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Gram-negative bacteria express a diverse array of lipoproteins that
are essential for various aspects of cell growth and virulence,
including nutrient uptake, signal transduction, adhesion, conjuga-
tion, sporulation, and outer membrane protein folding. Lipoprotein
maturation requires the sequential activity of three enzymes that are
embedded in the cytoplasmic membrane. First, phosphatidylglycerol:
prolipoprotein diacylglyceryl transferase (Lgt) recognizes a conserved
lipobox motif within the prolipoprotein signal sequence and cata-
lyzes the addition of diacylglycerol to an invariant cysteine. The
signal sequence is then cleaved by signal peptidase II (LspA) to give
an N-terminal S-diacylglyceryl cysteine. Finally, apolipoprotein
N-acyltransferase (Lnt) catalyzes the transfer of the sn-1-acyl chain of
phosphatidylethanolamine to this N-terminal cysteine, generating a
mature, triacylated lipoprotein. Although structural studies of Lgt
and LspA have yielded significant mechanistic insights into this es-
sential biosynthetic pathway, the structure of Lnt has remained elu-
sive. Here, we present crystal structures of wild-type and an active-
site mutant of Escherichia coli Lnt. The structures reveal a monomeric
eight-transmembrane helix fold that supports a periplasmic carbon–
nitrogen hydrolase domain containing a Cys–Glu–Lys catalytic triad.
Two lipids are bound at the active site in the structures, and we
propose a putative phosphate recognition site where a chloride ion
is coordinated near the active site. Based on these structures and
complementary cell-based, biochemical, and molecular dynamics ap-
proaches, we propose a mechanism for substrate engagement and
catalysis by E. coli Lnt.
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The essential outer membrane (OM) of Gram-negative bac-
teria has a distinct composition, containing a diverse set of

phospholipids, lipopolysaccharides, OM proteins, and lipoproteins
(1). Escherichia coli expresses at least 90 lipoproteins that play
critical roles in multiple cellular processes ranging from OM
biogenesis to cell division and virulence (2). A common feature of
these proteins is an N-terminal N-acyl, S-diacylglyceryl cysteine,
which ensures their proper localization (3, 4). Before triacylation,
preprolipoproteins are translated in the cytoplasm and transferred
across the inner bacterial membrane via the Sec or Tat pathway
machineries (5). These nascent preprolipoproteins have an
N-terminal hydrophobic signal peptide that contains a conserved
lipobox motif with the consensus sequence [LVI]-3[ASTVI][GAS]C+1,
which directs them to the lipoprotein biosynthetic pathway (6–8).
The maturation of lipoproteins is then catalyzed by the consec-
utive action of three essential integral membrane proteins (Fig.
1A). In the first step of this pathway, phosphatidylglycerol:pro-
lipoprotein diacylglyceryl transferase (Lgt) catalyzes the covalent
attachment of the sn-1,2-diacylglyceryl group from phosphati-
dylglycerol to the sulfydryl group of the invariant Cys+1 residue in
the lipobox motif (9). This S-diacylglyceryl–modified protein is
then recognized by a lipoprotein signal peptidase (LspA), which

cleaves the hydrophobic signal peptide, liberating the α-amino
group of the S-diacylglyceryl cysteine (10–12). Finally, apolipo-
protein N-acyltransferase (Lnt) catalyzes the transfer of the sn-1-
acyl chain of preferentially phosphatidylethanolamine (PE) to the
free α-amino group of this cysteine, resulting in a mature, triacy-
lated lipoprotein (13, 14). This final N-acylation step is essential
for engaging the Localization of Lipoproteins (Lol) machinery
that is responsible for transporting lipoproteins to the inner leaflet
of the OM (15). Lgt and LspA homologs can be found in both
Gram-negative and Gram-positive bacteria, whereas Lnt is only
present in Gram-negative bacteria and certain GC-rich Gram-
positive bacteria (16–19).
The atomic structures of both Lgt and LspA have recently

been elucidated, providing insight into the first two steps in the
lipoprotein biosynthetic pathway (20, 21). The crystal structure
of Lnt, however, has not been determined. In the absence of
structural information, considerable biochemical efforts have
focused on determining the general topology and essential resi-
dues of Lnt. Lnt consists of a large periplasmic carbon–nitrogen
hydrolase domain that has been predicted to be anchored in the
cytoplasmic membrane by at least six transmembrane helices
(22). Carbon–nitrogen hydrolases comprise a large superfamily
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Fig. 1. Lnt is required for in vitro and in vivo growth and is enzymatically active in vitro. (A) Schematic of the lipoprotein biosynthetic pathway in Gram-
negative bacteria. (B) Lack of in vitro growth of CFT073 lnt mutant after depletion of Lnt. WT CFT073 (black) and CFT073 lnt (red) were incubated in 2%
arabinose (filled symbols) or 0.2% glucose (open symbols), and cfus were enumerated at various times posttreatment. The gray dashed line indicates the limit
of detection for the assay. These data are representative of two independent experiments. (C) Transmission electron microscopy of WT CFT073 and CFT073 lnt
mutant after treatment for 2 or 4 h with 0.2% glucose. Bars represent 0.5 μm. (D) The Pal substrate peptideshort (Pam2Cys-SSNKNGGK-Biotin, molecular mass =
1,713 Da) and product peptideshort (Pam3Cys-SSNKNGGK-Biotin, molecular mass = 1,951 Da), as detected by SAMDI mass spectrometry. A total of 50 nM
recombinant Lnt was incubated with 10 μM Pal peptide and 100 μM POPE. Reactions were either prequenched (Left) or allowed to react for 21.5 h at room
temperature (Right). Inset shows a Western blot of a reaction that has been allowed to go to completion. Substrate and product peaks were monitored to
determine the peptide fraction conversion [AUCproduct/(AUCproduct + AUCsubstrate)] and product concentration [fraction conversion × (peptidetotal)]. (E) SAMDI
mass spectrometry was used to monitor wild-type Lnt activity over 180 min while simultaneously varying the concentrations of POPE from 12.5–100 μM and
Pal peptideshort from 0.3125–5 μM. Global fitting of the initial velocities with a two-substrate ping-pong model was used to calculate the intrinsic Km(POPE),
Km(Pal peptide), and kcat (55 μM, 14 μM, and 0.0093 s−1, respectively). Lineweaver–Burk double reciprocal plot was generated from the global fitting results, and
the data represent velocities determined from average of duplicate samples.
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of enzymes involved in diverse activities including nitrilase, am-
idase, carbamylase, and N-acyltransferase catalysis. These en-
zymes are often multimeric and adopt a characteristic α–β–β–α
sandwich fold that contains a canonical Lys–Cys–Glu catalytic
triad (23). The Lnt active site is contained within its carbon–
nitrogen hydrolase domain, with a catalytic triad comprised of
E267, K335, and C387, each of which is essential for Lnt activity
(24). A general two-step ping-pong mechanism for N-acylation by
Lnt has been proposed in which a thioester acyl-enzyme in-
termediate is first formed at the catalytic cysteine through nucleo-
philic attack on the carbonyl of the sn-1-glycerophospholipid of PE,
resulting in S-palmitoylated Lnt. In the second step, the acyl-enzyme
intermediate is resolved by nucleophilic attack by the α-amino group
of an apolipoprotein, resulting in a mature triacylated lipoprotein
(24–26). Lnt has been shown to exist primarily in the acylated
form in vivo, priming it for the more efficient second step of the
N-acylation reaction (25). Other residues have been reported to be
essential for the activity of Lnt, however their function remains
unclear due to a lack of an atomic structure (24, 25, 27).
Despite considerable biochemical insights, the molecular mech-

anisms that underlie lipid binding and apolipoprotein N-acylation
by Lnt remain unknown. Here we present the high-resolution
crystal structures of wild type and a C387S mutant of E. coli Lnt.
These structures reveal an eight-transmembrane helix fold and shed
light on the role of conserved residues in the two-step reaction
mechanism. We use a variety of approaches to confirm the mech-
anism of lipid binding and acyl-enzyme intermediate formation,
postulating a mechanism for subsequent engagement of diacylated
apolipoprotein substrates and N-acylation.

Results
In Vitro and in Vivo Characterization of E. coli Lnt. To determine the
role of Lnt in clinical isolates, we generated an lnt mutant in the
uropathogenic E. coli strain CFT073 (CFT073 lnt) (see SI Ma-
terials and Methods and Table S1 for bacterial strains and plas-
mids) that allowed Lnt protein levels to be induced or repressed
(28). Briefly, in the presence of arabinose, Lnt is expressed under
the control of the PBAD promoter of the araBAD operon,
whereas expression is repressed in the presence of glucose, a
negative regulator of this operon. We then confirmed that Lnt is
essential for growth in vitro, as CFT073 lnt did not grow when
Lnt transcription is repressed (Fig. 1B). Further, Lnt was shown
to be essential for virulence in mice, as no viable CFT073 lnt
colony-forming units (cfus) were detected in the liver and spleen
24 h after i.v. infection compared with wild-type CFT073 (Fig.
S1A). On a cellular level, depletion of Lnt in the CFT073 lnt
mutant initially led to swelling of the periplasmic space at the
bacterial poles (CFT073 lnt, 2 h), as measured by transmission
electron microscopy (Fig. 1C). At later times, we noted cellular
swelling and loss of density in the cytoplasm surrounding the
nucleoid. Depletion of Lnt to levels that still support bacterial
growth in vitro resulted in increased sensitivity to human serum
killing (Fig. S1B) as well as to vancomycin (Fig. S1C), a Gram-
positive antibiotic that is inactive against E. coli due to its im-
permeable OM. These data suggest that Lnt is essential for
bacterial viability in vitro and in vivo and that depletion of Lnt
results in increased OM permeability.
In addition to these cell-based approaches to examining Lnt

activity, we assessed the in vitro biochemical activity of recombinant
E. coli Lnt using self-assembled monolayer desorption/ionization
(SAMDI) mass spectrometry to measure accumulation of a modi-
fied peptide product (29). Following biochemical reactions, bio-
tinylated, diacylated peptide substrate and product were captured
on a SAMDI surface, and all other reaction constituents were
washed away before analysis by mass spectrometry. Enzymatic ac-
tivity was monitored by ratiometrically assessing the fraction con-
version of the substrate to product. In the absence of Lnt, only the
substrate peptide was observed. Both substrate and product were

observed following an incubation with recombinantly purified Lnt at
room temperature (Fig. 1D). Reactions containing wild-type Lnt
were linear with regard to time and enzyme concentration in the
presence of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) with both a short and long version (two versions were
used due to limited availability of either peptide) of diacylated
Peptidoglycan-associated lipoprotein (Pal) peptide substrates (Fig.
S2). Similar to previous studies, these data suggested that wild-
type Lnt functions in two steps via a ping-pong mechanism (Fig.
1E) (26). The kinetics of wild-type Lnt reacting with PE in this
assay are in line with results reported previously, with a kcat/Km
value of 674·M−1·s−1 (26).

Overall Structure of Wild-Type E. coli Lnt. To gain mechanistic in-
sights into lipoprotein N-acylation by E. coli Lnt, we crystallized
a wild-type, selenomethionine (SeMet)-labeled Lnt by vapor
diffusion and also obtained crystals of native Lnt using in meso
methods. We determined the crystal structure of the SeMet-
labeled Lnt at a resolution of 3.29 Å by single-wavelength
anomalous dispersion (SAD) phasing. This structure was then
used to phase the higher resolution (2.52 Å) native wild-type
dataset (Fig. 2A and Fig. S3). Data collection and refinement
statistics are shown in Table 1. Lnt crystallized as a monomer
and is comprised of eight transmembrane helices (TMs 1–8; Fig.
2B) with both the N and C termini located in the cytoplasm.
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Fig. 2. Structure of wild-type Lnt. (A) Wild-type E. coli Lnt crystal structure
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TM3 contains a pronounced kink at G71 such that the
C-terminal portion of the helix extends away from the rest of the
transmembrane helical bundle at an ∼70° angle. Side chain in-
teractions contribute to similar angles through the membrane for
TM4 and TM5, which are slightly splayed near the outer leaflet
of the inner membrane to form a groove leading up into the
periplasmic domain of the enzyme. TMs 5 and 6 comprise a
portion of the protein that was previously presumed to form two
partially membrane-embedded helices (27). The large loop be-
tween these helices (W141–V169) is primarily embedded in the
membrane except for a short, amphipathic helix (K161–G168)
that lies against the periplasmic side of the membrane before
TM6. These helices and the intervening loop form a small,
aqueous cavity that appears to allow solvent to penetrate into
the membrane.
Lnt has a large periplasmic carbon–nitrogen hydrolase domain

with a characteristic α–β–β–α sandwich fold between TMs 7 and
8, as expected from sequence homology analyses. The two heli-
ces near the N terminus of this domain are located fully in the
periplasm, whereas the helices C-terminal to the carbon–nitro-
gen hydrolase beta sheets pack against the membrane. Within
this domain, the catalytic residues K335, E267, and C387 exist as
a preformed active site, with E267 properly positioned to act as
the general base that will abstract a hydrogen from C387 and
initiate the first step of catalysis (Fig. 2C). Interestingly, these
residues are located in a cavity that is raised above the outer

leaflet of the inner membrane, with the Cα of C387 located
∼10 Å above the predicted membrane interface. A small channel
formed by highly conserved hydrophobic residues leads from the
active site toward the cytoplasmic membrane (Fig. 2D). This
hydrophobic cleft is enclosed on one side by a loop comprised of
residues V339–V345 (loop 1) and on the other side by another
loop (S78–G87; loop 2) directly preceding TM4. Both loops have
high crystallographic B factors, suggesting that they are dynamic
relative to the rest of the molecule. F82 is poorly ordered and
extends across the hydrophobic groove.
A number of lipids are bound to Lnt in the wild-type structure.

Interestingly, although intact mass spectrometry analysis indicated
that a large portion of the purified protein was covalently bound to
palmitate (Fig. S4A), no electron density was observed that was
consistent with a covalent modification of the catalytic cysteine.
This lack of covalent density is likely due to hydrolysis of the lipid
during crystallization, as we noted an ∼238-Da mass shift in the
predominant peak following a prolonged incubation in crystalli-
zation buffer (Fig. S4A, Inset). Despite this lack of a covalent
modification, the structures of wild-type Lnt showed Fo–Fc density
likely corresponding to two aliphatic lipid tails leading from the
active-site cavity down the hydrophobic cleft mentioned above.
The presence of this density provides evidence that this hydro-
phobic groove represents the binding site for substrate lipids on
Lnt. Due to low occupancy of lipid and poor electron density, we
were unable to unambiguously identify the lipids bound in the

Table 1. Crystallographic data and refinement statistics

Data collection Lnt wild type, SeMet Lnt wild type, native Lnt C387S

Beamline ALS 5.0.2 APS 22ID APS 22ID
Wavelength 0.97957 0.9792 0.9792
Resolution rangea 43.82–3.29 (3.41–3.29) 45.16–2.52 (2.61–2.52) 42.04–2.14 (2.21–2.14)
Space group P 3221 P 212121 P 1211
Unit cell 153.54, 153.54, 89.51 87.76, 158.03, 44.76 52.67, 72.59, 75.61

90, 90, 120 90, 90, 90 90, 101.73, 90
Total reflections 36,544 (3,700) 43,030 (4,220) 60,043 (6,032)
Unique reflections 18,294 (1,184) 21,533 (1,937) 30,212 (3,039)
Multiplicity 2.0 (2.0) 2.0 (2.0) 2.0 (2.0)
Completeness, % 93.08 (63.76) 98.03 (91.71) 97.36 (98.99)
Mean I/sigma I 15.27 (2.34) 10.42 (2.06) 9.79 (2.01)
Wilson B factor 55.38 32.82 27.61
R-merge 0.06087 (0.3954) 0.06562 (0.3566) 0.06904 (0.4642)
CC1/2 0.999 (0.751) 0.995 (0.773) 0.974 (0.715)
Refinement

Reflections used in refinement 21,380 (1,937) 30,207 (3,039)
Reflections used for R-free 1,099 (83) 1,461 (153)
R-work 0.2265 (0.2729) 0.2068 (0.2927)
R-free 0.2674 (0.3364) 0.2502 (0.2976)
Number of nonhydrogen atoms 4,143 4,247
Macromolecules 3,878 3,851
Ligands 119 138
Solvent 146 258
Protein residues 494 490

rmsd bonds (Å) 0.01 0.003
rmsd angles (o) 1.14 0.69
Ramachandran favored, % 94.69 96.71
Ramachandran allowed, % 4.69 3.09
Ramachandran outliers, % 0.61 0.21
Rotamer outliers, % 1.71 1.72
Clashscore 11.07 5.67
Average B factor 34.28 33.91
Macromolecules 33.91 32.45
Ligands 44.05 57.45
Solvent 36.05 43.05

aNumbers in parentheses represent the high-resolution shell.
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active site of the crystal structures, and they have been built as
monoolein molecules that are derived from the lipid phase of the
LCP matrix.

Structure of a Lipid-Bound Lnt C387S Mutant. Previous studies have
demonstrated that mutating the active-site cysteine of Lnt to a
serine leads to the formation of an acyl-enzyme intermediate
that is resistant to reducing agents (25). Such mutants are also
unable to efficiently resolve the acyl enzyme intermediate in the
second step of N-acylation, likely owing to the substantially
higher pKa of the serine side chain, which makes it a poor leaving
group compared with the cysteine in the wild-type enzyme. In an
attempt to obtain a structure of Lnt that is stably and covalently
bound to palmitate, we purified a C387S mutant and solved its
structure in the presence of POPE to 2.14 Å resolution (Fig. 3A).
In terms of overall architecture, this structure is highly similar to
the wild-type Lnt structure, with an overall average Cα rmsd of
0.268 Å.
We were surprised to find that no discernable electron density

corresponded to a covalently bound lipid in the C387S mutant
structure. This lack of covalent modification was again in con-
trast to mass spectrometry analysis performed before protein
crystallization (Fig. S4B). However, the crystal structure revealed
the presence of two monooelin lipids (lipid 1 and lipid 2) bound
at two sites (site 1 and site 2, respectively) within the hydro-
phobic channel that connects the active site to the membrane
(Fig. 3B). Both lipid acyl chains are partially embedded in the
membrane. The structure suggests that lipid 1 binds in the site
that would normally be occupied by the acyl chain of the
S-palmitoyl cysteine (based on its proximity to C387), repre-
senting the acyl donor. Lipid 2 binds further from the C387,

likely in the site that would normally contain the lyso-PE
byproduct of the first half of the reaction.
The poorly ordered loop following TM3 in the wild-type Lnt

structure (loop 2) is well ordered in the C387S structure, with
F82 positioned across the lipid-binding groove (Fig. 3C). This
positioning has the result that both bound lipids are completely
encircled by protein, indicating that Lnt may bind lipids via an
induced-fit mechanism before nucleophilic attack on the sn-1-acyl
chain by C387. To probe the possibility of this induced-fit mech-
anism further, we performed a 10-ns molecular dynamics simu-
lation using the crystal structure of wild-type apo Lnt embedded in
a POPE lipid bilayer. Indeed, this simulation shows F82 and the
rest of loop 2 to be highly flexible with regard to the rest of the
protein, leading us to propose that this residue may serve as a gate
for lipid binding and release (Fig. 3D and Movie S1).

Lnt Active Site and a Putative Phosphate-Binding Site. The active-
site geometry in our lipid-bound C387S mutant structure supports
a mechanism wherein E267 acts as a general base, abstracting a
hydrogen to activate C387 for nucleophilic attack on the carbonyl
group of the phospholipid sn-1-acyl chain. K335 is positioned to
stabilize the oxyanion of the tetrahedral intermediate formed in
both steps of the N-acylation reaction (Fig. 4 A and B). Using our
structure to model a full POPE substrate places the carbonyl ox-
ygen of the sn-1-acyl chain within hydrogen-bonding distance of
K335, an interaction that would likely strengthen the electrophilic
nature of the carbonyl carbon before nucleophilic attack by the
catalytic cysteine. Nucleophilic attack would then form a thioester
acyl-enzyme intermediate, which we have modeled in Fig. S5.
In our crystal structures, a chloride ion is bound in a cavity

surrounded by the side chains of W237, W415, N412, Q233, and
K236, each with coordination distances of ∼3.1–3.6 Å (Fig. 4C).
Although it is possible that this ion-binding site is simply a
crystallization artifact, we are intrigued that the chloride ion
binds where we expect the negatively charged phosphate portion
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Fig. 3. Structure of the Lnt C387S mutant. (A) Lnt C387S mutant crystal
structure with the predicted boundaries of the cytoplasmic membrane in-
dicated by dashed lines. Two bound molecules of monoolein are shown as
green sticks. (B) Surface representation of the Lnt lipid-binding site. Two
bound molecules of monoolein are shown as green sticks. The gray mesh
represents a feature-enhanced electron density map contoured at 1 σ (41).
Active-site residue side chains are shown as magenta sticks. (C) Represen-
tation of the Lnt lipid-binding groove “gate.” Two monoolein molecules
are shown as green sticks. The F82 side chain is shown as orange sticks.
(D) Overlay of several lipid-binding groove “gate” poses from a molecular
dynamics simulation of an apo version of wild-type Lnt in a membrane en-
vironment. Active-site residues are shown as green sticks. Loops 1 and 2 are
shown in a cartoon representation with cylindrical helices. The conforma-
tional flexibility of the F82 loop is highlighted by showing different poses of
the residue as orange sticks.
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of the POPE headgroup to bind to Lnt based on our model of
this substrate bound to Lnt (Fig. 4D). Additionally, it is well-
established that W237 is essential for Lnt activity (24, 25, 27),
although the reason behind this requirement has been elusive.
Based on our structure, we therefore propose this structural el-
ement to be a potential phosphate-recognition site.

Critical Residues for Lnt Activity and E. coli Growth. To probe the
importance of key active-site, lipid-binding groove, and phosphate-
binding site residues of Lnt, we examined the ability of mutations
in these regions to functionally complement E. coli in the absence of
wild-type Lnt expression. In addition to these cell-based assays, a
subset of mutants were recombinantly expressed and purified for in
vitro biochemical activity assays using SAMDI mass spectrometry.
As expected, no growth of CFT073 lnt cells was detected in the

absence of wild-type Lnt expression. This growth defect was
rescued by a plasmid expressing wild-type Lnt but not by the
empty plasmid (Fig. 5A). The first panel of mutants we tested
included residues at or near the active site that have previously
been demonstrated to be essential for Lnt function in E. coli (24,
25, 27): namely, C387S, C387A, K335A, E267A, E267D, E343A,
E343D, and E389A. Although previous studies have not exam-
ined N314, we also included a N314A mutant in our panel, given
the proximity of this residue to the active site. This mutant was
unable to rescue growth of the CFT073 lnt mutant (Fig. 5B) and
likely plays an important role in stabilizing the active site due to
the fact that it hydrogen bonds with both E267 and E343. In
accordance with previous studies, alanine mutations for all of the
other residues listed above also did not rescue growth of the
CFT073 lnt mutant or exhibit significant biochemical activity
(Fig. 5B and Fig. S6A). All of these mutant proteins were,
however, expressed in the CFT073 lnt strain (Fig. S6B). Al-
though the C387S mutant protein showed modest in vitro activity
after an overnight reaction, this was not sufficient to rescue
bacterial growth of the Lnt-depleted CFT073 lnt mutant (Fig. 5B
and Fig. S6A). Even the more conservative E267D and E343D
mutations did not rescue CFT073 lnt growth in vitro, under-
scoring the importance of a properly positioned general base at
position 267. In the absence of structural information, the spe-
cific role of E343 was previously unknown. In our structures, this
residue hydrogen bonds with K335, likely ensuring its proper
positioning for stabilizing the transition state of catalysis. Addi-
tionally, it is possible that E343 plays the dual role of substrate
binding given that it makes a second hydrogen bond with the
monoolein molecule that binds in site 2 in our C387S structure
(this lipid represents the sn-2-acyl chain of PE). It is unclear if this
hydrogen bond would also occur on a native lipid substrate or if it
is simply an artifact of the crystallization system. E389 potentially
serves two roles. This residue appears to stabilize the active-site
conformation through a network of hydrogen bonds with the
peptide backbone and a hydrogen bond with the side-chain of
Y333. Beyond these interactions, this residue also likely creates a
steric block that further stabilizes the positioning of K335.
We also sought to test the importance of the putative phosphate-

binding residues that coordinate a chloride ion in our C387S mutant
structure (Fig. 5C). W237 has already been shown to be critical for
Lnt activity (24, 25, 27). Indeed, the W237A mutant enzyme was
completely inactive biochemically, and both this mutant and a
W237E mutant failed to rescue growth of the Lnt-depleted CFT073
lntmutant despite showing protein expression in this strain (Fig. 5C
and Fig. S6 A and C). The other putative phosphate-binding resi-
dues (Q233A and W415A) also failed to rescue growth of the
CFT073 lnt mutant (Fig. 5C). It should be noted that in addition to
participating in ion coordination, W415 also contacts the aliphatic
chain of lipid 2. Interestingly, expression of the W415A Lnt protein
was undetectable in CFT073 lnt cells, as detected by Western blot
(Fig. S6C). These findings underscore the importance of the Lnt
ion-coordinating residues, which are distant from the active site, in

Lnt function, bolstering the hypothesis that they may be involved in
phosphate recognition, although we cannot rule out the possibility
that this site is in fact an ion coordination element that is important
for overall Lnt protein stabilization.
Finally, we probed the importance of several residues located

along the Lnt lipid-binding groove. Lnt-inducible knockout
strains harboring F82A, F341A, and Y388F mutants all grew to
levels similar to wild type, whereas F146A, W148A, F365,
Y388A, and F416A mutants all could not rescue growth of the
CFT073 lnt mutant despite protein being expressed (Fig. 5D and
Fig. S6D). We were somewhat surprised to see that the F82 and
F341 mutants exhibited normal growth, given that they are in-
volved in enclosing lipid substrates in the lipid-binding groove of
Lnt. One possible explanation for this normal growth could be
that the affinity of the site for POPE is still high enough to
maintain sufficient N-acylation for normal bacterial cell viabil-
ity. Alternatively, it is possible that the removal of this gating
mechanism may have actually increased the inherent substrate
turnover, yielding a more efficient enzyme. Y388 contributes to
the hydrophobic nature of the lipid-binding groove and likely
makes Van der Waals interactions with what would be the acyl
tail of the acyl enzyme intermediate. This residue is also located
near the active site and makes backbone hydrogen-bonding in-
teractions, but these interactions are not likely to be important for
catalysis given that a Y388F mutant showed growth similar to wild
type. Overall, our data confirm that the lipid-binding groove ob-
served in our structures is important for Lnt function biochemi-
cally and in bacterial cells. The results of our mutagenesis assays
are mapped onto the Lnt structure in Fig. 5E.

Discussion
We have determined the crystal structures of both wild-type and
a C387S mutant of E. coli Lnt with two lipids bound in the active
site. These structures provide a detailed view of lipid substrate
binding and the catalytic mechanism, which is supported by our
mutational analysis. One question that remains unanswered is
how a lipid or diacylated substrate peptide is extracted from the
lipid bilayer and transported ∼10 Å into the periplasmic catalytic
site of Lnt. Our molecular dynamics simulations suggest that the
helices and loops that make up the walls of the lipid-binding
groove are quite mobile. Given that this is a highly dynamic re-
gion of the protein, it is reasonable to assume that Brownian
motion and appropriate gating by the protein may be the primary
driver of lipid movement into the Lnt active site.
The Lnt crystal structures allow us to suggest a mechanism by

which the protein regulates the entry of substrates to the active-
site cavity and the exit of products (Fig. 6). We propose that in
the crystal structure of the C387S mutant, lipid 2 occupies the
site that would normally contain either the lyso-PE product of
the first half of the reaction or one of the substrate peptide acyl
groups that will help direct the α-amino group of the lipoprotein
to the thioester carbonyl of the acyl-enzyme intermediate for
nucleophilic attack. Based on our studies, initial substrate
binding likely involves an induced-fit mechanism wherein loop
1 and loop 2 open to allow the PE substrate entry to the active
site. Upon substrate binding, the loops close and the F82 and
F341 side chains clamp down on the acyl chains of the lipid,
restricting their motion and facilitating the nucleophilic attack of
the catalytic C387 on the carbonyl of the PE sn-1-acyl chain.
Upon formation of the acyl-enzyme intermediate, the Phe clamp
is capable of opening and allowing the noncovalent product to
exit site 2 (Fig. 6A). This would then enable entry of one of
the acyl chains of the diacylated protein substrate into site 2.
Based on modeling this interaction into the C387S mutant
crystal structure (Fig. S7), it is possible that the Phe clamp would
remain open during this step to accommodate the presence of a
third acyl chain. Binding would likely be mediated by the diac-
ylglyceryl moiety of the substrate peptide rather than the peptide
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Fig. 5. Critical residues for Lnt function in E. coli. (A) Rescue of CFT073 lnt mutant growth in vitro with wild-type Lnt but not with empty plasmid. CFT073 lnt
mutant was grown under Lnt depleting conditions (media containing glucose; open gray squares) containing either an empty plasmid (open gray circles) or a
plasmid expressing wild-type Lnt (filled gray squares). As a control, CFT073 lnt mutant was grown under Lnt inducing conditions (media containing arabinose;
filled black squares). (B) Active-site residues, (C) phosphate-binding residues, and (D) lipid-binding groove residues critical for E. coli growth. CFT073 lnt
mutants lacking wild-type Lnt expression were complemented with plasmids expressing various Lnt mutants. Lnt mutants that rescue growth of the Lnt-
depleted CFT073 lnt cells are shown in blue, whereas those that could not rescue growth are shown in red. The gray dashed line indicates the limit of de-
tection for the assay. (E) Map of Lnt mutational analysis onto a model of the Lnt crystal structure with POPE bound. Mutants that were unable to rescue wild-
type growth of CFT073 lnt in glucose-containing media are shown with a red sphere at the Cα position. Mutants that showed growth similar to wild type in
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itself, given that E. coli lipoproteins have diverse sequences
downstream of the conserved cysteine and are all substrates of
Lnt. It is possible, however, that Lnt makes hydrogen-bonding
interactions with the main chain of the substrate peptide. Bind-
ing would position the α-amino group of the lipoprotein sub-
strate for nucleophilic attack on the carbonyl of the S-palmitoyl
cysteine intermediate. The mature, triacylated lipoprotein product
would then be released, and the now vacant lipid-binding groove
would be available to bind another PE substrate (Fig. 6B).
Overall, our structures provide a more complete picture of the

lipoprotein biosynthetic pathway in Gram-negative bacteria. One
question that remains to be answered is how lipoproteins are
transferred from one enzyme to the next during this biosynthetic
process. It is unclear if this is achieved by simple 2D diffusion
through the membrane or if these proteins may exist as a higher
order lipoprotein biosynthetic complex to facilitate more effi-
cient lipidation. Further studies into this possibility will certainly
deepen our understanding of this important biochemical path-
way in Gram-negative bacteria.

Materials and Methods
Lnt Expression and Purification. E. coli Lnt constructs containing a noncleavable
C-terminal 6×His tag were expressed recombinantly in E. coli BL21 (DE3) cells by
64 h autoinduction at 16 °C. Cells were harvested by centrifugation at 4,668 × g

for 20min at 4 °C, resuspended in lysis buffer (20 mMTris, pH 8.0, 500mMNaCl,
10% glycerol, 1× complete protease inhibitor mixture; Roche), and lysed by
three passages through a microfluidizer at 10,000 psi. Cell debris was removed
by centrifugation at 18,000 g for 15 min at 4 °C. The membrane fraction was
then isolated by ultracentrifugation at 125,000 g for 1 h at 4 °C. The membrane
pellet was resuspended in buffer A (20 mM Tris, pH 8.0, 300 mM NaCl, 5 mM
imidazole, 10% glycerol, 1% DDM) supplemented with 1× complete protease
inhibitor mixture and agitated overnight at 4 °C using a magnetic stirrer. In-
soluble material was separated by ultracentrifugation at 125,000 g for 1 h at
4 °C. The supernatant was then incubated with cobalt affinity resin for 1 h at
4 °C on a nutator. The resin was added to a gravity flow column and washed
with five column volumes (CVs) of buffer A followed by five CVs of buffer B
(20 mMTris, pH 8.0, 300 mMNaCl, 5 mM imidazole, 10% glycerol, 0.02%DDM).
Bound protein was eluted with buffer B containing 250 mM imidazole. Pure
fractions were combined and applied to a Superdex 200 16/60 column that
had been pre-equilibrated with buffer C (20 mM Tris, pH 8.0, 250 mM NaCl,
1 mM TCEP, 5% glycerol, 0.02% DDM). Peak fractions containing Lnt were
combined and concentrated to 25–40 mg/mL.

Crystallization. Lnt at 40 mg/mL was reconstituted into the lipidic cubic phase
(LCP) by mixing with monoolein at a 2:3 (wt/vol) protein-to-lipid ratio using
two coupled syringes. A Mosquito LCP robot (TTP Labtech) was used to
dispense 50 nL boluses of protein-laden mesophase overlayed with 800 nL
precipitant in 96-well glass sandwich plates. Crystals with P212121 symmetry
were obtained at 20 °C using a precipitant solution containing 50 mM ADA,

A

B

Lnt
CN-hydrolase

POPE

F82

C387

Lipoprotein

Fig. 6. Model of lipoprotein N-acylation by E. coli Lnt. (A) Formation of an acyl-enzyme intermediate. Loop 2 of apo Lnt is highly flexible, with the gatekeeper F82 in
the open position some portion of the time. A molecule of POPE first binds to the lipid-binding groove, which causes F82 to close, placing the sn-1-acyl chain carbonyl
in position for nucleophilic attack by C387. This reaction forms a S-palmitoyl cysteine-modified form of Lnt. The F82 gate then opens, allowing the lyso-PE byproduct to
exit. (B) Lipoprotein N-acylation. The F82 gate is mobile in the acyl-enzyme intermediate form of Lnt. This allows entrance of one acyl chain of an S-diacylated li-
poprotein substrate. Entry of the S-diacylglyceryl cysteine into the vacant lipid channel positions the α-amino group of the lipoprotein N-terminal cysteine for nu-
cleophilic attack on the carbonyl of the S-palmitoyl cysteine of Lnt. This mature, triacylated lipoprotein then exits for translocation to the OM by the Lol machinery.
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pH 6.5, and 24% PEG 400. Crystals were harvested using MiTeGen cryoloops
and flash-cooled in liquid nitrogen without added cryoprotectant.

The C387S mutant of Lnt was also crystallized in LCP and grew in a con-
dition containing 0.1 M MES, pH 5.7–6.3, 27% PEG 500 DME, 0.1 M sodium
chloride, 0.1 M magnesium chloride, and 0.01 M copper(II) chloride dihy-
drate as the precipitant. The LCP host lipid contained a monoolein mixture
containing 0.25 mol% POPE. These crystals grew at 20 °C, had P21 symmetry,
and were harvested as above.

For phasing efforts, aliquots of SeMet-labeled Lnt at 25 mg/mL were adjusted
to 10 mg/mL with buffer C. Twenty-five microliter aliquots of SeMet-labeled Lnt
were then supplemented with 300 μg E. coli polar lipid extract (Avanti Polar
Lipids) and incubated overnight at 4 °C on a nutator. Aggregates were removed
from the lipidated sample by centrifugation at 20,000 g for 90 min at 4 °C.
Crystallization was carried out at 18 °C using the hanging drop vapor diffusion
method combined with streak seeding using a seed stock containing native Lnt
crystals obtained by the same method. Crystals with P3221 symmetry were
obtained in a precipitant solution containing 50 mM sodium acetate, pH 5.0,
50 mMmagnesium acetate, and 28–36% PEG 200. Crystals were cryoprotected
in reservoir solution containing 40% PEG 200 and flash-cooled in liquid
nitrogen.

Structure Determination. Initial phases of wild-type Lnt were obtained by SAD
from data collected using beamline 5.0.2 at the Advanced Light Source (ALS)
on SeMet derivative crystals. The heavy atom substructure of 12 selenium
atoms was determined by the Hybrid Substructure Search submodule in the
Phenix package (30), and initial phases were obtained using Autosolve (31).
Automatic chain tracing using Autobuild (32) yielded an interpretable
electron density map, and this was used as an initial guide for building an
intermediate model. The intermediate model was used as a search model in
Phaser (33) to phase a native dataset collected on crystals grown using LCP at
beamline 22-ID of the Advanced Photon Source (APS). Iterative rounds of
refinement and manual rebuilding using PHENIX (34) and Coot (35) resulted
in an almost complete chain of Lnt. The wild-type model was used to phase
the Lnt C387S datasets.

Molecular Dynamics Simulations.Molecular dynamics simulations of wild-type
Lnt embedded in a POPE lipid bilayer was performed using Desmond Mo-
lecular Dynamics submodule from the Schrödinger suite of programs (36).
Briefly, the crystal structure of wild-type apo Lnt was prepared by building
missing loops using Prime (37), bond orders assigned, and energy minimized
with hydrogen bond optimization within Maestro (Schrödinger). The mini-
mized protein was then placed in a simulation box that satisfied the periodic
boundary conditions, embedded in a POPE membrane bilayer, and solvent
and counterions were added to neutralize the system. The position of the
membrane was adjusted based on the Orientation of Proteins in Membranes
database (38). The membrane-embedded protein system was relaxed before
running the 10-ns molecular dynamics simulation. The trajectory was ana-
lyzed using the tools in Desmond and exported to PyMOL to generate the
movie of the molecular dynamics simulation.

In Vitro Growth and Serum-Killing Assays. For in vitro growth curves, overnight
cultures of WT CFT073 and CFT073 lnt grown in Luria–Bertani (LB) medium
containing 2% arabinose were back-diluted 1:100, grown to midexponential
phase (OD600 = 0.6), and then diluted 1:100 in media containing either 2%
arabinose or 0.2% glucose to initiate growth curves. For complementation
studies in the CFT073 lnt mutant, Lnt mutants were generated using the
QuikChange Lightning Site-Directed Mutagenesis kit (Agilent Technologies) as
per the manufacturer recommendations. Primers used to generate the mutant
Lnt-expressing plasmids are shown in Table S2. Wild-type or mutant lnt coding
regions were cloned into the pLMG18tet plasmid. The cfus were counted by
plating on LB + kanamycin (50 μg/mL) agar. Serum sensitivity assays were carried
out using normal human sera (nHS) pooled from six donors, at 50% serum con-
centration. A Checkerboard microdilution minimal inhibition concentration (MIC)
assay was performed to determine if decreasing Lnt expression (by decreasing
arabinose concentrations in the growth medium) from the pBAD plasmid in-
creases sensitivity to vancomycin or human serum killing. WT CFT073 or CFT073
lnt colonies were picked from an overnight LB plate, and MIC assays were per-
formed according to Clinical and Laboratory Standards Institute (CLSI) guidelines.

Biochemical Assays. The enzymatic activity of wild-type and mutant E. coli Lnt
was quantified using SAMDI mass spectrometry (SAMDI Tech, Inc.) by moni-
toring the ratio of substrate (diacylated) and product (triacylated) pep-
tides and calculating the fraction conversion as AUCtriacylated/(AUCtriacylated +
AUCdiacylated). The amount of product peptide formed was determined by
multiplying the fraction conversion by the total peptide concentration. Two
peptide substrates were synthesized based on the Pal lipoprotein, Pal peptideshort
(Pam2Cys-SSNKNGGK-Biotin; CPC Scientific, Inc.) and Pal peptidelong
(Pam2Cys-SSNKNASNDGSEGMLGAGTGMDK-Biotin; AnaSpec, Inc.). Reactions
were carried out at room temperature in Lnt assay buffer [50 mM Tris, pH 7.5,
150 mM NaCl, 0.05% DDM (Anatrace); 0.05% bovine skin gelatin (Sigma); and
1 mM TCEP in a 384-well polypropylene plate (Greiner)]. Two lipid substrates
were used, POPE (Avanti Polar Lipids) formulated as POPE/DDM mixed mi-
celles, and E. coli L-α-PE in chloroform (Avanti Polar Lipids). Enzymatic activity
was monitored in the presence of PE or POPE and peptideshort or peptidelong.
Reactions were quenched by the addition of a final concentration of 0.5%
formic acid. The kinetic mechanism of wild-type Lnt was assessed by simulta-
neously varying the concentration of the peptideshort and POPE substrates and
monitoring enzyme activity over 3 h. Intrinsic Km and kcat values for each
substrate were determined by global fitting the initial, linear enzymatic rates
as a function of concentration of both substrates according to two sub-
strate ping-pong (ν = Vmax[A][B]/(KB[A]+KA[B]+[A][B])) or ternary mechanisms
(ν = Vmax[A][B]/(KA´KB+ KB[A]+KA[B]+[A][B])), where A is the POPE substrate
and B is the peptideshort substrate. Reaction rates were determined using Prism
software (GraphPad Software), and global fitting was done using Grafit soft-
ware (Erithacus Software, Ltd.). Global fitting was also used to distinguish
between these two general mechanisms. Lineweaver–Burk plots of the re-
ciprocal initial velocity (1/V0) versus the reciprocal of the POPE concentration
(1/[A]) at each fixed peptide substrate concentration were generated for vi-
sualization purposes using the global fitting results.

Transmission Electron Microscopy. Bacteria were grown to midexponential
phase, washed with PBS, and incubated in modified Karnovsky’s fixative
(0.1 M sodium cacodylate, pH 7.2, 2% paraformaldehyde, and 2.5% glu-
taraldehyde). Samples were then postfixed in 1% aqueous osmium tetroxide
(EM Sciences) for 1 h followed by overnight incubation in 0.5% uranyl ac-
etate. The samples were then dehydrated through an ascending series of
ethanol followed by propylene oxide and embedded in Eponate 12 (Ted
Pella, Inc.). Ultrathin sections (80 nm) were cut with an Ultracut microtome
(Leica), stained with 0.2% lead citrate, and examined in a JEOL JEM-
1400 transmission electron microscope at 80 kV. Digital images were cap-
tured with a GATAN Ultrascan 1000 CCD camera.

Mouse Infection Model. Overnight bacterial cultures of WT CFT073 and CFT073
lnt grown in medium containing 2% arabinose were back diluted 1:100 in
M9 media and grown to an OD600 of 0.8–1 at 37 °C. Cells were harvested, washed
once with PBS, and resuspended in PBS containing 10% glycerol. Cells were frozen
in aliquots, and thawed aliquots were measured for cfus before mouse infections.
Virulence ofWT CFT073 and CFT073 lntwasmeasured using the neutropenic E. coli
infectionmodel (39). Briefly, 7-wk-old A/J mice (Jackson Laboratory) were rendered
neutropenic by peritoneal injection of two doses of cyclophosphamide (150 mg/kg
on day –4 and 100mg/kg on day –1). On day 0, mice were infected with 5 × 105 cfu
mid-exponential phase bacteria diluted in PBS by i.v. injection through the tail vein.
At 30 min and 24 h post infection, bacterial burdens in the liver and spleen were
determined by serial dilutions of tissue homogenates on LB plates.
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