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Abstract: Lipoproteins are a largely uncharacterized class of
proteins in bacteria. In this study, metabolic labeling of bacteria
with fatty acid chemical reporters allowed rapid profiling of lipid-
modified proteins. We identified many candidate lipoproteins in
Escherichia coli and detected a novel modification on YjgF. This
chemical approach should facilitate future characterization of
lipoproteins.

Bacterial lipoproteins (LPPs) are a functionally diverse subset
of membrane-associated proteins that are involved in various cellular
processes including membrane maintenance, transport, and signal
transduction.1 A number of LPPs have also been implicated in the
virulence mechanisms of bacterial pathogens and are recognized
by pattern recognition receptors of host immune systems,2,3 making
them attractive targets for antibiotic4 and vaccine development.
Despite their clinical relevance and role in numerous membrane
processes, many LPPs remain uncharacterized. This is due, in part,
to a lack of robust and convenient tools for the detection and large-
scale analysis of LPPs in bacteria.

Existing methods available for identification and analysis of
bacterial LPPs include radiolabeling and bioinformatic approaches,
both of which present limitations. Labeling with radioactive fatty
acids has low sensitivity and is not amenable to large-scale
proteomic studies. Bioinformatic predictions are limited to lipo-
proteins containing a recognizable N-terminal lipobox signal motif.5

Although this motif directs the canonical form of protein lipidation
in Gram-negative bacteria (Figure 1A), alternative mechanisms of
lipidation have been reported.6 The prevalence of such noncanonical
mechanisms of lipidation is not known, making proteomic analysis
essential for exploring the diversity of lipid-modified proteins in
bacteria. Herein, we demonstrate that metabolic labeling of bacteria
with fatty acid reporters provides an efficient and robust chemical
approach for the detection and discovery of bacterial lipoproteins.

To explore the utility of fatty acid chemical reporters in bacteria,
we metabolically labeled E. coli K12 with alkynyl-fatty acid (alk-
FA) reporters of varying chain lengths (alk-12, alk-14, and alk-
16)7 and reacted bacterial cell lysates with azido-rhodamine (az-
Rho) (Figure S1) via Cu(I)-catalyzed azide-alkyne cycloaddition

(CuAAC)8 for in-gel fluorescence profiling (Figure 1B). While this
approach has been utilized for the visualization and enrichment of
lipidated proteins in mammalian cells9 as well as the functional-
ization of an overexpressed eukaryotic N-myristoylated protein in
bacteria,10 fatty acid reporters have not been used to explore the
diversity of endogenous bacterial LPPs. Since the enzymatic
machinery required for protein lipidation is different in bacteria
from eukaryotes,1,9 we evaluated the utility of alk-FA reporters for
the rapid detection and profiling of bacterial LPPs. Fluorescence
visualization of alk-FA-modified proteins revealed selective- and
chain-length-dependent labeling of proteins (Figure 2A). Since alk-
14 afforded the most efficient labeling of E. coli proteins, we
focused on characterizing this fatty acid reporter for subsequent
experiments. Protein labeling with alk-14 was rapid, dose-depend-
ent, and not toxic to bacteria (Figure S2). Importantly, alk-14
specifically labels a known bacterial LPP, NlpE,11 as judged by
in-gel fluorescence visualization of a purified C-terminal His6-
tagged construct (NlpE-His6) (Figure 2B).

For the large-scale retrieval and identification of fatty acid
modified proteins, alk-14-labeled E. coli cell lysates were reacted
with a cleavable azido-diazo-biotin affinity tag12 (Figure S1).
Biotinylated proteins were then enriched with streptavidin beads,
selectively eluted with sodium dithionite (Na2S2O4), and separated
by SDS-PAGE for gel-based proteomics. As a positive control for
LPP recovery, we labeled the E. coli strain expressing NlpE-His6
(Figure S4). Visualization of the Na2S2O4-eluted proteins showed
that NlpE-His6 was selectively recovered in the IPTG-induced
samples (Figure S4). Analysis of three independent runs revealed
∼45 high confidence (g10 peptide spectral counts and 10-fold
enrichment above the unlabeled control) LPP candidates, of which
70% are known or predicted LPPs, based on annotation in DOLOP5

(Figure 3A, Table S1). An additional ∼43 candidates were identified
with medium confidence (g5 peptide spectral counts and 5-fold
enrichment above the unlabeled control) (Table S1). Functional
annotation of the high confidence candidates revealed that 96% of

Figure 1. (A) Structure of a bacterial lipoprotein (n ) 14-24). (B) Two-
step bioorthogonal labeling strategy using alkynyl-fatty acids.

Figure 2. (A) Profiling of E. coli lipoproteins with alk-FA reporters. (B)
Specific labeling of NlpE-His6 with alk-14. Coomassie blue staining (CB)
indicates level of protein loading.
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the unannotated proteins were LPPs (Figure 3A). As expected, NlpE
was substantially enriched in the IPTG-induced samples (Table S1).
Other known fatty acid modified proteins such as acyl-carrier protein
(AcpP) were also selectively recovered (Table S1). An alkynyl-
acetic acid analogue, alk-2, did not efficiently label bacterial proteins
by fluorescence profiling or gel-based proteomics, demonstrating
LPP labeling is specific to alk-14 and not due to general labeling
of proteins by alkynyl-functionalized substrates (Figure S4, Table
S1).

We then validated alk-14 labeling of proteins that were selec-
tively recovered from E. coli. Labeling of SlyB, a known LPP,
and YggG, a predicted but unvalidated LPP, was confirmed by
fluorescence detection of C-terminal His6-tagged constructs after
affinity purification (Figure 3B). Nonspecific labeling due to
overexpression is unlikely since no labeling was observed for the
abundant and nonlipidated protein, GroL-His6 (Figure 3B). Interest-
ingly, a 14 kDa bacterial protein that does not carry a lipobox motif,
YjgF,13 was considerably enriched in alk-14-labeled samples (Table
S1). To validate the alk-14 labeling of YjgF, we generated an
N-terminal His6-tagged YjgF construct (His6-YjgF) and confirmed
covalent modification with alk-14 by in-gel fluorescence detection
(Figure 3C). YjgF contains one Cys residue at position 107 as a
potential site of modification that is conserved in most bacterial
homologues of YjgF. Analysis of a Cys107 to Ser construct (His6-
YjgF-C107S) revealed that alk-14 labeling is abrogated in this
mutant, suggesting that YjgF is modified at Cys107 (Figure 3C).

To determine whether the alk-14 labeling we observe on YjgF
is reflective of fatty acid modification, we performed competition
experiments with palmitic acid or sodium acetate (Figure 3D). In-
gel visualization of affinity purified His6-YjgF reveals that alk-14
labeling is effectively competed away with increasing amounts of
palmitic acid, but not with sodium acetate (Figure 3D, Figure S5).
Analysis of YjgF and YjgFC107S did not reveal a difference in
the partitioning between membrane and cytosolic fractions, sug-
gesting that Cys107 does not influence the membrane association
of YjgF (Figure S6). These results suggest that Cys107 of YjgF is
covalently modified with a fatty acid metabolite but does not play
a role in subcellular distribution of YjgF (Figure S6).

The precise function of YjgF and its homologues is unknown,
but they have been implicated in the regulation of isoleucine
biosynthesis.14 Structural and biochemical studies have demon-
strated that YjgF13 and its homologues form trimers and bind
metabolites associated with isoleucine biosynthesis.15,16 X-ray
crystallography of YjgF has suggested that Cys107 is modified by
a phosphate group based on electron density,13 but this modification
has not been validated biochemically or genetically and has not
been recapitulated with other homologues.15,16 These biochemical
and genetic studies suggest that the YjgF protein family is involved
in amino acid metabolism. We discovered that YjgF is covalently
labeled with fatty acid metabolites using alk-14, which may reflect
a coupling of fatty acid metabolism to amino acid synthesis that
warrants future investigation.

In this study, we demonstrate that fatty acid chemical reporters
allow sensitive visualization and large-scale identification of LPPs
in Gram-negative bacteria. This approach is quite general and can
be applied to a number of different bacterial species, including
Gram-positive bacteria and mycobacteria (Figure S7). Alkynyl-fatty
acid reporters therefore represent robust chemical tools for the
characterization and exploration of LPPs and noncanonical fatty
acid modification of proteins in bacteria.
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Figure 3. Validation of alk-FA labeled proteins in bacteria. (A) GO
annotation of high confidence candidates identified from E. coli. Percent
LPPs in each category is indicated in parentheses. (B) alk-14 labeling of
SlyB and YggG. (C) alk-14 labeling of YjgF and YjgFC107S. (D)
Competition of alk-14 labeling of YjgF with palmitic acid (PA) and sodium
acetate (SA).
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