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Abstract

A gene family of at least five members encodes the tobacco mitochondrial Rieske Fe-S protein (RISP).
To determine whether all five RISPs are translocated to mitochondria, fusion proteins containing the
putative presequences of tobacco RISPs and Escherichia coli B-glucuronidase (GUS) were expressed in
transgenic tobacco, and the resultant GUS proteins were localized by cell fractionation. The amino-
terminal 75 and 71 residues of RISP2 and RISP3, respectively, directed GUS import into mitochon-
dria, where fusion protein processing occurred. The amino-terminal sequence of RISP4, which contains
an atypical mitochondrial presequence, can translocate the GUS protein specifically into tobacco mi-
tochondria with apparently low efficiency.

Consistent with the proposal of a conserved mechanism for protein import in plants and fungi, the
tobacco RISP3 and RISP4 presequences can direct import and processing of a GUS fusion protein in
yeast mitochondria. Plant presequences, however, direct mitochondrial import in yeast less efficiently
than the yeast presequence, indicating subtle differences between the plant and yeast mitochondrial
import machineries. Our studies show that import of RISP4 may not require positively charged amino
acid residues and an amphipathic secondary structure; however, these structural properties may improve
the efficiency of mitochondrial import.

Introduction

The mitochondrion of a eukaryotic cell contains
a limited amount of genetic information that en-
codes a small part of its constituent proteins. The
majority of mitochondrial proteins are encoded
by nuclear genes, translated as precursors in the
cytoplasm, and imported into mitochondria.
Most nuclear-encoded mitochondrial proteins

contain an amino-terminal extension, termed a
presequence, that is usually necessary and suffi-
cient to target and translocate the protein to mi-
tochondria [15, 25, 48]. During or after import,
the presequence is removed by mitochondrial
processing proteases, and the mature protein is
folded and translocated to its functional submi-
tochondrial compartment. Compared with the
enormous amount of information on mitochon-
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drial protein import in fungi, a few studies de-
scribe mitochondrial protein import in higher
plants [10, 38]. Nevertheless, several studies in-
dicate that eukaryotes, including mammals, fungi,
and higher plants, have evolved a conserved
mechanism for mitochondrial protein import [7,
11, 12, 29, 44].

The mitochondrial Rieske iron-sulfur protein
(RISP) is an obligatory redox component of the
cytochrome bc, complex of the mitochondrial res-
piratory electron transport chain [47]. In all eu-
karyotes this protein is encoded by the nuclear
genome, synthesized in the cytosol as a precursor
protein, imported and processed in the mitochon-
drion, and assembled into the bc, complex of the
inner mitochondrial membrane. At some point on
the import/assembly pathway, a 2Fe-28S cluster is
inserted into the Rieske iron-sulfur apoprotein.
Although it is uncertain exactly where and when
the 2Fe-2S cluster is inserted, incorporation of
the cluster may not be essential for the assembly
of the Rieske protein because mutagenized forms
of the Rieske proteins that have lost the ability to
configure the 2Fe-28 cluster can still be assembled
into the bc, complex [24].

The RISP is processed in two steps in fungi
such as Neurospora [26] and yeast [21]. In the
first step, a matrix processing protease cleaves the
amino-terminal portion of the presequence, re-
sulting in an intermediate form containing an oc-
tameric oligopeptide attached to the mature pro-
tein [26]. The octapeptide is then cleaved by a
second protease that is thought to be different
from the matrix processing enzyme involved in
the first processing step [21]. The intermediate is
copurified with yeast bc; complex under conven-
tional conditions, suggesting that either cleavage
of the octapeptide is not a prerequisite for the
assembly or the assembly process cannot differ-
entiate the intermediate and mature forms [23].

A conserved three-amino acid motif has been
observed for most of the proteins processed in
two steps via an octapeptide-attached intermedi-
ate form [27, 51]. The three-amino acid motif in
the precursor mitochondrial protein does not al-
ways lead to a two-step processing. Studies on in
vitro processing of bovine mitochondrial RISP by

rat liver mitochondria showed that the bovine
Rieske protein is processed in a single step, de-
spite a cryptic two-step processing site [8]. A
more recent study showed that the potato mito-
chondrial RISP is also processed in a single step
[18]. The presequence of the bovine Rieske pro-
tein removed by this single-step cleavage prob-
ably functions as a constituent subunit of the bc,
complex because its amino acid sequence is iden-
tical to that of subunit 9 of the bovine cytochrome
bc, complex [8].

A single gene encodes the mitochondrial RISP
in fungi and mammals; in contrast, this essential
respiratory protein is encoded by a small gene
family in higher plants [31]. The five Rieske pro-
tein genes cloned in tobacco can be grouped into
three subfamilies based primarily on the charac-
teristics of the amino-terminal region of the pro-
teins [31]. The amino-terminal sequences of two
subfamilies, including RISP1, RISP2, RISP3,
and RISP3, feature positively charged, hydroxy-
lated and hydrophobic residues, and they contain
a region with the potential to form an amphip-
athic a-helix. These features are characteristic of
mitochondrial presequences [25, 41, 50]. The
amino-terminal sequence of RISP4, on the other
hand, does not contain any charged residue and
is not predicted by computer analysis to contain
an amphipathic secondary structure, which is be-
lieved to be essential for mitochondrial prese-
quence function [22, 41, 42]. A detailed sequence
analysis has shown that RISP4 arose by nonho-
mologous recombination between RISP2 and an
unknown sequence, and the RISP2-derived se-
quence in the RISP4 gene is identical to the cor-
responding region in the native RISP2 copy [31].
It is unclear where and when RISP4 is expressed
in tobacco. These data suggest that RISP4 is a
relatively new gene, which raises the question
whether RISP4 encodes a functional mitochon-
drial protein.

To determine whether the RISP isoforms are
translocated to mitochondria, fusion proteins
containing the putative presequences of tobacco
RISPs and E. coli B-glucuronidase (GUS) were
expressed in transgenic tobacco, and the resultant
GUS proteins were localized by cell fractionation.



To investigate whether mitochondrial protein im-
port is conserved in yeast and plants [7, 11], we
studied the capacity of tobacco RISP prese-
quences to direct GUS import and processing in
yeast mitochondria.

Materials and methods
Analysis of presequences

The RISP presequences were analyzed using the
HELWHEEL program of PC/GENE (IntelliGe-
netics, Mountain View, CA). The average hydro-
phobicity ({H>,) and average hydrophobic mo-
ment ({uH > ,,) were calculated [16] by moving
an 11-amino acid window successively along the
presequence. The highest (uH >, of a potential
helix-forming region was plotted versusits (H >,
to determine the possible functional classes of a
presequence peptide [16, 17].

Construction of expression plasmids

pTG20. The tobacco expression construct pTG20
contains a fusion gene consisting of a 5’ sequence
of RISP2 coding for the amino-terminal 75 amino
acids fused upstream to the E. coli uid4 gene
coding for the GUS protein. It was constructed
by cloning the 375 bp Xba I-Bgl 11 fragment of
pRISP2 and the Bam HI-Sst 1 fragment of
pBI101.2 (Clontech Laboratories, Palo Alto, CA)
into Xba I- and Sst I-digested binary vector
pBI121 (Clontech Laboratories, Palo Alto, CA)
in a three-fragment ligation. This procedure pre-
serves the continuity of the fused open reading
frames.

pTG30. The tobacco expression construct pTG30
is similar to pTG20. It was constructed by clon-
ing the 328 bp Xba 1-Bgl 11 fragment of pRISP3
and the Bam HI-Sst 1 fragment of pBI101.2 into
Xba 1- and Sst I-digested pBI121.

pTG40. The tobacco expression construct pTG40
was prepared by cloning the 435 bp Xba I-Bg/ 11
fragment of pRISP4 and the Bam HI-Sst I frag-
ment of pBI101.2 into Xba I- and Ss¢ I-digested
pBI121.
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pYGUS. This yeast expression plasmid was con-
structed by cloning the Hind III-Bg/ II fragment
containing the promoter region of the RIPI gene
coding for yeast Rieske Fe-S protein [3] from
plasmid pRIPG [30] and the Bam HI-Sst 1 frag-
ment of pBI121 into the yeast/E. coli shuttle vec-
tor YEp352 [28] in a three-fragment ligation.
pYGUS is a control plasmid encoding a GUS
protein without a presequence.
PRGUS. This yeast expression plasmid was con-
structed by replacing the Bg/ II-Ss¢ I fragment of
pYT7 [30] with the Bam HI-Sst 1 fragment of
pBI101.2. pRGUS is a positive control plasmid
for yeast mitochondrial import.
pYG30. The yeast expression plasmid pYG30 was
constructed by cloning the Hind 111-Bgl 11 frag-
ment of pRIPG and the Bam HI-Sst I fragment
of pTG30 into Hind 111-Sst I-digested YEp352 in
a three-fragment ligation.
pYG40. This yeast expression plasmid was con-
structed by cloning the Hind III-Bg! II fragment
of pRIPG and the Bam HI-Sst I fragment of
pTG40 into Hind 111-Sst I-digested YEp352 in a
three-fragment ligation.
pYG40rA221). The yeast expression plasmid
pYG40 (A221) is similar to pYG40, except that a
221 bp fragment was deleted in the 5'-untrans-
lated region of RISP4. It was constructed by
cloning the Hindlll-Spe 1 fragment of pPrip (J.
Huang, unpublished data) containing the yeast
RIPI gene promoter and the Spe I-Sst I fragment
of pTG40 into Hind I11-Sst I-digested YEp352 in
a three-fragment ligation.
pYG40/A286). This yeast expression plasmid is
similar to pYG40(A221), except that a 286 bp
fragment instead of a 221 bp fragment was de-
leted from the 5’-untranslated region of RISP4.
This deletion eliminated a short open reading
frame (ORF) upstream to the main ORF.
Allplant and yeast fusion genes contain a linker
region located between the presequence and the
GUS gene, which encodes a short peptide of eight
amino acids (DPRVGNSL). The fusion junction
between the mitochondrial presequence and the
GUS reporter was confirmed to be in frame in all
expression plasmids by sequencing.
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Plant transformation

Plant expression plasmids were mobilized into
Agrobacterium tumefaciens strain LBA4404 (Clon-
tech Laboratories, Palo Alto, CA) by electropo-
ration [37] with Gene Pulsar (Bio-Rad). Trans-
formants were selected, and the structural
integrity of the transforming plasmids was con-
firmed by restriction analysis as described previ-
ously [29]. Transformation of tobacco (Nicotiana
tabacum cv. Xanthi) by the cocultivation method
[1], selection of transgenic calli, and regenera-
tion of transgenic plants were as described pre-
viously [29]. Transgenic plants were identified
by staining for GUS activity of leaf disks with
5-bromo-4-chloro-3-indolyl-$-D-glucuronide (X-
gluc) [32].

Yeast transformation

Yeast expression plasmids were transformed into
strain W303-1A (a kind gift of Dr K. Tatchell,
Department of Microbiology, North Carolina
State University) by electroporation [2] with
Gene Pulsar. Selection of transformants and
propagation of cells were as described previously
[29]. Yeast mitochondria were isolated as de-
scribed [14].

Protease accessibility assay

Purified mitochondria (1 mg/ml protein) were in-
cubated with proteinase K (Boehringer Mann-
heim) at a final concentration of 65 ug/ml for 30
min at 37 °C in the presence or absence of 17,
Triton X-100. The GUS protein was found to be
resistant to proteinase K digestion at 0-4 °C.
The incubation was terminated by adding phe-
nylmethylsulfonyl fluoride in isopropanol to
1 mM. SDS-PAGE of protein gels was as de-
scribed [34]. Prestained protein molecular weight
standards were purchased from BRL.

Assays for GUS activity

GUS activities of purified chloroplasts or mito-
chondria were measured with the fluorometric

substrate 4-methylumbelliferryl-f-glucuronide (4-
MUG) with a fluorescence spectrophotometer
(Perkin-Elmer, Model 650-10S). Mitochondria
and chloroplasts were ruptured by incubation in
a hypotonic assay buffer at 37 °C. A standard
curve was prepared with known concentration of
4-methylumbelliferone (4-MU) and used for
quantitation. SDS-PAGE of the denaturing ac-
tivity gels (zymogram) and staining of the gel were
done as described [36], except that the 2 h incu-
bation step was omitted. Photographs of activity
gels were taken by a Polaroid camera using a
short-wave UV transilluminator and a Wratten
2B filter.

Results

Analysis of tobacco mitochondrial RISP pre-
sequences

The five tobacco RISPs all contain the highly
conserved carboxyl domain encompassing the
2Fe-2S redox center that catalyzes electron trans-
port in yeast [30]. Therefore, they are expected to
be functional in planta if they are mitochondrially
localized. Analyses of the amino-terminal se-
quences of tobacco RISP2 and RISP3 showed
that they contain a high proportion of positively
charged residues, particularly arginine, hydroxy-
lated residues such as serine and threonine, and
hydrophobic residues (Fig. 1A).  Positively
charged, hydroxylated, and hydrophobic residues
are commonly found in mitochondrial prese-
quences [25, 41]. These two presequences also
contain regions that can potentially form an am-
phipathic o-helix (Fig. 1B), which is characteris-
tic of most mitochondrial presequences [41, 50]
and is believed to be essential for presequence
function [22, 42].

The amino-terminal sequence of RISP4 does
not contain positively or negatively charged resi-
dues (Fig. 1A). This feature is atypical of any
known mitochondrial presequences. The average
hydrophobicity ((H),) and average hydropho-
bic moment ({ uH > ) of the putative RISP4 pre-
sequence were calculated by moving an 11-amino



+ ++ + +

523

—_— +

+
RISP2 MLRIAGRRASSLSRWPVRSVAPSSSAFISANHFSSDDDSSSPRSISPSLASVFLHHTRGFSSNSVSHAHDMGLVP

+ ++ + + -

+ -

-+
RISP3 MLRIAGRKLSSSAATRSSSAFFTRNPFIFIDDSSSPARSPSPASLASQFLDQFRGFSSNSVSPAHQTGLVS

RISP4 MINFGSCWGLASVTSNSFSIISGFSSNSVSHAHDMGLVE

+ + + ++
YRIP MLGIRSSVKTCFRPMSLTSKRLISQSLLASKSTYRTPN

Hydrophobicity <H>14

T 1.5

A

I 15

_.\_/‘ # RISP2
€ 1.00 * RISP3
£ 0 RISP4
o A YRIP
S 0.1

Q

S 0.50

[e]

S 0.5

g o

S 0.00 . . . .

T -1.0 -0.5 0.0 0.5 1.0 1.5

Fig. 1. Analysis of RISP presequences. A. Amino-terminal sequences of RISP2, RISP3, RISP4, and the yeast Rieske Fe-S pro-
tein (YRIP) used for making fusion gene constructs. Positively charged ( + ) and negatively charged (- ) residues are designated
above the amino acid shown in single-letter code. The open arrow designates the first amino acid of the predicted mature tobacco
Rieske protein. The closed arrow indicates the first amino acid of the mature yeast Rieske protein. B. Helical-wheel projection
of an 11 amino acid peptide from each of the four presequences shown in A. Positively charged residues, R and K, are outlined
and italicized. Numbers indicate the position of the residue in the presequence, with the initiation methionine as number one. C.
Localization of the 11 amino acid peptide on the Eisenberg [16] hydrophobic moment plot. The average hydrophobic moment
({uH}) and hydrophobicity ((H ) were calculated using the PC/GENE program. S, surface-seeking peptide; G, globular pep-

tide; M, membrane peptide.

acid window successively along the presequence
[16]. This window size was chosen because pep-
tides of 9 to 14 residues are known to be sufficient
to form an effective amphipathic targeting se-
quence [45]. The peptide encompassing residues
12 to 22 had the highest {uH)». When this pep-
tide was projected on an ideal helical wheel [43],

it did not show any apparent amphipathicity
(Fig. 1B). The (uH)>,, of a potential helix-
forming peptide was then plotted as a function of
its (H>;, [16]. The peptides of RISP2, RISP3,
and the yeast RIP are clustered near the area
characteristic of a surface-seeking peptide as
found for most mitochondrial presequences [10]
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(Fig. 1C). In contrast, the peptide of RISP4 is
separated from these three peptides and localized
in a different region (Fig. 1C). The unusual fea-
tures of the RISP4 presequence, therefore, raised
the question whether all tobacco RISPs are mi-
tochondrial proteins.

Construction of presequence-reporter gene fusions

To address the question of the subcellular local-
ization of the tobacco RISPs, gene fusions cod-
ing for hybrid proteins containing various Rieske
protein presequences fused in frame to the GUS
reporter protein were constructed, and the sub-
cellular location of the GUS reporter was ana-
lyzed in vivo. Because of the great similarity be-
tween presequences of members of the same
subfamily, a single representative was chosen
from each subfamily. Figure 2A shows the sche-
matic structure of the gene fusions used for stud-
ies in transgenic plants. Plasmid pTG20 codes for
a fusion protein containing the amino-terminal 75
residues of RISP2 fused to the amino terminus of
GUS. Similarly, pTG30 and pTG40 code for fu-
sion proteins containing the amino-terminal 71
and 39 residues of RISP3 and RISP4, respec-
tively, fused to GUS. Fifteen amino acid residues
of the mature RISP, based on sequence homol-
ogy with the potato Rieske protein processing site
[18], were included in each construct to ensure
correct and efficient processing of the fusion pro-
teins. A linker region is also present in the con-
structs, which encodes eight additional amino
acid residues (DPRVGNSL). Consequently, the
predicted mature fusion protein is 23 amino acids,
or about 2.4 kDa, larger than the native GUS
protein. Expression of all plant gene fusions was
under control of the caulifiower mosaic virus 35S
promoter.

To examine the similarity of mitochondrial pro-
tein import in plants and yeast, yeast expression
plasmids were constructed to analyze the com-
petence of tobacco RISP presequence in direct-
ing GUS import into yeast mitochondria
(Fig. 2B). pYGUS served as a negative import
control in which the GUS reporter was not fused
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Fig. 2. Plant and yeast fusion gene constructs. A. Fusion
genes between a tobacco RISP presequence and the E. coli
uidd gene encoding GUS cloned into the plant expression
binary vector pBI121. The hatched bar is the 5" -untranslated
region of tobacco RISP genes. The solid bar is the prese-
quence coding region. The open bar is the coding region for
15 amino acids of the tobacco RISP mature protein. The open
arrowhead designates a short ORF upstream of the main cod-
ing region in the RISP4 gene. Not drawn to scale. B. Yeast
fusion genes. The 5'-untranslated region, the presequence
coding region, the mature protein coding region, and the po-
sition of the upstream short ORF are labelled as in A. Ex-
pression of the fusion genes is under the control of the yeast
RIPI promoter (RIP1 Pro). Not drawn to scale.

to a mitochondrial presequence. pPRGUS codes
for a fusion protein consisting of the amino-



terminal 38 residues of the yeast Rieske protein
[3] fused to GUS, which was a positive control
for import. The presequence/GUS gene fusions
in pYG30 and pY G40 are identical to those in the
plant expression plasmids pTG30 and pTG40,
respectively. A 221 bp fragment was deleted from
the 5’ -untranslated region of the RISP4 sequence
in pYG40, resulting in pYG40(A221). This con-
struct was made so that it has a shorter
5’-untranslated leader similar to the average yeast
gene [13]. pYG40(A286) contains a longer dele-
tion in the 5’ leader, which also eliminated a
three-amino acid ORF (MLA) 27 bp upstream of
the main coding frame. Expression of all yeast
gene fusions is under control of the yeast RIPI
gene promoter [3].

Subcellular distribution of GUS activity in trans-
genic tobacco

Transgenic plants expressing plasmids pTG20,
pTG30, pTG40, and pBI121 were regenerated as
described previously [29]. pBI121 encodes the
native GUS protein; it does not contain a mito-
chondrial presequence and is a negative control
for import. At least 10 plants were checked for
GUS expression for each construct. Most of the
regenerated plants showed GUS activity as re-
vealed by staining leaf disks with chromogenic
substrate X-gluc (data not shown). Untrans-
formed, wild-type plants had no detectable GUS
activity.

A representative plant was chosen for pTG20,
pTG30, and pBI121 transformants and analyzed
for subcellular distribution of GUS activities.
Transformants expressing pTG40 consistently
showed much lower GUS activity in the total
cellular extract, probably because of the short
ORF 27 bp upstream of the main ORF. A pTG40
transformant with the highest GUS activity was,
therefore, chosen for the subcellular localization
study. Mitochondria and chloroplasts were puri-
fied from leaves [29] and were assayed for GUS
activity by fluorometry [{32]. Table 1 shows that
mitochondria and chloroplasts from a transgenic
plant expressing the negative control plasmid
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Table 1. Subcellular distribution of GUS-specific activity in
tobacco.?

Plant line  Total extracts  Chloroplasts  Mitochondria
NT® 0.03 (0.01) ND¢ ND

pB1121 3.39(0.06) 0.53 (0.02) 0.59 (0.04)
pTG20 5.97 (0.08) 0.61 (0.09) 160.93 (12.17)
pTG30 3.77 (0.15) 0.81 (0.07) 39.69 (1.22)
pTG40 0.89 (0.01) 0.07 (0.00) 2.66 (0.10)

2 GUS-specific activity is given as nmol 4MU per ug protein
per minute. The value is the mean of four measurements.
SEM is given in parenthesis.

b NT, untransformed, wild-type plant.

¢ Not done.

pBI121 had only background-level GUS activity.
Mitochondria purified from a pTG20 transfor-
mant, however, showed 273-fold higher GUS ac-
tivity than the control without a presequence.
Chloroplasts from the same plant had GUS ac-
tivity that is not significantly different from the
control (Table 1). The transformant expressing
pTG30 also showed high GUS activity specifi-
cally in the mitochondrial fraction that was about
67-fold higher than the control. The reason(s) for
the difference in mitochondrial GUS activity in
the pTG20 and pTG30 transformants is unclear,
although it might be partly due to lower expres-
sion in the pTG30 transformant. These results
demonstrate that the first 75 and 71 amino acids
of RISP2 and RISP3, respectively, can direct im-
port of the GUS reporter protein specifically to
mitochondria. The pTG40 transformant had
lower GUS activity in the total cellular extracts.
GUS activity was nevertheless enriched about
4.5-fold in the mitochondrial fraction compared
with the control (Table 1). Although this enrich-
ment was lower than in the pTG20 and pTG30
transformants, it was mitochondrion specific
(Table 1). This result suggests that the first 39
amino acids of RISP4 can direct import of the
GUS protein specifically into the mitochondrion
with apparently low efficiency.

Because enrichment of GUS activity in mito-
chondria of the pTG40 transformant was rela-
tively low, protease accessibility assays were con-
ducted to examine the possibility that this increase
of activity was due to non-specific association of
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Fig. 3. Protease accessibility assay. Mitochondria (mt) from
pTG30 and pTG40 transformants were treated with protein-
ase K in the absence (mt + PK) or presence (mt + PK +
Triton) of Triton X-100 as noted. The GUS-specific activity
was measured by a fluorometer. The number on top of each
bar is its numeric value on the ordinate.

GUS protein with mitochondria. Figure 3 shows
that the mitochondrial GUS activity of the pTG30
transformant was largely resistant to exogenous
protease, indicating that the RISP3 presequence
directed the GUS protein into the mitochondria.
Although there was only a 4.5-fold increase of
GUS activity in pTG40 mitochondria, this activ-
ity was resistant to protease treatment when mi-
tochondrial membranes were not disrupted by
detergent (Fig. 3). This result confirms that the
first 39 amino acids of RISP4 can indeed function
as a presequence, although with lower efficiency.

Processing of fusion proteins in tobacco mitochon-
dria

The processing site has recently been determined
for the potato RISP [18]. The tobacco RISP may
be processed at the same site because a nine-
amino acid peptide encompassing the cleavage
site is identical between potato and tobacco RISP
[18, 30]. The fusion proteins encoded by pTG20,
pTG30, and pTG40 are likely to be processed
after being translocated into mitochondria be-
cause the predicted cleavage site was included in

each construct (Fig. 1). The precursor fusion pro-
teins encoded by pTG20, pTG30, and pTG40 are
ca. 76 kDa, 75.5 kDa, and 72 kDa, respectively,
which after processing should give rise to mature
proteins of about 70 kDa each. The mature fusion
protein was expected to be about 2.4 kDa larger
than the native GUS protein because of the ma-
ture RISP and linker coding regions in the con-
structs. In agreement with the results shown in
Table 1,no GUS protein was detected in the non-
transgenic plant (Fig. 4, lane 1). A protein of
about 68 kDa was detected in the cellular extract
of the transgenic plant expressing pBI121 (Fig. 4,
lane 2). In contrast, a protein with an expected
size of about 70 kDa was detected in both the
cellular extract and the mitochondrial fraction of
pTG20, pTG30, and pTG40 transformants
(Fig. 4, lanes 3-8), suggesting that precursor pro-
teins were transported into mitochondria and
processed at or near the predicted cleavage site.
The absence of the precursor protein in total cel-
lular extracts indicated that the import was a rapid
process and that the import machinery was not
saturated. Alternatively, the precursor protein
may be unstable in the cytosol and rapidly de-
graded.

Tobacco RISP presequence directs GUS fusion
protein import and processing in yeast mitochondria

Although it has been proposed that yeast and
higher plants have a conserved mechanism for
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Fig. 4. Processing of GUS tusion proteins in tobacco. Lhirty
ug of total cellular protein (T) and mitochondrial protein (M)
was loaded in each lane. The gel was stained for GUS activity
as described [36]. The molecular mass of each band is given
in kDa on the left. Lane 1 is the total cellular extracts from an
untransformed, wild-type (WT) plant.



mitochondrial protein import [7, 11], recent stud-
ies indicate that yeast and higher-plant mitochon-
dria have some intrinsic differences in their pro-
tease processing apparatus [9, 19, 20]. To
examine the similarity in import, we analyzed the
capacity of tobacco RISP3 and RISP4 prese-
quences to direct GUS import into yeast mito-
chondria. When the GUS protein without a pre-
sequence (pYGUS) was expressed in yeast, high
GUS activity was detected in total cellular ex-
tracts, but the mitochondrial fraction showed only
minimal GUS activity (Table 2). When the pre-
sequence, plus eight amino acids of yeast RIP1
(Fig. 1A), was fused to GUS (pRGUS), it caused
about a 660-fold enrichment of GUS activity in
the yeast mitochondrial fraction as compared with
the control without a presequence, suggesting that
the GUS protein has been translocated into yeast
mitochondria (Table 2). The tobacco RISP3 pre-
sequence fused to GUS (pYG30) enriched GUS
activity about 534-fold in the yeast mitochondrial
fraction, suggesting that it can also translocate
the GUS reporter protein into yeast mitochon-
dria (Table 2).

Yeast cells transformed with pYG40 had no
detectable GUS activity (data not shown), prob-
ably because of a relatively long (318 bp), un-
translated leader and a short ORF 27 bp 5’ to the
main ORF. To test the hypothesis that a long 5’
leader sequence and/or an upstream short ORF
is detrimental to RISP4/GUS fusion protein ex-
pression, two additional expression plasmids

Table 2. Subcellular distribution of GUS-specific activity in
yeast.?

Cell line Total extracts Mitochondria
NT® 0.01 (0.00) ND®

pYGUS 90.21 (3.65) 0.58 (0.07)
pRGUS 373.22(90.07) 383.12(87.89)
pYGUS 220.0(21.22) 309.95 (47.13)

pYGUS (A221) 4.56 (0.13) 1.07 (0.04)

* GUS-specific activity is expressed as nmol 4MU per pug
protein per minute. The value is the mean of four measure-
ments. SEM is given in parenthesis,

 NT, untransformed, wild-type cell.

° Not done.
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were constructed and expressed in yeast. When
yeast cells were transformed with pYG40(A221),
which contains a 97 bp, untranslated leader se-
quence, GUS activity was detected (Table 2). As
found with transgenic plants, the expression of
the RISP4/GUS fusion protein was low in yeast
transformants (Table 2). Although deletion of the
5" short ORF in RISP4 dramatically increased
translation in a cell-free translation system (data
not shown), it caused only a marginal increase in
expression in yeast (data not shown; Fig. 6). Nev-
ertheless, the RISP4 presequence caused about a
1.8-fold increase in GUS activity in the mito-
chondrial fraction, although much less than that
caused by either the RISP1 or RISP3 presequence
(Table 2).

Protease accessibility assays were conducted
to determine whether the tobacco RISP prese-
quences can direct the GUS protein into yeast
mitochondria. Two protein bands about 73 kDa
and 70 kDa, respectively, were detected in iso-
lated yeast mitochondria of pRGUS transfor-
mants in the absence of exogenous proteinase K
(Fig. 5, lane 3). The 73 kDa band corresponds to
the precursor protein, whereas the 70 kDa band
is similar to that predicted for the processed ma-
ture protein. When mitochondria were treated
with proteinase K, the 70 kDa processed mature

o 50 ) N 2
249 QC:O R R
¢ Q < Q Q <
Proteinase K _ |_ |- 4+ 4+ - + + - + +
Triton X-100 - - |- - + |- -

70
[ih]

Fig. 5. Processing of GUS fusion proteins in yeast. Thirty ug
of mitochondrial protein was treated with proteinase K in the
absence or presence of Triton X-100 as noted and separated
by SDS-PAGE. The gel was stained for GUS activity as
described [36]. The molecular mass of each band is given in
kDa on the left. Lane 1 is the GUS protein purified from E.
coli (Clontech).



528

protein was protected by the mitochondrial mem-
brane, but the 73 kDa precursor was completely
digested (Fig. 5, lane 4). The protection was abol-
ished when the membrane was disrupted by de-
tergent (Fig. 5, lane 5). This result shows that the
pRGUS-encoded fusion protein has been im-
ported into and processed in yeast mitochondria.

Similar results were obtained for yeast trans-
formed with pYG30. In this case, the precursor
protein was not detected in the mitochondrion
(Fig. 5, lane 6), suggesting that the import ma-
chinery is not saturated, probably because of the
lower expression (Table 2). The mitochondrially
associated protein was larger than the native
GUS protein and had the size predicted if the
processing site in tobacco mitochondria was uti-
lized by the yeast mitochondrial processing pro-
tease (Fig. 5, cf. lanes 1, 2, and 6). Moreover, it
was protected from proteinase K digestion when
the membrane was not disrupted by detergent
(Fig. 5,lanes 7 and 8). These results show that the
tobacco RISP3 presequence directs the translo-
cation of the GUS protein into yeast mitochon-
dria and that yeast and plant processing enzymes
probably recognize the same cleavage site. Inter-
estingly, a significant decrease in GUS activity
was consistently observed upon protease treat-
ment of mitochondria isolated from yeast trans-
formants expressing pYG30 (Fig. 5, cf. lanes 6
and 7). This reduction might be due to broken
mitochondria in the sample. Alternatively, a sig-
nificant portion of the GUS protein copurified
with mitochondria was incompletely translocated
across the mitochondrial membranes (i.e., the
amino terminus of the fusion protein was within
the mitochondria and accessible to the process-
ing enzymes, whereas the catalytic domain of the
GUS protein was still outside and accessible to
the protease).

The GUS (pYGUS) without a presequence
does not copurify with the mitochondrial fraction
(Fig. 5, lane 12, and Table 2). In contrast, the
RISP4 presequence resulted in the copurification
of the GUS protein with yeast mitochondria
(Fig. 5, lane 9). The fusion protein appeared to be
processed because it had the same apparent size
as the processed mature protein in the pYG30

transformant (Fig. 5, cf. lanes 6 and 9). Never-
theless, it did not seem to be protected from exo-
genous proteinase K in the absence of detergent
(Fig. 5, lane 10). These results suggested that the
RISP4 presequence targeted the GUS fusion
protein to the mitochondrion but failed to trans-
locate it completely across the yeast mitochon-
drial membranes. Because the GUS activity
copurified with mitochondria of the pY G40(A221)
transformant is low to begin with, it is possible
that a small amount of GUS protein has been
translocated into the mitochondrion, but the pro-
tease treatment digested the proteins transversing
the membranes and rendered the remaining GUS
activity in the matrix under the detection limit of
the assay.

The following experiments were conducted to
confirm that the RISP4/GUS fusion protein was
targeted to the yeast mitochondrion by the RISP4
presequence and to investigate the possibility that
part of the GUS-fusion protein copurified with
mitochondria of the pYG30 and pYG40(A221)
transformants is imported into mitochondria,
whereas part of it still transverses the mitochon-
drial membranes. First, purified mitochondria
were washed in a buffer containing 1 M NaCl and
reisolated as a mitochondrial pellet and super-
natant fractions [6]. Figure 6A shows that the
RISP3/GUS fusion protein was recovered in the
pellet as expected (Fig. 6A, lanes 1 and 2). Simi-
larly, in a yeast transformant expressing
pYG40(A286), the GUS protein was recovered
only in the pellet fraction (Fig. 6A, lanes 3 and 4).
Analysis of a pYG40(A221) transformant re-
vealed that the mitochondrially associated GUS
activity was also recovered only in the pellet after
washing with high-salt buffer (data not shown).
These results confirmed that the RISP4
presequence/GUS fusion protein is targeted to
and tightly associated with mitochondrial mem-
branes.

In the second experiment, purified mitochon-
dria were sonicated in the presence of 1 M NaCl,
reisolated as the soluble (matrix and intermem-
brane space) and pellet (membrane) fractions, and
analyzed for distribution of the GUS activity in
the two fractions. Because it has been confirmed
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Fig. 6. Association of the RISP3/GUS and RISP4/GUS fu-
sion proteins with mitochondrial membranes in yeast. A. Mi-
tochondria (1 mg/ml) were washed in a washing buffer con-
taining 1 M NaCl. The suspension was then separated into
pellet (P) and supernatant (S) fractions. Each pellet contained
30 pg of mitochondrial proteins. The gel was stained for GUS
activity as described [36]. The molecular mass of the protein
band is given in kDa on the left. B. Mitochondria were soni-
cated three times (10 s each) in a buffer containing 1 M NaCl
and separated into the matrix/intermembrane space (X) and
membrane (M) fractions. Seven times more mitochondrial
proteins were used for pYG40(A286) than for pYG30. The gel
was stained for GUS activity. The molecular mass of the
protein is given in kDa on the right.

that the RISP4 presequence can target the GUS
protein to the yeast mitochondrion (Fig. 6A),
seven times more mitochondrial proteins were
used for the pYG40(A286) transformant than for
the pYG?30 transformant in this assay to facilitate
the detection. When the mitochondria from
pRGUS transformants were fractionated and
analyzed, most of the GUS activity was found in
the matrix (Fig. 6B, lanes 1 and 2), indicating that
the yeast RIP1 presequence can translocate the
GUS protein efficiently into yeast mitochondria.
Similar analyses of mitochondria of the pYG30
(Fig. 6B, lanes 3 and 4) and pYG40(A286)
(Fig. 6B, lanes 5 and 6) transformants revealed
that about 509, of the GUS activity was in the
matrix, whereas about 509, of the GUS activity
remained in the membrane fractions. These re-
sults confirmed that the RISP4 presequence can
translocate the GUS protein into yeast mitochon-
drial matrix and suggested that the RISP3 and
RISP4 presequences have a lower efficiency in
yeast.
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Discussion

In tobacco there are at least five isoforms of the
mitochondrial RISP that can be divided into three
subfamilies largely based on the primary sequence
and the length of their amino-terminal prese-
quences [31]. Existence of multiple RISP genes
in tobacco provides an opportunity for differen-
tial regulation of their expression. Indeed, expres-
sion of two subfamilies was significantly increased
in tobacco flowers, most likely in response to
high-energy demand during anther development
[31]. Because the in vivo configuration of the cy-
tochrome bc, complex is believed to be a dimer
[35, 46], the presence of different isoforms within
mitochondria might furnish further opportunity
to regulate gene expression at the level of complex
assembly and/or protein-protein interaction. To
study regulation of expression and function of the
mitochondrial RISP in higher plants, we investi-
gated whether all five tobacco RISPs are local-
ized to mitochondria, which is a prerequisite for
function.

The five tobacco RISPS are all mitochondrial pro-
teins

We have shown that the amino-terminal 75 and
71 residues of RISP2 and RISP3, respectively,
can translocate the GUS reporter protein specifi-
cally into mitochondria in vivo (Table 1). These
results strongly suggest that RISP2 and RISP3
are mitochondrial proteins in planta. Because the
presequences of RISP2 and RISP1 are nearly
identical with each other and the presequences of
RISP3 and RISPS5 are also nearly identical with
each other, it is reasonable to surmise that RISP1
and RISPS are also localized in mitochondria.
The GUS fusion proteins detected in mito-
chondria of pTG20, pTG30, and pTG40 trans-
genic plants have the same apparent molecular
mass of about 70 kDa (Fig. 4), which is similar to
the expected size if the predicted processing site
(Fig. 1A) is utilized. Although the mitochondrial
Rieske protein is processed in two steps in Neu-
rospora [26] and yeast [21], recent studies show
that this protein is processed in one step in bo-
vine [8] and potato [18]. It is uncertain whether
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the tobacco RISP is processed in one or two
steps, although a two-step processing was postu-
lated [30] based on the conserved three-amino
acid motif commonly found in two-step process-
ing proteins [27]. It is interesting that the -3
arginine with respect to the processing site of po-
tato mitochondrial Rieske protein [ 18] is present
in all characterized plant RISPs except RISP4 of
tobacco (Fig. 1A), whereas the molecular mass of
the processed final products of pTG20-, pTG30-,
and pTG40-encoded fusion proteins were appar-
ently the same (Fig. 4). This result implies that the
-3 arginine is not essential for tobacco RISP4
processing. In vitro processing or import experi-
ments are necessary to determine how the to-
bacco RISPs are processed.

It is not surprising that RISP1, RISP2, RISP3,
and RISPS5 are mitochondrially localized because
their presequences contain all the characteristics
of a mitochondrial presequence. The amino-
terminal sequence of RISP4, on the other hand,
does not contain any features common to typical
mitochondrial presequences or chloroplast tran-
sit peptides, except that about 309 of the first 24
amino acids in the putative mitochondrial prese-
quence are serine or threonine residues (Fig. 1A).
Nevertheless, the first 39 residues of RISP4 were
able to direct, with apparently low efficiency, im-
port of the GUS protein specifically to mitochon-
dria (Table 1; Fig. 3), suggesting that RISP4 is a
mitochondrial protein in tobacco. Furthermore,
the RISP4 presequence/GUS fusion protein was
specifically processed (Fig. 4), which further sup-
ports the view that RISP4 is translocated into
mitochondria. Our results do not exclude the pos-
sibilities that an internal targeting signal [52] in
the mature RISP may participate in import in vivo
and that the eight amino acids (DPRVGNSL)
encoded by the linker region may contribute to
the import of the RISP4 presequence/GUS fu-
sion protein.

Tobacco RISP presequences function in yeast to
direct mitochondrial protein import

Several studies have suggested that yeast and
plants have evolved common mechanisms for mi-

tochondrial protein import and processing [7, 11,
29, 44]. A recent study showed that the prese-
quence to the ATPase d-subunit of sweet potato
failed to translocate the GUS reporter protein
into yeast mitochondria [33], although this pre-
sequence may be peculiar because it could not
translocate the GUS protein into tobacco and
rice mitochondria. Several studies have shown
that yeast and higher-plant mitochondria have
some intrinsic differences in their protease-
processing apparatus [9, 19, 20]. To compare the
mitochondrial protein import mechanism in yeast
and plants, we investigated the capacity of the
tobacco RISP presequence to direct protein im-
port in yeast. Consistent with most of the previ-
ous studies, RISP3 presequence translocated the
GUS reporter protein into yeast mitochondria
(Table 2) and directed the processing of the GUS
fusion protein (Fig. 5). Because the processed
products in plant and yeast mitochondria had the
same apparent molecular size (Fig. 5, cf. lanes 2
and 6), it is likely that the same processing site
was utilized in both organisms. These results sup-
port the notion that yeast and plants have a func-
tionally conserved mechanism for mitochondrial
protein import and/or processing [ 7, 11]. Because
about 509 of the fusion proteins remained as
translocation intermediates that transverse the
mitochondrial membranes in the pYG30 and
pYG40 transformants (Fig. 6B), the plant RISP
presequences may not be as efficient in the yeast
as the yeast RISP presequence, suggesting that
subtle differences exist between plant and yeast
import machineries.

Functional and evolutionary prospectives of the
RISP4 mitochondrial presequence

Positively charged residues [4] and amphipath-
icity [22, 41, 42] are believed to be essential con-
stituents of mitochondrial presequences. Surpris-
ingly, even though the RISP4 presequence does
not have these two important features, it can di-
rect protein import into tobacco mitochondria.
On the other hand, the enrichment of GUS ac-
tivity in mitochondria by the RISP4 presequence



was relatively low compared with that conferred
by presequences of RISP2 and RISP3, which are
typical mitochondrial presequences. This low mi-
tochondrial GUS activity is probably caused by
the lower efficacy of RISP4 presequence. Other
factors may also be involved; these include the
reduced expression in the pTG40 transformants
and the possibility that the RISP4 presequence
directed mitochondrial import through a bypass
pathway [39, 40] which is characterized by its
low efficiency. It is interesting, however, that the
RISP4 presequence could translocate the GUS
reporter protein into yeast mitochondria with low
efficiency (Fig. 6).

Sequence analysis has previously shown that
the RISP4 gene arose by nonhomologous recom-
bination between RISP2 and an unknown se-
quence [31]. The DNA sequence downstream of
the recombination point in RISP4, including the
protein-encoding and the 3’ -untranslated regions,
is identical to the corresponding sequence of
RISP2. For these sequences to be identical, the
recombinational event must have been recent, or
a mechanism must exist for maintaining the iden-
tity. The RISP4 gene has the necessary regulatory
sequences to control its transcription and poly-
adenylation [31], and it encodes a mitochondrial
presequence that can direct import, although
weakly, of the GUS reporter protein into tobacco
mitochondria (Table 1; Fig. 3). Mutational stud-
ies on truncated, nonfunctional precursor pro-
teins of yeast ATPase fS-subunit [49] and cyto-
chrome oxidase subunit IV [5] have shown that
a functional presequence can arise by point mu-
tations which increase the overall amphipathicity
of the newly formed presequence. If a selection
pressure exists for the RISP4 gene, its proximal
sequence may evolve into a more efficient mito-
chondrial presequence. In a sense, the origination
of the RISP4 gene and its acquisition of a func-
tional presequence coding region may be paral-
leled with the transfer of organellar genes to the
nucleus and their subsequent activation during
evolution. Our results are consistent with the idea
that when mitochondrial genes transferred to the
nucleus and gained a flanking sequence, the effi-
ciency of the initial presequence does not have to
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be high. It is also interesting that the targeting
specificity of the RISP4 presequence has been
established, irrespective of its low efficiency
(Table 1). Nevertheless, the current physiological
role of RISP4 may be trivial because its transcript
is in low abundance [31], its processed protein
product is expected to be identical to RISP2, and
its mitochondrial import is inefficient.
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