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The ¢ subunits of FoF;-ATP synthase (Fyc) assemble into a ring structure,
following membrane insertion that is dependent on both glycolipid MPIlase
and protein YidC. We analyzed the insertion and assembly processes of Pro-
pionigenium modestum Foc (Pm-F(c), of which the ring structure is resistant
to SDS. Ring assembly of Pm-Fyc requires P. modestum Uncl (Pm-Uncl).
Ring assembly of in vitro synthesized Pm-Foc was observed when both YidC
and Pm-Uncl were reconstituted into liposomes of Escherichia coli phospho-
lipids. Under the physiological conditions where spontaneous insertion had
been blocked by diacylglycerol, MPIase was necessary for Pm-Fyc insertion
allowing the subsequent YidC/Pm-Uncl-dependent ring assembly. Thus, we
have succeeded in the complete reconstitution of membrane insertion and
subsequent ring assembly of Pm-Fc.

Keywords: Foc ring assembly; membrane protein insertion; MPlase;
Propionigenium modestum; Uncl; YidC

Membrane proteins co-translationally insert into mem-
branes, fold, acquiring tertiary structures and some-
times assemble into large complexes to express their
functions. For these processes, the sequential and con-
certed functions of a series of insertion factors are
required. For membrane insertion, SRP-dependent
membrane targeting, and SecYEG- and YidC-depen-
dent insertion occur [1-5]. A subset of membrane pro-
teins of small size or with a transmembrane domain at
the C terminus depend on neither SRP nor SecYEG
[6]. In both cases, glycolipid MPIase is essential for
insertion, cooperating with YidC [4,7-11]. The glycan
chain of MPIase receives membrane proteins at the
membrane surface to initiate membrane insertion
[8,12], and the inserting substrates are transferred to
YidC to complete insertion [9,11]. In addition to the
factor-assisted insertion mentioned above, it is known

Abbreviations

that several membrane proteins, such as KcsA [13,14]
and Pf3-Lep [15,16], are inserted without the aid of
SRP, SecYEG, or YidC, suggesting that unassisted or
spontaneous mechanisms for membrane insertion are
operative. Nevertheless, it is unknown whether or not
MPIase is involved in the membrane insertion of these
proteins. In contrast to those of membrane insertion,
the molecular mechanisms of folding and assembly of
membrane-inserted proteins are poorly understood.
YidC is not only involved in insertion but also in fold-
ing of membrane proteins as a membrane chaperone
[17]. However, little is known of the further assembly
into a large complex.

FoF; ATP synthase in Propionigenium modestum uti-
lizes the flow of not only protons but also sodium ions
to synthesize ATP [18,19]. The ¢ subunit of this bac-
terium (Pm-Foc) assembles into the 11mer with the aid

CBB, coomassie brilliant blue; DAG, diacylglycerol; INV, inverted inner membrane vesicles; MPlase, membrane protein integrase; OG, octyl-
B-p-glucopyranoside; PC, phosphatidylcholine; PK, proteinase K; PL, E. coli polar phospholipids; TCA, trichloroacetic acid.
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of its private chaperone Uncl of this bacterium (Pm-
Uncl) to form a ring structure [19,20], since ring assem-
bly of Pm-Foc, when expressed in Escherichia coli,
requires co-expression of Pm-Uncl [19]. Pm-Fqc is a
good substrate to analyze membrane assembly, since
the ring possesses a quite stable structure that is resis-
tant to SDS [19-22]. It is reported that in vitro synthe-
sized Pm-Fyc was spontaneously inserted into artificial
liposomes comprising soybean PC and assembled into
the 11mer in a Pm-Uncl-dependent manner [20]. How-
ever, it is still unknown whether or not the Pm-Fc,
inserted under the physiological conditions where
MPIase and YidC are necessary, requires YidC for ring
formation [20].

We have shown that MPlase prevents aggregation
of E. coli Foc (Ec-Foc) and allows its insertion into
membranes by means of a reconstitution system in
which the disordered spontaneous insertion of Ec-Fc
had been prevented [23-25]. Under these conditions,
YidC stimulates MPIase-dependent insertion of Ec-Fqc
[9]. These findings solved the discrepancy regarding
Ec-Fyc insertion [26,27], indicating that our reconstitu-
tion system reflects the in vivo reaction faithfully. In
this study, by means of such a reconstitution system
we analyzed the processes of membrane insertion and
ring assembly of Pm-Foc. We found that Pm-Fyc is
inserted into membranes in an MPIlase-dependent
manner and assembled into a ring structure in both
YidC- and Pm-Uncl-dependent manner.

Materials and methods

Materials

E. coli strain BL21(DE3) (F~, ompT hsdSB (rg~ mg~) gal
dem MDE3)) was used to express Pm-Uncl and to prepare
inverted membrane vesicles (INV) [28]. Plasmid pT7-Pm-
Uncl was constructed by cloning of the P. modestum uncl
gene, to which a 6 x His tag was attached at the C termi-
nus [19], into pIVEX2.3MCS (Roche Diagnostics, Rotk-
reuz, Switzerland) under the control of the T7 promoter.
The P. modestum uncl gene was chemically synthesized by
Integrated DNA Technologies, Inc. Pm-Uncl [19] and
YidC [11] were purified on a Talon cobalt-chelating column
(Clontech, Mountain View, CA, USA). MPlase was puri-
fied as described [29]. The plasmid encoding Pm-Fyc under
the T7 promoter [20] was a generous gift from Dr Kuruma
(JAMSTEC). E. coli polar phospholipids (PL) and
dioleoylglycerol were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Octylglucoside (OG) was from
Dojindo Laboratories (Kumamoto, Japan). Proteinase K
(PK) was from Roche Diagnostics. A PURE system, a
reconstituted translation system composed of purified
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components, was obtained from GeneFrontier Corporation
(Kashiwa, Chiba, Japan). [**S] EXPRESS Protein Labeling
Mix, a mixture containing [*>S] methionine and [*>S] cys-
teine (~ 37 TBq-mmol~"), was obtained from Perkin Elmer,
Inc (Waltham, MA, USA).

Reconstitution of proteoliposomes

YidC and/or Pm-Uncl, solubilized in OG, were mixed with
250 pg of E. coli PL, followed by dialysis against 50 mm
Hepes-KOH (pH 7.5), 1 mm dithiothreitol for >3 h at
4 °C. The proteoliposomes, thus reconstituted, were recov-
ered by centrifugation (160 000 g, 1 h, 4 °C). MPIlase was
mixed with E. coli PL and dioleoylglycerol in a solvent sys-
tem (chloroform/ethanol/water: 3/7/4) in the ratio of
10 : 100 : 10, dried under an N, gas stream and then under
vacuum, and then hydrated by sonication to form lipo-
somes. Equal amounts in phospholipids of YidC/Pm-Uncl
proteoliposomes were fused to MPlase liposomes by
repeated, three times, cycles of freezing and thawing
[11,30], giving 5% MPIlase and 5% DAG in proteolipo-
somes. The proteoliposomes were briefly sonicated immedi-
ately before the assay.

Assaying of Pm-F, ¢ insertion and ring formation

Pm-Fqoc was in vitro synthesized by means of the PURE
system. The reaction mixture comprising (proteo)liposomes
(0.4 mg-mL~", added at the start of synthesis) or INV
(0.4 mg-mL~', added at 5 min of synthesis), plasmid DNA
encoding Pm-Foc, and [*°S] methionine and cysteine
(~ 0.3 um methionine; ~ 37 TBq-mmol~') was incubated
for 30 min at 37 °C to allow membrane insertion and ring
assembly. Where specified, cold methionine (0.3 mm) was
added (~ 37 GBq-mmol™"). To analyze membrane inser-
tion, samples were subjected to protease-protection assay-
ing. The reaction mixture containing liposomes (25 pL) was
divided into three parts. One part (2 pL) was immediately
treated with 5% trichloroacetic acid (TCA) and used to
determine the translation level. The next sample (10 pL)
was mixed with an equal amount of 1 mg-mL ™! PK. The
last part (10 pL) was mixed with PK (0.5 mg-mL™!) and
OG (1.5%). After protein had been precipitated with 5%
TCA, Pm-Fyc and its membrane-protected fragments were
separated by SDS/PAGE [31]. To analyze ring assembly,
INV or (proteo)liposomes, sedimented by centrifugation
(160 000 g, 1 h, 4°C) or enriched by treatment with
50 mm MgCl, [20], were directly subjected to SDS/PAGE
[31] to detect the c¢;; band of ~ 90 kDa. While an aliquot
(3 pL) of the reaction mixture containing INV or (proteo)
liposomes (20 pL), treated with 5% TCA, was used to
determine the synthesis level, the rest (17 pL) was sub-
jected to SDS/PAGE after membrane recovery as
described above. Radioactive bands were detected by
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autoradiography with a Phosphorimager (GE Healthcare,
Chicago, IL, USA).

Results

YidC and Pm-Uncl are essential for ring assembly
of Pm-Fyc

Firstly, we tried to analyze membrane insertion of Pm-
Foc using the standard protease-protection assay. After
membrane insertion, the band of full-length Ec-Fyc
is protected on PK digestion [9,26], as depicted in
Fig. 1A. Unlike Ec-Fyc, Pm-Fyc did not give such a
full-length band representing a membrane-protected
fragment (Fig. 1A,B). When liposomes of E. coli PL,
in which spontaneous insertion of Fgc occurs [9,27],
were used, only a small amount of Pm-Foc (~ 1%)
appeared on PK digestion, and it still appeared in the
presence of detergent OG (Fig. 1B, left). This band
pattern was the same as that in the presence of diacyl-
glycerol (DAG) (middle), where the spontaneous inser-
tion was blocked [9,23-25] and that in the absence of
liposomes (right). We suggest that the cytoplasmic
domain of Pm-Fyc was digested by PK, giving a smal-
ler band of N terminus (Fig. 1A), but we could not
discriminate this band from the PK-resistant band
derived from the aggregated form of Pm-Fyc (Fig. 1B,
asterisks). These results indicate that membrane inser-
tion of Pm-Fyc cannot be analyzed by means of the
standard protease-protection assay. Nonetheless, we
found that Pm-Fyc was inserted into PL liposomes but
not into the PL/DAG liposomes (see later).

Pm-Foc forms an SDS-resistant ring structure in a
Pm-Uncl-dependent manner [19,20]. Therefore, both
Pm-Foc protomer (~ 8 kDa; ¢;) and ring (~ 90 kDa;
cq1) bands can be detected by SDS/PAGE. We synthe-
sized Pm-Fc in vitro in the presence of INV prepared
from E. coli cells expressing Pm-Uncl (Fig. 1C). How-
ever, we could not detect ring assembly of Pm-Fyc
when the synthesis level of Pm-Fyc was low (left). On
the other hand, when the expression level of Pm-Fyc
was increased by adding cold methionine in the trans-
lation reaction, we detected the SDS-resistant ring
assembly of Pm-Fyc in Pm-Uncl INV clearly, while no
ring assembly was found in wt INV and PL liposomes
(right). These results confirm that Pm-Uncl is required
for ring assembly of Pm-Fygc, and indicate that
increased amounts of Pm-Fgc are necessary for ring
assembly.

Next, we purified YidC and Pm-Uncl to homogene-
ity via a 6 x His tag attached to the C termini of these
proteins (Fig. 2A) to analyze ring assembly of Pm-Fyc
in the reconstitution system. We then reconstituted

Reconstitution of ring assembly of P. modestum Fqc

these purified proteins into PL liposomes (Fig. 2B). It
was expected that Pm-Fyc was inserted spontaneously
into these proteoliposomes, since DAG was not
included in them [9,23,24]. In the presence of Pm-Uncl
alone, no ring assembly was observed. In contrast,
when both YidC and Pm-Uncl were reconstituted into
proteoliposomes, we observed the Pm-Fyc ring clearly
(Fig. 2B, ‘ciy’). Assuming that only membrane-inserted
Pm-Foc can assemble into a ring structure, these
results indicate that Pm-Fyc was inserted into PL lipo-
somes. Unlike the ring assembly in PC liposomes, in
which only Pm-Uncl is sufficient [20], both YidC and
Pm-Uncl are essential for subsequent ring assembly in
PL liposomes. These results also suggest that YidC is
involved in the folding or even in the assembly of Pm-
Foc, since these conditions allowed Pm-Fc insertion.

The sequential functions of MPlase, YidC, and
Pm-Uncl are required for membrane insertion
and ring assembly of Pm-Fyc

Next, we examined the ring assembly of Pm-Fyc
under the physiological conditions where the disor-
dered spontaneous insertion had been prevented by
inclusion of DAG (Fig. 3). To insert Pm-Fyc into
DAG-containing proteoliposomes, MPlase was also
used for the reconstitution. There was no ring assem-
bly of Pm-Foc in (proteo)liposomes with MPIase,
YidC, or Pm-Uncl alone. Also, no ring assembly was
observed when two of these factors were used for the
reconstitution. In marked contrast, efficient ring
assembly of Pm-Fyc was observed when all three fac-
tors were co-reconstituted (Fig. 3). Since YidC and
Pm-Uncl were sufficient for ring assembly in the
absence of DAG (Fig. 2B), but MPIase was necessary
in addition for PL/DAG proteoliposomes (compare
‘MPlase/YidC/Pm-Uncl’ with ‘YidC/Pm-Uncl’), Pm-
Foc was not inserted into PL/DAG liposomes in the
absence of MPlase. Pm-Fyc, inserted through the
MPIlase function, was unable to be assembled into
the ring structure when YidC was absent (compare
‘MPlase/YidC/Pm-Uncl’ with ‘MPlase/Pm-Uncl’),
suggesting that YidC completes Pm-Fyc insertion
and/or that YidC assists folding of membrane-in-
serted Pm-Foc into the ring assembly competent
structure. Taking these results and previous ones
obtained for Ec-Foc showing that Ec-Foc insertion
depends on MPlase and is stimulated by YidC [9]
together, we concluded that Pm-Fyc is inserted into
membranes through the functions of both MPIlase
and YidC, and then, it is assembled into a ring struc-
ture through the functions of both YidC and
Pm-Uncl.
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Fig. 1. Pm-Uncl is required for ring assembly of Pm-Fqc. (A) Membrane topology of Foc. The arrow indicated the direction of PK digestion
on the insertion assay. (B) Protease-protection assaying of Pm-Fqoc insertion. PL liposomes (left) and PL liposomes containing 5% DAG

(middle) were added to the reaction mixture for Pm-Fqc translation. At right, liposomes were not added. The positions of Pm-Foc and its N-
terminal region (asterisks) are indicated. Note that there are no methionine residues after the cytoplasmic region of Pm-Fqc. (C) Pm-Uncl is
required for ring assembly of Pm-Foc. Pm-Foc was in vitro synthesized in the presence of INV prepared from BL21 cells harboring the
empty vector (BL21_pIVEX), Pm-Uncl-expressing vector (BL21_pIVEX-Uncl), or liposomes of Escherichia coli PL (PL liposomes). After the
translation/insertion reaction, an aliquot was treated with 5% TCA to determine the synthesis level. The remainder was diluted with 0.5 mL
of Hepes-KOH (pH 7.5) and then centrifuged to sediment INV and liposomes. The recovered INV and liposomes were solubilized in the SDS

sample buffer, followed by SDS/PAGE and autoradiography. Cold methionine (0.3 mm) was added in the right panel (High Pm-Fqc level),
while it was omitted in the left panel (low Pm-Fqc level). The positions of Pm-Fqc ring (c14) and monomer (c4) are indicated.
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Fig. 2. YidC and Pm-Uncl are required for
ring assembly of Pm-Fqc. (A) Purified YidC
and Pm-Uncl. Purified YidC (0.5 pug) and
Pm-Uncl (1 ug) were analyzed by SDS/
PAGE, followed by CBB staining. (B) Both
YidC and Pm-Uncl are necessary for ring
assembly of spontaneously inserted Pm-
Foc. Pm-Foc was in vitro synthesized in
the presence of proteoliposomes
containing Pm-Uncl or both YidC and Pm-
Uncl. Cold methionine (0.3 mm) was
added to increase Pm-Fqc level.
Proteoliposomes, enriched with Mg
treatment, were analyzed as described in
Fig. 1C. The positions of Pm-Fqc ring (cq1)
and monomer (c,) are indicated. Note that
several bands other than the ¢, band in
TCA-treated samples are not related to
Pm-Fqoc, since most of them were missing

YidC —-

Pm-Uncl —
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and Pm-Uncl. Pm-Fqc was in vitro
synthesized in the presence of DAG-
containing (proteo)liposomes in which
MPlase, YidC, and/or Pm-Uncl had been
used for the reconstitution as specified.
Cold methionine (0.3 mm) was added to
increase Pm-Fqc level. Samples were
analyzed as described in the legend to
Fig. 2B. The positions of Pm-Fqc ring (c14)
and monomer (c) are indicated. Note that
the band marked with an asterisk (*) is not
related to the Pm-Fqc ring, since this band
appeared in other conditions including
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Discussion

In this study, we have succeeded in the complete
reconstitution of membrane insertion and subsequent
ring formation of Pm-Fc. Based on the results of this
study, and previous ones for Ec-Fyc insertion [9] and
for ring assembly of Pm-Fyc in PC liposomes [20], we
propose the molecular mechanisms depicted in Fig. 4.
MPIlase (step 1) and YidC (step 2) direct Pm-Fc inser-
tion, similarly to in the case of Ec-Fyc insertion [9],
followed by Pm-Uncl-dependent ring assembly (step
4). Although the conventional assay for Pm-Fyc did

not work, MPIase was required for ring assembly in
DAG-containing proteoliposomes but not in PL ones,
indicating that MPIase is necessary for membrane
insertion of Pm-Fyc under physiological conditions
(step 1). We found that YidC is involved in a late step,
while MPIase functions at the initial step of insertion
of membrane proteins [11] including Ec-Fyc [9], indi-
cating the occurrence of functional interaction of these
factors. Therefore, the requirement of both MPlase
and YidC for formation of the Pm-Fyc ring suggests
that not only MPIase but also YidC is involved in
Pm-Fc insertion (step 2), similarly to in the case of
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Ec-Fyc insertion [9]. Pm-Uncl is a private chaperone
dedicated to ring assembly of Pm-Fyc [19,20], but not
to membrane insertion, since MPIase/YidC was neces-
sary for formation of a ring structure. On the other
hand, YidC was involved not only in membrane inser-
tion (step 2) but also in ring assembly (step 3). In this
case, YidC might facilitate the formation of the ter-
tiary structure of a Pm-Fyc protomer that is ready for
ring assembly (step 3), followed by Pm-Uncl-depen-
dent ring assembly (step 4). In PC liposomes, only
Pm-Uncl is sufficient for Pm-Fyc ring assembly [20].
On the other hand, for ring assembly of Ec-Foc, E. coli
Uncl is dispensable [32], strongly suggesting that YidC
has the ability to facilitate ring assembly of Ec-Fqc.
Therefore, we suggest the cooperation of YidC and
Pm-Uncl for ring assembly of Pm-Fc.

It is reported that Pm-Fyc assembly occurs only in
the presence of Pm-Uncl [20]. In this study, Pm-Fyc
was spontaneously inserted into liposomes of soybean
PC. PC liposomes possess much stronger ability to
spontaneously insert membrane proteins than lipo-
somes of E. coli phospholipids [25], since PC has a lar-
ger head group than those of PE and PG, major
phospholipids in E. coli, yielding a larger space inside
the lipid bilayer, which causes spontaneous insertion
[25,33,34]. Pm-Fc, inserted into PC liposomes, was
protected on PK digestion [20], while Pm-Fc, inserted
into PL liposomes, was digested by PK (Fig. 1B).
These differences might be caused by the larger head
size of PC. Moreover, the PC preparation used in this
study (PC content: 14-29%) contained a lot of lipid
components of the soybean membranes. Some of the
contaminants may facilitate Pm-Fc insertion, folding,
and ring assembly.

Our reconstitution system reflects the in vivo reac-
tion faithfully [8,9,11,23,29], since the disordered spon-
taneous insertion of membrane proteins was prevented
by inclusion of a physiological amount of DAG (~ 5%
as to phospholipids) comparable with that of the wild-
type E. coli cells (~ 1.5%) [24]. We could reproduce
the dependency on insertion factors including MPlase

insertion and ring assembly of Pm-Fqc.
MPIlase is shown on the cytoplasmic
surface of the inner membrane. YidC and
Pm-Uncl are shown in orange and red,
respectively. Folded Pm-Fqc is in green.
See the text for details.

and YidC using this reconstitution system
[8,9,11,23,29] and confirm it using MPIlase-depleted
strains and INV [10,11]. Therefore, it is possible to
examine whether or not MPlase is involved in mem-
brane insertion of proteins that do not depend on any
proteinaceous factors by means of MPlase-depleted
strains and liposomes containing DAG. Now, not only
membrane insertion but also assembly into a complex
could be reproduced. Moreover, these processes could
be dissected by means of Pm-Fyc. It is expected that
the mechanism underlying the formation of a large
membrane complex made of multiple subunits could
be clarified using this reconstitution system.
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