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(Bacl(ground: Although phosphatidylserine decarboxylase 1 (Psd1) is of central importance for the generation of cellular )

phosphatidylethanolamine (PE), its biogenesis is only poorly understood.

Results: Biogenesis of Psd1 involves processing by two proteases, MPP and Oct1, and an autocatalytic separation of Psd1« from
the membrane-anchored Psd1f.

Conclusion: Psd1 requires integration into the inner mitochondrial membrane for full enzymatic activity.

Significance: This study presents a new model for the biogenesis and topology of Psd1.

\_

J

The inner mitochondrial membrane plays a crucial role in
cellular lipid homeostasis through biosynthesis of the non-bi-
layer-forming lipids phosphatidylethanolamine and cardioli-
pin. In the yeast Saccharomyces cerevisiae, the majority of
cellular phosphatidylethanolamine is synthesized by the mito-
chondrial phosphatidylserine decarboxylase 1 (Psd1). The bio-
genesis of Psd1 involves several processing steps. It was specu-
lated that the Psd1 precursor is sorted into the inner membrane
and is subsequently released into the intermembrane space by
proteolytic removal of a hydrophobic sorting signal. However,
components involved in the maturation of the Psd1 precursor
have not been identified. We show that processing of Psdl
involves the action of the mitochondrial processing peptidase
and Octl and an autocatalytic cleavage at a highly conserved
LGST motif yielding the a- and -subunit of the enzyme. The
Psd1l B-subunit (Psd1B) forms the membrane anchor, which
binds the intermembrane space-localized a-subunit (Psd1e).
Deletion of a transmembrane segment in the 3-subunit results
in mislocalization of Psd1 and reduced enzymatic activity. Sur-
prisingly, autocatalytic cleavage does not depend on proper
localization to the inner mitochondrial membrane. In summary,
membrane integration of Psd1 is crucial for its functionality and
for maintenance of mitochondrial lipid homeostasis.
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Mitochondrial membranes contain a high amount of non-
bilayer-forming phospholipids, such as phosphatidylethanol-
amine (PE)® and cardiolipin (CL) (1-4). These lipids have a
characteristic conical shape due to the relatively small head-
group compared with the large hydrophobic acyl chains. Non-
bilayer-forming phospholipids may locally induce inverted
hexagonal (H;;) phase structures, thereby increasing the ten-
sion in the lipid bilayer. This property seems to be important for
vesicle formation, membrane fusion, transbilayer transport of
lipids and polar solutes, protein interactions, topogenesis, and
protein function (5, 6). PE and CL associate with different mem-
brane-bound proteins and protein complexes, such as the res-
piratory chain complexes or the mitochondrial ATP/ADP car-
rier to maintain their stability and function (7-9). As a
consequence, lack of CL affects the structural organization of
the respiratory chain supercomplexes and protein translocases
in both outer and inner mitochondrial membrane (2, 10-17).
Simultaneous loss of both major non-bilayer forming phospho-
lipids, PE and CL, is lethal for Saccharomyces cerevisiae (18).
Also in mammals, biosynthesis of PE is essential (19), and alter-
ations in content or acylation of CL lead to mitochondrial dys-
function and diseases like Barth syndrome (20, 21).

CL synthesis is restricted to mitochondria (22—27), whereas
in yeast, PE biosynthesis occurs in different cellular compart-
ments, including mitochondria, the Golgi/vacuolar compart-
ment, and the endoplasmic reticulum with its mitochondria-
associated membrane fraction (28-39). The mitochondrial
phosphatidylserine decarboxylase (Psdl) synthesizes the
majority of PE, which is not only supplied to mitochondrial but
also to other cellular membranes (1, 40). Because the substrate
of Psdl, phosphatidylserine (PS), is synthesized in the endo-
plasmic reticulum/mitochondria-associated membrane, trans-
port to the site of enzymatic conversion is required. Whether

3 The abbreviations used are: PE, phosphatidylethanolamine; CL, cardiolipin;
Psd1yer, phosphatidylserine decarboxylase 1 containing six C-terminal
methionines; PS, phosphatidylserine; TOM, translocase of the outer mito-
chondrial membrane; MPP, mitochondrial processing peptidase.
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TABLE 1
Strains used in this study
Strain Genotype Source/Reference

Wild type BY4741 MATahis3A1 leu2A0 met1SAO ura3A0 Euroscarf
psdIA BY4741 MATahis3A1 leu2A0 met15A0 ura3A0 psd1A:KanMX4 Euroscarf
WT+pYES2 BY4741 MATahis3A1 leu2A0 met15A0 ura3A0 + pYES2 This study
psdIA+pYES2 BY4741 MATahis3A1 leu2A0 met15A0 ura3A0 psd1A:KanMX4 + pYES2 This study
Psd1HA BY4741 MATahis3A1 leu2A0 met15A0 ura3A0 psd1A:KanMX4 + pYES2-Psd1HA This study
Psd1S463A BY4741 MATahis3A1 leu2A0 met15SA0 ura3A0 psd1A:KanMX4 + pYES2-Psd1S463A This study
Psd1AIM BY4741 MATahis3A1 leu2A0 met15SA0 ura3A0 psd1A:KanMX4 + pYES2-Psd1AIM This study

this translocation process involves membrane contact sites like
the endoplasmic reticulum-mitochondria tethering complex
ERMES is under debate (41-43). Deletion of PSDI leads to
ethanolamine auxotrophy during growth on non-fermentable
carbon sources, reduced growth on fermentable media, and
morphological alterations of mitochondria (44, 45). Moreover,
Psd1 isrequired for the regulation of pleiotropic drug resistance
by inducing PDR5 gene expression (46). Although extramito-
chondrially synthesized PE can be imported into mitochondria,
defects of psd 1A strains cannot be completely compensated by
this process, indicating that PE uptake by mitochondria has
limited efficiency (44, 47).

Phosphatidylserine decarboxylases form a protein family,
which is highly conserved from bacteria to humans (48). Psd1l
from various cell types share a characteristic LGST motif,
which is required for autocatalytic cleavage of the enzyme into
a- and B-subunits (48 —50). This process has been described in
some detail for Psd1 homologs of various species (9, 46, 51-54).
It starts with an ester bond formation between Gly-253 and
Ser-254 followed by o, 3-elimination and release of the mature
B-subunit, leaving a dehydroalanine residue at the N terminus
of the a-subunit. Hydration and subsequent elimination of
ammonia lead to formation of a pyruvoyl prosthetic group at
the N terminus of the a-subunit (9, 48, 50, 51). Mutations of the
highly conserved LGST motif were shown to cause defects in
Psdl processing and formation of an inactive form of the
enzyme (9, 46, 53). Surprisingly, such defects have no effect on
the induction of PDRS expression for regulating multidrug
resistance, suggesting that this process may occur independ-
ently of PS decarboxylation (46).

Although Psd1 is of central importance for the generation of
cellular PE, its biogenesis is only poorly understood. Like the
vast majority of mitochondrial proteins, Psd1 is synthesized on
cytosolic ribosomes as a precursor containing a cleavable signal
sequence (36). Upon in vitro import into isolated yeast mito-
chondria, three proteolytic products are formed from the Psd1
precursor, indicating a stepwise processing of the polypeptide
(55). Psd1 contains a hydrophobic stretch, which was proposed
to target the polypeptide to the inner mitochondrial membrane
(49, 50, 56). It was assumed that this putative inner membrane
sorting sequence is removed upon import, yielding the mature
Psdl localized to the mitochondrial inner membrane/inter-
membrane space (50, 55). This view was supported by enzy-
matic analyses assigning the enzyme activity to the intermem-
brane space site of the inner membrane (31, 57, 58). However,
experimental evidence for the functionality of the putative
inner membrane sorting sequence, the import route of the Psd1
precursor, and the nature of the three processed Psd1 forms
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was missing. Moreover, the topology of the a- and B-subunits
of Psd1 remained unclear.

In a detailed biochemical study presented here, we report
that in yeast the Psd1 B-subunit (Psd1) is integrated into the
mitochondrial inner membrane and serves as an anchor for the
intermembrane space-localized a-subunit (Psd1«). Analysis of
the individual processing steps of Psd1 showed involvement of
the matrix-localized peptidases mitochondrial processing pep-
tidase (MPP) and Octl, which remove the N-terminal signal
peptides from Psd1. We demonstrate that lack of the hydropho-
bic stretch leads to mislocalization and partial inactivation of
the enzyme. In contrast, self-cleavage of Psdl into a- and
B-subunits can occur upon mislocalization within mitochon-
dria but strictly depends on the LGST motif and mitochondrial
membranes. Thus, correct integration of the Psd1 B-subunit
into the inner membrane is essential for proper enzymatic
function.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions—Psd1 mutant strains and
plasmids used in this study are listed in Table 1. Deletion strains
of mitochondrial proteases, masI temperature-sensitive strain,
TOM70,;, TOM40;,, TOM22,y;,, tom22A, tom20A, and
tom70A strains, and their corresponding wild types have been
described before (59—-62). The reference wild type strain for
octlA is a re-expression of OCT1 in the oct1A background (63).
Yeast cells were grown under aerobic conditions to the loga-
rithmic growth phase at 24 or 30 °C on YPG or YPS medium
(1% yeast extract (Oxoid), 2% peptone (Oxoid), 3% glycerol
(Roth), or 2% sucrose adjusted to pH 5.0 with HCI). The tem-
perature-sensitive phenotype of a masl temperature-sensitive
mutant strain was induced by growth for 6 h at non-permissive
temperature (61). In the case of yeast strains transformed with
expression plasmids, cells were grown on minimal medium
minus uracil containing 2% galactose (Roth), 0.67% yeast nitro-
gen base without amino acids (U. S. Biological), and 0.063%
amino acid mix without uracil (Roth, Fluka).

Plasmid and Strain Constructions—For the generation of a
yeast strain expressing a C-terminally HA-tagged Psd1, PSD1
was amplified using gene-specific primers from genomic DNA
in a standard PCR mixture containing ExTaq DNA polymerase
(Takara). The purified PCR product was inserted via BamHI
and Notl (Fermentas) into the pYES2 vector (Invitrogen), lead-
ing to pYES2-PSD1HA. For the generation of Psd1S463A and
Psd1AIM (residues from Val-81 to Ser-100 were deleted),
pYES2-PSD1HA was used as a template either for site-directed
mutagenesis (QuikChange XL site-directed mutagenesis kit;
Stratagene) or overlap-extension PCR. A psdIA strain was
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transformed with the described constructs by lithium acetate
transformation (64), generating Psd1HA, Psd1S463A, and
Psd1AIM.

Isolation of Mitochondria and Submitochondrial Localiza-
tion of Psd1—Mitochondria were isolated by differential cen-
trifugation according to standard procedures (4, 65). Mito-
chondrial fractions were adjusted to a protein concentration of
10 mg/ml in SEM buffer (250 mM sucrose, 1 mm EDTA, and 10
mM MOPS-KOH (pH 7.2)), and aliquots were shock-frozen in
liquid nitrogen and stored at —80 °C. Enrichment of marker
proteins and cross-contamination of subcellular fractions were
assessed as described (4).

The submitochondrial localization of Psd1 was determined
by accessibility of Psdl to externally added proteinase K in
intact, hypotonically swollen or lysed mitochondria. For hypo-
osmotic swelling of mitochondria, mitoplasts were generated
by treating mitochondria with a 9:1 ratio of EM buffer (10 mm
MOPS-KOH (pH 7.2) and 1 mm EDTA) and SEM buffer for 10
min on ice. Subsequently, samples were treated with 20-50
pg/ml proteinase K for 15 min on ice. For lysis, mitochondria
were treated with Triton X-100 at a final concentration of 0.5%
(v/v) prior to the addition of proteinase K. In general, protein-
ase K activity was stopped by the addition of 2 mm PMSF and
incubation for 10 min on ice. Subsequently, mitochondria were
re-isolated by centrifugation (16,000 X g, 10 min, 4 °C) and
washed with SEM buffer. Samples were subjected to SDS-
PAGE and Western blot analysis. To determine membrane
association of proteins, carbonate extraction was used as
described previously (65— 68). In brief, isolated mitochondria
were resuspended in freshly prepared 0.1 M sodium carbonate
buffer at pH 10.8 or pH 11.5 and incubated on ice for 30 min.
Mitochondrial membranes were re-isolated by ultracentrifuga-
tion (100,000 X g, 40 min, 4 °C). The pellet was solubilized in
SDS-PAGE loading dye, whereas proteins remaining in the
supernatant were precipitated by trichloroacetic acid. Samples
were subjected to SDS-PAGE and Western blot analysis.

Import of Precursor Proteins into Isolated Mitochondria and
Microsomes—For in vitro transcription, a PCR-generated tem-
plate containing the SP6 promoter was used. RNA was purified
(MEGACclear kit; Invitrogen) and used for in vitro translation
(TNT kit, Promega) in the presence of **S-labeled methionine.
Import of 3°S-labeled precursor proteins into isolated yeast
mitochondria (corresponding to 50 ug of protein content) was
performed at 25 °C in the presence of 2 mm NADH, 2 mm ATP,
and an ATP-regenerating system (5 mM creatine phosphate and
0.1 mg/ml creatine kinase) in import buffer (3% BSA (w/v), 250
mMm sucrose, 80 mm KCl, 5 mm MgCl,, 2 mm KH,PO,, 5 mm
methionine, 10 mm MOPS-KOH (pH 7.2)) (65). Import reac-
tions were stopped on ice and by dissipation of the membrane
potential with 8 uMm antimycin A, 1 uM valinomycin, and 20 um
oligomycin. For protease treatment, samples were incubated
with 50 pg/ml proteinase K for 15 min on ice. Mitochondria
were re-isolated by centrifugation (16,000 X g, 10 min, 4 °C)
and washed with SEM buffer. For pulse-chase experiments, >°S-
labeled Psd1 was imported into mitochondria for 5 min under
standard import conditions (pulse). Subsequently, mitochon-
dria were re-isolated, washed, and incubated a second time
under import conditions but without the addition of new
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35S-labeled Psd1 precursor (chase). Samples were subjected to
SDS-PAGE, and *°S-labeled proteins were detected by auto-
radiography. For blue native electrophoresis, mitochondria
were solubilized with digitonin buffer (20 mm Tris-HCl (pH
7.4), 50 mm NaCl, 0.1 mm EDTA, 10% glycerol) containing 1%
(w/v) digitonin. After a clarifying spin, mitochondrial protein
complexes were separated by blue native electrophoresis as
described (69, 70).

The import of **S-labeled precursor proteins into dog pan-
creatic microsomes (Promega) was carried out following the
standard import protocol for isolated mitochondria. Mem-
branes were re-isolated by centrifugation (125,000 X g, 30 min,
4.°C) and washed with SEM buffer. Membranes were lysed under
denaturing conditions and subjected to SDS-PAGE analysis.

Affinity Purification of Tagged Proteins—Mitochondria were
solubilized in digitonin buffer containing 1% (w/v) digitonin at
a protein concentration of 1 mg/ml for 20 min on ice. After a
clarifying spin, the supernatant was incubated with an anti-HA
matrix (Roche Applied Science) under constant rotation for 1 h
at 4 °C. Following several washing steps with digitonin buffer
containing 0.3% (w/v) digitonin, proteins were eluted and sub-
jected to SDS-PAGE, Western blot analysis, and immunodetec-
tion with the indicated antisera. For affinity purification of
arrested precursor, >°S-labeled Psd1 was imported in the
absence of a membrane potential into mitochondria containing
Tom22,;;, Tom40;;,, or Tom70;y,,. Subsequently, pull-down
experiments were performed as described (59 —62).

Phospholipid Analysis—Lipids were extracted from total cell
free homogenate and mitochondria by the procedure of Folch
etal. (1957) using chloroform/methanol (2:1, v/v) (71). Remain-
ing contaminants (e.g. proteins and salts) were removed by
additional washing steps of the organic phase with 0.034%
MgCl, solution (w/v), 2 N KCI, methanol (4:1, v/v), and metha-
nol/water/chloroform (48:47:3, v/v/v), respectively. Individual
phospholipids were separated by two-dimensional thin layer
chromatography on Silica gel 60 plates (Merck) by using
chloroform, methanol, 25% NH, (68:35:5, v/v/v) as the first
and chloroform/acetone/methanol/acetic acid/water (53:20:
10:10:5, v/v/v/v) as the second developing solvent. Phospho-
lipids were visualized on thin-layer chromatography plates
by staining with iodine vapor, scraped off, and quantified as
described (72).

Psdl Activity Assay—The enzymatic activity of Psdl was
determined in vitro by measuring the conversion of *H-labeled
PS to *H-labeled PE in isolated mitochondria from yeast cells
grown to the logarithmic growth phase as reported by Kuchler
et al. (31). Radioactively labeled [*H]PS was synthesized in vitro
by incubating isolated yeast microsomes (8 mg of protein) with
0.02/0.2 mm CDP-DAG, 5 mMm hydroxylamine, 0.6 mm MnCl,,
0.2% Triton X-100, 0.5 mM L-serine, 0.01 uCi of L-[*H]serine
(specific activity 21.99 Ci/mmol), and 0.1 m Tris-HCI (pH 8.0)
in a total volume of 2 ml for 2 h at 30 °C. The reaction was
stopped by the addition of 3 ml of chloroform/methanol (2:1,
v/v), and lipids were extracted as described previously (71).
The Psd1 activity assay was performed in a final volume of
1.5 ml containing 100 nmol of [?H]PS (specific activity, 0.64
nCi/nmol), 0.1 M Tris-HCI (pH 7.2), 10 mm EDTA, and 1 mg
of protein from isolated mitochondria (31, 47). Incubations
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FIGURE 1. The B-subunit of Psd1 tethers the Psd1 a-subunit to the inner membrane. A, the Psd1 constructs used are shown schematically. MT, predicted
mitochondrial targeting sequence; IM, putative inner membrane sorting signal. B, mitochondrial proteins from yeast strains expressing Psd1HA, Psd15463A, or
Psd1AIM were separated by SDS-PAGE and visualized by immunodetection with the indicated antibodies. C, intact, swollen, or lysed (with Triton X-100)
mitochondria were incubated with or without proteinase K. Subsequently, samples were subjected to SDS-PAGE, and the indicated components were
visualized by immunodetection with the respective antisera. D, mitochondria were subjected to carbonate extraction. Total (T), membrane-bound (P), and
soluble proteins (S) were separated by SDS-PAGE, and components were visualized by immunodetection with the indicated antisera. E, Psd1HA was precipi-
tated with an anti-HA affinity matrix. Load (5%) and eluted proteins (100%) were separated by SDS-PAGE, and proteins were visualized by immunodetection

with the indicated antisera.

were carried out for 7 min at 30 °C and terminated by the
addition of 3 ml of chloroform/methanol (2:1, v/v). Lipids
were extracted, and individual phospholipids were separated
as described above. After visualization with iodine vapor, PE
was scraped off, and radioactivity was measured by liquid
scintillation counting using LSC Safety (Baker) with 5%
water as scintillation mixture.

RESULTS

The B-Subunit of Psdl Anchors the o-Subunit to the Inner
Mitochondrial Membrane—A special feature of Psd1 matura-
tion is its structural arrangement in the form of an «- and a
B-subunit (Fig. 1, A and B, lanes 1 and 4). Interestingly, the
precise topology of Psdl, especially of the two non-identical
subunits within mitochondrial compartments, has not yet been
determined. To address this issue in detail, we used a specific
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antibody recognizing the 3-subunit of the protein (Fig. 1B, lane
1) and generated a yeast strain expressing Psd1 with an HA tag
C-terminally fused to the a-subunit (Fig. 14). HA tagging did
not affect maturation of Psd1 because the mature B-subunit of
Psd1-HA behaved like wild type Psd1 (data not shown). Use of
an HA-specific antibody allowed us to detect a 4-kDa a-subunit
of Psd1 in isolated mitochondria (Fig. 1B, lane 4). The appear-
ance of the a-subunit was not affected by deletion of the pre-
dicted inner membrane sorting signal of Psd1 (Psd1AIM) (Fig.
1B, lane 6). To further test the specificity of both antibodies, we
constructed a yeast strain expressing a Psd1S463A variant with
a mutation at the LGST cleavage site, which cannot undergo
autocatalytic processing (Fig. 1A4) (9, 46, 53). As expected, both
antibodies recognized unprocessed Psd1 (Fig. 1B, lanes 2 and 5)
and could therefore be used to determine the submitochondrial
localization of both Psd1 subunits.
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FIGURE 2. Tom70 and Tom22 are the main receptors for the import of Psd1 precursor into mitochondria. A-C, **S-labeled Psd1 precursor was imported
in the presence or absence of amembrane potential (Ay) into mitochondria from wild type, tom22A (A), tom20A (B), or tom70A (C). Subsequently, mitochondria
were incubated with or without proteinase K (Prot. K). >°S-Labeled proteins were detected by autoradiography. The time-dependent formation of the mature
form of Psd1 (m) in mitochondria was quantified by using ImagelJ. The longest import time point of Psd 18 (m) into wild type mitochondria was set to 100%.
Mean values of four measurements with S.E. (error bars) are shown. Immunodetection with the indicated antisera was used as a loading control. p, precursor;

iy, iy, intermediates 1 and 2; m, mature Psd1p.

For this purpose, we treated intact, hypotonically swollen or
lysed mitochondria with proteinase K (Fig. 1C). Both «- and
B-subunits were protected in intact mitochondria but accessi-
ble to the protease after rupture of the outer membrane by
osmotic swelling (Fig. 1C, lanes 2 and 4). Similarly, the inner
membrane protein Tim23 with a domain exposed to the inter-
membrane space was degraded after rupture of the outer mem-
brane (Fig. 1C, lanes 2 and 4). The outer membrane protein
Tom70 was proteolytically cleaved on intact mitochondria,
whereas the matrix-localized Tim44 was digested only after
lysis of mitochondria with detergent (Fig. 1C, lane 6). These
results indicate that both subunits of Psd1 face the intermem-
brane space, which is in line with the reported detection of Psd1
activity (31, 57, 58).

Previously, it was speculated that Psd1 might be released into
the intermembrane space by cleavage of a proposed inner
membrane sorting signal (50, 55), although experimental evi-
dence for this hypothesis was missing. To test a possible mem-
brane association of Psd1, we used a well established alkaline
extraction method (66, 67). This approach revealed that the
Psdl B-subunit (Psd1B) remained membrane-associated after
carbonate extraction at pH 10.8 and pH 11.5 similar to the outer
membrane protein porin, whereas the peripheral membrane
protein Tim44 was efficiently removed (Fig. 1D). We concluded
from this result that the B-subunit was integrated into the inner
mitochondrial membrane. In contrast, the a-subunit was
extracted under all tested conditions and therefore localized to
the intermembrane space (Fig. 1D). Furthermore, we tested
attachment of both subunits to each other after autocatalytic
processing in the PSDI-HA strain by pull-down experiments
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utilizing an anti-HA affinity matrix (Fig. 1E). The Psd1 -sub-
unit was efficiently co-purified with the HA-tagged a-subunit
(Fig. 1E, lane 4), indicating stable association of both Psd1 sub-
units. Thus, the B-subunit of Psd1 contains a membrane anchor
tethering the soluble a-subunit to the inner mitochondrial
membrane.

Tom?70 and Tom22 Are the Main Mitochondrial Receptors for
the Psdl Precursor—Localization of Psdl to the inner mem-
brane raises the question of the import mechanism of this pro-
tein into mitochondria. In general, the majority of mitochon-
drial proteins are translated on cytosolic ribosomes as
precursors with an N-terminal signal sequence, which is suffi-
cient for targeting and import into mitochondria. The translo-
case of the outer mitochondrial membrane (TOM complex) is
crucial for the translocation of precursor proteins across the
outer membrane (73-77). First, we tested whether Psd1l was
imported via the TOM complex at all by importing **S-labeled
Psd1 precursor into mitochondria isolated from a yeast strain
lacking Tom22 (Fig. 2A). Deletion of Tom22 results in destabi-
lization of the TOM complex and blocks the import of the
majority of TOM-dependent substrates into mitochondria
(78). Upon import into isolated mitochondria, three forms of
Psd1 were detected (Fig. 24, lanes 1-3), which were absent in
the reticulocyte lysate, showing that processing does not occur
spontaneously (data not shown). The three fragments represent
intermediates 1 and 2 (i; and i,) formed by unknown processing
steps and presumably the mature Psd1 B-subunit (m) (Fig. 24,
lanes 1-3) (55). Intermediate 1 was not completely taken up by
mitochondria because it was accessible to externally added pro-
teinase K and predominantly formed in the absence of a mem-
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brane potential (Fig. 24, lanes 1-4). In contrast, intermediate 2
and the mature Psd13 were only formed in the presence of the
membrane potential and showed protease resistance (Fig. 24,
lanes 1-3). Thus, we conclude that intermediate 2 and the
mature Psd18 were fully imported into mitochondria. In the
absence of Tom22, import of the precursor into isolated mito-
chondria was strongly reduced, indicating the general require-
ment of the TOM complex for biogenesis of Psd1 (Fig. 24). The
TOM complex has two peripheral receptors, Tom20 and
Tom70. Tom20 was reported to recognize precursor proteins
with cleavable signal information, whereas Tom70 mainly
interacts with hydrophobic precursors harboring internal non-
cleavable targeting information (3, 73-79). To test which
peripheral receptor was involved in the import of Psd1 precur-
sor, we performed import experiments with mitochondria from
yeast strains lacking either Tom20 or Tom?70. Surprisingly,
import of Psdl into mitochondria lacking Tom20 was only
mildly affected (Fig. 2B) but significantly reduced in the absence
of Tom70 (Fig. 2C). Thus, although Psd1 harbors a cleavable
signal sequence, Tom70 and Tom?22 are the main receptors for
the import of Psd1 precursor into mitochondria.

MPP and Octl Cleave the Signal Sequence of Psd1—The
import of **S-labeled Psd1 precursor into mitochondria leads
to formation of three fragments (see Fig. 24) (53, 55). However,
the molecular mechanism of proteolytic cleavage and the
nature of these fragments remained unclear. Previously, it was
speculated that the inner membrane sorting sequence might be
removed by a protease like Ymel (50, 55). However, the
observed membrane integration of the B-subunit points to a
different processing mode. To identify the processing proteases
required for Psd1 maturation, we analyzed the protein pattern
of Psd1 in mitochondria from strains lacking described or pre-
dicted mitochondrial proteases (61) using the antibody specific
for Psd1 B-subunit (Fig. 3A). Surprisingly, deletion of Ymel did
not affect the size of mature Psd1 in mitochondria at all (Fig. 34,
lane 4). Also processing of freshly imported Psdl was not
affected in the absence of Ymel (data not shown). Similarly, the
inner membrane proteases Impl and Imp2, both required for
maturation of mitochondrial proteins destined for the inter-
membrane space (74, 76, 80, 81), had no effect on Psd1 matu-
ration (data not shown).

Whereas deletion of several other mitochondrial proteases
did not affect the formation of Psd1p, a small size shift of Psd1
was observed in mitochondria lacking Octl (octapeptidyl
aminopeptidase) (Fig. 34, lane 8). It is known that the matrix-
localized Oct1 typically removes an octapeptide from a precur-
sor intermediate after cleavage by MPP to stabilize the client
protein (63). To confirm processing of the Psd1 precursor by
Octl, we imported **S-labeled Psd1 into mitochondria lacking
this protease (Fig. 3B). We observed a size shift of intermediate
2 (i,) and of the mature Psd1 B-subunit (m), indicating that
Octl indeed removed a peptide from the Psd1 precursor (Fig.
3B, lanes 3 and 7).

The amino acid sequence of the Psd1 precursor suggests the
presence of a classical N-terminal mitochondrial signal
sequence (36). Such signal sequences are typically removed by
MPP of the mitochondrial matrix, which consists of the two
essential subunits Mas1 and Mas2 (74, 80, 81). To address the
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FIGURE 3. MPP and Oct1 process the Psd1 precursor. A, mitochondrial pro-
teins from several deletion strains were analyzed on SDS-PAGE. The B-subunit
of Psd1 was visualized by immunodetection with a Psd1-specific antibody.
B, **S-labeled Psd1 precursor was imported in the presence or absence of a
membrane potential (Ay) into mitochondria from wild type or oct7A. Subse-
quently, mitochondria were incubated with or without proteinase K (Prot. K).
3>S-Labeled proteins were detected by autoradiography. P, precursor; i, iy,
intermediates 1 and 2; m, mature Psd1. C, 3*S-labeled Psd1 and Psd15463A
precursor were imported in the presence or absence of amembrane potential
(A) into mitochondria from wild type or mas7ts mutant strain. Subsequently,
mitochondria were incubated with or without proteinase K. 3*S-Labeled pro-
teins were detected by autoradiography. D, **S-labeled Psd 1., containing
six methionines at the C terminus of Psd1 was imported in the presence or
absence of a membrane potential (Ay) into mitochondria from wild type or
masTts mutant strain. 3*S-Labeled Psd1a was detected by autoradiography.
E, experimental scheme and pulse-chase experiment of >*S-labeled Psd1 into
wild type mitochondria. 3°S-Labeled Psd1 was imported into wild type mito-
chondria for 5 min at 25 °C under standard import conditions (lane 1; Pulse).
After re-isolation and washing steps, mitochondria were further incu-
bated under import conditions but without the addition of new **S-labeled
precursor (lanes 2 and 3, Chase). **S-Labeled proteins were detected by
autoradiography.

role of MPP in processing of Psd1, we imported the Psd1 pre-
cursor into mitochondria isolated from a temperature-sensitive
Mas1 mutant (61, 62). MasIts was inactivated in vivo by shifting
the culture to non-permissive growth conditions. In isolated
mitochondria of the in vivo heat-shocked masits cells, removal
of the signal peptide from intermediate 2 and the mature Psd1f3
was blocked (Fig. 3C, lanes 3 and 7). Thus, the N-terminal pre-
sequence of the Psd1 precursor is cleaved by the matrix-located
proteases MPP and Octl, yielding Psd1 (m).
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So far, we only speculated that the mature Psd1is formed by
self-processing, which leads to the formation of two protease-
protected bands upon import of Psd1 in masits (Fig. 3C, lane 7).
To test this notion experimentally, we imported a Psd1 variant
into wild type and masIts mitochondria, which contains a point
mutation in the conserved LGST motif to prevent autocatalytic
cleavage (9, 46, 53). This Psd1S463A construct was imported
with the same efficiency as wild type, but cleavage into a- and
B-subunit was blocked (Fig. 3C, lane 10). In masIts mitochon-
dria, only the upper band was formed, indicating that the
mature Psd1f emerged upon self-cleavage in an MPP-inde-
pendent manner (Fig. 3C, lane 11). To confirm this conclusion,
we analyzed formation of the a-subunit of Psd1 in masIts mito-
chondria directly. The C terminus of Psd1 was tagged with six
methionines to allow detection of *°S-labeled Psdla. This
Psd1,,,, construct was imported like wild type Psd1 (data not
shown), and the formation of Psd1« with a size of 4 kDa was not
affected in maslits mitochondria (Fig. 3D, lanes 3 and 4). To
determine at which import step autocatalysis occurred, we per-
formed a pulse-chase experiment with **S-labeled Psd1 (Fig.
3E).3°S-Labeled Psd1 was imported for a short time period (Fig.
3E, lane 1, Pulse). Subsequently, mitochondria were re-isolated
and further incubated under import conditions but without
addition of new *°S-labeled precursor (Fig. 3E, lanes 2 and 3,
Chase). Interestingly, the mature Psd1 was formed more effi-
ciently after the chase but only to a minor extent during the
short pulse period (Fig. 3E). This observation indicated that
self-cleavage of Psd1 occurs at late import time points and fol-
lows processing by MPP and Octl under normal import
conditions.

TOM Complex-arrested Psdl Precursor Is Processed into o-
and B-Subunit—Strikingly, Psd1a is also formed in the absence
of a membrane potential, which indicates that self-cleavage of
Psd1 can occur independently of its import into mitochondria
(Fig. 3D, lane 1). Because intermediate 1 is also formed in the
absence of a membrane potential (Fig. 3B, lane 1), we wondered
whether intermediate 1 represented a self-processed Psd1 pre-
cursor. To address this issue, we performed import experi-
ments with the Psd1S463A precursor in wild type mitochon-
dria (Fig. 4A, lanes 5-8). Interestingly, intermediate 1 was not
generated during import of the Psd1S463A precursor, demon-
strating that intermediate 1 is formed by self-processing of Psd1
into a- and B-subunit. To assess the efficiency of the self-cleav-
age by arrested Psd1, we quantified the formation of Psd1a in
the presence and absence of a membrane potential (Fig. 4B).
We found that albeit import into mitochondria favors self-pro-
cessing, a marked amount of arrested Psd1 precursor under-
goes autocatalysis as well (Fig. 4B, lane 3).

It has been shown before that upon depletion of the mem-
brane potential, some hydrophobic precursors accumulate at
the TOM complex (12, 82). To test whether or not the arrested
Psd1 precursor binds to the TOM complex as well, we incu-
bated *S-labeled Psd1 precursor with isolated mitochondria in
the absence of a membrane potential (Fig. 4C). After the
import, mitochondria were lysed using the mild detergent dig-
itonin, and samples were analyzed by blue native electrophore-
sis to detect the TOM-bound intermediate. In the absence of a
membrane potential, the Psd1 precursor was stably bound to
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FIGURE 4. TOM complex-arrested Psd1 precursor undergoes autocata-
lytic processing. A, 3°S-labeled Psd1 and Psd1S463A precursor were
imported in the presence or absence of a membrane potential (Ay) into wild
type mitochondria. Subsequently, mitochondria were incubated with or
without proteinase K (Prot. K). >*S-Labeled proteins were detected by autora-
diography. p, precursor; i, i, intermediates 1 and 2; m, mature Psd1p. B, 3°S-
labeled Psd1,,. containing six methionines at the C terminus of Psd1 was
imported in the presence or absence of a membrane potential (Ay) into mito-
chondria from wild type. 3*S-Labeled Psd1a was detected by autoradiogra-
phy. The time-dependent formation of Psd 1« in mitochondria was quantified
by using ImagelJ. The longest import time point of Psd 1« into wild type mito-
chondria in the presence of a membrane potential was set to 100%. Mean
values of three measurements with S.E. (error bars) are shown. C, **S-labeled
Psd1 precursor was imported in the absence of a membrane potential into
wild type mitochondria. Mitochondria were incubated with or without anti-
bodies against Tom5 or Tom22 or preimmune sera as a control. Subsequently,
protein complexes of lysed mitochondria were separated by blue native gel
electrophoresis. 3*S-Labeled proteins were detected by autoradiography.
D, **S-labeled Psd1 precursor was imported in the absence of a membrane
potential into wild type, Tom22,,;,, Tom70,;,, and Tom40,,, mitochondria.
Subsequently, mitochondria were lysed and subjected to affinity purification
utilizing the His and HA tag. Load (4%) and eluted proteins (100%) were sep-
arated by SDS-PAGE and analyzed by autoradiography. i;, intermediate 1.
E, 3*S-labeled Psd1,,., precursor was imported in the presence or absence of
a membrane potential (Ay) into mitochondria from wild type, tom70A,
tom20A, and tom22A. **S-Labeled Psd1a was detected by autoradiography.

the TOM complex, as shown by a size shift of the intermediate
after adding antibodies against Tom5 or Tom22 to mitochon-
dria (Fig. 4C, lanes 3 and 6). To analyze whether both precursor
and intermediate 1 bind to the TOM complex, we arrested >°S-
labeled Psdl at the translocases in mitochondria containing
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His-tagged Tom22, Tom70, or HA-tagged Tom40 and per-
formed affinity purification (Fig. 4D). These experiments
revealed that intermediate 1 and unprocessed precursors were
co-purified with tagged TOM subunits (Fig. 4D, lanes 4, 8, and
12). To determine if Tom receptors play a role in self-cleavage
of Psd1, we analyzed the formation of Psd1« in mutants lacking
one Tom receptor (Fig. 4E). Only the absence of Tom70 slightly
affected Psd1a formation (Fig. 4E, top). This observation indi-
cated that Tom70 is involved in the initial recognition of the
Psdl precursor, whereas Tom22 is involved in later import
steps. Altogether, in the absence of a membrane potential, auto-
catalytic cleavage of the Psd1 precursor into a- and B-subunits
occurred when the precursor was exposed on the outer mem-
brane and bound to the TOM complex.

Psd 1 Requires Integration into the Inner Mitochondrial Mem-
brane for Full Enzymatic Activity—The surprising finding that
an arrested Psd1 precursor probably undergoes self-processing
at the outer membrane tempted us to speculate that separation
of a- and B-subunit may also occur in other mitochondrial
compartments or even on other membranes. To test this
hypothesis, we followed the processing of **S-labeled Psd1 pre-
cursor after incubation with mitochondria and microsomes
under the same import conditions. We could not detect any
cleavage of the Psd1 precursor when canine pancreatic micro-
somes were added (Fig. 54, lanes 3 and 4). This result indicates
that Psd1 maturation depends on mitochondrial membranes,
which is consistent with the results obtained with Plasmodium
knowlesi (PkPSD) (54). We also tested whether sorting of Psd1
to the inner membrane is required for self-processing and func-
tion. To address this issue, we generated a yeast strain express-
ing a Psdl variant that lacks the predicted inner membrane
anchor (Val-81 to Ser-100; Psd1AIM) (Fig. 1A4) (46). Detection
of both a- and B-subunits using the subunit-specific antibodies
described above demonstrated that Psd1AIM undergoes auto-
catalytic processing (Figs. 1B, lanes 3 and 6, and 5B). In contrast
to Psd1HA, the Psd1AIM «- and B-subunit were not accessible
to externally added proteases after rupturing the outer mem-
brane by osmotic swelling (Fig. 5B, lane 4). Like the matrix-
localized Tim44, Psd1AIM was only degraded by proteinase K
when membranes were lysed with detergent (Fig. 5B, lane 6).
This result indicated that Psd1AIM was fully transported to the
matrix site of the inner membrane and that the predicted inner
membrane anchor was crucial for correct topology. To com-
pare the processing efficiency of both constructs, import exper-
iments with *S-labeled Psd1AIM and wild type Psd1 into iso-
lated mitochondria were performed (Fig. 5C). Deletion of the
putative inner membrane anchor in Psd1AIM even stimulated
import and processing steps of the precursor by MPP and Oct1
(Fig. 5C, lanes 5-8).

Finally, we determined the effect of Psd1AIM mislocalization
on the activity of the enzyme (Fig. 64) and on the mitochondrial
phospholipid pattern (Fig. 6B). Mitochondria from a strain
expressing Psd1S463A did not display detectable decarboxylase
activity due to the inability to generate the active site of the
enzyme. In contrast, mislocalization of Psd1 by removing the
membrane anchor of the B-subunit (Psd1AIM) led to a reduced
enzymatic activity compared with wild type and HA-tagged
Psd1 (Fig. 6A). The loss of Psd1 activity in Psd1S463A led to a
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FIGURE 5. Autocatalytic processing of Psd1 is restricted to mitochondria
but does not depend on the proper sorting of Psd1. A, >*S-labeled Psd1
precursor was imported in the presence of a membrane potential (Ay) into
wild type mitochondria (MIT) and canine pancreatic microsomes (MIC). P, pre-
cursor; iy, i, intermediates 1 and 2; m, mature Psd1p. B, intact, swollen, or
lysed (with Triton X-100) mitochondria from a yeast strain expressing
Psd1AIM were incubated with or without proteinase K (Prot. K). Subsequently,
samples were subjected to SDS-PAGE, and proteins were visualized by immu-
nodetection with the indicated antisera. C, 3>*S-labeled Psd1 or Psd1AIM was
imported in the presence or absence of a membrane potential (Ay) into wild
type mitochondria. Subsequently, mitochondria were incubated with or
without proteinase K. °S-Labeled proteins were detected by autoradiogra-
phy. For loading controls, the mitochondrial Hsp70 (Ssc1 (stress-seventy sub-
family C/mitochondrial Hsp70)) was immunodetected with specific antibod-
ies. p, precursor; i, and i,, intermediates 1 and 2; m, mature Psd1.

typical psd1A phospholipid pattern, which is characterized by
an enrichment of phosphatidylcholine at the expense of PE in
mitochondria and homogenate (Fig. 6, B and C) (18, 47). The
level of PS within mitochondria was not increased because it is
used as a substrate for Psd2, which is localized to the Golgi/
vacuolar compartment and responsible for extramitochondri-
ally synthesized PE (37, 38).

Interestingly, the phospholipid pattern of Psd1AIM in homo-
genate resembled that of Psd1S463A (Fig. 6C). These findings
indicated that mislocalization of Psdl to the mitochondrial
matrix leads to a reduced activity of the enzyme (Fig. 6A4) and
consequently to insufficient supply of mitochondrially synthe-
sized PE to the total cellular PE pool (Fig. 6C).

DISCUSSION

In yeast, Psd1 catalyzes formation of the majority of cellular
PE by decarboxylation of PS (1, 28, 31, 37-39, 83). Deletion of
PSD1 leads to severe cell damage, including alterations of mito-
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FIGURE 6. Inner membrane localization of Psd1 is required for optimal
enzymatic activity. A, phosphatidylserine decarboxylase activity was meas-
ured using isolated mitochondria from wild type and the indicated Psd1
mutants. Strains were grown on minimal galactose medium at 30 °C. Mean
values of three independent measurements and S.D. values are shown. Band
C, phospholipids were extracted from mitochondria (B) and homogenate (C)
isolated from wild type and the indicated Psd1 mutants. Strains were grown
on minimal galactose medium at 30 °C. LP, lysophospholipids; PI, phosphati-
dylinositol; PC, phosphatidylcholine; DMPE, dimethylphosphatidylethano-
lamine; PA, phosphatidic acid. Mean values of two independent measure-
ments and S.D. values (error bars) are shown.

chondrial morphology and reduced growth under respiratory
conditions caused by dramatically reduced PE levels in mito-
chondrial and other cellular membranes (44, 45). For this rea-
son, functional Psd1 is highly important to maintain cell integ-
rity and function.

Here we show that correct import and sorting is required for
the enzymatic activity of Psdl. In previous experiments, it was
shown that GFP-tagged Psd1 localizes to the inner mitochon-
drial membrane (47). However, the question remained open
whether the protein was integrated into the membrane or
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sorted into the intermembrane space, especially due to the
occurrence of two non-identical subunits (46, 50, 53, 55). In the
present study, we demonstrate that the B-subunit of Psd1 is
tightly anchored into the inner membrane, most likely via a
single transmembrane segment. This conclusion is supported
by the prediction of at least one transmembrane region, as
reported previously (53, 55). Deletion of this hydrophobic seg-
ment (amino acids Val-81 to Ser-100) (46, 54) leads to mislo-
calization of Psd1 to the matrix side of the inner membrane,
partial loss of enzymatic activity, and, consequently, reduced
PE levels (Figs. 5B and 6). In such a construct, however, cleavage
of the proenzyme to its non-identical subunits was not inhib-
ited (Fig. 1B). This result suggests that not only correct proc-
essing of Psd1 but also the membrane environment plays a cru-
cial role for the formation of an active enzyme. Because the
soluble a-subunit harbors the active site of the enzyme or at
least an essential part of this domain, the recruitment to the
inner membrane surface with orientation to the intermem-
brane space appears to be crucial for the ability of Psd1 to decar-
boxylate the polar headgroup of PS. The soluble a-subunit
present in the intermembrane space interacts with the mem-
brane-bound B-subunit (Fig. 1, D and E).

To support the topological model of Psd1 presented in this
study, we investigated the mitochondrial import route of this
protein and identified components required for its processing.
Here, we show that the two matrix-localized processing pepti-
dases MPP and Octl remove the targeting signals from the Psd1
precursor (Fig. 3C). Finally, the processed Psd1 undergoes self-
cleavage into a- and B-subunits (Fig. 3E). MPP usually cleaves
the mitochondrial signal sequence, and subsequently Octl
removes a small peptide, typically an octapeptide (80, 81). The
predicted MPP cleavage site is after leucine 48 of Psd1. More-
over, the Psdl precursor contains a sequence typical for an
Octl cleavage motif, namely arginine at position —10 and phe-
nylalanine at position —8 of the putative Octl cleavage site after
serine at position 56. In general, the second processing step
catalyzed by Oct1 is considered to stabilize the N terminus (63).
Sequential cleavage by MPP and Octl presumably leads to a
stabilizing glycine at the N terminus of the mature Psd1 (61, 63).
Proteases, which typically remove inner membrane sorting
sequences, like Imp1 and Imp2 (80, 81), had no effect on Psd1
processing. This finding is in line with the observation that the
hydrophobic inner membrane sorting sequence is not proteo-
Iytically removed and can therefore serve as a membrane
anchor for Psd1. Thus, the yeast mitochondrial Psd1 B-subunit
is embedded into the inner membrane like its bacterial coun-
terpart (48).

Surprisingly, we discovered that cleavage of the Psd1 precur-
sor into a- and B-subunits, which is a crucial step in the forma-
tion of the active center of the enzyme, can also take place when
the precursor is arrested at the TOM complex of the outer
mitochondrial membrane by depletion of the membrane
potential (Fig. 4, Band D). Even mislocalization of the protein to
the matrix site of the inner membrane did not affect its self-
cleavage (Fig. 5, B and C). Thus, separation of the two subunits
does not depend on proper maturation and targeting of Psd1
within mitochondria. Interestingly, self-processing of the Psd1
precursor into Psdla at the outer membrane is only mildly
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affected by deletion of Tom?70, whereas deletion of other Tom
receptors had no effect on this processing step (Fig. 4E). Thus,
Tom?70 provides an initial docking site for the incoming Psd1
precursor but is not strictly required for autocatalysis of Psd1.
Other components of the mitochondrial surface or specific
membrane properties may be important for the autocatalytic
processing of Psd1 as well. Choi et al. (54) reported that proc-
essing of Psd from P. knowlesi (PkPSD) into - and B-subunits
was influenced by its lipid surrounding. In vitro experiments
using liposomes demonstrated that processing of PkPSD to the
mature enzyme form and Psd activity were enhanced by
increasing concentrations of dioleoyl phosphatidylserine,
whereas other anionic phospholipids, such as dioleoyl phos-
phatidic acid or dioleoyl phosphatidylglycerol, displayed an
inhibitory effect (54). Future studies will be necessary to reveal
whether a mitochondria-specific lipid composition contributes
to induce the self-processing of Psd1 because this step does not
occur when the precursor is incubated with microsomal mem-
branes (Fig. 5A).

In summary, our studies demonstrate clearly that insertion of
Psdl into the inner membrane/intermembrane space is para-
mount for the formation of an enzymatically active protein. The
specific membrane environment may contribute to this proc-
ess. Correct topology of Psdl at the inner membrane-inter-
membrane space interface appears to be important for proper
access of the amphipathic substrate PS with its polar headgroup
and hydrophobic tails to the active center of the enzyme.
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