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In all domains of life Oxalp-like proteins are involved in membrane protein biogenesis. Bacillus subtilis, a
model organism for gram-positive bacteria, contains two Oxalp homologs: SpolIlJ and YqjG. These molecules
appear to be mutually exchangeable, although SpollIl] is specifically required for spore formation. SpolIlJ and
YqjG have been implicated in a posttranslocational stage of protein secretion. Here we show that the expres-
sion of either spolll] or yqjG functionally compensates for the defects in membrane insertion due to YidC
depletion in Escherichia coli. Both SpolllJ and YqjG complement the function of YidC in SecYEG-dependent
and -independent membrane insertion of subunits of the cytochrome o oxidase and F,F, ATP synthase
complexes. Furthermore, SpolIlJ and YqjG facilitate membrane insertion of F,F, ATP synthase subunit ¢ from
both E. coli and B. subtilis into inner membrane vesicles of E. coli. When isolated from B. subtilis cells, SpolILJ
and YqjG were found to be associated with the entire F,F, ATP synthase complex, suggesting that they have
arole late in the membrane assembly process. These data demonstrate that the Bacillus Oxalp homologs have
a role in membrane protein biogenesis rather than in protein secretion.

The YidC/Oxal/Alb3 protein family plays a crucial role in
membrane protein biogenesis by facilitating the insertion of a
specific subset of membrane proteins (for reviews, see refer-
ences 20 and 24). In mitochondria, the Oxal protein is essential
for insertion of both nucleus- and mitochondrion-encoded pro-
teins into the inner membrane (39). The Oxal homolog of
Escherichia coli, designated YidC, is known to play a role in
two different membrane protein insertion pathways. Some pro-
teins, such as subunit ¢ of the rotary domain of the F,F, ATP
synthase (F.c) (47), MscL (10), M13 (34), and Pf3 (5), insert
via the YidC-only pathway. YidC also functions in concert with
the protein-conducting channel SecYEG in membrane inser-
tion of subunit a of cytochrome o oxidase (CyoA) (8, 44) and
subunit a of the F,F, ATP synthase (23, 53, 54). In addition,
YidC has been implicated in the folding of a membrane-in-
serted lactose permease (30) and the binding protein-depen-
dent maltose ABC transporter (50).

Members of the YidC/Oxal/Alb3 protein family are found in
all three domains of life, and the number of paralogs per cell
or organelle ranges from one (most gram-negative bacteria) to
six (Arabidopsis thaliana). The length of Oxalp-like proteins
varies considerably, from just over 200 amino acids (in most
gram-positive bacteria) to 795 amino acids (Chlamydophila
pneumoniae) (52). However, in all Oxalp proteins, a conserved
region consisting of about 200 amino acids can be recognized,
which comprises five putative transmembrane segments, as
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experimentally demonstrated for E. coli YidC (33). Overall,
the amino acid sequence conservation among Oxalp homologs
is low (17). Bacillus subtilis contains two membrane proteins,
SpollIlJ and YqjG, with significant similarity to proteins be-
longing to the YidC/Oxal/Alb3 family. Previous gene inactiva-
tion analysis showed that a single paralog is sufficient for cell
viability during vegetative growth of B. subtilis, while a double
knockout led to a lethal phenotype (29, 41). SpolIlJ is essential
for activation of a prespore-specific sigma factor (9, 36), and
cells with spolll] deleted are incapable of spore formation.
Sporulation is blocked at stage III, directly after completion of
prespore engulfment (9). YqjG cannot complement SpolIlJ in
this process, but the exact reason for the specific requirement
for SpolIlJ is unknown. Previous studies indicated that the
stability of various secretory proteins (e.g., LipA and PhoA)
was strongly affected under YqjG- and SpolIlJ-limiting condi-
tions, while the insertion or stability of a number of membrane
proteins tested appeared to be unaffected (41). These data
suggested that YqjG and SpolllJ, unlike the other Oxalp-like
proteins, play a role in protein secretion. Here we show that
both YidC homologs in B. subtilis complement the E. coli
growth defect due to a YidC depletion and functionally replace
YidC in Sec-dependent and -independent membrane protein
insertion. In vitro insertion assays demonstrated that mem-
brane insertion of Fc of both E. coli and B. subtilis is mediated
by SpolllJ and YqjG. In addition, the entire F,F, ATP syn-
thase of B. subtilis was found to copurify with both SpolIlJ and
YqjG, suggesting that these proteins have a role in a late stage
of the assembly of this membrane protein complex.

MATERIALS AND METHODS

Antisera. Antisera against PspA, Fc, LepB, and YidC were kind gifts from J.
Tommassen (University of Utrecht, Utrecht, The Netherlands), G. Deckers-
Hebestreit (University of Osnabriick, Osnabriick, Germany), W. Wickner (Dart-

0T0Z ‘¥ Arenigad uo uabuiuois jo Alsianiun e Blo'wse'ql woly papeojumod


http://jb.asm.org

6750 SALLER ET AL.

J. BACTERIOL.

TABLE 1. Primers

Sequence (5'—3")

GCTGCCATGGTGTTGAAAAGGAGAATAGGG
GCGTCTAGATCACTTTTTCTTTCCTCCGGCTTTTTGCGGC
GCGTCTAGATCAGTGATGGTGATGGTGATGCTTTTTCTTTCCTCCGGCTTTTTGCGGC
GCTGCCATGGTAAAAACATATCAAAAACTTTTGGC
GCGTCTAGATTATTTCACCGACTCAGTAAGAGCGGCTGTTTTTTTAC
GCGTCTAGATTAGTGATGGTGATGGTGATGTTTCACCGACTCAGTAAGAGCGGCTG

TTTTTTTAC
FoYidC GCTCTAGATGGATTCGCAACGC
ReYidC GGGAAGCTTCAGGATTTTTTCTTCTCGCGGC
FoBatpE GGGAATTCCATATGAATTTAATAGCAGC
ReBatpE CGGAATTCTTAGCCAAAGAACGC

mouth Medical School, Hanover, NH), and J. W. L. de Gier (Stockholm Uni-
versity, Stockholm, Sweden), respectively.

Strains and plasmids. In order to (over)express spolllJ and ygjG in E. coli,
these genes were amplified from genomic DNA (B. subtilis 168) using primer
pairs FoSpolIlJ/ReSpolllJ and FoYqjG/ReYqjG (Table 1), respectively. A se-
quence for a six-histidine tag at the 3’ end of the genes was inserted by PCR
amplification using primer pairs FoSpolIlJ/ReSpolllJHis and FoYqjG/
ReYqjGHis (Table 1). PCR products were cleaved with Ncol and Xbal and
ligated into the corresponding sites of the pTrc99A vector, yielding pTrespolllJ,
pTrespolllJHis, pTreyqjG, and pTreyqjGHis. For construction of pTrcyidC, the
yidC gene was amplified from genomic DNA derived from E. coli SF100 using
primers FoYidC and ReYidC. The amplified product was cleaved with Xbal and
HindIII and ligated into the corresponding sites of pTrc99A.

For overexpression of SpolllJ and YqjG in B. subtilis the SURE (subtilin-
regulated) expression system was used. The same PCR products that were used
for cloning into pTrc99A were digested with Ncol and Xbal and ligated into the
corresponding sites of the pNZ8901 vector. The resulting constructs were des-
ignated pNZspolllJ, pNZspolllJHis, pNZyqjG, and pNZyqjGHis (Table 1). The
lantibiotic subtilin, the inducer for expression in the SURE system, was prepared
from the culture supernatant of B. subtilis ATCC 6633 as described previously
(3). B. subtilis pPNZ8900 was used as a host strain for expression of SpoIIlJ and
YqjG. The DNA sequence of spolllJ amplified by PCR using genomic DNA of
B. subtilis 168 as the template exhibited a silent A-G point mutation at position
144. In the amplified ygjG gene a C-T point mutation at position 557 introduces

an alanine-to-valine substitution at amino acid position 186 of the overexpressed
YgjG protein.

For studies with E. coli, strain FTL10 was used, in which expression of the yidC
gene is under control of the araBAD operator/promoter (13). Since YidC is an
essential protein, E. coli FTLIO0 is viable only when the growth medium is
supplemented with arabinose (0.2%, wt/vol). Strains and plasmids used in this
study are listed in Table 2.

For in vitro expression of B. subtilis F c, the atpE gene was amplified by PCR
using primer pair FoBatpE/ReBatpE (Table 1) and genomic DNA from B.
subtilis 168 as the template. The PCR product was cleaved by Ndel and EcoRI
and subsequently cloned into the corresponding sites of pET20b (Novagen). The
resulting construct was designated pET20bBatpE. For expression of E. coli F ¢
plasmid pET20batpE (47) was used.

Cell growth and isolation of IMVs. E. coli strain FTL10 (13) was transformed
with plasmid pTrc99A (wild-type Ara and YidC depleted), pTreyidC (wild-type
Glu), pTrespollIlJ (Spolll), or pTreyqjG (YqjG). The cultures were grown over-
night at 37°C in Luria-Bertani (LB) medium supplemented with ampicillin (100
pg/ml) and 0.2% (wt/vol) arabinose (wild-type Ara and AYidC) or 0.2% (wt/vol)
glucose (wild-type Glu, Spolll, and YqjG). Cultures were diluted 1:100 in fresh
medium and then incubated at 37°C. When the cultures reached an optical
density at 660 nm (ODyg) of 0.8, cells were harvested by centrifugation (10 min,
7,500 X g). To obtain YidC-depleted cells, the pellet was washed once in pre-
warmed LB medium and the cells were resuspended to an ODgg, of 0.4 in LB
medium containing 0.2% (wt/vol) glucose. When an ODyg, of 0.8 was reached,

TABLE 2. Strains and plasmids

Plasmid or strain Relevant properties Reference
Plasmids
pTrc99A Expression vector for E. coli based on pKK233-2, carries a hybrid #7p/lac promoter and the 1
multiple cloning site of pUCIS8; Ap”
pTrespolll) Like pTrc99A, contains B. subtilis spolll] This study
pTrespolllJHis Like pTrc99A, contains B. subtilis spolll] with His, tag at 3" end This study
pTreyqiG Like pTrc99A, contains B. subtilis ygjG This study
pTrcyqjGHis Like pTrc99A, contains B. subtilis ygjG with His, tag at 3’ end This study
pTrcyidC Like pTrc99A, contains E. coli yidC This study
pNZ8901 Expression vector for B. subtilis, mutated P, promoter; Cm" 3
pNZspollIlJ Like pNZ8901, contains B. subtilis spolll] This study
pNZspolllJHis Like pNZ8901, contains B. subtilis spolllJ with His, tag at 3’ end This study
pNZyqiG Like pNZ8901, contains B. subtilis yqjG This study
pNZyqjGHis Like pNZ8901, contains B. subtilis yqjG with His, tag at 3" end This study
pET20batpE pET20b (Novagen) containing E. coli atpE 47
pET20bBatpE pET20b containing B. subtilis atpE This study
E. coli strains
DH5a supE44 hsdR14 recAl endAlI gyrA96 thi-1 relAl AlacU169 ($80lacZAM15); K-12 derivative 12
SF100 F~ AlacX74 galK thi rpsL (strA) AphoA(pvull) AompT 2
FTL10 AyidC attB::(araC* Pyap yidC™); Kan” 13
B. subtilis strains
168 trpC2 25
ATCC 6633 Subtilin producer 7
pNZ8900 168 amyE::spaRK; Km" 3
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cells were diluted twofold with LB medium containing 0.2% (wt/vol) glucose.
This procedure was repeated until the cells stopped growing (mostly after the
fifth generation). Inverted inner membrane vesicles (IMVs) were isolated as
described previously (19).

Protein expression and purification. In order to express His-tagged SpolllJ
and YqjG in E. coli, the pTrespolllJHis and pTrcyqjGHis constructs were trans-
formed into E. coli SF100. Overnight cultures grown on LB medium containing
100 pg/ml ampicillin were diluted 40-fold, and cell growth was continued until
the ODgq was 0.7. Expression was induced by addition of 0.5 mM IPTG (iso-
propyl-B-thiogalactopyranoside), and cells were grown for an additional 2.5 h.
Cells were harvested by centrifugation (8,000 X g, 15 min) and resuspended in 50
mM Tris-HCI (pH 8.0) containing 20% (wt/vol) sucrose, and IMVs were isolated
as described previously (19).

For expression experiments with B. subtilis, the empty vector pNZ8901 or
either the pNZspolllJ, pNZspollIlJHis, pNZyqjG, or pNZyqjGHis construct was
transformed into B. subtilis pNZ8900. Cells were grown in TY medium (19)
supplemented with kanamycin (10 wg/ml) and chloramphenicol (5 pg/ml). Over-
night cultures were diluted 40-fold in fresh medium and grown to an ODgg, of
1.0. Protein expression was induced by addition of subtilin (0.1%, vol/vol). Cell
growth was continued for 2 h, after which cells were harvested by centrifugation
(8,000 X g, 15 min), resuspended in protoplasting buffer (50 mM Tris-HCI [pH
8.0], 20% [wt/vol] sucrose, 0.1 mM phenylmethanesulfonyl fluoride [PMSF],
1 mg/ml lysozyme), and incubated for 30 min at 37°C. Protoplasts were harvested
by centrifugation, and the resulting pellet was resuspended in lysis buffer (50 mM
Tris-HCI [pH 8.0], DNase, 0.1 mM PMSF). Subsequently, the cells were dis-
rupted by sonication (Soniprep; MSE), and after the cell debris was removed
(8,000 X g 10 min) the membranes were collected by centrifugation (180,000 X
g, 30 min), resuspended in 50 mM Tris-HCI (pH 8.0) containing 20% (vol/vol)
glycerol, and stored at —80°C.

For protein purification, E. coli or B. subtilis membranes were diluted to obtain
a protein concentration of 1 mg/ml with solubilization buffer (10 mM Tris-HCI
[pH 8.0], 100 mM KCl, 5 mM imidazole, 20% [vol/vol] glycerol, 2% [wt/vol]
dodecyl maltoside [DDM]) and incubated for 1 h at 4°C. After unsolubilized
material was removed by centrifugation (100,000 X g, 30 min), the supernatant
was mixed with Ni*"-nitrilotriacetic acid (NTA) agarose beads (Qiagen) and
incubated overnight at 4°C. The mixture was poured into a column, and unbound
material was removed by draining. Beads were subsequently washed with 5
column volumes of 10 mM Tris-HCI (pH 8.0), 100 mM KClI, 30 mM imidazole,
20% (vol/vol) glycerol, 0.1% (wt/vol) DDM. Finally, bound proteins were eluted
with 10 mM Tris-HCI (pH 7.0), 100 mM KClI, 400 mM imidazole, 20% (vol/vol)
glycerol, 0.1% (wt/vol) DDM and stored at —80°C.

ApH measurement. The generation of a transmembrane pH gradient (ApH)
by IMVs was monitored by use of the fluorescent indicator 9-amino-6-chloro-2-
methoxyacridine (ACMA). Measurements were obtained with a Perkin Elmer
LS50B luminescence spectrophotometer at 30°C using excitation and emission
wavelengths of 409 and 474 nm, respectively, with slit width of 3 nm. After IMVs
(50 pg/ml) were added to the assay buffer (100 mM HEPES/KOH [pH 8.0], 100
mM KCI, 10 mM MgCl, 1 mM dithiothreitol [DTT]), the indicator ACMA was
added to a final concentration of 1 wM, and the reaction was started by adding
either ATP (1 mM) or NADH (1.25 mM). To convert the transmembrane
electrical potential into a ApH, valinomycin (1 nM) was added, while nigericin (1
M) was used to dissipate the ApH.

ATPase activity assay. The ATPase activity of IMVs was determined as de-
scribed previously (26), using the phosphate-sensitive dye malachite green. IMVs
were diluted in assay buffer (50 mM HEPES/KOH [pH 7.5], 50 mM KCI, 2.5 mM
MgCl,, 2 mM DTT) to obtain a concentration of 15 pg/ml and incubated at 37°C.
The reaction was started by adding ATP (final concentration, 1 mM) and was
stopped after 15 min by addition of EDTA (final concentration, 10 mM).

Oxygen c ption ement. Cytochrome o oxidase activity was deter-
mined by measuring the oxygen consumption of IMVs as described previously
(27), using a Clarke electrode (Yellow Springs Instrument Co., Inc., Yellow
Springs, OH). The reaction mixtures contained 100 mM potassium phosphate
buffer (pH 6.6), 5 mM MgCl,, 2.5 mM potassium ascorbate (electron acceptor),
and 35 pg/ml IMVs. Reactions were started by addition of the artificial electron
donor phenomethosulfate (final concentration, 10 pM). All values determined
were normalized using the endogenous oxygen consumption.

Cytochrome absorption spectra. Cytochrome absorption spectra of air-oxi-
dized and dithionate-reduced IMVs (0.5 mg/ml in 10 mM HEPES/KOH [pH
7.5]) were measured at 25°C using a Carry-Varian spectrophotometer. The
spectra were recorded in the wavelength range from 400 to 500 nm.

In vitro transcription, translation, and membrane insertion. For in vitro
synthesis of E. coli and B. subtilis Fc, a cell lysate was prepared by inoculating
50 ml double-strength YPTG medium (21) with a single colony of strain

B. SUBTILIS YidC HOMOLOGS 6751

BL21(DE3) Rosetta (Novagen). After overnight incubation at 37°C and 250 rpm,
this preculture was used to inoculate a 4-liter Erlenmeyer containing 1 liter of 2x
YPTG medium (21). When the ODgq, was 0.6, the culture was chilled in an
ice-water bath. Cells were harvested by centrifugation (15 min, 7,500 rpm, JLA
10-500 rotor, 4°C), washed with buffer A (10 mM Tris-acetate [pH 8.0], 14 mM
magnesium acetate 60 mM KCl, 50 pg/ml PMSF), and finally suspended in 2 ml
buffer A per g of cells. Cells were lysed by passage through a cell disruptor
(10,000 1b/in? Constant Cell Disruption Systems, United Kingdom). Cell debris
was removed by centrifugation (10,000 rpm, SS34 rotor, 4°C). The supernatant
was transferred to an MLA-80 tube and centrifuged for 30 min at 25,000 rpm in
an MLA-80 rotor (4°C). The supernatant was transferred to a 5-ml Falcon tube
and supplemented with 55 mM sodium pyruvate, 45 M coenzyme A, and 110
M NAD. After 90 min of incubation in a water bath (37°C) in the dark,
membranes were removed by ultracentrifugation (30 min, 52,000 rpm, MLA-80
rotor, 4°C). The cell lysate was dialyzed for 24 h against 1 liter of buffer A without
PMSF (4°C; molecular mass cutoff, 6 to 8 kDa) with three replacements of the
buffer. After dialysis, the lysate was aliquoted, snap-frozen in liquid nitrogen, and
stored at —80°C.

In vitro transcription-translation reactions were performed as described pre-
viously (15) with DTT present at a final concentration of 4 mM. Each reaction
was started by addition of T7 polymerase from Fermentas and the Easytag
express protein labeling mixture (Perkin Elmer). Coupled in vitro synthesis and
insertion were carried out for 30 min at 37°C in the presence of 10 pg of IMVs
per reaction mixture. Subsequently, a 10% synthesis control was collected, and
the remainder of the mixture was subjected to proteinase K treatment (2 mg/ml,
30 min, 37°C) in order to remove noninserted proteins. All consecutive steps
were performed as described previously (46).

BN-PAGE. Blue native polyacrylamide gel electrophoresis (BN-PAGE) was
performed using Criterion gradient gels (4 to 20%) from Bio-Rad under condi-
tions described previously (35). Elution fractions of His-tagged purified SpoIIIJ
and YqjG containing 30 pg (total amount) of protein each were incubated in 1%
(wt/vol) sodium dodecyl sulfate (SDS) or 1% (wt/vol) DDM for 30 min prior to
electrophoresis.

In-gel tryptic digestion. To identify the proteins that copurify with His-tagged
SpolllJ and YqjG, proteins eluted from the Ni?*-NTA agarose beads were
separated by SDS-PAGE and stained with Coomassie brilliant blue. Protein
bands were excised from the gel and washed in 50% acetonitrile in 50 mM
NH,HCO; at room temperature, until destaining was complete. The gel slices
were dehydrated by incubation for 5 min in 100% acetonitrile, which was fol-
lowed by rehydration in a trypsin solution (Promega) (10 ng/pl in 40 mM
NH,HCO3, 10% acetonitrile). The slices were incubated for 2 h at 37°C. Sub-
sequently, 10 pl of 25 mM NH,HCO; was added to prevent drying, and the
preparation was incubated overnight at 37°C. The tryptic peptides were recov-
ered by three extractions with 30 pl of 20%, 50%, and 70% acetonitrile in 1%
trifluoroacetic acid (TFA). The extracted peptides were pooled and concentrated
under a vacuum.

Liquid chromatography-mass spectrometry. Mass spectrometric analysis was
performed using a model 4800 matrix-assisted laser desorption ionization—-time
of flight-time of flight proteomics analyzer (Applied Biosystems, Foster City,
CA). Dried peptide mixtures from in-gel trypsin digestions were resuspended in
20 pl 0.1% TFA and separated on a C,g capillary column (75 pm by 150 mm;
particle size, 3 wm; LC-Packing, Amsterdam, The Netherlands) mounted on an
Ultimate 3000 nanoflow liquid chromatography system (LC-Packing, Amster-
dam, The Netherlands). Buffer A (0.05% TFA) and buffer B (80% acetonitrile,
0.05% TFA) were used for elution. A gradient from 4 to 60% buffer B in 45 min
was used at a flow rate of 300 nl - min~'. The column effluent was mixed 1:4
(vol/vol) with a matrix solution of 2.3 mg/ml a-cyano-4-hydroxycinnamic acid
(LaserBio Labs, Sophia-Antipolis, France) containing 2 nM angiotensin II and 4
nM ACTH 18-36 (Sigma, Zwijndrecht, The Netherlands) as internal standards
for mass calibration. Fractions that were 12 s wide were spotted on a blank
matrix-assisted laser desorption ionization target with a Probot system (LC
Packings, Amsterdam, The Netherlands). Mass spectrometric data acquisition
was performed in positive-ion mode. During acquisition, peptides with a signal-
to-noise ratio greater than 100 were selected for tandem mass spectrometry.

Database search. Protein identification was carried out with the ProteinPilot
2.0 software using the Paragon algorithm (Applied Biosystems/MDS Sciex, Fos-
ter City, CA), searching against the UniProtKB/Swiss-Prot protein sequence
database (40). Trypsin specificity and all default options were included in the
search. ProteinPilot does not use fixed mass tolerances but employs feature
probabilities and a “sequence temperature value” (38). The results were manu-
ally inspected, and protein identifications based on at least two peptides identi-
fied independently with probability greater than 99% were accepted.
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E. coli FTL10
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FIG. 1. Complementation of the growth defect of the YidC-de-
pleted strain E. coli FTL10 by B. subtilis SpolIlJ and YqjG. Cells were
grown on LB plates containing 100 pwg/ml ampicillin and either 0.2%
(wt/vol) glucose or 0.2% (wt/vol) arabinose. Cells containing pTrc99A
(negative control) (section 1), pTrcyidC (positive control) (section 2),
pTrespolll] (section 3), pTrespolllJHis (section 4), pTreyqjG (section
5), and pTrcyqjGHis (section 6) were grown under repression (glu-
cose) and induction (arabinose) conditions.

RESULTS

B. subtilis spolll] and yqjG complement the E. coli YidC
depletion growth defect. To determine whether the B. subtilis
Oxalp homologs Spolll] and YqjG can complement the
E. coli growth defect due to YidC depletion, plasmids
pTrespolll] and pTreyqjG (and their His-tagged versions)
were transformed into the YidC depletion strain E. coli FTL10.
In addition, cells were transformed with the empty vector
pTrc99A and with the wild-type YidC-expressing vector
pTrcyidC (Table 2), which were used as negative and positive
controls, respectively. In strain FTL10, the yidC gene on the
chromosome was replaced by a functional yidC gene under
control of the araBAD promoter. Therefore, FTL10 has a
lethal phenotype when it is grown on LB medium containing
glucose, while normal growth occurs on medium supplemented
with arabinose. As expected, the negative control (empty plas-
mid) grew only on LB medium supplemented with arabinose,
and the pTrcyidC-transformed cells were viable on both glu-
cose- and arabinose-containing media. pTrespolll], pTreyqjG,
and the plasmids coding for the His-tagged proteins restored
the growth of E. coli FTL10 on LB medium containing glucose
(Fig. 1). These data demonstrate that SpolllJ and YqjG are
able to functionally substitute for YidC in E. coli.

Repression of PspA stress response. Depletion of YidC in E.
coli results in increased expression of PspA, a phage shock
protein that is overexpressed in cells under membrane stress
conditions, including a reduction in the proton motive force
(PMF) (28, 48). In order to determine if SpolllJ and YqjG
relieve this stress response, IMVs were isolated from E. coli
FTL10 cells transformed with pTrc99A, pTrcyidC, pTrespollll,
and pTrcyqjG after growth on LB medium in the presence of
glucose. The overall and global protein patterns of the IMVs
derived from the different cultures on SDS-PAGE gels ap-
peared to be very similar, except that a ~25-kDa prominent
protein was present in the YidC-depleted membrane (Fig. 2,
lane 3). Immunoblotting verified that this protein was PspA.
The level of PspA in the YidC-depleted membranes containing
SpolIlJ or YqjG (Fig. 2, lanes 4 and 5, respectively) was com-
parable to wild-type levels (lanes 1 and 2), indicating that there
was effective suppression of the PspA stress response. How-
ever, the PspA level in YidC-depleted IMVs containing YqjG
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FIG. 2. SpolllJ or YqjG represses the PspA stress response when
YidC is depleted. (A) SDS-PAGE of IMVs (10 pg) isolated from E.
coli FTL10 cells grown on LB medium with arabinose (lane 1) or LB
medium with glucose (lanes 2 to 5). Lane 1, wild-type Ara; lane 2,
wild-type Glu; lane 3, YidC-depleted IMVs; lane 4, YidC-depleted
IMVs plus SpolllJ; lane 5, YidC-depleted IMVs plus YqjG. The ap-
proximate molecular masses of YidC (60 kDa), LepB (37 kDa), and
PspA (25 kDa) are indicated on the left. (B) Immunoblots of SDS-
PAGE gel obtained using antisera against YidC (a-YidC), LepB (a-
LepB), and PspA (a-PspA).

(lane 5) was slightly altered compared with the SpolIlJ level
(lane 4), which could have been due to either a lower level of
expression or partial complementation of the YidC function by
YqjG in E. coli. Additionally, the levels of YidC and the signal
peptidase LepB were monitored by immunoblotting. As ex-
pected, YidC could be detected only in wild-type IMVs (Fig. 2,
lanes 1 and 2). The levels of YidC expressed from the chro-
mosomal copy and from pTrcyidC were identical (Fig. 2, lanes
1 and 2). The levels of LepB were similar in all membrane
preparations. These data indicate that SpolllJ and YqjG re-
lieve the membrane stress response that occurs upon YidC
depletion. Since LepB is not dependent on YidC for mem-
brane insertion, the levels determined by immunoblotting were
used to normalize the membrane concentrations (32) in the
functional assays described below.

Spolll]J and YqjG restore the PMF generation defect caused
by YidC depletion. The absence of the PspA stress response in
the YidC-depleted IMVs containing either SpolllJ or YqjG
suggests that the B. subtilis homologs complement the role of
YidC in assembly of energy-transducing complexes responsible
for the generation of a PMF. To validate restoration of a PMF,
the generation of a transmembrane ApH was determined in
vitro by use of IMVs and the fluorescent dye ACMA. In the
presence of valinomycin, a K* ionophore, the PMF consists of
only a ApH. To activate the F,F_, ATPase or the respiratory
chain, IMVs were energized by addition of either ATP or the
electron donor NADH. With both substrates, YidC-depleted
IMVs showed a clear defect in the ability to generate a PMF
(Fig. 3, compare the wild-type IMVs with the YidC-depleted
IMVs). However, in IMVs derived from YidC-depleted cells
expressing SpollIlJ (Fig. 3A and C) or YqjG (Fig. 3B and D),
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FIG. 3. SpolllJ and YqjG restore the defect in PMF generation
due to YidC depletion. The ApH of IMVs was measured by using
ACMA fluorescence in the presence of 1 mM ATP (A and B) or 1.25
mM NADH (C and D) added at the time indicated by arrow 1.
Valinomycin (arrow 2) and nigericin (arrow 3) were each added at a
final concentration of 1 WM. The ApH traces generated by wild-type
IMVs (WT) and YidC-depleted IMVs (YidC-) are indicated by thin
lines, and the ApH generated by YidC-depleted IMVs containing
SpolllJ (A and C) and YqjG (B and D) are indicated by thick lines.
a.u, arbitrary units.

the PMF was largely restored. In general, YqjG appeared to be
somewhat more efficient for complementation than the para-
log SpolllJ, regardless of the nature of the energy source.
These experiments demonstrated that both SpolIlJ and YqjG
are able to restore the PMF generation defect caused by YidC
depletion.

Spolll]J and YqjG restore ATPase and cytochrome o oxidase
activity of YidC-depleted membranes. In E. coli, the impaired
PMF in YidC-depleted cells and membranes derived from
these cells originates from defective insertion of the large en-
ergy-transducing complexes into the membrane, particularly
F,F, ATPase and cytochrome o oxidase (48). To quantify the
recovery when SpolIlJ and were YqjG expressed, the ATPase
and cytochrome o oxidase activities in IMVs were determined.

The reduction in the ATPase activity under YidC-limiting con-
ditions is due to a defect in membrane insertion of the ring-
forming subunit F_c, a substrate of the YidC-only pathway (48).
In fact, the ATPase activity in vesicles lacking YidC (Fig. 4, lane
3) was about 50% of the activity in wild-type IMVs; likewise, the
level of F_c was reduced, as assessed by immunoblotting (Fig. 4,
lanes 1 and 2). In contrast, in IMVs derived from YidC-depleted
cells expressing SpollIlJ or YqjG, both the ATPase activity and
the insertion of Fc were restored to wild-type levels (Fig. 4, lanes
4 and 5). Therefore, we concluded that SpolIlJ and YqjG can
functionally replace YidC in the YidC-only pathway.

Membrane insertion of subunit a of the cytochrome o oxi-
dase complex (CyoA) is both YidC and SecYEG dependent
(8). To determine if SpolIlJ and YqjG also complement the
function of YidC in Sec-dependent insertion, the content of
functional cytochrome o oxidase and the oxygen consumption
of the IMVs were determined. When NADH was used as the
electron donor, the oxygen consumption in YidC-depleted ves-
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FIG. 4. SpolllJ and YqjG restore reduction of ATPase activity due
to YidC depletion. The activity of the F,F, ATPase was determined by
measuring the release of inorganic phosphate upon addition of ATP to
IMVs. Lane 1, wild-type Ara; lane 2, wild-type Glu; lane 3, YidC-
depleted IMVs; lane 4, YidC-depleted IMVs plus SpolllJ; lane 5,
YidC-depleted IMVs plus YqjG. The levels of F,c were determined by
immunoblotting. a-F,c, anti-F c.

icles (Fig. 5A, bar 3) was only about 30% of that in the wild-
type vesicles (bars 1 and 2). Respiration was restored fully in
YidC-depleted IMVs containing SpolllJ (bar 4) and partially
(80%) in IMVs containing YqjG (bar 5). The content of func-
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FIG. 5. SpolllJ and YqjG restore the reductions in the cytochrome o
oxidase activity and CyoA levels caused by YidC depletion. (A) Cyto-
chrome o oxidase activity of IMVs was determined by measuring the
oxygen consumption of IMVs in the presence of the phenomethosulfate-
ascorbate artificial electron donor system. Bar 1, wild-type Ara; bar 2,
wild-type Glu; bar 3, YidC-depleted IMVs; bar 4, YidC-depleted IMVs
plus SpolllJ; bar 5, YidC-depleted IMVs plus YqjG. (B) Heme levels of
cytochrome o oxidase in membranes as determined by spectrometry.
Difference spectra (dithionite reduced minus air oxidized) of wild-type
IMVs (open circles), YidC-depleted IMVs (filled circles), SpolllJ-con-
taining IMVs (open triangles), and YqjG-containing IMVs (filled trian-
gles) were recorded and plotted as a function of the wavelength.
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FIG. 6. SpolllJ and YqjG promote membrane insertion of in vitro-
synthesized Fc from E. coli and B. subtilis into IMVs derived from E. coli.
Lane 1, wild-type Glu; lane 2, YidC-depleted IMVs; lane 3, YidC-de-
pleted IMVs plus SpolllJ; lane 4, YidC-depleted IMVs plus YqjG. The
panels on the left show 10% of the total protein synthesis, and the
panels on the right show the amount of membrane-inserted and ra-
diolabeled F,c. The upper panels show data for F c from E. coli, and
the lower panels show data for F c from B. subtilis.
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tional cytochrome o oxidase complexes in IMVs was deter-
mined by measuring difference absorption spectra of dithion-
ate-reduced minus air-oxidized IMVs (Fig. 5B). This assay
measured the amounts of functionally incorporated heme,
which were found to be similar for IMVs derived from YidC-
depleted cells expressing SpolllJ and IMVs derived from
YidC-depleted cells expressing YqjG (Fig. 5B) and slightly
lower than in YidC-containing IMVs. On the other hand, YidC
depletion resulted in a major reduction in the cytochrome
levels. These data suggest that the B. subtilis SpolIlJ and YqjG
proteins also functionally complement the Sec-dependent
function of YidC.

In vitro membrane insertion of B. subtilis and E. coli F ¢ is
mediated by SpolllJ and YqjG. In E. coli, the membrane
insertion of F_c is dependent solely on YidC, as shown previ-
ously by in vitro insertion assays (47). In order to investigate
whether SpolllJ and YqjG can replace YidC in F c insertion,
we tested the IMVs mentioned above in a coupled in vitro
transcription, translation, and membrane insertion assay. In
addition, membrane insertion of B. subtilis F c was tested. In
these assays, noninserted F c was removed by proteinase K
digestion, while membrane-inserted F _c was analyzed by SDS-
PAGE and detected by autoradiography (Fig. 6, right panels).
As expected, insertion of E. coli F_c into YidC-depleted IMVs
(Fig. 6, upper right panel, lane 2) was strongly reduced com-
pared to insertion of E. coli Fc into YidC-containing IMVs
(Fig. 6, upper right panel, lane 1). Insertion of E. coli F c into
YidC-depleted IMVs was restored to nearly wild-type levels by
expression of SpolIlJ or YqjG (Fig. 6, upper right panel, lanes
3 and 4). Essentially similar results were obtained when B.
subtilis F c was used as a substrate. Compared to YidC-con-
taining IMVs (Fig. 6, lower right panel, lane 1), only low levels
of insertion of B. subtilis F c were observed with YidC-de-
pleted IMVs (lane 2), while expression of SpolIlJ and expres-
sion of YqjG (Fig. 6, lower right panel, lanes 3 and 4, respec-
tively) restored the membrane insertion of F.c, albeit
seemingly at levels lower than those observed with YidC. The
latter finding is most likely due to the high level of F_c syn-
thesis in the presence of wild-type IMVs (Fig. 6, lower left
panel, lane 1) compared to the levels in the other reactions
(lane 2 to 4). Normalization of total Fc synthesis with mem-
brane-inserted F_c results in almost equal levels of SpolIlJ-,
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YqjG-, and YidC-inserted B. subtilis F c. These findings pro-
vide strong evidence for the mutual exchangeability of YidC,
SpolllJ, and YqjG and demonstrate a function of these pro-
teins in membrane protein insertion.

B. subtilis F,F, ATP synthase copurifies with SpolllJ and
YqjG. In order to investigate which proteins physically interact
with SpolllJ and YqjG, we overexpressed and affinity purified
both of these proteins under relatively mild detergent solubi-
lization conditions from inner membranes of B. subtilis. Vec-
tors bearing the C-terminally His-tagged SpolllJ and YqjG
proteins were transformed into B. subtilis pNZ.8900, and IMVs
containing the overexpressed proteins were isolated. As con-
trols, vectors expressing the untagged SpolllJ and YqjG pro-
teins and the empty overexpression vector pNZ8901 were used
in parallel experiments. The His-tagged Spolll] and YqjG
proteins are functional as they complemented the E. coli
growth defect due to the YidC depletion (Fig. 1). IMVs were
solubilized with the detergent DDM and passed over an
Ni-NTA affinity resin. Several proteins were found to coelute
specifically with His-tagged SpolIlJ and YqjG, while only non-
specific association was observed with nontagged protein or
with empty vector controls (Fig. 7A). The specifically bound
and coeluted proteins were identified with high confidence by
mass spectrometry. Remarkably, almost all proteins identified
were subunits of the B. subtilis F,F_, ATP synthase. All subunits
of the F, domain (F,«, F,B, F,v, F,9, and F,¢) and all known
F, subunits (F.a, F.b, and F.c) could be identified (Fig. 7A
and Table 3). Thus, all structural components of the B. subtilis
F,F, ATP synthase complex copurify with His-tagged SpolIlJ
and YqjG. Furthermore, the B. subtilis protein YqgA, which
has no known function or similarity to other proteins, specifi-
cally coelutes with both SpoIIlJ and YqjG. It should be noted
that SpolllJ and YqjG also copurify with F,« and F, 3 of the E.
coli ATP synthase when these proteins are overexpressed and
purified in E. coli cells (data not shown). This is consistent with
recent copurification data showing that E. coli YidC also co-
purifies with F,« and F,B of the E. coli ATP synthase (43).

To further investigate the complex consisting of SpolIlJ/
YqjG and the F,F, ATP synthase, BN-PAGE experiments
were performed. Elution fractions obtained by purification of
His-tagged SpolllJ (Fig. 7B, lanes 1 and 2) and YqjG (lanes 3
and 4) were incubated with either SDS (lanes 1 and 3) or DDM
(lanes 2 and 4) prior to electrophoresis. The DDM-treated
SpolIIlJ (lane 2) and YqjG (lane 4) migrated as a single high-
molecular-mass complex with the F,F, ATP synthase at an
apparent molecular mass of 550 kDa. No unbound, monomeric
SpollIlJ or YqjG could be detected in the native samples after
Coomassie brilliant blue (Fig. 7B) or silver staining (data not
shown). On the other hand, the SDS treatment resulted in
denaturation of the complex, and proteins migrated at low
molecular weights (lanes 1 and 3). The protein bands corre-
sponding to the native complex were excised from the BN-
PAGE gel and subjected to nonnative SDS-PAGE. This re-
sulted in protein patterns (Fig. 7C) similar to that observed in
the affinity purification experiment, including the bands for
SpoIIlJ and YqjG (Fig. 7A). Based on the protein staining
density in the gels, it appears that superstoichiometric amounts
of SpolllJ and YqjG participate in the formation of a stable
complex with the F,F, ATP synthase.
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FIG. 7. SpolllJ and YqjG form a stable complex with B. subtilis F\F_ ATP synthase. (A) Specific copurification of B. subtilis F,F, ATP synthase
with SpolIlJ and YqjG. Membrane vesicles of B. subtilis pNZ8900 transformed with different plasmids were isolated and subjected to His tag
purification. Proteins were identified by mass spectrometry, as indicated on the right. The F,F, ATP synthase elutes with His-tagged SpolllJ or
YqjG but not with the non-His-tagged versions, showing specific binding of B. subtilis ATP synthase to SpolllJ and YqjG. Lane 1, pNZ8901 (empty
vector); lane 2, pNZspolllJ; lane 3, pNZspolllJHis; lane 4, pNZyqjG; lane 5, pNZyqjGHis. (B) The native conformation of SpolllJ/YqjG in
complex with the F,F, ATP synthase was monitored by BN-PAGE. Affinity-purified SpolllJ (lanes 1 and 2) or YqjG (lanes 3 and 4) was treated
with either SDS (lanes 1 and 3) or DDM (lanes 2 and 4) prior to BN-PAGE. (C) SpolllJ and YqjG are part of the high-molecular-weight
complexes. The high-molecular-weight bands indicated in panel B were excised from the BN-PAGE gel and subjected to nonnative SDS-PAGE
and silver staining. Identification of the proteins indicated was based on alignment with the protein pattern in panel A.

DISCUSSION ous in vivo assays further support the high level of complemen-
tation; in these assays the activities of the YidC-depleted vesicles
containing either SpolllJ or YqjG were almost the same as those
of YidC-containing IMVs.

Another conclusion derived from the in vivo studies is that
both SpolllJ and YqjG compensate for YidC in the YidC-only
and Sec-dependent pathway. This is evident from the restora-
tion of the ATPase activity, the correct insertion of F_c, a
known substrate of the YidC-only pathway (47). The restora-
tion of the cytochrome o oxidase activity and levels provide
evidence for a functional CyoA, a protein that requires both
SecYEG and YidC for insertion (8). Like Oxalp, the mito-
chondrial YidC homolog, SpolllJ and YqjG lack the large
periplasmic loop at the N terminus. Previous studies showed

Members of the YidC/Oxal/Alb3 protein family exhibit rather
low primary sequence similarity. Nevertheless, to a large extent
they are functionally conserved and even appear to be generally
exchangeable (18, 31, 45). Our results confirm this general trend,
since the two YidC homologs from the gram-positive bacterium
B. subtilis completely restore growth of YidC-depleted E. coli cells
both on agar plates and in liquid medium. YqjG and SpolllJ
complement YidC to a high degree, as control and comple-
mented cells grew equally well and with similar PspA expression
levels. In contrast, a recent study showed that the YidC homologs
of Streptococcus mutans barely complemented the E. coli growth
defect on plates, whereas the growth defect could be only partially
restored in liquid culture (6). In contrast, the SpoIIlJ- or YqjG-

complemented YidC-depleted strain exhibited wild-type growth
rates (data not shown). This shows that YidC homologs from
different gram-positive bacteria complement the essential func-
tion of YidC, even though SpolIlJ and YqjG appear to be more
proficient than the S. mutans YidC paralogs. The results of vari-

that a region in this periplasmic loop is needed for SecF bind-
ing, while only a few amino acids in the extreme N-terminal
part of the loop are essential for the insertase function of YidC
(51). Therefore, we concluded that SecF binding is not an
essential feature of the YidC function.

TABLE 3. Summary of mass spectrometry identification of SpolllJ- and YqjG-associated proteins”

Accession no. Protein Noéggtlildnégue C"E’(‘Z;‘ge
P37808| ATPA_BACSU ATP synthase F, subunit o 23 52.8
P37809| ATPB_BACSU ATP synthase F, subunit 21 64.7
P37810| ATPG_BACSU ATP synthase F, subunit vy 18 57.2
P37811|ATPD_BACSU ATP synthase F, subunit & 8 42
P37812| ATPE_BACSU ATP synthase F, subunit & 7 59.8
P37813| ATP6_BACSU ATP synthase F, subunit a 4 16.4
P37814| ATPF_BACSU ATP synthase F, subunit b 6 81.2
P37815| ATPL_BACSU ATP synthase F, subunit ¢ 3 229
P54484| YQOGA_BACSU Hypothetical protein YqgA 14 73.9

“ Protein identification was carried out using the Paragon algorithm, which employs feature probabilities and a “sequence temperature value,” for a sequence
database search. All proteins identified originated from B. subtilis.
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Previously, SpolllJ and YqjG have been implicated in pro-
tein secretion rather than in membrane protein insertion (41).
It was observed that several secreted proteins of B. subtilis
were affected by SpolllJ depletion in cells lacking YqjG. In-
terestingly, the depletion also affected two membrane proteins,
one of which is CtaC, the CyoA homolog in B. subtilis, a known
YidC substrate. Recently, a role for Spolll]J in membrane
protein insertion was suggested based solely on its sequence
similarity to E. coli YidC, although no direct experimental
evidence for such a function was provided (4). Another report
suggested that SpolIlJ could be involved in the maturation of
SpoIIIAE (37). Both proteins are essential for activation of a
forespore-specific transcription factor and could be cross-
linked in vivo. However, the level of membrane-inserted
SpolIIAE was not affected in a SpolllJ deletion strain (37),
possibly suggesting a function in a postinsertional stage of
SpollITAE biogenesis. Our report now demonstrates that both
SpolIlJ and YqjG mediate membrane insertion of in vitro-
synthesized E. coli and B. subtilis F c and supports the univer-
sal hypothesis that Oxalp-like proteins are required for mem-
brane insertion and biogenesis of subunits of respiratory chain
complexes and other energy-transducing complexes.

Remarkably, when the His-tagged SpolllJ and YqjG pro-
teins are expressed in B. subtilis, a number of proteins are
found to specifically copurify during Ni**-NTA affinity chro-
matography. All subunits of the F,F, ATP synthase are present
in the complex with SpolIIlJ and YqjG. A specific role of YidC
in membrane insertion of the ring-forming subunit F _c is well
established, whereas both YidC and SecYEG are essential for
membrane insertion of F.a (23, 53). However, it is still not
clear whether YidC also has a role downstream in membrane
assembly of F,F, ATP synthase. Our observation that SpolIlJ
and YqjG form a complex with the entire F,F, ATP synthase
suggests that these proteins have a role in the final assembly of
this energy-transducing complex. In yeast (Saccharomyces cer-
evisiae), Oxal has recently been shown to interact with an
Atp9(Fc)-F, subcomplex, and it has been proposed that Oxal
acts as a chaperone to ensure correct assembly of the Atp9p
(F,c) ring and coassembly with AtplO-chaperoned Atp6p
(F.a) (14, 42). Thus, in yeast, the incorporation of Atp6p (F,a)
into the complex seems to be one of the last steps in the
assembly process. Remarkably, the complex consisting of F,F_
ATPase with SpolIIlJ and YqjG is not active in ATP hydrolysis
(M. J. Saller, unpublished results). We hypothesized that this
complex stalls at a late stage of biogenesis, possibly at the stage
of functional incorporation of F.a (49), which is also assumed
to be the last step in assembly in bacteria.

Oxal and several bacterial YidC homologs have an elon-
gated C-terminal tail that has been implicated in direct ribo-
some binding (22) and/or biogenesis of the ATP synthase (11).
Interestingly, both in mitochondria and in some bacteria, there
are two paralogs, one having an elongated C-terminal tail
(Oxal and YidC2) and one lacking this tail (Cox18 and YidC1).
In yeast, Oxal, but not Cox18, was found to specifically copu-
rify with the mitochondrial F,F, ATP synthase (16). Further-
more, in S. mutans, a defect in the ATPase activity due to the
absence of YidC2 could be complemented by Oxal, but not by
Cox18. This led Funes et al. to conclude that the elongated
C-terminal tail of YidC2 is required for biogenesis of the F,F_
ATPase complex (11). Our results contradict this conclusion as
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both B. subtilis YidC homologs lack the elongated C-terminal
tail but still copurify with the F,F_, ATPase complex and com-
plement its biogenesis defect in YidC-depleted E. coli cells.
The other protein that copurifies with SpolllJ and YqjG is
YqgA. This is a small membrane protein with no known func-
tion, and homologs are found only in a number of other Ba-
cillus species. The yqgA gene is not essential in B. subtilis.
Future experiments should address whether YqgA plays a role
in the F,F_ ATP synthase assembly process, but because of its
limited distribution among bacterial species, the role of this
protein may be specific to bacilli.

Taken together, our complementation, in vivo, and in vitro
assays demonstrate a function for SpolIlJ and YqjG in mem-
brane protein insertion, which extends the general conserved
function of the YidC/Oxal/Alb3 protein family to gram-posi-
tive bacteria.
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