestion experiments showed that 2 of the 8
plaques for the construct labeled Ud2-35, 1 of the 8 for U36-105-OCT and
3 of the 8 for U53-105-OCT were likely the desired constructs. The
ssDNA was then prepared from these and from uncoupling protein controls
for M13 dideoxy-sequencing. The sequencing results confirmed those
obtained from the digests.

The next stage was to remove the inserts from Ml13mpl8 and mpl9
dsDNA using EcoRI and PstI and force subclone them into pSPT18 (Ud2-35)
and pSPT19 (U36-105-OCT and U53-105-0CT) in order to transcribe mRNA
using the Ty promoter. Once this had been accomplished, large scale
plasmid preparations were done in order to obtain purified plasmid for
in vitro transcription/translation reactions. Translation of Ud2-35
and U53-105-0CT resulted in polypeptides of the anticipated size while a
U36-105-0CT translation product was not observed. The reason for the
lack of a translation product for U36-105-OCT was not pursued.

One other construct was made joining uncoupling protein amino

acids 53 to 105 to mouse dihydrofolate reductase (U53-105-DHFR). This
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was achieved by restriction endonuclease digestion and 1ligation as
described in the Materials section using U53-105-OCT and pSP6DHFRA1-3.

All of these constructs, Ud2-35, U53-105-OCT and U53-105-DHFR,
plus those previously reported (Udl-12, Ud2-51 and Ul3-105-OCT) were
imported into heart mitochondria (Fig. 12, lane 4). The import of the
three constructs (Ud2-51, U53-105-OCT and U53-105-DHFR) with uncoupling
protein amino acids 53 to 105 at the amino terminus lends support to the
hypothesis that these amino acids have a potential targeting function in
uncoupling protein itself. Of these three constructs, US53-105-DHFR was
imported with the greatest efficiency followed by U53-105-OCT and then
Ud2-51 (Fig. 12, lane 4). It was also noted that these three constructs
were processed upon import (») and that both the precursors and the
processed forms were resistant to proteinase K digestion. This is
unlike the case for OCT in which the precursor is not protected by
proteinase K digestion (results not shown). Analysis revealed that the
major processed forms of Ud2-51, US53-105-O0CT and US53-105-DHFR are
approximately 20 amino acids smaller. Although not seen clearly in Fig.
12, US53-105-DHFR and U53-105-0CT also had intermediate-sized forms (b)
which are approximately 14 amino acids smaller than the initial
translation product. It should be noted that the differences in sizes
could not be very accurately determined since results depend very much
on how the line is drawn on the semi-log plots of size verus mobility.
However, processing suggests that at least the amino termini of the
proteins had reached the mitochondrial matrix.

The location of the proteins was then investigated using Naj;CO3

extraction to distinguish proteins which are not extracted and therefore
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Figure 12. Import of Uncoupling Protein and Its Constructs. Import
conditions are described in Methods section. Iane 1, Translation sample
representing 2000 cpm (1% of input); lanes 2 to 5, mitochondrial pellets
with the conditions shown. »,>, Major and minor processed forms of the
various constructs.
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are likely to be in a hydrophobic membrane and those which are extracted
and are therefore likely to be soluble or loosely bound (Fujiki et
al.,1982). Preliminary results on the final location of the various
constructs are shown in Figs. 13 and 14. Comparing lanes 4 to 5 and 4
to 6 for uncoupling protein itself suggests that the protein was in a
membrane. The same analysis for Ud2-35 does not lead to a clear
interpretation. Ud2-35 appears to be associated with both membrane and
aqueous compartments of mitochondria. Analysis of U13-105-OCT shows
that the fusion protein was in the membrane (compare lanes 6 to 7).
Precursors of Ud2-51 (Fig. 13, compare lanes 6 and 7) and U53-105-DHFR
(Fig. 14, compare lanes 6 and 7) were found associated with both the
membrane and the soluble fractions while processed forms of Ud2-51 (Fig.
13, compare lanes 6 to 7) and U53-105-DHFR (Fig. 14, compare lanes 6 to
7) were in an aqueous compartment, presumably in the matrix.

Both the import and processing of U53-105-DHFR were further
analyzed. The import of the OCT-DHFR construct was included as a
control. Figures 15 and 16 show that the processing of U53-105-DHFR and
OCT-DHFR respectively can be blocked by preincubation of the fusion
proteins with methotrexate as seen from the decrease in the amount of
the processed form (compare lanes 3 and 7). For U53-105-DHFR in the
presence of methotrexate, some of the complete protein is protected from
proteinase K digestion (see Fig. 15, lane 7). This could be protein
bound to the outer membrane and protected from digestion due to a
tertiary conformation being maintained by methotrexate as seen earlier

by Eilers and Schatz (1986) although if this were the case it should



Figure 13. Import and Iocalization by Na;O003 Extraction of
Uncoupling Protein and Its Constructs. Import conditions and
Na,00; extraction are described in the Methods section. Iane 1
represents 2000 cpm of the translation. All other treatments are
indicated. For uncoupling protein (U) and Ud2-35, lanes 2 and 3
are mitochondrial pellets; lanes 4 and 6 are the insoluble
membrane fraction while lanes 5 and 7 are the soluble fraction
after subfractionation of the mitochondrial pellet. For Ud2-51
and Ul13-105-OCT, lanes 2 to 5 are mitochondrial pellets; lanes 6
and 8 are the membrane fraction while lanes 7 and 9 are the
supernatant fraction after subfractionation of the mitochondrial
pellet.
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Figure 14. TImport and Iocalization by Na,(03 extraction of U53-105-
[HFR. Iane 1 represents 2000 cpm of the translation. All other
treatments are indicated. ILanes 2 to 5 are mitochondrial pellets; lanes
6 and 8 are the membrane fraction while lanes 7 and 9 are the
supernatant fraction after mitochondrial subfractionation. »,t, Major
and minor processed forms.
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Figure 15. Effect of Methotrexate on the Import of US53-105-THFR.
Translations were first incubated for 1 min in the presence or absence
of 7.5 pM methotrexate which was diluted to 150 nM methotrexate in the
final import reaction. All lanes are mitochondrial pellets. Ianes 1 to
4 are import reactions in the absence of methotrexate. Lanes 5 to 8 are
import reactions in the presence of methotrexate. »,», Major and minor
processed forms.
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Figure 16. Effect of Methotrexate on the Import of OCT-DHFR.

Translations were first incubated for 1 min in the presence or absence
of 7.5 UM methotrexate which was diluted to 150 nM methotrexate in the
final import reaction. All lanes are mitochondrial pellets. ILanes 1 to
4 are import reactions in the absence of methotrexate. lanes 5 to 8 are
import reactions in the presence of methotrexate.
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have also been seen in the presence of uncoupler and perhaps for OCT-
DHFR.

In order to determine whether or not two matrix proteases were
involved in the processing, as with other matrix proteins (Sztul et al.,
1988; Kalousek et al.,1988), increasing concentrations of o-
phenanthroline, a membrane-permeable chelator, were tested for both U53-
105-DHFR (Fig. 17) and OCT-DHFR (Fig. 18). Processing to both sizes
appeared to be inhibited but at higher concentrations of the chelator,
same of the unprocessed form was not removed by proteinase K digestion
(B-D, lanes 3 and 4). This was the result of inhibiton of proteinase K
by o-phenanthroline as found in control experiments with the U53-105-
DHFR translation product (Fig. 19, compare lanes 3 and 5 to 4 and 6).

These results with the fusion proteins and with Ud2-51 suggest
that a targeting sequence is contained within uncoupling protein amino
acids 53 to 105. This region was analyzed for potential positively
charged amphipathic a-helical structures which are believed to be
important for targeting to mitochondria (Harlt et al.,1989). The
helical wheel projection for the first two possible sequences are shown
in Figs. 20 and 21. Based on the sizes of the processed forms and on
the helical wheel projection for the first possible sequence,
argininegy, lysinegg and lysinegy were changed to glutamines,
individually and in various combinations using oligonucleotide site-
directed mutagenesis. Screening for possible mutants was accomplished
by sequencing single-stranded phage DNA prepared from randomly selected
plaques. A section of a sequencing gel camparing both uncoupling
protein and the triple mutant, U-Q54,56,67 is shown in Fig. 22. The
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Figure 17. Effect of o-Phenanthroline on the Import of US53-105-DHFR.
Import reactions were carried in the absence of o-phenanthroline (A), or
in the presence of 0.1 mM (B), 1.0 mM (C) and 5.0 mM (D) o-
phenanthroline. ILanes 1 to 4 are mitochondrial pellets. »,>, Major and

minor processed forms.
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Figure 18. Effect of o-Phenanthroline on the Import of OCI-DHFR.
Import reactions were carried in the absence of o-phenanthroline (A), or
in the presence of 0.1 mM (B), 1.0 mM (C) and 5.0 mM(D) o-
phenanthroline. Ianes 1 to 4 are mitochondrial pellets.
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Figure 19. Effect of o-Phenanthroline on Proteinase K Digestion of U53-
105-THFR. Ianes 1 and 2: no proteinase K digestion. Samples were
digested with 2 ng proteinase K/pl of reaction for 5 min (lanes 3 and
4), 10 min (lanes 5 and 6), 30 min (lanes 7 and 8) and 60 min (lanes 9
and 10). The presence or absence of o-phenanthroline is indicated.
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Figure '20. Helical Wheel Projection for a Possible Uncoupling Protein
Targeting Sequence. This region corresponds to uncoupling protein amino
acids 53 to 68. Basic residues are indicated by +.
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Figure 21. Helical Wheel Projection for a Second Possible Uncoupling
Protein Targeting Segquence. This region corresponds to uncoupling
protein amino acids 73 to 93. Basic residues are indicated by +. Amino
acids in brackets indicate the second turn of the plot.
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Figure 22. Segquence of UCP and U-Q54,56,67. Sequencing was performed
as described in the Methods section using the protocol supplied by
Pharmacia with their T7 Sequencing Kit. », Point changes in the mutant.



122
point mutations are indicated by the arrows. The import results for all
the mutants are shown in Fig. 23 along with wild type uncoupling protein
for caomparison. All the mutants are imported into mitochondria (Fig.
23, lane 3) even when all three of the charges are replaced as seen for
U-Q54,56,67.

In order to ascertain any difference in import ability between
wild type uncoupling protein and U-Q54,56,67, their time courses of
import was determined as shown in Fig. 24. Not surprisingly, the import
of the mutant U-Q54,56,67 was 50% of that of wild type uncoupling

protein but the rate of import was similar.
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conditions are as described in the Methods section.
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Import of Uncoupling Protein and Its Mutants.  Import
Ianes 1 to 4 are
The amount applied to the gel in each case was
adjusted to reflect equal amounts of precursor addition to the import
Q represents the glutamine(s) at the indicated amino acid

position(s) in the mutant uncoupling protein constructs.
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Figure 24. Time Course for Import of Uncoupling Protein and U-
Q54,56,67. Import conditions are as described in the Methods except
that volumes were increased 6-fold and 150 pl duplicate samples were
removed after 5, 10, 20, 30 and 60 min incubations. The samples were
treated with proteinase K and subjected to SDS polyacrylamide
electrophoresis. Each lane of the fluorgrams was scanned twice using a
Hoefer Scientific densitometer with absorbance represented by arbitrary
units. The plot represents the average from duplicate gels. o,
Uncoupling protein; 0, the mutant, U-Q54,56,67.
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5. DISCUSSION

5.1 THE IMPORT SYSTEM

In order to establish the import system, several factors required
standardization. This included the in vitro transcription system and
the subsequent translation of the transcript. The import protocol
itself required standardization in terms of concentrations of various
camponents like chloramphenicol, CCCP and proteinase K. Once
established, the import system could be used to lock at same basic
questions dealing with imported uncoupling protein including import from
a prebound state, conformation and location within mitochondria. Each

of these aspects are discussed in more detail below.

5.1.1 TRANSCRIPTION AND TRANSTATTON

There appear to be several important factors which affect both in
vitro transcription and translation. Among these is the presence of a
5'-0ligo(dG)-oligo(dC) extension in the transcription template DNA. It
was observed that the removal of most of the 5'-extension by inserting a
KpnI/PstI cINA fragment into expression vectors was sufficient to allow
for the in vitro synthesis of uncoupling protein. It was also noted
that linear plasmids with 3'-overhangs were inferior templates for RNA
polymerases compared to linear plasmids with 5'-overhangs (Pramega
Notes, March 1985). The 3'-overhang allows the polymerase to use the
anti-sense strand as a template resulting in extraneous transcripts

which may have complementary regions able to hybridize to the mRNA.

125



126
These 3'-overhangs are easily removed by treating the linear DNA with
the Klenow fragment of DNA polymerase before using the template in the
transcription reaction. Another finding was that not all vectors were
equally effective. When the same KpnI/PstI uncoupling protein cDNA
insert, which lacks the 5'-0ligo(dG)-oligo(dC) extension, was inserted
into pSPT18, pSPT19 and pTZ18U there were different degrees of
efficiency in the production of utilizable uncoupling protein mRNA by Ty
RNA polymerase. The transcription product from pTZ18U was never
translated into uncoupling protein. The reason for this was not
pursued. The transcription products from pSPT18 and pSPT19 yielded

approximately the same amount of uncoupling protein when translated.

5.1.2 IMPORT OF UNCOUPLING PROTEIN AND ITS CONSTRUCTS

Several factors appear to be important for the import of
uncoupling protein into mitochondria. Import of uncoupling protein into
isolated heart mitochondria was found to depend on the age of the
animals from which mitochondria are prepared. Mitochondria prepared
from newborn rats were more efficient at import than mitochondria
prepared from 3 week old rats. Mitochondria prepared from rats older
than 3 weeks were not efficient at rapidly importing exogencusly added
protein.

The final standard import conditions achieved included the use of
chloramphenicol to prevent mitochondrial protein synthesis which occurs
rapidly in mitochondria prepared from rats 3 weeks old and younger,
appropriate concentrations of CCCP and proteinase K, the amount of

uncoupling protein tranlsation and the length of incubation. However,
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once this study was completed, it was learned that proteinase K
digestion is a too drastic procedure and that trypsin is the enzyme of
choice (G.C. Shore, personal cammunication).

Once standard import conditions were established, it was possible
to study various aspects of uncoupling protein import, particularly, the
import of prebound uncoupling protein and the effect of conformation on
import. It was cbserved that uncoupling protein bound to mitochondria
at a low temperature was not imported into mitochondria after raising
the temperature to 30°C. This was an unexpected result for two reasons.
First, the precursor of malate dehydrogenase can be imported into
mitochondria after first being bound at 0°C and then raising the
temperature to 30°C (Chien et al., 1984). Secondly, the ADP/ATP carrier
can be imported into mitochondria after incubation at a low temperature
(2°C), then warming to 25°C and adding valinomycin to inhibit the import
of free precursor (Pfamner & Neupert, 1987b). Perhaps the import of
prebound uncoupling protein could be achieved under different
corditions. On the other hand, prebound uncoupling protein may no
longer be in an import-competent conformation. It may be of interest to
examine the binding of uncoupling protein to de-energized mitochondria
and cbserving if import occurs after re-energization as was seen for the
ADP/ATP carrier (Zwizinski et al., 1983; Pfamner & Neupert, 1985).

Although uncoupling protein can be imported into mitochondria, it
has not yet been determined whether or not it is functional. In order
for the protein to function, it must first assume the same conformation
as the native protein. One approach which addresses this question is to

purify the imported protein in the same manner as the native protein.
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Uncoupling protein imported into mitochondria from both heart and brown
adipose tissue mitochondria could be purified in the same mamner as
native uncoupling protein is purified. Further, uncoupling protein
which has been purified after being treated with proteinase K yielded a
band of slightly faster mobility. This band may be similar to the T-1
fragment generated by limited tryptic digestion of both isolated
uncoupling protein and isolated brown adipose tissue mitochondria which
were frozen and thawed (Eckerskorn & Klingenberg, 1987). Eckerskorn and
Klingenberg (1987) showed that the cleavage site is located near the C-
terminus at lysinejg, and indicated that the 10 residue long carboxy
peptide is directed to the cytosolic side of the inner membrane.
Similar C-terminal sequencing would be required to demonstrate that the
proteinase K cleavage site is near the C-terminus which would indicate
that the membrane diposition of imported uncoupling protein is similar
to the native protein. No experiments were done at this time to
determine whether or not imported uncoupling protein formed dimers. The
results from purification and proteinase K treatment provide evidence
that the isolated system mimics the in vivo system and that imported
uncoupling protein is potentially functional. Since uncoupling protein
is imported into rat heart mitochondria, it is conceivable that the
protein can be imported by mitochondria from other sources including
yeast. This has been observed for human ornithine carbamoyltransferase
which was imported into yeast mitochondria in vivo (Cheng et al., 1987).
If this is possible for the uncoupling protein, this could lead to the
development of an in vivo expression system to study structure/function

relationships.
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5.1.3 IOCALIZATION OF UNCOUPLING PROTEIN AND ITS CONSTRICTS
Once the standard import conditions were clarified and certain
aspects of uncoupling protein import were examined, the localization of
the various constructs in mitochondria was investigated. In order to
determine the location of the various constructs, Na,O03 extraction was
used to separate integral membrane proteins from peripheral membrane
proteins and proteins of the matrix and intermembane space. The results
were relatively unambiguous for uncoupling protein and U13-105-OCT which
were found associated with the membrane fraction, and for the processed
forms of Ud2-51 and U53-105-DHFR which were in the soluble fraction.
The precursors of Ud2-51 and U53-105-DHFR were found associated with
both the membrane and the soluble fraction indicating that some of the
precursor is held in the membrane and some is translocated through to
the matrix where it is protected from proteinase K digestion. Most
strikingly, the precursor of US53-105-DHFR, in the presence of CCCP
appears to be located within a membrane. To a lesser extent, the other
precursors are also found associated with the membrane fraction in the
presence of CCCP. This may simply reflect a problem encountered with
the method, it may be an artifact or it may indicate that the protein is
inserted into a membrane in the absence of a membrane potential. If the
last case is true, it may reflect a stage in the import process, that
is, the binding of the precursor to a receptor in the outer membrane
and/or interaction with a GIP again in the outer membrane. Both steps
occur in the absence of a membrane potential as observed for the import

of the ADP/ATP carrier (Pfamner et al., 1987a).



130

Ud2-35 was found associated with both the membrane and soluble
fraction in the presence and absence of CCCP. This result is the most
difficult to interpret and may simply reflect incomplete washing. On
the other hand, the results may indicate that the construct is only
partially inserted in the membrane, hence allowing the construct to
partition with both the particulate and soluble fractions.

This problem case may provide some additional information on
regions important for membrane insertion. When uncoupling protein amino
acids 13 to 105 are present in a construct, the protein is found in the
membrane fraction. Deletion of the first 101 amino acids of uncoupling
protein yielded a construct, UCP102-307, which was found in the soluble
fraction (Liu et al., 1988). This indicates that the information for
membrane insertion is contained within amino acids 13 to 105. Proteins
with uncoupling protein amino acids 52/53 to 105 are found in the
soluble fraction but also in the membrane fraction indicating that this
region has sufficient information to retain the protein within the
membrane albeit at low efficiency. When uncoupling protein amino acids
36 to 105 are present, the construct appears to be retained within the
membrane with slightly greater efficiency. It appears that for complete
retention within the membrane, uncoupling protein amino acids 13 to 105
are required.

However, when the presequence for ornithine carbamoyltransferase
was placed in front of uncoupling protein, the membrane insertion
information contained within uncoupling protein was ignored and the
construct, pO-UCP, was targeted to the matrix where it was processed

(Liu et al., 1990). It is possible that uncoupling protein and the pO-



131
UCP construct use different receptors for import. Conceivably, pO-UCP
uses the mammalian counterpart to the N. crassa receptor, MM19,
identified by Séllner et al., (1989) while uncoupling protein uses the
same receptor as the ADP/ATP carrier. A receptor for the N. crassa
ADP/ATP carrier has been identified as MOM72 by Neupert and coworkers
(Hartl & Neupert, 1990). If this is the case, it is possible that only
the uncoupling protein receptor is capable of presenting the protein to
the inner membrane in such a manner as to be inserted into the membrane
(Liu et al., 1990). Continuing with the possiblity that uncoupling
protein uses the same receptor as the ADP/ATP carrier, the mode of
import may also be similar. That is, uncoupling protein may be inserted
into the inner membrane by paired amphipathic helices led by internal
matrix targeting domains (Liu et al., 1988; 1990) in a manner similar to
that depicted for the ADP/ATP carrier as shown in Fig. 3 (Pfanner et

al., 1987a).

5.2 UNOCOUPLING PROTEIN TARGETING SEQUENCE(S)

The approaches that have been used in identifying possible
mitochondrial targeting sequences include deleting regions within the
precursor and/or constructing fusion proteins joining the suspected
sequence to a non-mitochondrial passenger protein. These two approaches
were used in an earlier study of uncoupling protein. It was found that
the amino-terminal amino acids 13 to 105 of uncoupling protein could
target a passenger protein, a portion of mature ornithine
carbamoyltransferase, to mitochondria but amino acids 13 to 51 could not

(Liu et. al., 1988). Constructs were made deleting amino acids 2 to 51
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and 2 to 101 of uncoupling protein (Liu et al., 1988). Deletion of
amino acids 2 to 51 was found to '"severely retard UCP import" and
subsequent localization was not performed (Liu et al., 1988). In the
case of UCP102-307, import was relatively modest, attaining levels of
approximately one-fifth of those observed for UCPd1-12 (Liu et al.,
1988) . In this study, fusion proteins were constructed by joining
uncoupling protein amino acids 53 to 105 to ornithine
carbamoyltransferase and dihydrofolate reductase. The present results
demonstrate that amino acids 52/53 to 105 (preceded by methionine) of
uncoupling protein could target either amino acids 106 to 307 of
uncoupling protein (Ud2-51) or two soluble passenger proteins to
mitochondria. The efficiency by which uncoupling protein amino acids
52/53 to 105 function in import appears to depend on the passenger
proteins with the decreasing order of efficiency observed as U53-105-
DHFR, then U53-105-OCT followed by Ud2-51. The difference in efficiency
may reflect a difference in the solubility of the passenger (both DHFR
and OCT are soluble protein) or the proportion of protein in an import-
competent conformation. This is not unlike the findings of Pfanner et
al. (1987a) where precursors with the same presequence but different
mature portions required different levels of ATP or GIP for import.

The processing of Ud2-51, U53-105-OCT and U53-105-DHFR,
inhibition of processing by ortho-phenanthroline and the presence of the
processed forms of the first and last of these at least in the soluble
phase after Na,(03 extraction suggests that these proteins have been
targeted in toto to the matrix. This is supported by the observation

that the sizes of the fragments removed indicates that processing is
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occurring in a region of the protein (amino acids 71 to 95) that is
suggested to be in the membrane (Aquila et. al., 1985).

The evidence suggests that uncoupling protein amino acids 52/53
to 105 have targeting information based on the import of Ud2-51, US53-
105-0CT and US53-105-DHFR. However, if this region contains the
targeting signal it does not appear to be functioning as it does in
uncoupling protein itself. This is based on the processing observed for
the three constructs as well as the localization of the processed forms
within the matrix. Uncoupling protein is neither processed nor located
in the matrix. It is possible that placing uncoupling protein amino
acids 52/53 to 105 at the N-terminus is revealing a cryptic targeting
sequence which now acts as a targeting presequence. This is not unlike
findings of Hurt and Schatz (1987) in which the first 85 amino acids of
dihydrofolate reductase fused to complete dihydrofolate reductase
targeted the construct into mitochondria or in which random sequences
from the E. coli genome targeted passenger proteins to mitochondria
(Baker & Schatz, 1987). Consequently, the use of fusion proteins is
limited in identifying targeting sequences. This indicates that changes
should be made in wuncoupling protein itself remembering that
conformational changes could also occur and make interpretation of
results difficult.

The approach used in this study to create changes within
uncoupling protein itself was oligonucleotide site-directed mutagenesis.
The likely candidate for change was a region of concentrated positive
charge. Positive charge is necessary for import of proteins with

presequences (Hartl et al., 1989) being important at least for the
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membrane potential dependent movement into the inner membrane. This is
sensitive to uncouplers and since the import of uncoupling protein is
also sensitive at least one of the three areas of positive charge should
be important for import although it might not be necessary for
interaction with the putative receptor. An observed lack of effect
would indicate that the region is not the targeting signal or that
positve charge is not required for interaction with the putative
receptor. If on the other hand, an effect is observed, it is not
possible to determine if the positive charge was required for
interaction with the receptor or if the change prevented translocation
into the inner membrane. Amino acids 52/53 to 105 of uncoupling protein
contains two areas with a number of positively charged residues which
when plotted on helical wheels, show potential amphipathic a-helices.
The first of these from amino acids 54 to 67 is part of a daomain
suggested to be in the matrix in the topological model of uncoupling
protein shown in Fig. 25 (Aquila et. al., 1985). It was expected that
as the number of positive charges in this region were replaced by
glutamines, the efficiency of import would decrease to the point where
replacement of all three positively charged residues would prevent
import. However, changing all three of the positively charged residues
in the region to glutamines did not prevent the targeting of uncoupling
to mitochondria, alhough, the proportion imported decreased most
noticeably for U-Q54,56,67. The import of the mutant U-Q54,56,67 was
unexpected. This result indicates that this portion of uncoupling
protein is not the sole targeting signal in uncoupling protein or may

not be part of the signal at all. Thus, the positively charged areas 73
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Figure 25. Membrane Disposition Model of Uncoupling Protein. Hamster
uncoupling protein as illustrated in Aquila et al., (1985). The six
membrane spanning a-helices are labeled A-F. Areas with residues more
hydrophobic than glycine are shaded grey. A possible B-strand is shown
between helix A and a stretch of unknown structure as depicted by shaded
boxes. The single amino acid code is used.
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to 92 and/or 138 to 154 could serve a targeting function. Recent
results using fusion proteins with segments of the ADP/ATP carrier
suggest that the targeting sequence lies between amino acids 72 to 111
(Smagula & Douglas, 1988a,b). However, these results were based on two
fusion proteins, one joining the ADP/ATP carrier amino acids 1 ot 111 to
dihydrofolate reductase and the second joining amino acids 1 ot 72 to
the same passenger protein. The former was imported into mitochondria
while the latter construct was not (Smagula & Douglas, 1988a,b). Amino
acids 72 to 111 were not tested directly and the results should
therefore be treated with considerable caution. Consequently, their
results would only weakly support the role of uncoupling protein amino
acids 73 to 92 in targeting. On the other hand, as shown previously,
amino acids 102 to 307 do contain targeting information (Liu et. al.,
1988), supporting a targeting role for amino acids 138 to 154.
Modification of these areas within uncoupling protein itself should
clarify whether either of these areas are the prime targeting signal of

uncoupling protein.

5.3 FUTURE PLANS

At present, evidence indicates that amino acids 54 to 67 does not
target uncoupling protein to mitochondria. Based on the model and the
targeting function of uncoupling protein amino acids 13 ot 105,
constructs should test amino acids 73 to 92 in uncoupling protein. This
region has 3 basic amino acids separated by 10 and 7 residues which is
in line with the structure of most mitochondrial targeting sequences,
making this a good candidate for the targeting sequence. This region,
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projected on a helical wheel does display the potential for a
anphipathic a-helix. This does not rule out the possibility that it
forms another type of amphipathic structure. To test the region 73 to
92, the same approach used in this study could be used again, that is,
to change lysiney3, arginineg, and arginineg, to glutamines in both
uncoupling protein and U-Q54,56,67. This would test the region itself
and the possibility of the involvment of a mumber of regions for
targeting.

Amino acids 138-154 in the second third of the protein should
also be tested for their ability to target uncoupling protein in order
to explain the import seen for the last two thirds of the protein
reported by Liu et al. (1988). Again, the same approach can be used to
replace the five basic amino acids in this region. Other possible
approaches include deleting the region or introducing acidic amino acids
to break up the concentration of positive charge.

Future efforts should be directed first at amino acids 138 to 154
as the major targeting signal based on three arguments. First, this
region has a concentration of five positive charges with no interupting
negative charges similar to targeting presequences of proteins
synthsized as larger precursors. This region could lead a set of paired
amphipathic helices toward the matix, thus resembling the insertion of a
hairpin. Secondly, this region is predicted to reside in the matrix as
shown in Fig. 25 (Aquila et al., 1985). This is thought to be important
since presequences enter the matrix where they are cleaved for proteins
made as larger precursors. Uncoupling protein itself is not cleaved.

One possible explanation for this includes interaction with a different
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receptor than that used by proteins synthesized as larger precursors.
In this case, it is possible that the peptidases are located near the
receptor for proteins synthesized as larger precursors and not located
near the putative receptor for uncoupling protein. Another possiblity
includes the lack of a seqguence or conformation which is recognized by a
matrix peptidase. Finally, uncoupling protein amino acids 102 to 307 is
imported into isolated mitochondria (Liu et al., 1988). It is possible
that targeting of uncoupling protein may be a function of a number of
regions including amino acids 54 to 67, 73 to 92 and 138 to 154. On the
other hand, the targeting sequence for uncoupling protein may not
resemble any targeting sequences known at present. It is possible that
uncoupling protein has a unique receptor for import or it may use the
receptor for the ADP/ATP carrier (MOM72 in N. crassa, Hartl & Neupert,
1990) which is distinct from the receptor identified by Séllner et al.
(1989) for precursors such as porin and F1 (MOM19 in N. crassa). If
this is true, the targeting sequence and perhaps even the mechanism for
uncoupling protein import may be completely different. It is
anticipated that further work searching for the targeting signal will
reveal the region responsible. This would then clear the way for
discovering other structure/function relationships likely using in vivo

expression systems.
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