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ABSTRACT The mitochondrial outer membrane contains proteinaceous machineries for the
translocation of precursor proteins. The sorting and assembly machinery (SAM) is required for
the insertion of B-barrel proteins into the outer membrane. Sam50 is the channel-forming
core subunit of the SAM complex and belongs to the BamA/Sam50/Toc75 family of proteins
that have been conserved from Gram-negative bacteria to mitochondria and chloroplasts.
These proteins contain one or more N-terminal polypeptide transport-associated (POTRA)
domains. POTRA domains can bind precursor proteins, however, different views exist on the
role of POTRA domains in the biogenesis of B-barrel proteins. It has been suggested that the
single POTRA domain of mitochondrial Sam50 plays a receptor-like function at the SAM com-
plex. We established a system to monitor the interaction of chemical amounts of B-barrel
precursor proteins with the SAM complex of wild-type and mutant yeast in organello. We
report that the SAM complex lacking the POTRA domain of Sam50 efficiently binds B-barrel
precursors, but is impaired in the release of the precursors. These results indicate the POTRA
domain of Sam50 is not essential for recognition of B-barrel precursors but functions in a
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subsequent step to promote the release of precursor proteins from the SAM complex.

INTRODUCTION

Two different classes of integral membrane proteins are present in
the mitochondrial outer membrane: proteins with o-helical trans-
membrane segments, and B-barrel proteins that are anchored in the

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E11-02-0148) on June 16, 2011.

Address correspondence to: Nikolaus Pfanner (nikolaus.pfanner@biochemie
.uni-freiburg.de) or Nils Wiedemann (nils.wiedemann@biochemie.uni-freiburg.de).
Abbreviations used: BAM, B-barrel assembly machinery of Gram-negative bacte-
ria; BSA, bovine serum albumin; Mdm, mitochondrial distribution and morphol-
ogy; Mim1, mitochondrial import protein 1; mtHsp70, matrix heat shock protein 70;
Ni-NTA, nickel-nitrilotriacetic acid; ORF, open reading frame; POTRA, polypep-
tide transport-associated domain; SAM, sorting and assembly machinery of mito-
chondria; TOC, translocase of the outer membrane of chloroplasts; TOM, trans-
locase of the outer membrane of mitochondria.

© 2011 Stroud et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution—-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society of Cell Biology.

Volume 22 August 15, 2011

outer membrane by multiple B-strands. B-barrel proteins are charac-
teristic for the outer membranes of Gram-negative bacteria, mito-
chondria, and chloroplasts (Wimley, 2003; Gentle et al., 2005; Ruiz
et al., 2006; Knowles et al., 2009; Walther and Rapaport, 2009;
Schleiff and Becker, 2011). Mitochondrial B-barrel proteins are es-
sential for cell viability, since the central channel-forming compo-
nent of the translocase of the outer membrane (TOM) is a B-barrel
protein termed Tom40 (Hill et al., 1998; Suzuki et al., 2004; Becker
et al., 2005). The TOM complex functions as the general entry gate
for most mitochondrial proteins synthesized in the cytosol (Ryan
et al.,, 2000; Mihara, 2003; Johnson and Jensen, 2004; Koehler,
2004; Dolezal et al., 2006; Neupert and Hermann, 2007; Chacinska
et al., 2009; Endo and Yamano, 2009; Schmidt et al., 2010).

The precursors of mitochondrial B-barrel proteins are initially im-
ported by the TOM complex, however, the TOM complex is not
able to insert the B-barrel precursors into the outer membrane.
Instead, the TOM complex translocates B-barrel precursors across
the outer membrane to the intermembrane space side (Matouschek
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and Glick, 2001; Model et al., 2001; Becker et al., 2009; Walther and
Rapaport, 2009; Endo and Yamano, 2010), where chaperone com-
plexes formed by small TIM proteins bind to the B-barrel precursors
and transfer them to the sorting and assembly machinery (SAM;
Hoppins and Nargang, 2004; Wiedemann et al., 2004; Habib et al.,
2005; Webb et al., 2006). The SAM complex is essential for the in-
sertion of B-barrel precursors into the outer membrane and consists
of four subunits termed Sam35, Sam37, Sam50, and Mdm10. Sam50
(Omp85/Tob55) is the central channel-forming subunit of the SAM
complex (Kozjak et al., 2003; Paschen et al., 2003; Wiedemann
et al., 2003; Gentle et al., 2004; Humphries et al., 2005; Kutik et al.,
2008). Sam35 (Tob38/Tom38) cooperates with Sam50 in binding of
B-barrel precursors that contain a sorting signal in the most C-termi-
nal B-strand (Ishikawa et al., 2004; Milenkovic et al., 2004; Waizeneg-
ger et al., 2004; Kutik et al., 2008). Sam37 is involved in the release
of B-barrel proteins from the SAM complex into the outer mem-
brane (Chan and Lithgow, 2008; Dukanovic et al., 2009). The mito-
chondrial distribution and morphology protein 10 (Mdm10) associ-
ates with a fraction of SAM complexes and promotes the assembly
of the TOM complex (Meisinger et al., 2004, 2006; Thornton et al.,
2010; Wideman et al., 2010; Yamano et al., 2010a; Becker et al.,
2011). Small subunits of the TOM complex, Tom5, Tomé and Tom?7,
also function at the SAM complex to promote and modulate assem-
bly of the precursor of Tom40 (Meisinger et al., 2006; Becker et al.,
2010, 2011; Thornton et al., 2010; Yamano et al., 2010b).

Sam50 has been conserved in evolution and shows homology to
the B-barrel assembly machinery (BAM) subunit A (BamA/Omp85)
of Gram-negative bacteria and the translocase of the outer mem-
brane of chloroplast (TOC) subunit 75 (Toc75; Kozjak et al., 2003;
Paschen et al., 2003; Voulhoux et al., 2003; Gentle et al., 2004;
Schleiff and Soll, 2005; Wu et al., 2005; Dolezal et al., 2006; Ruiz
etal., 2006; Bos et al., 2007a; Kutik et al., 2009; Walther et al., 2009).
Members of the BamA/Sam50/Toc75 family consist of a membrane-
integral C-terminal domain that forms a B-barrel channel and a sol-
uble N-terminal domain comprised of one or more polypeptide
transport-associated (POTRA) domains (Sanchez-Pulido et al., 2003;
Robert et al., 2006; Bredemeier et al., 2007; Habib et al., 2007; Kutik
et al., 2008; Knowles et al., 2009; Schleiff and Becker, 2011). Differ-
ent views have been presented about the function of the single
POTRA domain of Sam50. Habib et al. (2007) showed that the
POTRA domain binds precursor proteins and suggested a receptor-
like function of the domain in the transfer of precursor proteins to
the SAM complex. Kutik et al. (2008) deleted the entire POTRA do-
main and still observed precursor transfer to the SAM complex, sug-
gesting that the POTRA domain of Sam50 is not essential for precur-
sor targeting to the SAM complex.

For this study, we analyzed the role of the Sam50-POTRA do-
main in vivo and in organello. B-Barrel precursors could be accumu-
lated at a POTRA-deficient SAM complex in chemical amounts;
however, their release from the SAM complex was impaired. Thus,
instead of functioning in the initial recognition of precursor proteins,
the POTRA domain interacts with B-barrel precursors to promote
their release from the SAM complex.

RESULTS

Involvement of the Sam50-POTRA domain in biogenesis

of a mutant porin precursor

Yeast Sam50 consists of 484 amino acid residues. Residues 29-120
form the POTRA domain, whereas residues 121-484 constitute the
membrane-integrated B-barrel domain (Kozjak et al., 2003; Sanchez-
Pulido et al., 2003; Gentle et al., 2005; Bos et al., 2007b; Kim et al.,
2007). A yeast strain with a deletion of the N-terminal 120 residues,
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including the entire POTRA domain, expressed growth similar to
that of wild-type cells (Kutik et al., 2008). We searched for conditions
where the lack of the POTRA domain is important for growth of
yeast cells and coexpressed the precursor of porin, the most abun-
dant B-barrel protein of mitochondria, from a single-copy plasmid
with wild-type promoter in addition to the chromosomally expressed
porin. Whereas coexpression of wild-type porin did not affect yeast
growth, we observed that coexpression of a mutant form, poringz74/,
impaired growth at 24-30°C and stopped growth of yeast at 37°C in
Sam50,120, but not in wild-type yeast (Figure 1A). In poringy7e, a
conserved glycine residue of the last B-strand (B-signal) has been
replaced by isoleucine; this alteration does not affect recognition of
the porin precursor by the SAM complex, but impairs its release
from the complex (Kutik et al., 2008).
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FIGURE 1: The mitochondrial POTRA domain is required for the
biogenesis of a mutant porin precursor. (A) Serial dilutions of
wild-type (WT) and Sam50,120 yeast cells expressing an additional
copy of either porin or poring,76 Were plated onto minimal medium
containing glucose as a carbon source and grown at the indicated
temperatures. (B) Isolated mitochondria from wild-type or Sam50,129
yeast cells were incubated with radiolabeled [33S]poringy74/. The
mitochondria were lysed with digitonin, and protein assembly was
analyzed by blue native electrophoresis and digital autoradiography.
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FIGURE 2: Mitochondrial import of chemical amounts of porin. (A) Porin precursor was synthesized in vitro using a
wheat germ-based cell-free expression system, followed by SDS-PAGE and staining with Coomassie Brilliant Blue
R-250. (B) Wild-type (WT) mitochondria were incubated with chemical amounts of g agporin precursor produced in the
wheat germ system (lanes 6-8). Control lanes (2-4), wheat germ system not programmed with porin DNA was added.
Lanes 1 and 5, no wheat germ system added. The mitochondria were lysed by digitonin. Protein assembly was analyzed
by blue native electrophoresis and Western blotting using antibodies against the FLAG epitope. For comparison,
wild-type mitochondria were analyzed with antibodies against endogenous porin molecules (lane 9). (C) Left,
radiochemical amounts of [**S]porin precursors were incubated with wild-type or por1A mitochondria and protein
assembly was analyzed by blue native electrophoresis and digital autoradiography. Right, chemical amounts of
FLaGPorin were imported as above and analyzed by blue native gel electrophoresis, followed by Western blotting using

antibodies against the FLAG epitope.

To directly study the role of the POTRA domain for the import of
poringz7el into mitochondria, we used an in organello assay and
analysis by native electrophoresis (Krimmer et al., 2001; Wiedemann
etal., 2003; Meisinger et al., 2006; Kutik et al., 2008). Poring,74), was
synthesized and radiolabeled in a cell-free system (reticulocyte
lysate) and imported into isolated yeast mitochondria. On lysis of
the mitochondria with the nonionic detergent digitonin, mitochon-
drial protein complexes were separated by blue native electropho-
resis, revealing mature porin complexes at ~440 kDa and SAM-
bound porin precursor at ~250 kDa (Figure 1B; Kutik et al., 2008). In
Sam50,120 Mitochondria, the formation of mature porin was de-
layed, yet the accumulation of poring,7¢/ at the SAM complex was
enhanced (Figure 1B, lanes 4-6).

Accumulation of porin precursor at the SAM core complex
in POTRA-deficient mitochondria
For in organello assays, mitochondrial precursor proteins are typi-
cally synthesized in rabbit reticulocyte lysates, leading to small (ra-
diochemical) and variable amounts of precursor proteins. Recent
studies showed that some precursor proteins could be efficiently
synthesized in chemical amounts in a wheat germ—based translation
system, and the mitochondrial import system challenged with satu-
rating amounts of substrate (Becker et al., 2010, 2011; Thornton
etal., 2010).

We asked if the wheat germ system could produce large amounts
of import-competent porin precursor. On programming of the wheat
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germ system with porin DNA template, we observed a very efficient
production, such that the porin precursor was directly visible in the
complete wheat germ system by staining of an SDS-polyacrylamide
gel with Coomassie Brilliant Blue R-250 (Figure 2A). To distinguish
imported porin from endogenous mitochondrial porin, we synthe-
sized the porin precursor with an N-terminal FLAG-tag in the wheat
germ system. On incubation with isolated yeast wild-type mitochon-
dria, imported porin formed complexes with a blue native mobility
of ~440 kDa (Figure 2B, lanes 6-8), similar to the mature endoge-
nous porin complexes observed by decoration with porin-specific
antibodies (Figure 2B, lane 9; Krimmer et al., 2001; Meisinger et al.,
2001; Gentle et al., 2004; Waizenegger et al., 2004; Kozjak-Pavlovic
et al., 2007; Kutik et al., 2008; Yamano et al., 2010a, 2010b). (It is
likely that factors in the wheat germ system, such as molecular chap-
erones, are important for keeping B-barrel precursors in an import-
competent state, since our previous attempts to import B-barrel pre-
cursors from urea-denatured inclusion bodies were not successful.)
Previous studies using radiolabeled porin precursor showed that the
precursor was efficiently assembled in wild-type mitochondria but
not in porTA mitochondria that lacked the major mitochondrial
porin1 (Figure 2C, left; Krimmer et al., 2001); the assembly of porin
involves homooligomerization and the imported radiolabeled pre-
cursor molecules are apparently present in too small amounts to
promote this interaction (Krimmer et al., 2001). We therefore as-
sayed for the assembly of porin in porfA mitochondria to test
whether the wheat germ system produced chemical amounts of
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FIGURE 3: Accumulation of mutant porin precursor at the SAM complex in Sam50,120 mitochondria.
amounts of FLAG-tagged wild-type porin precursors were incubated with wild-type (WT
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mitochondria, and analyzed by blue native electrophoresis. (C) SAM complex accumulation of g agporing,7ei precursor in
wild-type or Sam50,19 mitochondria was analyzed by blue native electrophoresis and Western blotting using antibodies
against Sam35. * indicates SAM-precursor intermediate. (D) Growth at 30°C on minimal medium containing glucose as a
carbon source of wild-type and Sam50,1,0 yeast cells harboring either the high-copy number plasmid YEp352 alone, or
expressing Sam37, in addition to the plasmid pFL39 expressing either porin or poringz74), as shown.

import-competent porin. The porin precursor indeed efficiently
assembled into mature porin complexes of ~440 kDa (Figure 2C,
right). We conclude that the wheat germ-based translation system
leads to the synthesis of large amounts of assembly-competent
porin precursor.

When chemical amounts of wild-type porin precursor were im-
ported into Sam50,129 mitochondria, the assembly into mature
porin complexes still occurred efficiently (Figure 3A). Only small
amounts of porin precursor were observed in the range of the SAM-
intermediate, both in wild-type mitochondria and Sam50,129 mito-
chondria (Figures 2, B and C, right, and 3A), indicating that the
Sam50-POTRA domain was not crucial for the biogenesis of wild-
type porin. A different result, however, was obtained when chemical
amounts of the mutant precursor poringyze were imported. In
Sam50,120 mitochondria, poring,74 almost quantitatively accumu-
lated in the 250-kDa region, whereas in wild-type mitochondria the
precursor was found in both mature porin complexes and the SAM
region (Figure 3B).

To determine whether poringz7¢ was indeed accumulated at
the SAM complex, we analyzed the mobility of Sam35 on blue native
electrophoresis by Western blotting. In wild-type mitochondria, two
major blue native forms of the SAM complex can be distinguished: a
SAM_qre complex of ~200 kDa consisting of Sam35, Sam37, and
Sam50, and a larger SAMq, complex that additionally contains
Mdm10 (Figure 3C, lane 1; Meisinger et al., 2004, 2006; Thornton
et al., 2010; Yamano et al., 2010a, 2010b; Wideman et al., 2010;
Becker et al., 2011). On import of chemical amounts of poring,7e/.
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an additional Sam35-containing blue native band migrating be-
tween SAM g and SAM,q, became apparent (Figure 3C, lane 2,
asterisk). In wild-type mitochondria, the intensity of this intermediate
band decreased after longer import times, correlating to the disso-
ciation of poring,7¢) from the SAM complex (Figure 3C, lanes 2-4,
compared with Figure 3B, lanes 2-4). Thus the accumulation of
chemical amounts of poringy7¢ at the SAM complex can be moni-
tored by the blue native mobility of the SAM complex.

When poringy7¢) was imported into Sam50,129 mitochondria, the
SAM ¢ complex was almost quantitatively shifted to the intermedi-
ate band (Figure 3C, lanes 6-8), in agreement with the massive ac-
cumulation of the precursor at the SAM complex (Figure 3B, lanes
6-8). Taken together, the in vivo experiments with coexpression of
porin (Figure 1A) and the in organello experiments with chemical
amounts of porin precursor (Figure 3, B and C) agree well, since
both the growth defect and the massive accumulation of precursor
at the SAM complex are observed when poringyzs and the
Sam50,129 mutant are combined.

It has been shown that Sam37 assists release of substrates from
the SAM complex (Chan and Lithgow, 2008). We therefore asked
whether expression of Sam37 from a high-copy number plasmid
could suppress the growth defect of Sam50,1,0 yeast expressing por-
inG276;; however, overexpression of Sam37 did not alter the growth
behavior of the cells (Figure 3D), Thus overexpression of Sam37 can-
not substitute for the POTRA domain, suggesting that Sam37 and
the POTRA domain play distinct functions in the biogenesis of B-barrel
proteins.

Molecular Biology of the Cell



[35S]Tom40
Mito. WT Sam50,159
min 5 20 60 5 20 60 i
s —669
i >
TOM[ —440 | g
SAM-Ib< s g
SAM-la ~ 8 = -232 |5
o Q
e 3
g el
ot o0 |2
3 { f_ kDa |
1 2 3 5 6
Mito. WT Sam50,159
FLAG TOM40 - o+ o+ o+ =+ 4+
min 5 5 15 60 5 5 15 60
669 —
n
440 — .
£ 35AMhoio
&l 232 2%
4 ISAMcore
5 - - '
140 —
669 —
=
g g;AMholo
;w'—_, - ISAMcore
[—
©
=
£ - 1SAMppo
=
= Imdm10
©

kDa 1
FIGURE 4: Accumulation of Tom40 precursor at the SAM complex of Sam50,129 mitochondria. (A) [*S]Tom40

2 3 4 5 6 7 8

precursors were incubated with wild-type or Sam50,12¢ mitochondria. The

B

Mito. WT Sam50,159
facTom40 -+ o+ o+ - o+ o+ o+
min 5 5 15 60 5 5 15 60
669 — ' , '
© 440 - JTOM
5[ 22— . S ] sam
=
&
140 - - © P Jinen
kDa
1 2 3 4 5 6 7 8
D Sam35yi10,
Mito. Sam354is10 Sam50,129
g Eluate g Eluate
= el =,
.' -Sam50
e -sans0,

S o
el -
| WP ot s

-Mdm12

-Porin

=

- —Tim23

' i —mtHsp70
1 2 3 4 5 6

7 8

mitochondria were lysed with digitonin and

protein assembly was analyzed by blue native electrophoresis and digital autoradiography. (B)g agTom40 precursors
were synthesized in chemical amounts and incubated with wild-type or Sam50,129 mitochondria. Protein import was
analyzed by blue native gel electrophoresis and Western blotting with antibodies against the FLAG epitope. (C) SAM
complex accumulation of g AgTom40 precursor was analyzed as for (B), but with antibodies against SAM subunits. *,
SAM-precursor intermediate. SAM}q),, can include two different forms of the SAM complex, SAM-Mdm10 and SAM-
Tom5/Tom40 (Becker et al., 2010, 2011; Thornton et al., 2010). (D) Sam35};s10 mitochondria or Sam35y;510-Sam504120
mitochondria were lysed with digitonin and subjected to metal affinity purification, SDS-PAGE, and immunoblotting.

Load, 13% (3.25% for porin and Tom40); elution, 33%, 66%, and 100%.

Involvement of the POTRA domain in Tom40 release from
the SAM complex

Tom40 is the second-most abundant B-barrel protein of the mito-
chondrial outer membrane. As the wild-type precursor of Tom40
stably interacts with the SAM complex during its biogenesis in
vitro, Tom40 has become an important model substrate for ana-
lyzing the steps of B-barrel maturation at the SAM complex
(Model et al., 2001; Paschen et al., 2003; Wiedemann et al.,
2003; Gentle et al., 2004; Ishikawa et al., 2004; Humphries et al.,
2005; Kutik et al., 2008). Recent studies resolved two stages of
Tom40 interaction with the SAM complex that can be visualized
with radiolabeled Tom40 precursor and high-resolution blue na-
tive electrophoresis: an initial stage of Tom40 binding to SAM,
termed stage SAM-la; and a subsequent stage, SAM-Ib, that in-
volves the association of small Tom proteins with the Tom40 pre-
cursor (Figure 4A, lane 1; Becker et al., 2010, 2011). The SAM-Ib
stage is followed by release of the Tom40 precursor, leading to
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the smaller intermediate Il (Int-Il) and, subsequently, the assem-
bly of Tom40 with Tom22 and other Tom subunits to form the
mature TOM complex of ~450 kDa (Figure 4A, lanes 2 and 3;
Model et al., 2001; Wiedemann et al., 2003; Meisinger et al.,
2004; Becker et al., 2010, 2011; Thornton et al., 2010). In
Sam50,120 mitochondria, SAM-Ib was present in increased
amounts, whereas the formation of Int-Il was delayed (Figure 4A,
lanes 4-6), supporting the view that Sam50,129 mutant mito-
chondria are slower in release of Tom40 precursor from the SAM
complex. The overall efficiency of Tom40 assembly into the TOM
complex of Sam50,1,0 mitochondria was either not or only mildly
affected, compared with wild-type mitochondria, indicating the
delayed release from the SAM complex was not rate-limiting with
the tiny amounts of radiochemical precursor (Figure 4A; Kutik
et al., 2008).

We therefore synthesized the Tom40 precursor in the wheat
germ system in order to challenge the import system with chemical

2827
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amounts of wild-type precursor. The assembly steps of FLAG-tagged
Tom40 were monitored by Western blot analysis of blue native gels
(Figure 4B). The formation of mature TOM complex was delayed in
Samb504,120 mitochondria, and substantial amounts of precursor ac-
cumulated at the SAM complex (Figure 4B, lanes 6-8). The accumu-
lation of wild-type precursor at the SAM complex could be directly
shown by a Western blot analysis for SAM subunits. The SAM e
complex was efficiently shifted to the SAM-precursor intermediate
form in Sam50,1,0 mitochondria (Figure 4C, top and middle, lanes
6-8). In wild-type mitochondria, the formation of the SAM-precursor
intermediate was observed after short import periods (Figure 4C,
top and middle, lanes 2 and 3), whereas the intensity of the interme-
diate band decreased after longer import times concomitant with
the formation of mature TOM complex (Figure 4, B and C, lane 4).
The Mdm10-containing SAM,., complex was not affected by the
chemical amounts of Tom40 in wild-type mitochondria or in
Sam50,120 mitochondria (Figure 4C, bottom) in agreement with the
role of SAM oo in the assembly of Tom22 (Meisinger et al., 2004,
Thornton et al., 2010; Becker et al., 2011). (Only the faster mobility of
SAMp el from Sam50,120 mitochondria compared with wild-type mi-
tochondria was observed, due to the truncation of Sam50; Figure 4C,
lower panel.) Taken together, lack of the Sam50-POTRA domain
leads to an accumulation of wild-type Tom40 precursor at the SAM
complex and delays the formation of mature TOM complex.

Remarkably, the SAM-precursor intermediate band could also be
observed with Sam50,129 mitochondria in the absence of imported
precursor (Figures 3C, lane 5, and 4C, top and middle, lane 5); upon
import of chemical amounts of poring,74; or Tom40, the intensity of
the band increased (Figures 3C and 4C). In contrast, in wild-type
mitochondria without imported precursor, the SAM-precursor inter-
mediate was not detected (Figures 3C, lane 1, and 4C, top and
middle, lane 1). This finding raised the possibility that POTRA-defi-
cient mitochondria may accumulate an endogenous B-barrel protein
at the SAM complex. To study this possibility, we generated a
Sam50,120 yeast strain carrying a His-tag fused to Sam35. The cod-
ing region for the His-tag was chromosomally inserted into the
SAM35 gene, and the tagged Sam35 was expressed from its en-
dogenous promoter (Milenkovic et al., 2004). Mitochondria were
lysed by digitonin, and the SAM complex was purified via nickel-
nitrilotriacetic acid (Ni-NTA) affinity chromatography. All subunits of
the SAM complex, Sam50, Sam37, and Mdm10, were efficiently
copurified with tagged Sam35 independently of the presence or
absence of the POTRA domain (Figure 4D). A considerable fraction
of endogenous Tom40 molecules were copurified with the SAM
complex of Sam50,120 mitochondria, whereas only small amounts
were copurified from wild-type mitochondria (Figure 4D; Thornton
et al., 2010). In contrast, porin was only copurified in very small
amounts, and this occurred independent of the presence or ab-
sence of the POTRA domain. Further control proteins were not
copurified with tagged Sam35, including outer membrane Mdm12,
inner membrane Tim23, and matrix heat shock protein 70 (mtHsp70;
Figure 4D).

We conclude that the POTRA-deficient mitochondria efficiently
bind B-barrel precursors to the SAM complex, however, the release
from the complex is impaired. The accumulation of wild-type Tom40
at the SAM complex is observed not only with imported precursor
but also with endogenous Tom40.

Alteration of the SAM-Mim1 machinery upon partial
deletion of the POTRA domain

Finally, we asked why different phenotypes were reported for yeast
deletion mutants of the Sam50-POTRA domain. Habib et al. (2007)
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deleted the N-terminal 102 amino acid residues of Sam50 that in-
clude the major part of the POTRA domain; they observed a growth
defect of the yeast mutant cells and an impaired binding of the
Tom40 precursor to the SAM complex. We deleted the N-terminal
120 residues of Sam50, including the entire POTRA domain, and did
not observe a growth defect (Kutik et al., 2008) unless a mutant
precursor was coexpressed (Figure 1A). The opposite result was ob-
tained for the Tom40-SAM interaction: the binding of precursor to
SAM was not inhibited, but increased amounts of precursor accu-
mulated at the SAM complex (Figure 4). To exclude the possibility
that different yeast strains were responsible for the observed effect,
we also generated a yeast strain with the A102 partial POTRA dele-
tion and confirmed the growth defect of the mutant yeast strain
(Kutik et al., 2008). Mitochondria of Sam50410, yeast were impaired
in binding of Tom40 to the SAM complex (Figure 5A, lanes 4 and 5)
in agreement with Habib et al. (2007). Thus the additional 18 amino
acid residues (103-120) at the SAM complex exert a negative effect
on B-barrel biogenesis and yeast growth.

To find a molecular explanation for the surprising differences be-
tween Sam50,102 mitochondria and Sam50,12¢ mitochondria, we
analyzed the composition of the SAM complex. The Sam50,10;
yeast mutant was chromosomally modified to express Sam35 with a
His-tag as for the Sam50,120 yeast mutant. On lysis of mitochondria
with digitonin, the subunits of the SAM complex were copurified
with Sam35 from both Sam50,0, mitochondria and Sam50,1 9 mi-
tochondria (Figure 5B). However, one striking difference was found:
the mitochondrial import protein Mim1 copurified in large amounts
with the SAM complex of Sam50,10, mitochondria (Figure 5B). The
yield of copurification of Mim1 with Sam35 of Sam50,10, mitochon-
dria was close to the yield observed for genuine SAM subunits, in-
dicating that substantial amounts of Mim1 were bound to the SAM
complex. In contrast, only small, substoichiometric amounts of
Mim1 copurified with the SAM complex of Sam50,120 mitochondria
(Figure 5B).

The outer membrane protein Mim1 is involved in the import of
several outer membrane proteins that carry o-helical transmem-
brane segments and is transiently associated with the SAM complex
in wild-type mitochondria (Becker et al., 2008, 2010; Hulett et al.,
2008; Popov-Celeketic et al., 2008; Lueder and Lithgow, 2009). Two
conceivable explanations account for the effect of the large amounts
of Mim1 accumulated at the SAM complex of Sam50,10, mitochon-
dria on the biogenesis of B-barrel proteins. 1) Mim1 plays a specific
role in B-barrel biogenesis and the arrest of Mim1 at the SAM com-
plex in the Sam50,10, mutant disturbs Mim1-specific functions; or 2)
the accumulation of Mim1 in nearly stoichiometric amounts at the
SAM complex impairs the access of B-barrel precursors to the SAM
complex, and delays binding of the precursors to SAM.

We compared different assays to distinguish between both pos-
sibilities. 1) It has been shown that the deletion of MIM1 affects the
biogenesis of Tom40 at the SAM complex (Ishikawa et al., 2004;
Waizenegger et al., 2005; Becker et al., 2008; Hulett et al., 2008;
Lueder and Lithgow, 2009). Mitochondria lacking Mim1 accumulate
the precursor of Tom40 at the SAM-la stage (Becker et al., 2010).
POTRA mutant mitochondria, however, affected the Tom40 biogen-
esis at different stages: Sam50,1,9 mitochondria accumulated
Tom40 at the SAM-Ib stage, that is, after the Mim1-dependent step
(Figure 4A), whereas Sam50,10, mitochondria were already impaired
in formation of the SAM-la stage, that is, before the Mim1-depen-
dent step (Figure 5A). 2) Lack of Mim1 does not inhibit the biogen-
esis of porin (Ishikawa et al., 2004; Waizenegger et al., 2005; Hulett
et al., 2008), shown here with our mim 1A mutant (Figure 5C, lanes
1-3). In contrast, Sam50,192 mitochondria show defects in the
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biogenesis of both Tom40 and porin (Habib et al., 2007). Our find-
ings fully agree with those of Habib et al. (2007), in that Sam504102
mitochondria are impaired in the import of both Tom40 and porin
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(Figures 5A, lanes 4-6, and 5C, lanes 10-12). Additionally, accumu-
lation of the mutant precursor poringy7e at the SAM complex was
delayed in Sam504102 mitochondria (Figure 5C, lanes 16-18) in
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contrast to the increased accumulation of poring,7¢ at the SAM
complex in Sam50,120 mitochondria (Figures 1B and 3, B and C).
The results described in 1) and 2) show that the defects of Sam50,10;
mitochondria cannot be attributed to Mim1-specific functions. 3) To
study whether large amounts of Mim1 impair binding of B-barrel
precursors to SAM, we generated a yeast strain that expressed
Mim1 from a high-copy number plasmid and indeed observed a
reduced binding of the Tom40 precursor to the SAM complex
(Figure 5D, lanes 5-7 compared with lanes 1-3). 4) Finally, we ana-
lyzed where Mim1 accumulated in Sam50,19, mitochondria by com-
bining affinity purification and blue native electrophoresis. Mim1 of
wild-type mitochondria mainly migrates at ~140 kDa on blue native
gels and shows a similar behavior in Sam50,129 mitochondria
(Figure 5E, lanes 1 and 2). With Sam50,10, mitochondria, however,
a considerable fraction of Mim1 was found in a larger complex of
~240 kDa (Figure 5E, lane 3). On purification of the SAM complex via
His-tagged Sam35 and analysis by blue native electrophoresis, a
large amount of Mim1 was selectively copurified in the high-mole-
cular-weight form (Figure 5E, lane 6), demonstrating that this repre-
sents the SAM-bound form of Mim1, which is highly enriched in
Sam50,102 mitochondria. Taken together, about one-half of the
Mim1 molecules are arrested at the SAM complex in Sam50,10;
mitochondria, impairing the binding of B-barrel precursors to SAM.

DISCUSSION

We report that the single mitochondrial POTRA domain plays a role
in the release of B-barrel precursors from the SAM complex. Differ-
ent functions have been discussed for POTRA domains located
at the N-termini of the conserved members of the BamA/
Sam50/Toc75 family of translocase proteins, ranging from precursor
binding to the interaction with other subunits of the translocases
(Ertel et al., 2005; Bos et al., 2007a, 2007b; Bredemeier et al., 2007;
Habib et al., 2007; Kim et al., 2007; Gatzeva-Topalova et al., 2008;
Knowles et al., 2008, 2009; Schleiff and Becker, 2011). We observed
that upon complete deletion of the mitochondrial POTRA domain,
B-barrel precursors still efficiently bind to the SAM complex and are
actually accumulated at SAM, excluding a scenario where the
POTRA domain is crucial for the initial recognition of precursor pro-
teins by the SAM complex.

We used two major mitochondrial B-barrel precursors, porin and
Tom40, that show a different type of interaction with the SAM com-
plex. Tom40 interacts with the SAM complex in several steps, and
stable Tom40-SAM intermediates can be purified, whereas the pre-
cursor of porin only transiently interacts with the SAM complex, and
large amounts of stable SAM-porin intermediates are therefore not
observed with wild-type porin (Kutik et al., 2008). Deletion of the
POTRA domain affected the Tom40 precursor but not the wild-type
porin precursor. However, when a mutant porin precursor that inter-
acts with the SAM complex in a prolonged manner due to an amino
acid alteration in a transmembrane B-strand was used, deletion of
the POTRA domain impaired the release of this precursor from
SAM. Yeast cells tolerated the loss of the mitochondrial POTRA do-
main as long as wild-type B-barrel precursors were expressed, since
their assembly pathway was delayed but not blocked. However,
when the mutant form of porin was expressed in yeast, a lack of the
POTRA domain led to a strong growth defect, since this B-barrel
precursor was nearly quantitatively arrested at the SAM complex.
We conclude that the mitochondrial POTRA domain plays a role in
the biogenesis of B-barrel proteins under conditions where their
interaction with the SAM complex is prolonged; the POTRA do-
main supports the release of these precursor proteins from the SAM
complex.
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FIGURE 6: Cartoon representation of the Sam50 POTRA model
structure obtained by homology modeling using POTRA domain-
containing protein structures as templates. Sequence identity among
the used POTRA domains is low (<15%), yet the final model shows
high structural similarity to them with root mean-square deviations
between Ca-atoms ranging from 1.5 to 2.3 A. The two o-helices and
the 3-stranded mixed B-sheet, canonical elements of POTRA domains,
are clearly visible in the model. The region colored in blue represents
the residues H103 to P120 that remain present in front of the Sam50
B-barrel membrane domain in Sam50,9, mitochondria.

Habib et al. (2007) showed that the mitochondrial POTRA do-
main binds B-barrel precursors. An interaction of precursor proteins/
peptides with POTRA domains has also been shown in the bacterial
and chloroplast systems (Ertel et al., 2005; Bos et al., 2007b; Kim
et al., 2007; Gatzeva-Topalova et al., 2008; Knowles et al., 2008).
Importantly, studies with bacterial POTRA domains revealed a broad
specificity of binding of various B-strands by POTRA domains (Bos
et al., 2007b; Kim et al., 2007; Knowles et al., 2008, 2009), support-
ing the view that POTRA domains do not function as selective re-
ceptors for B-barrel signals (Kutik et al., 2008). Taken together, these
and our findings suggest a chaperone-like function of POTRA do-
mains in guiding the maturation of B-barrel precursors in an efficient
manner.

Our experimental results fully agree with those of Habib et al.
(2007). The different conclusions of a receptor-like function of the
mitochondrial POTRA domain versus a chaperone-like role in pre-
cursor release from the SAM complex can now be explained by the
use of different Sam50-deletion mutants. When the entire POTRA
domain is deleted (Sam50,120), B-barrel precursors efficiently bind
to the SAM complex, but can be affected in release from SAM. How-
ever, when the POTRA domain is partially deleted, such that its last
B-strand remains present in front of the B-barrel membrane domain
of Sam50 (Sam504102; Figure 6), the binding of B-barrel precursors
to SAM is inhibited. Thus the remaining 18 amino acid residues
(103-120) of the POTRA domain are not required for recognition of
B-barrel precursors, but exert a negative effect. A detailed analysis
revealed that the mitochondrial import protein Mim1, which only
transiently interacts with the SAM complex in wild-type mitochon-
dria (Becker et al., 2008; Lueder and Lithgow, 2009) and Sam50,129
mitochondria, accumulated in large amounts at the SAM complex of
Sam50,102 mitochondria. Mim1 promotes the import of several
o-helical proteins into the outer mitochondrial membrane (Becker
etal., 2008; Hulett et al., 2008; Popov-Celeketic et al., 2008; Lueder
and Lithgow, 2009), but only indirectly affects the biogenesis of
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Tom40 via the import of small Tom proteins (Ishikawa et al., 2004;
Waizenegger et al., 2004; Becker et al., 2010). The defects of
Sam50,102 mitochondria cannot be specific for Mim1 functions,
since binding of the porin precursor to SAM is impaired in Sam504102
mitochondria and Mim1 is not involved in the biogenesis of porin
(Ishikawa et al., 2004; Waizenegger et al., 2005; Hulett et al., 2008).
Additionally, with the precursor of Tom40 different import stages are
affected by POTRA mutants and mim 1 mutants (Becker et al., 2010;
this paper). Rather, the accumulation of nearly stoichiometric
amounts of Mim1 at the SAM complex leads to a nonphysiological
situation that impairs the access of B-barrel precursors to the SAM
complex and inhibits cell growth.

Bacterial BamA proteins contain five POTRA domains and chlo-
roplast Toc75 proteins contain three POTRA domains; in addition to
binding of precursor proteins, some POTRA domains in bacteria
and chloroplasts are also involved in binding of further subunits of
the translocase complexes (Ertel et al., 2005; Bos et al., 2007a;
Bredemeier et al., 2007; Kim et al., 2007; Gatzeva-Topalova et al.,
2008; Knowles et al., 2008, 2009; Hsu and Inoue, 2009; Schleiff and
Becker, 2011). The single mitochondrial POTRA domain is not es-
sential for the interaction of Sam50 with the other genuine subunits
of the SAM complex, since all SAM subunits remain stably associ-
ated and can be copurified from the POTRA deletion mutants. How-
ever, as for the Sam50,102 mutant, the presence of a partial segment
of the POTRA domain leads to a massive accumulation of a transient
interaction partner, Mim1, at the SAM complex, indicating that this
segment interferes with the SAM-Mim1 reaction cycle.

In summary, we conclude that the main function of the mitochon-
drial POTRA domain is to support the release of -barrel precursors
from the SAM complex, suggesting a chaperone-like role of the
POTRA domain in B-barrel maturation. The hypothesis of a chaper-
one-like function also fits to the observed weak affinity and broad
specificity of bacterial POTRA domains for different B-strands (Bos
et al., 2007b; Clantin et al., 2007; Kim et al., 2007; Knowles et al.,
2008, 2009).

MATERIALS AND METHODS

Yeast strains

Saccharomyces cerevisiae strains containing mutant or tagged
SAMS50 alleles were generated by plasmid shuffling in the back-
ground of the genomic deletion of SAM50 (Kozjak et al., 2003).
Sam50,120 and Sam50,102 were generated as previously described
(Kutik et al., 2008). For generation of the Sam35ys10 strains, a 10-his-
tidine residue coding tag (pFA-His10-HIS3MX6) was integrated 3’
to the SAM35 open reading frame (ORF) by homologous recombi-
nation (Meisinger et al., 2001; Milenkovic et al., 2004), yielding
MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trp1-A63, lys2-801,
sam50::ADE2, sam35::SAM35-His o-HIS3MX6 containing  either
pFL39-SAMS50, pFL39-sam504120, or pFL39-sam50,102. To coex-
press porin from a plasmid, strains were transformed with the plas-
mid pFL39 encoding either porin or poringyze (Kutik et al., 2008)
under control of the endogenous PORT promoter and terminator.
Growth was assessed on SM-TRP plates (0.67% [wt/vol] yeast nitro-
gen base without amino acids [BD Biosciences, San Jose, CA], 2%
[wt/vol] glucose and CSM-TRP [Bio 101, MP Biomedicals, Solon,
OH]). For concomitant overproduction of Sam37, strains were first
transformed with either the high-copy number plasmid YEp352 (2p)
alone or encoding SAM37 under control of the endogenous SAM37
promoter and terminator. Following selection on SM-URA plates
(CSM-URA [Bio 101]), strains were transformed with the pFL39 porin
plasmids as described, and growth was assessed on SM-URA-TRP
plates (CSM-URA-TRP [Bio 101]). The strain Mim1T and its corre-
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sponding wild-type strain were generated by transformation of the
wild-type YPH499 strain (Sikorski and Hieter, 1989) with the plasmid
PYES2 (Invitrogen, Carlsbad, CA), or pYES2-Mim1 harboring the
MIM1 ORF cloned between Hindlll and Xbal restriction sites. Precul-
tures were grown on SM-URA media. Overexpression of Mim1 was
induced by transfer of the cells to SM-URA media containing 2%
[wt/vol] galactose. The porTA and mim7TA strains have been de-
scribed (Blachly-Dyson et al., 1990, 1997, Becker et al., 2008).

Isolation of mitochondria

The yeast strains were grown on YPG medium (1% [wt/vol] yeast
extract, 2% [wt/vol] bactopeptone, and 3% [wt/vol] glycerol) at 24—
30°C. Mitochondria were isolated by differential centrifugation ac-
cording to standard procedures (Stojanovski et al., 2007). Protein
concentrations were adjusted to 10 mg/ml in SEM buffer (250 mM
sucrose, T mM EDTA, 10 mM 3-(N-morpholino)-propanesulfonic
acid [MOPS]-KOH, pH 7.2), and mitochondria were frozen in liquid
nitrogen and stored at —80°C.

Mitochondrial protein import

For radiochemical in vitro import assays, mitochondrial precursor
proteins were synthesized using pGEM4Z-based constructs (Kutik
et al., 2008) as templates for coupled in vitro transcription and trans-
lation (Promega, Madison, WI) in the presence of [**Smethionine.
For chemical amounts of mitochondrial precursor proteins, precur-
sors were synthesized using an in vitro cell-free wheat germ-based
expression system (5 Prime, Hamburg, Germany). Templates were
generated by PCR from yeast DNA according to instructions by
5 Prime. To generate FLAG-tagged precursors, the coding sequence
was incorporated 5’ to the ORF by primer overhang.

In vitro import assays were performed based on previously pub-
lished procedures (Stojanovski et al., 2007), with modifications.
Briefly, 50 pg mitochondria (protein amount) were incubated at 25°C
with the precursor proteins in import buffer (3% [wt/vol] bovine se-
rum albumin [BSA], 250 mM sucrose, 80 mM KCI, 5 mM MgCl,,
5 mM L-methionine, 2 mM KH,POy,, 10 mM MOPS-KOH, pH 7.2,
4 mM NADH, 4 mM ATP, 10 mM creatine phosphate, and 100 pg/ml
creatine kinase). After indicated times, the import reaction was
immediately cooled on ice. Mitochondria were reisolated, washed
with SEM buffer, and lysed with either 1% (wt/vol) digitonin (as stan-
dard) or 0.35% (wt/vol) digitonin (to monitor porin assembly) in lysis
buffer (20 mM Tris-HCI, pH 7.2, 0.1 mM EDTA, 50 mM NaCl,
10% [wt/vol] glycerol) at 1 mg protein/ml for 15 min on ice. After
being clarifed via centrifugation, the solubilized material was sepa-
rated by blue native gel electrophoresis as described previously
(Dekker et al., 1998, Ryan et al., 2001, Stojanovski et al., 2007). Pro-
tein complexes generated by import of radiochemical precursor
proteins were detected by digital autoradiography (Storm Imaging
System, GE Healthcare, Waukesha, WI). Import of chemical amounts
of precursors was visualized by Western blotting onto polyvinylidene
fluoride membranes and immunodecoration with enhanced chemi-
luminescence (GE Healthcare) according to standard procedures.

Affinity purification of Sam35y;510

For affinity purification of Sam35}510, mitochondria were lysed with
1% [wt/vol] digitonin in lysis buffer containing 30 mM imidazole, and
subjected to Ni-NTA-agarose affinity chromatography (GE Health-
care). Unbound material was removed by washing with excess 1%
digitonin in lysis buffer containing 50 mM imidazole. Proteins were
eluted with Laemmli or digitonin lysis buffer containing 500 mM
imidazole. Following SDS or blue native gel electrophoresis, eluted
proteins were visualized by Western blotting.

Mitochondrial protein sorting | 2831



Modeling of the Sam50 POTRA domain

The Sam50 POTRA sequence was aligned with homologous
POTRA sequences from the Escherichia coli BamA (YaeT) protein
(Kim et al., 2007), and the alignment was submitted to the
HHpred server (http://toolkit.tuebingen.mpg.de/hhpred; Séding
et al., 2005). Among the templates identified by HHPRED, only
POTRA domains containing structures sharing the highest homol-
ogy with the Sam50 POTRA domain and with a small E-value
were considered for modeling. The final model was generated
using MODELLER (http://salilab.org/modeller; Sali and Blundell,
1993) with POTRA domain structures of BamA (YaeT) (Kim et al.,
2007; Gatzeva-Topalova et al., 2008, 2010), FhaC (Clantin et al.,
2007), and Omp85 (Arnold et al., 2010; Koenig et al., 2010) as
templates.
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