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ABSTRACT URF13, an inner mitochondrial membrane
protein of the maize Texas male-sterile cytoplasm (cms-T), has
one orientation in the inner membrane of maize mitochondria
but two topological orientations in the plasma membrane when
expressed in Escherichia colt. Antibodies specific for the car-
boxyl terminus of URF13 and for an amino-terminal tag fused
to URF13 in E. colU were used to determine the location of each
end of the protein following protease treatments of right-side-
out and inside-out vesicles derived from cms-T mitochondria
and the E. coli plasma membrane. Cross-linking studies indi-
cate that a portion of the URF13 population in mitochondria
and E. coil exists in membranes in an oligomeric state and, in
combination with proteolysis studies, show that individual
subunits within a given multimer have the same orientation. A
three-membrane-spanning helical model for URF13 topology is
presented.

URF13 is a mitochondrially encoded 13-kDa protein uniquely
associated with the inner mitochondrial membrane of maize
carrying the Texas male-sterile cytoplasm (cms-T) (1-3). The
DNA encoding URF13 (T-urfl3) arose by multiple recombi-
national events and contains nucleotide sequences derived
from four disparate origins (4). The open reading frame is
made up of sequences originating from coding and flanking
regions of the mitochondrial 26S rRNA gene and a small
region ofunknown origin. cms-Tmaize fails to produce viable
pollen and is particularly susceptible to two fungal pathogens,
Bipolaris maydis race T and Phyllosticta maydis. These
pathogens caused widespread disease in the United States
maize crop in 1969 and 1970 and effectively stopped the use
of cms-T maize for the production of hybrid seed. Maize
carrying normal cytoplasm is not seriously affected by these
pathogens (reviewed in ref. 5). Isolated cms-T maize mito-
chondria exposed to specific toxins (T toxins) produced by
these fungal pathogens exhibit swelling, inhibition of malate-
stimulated respiration, uncoupling of oxidative phosphory-
lation, and leakage of small molecules and ions (NAD+ and
Ca2+). Identical effects are seen when cms-T mitochondria
are exposed to methomyl, an insecticide structurally unre-
lated to T toxins (reviewed in ref. 6). The T toxin/URF13
interaction results in pore formation in the cms-T inner
mitochondrial membrane (5).

Escherichia coli expressing the cloned T-urfl3 gene prod-
uct respond to T toxin or methomyl like cms-T mitochondria
(7, 8). This observation provides direct evidence that URF13
is responsible for susceptibility of cms-T maize to the fungal
toxins. The analogous responses of cms-T maize mitochon-
dria and E. coli to T toxins or methomyl suggest that URF13
has comparable structural and topographical properties in
both membrane systems.

P. maydis toxin has been shown to cooperatively bind to
URF13 produced in E. coli. The binding is reversible, and T
toxins and methomyl compete for the same or overlapping
binding sites (9). A possible explanation for the cooperative
binding is that URF13 exists in the membrane as a multimeric
complex and that binding of toxin to one URF13 subunit
facilitates subsequent toxin binding to other subunits within
the complex. To address the oligomeric nature of URF13,
cross-linking studies were carried out with cms-T mitochon-
dria and E. coli expressing URF13. The results suggest that
a portion of the URF13 population exists in the membrane as
oligomeric units.
We have used protease accessibility studies with E. coli

spheroplasts and inside-out vesicles (ISOs) to determine the
membrane topology of an URF13 fusion product having a
short antigenic tag at the amino terminus of the protein.
URF13 is in a mixed orientation in the E. coli plasma
membrane, and the amino and carboxyl termini are located
on opposite sides of the membrane, consistent with a postu-
lated three-membrane-spanning helical model (10). cms-T
maize mitoplasts and submitochondrial particles (SMPs)
were used to examine the membrane topology of URF13 in
mitochondria. The carboxyl terminus is located on the matrix
side of the inner mitochondrial membrane.

MATERIALS AND METHODS
Construction of pET5.13T. DNA cleavage, ligation, and

introduction of plasmid DNA into E. coli were done as
described (11). A 2013-base-pair (bp) HindIII fragment from
the cms-T mitochondrial genome (4) was ligated into pBlue-
scriptII KS' (Stratagene). A BamHI restriction site was
created six nucleotides upstream of the first base of the
T-urf73 open reading frame via site-directed mutagenesis
(12). A 511-bp BamHI/Bgl II fragment containing the entire
T-urf73 open reading frame was ligated into pET5b (Nova-
gen, Madison, WI) (13) to create pET5.13T. The amino
terminus of the fusion peptide encoded by pET5. 13T
(slO:URF13) has the sequence H2N-Met-Ala-Ser-Met-Thr-
Gly-Gly-Glu-Glu-Met-Gly-Arg-Asp-Pro-Met- ... (where
Met represents the initial methionine residue of the wild-type
URF13 protein). The first 11 residues ofthe fusion protein are
identical to a portion of the 4T7 gene JO protein (slO).
Antiserum specific for slO was obtained from Novagen.

Antibody Production and Screening. URF13 was expressed
with the pLC13T construct in E. coli as described (8). URF13
was purified from E. coli extracts by 18% SDS/PAGE,
electroeluted, and injected into BALB/c mice. Immunogen
preparation and antibody screening were done as described
(14), and monoclonal antibodies (MAbs) were prepared ac-
cording to ref. 15.

Abbreviations: SMP, submitochondrial particle; ISO, inside-out E.
coli vesicle; EGS, ethylene glycolbis(succinimidylsuccinate); DST,
disuccinimidyl tartrate; MAb, monoclonal antibody.
tTo whom reprint requests should be addressed.
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slO:URF13 Induction and Preparation of ISOs and Sphero-
plasts. Production of slO:URF13 in E. coli strain BL21(DE3)
pLysS was induced as recommended by Novagen. The
sensitivity of cell respiration to methomyl and T toxin was
measured with a Clark 02 electrode (7). E. coli spheroplasts
were prepared as described (16). ISOs were formed by
passing spheroplasts through a French pressure cell at 7500
psi (1 psi = 6.89 kPa) (17) and isolated on sucrose gradients
(18). For proteolysis and cross-linking experiments, sphero-
plasts and ISOs were diluted to 1 mg/ml of protein in 0.25 M
sucrose and 0.1 M Tris (pH 8.0) or 20 mM KHPO4 (pH 7.4),
respectively.

Mitochondrial Preparations. Washed cms-T maize mito-
chondria were isolated from 6-day-old etiolated seedlings as
described (19). Mitoplasts were formed by resuspension of
washed mitochondrial pellets in 0.7 M mannitol/0.1% bovine
serum albumin/1.0 mM MgCl2/20 mM Hepes, pH 7.2, fol-
lowed by passage through a French pressure cell at 3000 psi
(20). The preparation was diluted 4-fold with wash buffer (0.4
M mannitol/0.1% bovine serum albumin/0.1 mM EDTA/20
mM Hepes, pH 7.2) and centrifuged at 12,000 x g for 10 min.
The resulting mitoplast pellet was resuspended in wash buffer
at 1.0 mg/ml of protein for all experiments. The ratio of
mitoplasts to intact mitochondria was determined by a cy-
tochrome c oxidase assay (21). SMPs, oriented with the
matrix side exposed, were generated by sonication ofwashed
mitochondria (22).

Proteolysis. Final working protease concentrations were
0.01 mg of trypsin per ml (Sigma type XIII) and 0.1 mg of
proteinase K per ml (Boehringer Mannheim). Protease treat-
ments were performed at 22°C in the absence and presence of
permeabilizing levels of Triton X-100. Proteolysis was ter-
minated with SDS/PAGE loading buffer containing 8 mM
phenylmethylsulfonyl fluoride and boiling the samples for 5
min. Samples were separated by 18% SDS/PAGE as de-
scribed (8) without urea. Immunoblotting was carried out as
described (14).

Cross-Linking. Cross-linking of URF13 was carried out
with the lysine-specific, hydrophobic reagents ethylene gly-
colbis(succinimidylsuccinate) (EGS) and disuccinimidyl tar-
trate (DST) (Pierce). Cross-linking reagent (5 mM) was
incubated at room temperature with either isolated cms-T
mitochondria or whole E. coli cells (in 50 mM potassium
phosphate buffer, pH 7.0) at 1 mg/ml of protein. After 5 min
of incubation, the reaction was quenched by the addition of
40 mM glycine.

RESULTS
Cross-Linking. E. coli cells expressing wild-type URF13

(pLC13-T) cross-linked with either EGS, a 16.1-A reagent, or
DST, a 6.4-A reagent, repeatedly showed a band at 25 kDa,
consistent with formation of an URF13 dimer (Fig. 1, lanes
2 and 3). Reaction with EGS also gave rise to a weaker band
that had mobilities on SDS/PAGE expected of a trimeric
species (Fig. 1, lane 3). No such bands appeared when no
cross-linking reagent was added to E. coli cells expressing
URF13 (Fig. 1, lane 1). Time-course experiments showed an
accumulation of the higher molecular mass species with
increased reaction time, but neither extended incubation
times nor higher concentrations ofcross-linker eliminated the
appearance ofmonomeric URF13. Mitochondria treated with
cross-linkers gave rise to monomeric and dimeric species of
URF13 (Fig. 1, lane 5). Cross-linking in the presence of T
toxin or methomyl did not alter the observed pattern (Fig. 1,
lane 4).

Termini-Specific Markers. Localization of the amino and
carboxyl termini of URF13 required antibodies that recog-
nize each end of the molecule. MAbs were raised that
recognize either a region of URF13 within the carboxyl-
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FIG. 1. SDS/PAGE immunoblot of cross-linked cms-T mito-
chondria and E. coli expressing URF13. E. coli expressing URF13 or
isolated cms-T mitochondria were incubated for 5 min at room
temperature in the absence (lane 1) or presence of either 5 mM DST
(lane 2) or EGS (lanes 3-5); the resulting blots were probed with the
carboxyl-specific MAb-C. In lane 4, samples were preincubated for
5 min with 10 ,uM T toxin. Arrows show location of mono-, di-, and
trimeric species.

terminal 14 amino acid residues (MAb-C), as demonstrated
by its failure to cross-react with a shortened version of
URF13 encoding the amino-terminal 101 residues (full length
= 115 residues, data not shown), or an undefined internal
portion of the URF13 primary sequence (MAb-I).
Attempts to develop antiserum specific for the amino

terminus of URF13 have failed. Therefore, a chimeric gene
was constructed, encoding a known epitope at the amino
terminus of the full-length URF13 molecule. The pET5b
vector (Novagen) was used to fuse 14 amino acid residues,
including a sequence from the 4LU7 slO protein, to URF13.
Cells expressing this fusion product exhibit responses to
methomyl and T toxin identical to those seen in E. coli
expressing wild-type URF13 (data not shown).

Localization of URF13 Termini in E. coli. Spheroplasts, in
which the periplasmic surface of the E. coli plasma mem-
brane is exposed by removal of the outer membrane and cell
wall, were prepared from cells expressing the slO:URF13
fusion protein, treated with 0.01 mg of trypsin per ml in the
presence or absence of 0.02% Triton X-100, and immuno-
blotted with antibodies against the slO:URF13 carboxyl and
amino termini.
The carboxyl end of some, but not all, of the slO:URF13

molecules is shown to be accessible to trypsin by the signif-
icant reduction in signal (Fig. 2A, lane 2) as compared to the
uncleaved control (Fig. 2A, lane 1) when MAb-C is used as
a probe. Gel migration of the protein product retaining the
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FIG. 2. SDS/PAGE immunoblots ofE. coli spheroplasts express-
ing s1O:URF13 probed with the carboxyl-specific MAb-C (A) and the
amino-specific anti-slO (B) antibodies. Samples were untreated
(lanes 1) or treated with 0.01 mg of trypsin per ml for 20 min without
(lanes 2) or with (lanes 3) 0.02% Triton X-100.
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FIG. 3. SDS/PAGE immunoblots of ISOs made from E. coli
expressing slO:URF13. Blots were probed with the carboxyl-specific
MAb-C (A), the amino-specific anti-slO (B), MAb-C and anti-slO (C),
or MAb-I, an antibody that recognizes an internal region of URF13
(D). Samples were untreated (A, B, and D, lanes 1) or treated for 20
min with either 0.1 mg of proteinase K per ml (A, B, and C) or 0.01
mg of trypsin per ml (D) in the absence (C and A, B, and D, lanes 2)
or presence (A, B, and D, lanes 3) of 0.05% Triton X-100.

carboxyl terminus is not changed, suggesting that the amino
terminus of slO:URF13 is resistant to trypsin treatment. The
intensity of the band reacting with MAb-C is reduced by
about 40%, as estimated by densitometry. When Triton X-100
is included in the reaction mixture, making both sides of the
membrane accessible, the carboxyl terminus of all of the
slO:URF13 is degraded (Fig. 2A, lane 3). Probing these same
samples with anti-slO antiserum confirms that the amino
terminus is resistant to trypsin cleavage because the total
amount of signal is not significantly reduced by protease
treatment. The reduction in size of the protein reacting with
the amino-specific antibody results from proteolysis at the
carboxyl terminus (Fig. 2B, lanes 2 and 3). Fig. 2A confirms
that the carboxyl terminus of only some slO:URF13 mole-
cules is accessible to trypsin in intact spheroplasts (lane 2) but
that all carboxyl termini are cleaved in Triton X-100-
permeabilized spheroplasts (lane 3). Results similar to those
shown in Fig. 2A were obtained when comparable protease
treatments were carried out on spheroplasts expressing wild-
type URF13 (data not shown), indicating that URF13 topol-
ogy in the membrane was not affected by the slO:URF13
fusion. Untreated spheroplasts and those exposed to pro-
teinase K for 20 min are equally subject to swelling upon
addition of methomyl (data not shown), indicating that pro-
tease treatment does not affect URF13 function or compro-
mise the integrity of the E. coli plasma membrane.

If E. coli plasma membranes are broken into small frag-
ments, they form vesicles that preferentially close in an
inside-out manner exposing the cytoplasmic surface (23).
When ISOs from cells expressing slO:URF13 are treated with
proteinase K, two distinct bands appear on immunoblots, a
higher molecular mass band that reacts only with MAb-C
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FIG. 4. SDS/PAGE immunoblots of E. ccli (A) ISOs or (B)

spheroplasts probed with anti-SecY antiserum. Samples were un-
treated (lanes 1) or treated with 0.01 mg of trypsin per ml without
(lanes 2) or with (lanes 3) 0.02% Triton X-100. Positions of two
molecular mass markers (in kDa) are shown.
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FIG. 5. SDS/PAGE immunoblots of E. coli ISOs expressing
slO:URF13 that were cross-linked followed by treatment with pro-
teases. Blots were probed with the carboxyl-specific MAb-C (A) or
the amino-specific anti-slO (B). EGS cross-linked ISOs were un-
treated (lanes 1), treated with proteinase K for 20 min (lanes 2), or
treated with trypsin for 20 min (lanes 3). Positions of molecular mass
markers (in kDa) are shown.

(Fig. 3A, lane 2) and a lower molecular mass band that reacts
only with the anti-slO antibody (Fig. 3B, lane 2). The species
that reacts with MAb-C is 1.5 kDa smaller than the full-length
slO:URF13, and the species that reacts with anti-slO is
reduced by 3.6 kDa. Both bands are reduced in intensity
relative to the uncleaved control. Probing the same blot with
anti-slO and MAb-C clearly indicates that the two bands
represent distinct species (Fig. 3C), each retaining either the
amino or carboxyl terminus, but not both. Immunoblotting
with MAb-I, an antibody that reacts with an URF13 internal
sequence, demonstrates that trypsin treatment of ISOs gives
rise to a single shortened version of slO:URF13 in addition to
a fraction that remains uncleaved (Fig. 3D).
The fact that both ends of the slO:URF13 molecule show

some sensitivity to proteolysis, regardless of vesicle type,
suggests that the protein is positioned in the membrane in two
orientations. However, these same results would be expected
if the protease experiments were carried out using vesicles
that are mixed in their orientation. As an independent veri-
fication of the orientation of our ISOs and spheroplasts, we
took advantage of the well-established sensitivity of the E.
coli plasma membrane protein SecY to trypsin cleavage on its
cytoplasmic surface and its complete insensitivity to trypsin
proteolysis on its periplasmic surface (24). Results from
immunoblots probed with anti-SecY antiserum show that our
ISO preparations are homogeneous, as indicated by the
complete absence of full-length SecY in trypsin-treated ves-
icles (Fig. 4A, lane 2). Scanning densitometry showed '15%
trypsin cleavage of the mature SecY protein in spheroplasts
(Fig. 4B, lane 2), indicating that a portion of the cytoplasmic
surface was accessible to protease in these preparations.

Cross-Linking Followed by Proteolysis. Proteinase K treat-
ment of EGS cross-linked ISOs expressing slO:URF13 gave
rise to two shortened versions of the putative dimeric species
of the fusion protein: one that reacted only with MAb-C (Fig.
5A, lane 2) and a second, lower molecular mass species that
reacted only with the anti-slO antibody (Fig. SB, lane 2). No
cross-linked band appeared on these gels that reacted with
both antibodies following proteolysis, and no shortened
multimeric species were observed that react with MAb-C
after trypsin treatment (Fig. 5A, lane 3).

Biochemistry: Korth et al.
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FIG. 6. SDS/PAGE immunoblots of cms-T mitoplasts (A) and
SMPs (B) probed with the carboxyl-specific MAb-C. Samples were
untreated (lanes 1), or treated with trypsin for 20 min in the absence
(lanes 2) or presence (lanes 3) of 0.02% Triton X-100.

URF13 Topology in cms-T Maize Mitochondria. In cms-T
maize mitochondria only the protease accessibility of the
carboxyl terminus of URF13 could be measured. Mitoplasts
were prepared from cms-T mitochondria to expose the outer
surface of the inner mitochondrial membrane. The level of
intact mitoplasts in these preparations was 70-80%, as de-
termined by measuring the accessibility of cytochrome c to
the inner membrane (21). SMPs were also prepared from
cms-T mitochondria. The level of inside-out vesicles was
80%, measured with a cytochrome c oxidase latency assay
(21).

Mitoplasts and SMPs were treated with trypsin and immu-
noblotted with MAb-C to determine the fate of the carboxyl
terminus of URF13. In intact mitoplasts the carboxyl region
is largely protected from proteolysis (Fig. 6A, lane 2),
whereas addition of 0.02% Triton X-100 results in the com-
plete loss of signal with MAb-C (Fig. 6A, lane 3). In SMPs
almost all of the carboxyl terminus of URF13 is digested by
trypsin (Fig. 6B, lane 2), suggesting that the carboxyl termi-
nus is localized on the matrix side of the inner mitochondrial
membrane.

DISCUSSION
The existence ofURF13 oligomers has been postulated based
on the cooperative binding of T toxin (9) and the occasional
appearance of a dimeric species in SDS/PAGE (Fig. 6) (3).
Treatment of cms-Tmitochondria or E. coli with hydrophobic
bifunctional cross-linking reagents has revealed an associa-
tion of URF13 monomers in the membrane. Aggregates of
cross-linked URF13 migrate on SDS/PAGE as predicted for
dimers and higher order oligomers. Intermediate-size aggre-
gates containing URF13 are not observed, suggesting that
URF13 is not closely associated with other proteins to a large
extent. The formation of a membrane pore equivalent in size
to that formed by URF13 probably requires five or six
membrane-spanning a-helices (25). A 115-amino acid residue
protein is probably not able to cross a membrane five or six
times, and, therefore, URF13 must associate with itself or
some other protein(s) to form a pore. Because URF13 can
confer pathotoxin sensitivity in several different membrane
systems (7, 26, 27), interaction with another specific protein
is probably not a requirement for URF13 pore formation in
the presence of T toxin.
Two proteolysis products of slO:URF13 remain after pro-

teinase K treatment of ISOs; one retains the carboxyl ter-
minus but lacks the amino terminus, the other lacks the
carboxyl terminus while preserving the amino end. Because
one end is always protected from proteolysis and the other is
cleaved, the slO:URF13 fusion product must cross the mem-
brane an odd number of times. Furthermore, because each
end of the protein is partially accessible to protease in closed

vesicles, the s1O:URF13 protein must exist in the E. coli
plasma membrane in two orientations. In ISOs, -60% of the
slO:URF13 molecules have their carboxyl termini located on
the outer (cytoplasmic) surface of the vesicles and their
amino termini at the vesicle interior, protected from prote-
olysis. The remaining 40% of s1O:URF13 molecules are
positioned in the membrane in the opposite orientation.
The proteolytic products that retain the amino termini have

a lower molecular mass than those that retain the carboxyl
terminus, because proteinase K cleaves more amino acid
residues from the carboxyl end of the protein than from the
amino end (Fig. 3). The calculated 3.6-kDa reduction after
proteolysis ofthe carboxyl end corresponds approximately to
the removal ofamino acid residues 83-115 from the wild-type
URF13 protein. These results, which indicate the carboxyl
terminus is not protected by the hydrophobic core of the
membrane, are consistent with the hydrophilic nature of
residues 83-115 (1).

Cross-linking ofURF13 in E. coli spheroplasts followed by
proteinase K treatment demonstrates that in the s1O:URF13
dimer, the respective amino and carboxyl termini of each
associated subunit are on the same side of the membrane.
Dimers made up of subunits having different orientations in
the membrane would give rise to proteolysis products react-
ing with anti-slO and MAb-C; no such products are observed.
The amino terminus of slO:URF13 is resistant to trypsin
cleavage. If dimers of mixed orientation were present, then
truncated dimers lacking the carboxyl terminus of one sub-
unit but retaining it in the other subunit would be expected
after trypsin treatment. No shortened dimeric species that
react with MAb-C have been observed after exposure to
trypsin (Fig. 5A, lane 3).

In cms-T mitochondria the carboxyl terminus of URF13 is
located on the matrix side of the inner mitochondrial mem-
brane. This conclusion is based upon the almost complete
degradation of the carboxyl terminus when SMPs are ex-
posed to protease, coupled with its remaining largely intact in
protease-treated mitoplasts. URF13, like most naturally oc-
curring membrane proteins, thus has one defined orientation
in the mitochondrial membrane. This is in marked contrast to
the situation in E. coli where URF13 exists in two topological
orientations. Although no direct proof is available, it is likely
that URF13 crosses the inner mitochondrial membrane an
odd number of times by analogy with the findings in E. coli.

Fig. 7 presents a model of how monomeric URF13 might
be positioned in the membrane. Hydrophobicity plots indi-
cate that the carboxyl-terminal region (residues 83-115) is
hydrophilic and would not be found within the membrane,
which is supported by our proteolysis studies. Residues
13-31 are hydrophobic, making that region a likely candidate
for a membrane-spanning domain. Based on calculations of
the hydrophobic moment (28), residues 35-55 and 61-83 are
predicted to form two amphipathic a-helices (II and III), each
having a hydrophobic and hydrophilic face. Consistent with
this model, the aspartate residues at positions 12 and 39 are
known to covalently bind dicyclohexylcarbodiimide (8), in-
dicating that they are both located in a hydrophobic envi-
ronment (29). The predicted amphipathic helices in a multi-
meric aggregate of URF13 may contribute to pore formation
in the presence of T toxin or methomyl. Finally, Braun et al.
(8) found that only residues 1-83 of URF13 are necessary for
pore formation. The 82/83 residue interface is situated in the
model at the region where helix III interaction with the
hydrophobic core of the membrane is predicted to end.
The proposed model contains one interhelical loop con-

necting the adjacent membrane-spanning regions on each
side of the membrane (Fig. 7). We have never observed low
molecular mass fragments corresponding to proteolytic
cleavage within these areas. The model predicts that these
turns are very short, and, therefore, they may not be readily

10868 Biochemistry: Korth et al.
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FIG. 7. Proposed membrane topology of an URF13 monomer,
with the observed orientation in cms-T mitochondria indicated by the
MATRIX and INTERMEMBRANE SPACE labels. The three pu-
tative a-helices are labelled I, II, and III. Boundaries of the hydro-
phobic core of the membrane are represented by horizontal lines.
Heavy-lined circles denote positively charged amino acid residues,
whereas shaded circles indicate negatively charged residues.

accessible to proteases. Our results cannot rule out the
possibility that the protein crosses the membrane only once,
but they do show that a significant proportion of URF13 is
protected from proteolysis, an observation more consistent
with a three-membrane-spanning helical model.
Almost all membrane proteins are found in only one

specific topological orientation in the membrane. Several
membrane-spanning proteins have mixed orientations, but
these proteins were dramatically modified through genetic
manipulation of regions believed to be important determi-
nants of membrane topology (30-32). The proposed "posi-
tive-inside" rule of von Heijne (33) suggests that the balance
of positive charges on either side of a membrane-spanning
domain is the primary topological determinant of prokaryotic
plasma membrane proteins, the greater number of positive
charges being associated with the cytoplasmic side of the
membrane. Nilsson and von Heijne (30) showed that the
addition or subtraction of a single positively charged residue
was sufficient to determine the topology of E. coli leader
peptidase. The model presented in Fig. 7 does not adhere in
any obvious way to this rule; none of the regions of URF13
flanking the putative membrane-spanning helices has a high
net positive (or negative) charge. In addition, the vector-
derived segment of s10:URF13 has no net charge and appar-
ently does not alter URF13 topology.
The membrane orientation of URF13 in E. coli is markedly

different from that observed in mitochondria. Although we
have not localized the amino terminus of URF13 in cms-T
mitochondria, it is clear that a mixed orientation of URF13 is
not found in mitochondria. These findings show that the
exact mechanisms mediating URF13 insertion into the mem-
brane differ between plant mitochondria and E. coli.
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