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One of the main differences between bacteria and archaea concerns
their membrane composition. Whereas bacterial membranes are
made up of glycerol-3-phosphate ester lipids, archaeal membranes
are composed of glycerol-1-phosphate ether lipids. Here, we report
the construction of a stable hybrid heterochiral membrane through
lipid engineering of the bacterium Escherichia coli. By boosting iso-
prenoid biosynthesis and heterologous expression of archaeal ether
lipid biosynthesis genes, we obtained a viable E. coli strain of which
the membranes contain archaeal lipids with the expected stereochem-
istry. It has been found that the archaeal lipid biosynthesis enzymes
are relatively promiscuous with respect to their glycerol phosphate
backbone and that E. coli has the unexpected potential to generate
glycerol-1-phosphate. The unprecedented level of 20-30% archaeal
lipids in a bacterial cell has allowed for analyzing the effect on the
mixed-membrane cell's phenotype. Interestingly, growth rates are
unchanged, whereas the robustness of cells with a hybrid heterochi-
ral membrane appeared slightly increased. The implications of these
findings for evolutionary scenarios are discussed.
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frequently quoted hypothesis on the origin of the three

domains of life (Archaea, Bacteria, and Eukarya) assumes
the existence of a common living ancestor, known as cenancestor
or LUCA (last universal common ancestor), from which the
archaea and bacteria have diverged. Based on comparative ge-
nomics analyses, predictions have been made about the organi-
zation of the transcriptional and translational machinery present
in LUCA during the early stages of evolution (1). The cell
membrane of LUCA has attracted particular attention because
of the major structural differences of phospholipids in bacterial
and archaeal membranes. Archaeal lipids are composed of
branched isoprenoids that are ether-linked to a glycerol-1-
phosphate (G1P) backbone, whereas the lipids in bacteria and
eukarya are based on straight-chain fatty acids that are ester-
linked to an enantiomeric glycerol-3-phosphate (G3P) back-
bone. This striking difference has led to the hypothesis of a
noncellular LUCA, which lacked any membrane-like structure
(2, 3), contained simple single-chain lipids (4, 5), or made use of
compartmentalization by nonbiological iron sulphide structures
(6). Alternatively, a LUCA with a defined cellular membrane has
been postulated, assuming that such a membrane is a pre-
requisite for compartmentalization of cellular processes and self-
replication (7, 8). The existence of a phospholipid-based mem-
brane in the ancestor cell is further supported by phylogenomic
studies that revealed high conservation of the mevalonate
pathway for the synthesis of the isoprenoid building blocks in
archaea, eukarya, and some bacteria (9-11). Also, the presence
in almost all bacteria and archaea of several conserved mem-
brane proteins, such as ATP synthase (12), some respiratory
proteins (13), and proteins involved in polypeptide secretion
(14), seems to be most compatible with a LUCA that is sur-
rounded by a phospholipid-based cellular membrane. Assuming
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that membrane synthesis in proto-cells was catalyzed by both
abiotic catalysis and enzymes with poor stereoselectivity (15), the
membranes might have consisted of a mixture of both G1P and
G3P lipids. However, ancestral proto-cells with such hybrid
heterochiral membranes are assumed to be relatively unstable
and would have experienced selection pressure to evolve more
stable, homochiral membranes after the evolution of stereospe-
cific enzymes (2, 15). At this stage, the “lipid divide,” a crucial
step in the differentiation between archaea and bacteria, would
have occurred. In contrast to these scenarios, in vitro experi-
ments with liposomes composed of a mixture of archaeal and
bacterial lipids showed a higher stability than liposomes com-
posed of only archaeal (16) or only bacterial lipids (17, 18).
Although small quantities of ether lipids and fatty acid-based
ester lipids are found in some bacteria and some archaea (19,
20), respectively, no consistent evidence for the coexistence of
substantial amounts of the two enantiomeric forms of the ester-
and ether-based phospholipids has been observed in the mem-
brane of any living cell so far. Some previous studies attempted
to reproduce an in vivo heterochiral mixed membrane by in-
troducing the partial (21-23) or almost entire (24) ether lipid
biosynthetic pathway into the bacterium Escherichia coli, but the
levels of ether lipids produced were too low (<1% of the total
lipids) to expect any physiological consequence.

Significance

Escherichia coli has been engineered toward an archaebacte-
rium with an unprecedented high level of archaeal ether phos-
pholipids. The obtained cells stably maintain a mixed heterochiral
membrane. This finding challenges theories that assume that
intrinsic instability of mixed membranes led to the “lipid divide”
and the subsequent differentiation of bacteria and archaea.
Furthermore, this study paves the way for future membrane
engineering of industrial production organisms with improved
robustness.
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Here we report the engineering of E. coli by introducing a
membrane that is a hybrid of ether-linked isoprenoids and ester-
linked fatty acids and that is heterochiral as these lipids consist of
either a G1P or a G3P backbone. Via the up-regulated pro-
duction of the isoprenoid building blocks and the coexpression of
genes encoding the archaeal lipid biosynthetic pathway, archaeal
lipids with the G1P configuration were produced to an un-
precedented fraction (up to 30%) of the total phospholipids.
Cells were perfectly viable with growth rates comparable to the
wild type. Remarkably, engineered cells showed an increase in
robustness toward high temperature, butanol, and freezing.

Results

Lipid Biosynthesis Engineering. To reproduce a hybrid heterochiral
membrane in E. coli, a composite pathway was constructed that
consisted of both bacterial and archaeal enzymes (SI Appendix,
Fig. S1) to yield unsaturated archaetidylglycerol (AG) and
archaetidylethanolamine (AE), counterparts of bacterial phos-
phatidylglycerol (PG) and phosphatidylethanolamine (PE), re-
spectively. To achieve high amounts of ether lipids, the endogenous
MEP-DOXP pathway, responsible for isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP) synthesis in E.
coli, was up-regulated. This was done by integrating the native genes
at the “ori” macrodomain of the chromosome (25, 26) (SI Appen-
dix, Fig. S24), yielding strains containing either the idi gene (IDI™)
or the entire operon idi, ispD, ispF, and dxs (MEP/DOXP*) (SI
Appendix, Table S1). The effect on isoprenoid production was
tested in combination with the introduced ether lipid (EL) genes.
Using a system of two compatible vectors (SI Appendix, Fig. S24),
we introduced up to six ether lipid genes (GGPP synthase from
Pantoea ananatis, G1P dehydrogenase from Bacillus subtilis, GGGP
synthase from Methanococcus maripaludis, DGGGP synthase from
M. maripaludis, CDP-archaeol synthase from Archaeoglobus fulgidus
and phosphatidylserine synthase from B. subtilis) (23, 24) (SI Ap-
pendix, Table S2) into E. coli, yielding strains IDI'EL* and MEP/
DOXP*EL". For polar head group attachment, the E. coli en-
dogenous enzymes Psd, PgsA, and PgpA, as well as B. subtilis PssA,
were used to recognize the archaeol derivatives (24) (SI Appendix,
Fig. S1). Increased IPP and DMAPP production dramatically
stimulated the synthesis of AG (SI Appendix, Fig. S2B). Only low
amounts of AE were detected. Attempts to improve AE synthesis
by using different ribosome-binding sites for pss4 or addition of L-
serine to the growth medium were unsuccessful. A likely explana-
tion is that overproduction of B. subtilis PssA, which has been
reported to synthesize PE in addition to AE, impairs cell growth
(27). 1t is thus likely that these attempts caused elevated levels of
the nonbilayer lipid PE, which are toxic to the cells (28).

The E. coli MEP/DOXP*EL" strain was further optimized for
growth and induction to achieve the highest amounts of AG pos-
sible. Increased AG production was observed when cells were
grown in statistically optimized OPT1 medium compared with LB
medium (SI Appendix, Fig. S34) and when cells were induced early
during growth (SI Appendix, Fig. S3B). OPT1 medium contains
glycerol and KH,PO3; which have been identified as the most
dominant factors increasing lycopene production (29) through el-
evated isoprenoid synthesis. The various lipid species were assessed
by liquid chromatography-mass spectrometry (LC-MS) (24), TLC,
and phosphorous-based lipid quantitation. Tuning of the isopropyl-
B-p-1-thiogalactopyranoside (IPTG) concentration, controlling
heterologous gene expression, showed that lower amounts of IPTG
resulted in a higher AG lipid fraction. The native PG content de-
creased from 30% in the wild type to 3% when the strain was in-
duced with 10 pM IPTG (Fig. 1B), while cardiolipin (CL) levels
increased (Fig. 14). Concomitantly, the AG content increased to up
to 23% of the total phospholipid fraction. Higher amounts of IPTG
(50-100 pM) did not result in a further increased AG lipid fraction,
but caused increased overall lipid synthesis (SI Appendix, Fig. S3C).
The remarkable decrease of the PG content in favor of newly
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Fig. 1. TLC-based quantitation of in vivo archaeal lipid synthesis. (4) TLC of
lipid extracts from wild-type E. coli [JM109 (DE3)] heterochiral mixed mem-
brane E. coli (MEP/DOXP*EL") induced early during growth (ODgoo = 0.0)
with different IPTG concentrations and incubated until stationary phase, and
the E. coli strain harboring the entire ether lipid pathway but lacking the
araM gene (MEP/DOXP*EL*AraM"~) treated similarly. (B) Relative quantita-
tion of the spots detected in the TLC. AG, archaetidylglycerol; CL, cardiolipin;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol.

synthesized AG demonstrates the functional integration of the
ether lipid biosynthetic pathway in E. coli. Importantly, the hybrid
heterochiral membrane strain remained stable after serial transfer
for at least 6 d, since the strain still produced ether lipids in the
presence of 10 uM IPTG. Notably, the amount of AG produced
even increased up to 30% of the total bacterial lipidome compared
with the noninduced strain where the level of AG remained ap-
proximately constant (SI Appendix, Fig. S4).

Lipid Chirality and Enzyme Promiscuity. The configuration of the
glycerophosphate backbone represents one of the most distinc-
tive differences between bacterial and archaeal lipids (30). The
enzymes G3PDH and G1PDH, involved in the synthesis of G3P
and G1P, respectively, are members of evolutionarily unrelated
protein families (30). To ascertain that the correct archaeal lipid
stereochemistry is realized, a strain was constructed that lacks
the G1PDH due to an araM gene deletion (E. coli MEP/DOXP™*
EL*AraM"). Surprisingly, in the absence of G1PDH, still sub-
stantial levels of AG were detected (18%), slightly less than the
strain bearing araM (23%) (Fig. 1B, last column on right). This
implies that E. coli either produces G1P by itself or the com-
posite ether lipid pathway contains nonstereoselective enzymes
able to use G3P.
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Fig. 2. Stereochemistry of the ether lipid biosynthesis in E. coli and stereo-
selectivity of the archaeal GGGPS. Specificity of archaeal M. maripaludis GGGPS
(A) and the bacterial E. coli PIsB (B) enzymes toward G1P and G3P. Total ion
counts are normalized using n-dodecyl-B-b-maltoside (DDM) detergent as
internal standard. Results are the averages of two experiments +SEM. (C) NMR
spectra of Mosher’s ester derivatized AG. Synthetic AG with G3P configuration
(1), synthetic AG with G1P configuration (/), a mixture of both (//l), AG from the
E. coli strain expressing the whole ether lipid biosynthetic pathway (/V), and
from the E. coli strain harboring the AraM gene deletion (V). The dashed red
boxes highlight the diagnostic signals.

G3P acyltransferase (PlsB) in E. coli catalyzes the attachment of
the glycerophosphate backbone to a fatty acid chain (31). This
enzyme was tested for its stereoselectivity toward G1P and G3P.
E. coli FadD (32) was used for the in vitro condensation of oleic
acid and CoA to yield acyl-CoA (Fig. 2B, lanes 1), which was
subsequently linked with glycerol phosphate by purified PIsB,
resulting in the production of lyso-phosphatidic acid (LPA). LPA
synthesis was observed only in the presence of G3P (Fig. 2B, lanes
2 versus lanes 3), demonstrating a strict stereoselectivity of PlsB.
The archaeal counterpart of the bacterial PlsB system is GGGPS,
which generates an ether linkage between the isoprenoid chain
GGPP to G1P. Biochemical analysis of purified GGGPS from M.
maripaludis indicates that the enzyme catalyzes the condensation
of GGPP (100 pM) with either G1P or G3P as substrate (Fig. 24,
bars 2 and 3). Nevertheless, GGGPS has an eightfold preference
for G1P (Ky, = 5.8 + 1.6 pM) over G3P (K, = 46.7 + 6 pM) (S1
Appendix, Fig. S5 A and B). The weaker stereoselectivity of
GGGPS toward glycerol phosphates could potentially account for
G3P-based AG formation in the absence of G1IPDH.

To conclusively establish the chirality of the diether lipids in
the engineered E. coli strains, both enantiomers of AG were
prepared chemically (33) (Fig. 2 C, I and IT) and compared with
AG produced in E. coli. In short, saponification of the total lipid
extract allowed for the subsequent purification of the ether lipids
by chromatography on silica. Samples were converted into their
corresponding Mosher’s ester and analyzed by 'H- and '"F-NMR
(34). Readily distinguishable diastereotopic shifts in the 'H-
NMR showed unambiguously that the AG produced by the
engineered E. coli strains, both with GIPDH (Fig. 2 C, IVV) and
without GIPDH (Fig. 2 C, V'), have the archaeal G1P configu-
ration. This demonstrates a high in vivo selectivity of used ether
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lipid enzymes for G1P and proves that E. coli is capable of
producing G1P by a yet-unknown enzyme.

Growth, Cell Morphology, and Robustness. A major question is
whether a hybrid heterochiral membrane affects cell character-
istics. Due to the high level incorporation of AG, we were able to
investigate the effects of a mixed membrane on growth, cell vi-
ability, and stability. E. coli MEP/DOXP*EL" showed a long lag
phase of ~16 h before growth commenced with a growth rate
similar to the parental strain (Fig. 34). Both noninduced and
induced (10 pM IPTG) cells showed a similar growth behavior,
while the presence of AG in noninduced cells (Fig. 1B and S/
Appendix, Fig. S4) is most likely caused by leakage of the lac
promoter used to control expression of the archaeal lipid genes
(35). Genome sequencing of the induced and adapted strain
revealed 10 mutations (eight substitutions, and two deletions at
seven different loci); however, none appeared in central me-
tabolism or phospholipid synthesis, nor did similar mutations
occur in sequenced duplicates (SI Appendix, Table S3). The lag
phase could therefore be a result of a metabolic adaptation of
the bacterial strain and/or adjustment of the expression of het-
erologous enzymes for the viable production of archaeal ether
lipids.
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Fig. 3. Growth and cell morphology analysis of the heterochiral mixed
membrane strains. (A) Growth of the E. coli MEP/DOXP*EL" strain with all of
the ether lipid enzymes [not induced (orange)], induced with 10 uM (red),
and induced with 100 pM (black) of IPTG added early during growth
(ODggo = 0.0) compared with two negative control strains: E. coli IM109(DE3)
wild-type (blue) and E. coli MEP/DOXP* strain with the integrated MEP-
DOXP operon (green). The data are the averages of three biological
replicates +SEM. (B) SEM of wild-type E. coli and the heterochiral mixed
membrane strain induced at a late (0.3 ODgqo) and early (0.03 ODgqo) growth
phase using 100 M of IPTG. (/) Altered cell shape and length. (/) aberrant
cell division and formation of bulges and shreds. (C) Statistical analysis of the
cell length of the E. coli JM109(DE3) (Top), E. coli MEP/DOXP*EL" induced
with 10 uM IPTG (Middle), and 100 pM IPTG (Bottom).
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Analysis of the cells by scanning electron microscopy and
bright-field microscopy revealed that the introduction of the
archaeal lipid biosynthetic pathway caused an elongated cell
length (Fig. 3 B, I). Compared with control cells exhibiting a re-
latively constant cell length of 2-2.5 pm, E. coli MEP/DOXP*EL*
cells induced with 10 uM IPTG showed lengths of 2-15 pm (Fig.
3C). Induced cells were slightly thinner with an average cell width
of 0.60 pm + 0.057 compared with control cells, 0.75 pm + 0.037.
These differences in shape may also explain the lower overall
optical densities reached, as cell size is known to affect OD values.
Strong induction (50-100 pM IPTG) of the archaeal lipid path-
way, however, slowed down growth and caused major cellular
morphology changes with formation of lobular appendages (100
500 nm in diameter) that eventually are released from the cells
(Fig. 3 B, II). Lipid analysis of isolated bulges revealed the
presence of a mixture of archaeal and bacterial lipids compara-
ble to the mother cell although the fraction of AG was somewhat
lower (SI Appendix, Fig. S3D). Thus, immiscibility and segrega-
tion of archaeal lipids from the endogenous bacterial lipid pool
do not seem to be major factors in forming these extrusions (S/
Appendix, Fig. S3D). The extrusions also contain genetic mate-
rial, as indicated by double staining with the lipophilic dye FM4-64
[NV-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl) hexa-
trienyl) pyridinium dibromide] (36) and 4’,6-diamidino-2-phenylindole
(DAPI) to monitor lipids and DNA, respectively (Fig. 4). The
extrusions likely originate from nonsymmetrical cell division caused
by high-level lipid biosynthesis, consistent with an important role of
lipids in cell division (37-39). The lipid staining also signified the
presence of intense membrane-associated spots in the highly
induced cells (Fig. 4) that possibly correspond to accumulation of
anionic lipids. We speculate that the abundant shredding that occurs
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Fig. 4. Effect of mixed heterochiral membranes on E. coli cells detected by
double staining with FM4-64 and DAPI. Lipid staining showing elongated
and thinner cells in the engineered strain compared with the control, the
presence of membrane associated spots in the engineered strain. Double
staining with FM4-64 and DAPI showing the presence of appendages sur-
rounded by a lipid layer and the presence of DNA. Presence of irregular
division sites in engineered cells compared with the symmetrical division
septum present in the wild-type cells. (Scale bar: 5 um.)
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at high induction is the result of the high level of lipid over-
production that does not keep pace with other processes of cellular
growth, causing physiological disturbance including irregular division
sites. Therefore, in the remainder of the study, cells were induced
with 10 pM IPTG to examine the physiological consequences in-
dependently from the aberrant cell morphology.

Even though not all Archaea are extremophiles, archaeal ether
lipids have been associated with extremophilicity and robustness
(40). Therefore, the impact of heat and cold shock on survival of
the strains with hybrid heterochiral membranes was tested. Wild-
type and two engineered E. coli strains [JM109 (DE3), MEP/
DOXP*, MEP/DOXP*EL*] were exposed to elevated tempera-
tures for 2 min and allowed to recover for 1 h at 37 °C. The
noninduced and induced (10 uM IPTG) E. coli MEP/DOXP*EL"*
strain showed an elevated overall survival upon exposure to 55 °C
and 58 °C compared with the two control strains JM109(DE3) and
E. coli MEP/DOXP™ that do not survive when exposed to tem-
peratures above 50 °C (Fig. 54). Cells were also exposed to
freezing and thawing (—80 °C). Cells induced with 10 pM IPTG
were remarkably more tolerant to this treatment than the controls
(Fig. 5B) as evidenced by the higher cfu count. Finally, tolerance
to the organic solvent l-butanol was tested by exposing the strains
for 1 h to different concentrations. A higher resistance was ob-
served in the noninduced and induced (10 pM IPTG) E. coli
MEP/DOXP*EL?" strain harboring the entire archaeal lipid bio-
synthetic pathway compared with the controls (Fig. 5C). This was
most notable when the cells were treated with 2% of 1-butanol.
Importantly, we show that, at low induction levels, AG lipid
production is not toxic to the bacterial cell, but renders cells more
resistant to different types of chemical/physical stresses.

Discussion

According to the discordant hypothesis, the instability of a hybrid
heterochiral mixed membrane of the LUCA has triggered the
segregation of archaea and bacteria toward a more stable homo-
chiral membrane, resulting in the lipid divide that separates Bac-
teria and Archaea (17, 41). However, it is inherently difficult to test
such a hypothesis in vivo, as the conditions of early evolution would
need to be replicated and one would need a microorganism with a
mixed membrane. In vitro analyses using pure lipid liposomes failed
to demonstrate the assumed instability, but rather indicated that
heterochiral membranes composed of both ether isoprenoids and
ester fatty acids were more stable than homochiral ones (16-18).
However, these pure lipid liposomes are the most simple model
systems, and as such the results are considered not conclusive as
they do not take the membrane protein content into account.
Here we describe the engineering of a viable bacterial cell with
a heterochiral mixed membrane composed of bacterial and ar-
chaeal lipids through the introduction of the archaeal ether lipid
biosynthetic pathway into E. coli. Such a heterochiral mixed
membrane may serve as a biological model for the coexistence of
these two phospholipid species in a prokaryotic membrane. We
have previously reported on the introduction of a fully functional
ether lipid pathway into the bacterium E. coli and the synthesis of
the two archaeal lipids AG and AE (24). However, synthesis of
the ether lipids was very low compared with the bacterial lip-
idome (<1%), comparable to results obtained in other studies
(22, 23). In the present study, however, a higher level of iso-
prenoid units (IPP and DMAPP) was accomplished by a com-
bination of the chromosomal integration of an inducible MEP-
DOXP pathway (42) and the use of a statistically optimized
medium (29). Further strain optimization yielded an engineered
bacterial strain in which nearly the complete PG pool is replaced
by the archaeal AG (up to 30% of total phospholipids). Strik-
ingly, most of the PG was converted into CL. Overall, our data
demonstrate a functional integration of ether lipids into the
isolated membranes of these cells. This is supported mainly by
the decrease of PG in favor of AG, but also by the steady
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Fig. 5. Robustness of E. coli with a heterochiral mixed membrane. The E. coli strain with all ether lipid enzymes. MEP/DOXP*EL* [not induced, orange;
induced with 10 uM IPTG at early growth phase (ODggo = 0.0, red)] was compared with the wild-type strain JM109(DE3) (blue) and the strain harboring the
integrated MEP-DOXP operon MEP/DOXP* (green) for survival against exposure to different environmental stresses. (A) Heat shock. (B) Freezing at —80 °C.
(C) I-butanol tolerance. The data were normalized against the cfu of untreated samples. The results are the averages of four biological replicates +SEM.

increase of AG content during prolonged growth by serial trans-
fers. Moreover, differential centrifugation to isolate released ex-
trusions also confirmed a comparable mixed-lipid composition,
excluding the formation of selective archaeal lipid droplets.

A critical element of the introduced pathway and the genera-
tion of a mixed heterochiral membrane is the validation of the
proper stereochemical configuration of the introduced ether lip-
ids. With no exception, bacterial membranes are characterized by
G3P-based lipids while archaea have G1P-based lipids (17). The
enzymes G3PDH and G1PDH, involved in the synthesis of G3P
and G1P, respectively, do not share any structural or functional
homology as they are members of evolutionarily unrelated protein
families (30). Moreover, since there is no mechanism known in E.
coli for the production of G1P, the engineered E. coli strain was
anticipated to rely on GIPDH (AraM) for producing archaeal
lipids. Surprisingly, however, the araM gene was found to be re-
dundant, which could be explained by assuming the synthesis of
G3P-based ether lipids due to poor stereoselectivity of the ar-
chaeal enzymes. Biochemical analysis using purified GGGPS from
M. maripaludis reveals only a modest (eightfold) preference for
G1P over G3P. Despite this weak stereoselectivity, however, the
in vivo-synthesized archaeal lipids from the engineered E. coli
strains were found to have a G1P configuration, indicating that the
used set of ether lipid biosynthesis enzymes select G1P as backbone.
Since this also occurs in the absence of the GIPDH (AraM), this
implies that E. coli unexpectedly possesses a native mechanism of
G1P formation, a feature that has not been reported before. Po-
tential conversions that could lead to G1P formation include either
the phosphorylation of glycerol by glycerol kinase or the phos-
phorylation and reduction of dihydroxyacetone by DHA kinase and
glycerol phosphate dehydrogenase. Although these enzymes are
known to generate G3P, the stereoselectivity of these enzymes has
not been examined in detail yet.

The engineered membrane with an unprecedented high per-
centage of AG enabled us to study the effect of such a hybrid
membrane on growth rate, cell viability, and robustness. The
engineered bacterial strains show a long lag phase of ~16 h be-
fore growth commences, but eventually their growth rates are
comparable with the wild-type strain. Genome sequencing of the
induced and adapted strain revealed no mutations involved in
the central metabolism or phospholipid synthesis, and similar
missense mutations did not occur in the sequenced duplicates (SI
Appendix, Table S3). The lag phase could therefore be a result of
a metabolic adaptation of the bacterial strain and/or an adjust-
ment of the expression of heterologous enzymes for the viable
production of archaeal ether lipids. On the other hand, strong
induction of the archaeal lipid biosynthesis pathway caused se-
vere cell stress as growth slows down and the cell morphology
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changes dramatically. Whereas the majority of the engineered
cells show elongated and thinner cells compared with the wild-
type strain, high induction resulted in the formation of lobular
appendages that are eventually released from the cells. Lipid
analysis of isolated extrusions revealed the presence of a mixture
of archaeal and bacterial lipids much akin to the mother cell,
excluding the possibility that immiscibility with the endogenous
bacterial lipids and segregation of the archaeal lipids caused this
phenomenon. The extrusions also contain genetic material and
likely originate from nonsymmetrical cell division caused by the
high level of lipid biosynthesis, which would be consistent with an
important role of lipids in cell division (37, 43). As the in-
troduced ether lipid biosynthetic pathway is not fully integrated
in the cellular and phospholipid homeostasis, we speculate that
the abundant shredding as seen under conditions of high in-
duction is the result of the high level of lipid overproduction that
does not keep pace with other processes of cellular growth,
resulting, for example, in the formation of irregular division sites.

Importantly, we showed that a moderate induction leads to
significant levels of AG lipid production, indicating that the
presence of archaeal lipids was not toxic to the bacterial cell. Since
the archaeal ability to survive under extreme conditions such as
high temperatures has been related to archacal membrane lipid
composition (44), one may expect that incorporation of archaeal
lipids into a bacterial cell membrane could partially confer this
ability. Indeed, a higher tolerance to heat treatment compared
with control strains was observed. It should be mentioned that the
archaeal lipids are unsaturated; as such, it may be that saturation
will further enhance survival under heat stress. Cells were also
found to be more tolerant to freezing at —80 °C and subsequent
thawing to room temperature, a feature that can be attributed to
the presence of the high concentration of unsaturated archaeal
lipids that confers increased membrane fluidity needed to survive
this transition (45-47). Moreover, the engineered cells exhibited a
higher tolerance against the organic solvent l-butanol. Although
the observed differences in robustness are subtle, they are signif-
icant. Moreover, they demonstrate that, under certain conditions,
bacteria may have an improved fitness because of the presence of
archaeal lipids.

The work described in the present study represents a unique
approach to address a possible coexistence of archaeal and
bacterial phospholipids as a hybrid heterochiral membrane in a
living bacterial cell. Despite the fact that bacterial integral
membrane proteins have evolved to function in an ester-based
phospholipid membrane, introduction of high levels of ether-
based AG resulted in viable cells with growth rates comparable
to that of the parental strain. As such, our findings contrast the
hypothesis of the thermodynamic instability of mixed membranes
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(2). Additionally, it is of interest to explore E. coli strains with
archaeal phospholipids for the functional overproduction of ar-
chaeal membrane proteins. Another application of the strategy
described here may be for industrial microorganisms. Like the
case described here of E. coli, heterochiral hybrid membranes may
render production organisms more robust with a higher tolerance
to organic solvents or toxic by-products without loss of pro-
ductivity in bio-industrial processes. We anticipate that this study
will stimulate future analyses for biotechnological applications and
study of the early evolution of cellular life.

Materials and Methods

A detailed description of the materials and methods concerning operon
integration and cloning procedures, bacterial strains and growth conditions,
TLC, expression and purification of GGGPS, FadD, and PIsB enzymes, in vitro
enzyme reactions, lipid analysis, LC-MS analysis, NMR and ether phospholipid
stereochemical analysis, scanning electron microscopy and bright-field mi-
croscopy, and robustness tests can be found in S/ Appendlix.
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