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BIOCHEMISTRY

Its own architect: Flipping cardiolipin synthase

Katsuhiro Sawasato, William Dowhan, Mikhail Bogdanov*

Current dogma assumes that lipid asymmetry in biological membranes is actively maintained and dispensable for
cell viability. The inner (cytoplasmic) membrane (IM) of Escherichia coli is asymmetric. However, the molecular
mechanism that maintains this uneven distribution is unknown. We engineered a conditionally lethal phosphati-
dylethanolamine (PE)-deficient mutant in which the presence of cardiolipin (CL) on the periplasmic leaflet of the
IM is essential for viability, revealing a mechanism that provides CL on the desired leaflet of the IM. CL synthase
(ClsA) flips its catalytic cytoplasmic domain upon depletion of PE to supply nonbilayer-prone CL in the periplasmic
leaflet of the IM for cell viability. In the presence of a physiological amount of PE, osmotic down-shock induces a
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topological inversion of ClsA, establishing the biological relevance of membrane protein reorientations in wild-
type cells. These findings support a flippase-less mechanism for maintaining membrane lipid asymmetry in bio-
genic membranes by self-organization of a lipid-synthesizing enzyme.

INTRODUCTION

Most, if not all, biological membranes display an asymmetric distri-
bution of lipid species on each side of the lipid bilayer (I). Although
eukaryotic cell plasma membrane lipid asymmetry is well established
and loss and gain of asymmetry is associated with an array of cellular
malfunctions (2), the physiological significance and detailed molec-
ular mechanism by which membrane phospholipid asymmetry is
generated, maintained, and controlled and its specific function in
bacterial membrane-related processes are not clear (I, 3). Diderm
Gram-negative bacteria have two membranes: inner membrane (IM)
and outer membrane (OM). Because most phospholipid molecules
are synthesized on the cytoplasmic leaflet of the IM, newly synthe-
sized lipids must be first translocated across the IM and then trans-
ported to the OM to build the cell envelope during bacterial growth
(3). We recently reported vectoral chemical probes with different
membrane-penetrating and chemical properties, and determined
the head group and acyl-chain asymmetry of aminophospholipids
using radiometric, mass spectrometric, and spectrophotometric ap-
proaches (4). Using this methodology, we demonstrated that the IM
of Escherichia coli and Yersinia pseudotuberculosis is asymmetric with
a 75%/25% (cytoplasmic/periplasmic leaflet) distribution of phos-
phatidylethanolamine (PE) in rod-shaped cells and an opposite dis-
tribution in filamentous cells (4). Although topography of anionic
phospholipids phosphatidylglycerol (PG) and cardiolipin (CL) in the
cytoplasmic membrane of these Gram-negative bacteria is still un-
known, from experimentally determined transmembrane distribu-
tion of PE and total amounts of PG and CL in the IM, we predicted
that the periplasmic leaflet of the IM contains more negatively
charged phospholipids than the cytoplasmic leaflet (4).

CL is a chemically and structurally unique lipid because, unlike
other canonical phospholipids, it has four hydrophobic acyl chains and
two negative charges attributed to phosphodiester bonds. E. coli has
three distinct enzymes synthesizing CL: ClsA, ClsB, and ClsC (5-7).
Although none of the three gene products are essential for viability
under laboratory conditions (5, 8), CL-deficient cells show pleiotro-
pic effects such as defects in the assembly of the polytopic mem-
brane protein LacY, membrane bilayer translocation of periplasmic
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protein PhoA, and protein folding and assembly of the OM protein
OmpF (9-11). Moreover, CL-deficient strains display activation of
Rcs envelope stress response, alter envelope ultrastructure, and ex-
hibit less efficient transport of underacylated KDO,-Lipid A sub-
strate by MsbA (10-12). All these CL-dependent events would limit
bacterial cell survival, cell fitness, or ability to adapt to stressed con-
ditions. CL is involved in maintaining cell size and proper cell divi-
sion (13, 14). CL occupies different IM leaflet distributions at the cell
poles and septa of E. coli as determined by the CL-specific probe
Erylysin A (EryA)-enhanced green fluorescence protein (EGFP) chime-
ric protein (15). The binding of EryA-EGFP to CL on the periplasmic
leaflet of the IM interferes with cell division resulting in chain mor-
phology (15), suggesting that CL dynamically redistributes along the
IM during the cell division. Theoretically, the large hydrophobic domain
and charge of dianionic CL may require a flippase for it to undergo
transbilayer movement like that of bulky tetra-acyl KDO,-Lipid
A (lipopolysaccharide), which requires the adenosine triphosphate-
dependent MsbA lipid translocase (floppase) (16). However, thus
far, only one flippase for glycerophospholipids has been identi-
fied in Gram-negative bacteria, which synthesizes and translocates
noncanonical cationic O-lysyl-PG across the IM of plant pathogens
(17, 18). Although a prior localization and/or different orientations of
catalytic sites of individual CL biosynthetic enzymes could account
for IM leaflet-specific CL insertion into the bilayer (2), the membrane
topology of the primary ClsA has been controversial for the past
30 years (19, 20). Thus, why and how CL is distributed on both sides of
the IM are still unknown.

All biological membranes contain a spectrum of lipid species with
diverse molecular shapes and differing in the number of acyl chains,
chain length, unsaturation, and head group composition. A delicate
balance between these molecular shapes and phase properties is nec-
essary for a functional membrane (2I). A balance is maintained be-
tween the lamellar phase preferring lipids and those that adopt a
nonbilayer organization while providing large chemical diversity. As a
result, a diversity of physical and chemical properties is available to
support the structure and function of the many membrane-associated
proteins. PE if unsaturated or CL in the presence of divalent cations
(Mg**, Sr**, or Ca®* but not Ba**) has a strong propensity to adopt
inverted nonbilayer structures (22, 23). Knockout studies of the three
CL synthase (cIsA, cIsB, and cIsC) and the phosphatidylserine syn-
thase (pssA) genes, which encode the enzymes that synthesize CL and
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the committed step to PE biosynthesis, respectively, have shown that,
individually, neither CL nor PE is essential for the viability of E. coli
under defined laboratory conditions (5, 8, 23). At the same time, PE-
lacking cells are viable but have an absolute requirement for both the
cIsA gene product and divalent cations (Mg**, Sr**, or Ca** but not
Ba*) presumably because CL per se is unable to make sufficient type
II (inverted cone-shaped) structures without specific divalent cations
(22). Because Ca*" is actively pumped out of the cytoplasm and main-
tained intracellularly at micromolar levels (24), and concentrations of
Mg*" in the cytoplasm are maintained in a range of 50 to 100 mM
independent of the concentration of Mg®" in the growth medium
(25), we proposed that the requirement of higher concentrations of
divalent cations must be on either the periplasmic leaflet of the IM or
OM (22, 23). Thus, an adequate amount of CL, in the presence of the
specific divalent cations, must be delivered to the periplasmic leaflet
of the IM or OM to support the growth of PE-deficient cells to substi-
tute for the nonbilayer phase-forming ability of PE. In our recent
study, the experiments with leaflet-specific lipid packing order-
sensitive fluorescent probe NR12S and leaflet nonspecific push-pull py-
rene analog (PA) demonstrated that lipid packing order only on the
periplasmic leaflet of the IM was progressively decreased as the PE
level was decreased (4). Because disruption of CL biosynthesis in-
creased lipid order in the IM, CL contributes to decreased lipid order
in the periplasmic leaflet of the IM in response to reduced PE levels.
These observations suggest the existence of a putative mechanism,
which is operating to increase the amount of CL in the periplasmic
leaflet of the IM to satisfy the requirement of nonbilayer forming lipid
in the periplasmic leaflet of the IM in response to a decreased amount
of PE. Therefore, a strain in which the amount of PE and CL can be
finely tuned could be a powerful genetic tool to discover a mechanism
by which CL is delivered to the periplasmic leaflet of the IM.

The lack of both PE and CL cannot be suppressed to allow growth
under any condition thus far tested, and the requirement for Mg**
in the absence of PE is a very strong growth phenotype. Although
we have never been able to bypass the divalent metal ion require-
ment in a PE-lacking strain, a conditionally lethal mutant was engi-
neered in which the amount of PE can be controlled and each cis
gene was expressed one at the time either from the chromosome or
a plasmid. These engineered conditionally lethal mutant strains and
their Mg®* auxotrophy allowed us to address the physiological sig-
nificance of cls gene multiplicity, understand why PE-lacking cells
are Mg** auxotrophs, and determine whether CL and a divalent cat-
ion requirement are interior or exterior to the IM.

Although the membrane topology of ClsA has been controver-
sial (19, 20), we found that ClsA adopts a uniform topology with the
catalytic domain facing cytoplasm in wild-type cells. Unexpectedly,
we found that CIsA flips its catalytic globular domain upon deple-
tion of PE to supply CL in the periplasmic leaflet of the IM. The
truncation of N-terminal transmembrane regions of ClsA dimin-
ished the flippability of ClsA with an accumulation of CL in the cy-
toplasmic leaflet of the IM. Thus, the primary CL synthase ClsA
retains or flips its catalytic domain providing CL on the desired leaf-
let of the IM to satisfy the requirement for nonbilayer-prone CL to
support the growth of PE-deficient cells. These discoveries demon-
strate the self-organization potential of lipid biosynthetic enzymes
in Gram-negative bacteria. Furthermore, we demonstrated that an
osmotic down-shock induces inversion of ClsA even in the presence
of a physiological amount of PE. Because the expansion of the cell
volume is accompanied by an increase in the elastic tension of the
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IM due to stretching of the cell envelope upon osmotic down-shock,
we propose that both PE and IM in-plane tension set a threshold
level for flippability of ClsA, which is structurally unrelated to a sub-
set of thus far identified flip-flopping membrane proteins. These
membrane proteins can switch their orientation in the membrane in
response to changes in membrane lipid composition or cell physiol-
ogy, contrary to long-standing dogma in membrane biology (26).
The dual membrane orientation of ClsA demonstrates the physio-
logical significance of the membrane protein flip-flopping phenom-
enon in Gram-negative bacteria.

RESULTS
Primary CL synthase (CIsA) is essential and sufficient to
support Mg-dependent growth of PE-deficient cells
E. coli has three genes that encode CL synthases; however, the sig-
nificance of this multiplicity is still unclear. Most prokaryotes ex-
press multiple CL synthases with ClsA being the primary activity in
E. coli. There is little understanding of the function of the other two
enzymes in this and other bacteria (27-29). ClsA is present under all
growth conditions, whereas ClsB and ClsC are induced during late
log and stationary phases (5). It is assumed that CIsA is essential for
the growth of PE-deficient cells because a plasmid temperature-
sensitive for replication encoding the pssA gene cannot be cured
from PE-deficient cells containing a null allele of the cIsA gene (23).
Also, a null allele of the cIsA gene cannot be introduced into a ApssA
strain via P1 transduction (23). Despite these experimental facts, the
role that each Cls plays in the viability of PE-deficient cells has not
been investigated. To decipher which cIs gene is responsible for the
divalent cation-dependent growth of PE-deficient cells, we engi-
neered strain KS310 (ApssA93::kan Preo-1-pssA) carrying null al-
leles of the cIs genes on the chromosome (listed in table S1). In these
strains, the chromosomal pssA gene is disrupted by insertion of the
kanamycin-resistant gene (kan), and a wild-type pssA gene allele is
integrated at the attB site on the chromosome and under the control
of tet promoter (Pret0-1 promoter), allowing regulation of PE levels
by variable amounts of anhydrotetracycline (aTc) in the growth me-
dium (Fig. 1A). We also introduced individual plasmid-borne cop-
ies of each of the cls genes under the control of the arabinose-inducible
promoter (P,r,pap) into KS410 (strain KS310 AcisABC). Therefore,
each cls gene could be individually expressed under either a plasmid
independent of normal cellular control or the chromosome under
cellular control. The strong promoter Py0-) integrated into the attB
site on chromosome allows the regulation of the pssA gene expres-
sion over a 5000-fold range with aTc as an inducer. Isopropyl-p-p-1-
thiogalactopyranoside (IPTG) and arabinose regulation of cls gene
expression by Piyc/ara-1 is controllable over a 1000-fold range (30).
We tested the ability of each Cls to support growth as a function
of PE levels (2 to 75%) titrated by inducer aTc and CL levels titrated
by inducer arabinose or the expression of cls genes from the chro-
mosome. We took advantage of the observation that a pssA™ AclsA
strain, which accumulated only 20 to 30% of PE, was viable at the
restrictive temperature in a medium containing 50 mM MgCl, plus
400 mM sucrose (31). Osmotic stabilization of cell envelopes by su-
crose appears to allow the growth of a strain compromised in PE
synthesis when the CL level is very low (31). The results of plating
each of these strains in the presence or absence of aTc on agar plates
containing 50 mM MgCl, with or without 400 mM sucrose are
shown in Fig. 1 (B and D). The amount of PE in KS310 grown with
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Fig. 1. Deciphering the role of cIs gene multiplicity in Mg-dependent growth
of PE-deficient cells. (A) Schematic representation of the genetic organization of
the ApssA/Pteto-1-pssA mutant. (B) Growth phenotype of -PE and -PE/-CL mutants.
Indicated strains were streaked on LB agar medium with supplementation of aTc
(100 ng/ml) and 50 mM MgCl, with or without 400 mM sucrose as indicated above
each plate. These cells were incubated for 24 hours at 37°C. (C) TLC analysis of the
phospholipid composition of wild type (WT; W3110) and KS310. An overnight cul-
ture of KS310 grown with aTc (200 ng/ml) was washed three times with fresh LB
medium. Then, cells were diluted into fresh LB medium containing 50 mM MgCl,
with or without aTc (500 ng/ml) and grown to ODggg 0.05. Wild-type cells were di-
luted into fresh LB medium to ODggg 0.05. Cells were grown to the mid-log phase
(ODggp 0.6 to 0.8) with [32P]PO4 (1 pCi/ml), and phospholipids were extracted as
described in the Materials and Methods. Individual phospholipids were separated
by TLC using solvent 2 and then visualized using Phosphoimager. (D) Role of indi-
vidual c/s genes in the Mg-dependent growth of PE-deficient cells. Indicated strains
were streaked on LB agar medium containing 50 mM MgCl, with or without 400 mM
sucrose. (E) Effect of Ba?* on the Mg-dependent growth of the cells with differ-
ent threshold amounts of PE. Indicated strains were streaked on LB agar medium
containing 50 mM MgCl, with or without 5 mM BaCl,. The mol % of PE and CL in
these strains in liquid culture is noted under each plate.
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50 mM MgCl, in the absence of aTc was <5%, and the PE level can
be restored to the wild-type level by supplementation of aTc (Fig. 1C
and fig. S2A). As expected, the lethal phenotype of KS310 (low PE
plus CL) but not KS410 (low PE and no CL) in the absence of aTc
was suppressed by the presence of 50 mM MgCl, (Fig. 1B). The ad-
dition of 400 mM sucrose into the growth medium did not support
the growth of KS410 even in the presence of 50 mM MgCl, (Fig.
1B), indicating that CL is required to support the Mg-dependent
growth of PE-deficient cells. The disruption of the clsA gene of
KS310 (strain KS510: AclsA ApssA/Prieto-1-pssA) resulted in the loss
of viability in the presence of 50 mM MgCl, (Fig. 1D), indicating
that ClsA is essential for Mg-dependent growth of PE-deficient cells.
On the other hand, the disruption of both the cIsB and cIsC genes of
KS310 resulting in the new strain KS610 (AclsB AclsC ApssA/Prieto-1-
pssA) allowed the growth in the presence of either 50 mM MgCl,
or 50 mM MgCl, + 400 mM sucrose media (Fig. 1D). CIsA either
being chromosomal (Fig. 1D) or expressed from a plasmid (fig. S1)
supports growth under both conditions. The overexpression of nei-
ther ClsB nor ClsC supported Mg-dependent growth of KS410 (fig.
S1). These results indicate that ClsA is sufficient to phenocopy the
KS310 strain and support the divalent cation growth requirement of
PE-deficient cells under the conditions we examined.

The threshold level of PE determines the requirement of CL
for the Mg-dependent growth of cells with low PE levels

As mentioned above, in the presence of an intermediate amount of
PE (20%), ClsA is not essential. However, supplementation with
both 50 mM MgCl, and 400 mM sucrose is still required for the
growth of the pssA® AclsA mutant at nonpermissive temperature
(31), suggesting that this amount of PE is sufficient to satisfy the
nonbilayer phase growth requirements on the periplasmic leaflets of
the IM and OM. If this is the case, then Mg-dependent growth of
these cells should not be inhibited by Ba**, which arrests the growth
of PE-deficient cells due to the interference of Ba** cations with the
nonbilayer behavior of the CL (22). To what extent can CL in com-
bination with different divalent cations replace PE in the membrane
of E. coli cells and vice versa? A chromosomal copy of Pyte0-1 con-
trolling expression of the pssA gene can be regulated uniformly
throughout the cell culture from near-zero to wild-type level (75 to
80%) proportional to the amount of gene inducer aTc in the growth
medium (fig. S2B). Therefore, to verify our hypothesis, we tested
whether the Mg-dependent growth of KS310 cells synthesizing
around 20% of PE is inhibited by Ba**. We confirmed the presence
of around 20% of PE when outgrown in the media supplemented
with aTc (50 ng/ml) plus 50 mM MgCl, (fig. S2B). The Mg-
dependent growth of KS310 outgrown without aTc (<5 mol % of
PE) was inhibited by adding 5 mM BaCl, into the growth medium
(Fig. 1E). On the other hand, the growth inhibition effect of Ba**
was not observed in the presence of aTc (50 ng/ml) (Fig. 1E). These
observations indicate that the growth requirements of a nonbilayer-
prone lipid are fully satisfied by PE independent of nonbilayer phase
property of CL on the periplasmic leaflet of either the IM or OM
when only 20% of PE is synthesized. Consistent with this notion,
KS410 was able to grow when aTc (50 ng/ml) was present, and
Mg**-supported growth of KS410 was insensitive to the addition of
5 mM BaCl, to the growth medium (Fig. 1E), indicating that all
clsABC genes are not essential for growth when 20% of PE is present.
The same results were observed when we used conditionally lethal
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UE81 (ApssA::cat Pyapap-pssA) in which the chromosomal pssA
gene is replaced by the chloramphenicol-resistance gene (cat) and a
wild-type pssA allele is expressed from an arabinose promoter (32).
The growth of UE81 is dependent on the addition of arabinose to
the growth medium, and the lethal phenotype in the absence of
arabinose was suppressed by the addition of Mg®* to the growth
medium (fig. S2D). This strain accumulates 20% of PE without an
inducer due to the basal expression from the arabinose promoter
(fig. S2C). The growth of UE81 in the presence of 50 mM MgCl, was
not inhibited by adding 5 mM BaCl, into the growth medium (fig.
$2D). Also, all cIsABC genes were not necessary to support the Mg-
dependent growth of UE91 (AcIsABC ApssA Pyrapap-pssA), and the
Mg**-supported growth of UE91 was insensitive to the addition of
5 mM BaCl, to the growth medium (fig. S2D). Therefore, the re-
quirement of nonbilayer-prone CL for growth can be observed only
when the amount of PE is less than 20%.

ClsA adopts a dual topology in PE-deficient cells
ClsA is predicted to be composed of two N-terminal transmembrane
domains (TMDs) including residues 3 to 23 and 38 to 58 followed by
a soluble globular phospholipase D phosphodiesterase catalytic do-
main containing two conserved HKD motifs (HxKxxxxD) (Figs. 2A
and 3A and fig. S4). Based solely on structural bioinformatics, ClsB
and ClsC contain no predicted TMD helices (fig. S3). However, both
activities were found in the IM fraction (5, 6), suggesting that they
are membrane-associated proteins. There is current controversy sur-
rounding the catalytic site orientation of ClsA, which resides in a
large C-terminal globular extramembrane domain (EMD) contain-
ing five cysteine residues. Two different transmembrane topologies
of ClsA have been proposed, exposing the catalytic globular domain
on either side of the IM (Fig. 2A) (33). We assumed that, if the globu-
lar domain of ClsA is on the periplasmic side of the IM, CL can be
directly synthesized and supplied in the periplasmic leaflet of the IM.
ClsA-catalyzed reactions are reversible in vivo and in vitro and
use other sugar alcohols in place of glycerol to reverse CL synthesis.
Original evidence for a periplasmic orientation of the ClsA active
site came from experiments showing that feeding E. coli cells
600 mM mannitol results in the formation of phosphatidylmannitol
(PM) and diphosphatidylmannitol (DPM) in a ClsA-dependent
manner (19). Mannitol is taken up by the MtIA transport system
and is immediately converted in a coupled reaction to mannitol-P,
which should not be a substrate in the reverse reaction. Disruption
of the MtlA did not affect the synthesis of these glycolipids (19). The
authors concluded that the active site of ClsA (ClsBC were unknown
at the time) faces the periplasm. However, recent topological map-
ping of native cysteines with membrane-impermeable fluorophore
Oregon Green maleimide and subsequent analysis of immunopre-
cipitated ClsA-His;o suggested that the catalytic domain faces the
cytoplasm in wild-type cells (20). However, the C-terminally tagged
ClsA-His;o (20) or ClsA-Hisg (34) are inactive both in vivo and
in vitro. According to the positive-inside rule (35, 36), the hydrophilic
interhelix loop connecting the two TMDs and the hydrophilic do-
main connecting the second TMD to the globular domain contain-
ing multiple positive charges (Fig. 3A) should tend to reside in the
cytoplasm, thus allowing the C-terminal globular domain to face
the cytoplasm (designated as ClsAyy, in Fig. 2A) (33). Moreover, the
conserved proline and glycine (PxxG) residues (Fig. 2A and fig. S4)
can “melt” the middle of the second TMD and force this domain to
adopt a membrane-dipping conformation (33) often referenced as a
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reentrant loop starting and ending on the same side of membrane
(Fig. 2A). Accordingly, AlphaFold2 predicts that the second TMD of
ClsA adopts a U-shaped mini-loop conformation (fig. S5) (37). We
assumed that the amount of PE can explain the discrepancy in the
predicted membrane topologies of ClsA proposed independently by
two labs. Shibuya’s lab (19) reported that the formation of PM and
DPM drastically increased when the PE level was reduced in the
temperature-sensitive pss-1 mutant outgrown at a nonpermissive
temperature. We previously demonstrated that a subset of mem-
brane proteins undergoes topological inversion when PE levels de-
cline (38-44). These observations suggest that dropping the PE level
could potentially affect the topology of CIsA.

Thus, we decided to reinvestigate the orientation of the globular
catalytic domain of ClsA. Because C-terminally tagged ClsA’s are
not active, we engineered an internal EYMPME (EE) epitope tag
within the globular catalytic domain beginning at amino acid resi-
due 296 of ClsA. Because ClsA has three of the six amino acids that
comprise the EE tag, we introduced three mutations, N295E, 1297Y,
and F300M, into ClsA. However, we found that the F300M substitu-
tion was sufficient to detect the protein by immunoblotting analysis
with anti-EE tag antibodies. We decided to use CIsA F300M as an
EE-tagged ClsA [ClsA (EE)] to minimize the effect of mutation on
enzymatic activity and membrane topology. Expression of plasmid-
borne ClsA (EE) and wild-type ClsA in CL-deficient cells (BKT12:
AclsABC) cells resulted in biosynthesis of essentially the same
amount of CL (fig. S6A). Plasmid-borne ClsA (EE) supported Mg-
dependent growth of conditionally lethal KS410 (fig. S6B). These
results indicate that ClsA (EE) is fully active as a membrane-
associated enzyme. The open reading frame of the cIsA gene predicts
a 54.8-kDa polypeptide. In all previous reports, partially purified
(45, 46), radiolabeled plasmid-borne (7), and C-terminal His-tagged
inactive ClsA (20) migrated with an apparent molecular weight of
46 to 48 kDa on SDS-polyacrylamide gel electrophoresis (PAGE),
suggesting that posttranslational processing occurs. When a total
membrane fraction prepared from BKT12 expressing ClsA (EE) was
subjected to SDS-PAGE/immunoblotting analysis, we observed that
arabinose-induced epitope-tagged membrane-associated ClsA mi-
grates with an apparent molecular mass of 46 kDa (fig. S7A). How-
ever, we also observed that several nonspecific bands migrated close
to ClsA (EE) (indicated as #, ##, and ### in fig. S7A). To eliminate
the presence of these nonspecific bands, we performed the mem-
brane differential fractionation by a two-step ultracentrifugation. In
this analysis, a heavier membrane fraction was removed by an initial
centrifugation at 88,000g. The remaining membrane was collected
by centrifugation at 200,000g. We found that most of the ClsA (EE)
was collected in the membrane fraction during the first centrifuga-
tion (fig. S7B). Fortunately, the nonspecific bands situated close to
CIsA (EE) (fig. S7A) were predominantly found in membrane frac-
tions obtained after the second centrifugation (fig. S7B). Thus, we
used membrane fraction obtained after the first step of lower-speed
ultracentrifugation for further analysis unless specified. Even if the
residual nonspecific bands were present in the membrane fraction
after the first ultracentrifugation step, these bands could be sepa-
rated by running the SDS-PAGE longer (fig. S7C). We also observed
that CIsA runs at a lower apparent molecular weight (EE)* after
treatment at 100°C than at its predicted molecular weight (EE) after
treatment at 37°C, as shown in Fig. 2B. This anomalous gel behavior
and mobility of CIsA (EE) might be due to incomplete denaturation
by SDS, which result in the retaining of a high degree of secondary
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Fig. 2. Mapping the membrane topology of CIsA conformers. (A) Schematic representation of the putative membrane topology of ClsA. (B) Detection of CIsA (EE) by
SDS-PAGE/immunoblotting. BKT12 harboring pBAD30-ClsA (EE) were grown with 0.2% arabinose to ODgqo 0.6 to 0.8. A total membrane fraction was prepared as described
in the Materials and Methods. The membrane fraction dissolved in the SDS-PAGE sample buffer was incubated at 37°C (—) or 100°C (+) for 10 min before loading 10 pg of the
total membrane protein to the acrylamide gel. CIsA (EE) was detected by using an anti-EE tag antibody after electroblotting. (C) Membrane topology of ClsA (EE) in +PE cells.
BKT12 harboring pBAD30-ClsA (EE) were grown in LB medium containing 0.02% arabinose. When the cell density reached ODgg 0.6 to 0.8, the membrane topology of ClsA (EE)
was assessed by ECAM. An AMS-derivatized ClsA (EE) is indicated as ClsA (EE)". (D) Membrane topology of ClsA (EE) in PE-depleted cells. An overnight culture of KS410
harboring pBAD30-ClsA (EE) grown with aTc (200 ng/ml) was washed three times with fresh LB medium. After that, cells were diluted into fresh LB medium containing
50 mM MgCl, with (+PE) or without (PE-depleted) aTc (500 ng/ml). After growing the cells until the mid-log phase (ODggo 0.6 to 0.8), the membrane topology of ClsA (EE) was
assessed by ECAM. Expression of ClsA (EE) was induced by adding 0.02% arabinose into the growth medium. (E) Membrane topology of ClsA (EE) in PE-deficient (-PE) cells.
ADC90 harboring pTac-ClsA (EE) was grown in LB medium containing 50 mM MgCl,. The growth medium was made 10 pM in IPTG to induce expression of ClsA (EE).
Membrane topology of ClsA (EE) was determined by ECAM. (F) Assessment of the intrinsic IM impermeability to AMS of PE-deficient cells expressing ClsA (EE). PE-deficient
cells derived from two different host backgrounds were used. PE in KS410 harboring pBAD30-ClsA (EE) was depleted as described in (C). ADC90 harboring pTac-ClsA (EE) was
grown as described in (D). Intact or disintegrated cells were incubated with 1 mM AMS for 60 min at 25°C, imitating the conditions for CIsA ECAM experiments. Intact cells
were disintegrated by ultrasonication, and the cytoplasmic fractions were retained after removal of the membrane fraction by ultracentrifugation (200,0009) for subsequent
SDS-PAGE and Western blotting with anti-LacZ monoclonal antibodies. (G) Role of the PxxG motif in the membrane topology of ClsA (EE). Membrane topology of CIsA (EE)
P48A/G51A in PE-deficient (-PE) cells [ADC90/pTac-ClsA (EE)] was assessed. The growth medium was made 10 pM in IPTG to induce expression of ClsA (EE) PABA/G51A.
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Fig. 3. Role of N-terminal TMDs of ClsA in the generation of an inverted topol-
ogy and divalent cation-dependent growth of PE-deficient cells. (A) Schematic
representation of incrementally truncated ClsA (EE) with T7 tag at its N terminus.
Two TMDs and the hydrophilic extramembrane region of ClsA are shown as green
boxes and black lines, respectively. The C-terminal globular domain of CIsA is shown
as an orange box with blue boxes corresponding to the HKD motif of ClsA. (B) De-
tection of ClsA derivatives by SDS-PAGE/immunoblotting. BKT12 expressing CIsA
(EE) or its derivatives from a pBAD18 plasmid were grown with 0.02% arabinose.
When the cell density reached ODggg 0.6 to 0.8, cells were collected, and then the
total membrane fraction was prepared. Ten micrograms of the protein were sub-
jected to SDS-PAGE/immunoblotting. ClsA (EE) was detected either by an anti-T7
tag antibody (upper panel) or by an anti-EE tag antibody (lower panel). # indicates
a nonspecific band. (C to E) Membrane topology of ClsA (EE) and TMD-less ClsA (EE)
in +PE and PE-depleted cells. KS410 harboring pBAD18-ClsA (EE) or pBAD18-T7-
A59-ClIsA (EE) was grown as described in Fig. 2C, followed by an assessment of the
membrane topology of ClsA (EE) by ECAM. KS410 grown with aTc (50 ng/ml) (D) and
without aTc (E) were used for +PE and PE-depleted cells, respectively. (F) Growth
complementation assay of conditionally lethal -PE/-CL cells. KS510 harboring either
pBAD18-ClsA (EE) or pBAD18-T7-A59-ClsA (EE) was streaked on LB agar medium
containing 50 mM MgCl,. The agar plates were incubated for 24 hours.

structure and altered detergent binding (47). Both events are affected
by temperature, and many membrane proteins display lower than
predicted molecular size when treated at 100°C in SDS.

The orientation of the catalytic domain of ClsA relative to the mem-
brane bilayer within the IM containing or lacking PE was determined
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by the gel shift-based endogenous cysteine accessibility method
(ECAM). In this assay, the membrane-impermeable cysteine-specific
reagent 4-acetoamido-4'-maleidylstibene-2,2’-disulfonic acid (AMS)
was used to derivatize the endogenous native cysteine residues residing
only in the globular domain of ClsA. AMS is widely used to determine
the topology of membrane proteins because it has two charged sulfo-
nate groups and is highly soluble in water. The size and the charged
nature of this reagent result in its widely demonstrated inability to
cross the cytoplasmic membrane of bacteria (48-50). Moreover, AMS
adds 0.5 kDa to the target protein and therefore can be used as a mobil-
ity shift reagent. Because ClsA has five native cysteine residues in the
C-terminal globular domain (Fig. 2A and fig. S5), the AMS derivatiza-
tion of these cysteine residues of ClsA would result in a mobility up-
shift of about 2.5 kDa on SDS-PAGE. AMS treatment of ClIsA (EE) in
the presence of 1% SDS resulted in a mobility upshift of the protein in
SDS-PAGE (fig. S7D). However, ClsA (EE) was not further upshifted
even after the reducing reagent tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP) was added (fig. S7E), indicating that all cysteine resi-
dues behave as free thiols and do not form intra- or intermolecular
disulfide bonds. We confirmed that nonspecific bands situated close to
ClsA (EE) were not derivatized by AMS irrespective of the presence or
absence of TCEP (fig. S7F), indicating that contamination with these
nonspecific bands does not affect the results of ECAM. If the globular
domain is exposed to the periplasm (designated as ClsAperi topology),
then externally added AMS to intact cells would derivatize cysteine
residues of the globular domain (Fig. 2A, right), resulting in a shift in
mobility of the protein on SDS-PAGE. If ClsA adopts a ClsA .y, topol-
ogy, then membrane-impermeable AMS would not derivatize the
globular domain of CIsA (Fig. 24, left), and a mobility upshift would
not be observed. Moreover, the reaction of native cysteines with non-
permeant AMS after cell disruption by sonication would be an inde-
pendent indicator of the globular domain facing the cytoplasm.

First, we examined the membrane topology of the catalytic globu-
lar domain of ClsA (EE) in +PE cells. BKT12 cells harboring pBAD30-
ClsA (EE) were outgrown with arabinose inducer until the optical
density at 600 nm (ODggp) reached 0.6 to 0.8 followed by ECAM
analysis. Although ClsA (EE) was not derivatized by externally added
AMS, the disruption of the cell membrane by ultrasonication resulted
in a mobility upshift of ClsA (EE) (Fig. 2C). To analyze the membrane
topology of ClsA (EE) from the “lighter” membrane fraction charac-
terized by relatively lower sedimentation velocity, this fraction was
prepared by two-step ultracentrifugation after AMS labeling of intact
cells. We observed that CIsA (EE) from the lighter membrane fraction
was also not derivatized by externally added AMS performed prior to
membrane fractionation (fig. S7G). These results indicate that all pop-
ulations of CIsA (EE) uniformly adopt a ClsAcy, topology in +PE
cells. To map the topology of ClsA in conditionally lethal mutant
KS410 (AclsABC ApssA/Pyet0-1-pssA) harboring pBAD30-ClsA (EE)
under the +PE and PE-depleted conditions, this strain was outgrown
with aTc overnight, and then PE was depleted from cells by washing
out inducer aTc with the growth medium supplemented with 50 mM
MgCl,. The amount of PE in KS410 expressing ClsA (EE) grown un-
der these conditions was less than 5% (fig. S8A). To maintain a physi-
ological level of PE (fig. S2B), washed cells were grown with aTc (500 ng/
ml) and 50 mM MgCl,.The derivatization of ClsA (EE) by exter-
nally added AMS was not observed when cells were grown with aTc
(Fig. 2D). In contrast to +PE cells, a fraction of ClsA (EE) was deriva-
tized by externally added AMS in PE-depleted intact cells and the re-
maining ClsA (EE) was fully derivatized by AMS when membranes
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were disrupted by sonication (Fig. 2D, lower panel). These results in-
dicate that a substantial subpopulation of ClsA (EE) adopts a ClsAper;
topology with the catalytic domain facing the periplasm in PE-
depleted cells. Because PE cannot be completely depleted in KS410
(fig. S8A) and not all ClsA (EE) was derivatized under the conditions,
AMS-inaccessible ClsA (EE) can correspond to a properly oriented
population of ClsA synthesized before PE is depleted. To indepen-
dently confirm that CIsA (EE) displays a dual topology in PE-deficient
cells, we constructed strain ADC90 (ApssA::kan AclsA::Tn10) in
which both pssA and clsA genes on the chromosome are disrupted. To
support the Mg-dependent growth of this strain, ClsA (EE) was ex-
pressed from an IPTG-inducible promoter on a plasmid [pTac-ClsA
(EE)]. After confirmation of the absence of PE in ADC90/pTac-ClIsA
(EE) (fig. S8B), the membrane topology of ClsA (EE) in ADC90 was
assessed by ECAM. As shown in Fig. 2E, ClsA (EE) was not fully de-
rivatized by externally added AMS. However, the remaining ClsA
(EE) was derivatized when membranes were disrupted by sonication.
To validate the intrinsic permeability of PE-deficient cells to AMS, we
used f-galactosidase (LacZ) as a bona fide cytosolic bacterial marker.
LacZ is an abundant cytoplasmic protein that is rich in surface-
exposed cysteine residues and was used by us previously to test the
intrinsic permeability of thiol-specific dimethyl sulfoxide-soluble
MPB [3-(N-maleimidylpropionyl)biocytin] (51) and water-soluble
MEOB [(+4)-biotinyl-3-maleimidopropionomidyl-3,6-dioxaoctan
ediamine] (48). Thus, an experiment with AMS was carried out under
ECAM conditions except that the soluble fraction rather than the
membrane fraction was analyzed. PE-deficient cells with different ge-
netic backgrounds [ADC90/pTac-ClsA (EE) and KS410/pBAD30-
ClIsA (EE)] were outgrown with 0.5 mM IPTG for LacZ synthesis,
followed by ECAM. A single protein band migrating near 118 kDa
was observed in the cytoplasmic fraction of both PE-deficient cells
with an expected molecular weight of the monomeric form of LacZ
with a molecular mass of 116 kDa (Fig. 2F). Because AMS adds
0.5 kDa and LacZ does not contain disulfide bonds and all 16 cysteine
residues are in the reduced form (52), AMS derivatization of these
cysteine residues would result in a mobility upshift of about 8 kDa on
SDS-PAGE. As observed in Fig. 2F, AMS derivatization of LacZ re-
sulting in a mobility upshift was observed only when cells were dis-
rupted by sonication before AMS treatment. Therefore, PE-deficient
IMs are not permeable to AMS under our experimental conditions
demonstrating the validity of using AMS-aided ECAM to map the
topological organization of ClsA in PE-deficient cells. All these results
indicate that ClsA displays a dual topology in PE-deficient cells and
cells with a low threshold level of PE.

A conserved PxxG motif is not necessary for CIsA to adopt a
dual topology

A PxxG motif in the middle of the second TMD of ClsA is evolution-
arily conserved in CIsA in both Gram-negative and Gram-positive
bacteria with minor exceptions (fig. S4). Because a hydrophobic
transmembrane helix tends to tilt at a position of closely spaced Gly
and Pro residues in the interior of the membrane, the PxxG motif
could potentially contribute to the location of the C-terminal globular
domain of ClsA in the cytoplasm. To examine the role of the PxxG
motif for the flippability of ClsA, either P48 or G51 or both were sub-
stituted with Ala. These plasmid-borne ClsA (EE) derivatives synthe-
sized almost the same amount of CL as ClsA (EE) in BKT12 cells (fig.
S9A) and supported the Mg-dependent growth of PE-depleted cells
(fig. S9B). ECAM showed that these ClsA (EE) derivatives displayed a
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dual topology in PE-deficient cells (Fig. 2G and fig. S9C). These re-
sults indicate that the conserved PxxG motif is not essential for both
enzyme activity and topological duality of ClsA in PE-deficient cells.

The ability of CIsA to adopt an inverted topology correlates
with cell viability of PE-deficient cells

If the generation of the inverted topology of ClsA is physiologically
important, then the inability to adopt an inverted topology of ClsA
would result in the loss of cell viability of PE-deficient cells. Because
the C-terminal globular domain of ClsA should not be translocated
across the IM without an associated TMD, we verified the require-
ment for the N-terminal TMDs to initiate a topological change in
ClsA and to support cell viability of PE-deficient cells. However, it
has been assumed that the N-terminal hydrophobic domain of CIsA
is processed based on several observations. First, the apparent mo-
lecular weight of CIsA on SDS-PAGE was around 45 to 46 kDa
(7, 20, 45) whereas the estimated molecular weight predicted from its
amino acid sequence is 54.8 kDa. Second, the elimination of the N-
terminal hydrophobic domains of ClsA did not disrupt its CL syn-
thase activity both in vivo and in vitro whereas the elimination of the
C-terminal domain of ClsA diminished enzymatic activity (6, 34).
Moreover, it was found that Hisjo-tagged ClsA at the N terminus
could not bind to TALON metal affinity resin (53), whereas C-
terminal tagged ClsA could bind to the column even though the lat-
ter construct was not active (20). Several attempts to determine the
N-terminal sequence of purified ClsA by applying Edman degrada-
tion failed (20, 46), suggesting that the N terminus of ClsA is blocked.
We investigated whether the N terminus of ClsA undergoes post-
translational processing or not. To monitor the processing of ClsA,
an N-terminal T7 tag of 11 amino acids was added to full-length and
each incrementally truncated ClsA (EE) derivative (Fig. 3A). Be-
cause the T7 tag does not have any net charge, it should not affect the
membrane topology of hydrophobic TMDs. If the N terminus of
ClsA is processed, then the processed protein should not be detected
by an anti-T7 tag antibody but will be detected by an anti-EE tag
antibody. To analyze all populations of ClsA (EE) and its T7-tagged
derivatives, a total membrane fraction was prepared by high-speed
ultracentrifugation (200,000g). All constructs with an inserted T7
tag at their respective N-termini positions were detected by an anti-
T7 tag antibody (Fig. 3B and fig. S10), indicating that the N termini
of all engineered constructs were not processed. It is noteworthy that
all truncated constructs ran nearly similarly with full-length ClsA
(EE) on SDS-PAGE (Fig. 3B and fig. S10), strongly indicating that
processing of the N-terminal domain of ClsA cannot be determined
from the apparent molecular weight of ClsA on SDS-PAGE as previ-
ously suggested. Phospholipid analysis of BKT12 expressing plasmid-
borne T7-tagged ClIsA (EE) revealed that only T7-A59-ClIsA (EE)
among these N-terminal truncated ClsA derivatives could make an
equivalent amount of CL in comparison with amounts of CL synthe-
sized by full-length ClsA (EE) (fig. S11), whereas substantial amounts
of all ClsA derivatives were expressed and targeted to the IM (Fig.
3B). Thus, the T7-A59-ClsA (EE) construct could be instrumental in
verifying whether the N-terminal TMDs are essential for the Mg-
dependent growth of PE-deficient cells.

ECAM was performed to map the localization of T7-A59-ClsA
(EE) in +PE and PE-depleted cells in the AclsABC background. T7-
A59-ClsA (EE) was expressed in KS410, and cells were grown with
(+PE) or without (PE-depleted) aTc inducer. In +PE cells, T7-A59-
ClIsA (EE) was only derivatized by AMS when cells were disrupted by
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sonication (Fig. 3D), indicating that the catalytic domain of T7-A59-
ClsA (EE) localizes to the cytoplasmic leaflet of the IM. Consistent
with this result, T7-A59-ClsA (EE) is localized on the cytoplasmic
leaflet of the IM in BKT12 (fig. S12A). T7-A59-ClsA (EE) was also not
derivatized by externally added AMS under the PE-depleted condi-
tions (Fig. 3E). The absence of labeling of intracellular cysteines of the
nonintegral form of ClsA, even in the PE-depleted cells in the AclsABC
background, confirmed that the IM is not permeable to AMS under
our experimental conditions. These results indicate that the N-terminal
two-TMD hairpin is essential for the generation of the inverted topol-
ogy of ClsA (EE). We used this TMD-less “soluble” ClsA (EE) to test an
intrinsic permeability of the IM to the thiol-specific labeling reagent
AMS (Fig. 3C) in addition to the widely used cytosolic bacterial mark-
er LacZ. To validate ECAM and test the permeability of the IM to AMS
under the PE-depleted conditions, T7-A59-ClsA (EE) was expressed
in KS310 outgrown under PE-depleted conditions. Because the Mg-
dependent growth of KS310 was supported by chromosomal-borne
non-EE-tagged ClsA, only T7-A59-ClsA (EE) can be immunodetected
by an anti-EE tag antibody in Western blotting. We observed no
derivatization of T7-A59-ClsA (EE) by externally added AMS even
though PE was depleted (fig. S12B), confirming that the IM is not per-
meable to AMS and its integrity is not compromised under our ex-
perimental conditions. Furthermore, we asked whether T7-A59-ClsA
(EE) can support divalent cation-dependent growth of conditionally
lethal KS510 cells. Full-length ClsA (EE) supported the growth of
KS510 as expected. However, T7-A59-ClsA (EE) was unable to pheno-
copy Mg-dependent growth of KS310 (Fig. 3F). We confirmed that
almost the same level of CL was synthesized in KS410 expressing full-
length and TMD-less ClsA (EE) (fig. S12C). These results show that
the viability of PE-deficient cells is correlated with the ability of CIsA to
adopt an inverted topology.

Formation of PM and DPM was still observed when BKT12 ex-
pressing T7-A59-ClsA (EE) were grown in the presence of 600 mM
mannitol (fig. S13). Therefore, biosynthesis of PM and DPM is not a
strong indicator of CL synthesis in the periplasmic leaflet of the IM
as previously proposed (19).

CL accumulates on the cytoplasmic leaflet of the IM of
PE-deficient cells expressing a TMD-less ClsA derivative

The fact that T7-A59-ClsA (EE) was unable to support Mg-dependent
growth of PE-depleted cells strongly suggests that CL synthesized on
the cytoplasmic leaflet of the IM cannot be translocated across the IM
in sufficient amounts to support divalent cation-dependent growth of
PE-deficient cells. If this is the case, then CL should accumulate on
the cytoplasmic leaflet of the IM of T7-A59-ClsA (EE)-expressing
cells. We took advantage of the CL-independent growth phenotype of
strain UE91 (AclsABC ApssA Parapap-pssA) (fig. S2D). Either full-
length CIsA (EE) or T7-A59-ClsA (EE) was expressed using the
Pitet0-1 promoter on a plasmid [pTet-ClsA (EE) or pTet-T7-A59-ClsA
(EE)]. Although the amount of CL in a total phospholipid extract of
UE91 expressing either ClsA (EE) or T7-A59-ClsA (EE) and out-
grown without arabinose (e.g., under the low PE levels) was nearly
the same (15%), the amount of CL in the IM of the cells expressing
T7-A59-ClIsA (EE) was 1.5-fold higher than that of full-length ClsA
(EE)-expressing cells (Fig. 4A). The calculation of the mol % of each
phospholipid (Fig. 4A, right) and ratiometric percent distribution of
PG+CL/PE in whole cells and isolated IMs allowed us to approxi-
mate the apparent distribution of CL between the IM and OM (Fig.
4B). The ratio of PG+CL/PE was twofold lower in total cells but
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correspondingly higher in the IM of T7-A59-CIsA (EE)-expressing
cells when compared with the IM of cells expressing full-length ClsA
(EE) (first two bars in Fig. 4B). These results indicate that anionic
phospholipids accumulate in the IM in T7-A59-ClsA (EE)-expressing
cells. The CL/PE ratio in the IM of T7-A59-ClsA (EE)-expressing
cells was also higher, but the PG/PE ratio in the IM of T7-A59-ClsA
(EE)-expressing cells was the same as cells expressing full-length
ClsA. These reciprocal distributions indicate that CL accumulates in
the IM of T7-A59-ClsA (EE)-expressing cells.

To directly examine the accumulation of CL in the cytoplasmic
leaflet of the IM in T7-A59-ClsA (EE)-expressing cells, the CL-
specific probe EryA-EGFP was used. EryA-EGFP is composed of an
N-terminal CL-binding peptide EryA and C-terminal EGFP. EryA-
EGFP binds strictly to CL and does not bind to other anionic phos-
pholipids such as PG or PA (15). The accumulation of CL on the
cytoplasmic leaflet of the IM was examined by an EryA-EGFP co-
sedimentation assay with uniformly oriented inside-out membrane
vesicles (ISOv) in which the outer leaflet of ISOv corresponds topo-
logically to the cytoplasmic leaflet of the IM in living cells. The phos-
pholipid composition of ISOv prepared from UE91 expressing
either full-length CIsA (EE) or T7-A59-ClsA (EE) growing in the
absence of arabinose is shown in fig. S14. These ISOv were incubated
with purified EryA-EGFP for 30 min followed by collection of
ISOv by ultracentrifugation. The amount of EryA-EGFP bound to
the ISOv was quantified by measuring the fluorescence intensity of
EryA-EGFP (fig. S15). The fluorescence intensity of EryA-EGFP
bound to ISOv containing T7-A59-ClsA (EE) was about 2.5 times
higher than the fluorescence intensity of ClsA (EE) containing ISOv
(Fig. 4C), whereas the amount of total CL in T7-A59-ClsA (EE) IMs
was only 1.3 times higher than that of CIsA (EE) IMs (fig. S14). The
same results were obtained when EryA-EGFP bound to ISOv was
subjected to SDS-PAGE and immunoblotting (Fig. 4D). These re-
sults indicate that CL accumulates predominantly on the cytoplas-
mic leaflet of the IM of cells expressing T7-A59-ClsA (EE).

Introduction of negatively charged Glu residues
downstream of second TMD results in reorientation of the
adjacent globular domain to the periplasm in +PE cells

The membrane topology of most multispanning membrane proteins
can be predicted following the experimentally proven positive-inside
rule that states that the positively charged residues are overrepresented
in EMDs on the cytoplasmic side of the membrane where they
have been found statistically four times more abundant (35, 36). ClsA
has five positively charged residues and two negatively charged amino
acids in the linker region that connects the second TMD and the
catalytic globular domain, resulting in a +3 net charge in the linker
region (Fig. 5A and fig. S4). Thus, a net positive charge in proximity
to the second TMD might prevent the translocation of the following
C-terminal globular domain to support the ClsAy, topology in +PE
cells. Although the positive-inside rule discounts the importance of
negatively charged amino acid residues, their topological effect is ob-
served when they are present in high numbers (54) or are properly
located within a “window” region of seven residues from a TMD
(55, 56). The topologies of the N-terminal six-TM helical bundle of
lactose permease LacY (40, 42) and the N-terminal two-TMD hair-
pin of phenylalanine permease (PheP) (51) and y-aminobutyrate per-
mease (GabP) (57) are inverted relative to the membrane bilayer
when assembled in membranes lacking PE. LacY also can be forced
to flip even in wild-type cells by an increase in the net negative
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Fig. 4. Accumulation of CL on the cytoplasmic leaflet of the IM in low PE cells ex-
pressing TMD-less ClsA. (A) Phospholipid composition of whole cells (total) or IM frac-
tions. UE91 harboring pTet-ClsA (EE) or pTet-T7-A59-ClsA (EE) was grown with 50 mM
MgCl, and aTc (100 ng/ml). Phospholipids were uniformly labeled with Z2PIPO, (1 uCi/ml).
Phospholipids were extracted either from whole cells or the IM fraction prepared as
described in the Materials and Methods. Individual phospholipids were separated by
TLC with solvent 2. The mol % of individual phospholipids is indicated in the right panel.
(B) The ratiometric percent distribution of “PG+CL/PE,"“CL/PE,"and “PG/PE"in whole cells
and isolated IMs was calculated from (A). (C and D) EryA-EGFP co-sedimentation assay
with I1SOv. ISOv prepared from the indicated strain were used for the assay. The amount
of EryA-EGFP bound to the ISOv was detected either by Typhoon FLA 9500 (C) or Western
blotting (D). Fluorescence intensity of EryA-EGFP was quantified by ImageQuant (C).
Three individual experiments were done, and the average values are indicated together
with the SD. The P values were determined from three individual experiments. **P < 0.01.
The intensity of EryA-EGFP bound to ISOv upon Western blotting was quantified by
AzureSpot Pro and normalized using 50 ng of purified EryA-EGFP loaded in lane 1 (D).

charges in the EMDs residing in the cytoplasm (41). These observa-
tions indicate that not only positively charged residues but also nega-
tively charged residues can act as a topogenic signal by attenuating
the retention signal of positively charged residues. Although the
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Fig. 5. Topological inversion of CIsA by introducing multiple Glu residues.
(A) Amino acid sequence of ClsA upstream and downstream of TMD2. TMD is high-
lighted in gray. Blue and red characters indicate negatively and positively charged
amino acids, respectively. The name of each mutant and net charge in the following
region of TMD2 are shown on the left. (B) KS410 harboring pBAD18-ClsA (EE) or pBAD 18-
2E-ClsA (EE) were grown in LB medium with 0.2% arabinose and aTc (100 ng/ml)
until ODggo 0.6-0.8. Phospholipids were uniformly labeled with [*2P]PO, (1 uCi/ml).
Extracted phospholipids were separated by solvent 1 and then detected by Phos-
phoimager and quantified by ImageQuant. The mol % of individual phospholipids
is indicated in the lower panel. (C and D) Cells grown as in (B) were subjected to
ECAM. AMS-derivatized CIsA (EE) and T7-A59-ClsA (EE) are indicated as ClsA (EE)" (C)
and ATMDs" (D), respectively. The potential product of degradation is indicated by a
yellow triangle. (E) KS410 harboring pBAD18-2E-ClsA (EE) were grown as described
in the legend to (B). Intact or disintegrated cells were incubated with 1 mM AMS for
60 min, imitating the conditions for the ClsA ECAM experiments. Intact cells were
disintegrated by ultrasonication, and the cytoplasmic fractions were retained after
removal of the membrane fraction by ultracentrifugation (200,000g) for subsequent
SDS-PAGE and Western blotting with anti-LacZ monoclonal antibodies.

positive-inside bias is pronounced in ClsA, we decided to verify
whether the thermodynamic disadvantage of translocation to the
periplasm of the highly positively charged region adjacent to the sec-
ond TMD and the following large globular domain can be overridden
even in the presence of a wild-type amount of PE. Two negatively
charged Glu residues were introduced between G59 and E60 residues
(Fig. 5A, 2E-ClsA) to eliminate the strong topological retention sig-
nal and enforce a negative outside bias within the spacer domain link-
ing the large hydrophilic globular domain to the second TMD. 2E-ClsA
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(EE) was able to synthesize a comparative amount of CL compared to
ClIsA (EE) in a AcIsABC strain when overproduced from a plasmid
(Fig. 5B). To examine the membrane topology of 2E-ClsA (EE) de-
rivative, ECAM was performed. As shown in Fig. 5C, wild-type ClsA
(EE) was not derivatized by externally added AMS. However, we ob-
served that 2E-ClsA (EE) was fully derivatized by externally added
AMS, indicating that engineered 2E-ClsA (EE) uniformly adopts an
inverted ClsA,; topology even in +PE cells. In 2E-CIsA (EE)-
expressing cells, the residual potential degradation product running
below the immunoreactive band of ClsA (EE) derivatives appeared,
which was not observed in wild-type ClsA (EE)-expressing cells (Fig.
5C indicated by a yellow triangle). This potential degradation product
was not derivatized by externally added AMS but fully derivatized
when membranes were disrupted (Fig. 5C), indicating that the prod-
uct resides in the cytoplasm. T7-A59-ClsA (EE) (Fig. 5D) and LacZ
(Fig. 5E) were not derivatized by externally added AMS, indicating
that AMS does not penetrate the IM of intact cells under our experi-
mental conditions. These results indicate that the introduction of
negatively charged Glu residues in the linker region promotes the
translocation of the following globular domain of ClsA into the peri-
plasm and forces this protein to adopt a uniform ClsAp.; topology in
+PE cells.

Two-TMD hairpin of ClsA has structural information for the
generation of inverted ClsA in PE-deficient cells

All data presented above indicate that the amount of PE sets the
threshold level for the flippability of ClsA, and the two N-terminal
TMDs are essential for the generation of an inverted topology. These
data provoked us to determine whether replacing the two-TMD hair-
pin of ClsA with the two-TMD hairpin that intrinsically adopts an
N-out/C-out topology can override the lipid bilayer constraints and
strong retention bias attributed to multiple positively charged resi-
dues in the spacer region that ensured cytoplasmic residency of the
C-terminal catalytic globular domain of ClsA in +PE cells. The leader
peptidase (LepB) is an essential membrane protein that could serve
as instructive model when considering ClsA orientation because N-
terminal two TMDs of LepB adopt an N-out/C-out topology and its
C-terminal catalytic globular domain orients permanently into peri-
plasmic space (Fig. 6A). To examine whether two-TMD hairpin of
LepB can force the globular domain of ClsA to flip, both TMDs
of ClIsA (1 to 59) were substituted with the N-terminal two TMDs of
leader peptidase (LepB) (Fig. 6B). Considering that introduction of
positively charged amino acid within a window of 30 amino acids
following the second TMD of LepB prevents translocation of the fol-
lowing globular region (58), the chimeric constructs with either two
TMDs (1 to 77; LepB+0) or two TMDs with the following down-
stream LepB region (1 to 117; LepB+40) were successfully engineered
(Fig. 6B). We found that the swapping of TMDs (LepB+0) resulted in
interference of CL synthesis activity in vivo (Fig. 6C). Further exten-
sion of the LepB region following the two-TMD hairpin (LepB+40)
diminished CL synthesis activity (Fig. 6C), indicating that inherent
TMDs of ClsA are important for catalytic activity of the C-terminal
globular domain. To examine whether the N-out/C-out orientation
of LepB TMDs can force the translocation of the globular domain of
ClIsA (EE) even in +PE cells, ECAM experiments were performed.
LepB+0-ClsA (EE) migrated as a 55-kDa protein (indicated as a blue
triangle in Fig. 6D) in accordance with the predicted molecular
weight along with a faster migrating band that runs around 46 kDa
(indicated as a yellow triangle in Fig. 6D). In LepB+40-ClsA
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(EE)-expressing cells, only the faster migrating band was observed
(Fig. 6D). Given that all incrementally truncated ClsA (EE) deriva-
tives including the TMD-less version migrated around 46 kDa (Fig.
3B and fig. S10), it is reasonable to suggest that the faster migrating
band represents the C-terminal globular domain in which the N-
terminal LepB TMDs were removed. All LepB chimeric constructs
were not derivatized by externally added AMS unless cells were bro-
ken by sonication (Fig. 6E), indicating that the globular domain of
these derivatives resides on the cytoplasmic side of the IM. Next, we
examined whether the LepB+0-ClsA (EE) chimeric protein can
adopt an inverted topology in PE-deficient cells. LepB+0-ClsA (EE)
was expressed in KS410, and ECAM was performed under the PE-
depleted conditions. We observed that LepB+0-ClsA (EE) was not
able to adopt an inverted topology (Fig. 6F). These results indicate
that the TMDs of LepB cannot substitute for functionally and struc-
turally important native ClsA TMDs and promote periplasmic resi-
dence of the globular domain of CIsA even though the essential
membrane protein LepB TMDs adopts an N-out/C-out topology.

Osmotic down-shock induces inversion of ClsA in +PE cells
There is a correlation between the generation of the inverted topol-
ogy of ClsA and cell viability of PE-deficient cells. However, is the
generation of inverted ClsA a specific phenomenon observed only
in genetically manipulated PE-deficient cells or does ClsA have the
capacity to reorient itself if the membrane phospholipid composi-
tion is not changed? Does this ever happen in a normal E. coli cell
with wild-type PE levels around 70 to 75% of all phospholipids? Be-
cause the cellular amount of CL varies in response to the extracel-
lular osmolality (5, 59), we examined the orientation of the catalytic
domain of CIsA relative to the membrane bilayer within the IM of
E. coli cells challenged by chronic and acute changes in extracellular
osmolality. We confirmed that another nonspecific band close to ClsA
(EE) did not appear under the osmotic stress conditions in ClsA
(EE)-expressing cells (fig. S16). BKT12 expressing ClsA (EE) were
grown in LB medium either in the presence of 0.5 M NaCl (LB/0.5 M
NaCl medium) or in the absence of NaCl (saline-less TY medi-
um) until the mid-log phase followed by assessment of the topology
of ClIsA (EE) by ECAM. Derivatization of ClsA (EE) by externally
added AMS was not observed under both conditions (Fig. 7A),
indicating that the ClsA globular domain faces the cytoplasm.
Next, we examined the effect of an acute increase (up-shock) or
decrease (down-shock) in environmental osmolality on the topol-
ogy of ClsA. The ClsA (EE) globular domain remained facing the
cytoplasm when cells were subjected to osmotic up-shock. On the
other hand, we observed that externally added AMS derivatized a
substantial amount of ClsA (EE) when cells were challenged to os-
motic down-shock (Fig. 7B, upper panel versus lower panel), result-
ing in a shift in mobility of the protein on SDS-PAGE. When cells
were grown for 90 min after osmotic down-shock, the inverted ClsA
(EE) was no longer observed (Fig. 7C), suggesting that the genera-
tion of inverted ClsA (EE) upon osmotic down-shock was tempo-
rary. In contrast to full-length ClsA (EE), nonderivatized TMD-less
T7-A59-ClsA (EE) remains on the cytoplasmic leaflet of the IM
even after osmotic down-shock (Fig. 7D), indicating that N-terminal
TMDs are essential for the generation of an inverted topology in
+PE cells, and AMS does not across the IM under our conditions.
To examine the physiological significance of the generation of
inverted ClsA upon osmotic down-shock, wild type, BKT12, and
BKT12 expressing either full-length or TMD-less ClsA (EE) grown
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Fig. 6. Replacing the TMDs of ClsA with the TMDs of LepB. (A) Schematic representation of the membrane topology of ClsA.y, and LepB. Either two TMDs (1 to 77;
LepB-+0) or two TMDs followed by the downstream sequence of LepB (1 to 117; LepB+40) were used to construct the LepB-ClsA chimeric proteins. (B) Schematic repre-
sentation of LepB-ClsA (EE) chimeric proteins. Two TMDs and the hydrophilic extramembrane region of ClsA are shown as green boxes and a black line, respectively. The
C-terminal globular domain of ClsA is shown as orange boxes with blue boxes corresponding to the two HKD motifs of ClsA. Two TMDs and adjacent hydrophilic extra-
membrane in the region of LepB are shown as black boxes and a red line, respectively. (C) TLC analysis of the phospholipid composition. BKT12 harboring pBAD18-CIsA
(EE), pBAD18-LepB+0-ClsA (EE), or pBAD18-LepB+40-ClsA (EE) were grown in LB medium with 0.02% arabinose and [*2P]PO, (1 pCi/ml). Extracted phospholipids were
separated by solvent 2 and then detected by Phosphoimager and quantified by ImageQuant. The mol % of individual phospholipids is indicated in the right panel.
(D) Immunoblot analysis of the LepB-ClsA (EE) chimeric protein. BKT12 harboring empty vector, pBAD18-ClsA (EE), pBAD18-LepB+0-ClsA (EE), or pBAD18-LepB+40-ClsA (EE)
were grown with 0.02% arabinose. Ten micrograms of the membrane fraction was subjected to SDS-PAGE/immunoblotting. (E and F) Membrane topology of the LepB-

ClsA (EE) chimeric protein. BKT12 grown as described in (D) were subjected to ECAM (E). KS410 harboring pBAD18-Lep+0-ClsA (EE) grown under the PE-depleted condi-
tions was subjected to ECAM (F).
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Fig. 7. Topological duality and flipping of ClsA in +PE cells. (A) Effect of extracellular osmolality on the membrane topology of ClsA. BKT12 harboring pBAD18-ClsA
(EE) were grown either in LB/0.5 M NaCl or saline-less TY medium, following assessment of the membrane topology of CIsA (EE) by ECAM. Expression of ClsA (EE) was
induced by addition of 0.02% arabinose to the growth medium. (B) Effect of acute change in osmolality on the membrane topology of ClsA. BKT12 harboring pBAD18-ClsA (EE)
were grown in LB for osmotic up-shock or in LB/0.5 M NaCl for osmotic down-shock. Osmotic up-shock and down-shock were performed as described in the Materials
and Methods. (C) BKT12 harboring pBAD18-ClsA (EE) were grown in LB/0.5 M NaCl until the cell density reached ODgg 0.2 to 0.3. After collecting cells by centrifugation, the
osmotic down-shock was performed by resuspending in TY medium. After growing for another 90 min, the membrane topology of CIsA was assessed by ECAM. (D) Role
of N-terminal TMDs in generating inverted ClsA upon osmotic down-shock. BKT12 harboring pBAD18-T7-A59-ClsA (EE) were grown in LB/0.5 M NaCl with 0.02% arabinose.
Osmotic down-shock and ECAM were performed as described in the Materials and Methods. (E) Role of the N-terminal TMDs in cell survival after osmotic down-shock.
Indicated cells were grown in LB/0.5 M NaCl until the cell density reached ODgg 0.6. Cells were collected by centrifugation and then resuspended in TY medium. ODggo
was measured at the indicated time point. ClsA (EE) and T7-A59-ClIsA (EE) were induced by adding 0.02% arabinose to the growth medium. The same results were
obtained from two individual experiments, and representative results are shown. (F) Phospholipid composition in osmotic down-shock stressed cells. Indicated strains
were grown and subjected to osmotic down-shock as described in Fig. 6E. [22PIPO, (1 pCi/ml) was added when cells were resuspended into TY medium, followed by
growth for another 30 min. Extracted phospholipids were separated by solvent 2, and then detected by Phosphoimager. (G) Suppression of CL synthesis in osmotic down-
shock stressed cells. Wild-type cells were grown in LB medium containing 0.5 M NaCl until the cell density reached ODgqo 0.3. After dividing samples into two equal
aliquots, one was resuspended in isotonic LB/0.5 M NaCl medium, and another was resuspended in a low-salinity TY medium. Phospholipids were labeled by adding
32PIPO4 (10 uCi/ml) for 1 min. Metabolic phospholipid labeling was stopped by adding a potassium phosphate buffer (10 mM final concentration), followed by a 15-min
chase. Extracted phospholipids were separated by solvent 1 and then detected by Phosphoimager and quantified by ImageQuant. The mol % of CL is indicated in the right
panel. Three independent experiments were performed, and the average values are indicated together with the SD.
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in LB/0.5 M NaCl medium were challenged to osmotic down-shock
by resuspension in low-osmotic saline-less TY medium. Although
wild type and BKT12 resumed growth within 20 min after osmotic
down-shock, we observed that the growth of BKT12 expressing T7-
A59-ClsA (EE), but not full-length ClsA (EE), was arrested upon
osmotic down-shock (Fig. 7E). The acute drop in environmental
osmolality of the cells results in an influx of water that induces the
expansion of the cell envelope. The resulting increased IM tension is
thought to activate the nonspecific export of solutes through mecha-
nosensitive channels, which act as biological emergency release
valves that allow cytoplasmic solutes to be ejected rapidly from the
cell and release the pressure built up by hypoosmotic shock to pre-
vent cells from rupture (60). We observed that MJF465, where three
abundant mechanosensitive channels (MscS, MscL, and MscK) are
disrupted, could not resume growth after osmotic down-shock sim-
ilarly to BKT12 expressing T7-A59-ClsA (EE) (Fig. 7E). We con-
firmed that PE was the most abundant phospholipid synthesized in
osmotic down-shock stressed cells (Fig. 7F). Although CL synthesis
is enhanced in LB/0.5 M NaCl medium, the CL biosynthesis or its
turnover was suppressed or stimulated respectively by osmotic
down-shock (Fig. 7G), suggesting that cells are trying to reduce the
CL level in response to acute decrease in osmolality.

DISCUSSION

In this study, conditionally lethal mutants were successfully engi-
neered and used as a model system in which the nonbilayer-prone
formation of Mg-chelated CL on the periplasmic leaflet of the IM or
OM is essential for cell viability in the absence of the most abundant
nonbilayer-prone lipid. We established that the C-terminal globular
catalytic domain of ClsA uniformly resides on the cytoplasmic side
of the IM in PE-containing cells. Unexpectedly, the catalytic domain
of ClsA displays a dual topology when PE is limiting (Fig. 2, C and
D). However, when two membrane-anchoring N-terminal TMDs of
ClsA were removed, ClsA was able to synthesize the same amount of
CL as the full-length ClsA (figs. S11 and S12C) but did not support
the divalent cation-dependent growth of PE-deficient cells (Fig. 3F)
and accumulated CL on the cytoplasmic leaflet of the IM (Fig. 4, C
and D). This TMD-less CIsA was still IM-associated with its cata-
lytic domain facing the cytoplasm in PE-depleted conditions (Fig.
3E), indicating that the TMDs are essential for flipping the catalytic
globular domain to the periplasmic side of the IM. From these ob-
servations, we propose that inverted ClsA serves as a primary
pathway for supplying CL on the periplasmic leaflet of the IM in
PE-deficient cells.

We further extended our finding on the organization of a dual
topology of ClIsA in genetically manipulated PE-deficient cells to
gain insight into whether ClIsA can adopt a dual topology in the cells
containing wild-type levels of PE to establish physiological rele-
vance. We demonstrated that the globular domain of ClsA is tempo-
rarily exposed to the periplasm in response to a sudden decrease in
osmolality, even in the cells containing a wild-type amount of PE
(Fig. 7B versus Fig. 7C). The physiological importance of CL itself or
regulation of the ratio of PG/CL for cell survival after downward
shift in external osmolality has been missed presumably because the
growth defect upon osmotic down-shock was not observed in
BKT12 (cIsABC null strain) (Fig. 7E). In contrast to the robust
growth of BKT12 after osmotic down-shock, the expression of T7-
A59-ClsA (EE), but not full-length ClsA (EE), inhibited cell growth
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(Fig. 7E). Given that BKT12 were able to grow as well as a wild type
after osmotic down-shock, it would be better to think that the pre-
existing adaptive increase in the amount of PG in BKT12 can fully
substitute the requirement of the CL on the periplasmic leaflet of the
IM. On the other hand, intensive CL synthesis on the cytoplasmic
leaflet of the IM by T7-A59-ClIsA (EE), resulting in the consumption
of PG and accumulation of CL in the inner leaflet, would be more
harmful than the absence of CL. Consistent with these ideas, CL
synthesis was suppressed upon osmotic down-shock (Fig. 7G).
From these results, we conclude that topological rearrangement of
ClsA during osmotic down-shock is one of the mechanisms to avoid
intensive synthesis and accumulation of CL on the cytoplasmic leaf-
let of the IM, which is further evidenced in the experiment with a
fully active soluble nonintegral form of ClsA.

Osmotic stress is one of the most common environmental stress-
ors. A rapid and acute decrease in external osmolarity is a viability-
threatening change that requires a rapid adaptation for a single-celled
enteric bacterium, which regularly faces drastic changes in its os-
motic microenvironment, including entry and exit from the intes-
tine and the transition of pathogens from mammalian hosts to fresh
water (61, 62). When bacteria are challenged with an osmotic down-
shock, turgor increases within milliseconds due to fast water influx
into the cytoplasm, resulting in temporal cell volume expansion
(63). The increase in the tension of the IM activates mechanosensi-
tive channels that release solutes rapidly to the outside of the cells,
resuming the original cell volume and turgor pressure (63) to pro-
tect cells from rupture (60). The growth defect observed in BKT12
expressing T7-A59-ClsA (EE) upon osmotic down-shock is like that
in cells with three disrupted abundant mechanosensitive channels
(Fig. 7E). MscS gates more frequently in the presence of CL and ul-
timately destabilizes the open state of MscS in a dose-dependent
manner, suggesting that its closed state may be stabilized by CL (64).
Thus, the imbalance of the local or global transmembrane distribu-
tion of PG and CL across the IM will need to be considered to un-
derstand the growth defect of BKT12 expressing T7-A59-ClsA (EE)
under osmotic down-shock stress conditions and the role of CL in
the function of mechanosensitive channels.

What regulatory mechanism determines the fate of membrane
topogenesis of ClsA? The most straightforward interpretation of the
organization of ClsA dual topologies is that changes in the PE level
destabilize the structure of ClsA and remove the protein structure
from equilibrium. In +PE cells, the native topology of ClsA is stabi-
lized by an energy valley and is separated from the inverted state by a
free-energy barrier (black line in Fig. 8). Thus, CIsA preferably adopts
the ClsAyt, topology required for CL synthesis on the cytoplasmic
leaflet of the IM. The absence of PE alters the energy landscape of ClsA
(orange line in Fig. 8), so inverted topologies become energetically fa-
vorable. Subsequent folding events for each intermediate topomer
would then impose a high activation energy and thermodynamically
block interconversion between the two conformations, resulting in
stable dual conformations of ClsA within the same membrane. How-
ever, the AG activation free-energy barrier must be overcome to invert
ClIsA in +PE cells. A single-cell imaging analysis observed temporal
expansion of cell volume upon osmotic down-shock, resulting in elon-
gation of cell length (63). This change in cell volume should increase
the IM elastic tension due to cell swelling. The potential change in
physical properties of the membrane in response to osmotic down-
shock could change the transition state of the free-energy barrier,
which prevents flipping in +PE cells (dashed line in Fig. 8). The change
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in the thermodynamic landscape and reshaping and smoothing of the
energy funnel shape would result in stable dual conformations of CIsA
within the same membrane. Because we observed that inverted ClsA
was generated upon osmotic down-shock and disappeared after re-
suming cell growth (Fig. 7, B and C), it can be assumed that CIsA
adopts the original ClAy, topology following adaptation where the
cell resumes its original cell volume and turgor pressure recovery.
CIsA localizes to the cell poles where anionic phospholipids are con-
centrated (20, 65, 66). The lipid environment surrounding ClsA would
contain a lower amount of PE, which could facilitate the generation of
inverted ClsA even in +PE cells. However, given that inverted ClsA
(EE) was not observed in the cells grown in a high-osmotic medium
(Fig. 7A) where more anionic phospholipids appear to be concentrated
at the cell poles (65), the PE-less environment at cell poles is insuf-
ficient to induce the inversion of CIsA. These observations suggest the
change in physical and packing properties of the IM upon osmotic
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down-shock and PE-less lipid environment at cell poles cooperatively
lower the energy barrier for transmembrane reorientation of CIsA in
the presence of physiological amounts of PE.

We successfully engineered inverted ClsA in +PE cells by intro-
ducing two Glu residues juxtaposed to the end of the second
TMD. These changes were sufficient to override the retention signal
attributed to the presence of a highly positively charged cluster re-
gion (Fig. 5C) defining the localization of the catalytic globular do-
main of ClsA in the cytoplasm in +PE cells. Because engineered
2E-ClsA (EE) resulted in a uniformly inverted ClsAp;; topology, the
multiple Glu residues close to the second TMD dominantly deter-
mine the final topology of ClsA by acting as strong translocation
signals or effectively attenuate the downstream located translocation
retention signals as reported previously (54-56). These results clear-
ly show that ClsA has an intrinsic ability to adopt different topolo-
gies and suggest that the presence of both positively and negatively
charged residues downstream of TMD2 contributes to the flexibility
of the membrane topology of ClsA. We also examined the role of
N-terminal TMDs in the generation of inverted ClsA in PE-deficient
cells by replacing them with two TMDs of LepB facing permanently
its catalytic domain into the periplasm. The chimeric construct did
not force the flipping of the C-terminal catalytic globular domain of
ClsA even under PE-depleted conditions (Fig. 6, E and F). Thus, the
essential information for the generation of inverted ClsA must be
encoded in TMDs of ClsA.

We previously demonstrated that the membrane topology of the
first half of LacY can be inverted in vivo by depletion of PE and cor-
rected by introducing PE in a postinsertional manner (40, 41). Such
flip-flop requires no additional accessory proteins (42, 43). Thus, fold-
ing and topogenesis of LacY in the membrane follow a thermodynami-
cally driven route and can be rerouted by changing the surrounding
lipid environment. On the other hand, whether the reorientation of the
CIsA catalytic globular domain depends on protein components s still
unknown. Whether preexisting ClsA synthesized in +PE cells can flip
postinsertionally upon depletion of PE or osmotic down-shock is also
unknown. Because it is hard to imagine that a large C-terminal globular
domain of ClsA is translocated across the IM spontaneously even if the
globular domain is fully unfolded as PE is decreased, another cellular
factor might be recruited to facilitate inversion. Such accessory proteins
can potentially pull apart the ClsA globular polypeptide chain, bringing
it uphill on an energy landscape out of the low-energy minimum trap
and then letting the protein go down to another energy minimum of
the non-native inverted state (Fig. 8). The general SecYEG/SecA pro-
tein translocation machinery and the twin-arginine translocase (TAT)
system could be somehow involved in generation of the topological du-
ality of ClsA. However, the question remains how these proteinoid
components are recruited to actively translocate the globular domain of
CIsA only when PE is limited or the cells are challenged by osmotic
down-shock. It is also unlikely that the TAT system is engaged in the
generation of inverted ClsA because TMDs of ClsA do not contain con-
served consensus TAT signal sequences, and we previously demon-
strated that the TAT system is inactive in PE-deficient cells (67).

Although we proposed that CL can be directly supplied by inverted
CIsA on the periplasmic leaflet of the IM in low PE and PE-deficient
cells, how CL can reach the periplasmic leaflet of the IM in +PE cells is
still unknown. Because catalytic sites of all three Cls enzymes are ori-
ented toward the cytoplasm, there may be multiple pathways to deliver
CL to the periplasmic side of the IM. Several models of the transmem-
brane movement of CL across IM in E. coli can be considered. The
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transmembrane movement of CL could be driven by proteinoid com-
ponents. Previously, it was reported that an msbA (A207T) temperature-
sensitive mutant accumulated lipid A and phospholipid in the IM (16),
suggesting that MsbA can facilitate the transmembrane movement of
phospholipid across the IM. Recently, it was reported that PetA, which
belongs to the DedA superfamily, facilitates the transmembrane move-
ment of PE across the cytoplasmic membrane of Bacillus subtilis (68).
E. coli has eight proteins that belong to the DedA superfamily (69),
suggesting that these proteins are physiologically important. Nonspe-
cific scrambling activity of membrane proteins have been reported
(70, 71), suggesting the existence of noncanonical families of lipid
translocators. Although further investigations must be done, these
subsets of membrane proteins could specifically or nonspecifically be
involved in the protein-driven transmembrane movement of CL. Plant
pathogen Xanthomonas expresses a bifunctional CL/PE synthase en-
coded by the xc_0186 gene that has an N-terminal signal sequence (72)
and therefore may use a conventional SecYEG/SecA translocon-
dependent pathway for its passage into the periplasm to synthesize CL
on the periplasmic leaflet of the IM. Some bacteria might have unique
pathways to synthesize or deliver CL to the periplasmic leaflet of the
IM. Although these potential mechanisms could facilitate the trans-
membrane movement of CL across the IM, the accumulation of CL on
the cytoplasmic leaflet of the IM in T7-A59-ClsA (EE)-expressing cells
(Fig. 4) and inability of two TMD-less ClsA to support Mg-dependent
growth of PE-deficient cells (Fig. 3F) suggest that these potential
protein-driven or spontaneous pathways are not effective enough to
supply adequate amounts of CL to the periplasmic leaflet of the IM in
PE-deficient cells or those potential pathways are dependent on the
presence of PE. Thus, not only PE-deficient cells but also other strains
with altered and finely tuned lipid composition will be an attractive
genetic tool to identify the putative flippase and scramblase candidates.

MATERIALS AND METHODS

Materials

The E. coli strains (table S1), plasmids (table S2), and primers (table
S3) used in this study are listed in Supplementary Materials and
Methods. Antibody against the EE tag was purchased from Cell Sig-
naling Technology. Antibody against the T7 tag was purchased from
Bioss Antibodies. Antibody toward EGFP and AMS were purchased
from Invitrogen. Monoclonal antibody against LacZ was purchased
from Sigma-Aldrich. Silica gel thin-layer chromatography (TLC)
plates were purchased from Merck. [*?P]PO, was obtained from
PerkinElmer Inc. Mini-PROTEAN TGX precast gels were obtained
from Bio-Rad. SuperSignal West Pico PLUS Chemiluminescent
Substrate was obtained from Thermo Fisher Scientific.

Growth of bacteria

The rich medium for the growth of cells in either liquid culture or on
agar plates was LB medium (10 g of Bacto Tryptone, 5 g of Bacto
Yeast extract, and 5 g of NaCl/liter). Low-salinity TY medium is
composed of 10 g of Bacto Tryptone and 5 g of Bacto Yeast Extract/
liter. Media were supplemented with ampicillin (50 pg/ml), spec-
tinomycin (50 pg/ml), chloramphenicol (20 pg/ml), and kanamycin
(50 pg/ml) when appropriate. aTc (100 ng/ml) was supplemented
when conditionally lethal KS310 and its derivatives were grown un-
less these cells were followed by the depletion of PE. MgCl, (50 mM)
was supplemented when PE-deficient cells were grown. All cells
were grown at 37°C unless indicated.
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Construction of E. coli mutants

Strain KS310 was constructed as follows. The gene cassette that en-
codes the fefR gene under the control of the N25 promoter and the
pssA gene under the control of Preo.1, which is integrated into the
attP site on the chromosome of AT210 (a recA™ version of AT2033:
ApssA93:kan AlacY::Th9 recA™ srl::Tnl0 Prieo-1-pssA) (41), was in-
troduced into W3110 via P1 transduction. A ApssA93::kan mutation
of AD90 (ApssA93::kan)/pDD72 (pssA+) (23) was introduced into
W3110/Pytet0-1-pssA via P1 transduction, yielding KS310. BKT10
(W3110 AclsA), BKT16 (W3110 AclsB AclsC), and BKT12 (W3110
AclsA AclsB AclsC) were used as a host to construct KS510, KS610,
and KS410, respectively.

Strain ADC90/pTac-ClsA (EE) was constructed as follows. A
clsA::Tn10 mutation of QC30-15 (73) was introduced into AD90/
pDD?72 (23) via P1 transduction, resulting in ADC90/pDD72. After
transformation with pTac-ClsA (EE), the pDD72 plasmid was cured
by growing at 42°C as shown previously (23).

Strain UE91 was constructed as follows: A AclsA::kan, AclsB::kan,
or AclsC::kan gene was introduced into UE81 one by one via P1
transduction. The kan cassette in the intermediate strains was re-
moved using plasmid pCP20, as described before (74, 75).

Endogenous cysteine accessibility method

An overnight culture of E. coli cells was diluted to ODgy 0.05 in 200 ml
of LB medium. After growing the cells until the mid-log phase
(ODgop 0.6 to 0.8) at 37°C, cells were collected by centrifugation and
then washed with buffer A [100 mM Hepes/KOH (pH 7.5), 80 mM
NaCl, and 25 mM MgCl,] and then resuspended in 2.5 ml of the
same buffer. Cells were grown in LB or LB/0.5 M NaCl medium un-
til the cell density reached ODgg 0.6 and then collected by centrifu-
gation for osmotic up-shock or down-shock experiments. Collected
cells were resuspended in 2.5 ml of buffer A containing 0.5 M NaCl
for osmotic up-shock or in buffer A containing no NaCl for osmotic
down-shock. The cell suspension was divided into three aliquots of
0.75 ml each. One aliquot was treated with 1 mM AMS for 60 min at
25°C to label cysteine residues exposed to the periplasmic side of the
IM. To simultaneously label cysteine residues exposed to both sides
of the IM, one aliquot was subjected to sonication for 1 min. After
the sonication, the aliquot was treated with 1 mM AMS for 60 min
at 25°C. The remaining aliquot was incubated without the addition
of AMS. After labeling, the reactions were terminated by addition of
20 mM f-mercaptoethanol (f-ME). Both nontreated and AMS-
treated aliquots without sonication were subjected to sonication.
Unbroken cells were removed by centrifugation, and the membrane
was collected by ultracentrifugation (88,000¢) for 10 min at 4°C. The
collected membrane fraction was resuspended in 100 pl of buffer A
containing 20 mM B-ME. A 5- to 10-pl sample was subjected to
SDS/PAGE and immunoblotting. The membrane fraction dissolved
in the SDS-PAGE sample buffer was incubated at 37°C for 10 min
before loading to the acrylamide gel. ClsA (EE) was detected using
an anti-EE tag antibody after electroblotting. All ECAM analysis
was performed at least twice.

TLC analysis of phospholipid extracts

E. coli cells were grown in LB with [*?P]PO, (1 pCi/ml) until the cell
density reached ODggg 0.6 to 0.8. For lipid extraction, cells were col-
lected by centrifugation and then resuspended in 0.2 ml of an acidic
solution (0.5 M NaCl in 0.1 M HCI). Then, 0.6 ml of chloroform/
methanol (1:2, v/v) was added and vortexed for 30 min. After that,
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another 0.2 ml of a resuspension buffer was added with continued
vortexing for another 10 min. The water and chloroform phases
were separated by centrifugation (20,000¢ for 5 min), and the chlo-
roform phase was collected. About 1000 to 2000 cpm of the phos-
pholipid extract was applied to TLC plates. Individual phospholipids
were separated either by solvent 1 [chloroform/methanol/acetic
acid (60/25/8, v/v/v)] or by solvent 2 [chloroform/methanol/ammonia/
water (65/37.5/3/1, v/v/v/v)]. Radiolabeled phospholipids were de-
tected using a Typhoon FLA 9500 Phosphoimager and quantified by
ImageQuant. All TLC analyses were performed at least twice.

EryA-EGFP binding assay

ISOv were prepared as described previously (4). Briefly, cells pellets
were resuspended in 100 mM Hepes/KOH (pH 7.5) containing
25 mM MgCl,. Total cell lysates were prepared by subjecting the cell sus-
pensions to a single passage through a French press at 560 kg/cm®
(8000 psi). Undisrupted cells and OM vesicles were removed from the
lysate by centrifugation at 30,000¢ for 20 min. The ISOv were then
collected by centrifugation at 200,000¢ for 1 hour and resuspended in
100 mM Hepes/KOH (pH 7.5) containing 250 mM sucrose and 5 mM
MgCl, at a protein concentration of 5 to 10 mg/ml, and aliquots
were stored at —80°C for subsequent use. Two hundred micrograms
of the ISOv protein (final concentration of 1 mg/ml) was mixed with
50 nM purified EryA-EGFP and then incubated for 30 min at
37°C. ISOv were reisolated by ultracentrifugation (150,000¢) for
20 min at 4°C. Isolated ISOv were resuspended in 100 pl of 100 mM
Hepes/KOH (pH 7.5) followed by ultracentrifugation at the same
speed. ISOv were resuspended in 100 pl of 100 mM Hepes/KOH
(pH 7.5). The fluorescence intensity of EGFP bound to ISOv was mea-
sured using a Typhoon FLA 9500 and quantified by ImageQuant. For
detection of EryA-EGFP by Western blotting, ISOv were resuspended
in the SDS-PAGE sample buffer and subjected to SDS-PAGE and
immunoblotting with antibodies against EGFP.

Statistical analysis

The results of quantitative experiments are shown as means for inde-
pendent experiments performed multiple times as indicated. Values
are means (+ SD) from three experiments, where each determina-
tion was done in duplicate. Variation between duplicates was +3%.
The statistical significance of mean differences was assessed us-
ing the two-tailed Student’s ¢ test. Images represent three inde-
pendent experiments.

Supplementary Materials
This PDF file includes:

Section S1

Figs.S1to S16

Tables S1to S3
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