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Cationic antimicrobial peptides (CAMPs), such as polymyx-
ins, are used as a last-line defense in treatment of many bacterial
infections. However, some bacteria have developed resistance
mechanisms to survive these compounds. Current pandemic O1
Vibrio cholerae biotype El Tor is resistant to polymyxins,
whereas a previous pandemic strain of the biotype Classical is
polymyxin-sensitive. The almEFG operon found in El Tor
V. cholerae confers >100-fold resistance to antimicrobial pep-
tides through aminoacylation of lipopolysaccharide (LPS),
expected to decrease the negatively charged surface of the
V. cholerae outer membrane. This Gram-negative system bears
striking resemblance to a related Gram-positive cell-wall
remodeling strategy that also promotes CAMP resistance.
Mutants defective in AlmEF-dependent LPS modification
exhibit reduced fitness in vivo. Here, we present investigation of
AlmG, the hitherto uncharacterized member of the AlmEFG
pathway. Evidence for AlmG glycyl to lipid substrate transferase
activity is demonstrated in vivo by heterologous expression of
V. cholerae pathway enzymes in a specially engineered Escherichia
coli strain. Development of a minimal keto-deoxyoctulosonate
(Kdo)-lipid A domain in E. coli was necessary to facilitate chemical
structure analysis and to produce a mimetic Kdo-lipid A domain
AlmG substrate to that synthesized by V. cholerae. Our biochemi-
cal studies support a uniquely nuanced pathway of Gram-negative
CAMPs resistance and provide a more detailed description of an
enzyme of the pharmacologically relevant lysophosphospholipid
acyltransferase (LPLAT) superfamily.

The lysophospholipid acyltransferase (LPLAT)2 superfamily
is a massive collection of enzymes present throughout all

domains of life, where most genomes encode multiple super-
family homologs. Foundational LPLAT enzymes generally cat-
alyze transfer of acyl groups from donor molecules, like carrier
proteins or coenzyme A, onto acceptor lipids, such as lyso-
glycerophospholipids or lipid A, or glycerophospholipid pre-
cursors, such as dihydroxyacetonephosphate or glycerophos-
phate. Research on bacterial LPLATs has not only shown their
impact on the chemical composition of membrane lipids, and
how variation in composition contributes to organismal fitness,
but has also demonstrated how specific environmental factors
trigger remodeling of bacterial membranes through sensory
pathways that coordinate regulation of LPLAT activities (1–3).

Lipid A biosynthesis late acyltransferases (LABLAT) com-
pose a characteristic subgroup within the LPLAT superfamily
and participate in secondary acylation of bacterial keto-de-
oxyoctulosonate (Kdo)-lipid A domains during the final steps of
canonical biosynthesis. Biochemical characterization of LAB-
LAT members was first performed with source material from
Escherichia coli, where secondary acyltransferases esterify acyl
groups to primary hydroxylacyl chains of nascently synthesized
Kdo2-lipid IVA (4, 5). In E. coli these activities are encoded by
lpxL or lpxM (Fig. 1A), which transfer lauroyl (C12:0, 12 car-
bons) or myristoyl (C14:0, 14 carbons) fatty acids from acyl
carrier proteins to hydroxyacyl fatty acids at the 2�- and 3�-po-
sitions of the Kdo-lipid A di-glucosamine backbone, respec-
tively (4, 5). Subsequent investigations of LABLAT homologs
across numerous bacterial species show nuanced heterogeneity
in acyl chain selectivity and variance in positional specificity in
hydrocarbon transfer to target substrates (6 –9).

LpxN is a recently described member of the LABLAT sub-
group found in the human intestinal pathogen Vibrio cholerae
(Fig. 1B), which annually infects millions of people around the
world, especially in Southeast Asia and Sub-Saharan Africa (10,
11). Subsequent elucidation of LpxN activity showed it trans-
fers a 3-hydroxylaurate residue to the primary 3�-hydroxylacyl
chain of V. cholerae Kdo-lipid A domains (10). LpxN deletion
mutants are sensitive to polymyxin B by �100-fold relative to
wild type, current pandemic V. cholerae El Tor strains (10, 11).
Inactivating mutants of distantly related LABLAT members
from other organisms such as Klebsiella, Escherichia, Salmo-
nella, and Acinetobacter also display sensitivity to CAMPs (9,
10, 12, 13) but not to the same degree as LpxN inactivation,
which produces an order of magnitude more sensitivity to
CAMPS (10, 11).
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Mass spectrometric structural analysis of Kdo-lipid A
domains isolated from V. cholerae biotype El Tor showed evi-
dence for attachment of glycine or diglycine residues to the
3-hydroxyl of LpxN-transferred 3-hydroxylauryl groups (14). A
multiprotein pathway, AlmEFG (Fig. 1B), was identified as
responsible for the observed Kdo-lipid A glycine modification.
Discovery of the AlmEFG pathway resolved a decades long
mystery in clinical surveillance of V. cholerae as to why current
pandemic biotype El Tor is resistant to polymyxin B, but the
previous pandemic biotype “Classical” is sensitive. Classical
strains lack a functional AlmEFG pathway, due to an inactivat-
ing mutation in AlmF (Vc1578; Fig. 1), later determined to be a
glycine-carrier protein (15). Further biochemical characteriza-
tion of AlmE (Vc1579), a dual aminoacyl-adenyltransferase/
carrier protein ligase, implicated its role in transfer of an acti-
vated glycine to the phosphopantetheinyl prosthetic group of
holo-AlmF carrier molecules (15). AlmEFG glycine modifica-
tion to V. cholerae surface lipids revealed an emergent para-
digm in membrane remodeling between Gram-negatives and
Gram-positives with respect to CAMPs defense, as Gram-pos-
itives similarly decorate their surface teichoic acids with ami-
noacyl groups (14 –16).

In this report the biochemistry of a distant LABLAT homo-
log, AlmG (Vc1577), is explored, providing evidence to support
its hitherto putative role as a glycyltransferase in the AlmEFG
pathway. Evidence for AlmG glycyl to lipid substrate transfer-
ase activity is demonstrated in vivo by heterologous expression
of V. cholerae pathway enzymes in a specially engineered E. coli
strain. Development of a minimal Kdo-lipid A domain in E. coli
was necessary to facilitate chemical structure analysis and to
produce a mimetic Kdo-lipid A domain AlmG substrate to that
synthesized by V. cholerae. With this report AlmG becomes the
only characterized aminoacyl transferase in the LPLAT super-
family. Further mutational analysis of putative catalytic resi-
dues reveals an active site unique to AlmG, which indicates a
chemical mechanism that may be distinct from other charac-
terized LABLAT subgroups and LPLAT superfamily members.

Results

Rationale, genetic construction, and LPS analysis of E. coli that
produce simplified Kdo-lipid A domains

It remains possible that AlmG might require idiosyncratic
features of the Kdo-lipid A domain biosynthesized by V. chol-
erae, similar to the specific requirement of V. cholerae LpxL for
a phosphorylated Kdo domain (17). To better investigate AlmG
activity and any potential substrate requirements, we sought to
engineer an E. coli strain that produced a simplified Kdo-lipid A
domain containing a 3�-hydroxylauryl. This would allow defi-
nition of the minimum factors for Kdo-lipid A glycine modifi-
cation in a non-native organism.

E. coli strain design started with deletion of the LpxM acyl-
transferase to produce a penta-acylated Kdo-lipid A domain,
lacking the secondary myristoyl acyl chain. Our previous study
showed V. cholerae LpxN can replace LpxM in E. coli (10), with
a final lipid A product that contains a 3-hydroxylauoryl group at
the 3�-position (Fig. 1B) (14), the substrate hydroxyl group for
putative AlmG glycine transfer. Deletion of lpxT was also per-

formed, which encodes a phosphotransferase dispensable for
growth in E. coli (18), not found in V. cholerae, and complicates
downstream analysis of 32P-radiolabeled lipids by thin-layer
chromatography (19). Finally, mutants in the Kdo2-lipid A
heptosyltransferase pathway of E. coli (supplemental Fig. S2),
responsible for initiating LPS inner core oligosaccharide syn-
thesis, were also targeted. Others have successfully disrupted
the rfaDFC (also known as waaDFC) operon in E. coli with no
apparent effect on viability (20, 21). Our rationale for the hep-
tosyltransferase disruption step was multifold: (i) produce a
minimal Kdo-lipid A domain; (ii) slow core-lipid A transport
across the inner membrane to potentially increase efficiency of
the predicted cytoplasmic glycine modification; and (iii) sim-
plify downstream isolation of Kdo-lipid A material.

In the E. coli �lpxM �lpxT mutant, we were able to cleanly
delete the entire rfaDFC operon (supplemental Fig. S2) using a
recombineering approach (22). Verification that core-oligosac-
charide truncated Kdo2-lipid A species are produced by the
engineered E. coli �lpxM �lpxT �rfaDFC was assessed by ProQ
Emerald detection of isolated LPS separated by SDS-PAGE
(Fig. 2). Consistent with disruption of the heptosyl transfer
reactions, and core-oligosaccharide synthesis, a smaller molec-
ular weight species was readily apparent in isolated LPS from
the �rfaDFC mutant versus parental strain E. coli �lpxM �lpxT
(Fig. 2; compare lanes 5 versus 4). For reasons discussed below,
further mutations to E. coli �lpxM �lpxT �rfaDFC were per-
formed, and they maintained the core-oligosaccharide trun-
cated phenotype (Fig. 2, lanes 6 – 8).

Structural characterization of lipid material isolated from
E. coli that produce minimal Kdo-lipid A domains mimetic of
V. cholerae material

Observation of core-truncated Kdo2-lipid A made co-isola-
tion of Kdo2-lipid A species with glycerophospholipids hypo-
thetically possible with a simple two-phase chemical extraction.
This would provide a more efficient workflow that circumvents
additional steps used to chemically isolate and characterize
lipid A material from Gram-negatives (23). Thin layer chroma-
tography analysis of 32P-radioistopically labeled lipids, in a sol-
vent system that resolves Kdo-lipid A species, showed E. coli
�lpxM �lpxT �rfaDFC contained lipid species not present in
parental E. coli �lpxM �lpxT (Fig. 3A; compare lane 2 versus 1).
Expression of LpxN, the V. cholerae 3-hydroxylauryl transfer-
ase, increased the upward mobility of these lipid species as
expected for hexa-acylation of penta-acylated material (Fig. 3A,
compare lane 4 to 2 and 3).

MALDI-MS analyses of non-radioisotopically labeled lipids
from these strains contain spectral peaks consistent with our
interpretation of the structures deduced from TLC (Fig. 3B).
Proposed structures of important singly charged molecular
ions are included in (supplemental Fig. S3). The primary prod-
uct of E. coli �lpxM �lpxT �rfaDFC is a penta-acylated Kdo2-
lipid A with an expected 2026.14 m/z (Fig. 3B). LpxN expres-
sion in this strain should produce a hexa-acylated Kdo2-lipid A
with an expected 2224.3 m/z (Fig. 3B). Interestingly, MS-based
structural analysis also indicated prevalent phosphoethanol-
amine-modified species (Fig. 3B; �123 m/z shift). A similar
increase of phosphoethanolamine modification in rfa hepto-
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syltransferase mutants has been previously reported (28). To
simplify later experiments focused on AlmG-based glycine
modification, deletion of both E. coli phosphoethanolamine
transferases EptA and EptB was performed. TLC analysis shows

a complete lack of phosphoethanolamine-modified Kdo-lipid
A in E. coli �lpxM �lpxT �rfaDFC �eptA �eptB (Fig. 3C).
MALDI-MS analysis verified the chemical structure of isolated
Kdo-lipid A material (Fig. 3, D and E). Construction of an E. coli
�lpxM �lpxT �rfaDFC �eptA �eptB mutant allowed produc-
tion of a simple penta-acylated Kdo2-lipid A domain more fac-
ile to isolate than conventional lipid A isolation methods.
Furthermore, we demonstrate here (Fig. 3, A and B), and in
subsequent figures, that heterologous expression of LpxN
allows production of hexa-acylated 3-hydroxylaurate Kdo2-
lipid A in E. coli, the likely substrate for glycine modification by
AlmEFG pathway enzymes.

Analysis of lipids from E. coli-expressing V. cholerae enzymes
shows requirement for AlmG in production of glycine-modified
Kdo-lipid A domains

Combinations of AlmEFG and LpxN were co-expressed in
the simplified Kdo2-lipid A-producing E. coli strain, to deter-
mine whether glycine modification was possible in an organism
other than V. cholerae (Fig. 4). Combinatorial, co-expression
constructs of V. cholerae proteins were created using the

Figure 1. Multiple differences in the predominant chemical structures of Kdo-lipid A domains of E. coli K-12 compared with V. cholerae biotype El Tor.
Inset provides numeric classification legend for describing acyl chain position along the glucosamine disaccharide. A, E. coli possess a bi-functional Kdo
transferase that transfers individual Kdo sugars to lipid IVA and Kdo-lipid IVA successively. The lipid A secondary acyltransferase LpxL and then LpxM acyltrans-
ferases produce the predominantly observed hexaacyl-Kdo2-lipid A. B, V. cholerae Kdo-lipid A domains contain hydroxylaurate chains at 3- and 3�-positions.
V. cholerae expresses a monofunctional KdtA that transfers a single Kdo residue to lipid IVA and a Kdo kinase that phosphorylates Kdo-lipid IVA. V. cholerae LpxL
(Vc0213) transfers a myristate (C14:0) to the 2�-position hydroxylacyl chain of the glucosamine disaccharide. LpxN (Vc0212) transfers a 3-hydroxylaurate (3-OH
C12:0; blue) to the 3�-position hydroxyacyl chain to generate hexaacyl-monophosphoryl-Kdo lipid A. AlmEFG adds glycine to the 3-hydroxylaurate of hexaacyl-
monophosphoryl-Kdo lipid A. Glycine and diglycine modified hexaacyl-monophosphoryl-Kdo-lipid A are highly abundant in V. cholerae biotype El Tor under
standard growth conditions.

Figure 2. Electrophoretic separation and ProQ Emerald dye visualization
of isolated LPS. Numbered lanes below the LPS gel correspond to strains
listed on the right. S. enterica serovar typhimurium LT2 is included as a control
(lane 1), to show a typical O-antigen repeat pattern observed in Gram-nega-
tive LPS structures. Laboratory E. coli K-12 strains, including W3110 (lane 2),
synthesize a truncated LPS molecule due to mutations in O-antigen synthesis
genes. Smaller LPS molecules migrate further toward the bottom of these
gels. All �rfaDFC mutant strains (compare lanes 2– 4 with lanes 5– 8) synthe-
size an even more truncated molecule, corresponding to the lack of core
oligosaccharide, also known as deep rough mutation. The LPS profile shown
is representative of at least three biological replicates.
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pQlink plasmid system, which enables IPTG-inducible expres-
sion of multiple, simultaneous gene products (24). Co-expres-
sion of AlmEFG and LpxN in E. coli �lpxM �lpxT �rfaDFC
�eptA �eptB resulted in expected TLC migration shifts for
Kdo-lipid A material modified with glycine (Fig. 4, last two
lanes). Glycine results in the addition of a positively charged
residue, which in this TLC solvent system results in migration

with lower mobile phase retention factors (spot shifts down-
ward); similar to phosphoethanolamine-modified species (e.g.
Fig. 3). The shift in phosphoethanolamine-modified species is
more dramatic than glycine modification, as might be expected,
due to the zwitterionic nature of phosphoethanolamine.
Expression of the trio of AlmEFG proteins, without LpxN, did
not affect migration of radiolabeled lipid species consistent

Figure 3. TLC and MALDI-MS structural analysis of biosynthetically engineered deep-rough E. coli that produce minimal Kdo-lipid A domains. Text
labels along the plate depict origin where lipid material was spotted before TLC separation, as well as proposed lipid species. A, each lane represents lipid
material from E. coli K12 W3110 �lpxM�lpxT (lane 1), �lpxM�lpxT�rfaDFC (lane 2), �lpxM�lpxT�rfaDFC harboring pQlink (lane 3), or pQlink::LpxN (lane 4). B,
MALDI-MS analysis of non-radiolabeled material in corresponding lanes in A. Right y axis denotes total counts, and the x axis is of the m/z range analyzed.
C, each lane represents lipid material isolated from E. coli K12 W3110 �lpxM�lpxT�rfaDFC�eptA (lane 5), �lpxM�lpxT�rfaDFC�eptB (lane 6), or
�lpxM�lpxT�rfaDFC�eptA�eptB (lane 7). D, MALDI-MS analysis of non-radiolabeled material in corresponding lanes in C. Right y axis denotes total counts, and
the x axis is of the m/z range analyzed. E, major structures of penta-acylated or LpxN modified Kdo2-lipid A species in synthetically engineered E. coli. Other
important structures can be found in supplemental Fig. S3.
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with LpxN providing the appropriate 3-hydroxylauryl acyl
chain as the site of glycine esterification (Fig. 4). Similarly AlmG
is indispensable for glycine modification, where co-expression
of LpxN, AlmF, and AlmE does not show evidence for glycine
modification, consistent with the role of AlmG as a glycyltrans-
ferase. As Gly-AlmF is a co-substrate, the law of mass action
would predict that increasing its intracellular concentration
may push the AlmG-based glycine transfer reaction forward.
Indeed, co-expression of Vc2457, which we previously identi-
fied as an AlmF-selective phosphopantetheinyltransferase (15),
improved overall pathway efficiency as an increase in glycine
modification was evident by TLC (Fig. 4, compare last two
lanes). Vc2457 expression increases the available pool of holo-
AlmF available for AlmE glycinylation (15).

Predicted TLC structure assignments were supported by
MALDI-MS (Fig. 5). Molecular ions consistent with 3�-hy-
droxylauryl containing lipid A and/or Kdo2-lipid A species
were highly abundant upon expression of LpxN in E. coli
�lpxM �lpxT �rfaDFC �eptA �eptB (Fig. 5; m/z 1784.2 and
2224.5). Co-expression of LpxN, AlmEFG, and Vc2457 reveals
prominent spectral peaks indicative of glycine-modified (Fig. 5;
m/z 1841.1 or 2281.3) and diglycine-modified (Fig. 5; m/z
1898.2 and 2338.2) lipid material, congruent with our TLC
result (Fig. 4). Our previous structural analysis of V. cholerae
biotype El Tor lipid A using more informative MSn also showed
a mixed population of mono- and di-glycine-containing species
(14). Efficiency of modification as observed by MALDI appears
more robust than what was observed by TLC. Either di-glyci-
nylated or mono-glycinylated lipid material might co-migrate
with unmodified lipid in this solvent system, which complicates
the use of TLC in determining overall modification efficiency.

In this report MALDI and TLC data cohesively provide struc-
tural analysis in non-native E. coli that details the minimal
requirements for glycine modification of Kdo-lipid A domains
and the absolute requirement of AlmG in the final addition of
glycine to target lipids. With our successful synthetic biology
approach to characterization of the glycine modification path-
way, we turned our attention to a more direct biochemical
investigation of AlmG-based glycine transfer.

Activity assessment of single-site AlmG alanine variants
reveals an unusual catalytic domain within the LABLAT
subgroup

AlmG is distantly related to other members of the LABLAT
subgroup, yet LABLAT members are the closest homologs in
public databases of the apparently unique AlmG protein (Fig. 6;
supplemental Fig. S4). A recently described clade within the
LABLAT subgroup, LpxJ, responsible for transfer of acyl chains
to secondary positions along associated Kdo-lipid A domains
(6), is even more distantly related than AlmG (Fig. 6). Members
of the expansive LPLAT superfamily typically feature an
HX4(D/E) catalytic dyad proposed to be essential for activating
hydroxyl nucleophiles for attack on thioester-linked acyl
groups in transferase activity (25). AlmG contains two such
candidate active-site dyads (106HX4D111 and 215HX4E220). This
putative catalytic dyad is often positioned within a predicted
hydrophobic cleft region, reasoned to be important for posi-
tioning of target lipid A acyl chain substrates (26 –28). Based on
current convention, the dyad at position His-106/Asp-111 is
the most likely active-site dyad.

To assess the role of predicted catalytic residues, single resi-
due alanine variants of AlmG were assessed. Glycine transfer
activity was assessed via polymyxin B resistance in a V. cholerae
�almG mutant, an assay described in multiple studies that pro-
vides a rapid, physiologically relevant detection method for
Kdo-lipid A chemical glycine modification in V. cholerae (14,
15, 29). Strains of V. cholerae El Tor �almG were comple-
mented with a pQlink vector, alone, expressing a wild-type
copy of almG or single-site alanine variants (Fig. 7). No obvious
growth phenotypes were observed in any strains tested. Con-
trary to other LABLATs, the His-106/Asp-111 dyad was not
absolutely required for activity. Shockingly, the His-215/Glu-
220 dyad was implicated as absolutely necessary for Kdo-lipid A
domain glycine modification (Fig. 7). This site is not present in
any other sequenced LABLAT member. Lys-148 was surpris-
ingly dispensable for AlmG-based glycine transfer, a notable
departure from the best biochemically characterized LABLAT
subgroup member, LpxM from Acinetobacter baumannii,
which has a spatially, chemically conserved arginine implicated
in acyl transfer activity (30). D180A mutation also had no effect
on AlmG glycine transferase activity. In sum, our AlmG func-
tional assays, informed by the state of field biochemical data of
conserved LABLAT catalytic motifs, conflate with its phylog-
eny (Fig. 6) to place AlmG as an unusual, potentially founda-
tional clade within the LABLAT subgroup of the LPLAT super-
family. AlmG very likely uses His-215/Glu-220 for its apparent
glycyltransferase activity, a catalytic element consistent with
other LPLATs, albeit at a different site. A more detailed
description of AlmG activity awaits further elucidation.

Figure 4. TLC analysis of isolated 32P-lipids from deep-rough E. coli that
express V. cholerae glycine modification components. Each lane repre-
sents lipid material from E. coli K12 W3110 �lpxM�lpxT�rfaDFC�eptA�eptB
harboring pQlink plasmids that heterologously express V. cholerae proteins
indicated alphabetically below the plate (N, E, F, G, or S) and as detailed in the
box legend (bottom right).
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Discussion

AlmG does not contain predicted transmembrane helical
regions characteristic of bacterial integral membrane proteins
(31), and it is most likely a peripheral membrane protein. The
general hydropathy of AlmG is relatively high with multiple
hydrophobic clusters predicted (32). Combined with a very
basic theoretical pI (9.49), these features hint at favorable inter-
actions with acidic, hydrophobic phospholipids of the inner
bacterial membrane. As glycinylated AlmF is restricted to the
cytosol (33), the substrate donor molecule for glycine transfer,
AlmG’s residence on the cytoplasmic face of the inner mem-
brane bilayer is most sensible. MALDI-MS and TLC analysis of
lipid material from E. coli hosts expressing Alm, and other nec-
essary enzymes, support the assignment of V. cholerae AlmG as

a bona fide glycyltransferase of distant relation to LABLAT sub-
group members, yet it is no more distant than the LpxJ clade (6).

A recent report elegantly providing the first LPLAT struc-
ture, LpxM from A. baumannii, put forth compelling evidence
for bifunctional activity of a LABLAT subgroup member (30).
This secondary acyltransferase homolog catalyzes not only the
transfer of hydrocarbon acyl chains to substrate Kdo-lipid A
domains but also displays a thioesterase activity against co-sub-
strate acyl-ACPs. Thioesterase activity in this context would
release covalently bound hydrocarbon acyl chains on associated
carrier proteins. Albeit tendentious, this indicates that LPLAT
members, with A. baumannii LpxM bifunctionality, can liber-
ate fatty acids for redirection into catabolic pathways, because
acyl-ACPs are generally fated for anabolic reactions during

Figure 5. MALDI-MS structural analysis of deep-rough E. coli that express V. cholerae glycine modification components. All spectra are from
the same background strain of E. coli W3110 �lpxM�lpxT�rfaDFC�eptA�eptB. Lipids analyzed here correspond to strains from Fig. 4: W3110
�lpxM�lpxT�rfaDFC�eptA�eptB strains harboring pQlink plasmids expressing lpxN or lpxN, almEFG as indicated. MALDI-MS analyzed lipids were isolated from
cultures grown without 32P. Left y axis denotes relative intensity and the x axis is of the m/z range analyzed.

Figure 6. Phylogram of experimentally verified representative members of the LABLAT subgroup. Maximum likelihood confidence values are reported
for each branch. Branch lengths represent rate of difference in amino acid sequence, a distance legend is provided at the bottom. See under “Experimental
procedures” and supplemental Fig. S4 for sequence information used to generate the phylogram.
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growth. The signal for metabolic redirection would be lack of
sufficient Kdo-lipid A substrate as might occur during meta-
bolic starvation, and as reported A. baumannii LpxM thioes-
terase activity occurs when lipid co-substrates are in absentia
(i.e. only acyl-ACP is bound). Interestingly, LpxM from A. bau-
mannii presents the closest related member of the LABLAT
family to AlmG, still quite a distant relation (Fig. 6). For the
above reasons, an alternative mechanism of AlmG glycyl trans-
fer is likely, where direct transfer to Kdo-lipid A domains may
not occur. In combination with the dual active-site hypothesis
for LpxM of A. baumannii, we present an alternative, plausible
route for glycine modification of Kdo-lipid A domains. Glycine
may be transferred to 3-hydroxylauryl ACPs, where LpxN
transfers a resultant glycinylated acyl chain to Kdo-lipid A
domains (Fig. 8). Isolation of a glycinylated 3-hydroxylauryl
intermediate would provide convincing evidence for this
mechanism.

Our laboratory recently reported that V. cholerae El Tor has
maintained a second LPS modification to promote polymyxin
resistance through the addition of phosphoethanolamine resi-
dues to lipid A phosphate groups (34). The Vibrio EptA homo-
log is similar to pEtN transferases found in other pathogens,
including Neisseria meningitidis, Salmonella enterica, Campy-
lobacter jejuni, and pathogenic E. coli. Phosphoethanolamine
transferase activity occurs in the periplasmic compartment.
Substrate competition between lipid A modification enzymes
has been reported (35). During development of the E. coli syn-
thetic biology approach to study glycine modification in this
report, EptA and EptB were capable of phosphoethanolamine
transfer onto glycinylated Kdo-lipid A domains (supplemental
Fig. 5 and 6). Similarly V. cholerae EptA is capable of phospho-
ethanolamine transfer to glycinylated substrates (34). Thus
phosphoethanolamine and glycine transfer does not occur at

the level of enzymatic substrate specificity. However, there is
coordinated control of LPS glycine and phosphoethanolamine
modifications in V. cholerae at the transcriptional level. The
responsible regulatory network has not been sorted out, but we
do know that expression of eptA is not controlled by the
AlmEFG transcriptional regulator VprA (34, 36).

Aminoacylation of bacterial surface membranes is an emer-
gent paradigm in microbial resistance to cationic antimicrobial
peptides. Gram-positive bacteria neutralize their cell walls
by transferring D-alanine to surface teichoic acids, poly-phos-
phoribitol, or poly-phosphoglycerol chains linked to glycero-
phospholipids or N-acetylmuramic acid of surface-exposed
peptidoglycan (16, 37–39). Although the genes dltBD of the
dltDABC operon (40) have long been identified as responsible
for the final chemical transfer step, from D-alanine-linked car-
rier proteins (DltC) to surface molecules, the precise molecular
details of the DltBD reaction remain to be elucidated. Recent
data have clarified that DltC, the carrier molecule of D-alanine,
analogous to Gly-AlmF, is not exported, consistent with ami-
noacyl transfer activity being localized to the cytoplasm (41).
Continued exploration of this system in Gram-positives will
hopefully clarify these important steps, in a modification with
tremendous physiological importance, particularly in patho-
genic Staphylococcus aureus and other Firmicutes like Listeria,
Bacillus, Enterococcus, or Streptococcus spp. (41).

Kdo-lipid A glycinylation is a unique Gram-negative strategy
necessary for resistance to CAMPs (14). AlmEFG catalyzes the
adenylation of an amino acid (like DltA), subsequent transfer to
a carrier protein (like DltA to DltC), and final transfer to a
surface component by dedicated transferase machinery (as
DltBD). An important consideration regarding the activity of
AlmG is apparent specificity for Gly-AlmF. Detailed molecular
investigation of wild-type V. cholerae AlmE, demonstrated that

Figure 7. Expression of single site AlmG alanine variants in V. cholerae �almG strains. The determined MIC value is reported below each image. Strains
tested include E7946 wild type (WT), a positive control, and E7946 �almG strains harboring pQlink expression plasmids that contain no gene (negative control),
wild-type copy (complemented), or single-site AlmG alanine variants as indicated above each image. Representative plates imaged from experiments per-
formed in triplicate are shown.
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its substrate holo-AlmF could, in addition to glycine, carry L-al-
anine as evidenced upon in vitro characterization (15). Cur-
rently, there is insufficient evidence to support the existence of
L-Ala-AlmF in vivo (15). AlmG certainly does not use L-Ala-
AlmF to decorate Kdo-lipid A domains as L-Ala-Kdo-lipid A is
not apparent either in MALDI-MS analysis of isolated lipid
material from E. coli or V. cholerae (e.g. Figs. 3 and 7 and sup-
plemental Fig. 6) (14). Finally, as diglycine-modified Kdo-lipid
A species are apparent in both E. coli (Fig. 3, 7, and supplemen-
tal Fig. 6) and V. cholerae (14), it would appear that if any flex-
ibility exists in AlmG specificity, it involves chemistry for at
least two rounds of glycine to lipid substrate transfer. Multiple
rounds of amino acid transfer to the same molecule have not
been reported with DltBD-like enzymes. As a final note, gly-
cine-modified sugars of core-oligosaccharide LPS have also
been reported in multiple organisms, including C. jejuni, Hae-

mophilus influenzae, and Shigella flexneri (42– 44); however,
enzymes responsible for this observed activity await identifica-
tion. A recent study on the chemical composition of V. cholerae
exopolysaccharide also showed its decorated with glycine resi-
dues, catalyzed by a hitherto unidentified enzyme (45).

Evidence in this report supports the hypothesis that AlmG
functions as a glycyltransferase and characterizes a potential
founding member of an outlying clade within the LABLAT sub-
group of the LPLAT superfamily. However, this distinction
awaits deposition of more closely related sequences within pub-
lic databases. The paucity of terrestrial bacterial sequences,
with high similarity to AlmG, is remarkable. Genomes of
marine bacteria are difficult to obtain as a result of sampling
difficulties (46 – 48). Vibrio is one of the most facile groups of
marine microorganisms to culture and is an important oceanic
model organism. How fitting that an organism with dual life-

Figure 8. Unusual AlmG catalytic residues suggest an alternative mechanism for synthesis of glycine-modified Kdo-lipid A domains. Both hypothetical
mechanisms begin with phosphorylated VprA directly promoting expression of the almEFG operon. In a two-step catalytic mechanism, AlmE (Vc1579)
generates glycyl-AMP from glycine and ATP to activate glycine for transfer onto carrier protein holo-AlmF (Vc1578). Holo-AlmF is generated after 4�-phospho-
pantetheinyl of coenzyme A is transferred onto apo-AlmF by the phosphopantetheinyl transferase AcpS (Vc2457). In mechanism I (left), AlmG at the inner
membrane uses glycyl-AlmF as the aminoacyl donor for transfer onto the secondary hydroxylauryl acyl chain of V. cholerae hexaacylated-monophosphoryl-
Kdo-lipid A. At least two rounds of glycine transfer can occur. In mechanism II (right), AlmG uses glycyl-AlmF to transfer glycine onto hydroxyl-lauryl acyl carrier
protein (AcpP; Vc2020). Two rounds of glycine transfer can occur. LpxN then transfers glycyl-3-hydroxylaurate from AcpP onto pentaacylated-monophospho-
ryl-Kdo-lipid A. In either mechanism, diglycine or glycine-modified lipid A is then transported to the bacterial surface to provide resistance against cationic
antimicrobial peptides such as polymyxin. OM, outer membrane; P, periplasm; IM, inner membrane.
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styles between the oceanic hydrosphere and centuries long evo-
lution as a human pathogen provides our first glimpse of this
newly described glycyl to lipid transfer activity.

Experimental procedures

Materials

General chemicals used in this report were purchased from
Sigma or Thermo Fisher Scientific unless indicated otherwise.
32Pi used to label bacterial phospholipids was purchased from
PerkinElmer Life Sciences at a specific concentration of 10
�Ci/�l.

Bacterial growth

Bacterial strains used or generated in this report are listed in
supplemental Table S1. V. cholerae and E. coli were routinely
grown at 37 °C on LB or LB agar unless otherwise indicated. As
appropriate, antibiotics were supplemented in growth media
at the following concentrations: 30 �g/ml chloramphenicol,
50 �g/ml kanamycin, 100 �g/ml ampicillin, and 10 �g/ml
streptomycin.

Recombinant DNA

Plasmids (supplemental Table S2) and oligonucleotides (sup-
plemental Table S3) are reported in the supplemental material.
Genomic DNA was routinely isolated using the Easy DNA kit
(Life Sciences). Custom primers were obtained from Integrated
DNA Technologies. PCR reagents were purchased from
Takara, New England Biolabs, or Stratagene, and PCR products
were routinely isolated using the QIAquick PCR purification kit
(Qiagen). To create pQlink plasmids used for co-expression of
multiple genes, reagents purchased from Invitrogen were used
for ligation-independent cloning, as described previously (24).
All plasmids constructed in this study were initially trans-
formed into chemically competent E. coli XL-1 Blue storage
strain before transformation into the particular strain for a
given experiment. Plasmid promoter and gene-insert se-
quences were verified by DNA sequencing at the ICMB Core
Facility at the University of Texas at Austin or with Genewiz.

Alignment and phylogenetic analysis of representative
LABLAT members with AlmG

Sequences were obtained either from NCBI or KEGG data-
bases. Alignments were performed using Clustal Omega (49).
Phylogram construction used the phylogeny.fr suite (50).

Synthetic biology of E. coli that produce minimal Kdo-lipid A
domains

Construction of gene deletion strains of E. coli, except
�rfaDFC, were performed via P1 vir phage transduction
according to previously published methodologies, with Keio
collection E. coli deletion mutants (GE Dharmacon). Lambda
red recombineering was used to generate �rfaDFC mutants
according to previously published protocols (22). Modifica-
tions to the general procedure include supplementation of out-
growth cultures with 1 mM arabinose and incubation at 30 °C.
Markerless deletion mutants were subsequently generated
according to published protocols with yeast Flp recombinase

machinery encoded on a pcp20 suicide vector (22). In multiple
deletion strains, P1 transduction was followed by marker
removal, before subsequent deletions were introduced. Recom-
bineering was always the last step, as �rfaDFC severely limits
binding of P1 vir phage; phage tail proteins specifically interact
with the core-oligosaccharide portion of LPS (51). Correct
strain construction was verified by PCR, TLC analysis of 32P-
radiolabeled, or MALDI-MS analysis of non-radiolabeled lipid
products, and ProQ Emerald-based detection of gel separated
LPS.

Procedure to visualize LPS by ProQ� Emerald fluorescent dye

Bacteria were grown in LB media at 30 °C until mid-expo-
nential phase. Cell amounts were normalized based on optical
density, harvested, and resuspended in Tricine-buffered Laem-
mli sample buffer (with 4% �-mercaptoethanol), followed by
proteinase K digestion overnight at 55 °C to remove contami-
nant protein. Resultant material containing intact LPS is boiled
at 100 °C before resolution by Tricine, SDS-10 –20% PAGE.
Electrophoresis was performed at 4 °C, typically for 2 h. In-gel
oxidation of associated carbohydrate was followed with visual-
ization of LPS using a fluorescence-based molecular probe
according to the manufacturer’s protocols (Pro-Q� Emerald
Life Technologies, Inc.).

General procedure for co-isolation of glycerophospholipid and
Kdo2-lipid A species

A single colony of bacteria was used to inoculate 5 ml of
media (LB or G56 media, supplemented with 100 �M IPTG or
antibiotic) and grown overnight at 37 or at 30 °C for �rfaDFC
strains. The next day, a 10-ml culture was inoculated to a start-
ing A600 of �0.05, grown in a 20 � 150-mm disposable glass
culture tube. Growth media for TLC analysis was supple-
mented with 10 �Ci/ml of 32P. Cells were grown to mid-expo-
nential phase, to an A600 of 0.8 –1.0. Cells were then harvested
in 16 � 125-mm glass centrifuge tubes with PTFE-lined cap
using a fixed angle clinical centrifuge at 1,500 � g for 12 min.
Supernatant was removed into an appropriate radioactive
waste container. Cell pellets were washed with 5 ml of phos-
phate-buffered saline (PBS) and centrifuged again for 10 min at
1,500 � g. Supernatant was discarded, and cells were resus-
pended in 5 ml of single-phase Bligh-Dyer mixture consisting of
chloroform/methanol/water (1:2:0.8, v/v/v), mixed by vortex,
and incubated at room temperature for 20 –30 min to ensure
complete chemical cell lysis. These mixtures were centrifuged
in a clinical centrifuge at 1,500 � g for 15 min. Supernatant,
which contains glycerophospholipids, isoprenyl lipids, free
lipid A, and Kdo-lipid A domains, was then transferred into
clean 16 � 125-mm glass centrifuge tubes and converted into a
two-phase Bligh-Dyer mixture by adding 1 ml of chloroform
and 1 ml of methanol, yielding a chloroform/methanol/aque-
ous (2:2:1.8 v/v) mixture. This mixture was vortexed for �30 s
and then centrifuged for 12 min in a clinical centrifuge at
1,500 � g to separate the organic and aqueous phases. The
lower organic phase was removed into a clean glass centrifuge
tube using a glass Pasteur pipette. A second extraction was per-
formed by adding 2 ml of pre-equilibrated two-phase Bligh-
Dyer lower phase (2:2:1.8; v/v/v; chloroform/methanol/PBS,
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pH 7.5) to the remaining upper phase. This material was vor-
texed and centrifuged as before. The lower phase was combined
with the previous lower phase, and 7.6 ml of pre-equilibrated
upper phase was added to yield a final two-phase Bligh-Dyer
solution (chloroform/methanol/water; 2:2:1.8, v/v/v). Material
was vortexed and centrifuged at 1,500 � g for 12 min, and the
lower phase was transferred to a clean glass tube where isolated
lipid material was dried using a nitrogen stream dryer. Dried
samples were used right away or were transferred to smaller
containers by resuspension in 4:1 v/v chloroform/methanol,
then re-dried, and/or routinely stored as dried material at
	20 °C until further use.

TLC to analyze 32P radioisotopically labeled phospholipids

TLC mobile phase solvent system was prepared in a clean
TLC tank with �40 cm of chromatography paper to accommo-
date a 10 � 20- or 20 � 20-cm Silica Gel 60 plate. In this report,
we used pyridine, 88% formic acid, water, 30:70:16:10, v/v/v,
and allowed to pre-equilibrate for at least 3 h, usually overnight.
32P-Labeled sample was typically dissolved in 500 �l of 4:1 chlo-
roform/methanol (v/v), vortexed, and bath sonicated to com-
pletely dissolve lipid material. 5 �l of lipid sample was added to
a scintillation vial containing 5 ml of scintillation mixture and
counted in a scintillation counter to enable calculation of total
counts per min of sample. With a microcapillary pipette,
20,000 –50,000 cpm per sample was spotted onto the silica plate
origin and allowed to air dry (�15 min). TLC plates were then
placed into a pre-equilibrated tank (solvent system indicated in
figure legends) and run for �3 h until mobile phase reached the
top of the plate. Plates were dried and exposed to a phospho-
rimaging screen.

Matrix-assisted laser desorption ionization mass spectrometry
to structurally characterize isolated phospholipid species

Typically, the dried lipid A samples were transferred in
microvials, where material was resuspended in �50 �l of chlo-
roform/methanol (4:1, v/v) and vortexed/sonicated to obtain an
�1–5 �g/�l lipid A solution when extracted from E. coli. Azo-
thiothymine matrix was prepared by mixing a saturated 6-aza-
2-thiothymine in 50% acetonitrile solution with saturated trib-
asic ammonium citrate (20:1, v/v). Mixtures were vortexed and
centrifuged, before 0.5 �l was spotted on MALDI plate. 0.5 �l of
lipid sample was typically deposited onto the previously spotted
ATT matrix and mixed on plate. MALDI-MS data were cali-
brated using calibration 1 and calibration 2 mixtures from
Anaspec peptide mass standards in negative mode. Spectra
were acquired in the linear negative mode on a Voyager-DE (AB
Biosystems) by scanning for optimal ion signals, with a mini-
mum of 300 laser shots per spectra. Samples were diluted or
concentrated as needed to generate high-quality spectra. Typ-
ical voltage parameters included 20,000 V, 95% grid voltage,
0.002 guide wire voltage, and a delay time of 150 ns. A low mass
gate at 500 Da was also employed.

Polymyxin B MIC determination

Mid-exponential V. cholerae strains were diluted (1:50) in
fresh media and sterilely applied to LB agar plates supple-
mented with 1 mM IPTG. Polymyxin B E-strip� tests were

added to the plate and allowed to incubate overnight, where
confluent bacterial growth occurs at antibiotic levels below the
MIC.
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