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ABSTRACTSecretins form largemultimeric pores in the outer membrane
(OM) of Gramnegative bacteria. These pores are part of type Il and Ill sec
tion systems (T2SS and T3SS, respectively) and are crucial for pathoger
Recent structural studies indicate that secretins form a stiudzNB  N&
strands. However, little is known about the mechanism by which secreti
FaaSYotS Ayid2 G(KS hao FaSR 2y i

barrel proteins in bacteria and mitochondria, we used yeast cells as a mo
system to study theassembly process of secretins. To that end, we analyz
the biogenesis of PulD (T2SS), SsaC (T3SS) and InvG (T3SS) in wild type
in cells mutated for known mitochondrial import and assembly factors. Ol
results suggest that secretins can be expredsn yeast cells, where they are
enriched in the mitochondrial fraction. Interestingly, deletion of mitochondri
al import receptors like Tom20 and Tom70 reduces the mitochondrial assot
tion of PulD but does not affect that of InvG. SsaC shows another deleacy

pattern and its membrane assembly is enhanced by the absence of Tor
and compromised in cells lacking Tom20 or the topogenesis of outer me
6 NJ yb&rrel proteins (TOB) complex component, Mas37. Collectively, the
findings suggest that various segtins can follow different pathways to as-
semble into the bacterial OM.

INTRODUCTION

To aid their survival, Graimegative bacteria have devel-
oped several secretory systemthat are involved in
transport and secretion of substrates and toxins through
their outer membrane (OM]1, 2] Type Il and IIl secretion
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Abbreviations:

BAMCc I -barrel assembly machingry
IMS¢ intermembrane space,
OM¢ outer membrane,
PulDFL¢ full length RIID,
PulBT ¢ truncated PulD,

T2Sg type Il secretion system,
T3SK type lll secretion system,
T4P¢ type IV pili,

TOM( translocase of the outer
membrane.

turing agens [9-14]. Theaforementioned rings actually a

gated pore, which is open only when required for translo-
cation of proteing[7, 15] All secretins consist of a highly
consered proteaseresistant,
domain and a less conserved periplasmiteNninal part

membranembedded €

systems as well as type IV pili (T2SS, T3SS, and T4P, respecomposed of two to four small domains (nameglthl Ns)
tively) secrete toxins into the exoplasm (T2SS), directly into (see Fig. 1A [10, 12] For their correct assembly, some

the cytosol of the host cells (T3SS),bwild adhesion fac-

secretins require small chaperodie lipoproteins, called

tors (T4P)3-6]. These three systems consist of a massive
complex spanning both the inner and outer membrane.
The most conserved part among these secretion systems
are the components of the OMtructure, called secretins
[7, 8]

Secretins form highly stable homooligomeric rings in
the OM, which consist of 125 copies and are usually re-
sistant against detergest higher temperatures and dena-
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pilotins, which helgn targeting their cognitive secretins to
the OM and are proposed to stabilize the secretin multi-
mer [8, 16, 17] Accordingly, such seatins harbour at their
very Gterminal region, an additional domain (S domain)
that mediates the interaction with their corresponding
pilotins.

PulD fromKlebsiella oxytocagne of the most exten-
sively studied secretins, belongs to the T2SS subfamily and
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was reported to assembl@ vivoandin vitro spontaneous-

ly into membraneg18, 19] In vivqg PulD is targeted to the
OM by its dedicated pilotin PulS and does not need other
factors for multimerizatiorj19-22]. In Salmonellasecretins

are part of both T3SS encoded by the pathogenicity island
1 and 2 (SP1 and SP2) [23]. InvG, the secretin encoded
by SR, is well studied, whereas little is known about SsaC,
a secretin encoded b$Pi2. Of note, for its correct locali-
zation in the OM, InvG requires its dedicated pilotin, InvH
[24]. CryeEM (electron microscopy)studies revealed a
pore structure with a 15old symmetry for the secretin
InvG and its ring structure showed an unexpected double
g It f-l&udel architecturg8, 25, 26)

Despite this recent progress in our understandiofg
the structure and function of secretins, the mechanism by
which they assemble in the OM is still an enigma. Secretins
are synthesized in the cytoplasm and, similarly to other
OM proteins, are probably stabilized there by cytoplasmic
factors. Then, theyare transported through the inner
membrane by the Sec translocon. The transport of se-
cretins from the periplasm to the OM can follow different
pathways like Ledlependent, BAMJ -barrel assembly ma-
chinery}dependent, unassisted, or an accessory protein
assisted pathway. It is anticipated that for secretins with
known pilotin, the pilotin transport via the Lol pathway
guides the secretin monomers from the periplasm to the
OM|[20, 21, 27]

In the case of PulD, the pilotin PulS assists the initial as-
sembly process of the secretin by the transport of the
monomer units to the OM. After this transfer, the secretin
monomers form a prgpore in aprocess that is independ-
ent of Pulj10, 17, 19, 20, 22, 28]The prepore then in-
serts into the membrane in a manner that was suggested
to be unassisted?9]. The only regn of the protein identi-
fied so far as critical for formation of the ppore is the N
domain, which is just upstreamf the secretin barrel do-
main[22].

To shed more light on the biogenesis process of PulD

and other secretins, we used yeast cells as a model system.

This choice of expenental system is based on our previ-
ous observations that the evolutionary conservation of the
i -barrel assembly machineries between bacteria and yeast
mitochondria allows the successful usage of yeast mito-
chondria as a model system to study basic featwkthe
laasSyof @&
addition, assembly of secretins into natilike oligomers at
the mitochondrialOM can demonstrate that specific bacte-
rial factors are not absolety required for this process. Our

experiments suggest that secretins can indeed be success-

fully expressed in yeast cells and their proper membrane
assembly depends to a variable extent on additional bio-
genesis factors.

RESULTS
Establisling yeast cells a@ model system to study se-
cretins biogenesis

Biogenesis of secretins

tin, PulD (PulBL), its truncated version (Publ:/2se660,
named PulBr; comprising pmarily the N, Ns, C, and S
domains), and two T3SS secretins, InvG and SsaC (both
containinga Gterminally HAtag) were selected (seEig.

1A for a scheme of these proteins). The DNA sequences
encoding these proteins were cloned into a yeast expres-
sion \ector in which their expression is under the control of
the inducible galactoseGAL promoter. First, we investi-
gated whether the expression of secretins affects the
growth of yeast cells. To this end, we expressed all four
secretins in yeast cells andetgrowth of the transformed
cells at various temperatures and on different carbon
sources was monitored. As expected, growth assessment
of the transformed yeast cells under fermentable/ron
inducible conditions (&lu) showed no growth retardation

of thesecells Fig. 1B. In contrast, the transformed yeast
cells grew slower on an inducible carbon sourcesé9,
conditions that favour strong expression of the bacterial
secretins Fig. 1B. Expression of InvBA was highly toxic,
expression of PulD and itsuncated variant were moder-
ately inhibitory, while expression of SsB®@ had only a
minor effect on the growth of the yeast cells.

To avoid very high expression levels of the secretins
and thus to counteract potential toxic effestthe cells
were grown vith galactose together with 0.1% of glucose,
which represses th&ALpromoter (SGal + 0.1% Glu). Un-
der these conditions, the expression of none of the secre-
tin proteins resulted in slower growth of the cellsid. 1B.

To verify that the lack o&n inhibitory effect under these
conditions did not result from deficiency of secretins ex-
pression, the cells were grown in liquid culture supple-
mented with Gal + 0.1% Glu for few hours and then lysed
to test expression. We observed expression of all secretin
proteins under these conditions, whereas, as expected for
a repressor, growth on glucose aloneG#i) did not result

in any detection of the proteing~{g. 1¢. The absence of
toxic effects combined with reasonable expression levels
lead us to use these conitins (SGal + 0.1% Glu) for all
further experiments.

Secretins can assemble in yeast mitochondria

To study the sulzellular localization of the secretins in the
transformed yeast cells, subcellular fractionation was per-
formed. The results revealed thatimilar to the mitochon-

LINE O Sarr@l pratdins[80I32] iinS N dril miarker proteins (Tom20, Fisl, or Tom70) FElD

PulDT and SsaC were located mainly in the mitochondrial
fraction. In contrast, InvG was enriched in the ER fraction
(Fig. 2A. The purity of the mitochondrial fraction was con-
firmed by the absence of a noteworthy signal for ER (Sec61
or Erv2) and cytosolic (Hexokinase or Bmh1) marker pro-
teins in these samples=ig. 2A. It has been reported that
PulD oligomers are heaand SDSesistant[10]. Indeed,

we observed that also in our system PulD proteins ex-
pressed in yeast are heat and S@Sistant and they have

to be boiled in 8 M urea in Laemmli buffer in order to dis-
sociate their oligomers before analydly SDFAGE (data

To study the assembly and biogenesis of bacterial secretins not shown).

in yeast, four secretin proteins, the fdéingth T2SS secre-
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Since the ER/microsomes fraction was isolated by high
speed centrifugation, it is possible that this fraction con-
tained also aggregated material. This might explain the
residual amounts of PutBL, PulEl and SsaC in this fra
tion. Notably, in contrast to the other three constructs,
although SsaC was clearly enriched in the mitochondrial
fraction, a certain amount was also found in the cytosolic

fraction suggesting that not all SsaC molecules were as-

sembled into cellular membnes.

A
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Biogenesis of secretins

It has been previously reported that PulD and InvG
form oligomers consisting of 12 and 15 copies, respectively
[12, 13] To investigate whether PulD and its truncated
variant expressed in yeast cells hd ability to form na-
tive-like oligomers, we solubilized the mitochondrial frac-
tion with various detergents and analysed oligomeric struc-
tures by blue native (BNJAGE. Of note, both PulL and
even more so Puld were detected in oligomeric struc-
tures Fig. 2B. The size of the observed oligomer corre-
sponds to what has been previously reported in bacterial
membranes[22]. The presence of oligomers of the trun-
cated version indicates that the-términal region does not
play an important role in the oligomerization of PulD.

Remarkably, themigration of the InvG oligomer from
either ER or mitochondria fraction was similar to that of
InvG in bacterial membraneFif). 2§, supporting a native
like oligomerization of this secretin. Of note, although the
steady state levels of InvG in the micrases fraction were
higher than those in mitochondridig. 24, the latter frac-
tion contained more nativdike oligomers Eig. 2¢. This
observation supports our assumption that, at least, part of
the apparent signal in the ER fraction actually represents
aggregated material. Interestingly, SsaC did not form oli-
gomers that could be detected by BNPAGE (data not
shown). The absence of detected oligomeric pore struc-
tures might explain why higher levels of this secretin were
not toxic for yeast celldg. B).

Next, we aimed to test whether the secretins were in-
deed inserted into a mitochondrial membrane or were only
associated with the organelle. To that goal, isolated mito-
chondria harbouring the various secretins were subjected
to alkaline extraction. PulBL, PulBT and InvG were found
solely in the pellet fraction together with other membrane
embedded mitochondrial proteins like Tom2Bid. 3A. In
contrast, SsaC was present in both the pellet (like mem-
braneembedded proteins) and in the supernatant fractio
(similarly to the soluble protein HepFig. 3A. These find-
ings indicate that PulBL, PulBr and InvG are fully em-
bedded within mitochondrial membranes whereas SsaC is
only partially membranembedded.

To investigate into which of the mitochondrial me
branes the secretins were integrated, mitochondria con-

FIGURE 1: Moderate expression of secretins is not toxic to yeast ct
(A) Schematic representation of the PulD and InvG constructs use
this study. The numbering of the amino acid residues strthe start
codon and includes the processsijnal sequence. Currently, there i
no information on the various domains of SsgB) Wild type yeast
cells were transformed with a plasmid encoding the indicated bacte
secretins under the control of the inducib@ALpromoter. Cells were
grown in synthetic glucoseontaining (S5lu) medium to an Odg, of
1.0 and spotted in a 1:5 dilution series on synthetic medium pla
containing Glucose {Slu), Galactose {Sal), or Galactose + 0.1% Gl
cose (SGal + 0.1% Glu). Bsatvere then incubated at the indicatec
temperatures. Two colonies for each strain were analyg&).Wild
type yeast cells transformed with a plasmid encoding the indica
secretins were grown in the indicated liquid media until logarithrr
phase and the lysed. The cell lysates were analysed by-BBGE and
immunodecoration with antibodies against PulD or the-tdé. The
cytosolic protein Bmh1 was used as a loading control.
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FIGURE 2: Bacterial secretins are targeted within yeast cells mainly to mitochondria and form #i&veomplexes(A) Whole cell lysate
(WCL) and fractions corresponding to cytosol (C), light micresdiER) and mitochondria (M) were obtained fravid type yeast cells
transformed with a plasmid encoding the indicated secretin. Samples were analysed dRA®ESand immunodecoration with antibodi
against PulD, HA tag, and the marker proteins Tom20, Tom70 or Fisl for the mitochondrial fractitmprBrgxokinase for the cytoso
and Erv2 or Sec61 for the microsomal/ER fract{BjMitochondria were isolated from wild type yeast cells transformed with the indica
PulD variant. The isolated organelles were solubilized with 1% digitonin, 1% DDM%oiTriton XL00 and analysed on al8% BNPAGE
followed by immunodecoration with antibodies against PulD. Short and long exposures are presented. High molecular veeigs aig
indicated by asterisk¢C)Microsomal (ER) or mitochondria (M) framtiisolated from wild type cells transformed with an empty plasmid
or a plasmid encoding Hiagged InvG were lysed with 1% DDM and further analysed as described in part (B). Membranes of bacte
transformed with an empty plasmid (&) or a pladmencoding EAGtagged InvG were treated and analysed in parallel in the same 1

High molecular weight oligomers are indicated by asterisks.

taining the bacterial secretins were treated with increasing
amounts of externally added proteinase K (PK). Loss of
signal was observed for all secretins, similar to the surface
exposed Tom20. As exped, matrix proteins like Acol or
Hepl were resistant to the protease treatment indicating
the intactness of the organellé=ig. 3B. Collectively, these
results indicate that the secretins are embedded in the
mitochondrial OM and are exposed to the cydbs

Factors involved in the assembly of secretins into the mi-
tochondrial OM

The factors required for assembly @fcsetins in the bacte-
rial OM are mostly unknown. Moreover, basically nothing
is known about the biogenesis of SsaC. Using yeast as
model system, we investigated whether known mitochon-
drial import factors might be involved in the transport
and/or assemblyof the bacterial secretins into the OM. To
this end, we monitored the steady state levels of the vari-

OPEN ACCEgsvww.microbialcell.com 18

ous secretins upon their expression in yeast cells lacking
one or more mitochondrial import components.

a A (0 2 OK 2-haReNfivdteins dre assembled intbe
mitochondrial OM by the coordinated action of the trans-
locase of the outer (mitochondrial) membrane (TOM) and
t2L123SySara 27
proteins (TOB) complexes, the latter also known as the
sorting and assembly machineryA(8) complex. To inves-
tigate whether the TOM complex plays a role in the as-
sembly of PulBFL in the mitochondrial membrane, we
expressed the secretin in yeast cells deleted for either
TOM20or TOM70and its paralogueTOM71 Tom71 can
partially complement te loss of Tom7(Q33]. Hence, to

aavoid any compengary effects by Tom71, the double
dza SR T32NJ (1 KS

deletion straintom70/7In & | a
The absence of either Tom70/71 or Tom20 resulted in
significantly lower amounts of PWEL in isolated mito-
chondria in comparison to its levels in wild type organelles
(Fig. 4A. The dependency on the TOM receptor compo-

Microbial CeDANUARY 20R0ol. 7 No. 1
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FIGURE 3: Secretins are embedded in the mitochondrial OM and exposed to the cytosMit&hondria isolated from wild type cells e
pressing the indicated secretins were either left untreated (TotaBubijected to alkaline extraction. The supernatant (S) and pellet (P)
tions were analysed by SEFSAGE and immunodecoration with antibodies against the indicated proteins. Tom20, an integral OM proteil
and Hepl, soluble matrix proteiB) Mitochondria isolated from wild type cells expressing the indicated secretins were treated with inc
ing amounts of proteinase K (PK). Samples were analysed lgPS6GE and immunodecoration with antibodies against PulBtagland the
indicated mitochondrial mteins. Fullength PulD is indicated with an arrow whereas a proteolytic fragment of InvG with an asterisk.

nents suggests that a proper fationing of the TOM com-
plex is required for the assembly of PtHD in the mito-
chondria. Next, we investigated the requirement of the
TOB complex by monitoring the levels of REIDIn cells
lacking Mas37, the only nesssential subunit of the TOB
complex.Western blot analysis indicated no difference in
the steady state levels of the PulL protein inmas3h
cells in comparison to wild type celBig.4A). These find-
ings are in line with previous report where the BAM com-
plex does not have an effect on the assembly of FlUD
[27].

Since, Tom20 and Tom70 appear to be involved in the
biogenesis of PulBL in yeast cells we wondered whether

OPEN ACCEgsvww.microbialcell.com 19

overexpression of these proteins camhance PulD bio-
genesis. To that aim, crude mitochondria were isolated
from cells expressing PUlEL together with overexpression
of either Tom20 or Tom70. However, elevated levels of
either import receptor did not result in significant en-
hanced levels dPulDFL Fig. 4Band Q).

Next, we wanted to test whether the -dérminal do-
main of PulD plays a role in the dependency of PulD as-
sembly on Tom20 and Tom70. To this end, theeihinal
truncated version of PulD (PulD was expressed in yeast
cells lackingmport factors. Of note, there was no signifi-
cant difference in the amounts of PulDwhenTOM?70and
TOM71were deleted Fig. 5A. Interestingly, the amounts
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FIGURE 4: The assembly of R&IDin mitochondria depends on import receptoréA) Left panel Isolated mitochondria were obtaine:
from the indicated strains transformed with either an empty vector (&) or a plasmid encoding-BuEamples were analysed by FBSE
and immunodecoration with the indicated antibodidRight panelithe steady statdevels of PulEFL in at least three experiments as in tl
left panel were quantified. The signal of Fisl was taken as a loading control. Levels-BE Rulibe corresponding wild type (WT) cells we
set to 100%. The bar diagram shows the mean valued.-©Eat least three independent experiments. (*, P < 0.05; **, P < 0.01; two t:
{ G dzR S y (i 4B} Lefti parielSCiudile) ditochondria were obtained from WBm20n, or a strain overexpressingOM206 ¢ 2 Y H 1
bouring a plasmid expressing PtHD. Saples were analysed by SBBGE and immunodecoration with the indicated antibodRight
panel the steady state levels of the PuD] & SONBGAY G6SNB ljdzZ yGiAFASR FyR FdzZNIKSNJI |
{ G dzR S y (i Y@ Crullemiitcacindriabwere obtained from WIBM70/71n, or a strain overexpressinfOM706 ¢ 2 YT n m0 K|
plasmid expressing PWEL. Further treatment and analysis were as described in the legend of part (B).

of PulDT were even moderately, but significantly, elevated seems to be involved in the assembly of REIDand Puly
when PulBT was expressed itom20n O Fig.t53. Ino secretin indifferent ways. Whereas the former protein
contrast, PulBT expression imas3h OSft f & RA R ngduifes To20 Ror dptBnal biogenesis, the absence of the
a significant difference in the steady state levels of the N-terminal domain removes this dependency and even
secretin Fig. 5A. reverses it. This difference might suggest an important role
The observed elevated mitochondrial amosrdf PulD of the Nterminal region in regulation ofnie assembly of
T in the absence of Tom20 might suggest that Tom20 has a PulD.
negative effect on the biogenesis of this variant. To test
this point, we expressed PulDin yeast cells, which either Assembly of the T3SS secretins InvG and SsaC in yeast
lack or overexpres$OM20,and compared the mitochon- mitochondria
drial levels inlte mutated cells to those in the control cells.  Next, we expanded our analysis to the secretins of T3SS. To
Western blotting analysis verified that indeed the steady that end, we investigated the effect of the TOM complex
state levels of Pul in the crude mitochondria fraction on the assembly of InvG by expressing the proteiaither
were enhanced upon the absence of Tom20. However, tom70/71n ®mMaon &SI ad &0GNI Ayad hdzNJ
overexpression of Tom20 did not change tHetected that there was no significant change in the steady state
amounts of PulBr Fig. 5B. In contrast to the effect of levels of InvG in mitochondria isolated frolmm70/71n
Tom20, the absence or the overexpression of Tom70 did cells in comparison to the amounts in control organelles
not affect the levels of PulD Fig. 5¢. Collectively, Tom20 (Fig. 6A. In contrast, significantly levated amounts of

OPEN ACCEgsvww.microbialcell.com 20 Microbial CeDANUARY 20P0ol. 7 No. 1
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FIGURE 5: The assembly of R#Ilh mitochondria is enhanced in the absence of Tom@) Mitochondria were isolated from the indicate:
strains transformed with either an empty vector (&) or a plasmid encoding-P#Drther treatment and analysis were as described in -
legendof Fig. 4A(B) Crude mitochondria were obtained from wild type (WBN20n or a strain overexpressinfOM200 ¢ 2 YH n mp0

ing a plasmid encoding PulD Further treatment and analysis were as described in the legéfdg. 4B(C)Crude mitochondria were ob
tained from WTtom70/71n or a strain overexpressinfOM706 ¢ 2 Y 1 arhglrinda plasmid encoding PdID Further treatment and analy

sis were as described in the legewitFig. 4B.

InvG were observed in mitochondria isolated freom20n
cells Fig. 6A. We next asked whether the TOB is involved

in InvG assembly. However, expression of InvG in cells lack-

ing Mas37 did not result in any significant changes in the
steady state levels of InvGFig. 6A. These results are in
line with previous observations that the BAM complex
does not play a role in the assembly of this secrigifi.

Next, we wanted to better understand the involvement

the protein in whole cell lysates. Whereas we could not
detect significant alterations upon changes in the levels of
either Tom70/71 or Mas37, cells lacking Tom20 had overall
reduced levels of InvG-ig. 6D. In line with the latter ob-
servation, overexpressn of Tom20 resulted in slightly
higher cellular amounts of Inv&i. 60). Hence, it seems
that although the presence of Tom20 improves the overall
stability of InvG, it does not have a positive effect on the

of Tom20 in the assembly of InvG. Thus, we expressed InvG assembly of InvG into the mitochondrial OM.

in cells overexpressin§OM20(or lacking it, for compari-
son) and monitored the steady state levels in crude mito-
chondria isolated from these cells. Interestingly, the mito-
chondrial amounts of InvG were reduced whE@M20was
overexpressed, while the deletion GfOM20resulted in
elevated mitochondrial levels in comparison to the corre-
sponding wild type cellsF{g. 6Aand B). When we then
checked in a similar way the effect of Tom70 on the bio-
genesis of InvG, we observed no significant changes in the
amount of InvG in the crude mitochondrfrom cells with
altered expression of Tom7Fif. 6¢. These results point

to a specific effect of Tom20 on the biogenesis of InvG. To
test whether the import components affect the total cellu-
lar levels of InvG, we analysed the steatigte amounts of
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Finally, we turned to investigate the biogenesis of SsaC,
a secretin whose targeting and assembly pathways were
not studied so far. SsaC was expressedoim70/71n =
tom20n,ormas3h &Sl ad OStta |yR
in isolated mitochondria were monitored. Interestingly, the
absence of Tom70/71 resulted in a tf@ld increase in the
levels of SsaC whereas deletionT@M20or MAS37led to
a reduction in thelevels of this secretinFig. 7A. The re-
duction upon deletion oMAS37points to a requirement of
the TOB complex in the biogenesis of SsaC in yeast cells,
which could be extrapolated to a probable dependence on
the BAM complex in bacteria.

The elevatedevels of SsaC upon deletionTT®M70/71
led us to check whether thigicrease was due t@n unfa-
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Figure 6. Improved assembly of InvG in mitochondria lacking Tom20Migchondria were isolated from the indicated strains transform
with either anempty vector (&) or a plasmid encoding IRM®. Further treatment and analysis were done as described in the legend o
4A. (B) Crude mitochondria were obtained from wild type (WBn20n or a strain overexpressingfOM206 ¢ 2 YH n iy0 K| ND 2
encoding Inv@A. Further treatment and analysis were as described in the legend of F{§)@Bude mitochondria were obtained from W~
tom70/71n or a strain overexpressingOM706 ¢ 2 YT n 0 K| ND 2 dzZNA y 3 -HA. Auithér Freatinént aBd/afBiRweng dond
as described in the legend of Fig. 4B) Whole cell lysate was obtained from the indicated cells and was analysed HyASEESfollowed by
immunodecoration with antibodies against the indicated proteins. The steady state levels efifhwGat least three experiments for eac
strain were quantified. The signal of Bmh1 was taken as a loading control. Levels-6fAriaGhe corresponding wild type cells were set
100%. The bar diagram shows the mean values+ s.d. of at least three iftl€pgni SELISNAYSy (i &ad 6F= t f
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vourable involvement of Tom70. To that aim, we expressed

SsaC in cells either lacking or overexpressing Tom70. In-

deed, we could observe that there was a significant de-
crease in the amounts désaC in crude mitochondria iso-
lated from cells overexpressing Tom70 in comparison to
control organelles. Along the same line, we detected a
significant increase in the SsaC levels in mitochondria lack-
ing Tom70Fig. 7AandB). To verify that the changes the
levels ofSsaC upon manipulating the Tom70/71 amounts is
not the outcome of variations in the overall cellular
amounts, we monitored the levels of SsaC in whole cell
extracts. We observed that deletion 3lOM70/71indeed
resulted in moderately, but ghificantly, higher amounts of
cellular Ssad{g. 7@, suggesting that the absence of these
import receptors increases the ligpan of this secretin. In
contrast, altered amounts of Tom20 or Mas37 did not af-
fect the overall cellular levels of Ssdkig(7Q. Taken to-
gether, these findings lead us to conclude that Tom70 in-
hibits, directly or indirectly, the mitochondrial assembly of
SsaC.

DISCUSSION

Secretins are homoligomers present in bacterial secre-
tion systems that form pores in the bacterial OM.eTéis-
sembly of secretins in their target membrane is most prob-
ably a speciespecific process. The exact mechanism of
membrane insertion of the assembled oligomers and/or
factors that assist the unassembled monomers to oli-
gomerize and then insert correctigto the bacterial OM is
still unknown.

In this study, we established yeast cells as a model sys-
tem to study the biogenesis of bacterial secretins. Even
thoughinvitroa @ 8 Sya oF &SR 2y I NIA
explored partially the requirements for secretin multimeri-
zation and insertion into membrang48, 28] mitochon-
dria, due to their evolutionary relation to bacteria, may
provide an improved model systefi30]. We could show
that all four tested secretins could be expressed in yeast
and were enriched in the mitochondrial fraction. In the
case of InvG, the subcellular fractionation icates en-
richment of the secretin also in the microsomal fraction
where it can form nativéike oligomers. Thus, it seems that
InvG can oligomerize and insert spontaneously into differ-
ent membrane types.

PulDFL, PulBX and InvG formed oligomers in thetmi
chondrial membrane. For InvG, we could demonstrate that
these oligomers behave like the InvG oligomers in bacteria,
indicating a nativdike structure and supporting the validi-
ty of the mitochondrial system. It has been reported that
the PulD pore allowsfflux of small molecule§?]. Thus,
the presence of pordorming nativelike oligomers of PulD
and InvG in mitochondrial membranes might explain their
negative effect on thegrowth of yeast cells expressing
them. Along this line, SsaC that appears to remain mono-
meric in yeast cells is not toxic when expressed in yeast.
The exact mechanism for the oligomerization initiation of
SsaC is unknown and it might be that a crucial agde
factor is missing in the yeast system. Similar to what has
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been reported for bacterial cellgl0], we also observed
that oligomers of PulD expressed in yeast are heat and
SDSesistant. This similarity further supports the native
like structure of the secretin oligomers upon their expres-
sion in yeast cells.

In bacteria, PulD and InvG require pilotins; the lipopro-
tein chaperones PulS and InvH, respectively, that mediate
correctlocalization of the secretins to the OM and protec-
tion against proteolysig16]. In our system, we observe
that PulD and InvG can assemble in the mitochondrial OM
despite the absence of their cognatelgtins. Thus, we
conclude that pilotins are not absolutely required for tar-
geting and membrane integration.

The biogenesis of secretin proteins in the mitochondrial
OM can follow two distinct pathways: (1) After their syn-
thesis in the cytosol, the secratimonomers are translo-
cated across the mitochondrial OM into the intermem-
brane space (IMS) by the TOM complex and are then in-
serted from the internal surface of the OM by either self
assembly or with the help of the TOB complex. (2) Upon
synthesis in the ytosol, the secretin monomers assemble
on the outside of the mitochondrial surface before inte-
grating into the mitochondrial OM from the cytosolic side.
The sensitivity to an externally added protease and our
observations that no proteaseesistant intermeliates
were formed in the mitochondrial IMS indicate that all four
secretins after synthesis and oligomerizatipinsert into
the mitochondrialOM from the mitochondrial surface with
the bulk facing the cytosol. This is in contrast to native PulD
dodecames consisting of a proteasessistant core (C
domain) including the outer chamber, the central disc, and
the plug[10, 12] These differences might be explained by
thedfact that irytofedialdels Eha seérdtidesynthesized
in the cytoplasm and cross th@ner membranebefore
their assembly from the periplasm into the OM, whereas in
yeast cells they are synthesized on cytosolic ribosomes and
can directly assemble from this compartment onto the
mitochondrial OM.

The insertion of bacterial secretins into the OM is still
an enigma. To study potential dependence on accessory
proteins, secretins were expressed in yeast cells deleted
for specific import factors. Both variants, Pt#D and PulD
T seem to be unaffectedybthe TOB complex, the yeast
homolog of the bacterial BAM complex. This is in line with
previous observations that T2SS secretins do not need the
BAM complex for their assemb[27]. However, the ab-
sence of import components of the TOM complex, another
central assembly factor in yeast mitochondria, resulted in
different behaviour of PulFL and Pull¥. The former re-
quires both Tom7@nd Tom20 for its assembly in the mi-
tochondrial OM whereas PuD assembles even more effi-
ciently in the absence of Tom20. Since the only difference
between the two secretins is their-términal domain, we
hypothesize that this domain plays a role in thgsembly
of the secretin in the OM.

A differential dependence on import factors was ob-
served also for the T3SS secretins, InvG and SsaC. InvG
does not require Tom20 for its assemblywhereas SsaC
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FIGURE 7: Lack of Tom70 improves the biogenesis of SsaC in mitochdAdiisolated mitochondria were obtained from the indicate
strains transformed with either an empty vector (@) or asptéd encoding SsadA. Further treatment and analysis were dones as (
scribed in the legend of Fig. 4@) Crude mitochondria were obtained from widll type (WIBN70/71n or a strain overexpressingOM70
0¢2YTnmmO KI ND2dzNA y 3 -HA. Ruftherdryalimient &yl énalysis welie déna hs/ described in the legend of F(§)<
Whole cell lysate was obtained from the indicated cells and was analysed by A&E¥Sfaiwed by immunodecoration with antibodie
against the indicated proteins. The steady state levels of -5ga@ at least three experiments for each strain were quantified and furt
analysis was as described in the legend of Fig. 6D. (*, P < 0.05; &v&tailf (i dzZRSy G Ua GndSadoo
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