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Abstract
UDP-N-acetylglucosamine acyltransferase (LpxA) and UDP-3-O-(R-3-hydroxyacyl)-glucosamine
acyltransferase (LpxD) catalyze the first and third steps of Lipid A biosynthesis, respectively.
Both enzymes have been found to be essential for survival among Gram-negative bacteria which
synthesize lipopolysaccharide, and are viable targets for antimicrobial development. Catalytically,
both acyltransferases catalyze an acyl-acyl carrier protein (ACP) dependent transfer of a fatty acyl
moiety to a UDP-glucosamine core ring. Herein, we exploit the single free-thiol unveiled on holo-
ACP after transfer of the fatty acyl group to the glucosamine ring using the thiol specific labeling
reagent, ThioGlo. The assay is continuously monitored as a change in fluorescence at λex = 379
nm and λem = 513 nm using a microtiter plate reader. This assay marks the first continuous and
non-radioactive assay for either acyltransferase.
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Introduction
The outer cell wall of gram-negative bacteria is an asymmetrical bilayer comprised of
phospholipids in the inner monolayer and lipopolysaccharide in the outer monolayer [1–3].
LPS contains the glycolipid, lipid A, which anchors it to the membrane through fatty acyl
chains, a core polysaccharide region and an O-antigen repeat. Lipid A is an essential moiety
necessary for survival of the bacterium [4], and further plays a crucial role in natural
antibacterial resistance and bacterial sepsis [5]. Thus, lipid A biosynthesis should provide
optimal targets for antimicrobial chemotherapeutic discovery [6–8].

Lipid A biosynthesis entails nine constitutive enzymatic processes utilizing UDP-N-
acetylglucosamine (UDP-GlcNAc) as the precursor [9]. UDP-GlcNAc is acylated at the 3-
hydroxyl through a thermodynamically unfavorable reaction catalyzed by the type II ACP-
dependent UDP-N-acetylglucosamine acyltransferase (LpxA) [10]. UDP-3-O-(R-3-
hydroxyacyl)-GlcNAc is subsequently deacetylated by UDP-3-O-(R-3-hydroxyacyl)-
GlcNAc deacetylase (LpxC), providing the first committed step of lipid A biosynthesis [11,
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12]. The third step in the pathway involves acylation of the free amine of the glucosamine
ring by UDP-O-3-(R-3-hydroxyacyl)-glucosamine acyltransferase (LpxD) which is also an
ACP-dependent acyltransferase [13]. Six downstream enzymes catalyze the formation of the
mature hexaacylated Kdo2-lipid A moiety of LPS [2].

LpxA and LpxD are structurally homologous as demonstrated by their unique left-handed β-
helix (LβH) fold, which stems from an extensive hexapeptide repeat motif in their respective
primary amino acid sequences [14–16]. As well, both are functionally similar as displayed
by a common mechanism whereby conserved histidine residues mediate the deprotonation
of the 3-hydroxyl (LpxA) or the 2-amine (LpxD) of the core glucosamine ring, allowing a
subsequent nucleophilic attack upon the thioester of acyl-ACP [17, 18]. Holo-ACP is
generated upon acyl group transfer, which contains a single free-thiol on its
phosphopantetheine prosthetic arm [19].

Although the LPS biosynthetic pathway has been established as a prime target for the
development of novel antimicrobials, very few of the essential enzymes in the pathway have
been subjected to high throughput screening efforts in an attempt to find novel inhibitors.
Established assays for enzymes in this pathway are radioactivity based, and as such are not
welcomed in many high throughput screening facilities. Herein we report the first non-
radioactive assay for LpxA and LpxD. The assay uses a thiol-specific chemical reporter,
ThioGlo, to continuously label and monitor holo-ACP generation over the course of LpxA
and LpxD catalysis (Figure 1).

Materials and Methods
Materials

R-3-hydroxymyristic acid was purchased from Wako Chemicals. Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), isopropanol, magnesium chloride and buffer
reagents were purchased from Thermo Fisher Scientific. L-arabinose, ATP, and UDP-N-
acetylglucosamine were purchased from Sigma-Aldrich. Benzonase, ThioGlo®1, and E. coli
Rosetta(DE3)/pLysS cells were purchased from EMD Chemicals (Novagen). E. coli XL-1
Blue cells were purchased from Strategene. Isopropyl β-D-1-thiogalactopyranoside (IPTG),
E. coli BL21-AI cells were purchased from Invitrogen. Bio-Gel P2 was purchased from Bio-
Rad. All DNA modifying and restriction enzymes were purchased from New England
Biolabs.

Cloning of E. coli lpxA, lpxC, lpxD, acpP, acpS and Vibrio harveyi aasS
PCR protocols were carried out under standard conditions utilizing Pfu DNA polymerase
and DNA obtained from the E. coli K-12 strain MG1655 or the V. harveyi ATCC14126
strain. To perform the amplifications of the individual genes the following primers were
used: lpxA (forward 5′-
GCGCCATATGATTGATAAATCCGCCTTTGTGCATCCAACCGC, reverse 5′-
CGCGCTCGAGTTAACGAATCAGACCGCGCGTTGAGCG); lpxC (forward 5′-
GCGCCATATGATGATCAAACAAAGGACACT, reverse 5′-
GCGCCTCGAGTGCCAGTACAGCTGAAGGCG); lpxD (forward 5′-
CATCACCATCACCATCACGCTCAATTCGACTGGCTGATTTAGCG, reverse 5′-
CGCGCTCGAGTTAGTCTTGTTGATTAACCTTGCGCTC); acpP (forward 5′-
GCGCCATATGAGCACTATCGAAGAACGCGTTAAGAAAATTATC, reverse 5′-
GCGCCTCGAGTTAACTTTCAATAATTACCGTGGCAC); acpS (forward 5′-
CGCGTGGCATATGGCAATATTAGGTTTAG, reverse 5′-
GCGCCTCGAGACTTTCAATAATTACCGTGGCACAAGC); V. harveyi aasS (forward
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5′-GCGCCATATGAACCAGTATGTAAAT, reverse 5′-
GCGCCTCGAGCAGATGAAGTTTACGCAG).

The PCR products for both lpxA, and acpP were cloned into pET24a using NdeI and XhoI
restriction sites (underlined). The XhoI-restricted PCR product for lpxD was cloned into
pET23d which had been NcoI restricted, T4 DNA polymerase filled-in, and then restricted
with XhoI. Each of the PCR products for lpxC, acpS and aasS were cloned into pET23a
using NdeI and XhoI restriction sites. All plasmids were transformed into E. coli XL-1 Blue
cells for amplification and plasmids isolated from these cell lines were sequenced at the
University of Michigan Sequencing Core Facility. From these confirmed plasmids the
following E. coli expression strains were constructed: BL21-AI/pET24a::lpxA, Rosetta
(DE3)/pLysS/pET23a::lpxC-his6, Rosetta (DE3)/pLysS/pET23d::his6-lpxD, BL21-AI/
pET24a::acpP/pET23a::acpS-his6, BL21-AI/pET23a::aasS-his6. Genes containing a 6
histidine tag coding region are indicated by his6 in the above construct names. The his6 in
front of the gene name denotes a 5′ histidine coding region, whereas the his6 after the gene
name denotes a 3′ histidine coding region.

Cell cultures
Strains of interest were used to inoculate 500 mL LB (Lennox) or TB media containing the
appropriate antibiotic(s), and incubated while shaking (250 rpm) at 37 °C until an OD600 of
0.6–1.0 was reached. The cultures were then induced with either 1 mM IPTG (Rosetta DE3/
pLysS strains) or 0.2% L-arabinose/1 mM IPTG (BL21-AI strains). Unless otherwise noted,
cells were induced at 37 °C and allowed to incubate at 37 °C for 4 hours post-induction.
Cells were harvested by centrifugation at 5,000 × g for 10 min at 4 °C, suspended in 10 mL
of buffer and stored at −80 °C. Cell suspensions were thawed and disrupted by French press
at 20,000 psi. Cellular debris was removed by centrifugation at 20,000 × g for 30 min at 4
°C and the resultant crude cytosol used for protein purification.

Purification of LpxA
For LpxA purification, 10 mL of crude cytosol in 20 mM potassium phosphate (KPhos)
buffer, 20% glycerol pH 7.0 was applied to a 10 mL Reactive Green 19 column, which had
been pre-equilibrated in the same buffer. The column was washed successively with 50 mL
of loading buffer containing 0 M, 0.5 M, and 1 M NaCl. LpxA eluted with the 1 M NaCl
fractions and was dialyzed overnight at 4 °C against 4 L of 20 mM Tris-HCl, 10% glycerol
pH 8.0. The enzyme was then loaded onto an 8 mL Source 15Q column, washed with 24 ml
of loading buffer and eluted with a gradient from 0–500 mM NaCl. LpxA was desalted on a
Bio-Gel P2 column equilibrated in 20 mM HEPES pH 8.0. The purified LpxA was analyzed
by SDS-PAGE and its concentration determined by UV absorbance at 280 nm (ε = 9190
M−1 cm−1). The molecular weight of LpxA was confirmed by MALDI-TOF Mass
spectrometry (MS) at the University of Michigan Protein Structure Facility.

Purification of LpxC-His6 and His6-LpxD
For His6-LpxD purification, Benzonase (Novagen) was added after cell lysis and the lysate
was incubated for 30 min on ice prior to centrifugation at 20,000 × g. Ten milliliters of crude
cytosol in 20 mM HEPES, 50 mM imidazole pH 8.0 was loaded onto 3 mL of Ni-NTA resin
(Qiagen) equilibrated in the same buffer. The resin was washed with 10 column volumes of
loading buffer containing 500 mM NaCl and then eluted with 20 mM HEPES, 250 mM
imidazole pH 8.0. Purified His6-LpxD and LpxC-His6 were desalted on a Bio-Gel P2
column and analyzed by SDS-PAGE. Concentrations were determined by UV absorbance at
280 nm (ε = 22920 M−1 cm−1 for LpxC; ε = 27305 M−1 cm−1 for LpxD).
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Purification of holo-ACP
A slightly modified protocol from Broadwater and Fox was utilized to prepare holo-ACP
[20]. Holo-ACP was produced in cells expressing both apo-ACP (acpP gene product) and
holo-ACP synthetase (acpS gene product). Protein was expressed as describe above (Cell
culture) except cells were cooled to 18 °C prior to induction and then allowed to grow
overnight at 18 °C. To the cellular lysate, in 20 mM HEPES, 1 mM TCEP pH 8.0, 10 mL of
cold isopropanol was added slowly and while gently mixing for 1 hour at 4 °C. The resulting
suspension was centrifuged at 20,000 × g for 30 min at 4 °C. The supernatant was removed
and to this 20 mL of 20 mM HEPES, 1 mM TCEP pH 8.0 was added. This solution was
loaded onto a Source 15Q column (8 mL). A gradient of 20 mM HEPES, 1 mM TCEP, pH
8.0 containing 0 – 500 mM NaCl was performed and holo-ACP eluted at approximately 300
mM NaCl as judged by SDS-PAGE analysis. The protein was subsequently desalted on a P2
Bio-Gel column in 20 mM HEPES, 1 mM TCEP, pH 8.0. The protein was freeze dried and
stored at −20 °C. Protein concentrations were measured via BioRad protein assay. The
molecular weight of holo-ACP was confirmed by MALDI-TOF Mass spectrometry (MS) at
the University of Michigan Protein Structure Facility.

Purification of V. harveyi AasS-His6

Expression and purification of the soluble acyl-ACP synthetase (AasS) was carried out
under the same conditions as His6-LpxD and LpxC-His6. Following elution from the Ni-
NTA resin, AasS was desalted on a Bio-Gel P2 column in 20 mM Tris-HCl pH 7.5, 10%
glycerol, 1 mM EDTA, 0.1 mM TCEP and 0.002% Triton-X100 as previously described for
optimal storage [21]. The desalted protein was aliquoted into microcentrifuge tubes and
stored at −80 °C. Protein concentration was determined by UV absorbance 280 nm (ε =
65780 M−1 cm−1).

Acylation of holo-ACP
Acylation was carried out as previously described with slight modifications [21]. Holo-ACP
was reduced for 1 hour at room temperature in the presence of two equivalence of TCEP
prior to the loading of the fatty acid. The acylation reaction contained, in a final volume of
10 ml, 40 μM reduced holo-ACP, 5 mM ATP, 5 mM MgCl2, 100 μM TCEP, 0.01% Triton
X-100, 100 μg of AasS, and 150 μM R-3-hydroxymyristic acid in 100 mM Tris, pH 7.5.
The reaction was incubated at 30 °C for 45 min and another 50 μg of AasS was added. After
20 min of additional incubation at 30 °C, the reaction was cooled and loaded directly onto a
Source 15Q column (8 mL) equilibrated in 20 mM HEPES pH 8.0. The column was washed
with 3 column volumes of equilibration buffer and eluted with an 80 mL linear gradient of 0
– 500 mM NaCl. Acyl-ACP eluted at approximately 300 mM NaCl and was subsequently
desalted via a Bio-Gel P2 column and lyophilized.

Synthesis and purification of ThioGlo-ACP conjugate
A 1 mL suspension of 100 μM holo-ACP, 1 mM TCEP, and 132 μM ThioGlo, in a final
buffer composition of 20 mM HEPES pH 8, 5% DMSO, was incubated at 25 °C for 25 min.
An additional 132 μM of ThioGlo was added after the initial reaction period and the
suspension mixed by pipetting up and down multiple times. The reaction was incubated for
an additional 35 min. The mixture was desalted on a Bio-Rad P2 size-exclusion column
equilibrated in 20 mM HEPES pH 8. Protein concentrations were determined using Bio-Rad
Protein assay with R-3-hydroxymyristoyl-ACP as a standard.

Synthesis of UDP-3-O-(R-3-hydroxmyristoyl)-GlcN
50 μM holo-ACP was reduced for 1 hour at room temperature with 3 mM TCEP in 100 mM
Tris-HCl pH 7.6 containing 0.01% Triton-X100. Following reduction of ACP, 3 mM ATP, 3
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mM MgCl2, 150 μM R-3-hydroxymyristic acid, and 150 μg of AasS were added to the
centrifuge tube at a final volume of 5 mL and the tube was incubated at 37 °C for 15 min.
Substrate synthesis was initiated by the addition of LpxA, LpxC and UDP-GlcNAc at
concentrations of 30 μg/mL, 50 μg/mL and 500 μM and the solution was incubated for 45
min at 37 °C. Following the 45 min incubation, 100 μM of R-3-hydroxmyristic acid, 30 μg/
mL LpxA, 30 μg/mL AasS, and 50 μg/mL LpxC were added and incubated for an additional
30 min. The solution was added to a round bottom flask containing silica gel (20 mg) and
the water removed by rotary evaporation. The dried silica gel was added to a silica column
(2 g) pre-equilibrated in 75:25 hexanes/ethyl acetate (EtOAc). The silica was washed with
100 mL 75:25 hexanes/EtOAc to remove the R-3-hydroxmyristic acid. The plug was
subsequently washed with 50 mL of 25:15:4:2 v/v/v/v dichloromethane (DCM)/methanol
(MeOH)/water/acetic acid. The solvent was evaporated off and the resulting solid was
resuspended in 1 mL of DMSO and filtered through a .2 micron filter to remove any silica
gel. UDP-3-O-(R-3-hydroxmyristoyl)-GlcN was purified by HPLC using 0.05% ammonium
acetate and acetonitrile on a reverse phase C18 semi-prep column as reported by Anderson
and Raetz [22]. Purified UDP-3-O-(R-3-hydroxymyristoyl)-GlcN was lyophilized, dissolved
in water and frozen at −80 °C until further use. The concentration was measured by UV
absorbance at 262 nm (ε = 9900 M−1 cm−1) [17]. The purified product was subjected to
analytical HPLC and negative ion electrospray ionization mass spectrometry (ESI-MS) for
characterization.

Fluorescent enzyme assay for LpxA and LpxD
Assays were performed at 25 °C in Corning black, 96-well half-area plates and all solutions
were made up in 20 mM HEPES pH 8.0 with a final assay volume of 100 μL. A SpectraMax
M5 (Molecular Devices) plate reader was used to monitor fluorescence, with PMT
sensitivity set to low to prevent saturation and number of readings set to 100. First, 50 μL of
20 μM ThioGlo solution was added to 20 μL of various concentrations of 3-
hydroxymyristoly-ACP and 20 μL of various concentrations of UDP-GlcNAc or UDP-3-O-
(R-3-hydroxymyristolyl)-GlcN. This mixture was incubated in the dark at 25 °C for 5 min to
allow any unacylated ACP to react with the ThioGlo solution. To initiate the reaction, 10 μL
of 100 nM acyltransferase solution was added directly to the well, mixed gently and the
plate was read continuously at λex = 379 nm and λem = 513 nm for 10 min at 15 s intervals.
It should be noted that 100 nM LpxA or LpxD solutions were made fresh between each run
from 1 mg/mL stock solution of purified enzymes. All reactions were performed in
triplicate.

Data Analysis
Initial velocities were calculated through linear regression analysis during the first 2 min of
the assay. Km’s were determined by non-linear regression analysis using KaleidaGraph
software (Synergy Software), from plots of initial velocities versus substrate concentrations,
while holding the other substrate at saturating conditions (eq. 1). Control reactions lacking
individual substrate or enzyme components were performed to demonstrate that increase in
fluorescence was both enzyme and substrate dependent, and that no individual substrate or
enzyme was causing an increase in relative fluorescence over time. Linear dependence of
enzyme concentration with respect to initial velocity was established through altering
enzyme concentration while holding both substrates constant.

(1)
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Results & Discussion
The enzymes in early lipid A biosynthesis are highly conserved in Gram-negative pathogens
and represent potential targets for antibacterial development. Both biochemical and genetic
studies have demonstrated the essential nature of LpxA and LpxD acyltransferases in Gram-
negative organisms [13, 23, 24]. For the most part, current assays utilized for assaying
enzymes within the lipid A biosynthetic pathway use radiolabeled substrates coupled with
thin layer chromatography and phosphorimaging development. These assays have endured
over the years due to their reliability and the inherent need for sensitivity as a result of
scarcity and solubility of substrates. Fluorescence-based enzymatic assays have proven to be
highly sensitive and robust, and unlike radioactivity-based assays, have been used widely for
high throughput screening (HTS) [25]. The continuous fluorescent assays established herein
are initial efforts to facilitate the identification and evaluation of LpxA/D inhibitors to be
used as research probes and/or antimicrobial leads.

ThioGlo®1 (methyl 10-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-9-methoxy-3-oxo-3H-
benzo[f]chromene-2-carboxylate) has been used in the fluorescent detection of free thiol
containing compounds in analytical HPLC, biological tissue samples, cell free extracts, and
HTS [25–28]. This reagent has been used to determine protein thiol concentrations as low as
10 nM [29]. Therefore, we sought to utilize this reagent to monitor holo-ACP generation
during LpxA and LpxD catalysis. With this assay the rate of holo-ACP production can be
monitored continuously by detection of the fluorescent ThioGlo-ACP conjugate (λex = 379
nm and λem = 513 nm). A standard fluorescent curve was generated by reading the
fluorescence of various concentrations (0.1–13 μM; 100 μL) of ThioGlo-ACP conjugate in
a Corning black, 96-well half-area plate (Figure 2). No deviation from linearity was noted
upon adding ThioGlo at concentrations up to 10 μM. Under these conditions 1 μM ThioGlo-
ACP gives 99.8 RFU.

Optimization of the reagents utilized for the kinetic analysis needed to be performed prior to
kinetic characterization of LpxA. Final concentrations of LpxA were found to be optimal at
10 nM, where linear velocities could be measured within the first 2 min of a 10 min assay. It
should be noted that when LpxA was diluted in assay buffer alone to 100 nM stock solution,
the enzyme lost activity over time while on ice. Therefore, enzyme from a 1 mg/mL stock
was diluted fresh to 100 nM for each assay and used immediately.

Since the free thiol generated upon holo-ACP generation is prone to oxidation and disulfide
formation, which would interfere with ThioGlo conjugation, initially TCEP (a reducing
agent) was employed to mitigate this possibility. However, TCEP proved to interfere with
the reproducibility of labeling holo-ACP with ThioGlo in agreement with previous protein
labeling studies with maleimide reagents in the presence of TCEP [30]. Exclusion of
reducing agent resulted in greatly enhanced reproducibility and robustness of the assay, and
thiol oxidation over the course of the assay time was not an issue.

Once conditions were optimized time dependent-turnover of LpxA catalyzed acyl group
transfer was demonstrated (Figure 3). Control reactions where individual components were
omitted showed no increase in fluorescence, demonstrating that the generation of holo-ACP
was being measured. The assay shows a linear dependence on enzyme concentration up to
20 nM which further establishes that the kinetics of LpxA are being measured, rather than
the kinetics of ThioGlo conjugation to ACP (Figure 4). The specific activity for LpxA under
our reaction conditions (25 °C) is 7.7 μmol/min/mg (kcat = 3.6 s−1). This value is reasonably
lower (36 %) than literature values where assays were performed at a higher temperature (30
°C) [10].
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The steady state kinetic parameters of LpxA were analyzed to determine the utility of the
assay. The Michaelis-Mentin constant for UDP-GlcNAc was established by holding acyl-
ACP constant at 40 μM and varying UDP-GlcNAc between concentrations of 150 μM – 4.0
mM (Figure 5A). The Km was found to be 600 ± 80 μM, which was in good accordance
with the previously published values of 100–800 μM [10, 18]. Next the Km for acyl-ACP
was established by holding UDP-GlcNAc constant at 4.0 mM concentration, while varying
acyl-ACP between 1–40 μM and plotting the initial velocity versus acyl-ACP concentration
(Figure 5B). The Km of acyl-ACP was determined to be 10 ± 1 μM. Estimates of acyl-ACP
Km using the radioactivity assay ranged from 1.5–5 μM [10, 31]. However, LpxA has an
unfavorable equilibrium constant in the forward direction (Keq = 0.01), and this has made it
difficult to precisely measure the conversion of radiolabeled UDP-GlcNAc to acylated
product under high nucleotide and low acyl-ACP concentrations [18]. With our current
assay ThioGlo is able to sequester the holo-ACP product, thus mitigating the unfavorable
Keq and allowing accurate determination of the Km of acyl-ACP.

In order to assay LpxD the nucleotide substrate, UDP-3-O-(R-3-hydroxymyristoyl)-GlcN
needed to be synthesized. The current method for obtaining LpxD substrate is through an
LpxA and LpxC coupled enzymatic process, utilizing acyl-ACP and UDP-GlcNAc as
substrates [13, 17]. To decrease the amount of acyl-ACP necessary for this coupled assay,
the soluble V. harveyi acyl-ACP synthetase was utilized to produce and continuously
regenerate R-3-hydroxymyristoyl-ACP in situ from holo-ACP within the LpxA/LpxC
coupled reaction (Figure 6).

Upon obtaining UDP-3-O-(R-3-hydroxymristoyl)-GlcN, the kinetic parameters of His6-
LpxD were next established. It should be noted that previous literature precedent has
established there is no difference in activity between His6-LpxD and native LpxD [17].
Acyl-ACP was varied between 2.5–40 μM while holding UDP-3-O-(R-3-
hydroxymyristoyl)-GlcN at 19 μM to determine the Km of acyl-ACP (Figure 7B). The Km
was 12 ± 2 μM which is in good accordance with the previously published literature value
of 3 μM [17]. To determine the Km of UDP-3-O(R-3-hydroxymyristoyl)-GlcN, the substrate
was varied between 0.35–19 μM, while holding acyl-ACP constant at 40 μM (Figure 7A).
Again the Km established, 4 ± 0.5 μM, correlated well to the reported value of 2.5 μM. The
LpxD specific activity calculated from the Vmax and protein concentration used in the steady
state analysis was determined to be 5.0 μmol/min/mg (kcat = 3.0 s−1). Previously determined
specific activity for LpxD was 8.9 μmol/min/mg (30 °C) [17]. These results demonstrated
the reproducibility and robustness for the ThioGlo assay for LpxD.

We have developed the first non-radioactive kinetic assay for both LpxA and LpxD. The
above results demonstrate the utility of the thiol-specific reagent ThioGlo for use in kinetic
assays involving turnover of acyl-ACP to holo-ACP. We have established and optimized the
conditions essential to monitor turnover, and with these optimized conditions have
determined the Michaelis-Mentin constants for both E. coli LpxA and LpxD substrates.
These values are in good agreement with previously reported literature values. The assay is
fast, continuous, and can be adapted to 384-well plates for high-throughput screening,
depending on the readiness of noncommercially available substrates (acyl-ACP and UDP-3-
O-(R-3-hydroxymyristoyl)-GlcN). This assay will be instrumental in the discovery and
characterization of small-molecule inhibitors of LpxA and LpxD. Beyond LPS biosynthesis,
holo-ACP is involved in a multitude of biochemical pathways such as membrane
phospholipid biosynthesis [32], fatty acid biosynthesis [33], polyketide biosynthesis [34],
and quorum sensing [35], to name but a few. Therefore, this assay may find broad utility
across various research communities.
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Figure 1.
A) Early enzymatic steps of LPS biosynthesis in E. coli and B) generation of the ThioGlo-
ACP conjugate from holo-ACP produced in the acyltransferase catalyzed reactions.
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Figure 2.
Fluorescence vs. [ThioGlo-ACP] plot. The fluorescence of various concentrations of
purified ThioGlo-ACP conjugate, in 20 mM HEPES pH 8 (total volume 100 μL), was
determined at 25 °C using a SpectraMax M5 plate reader.
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Figure 3.
Reaction progress curves of the complete LpxA reaction (○), and control reactions without
either nucleotide (□), acyl-ACP (◇), or acyltransferase (x). The complete LpxA assay
mixture contained 20 mM HEPES (pH 8), 40 μM R-3-hydroxymyristoly-ACP, 4 mM UDP-
GlcNAc, 10 μM ThioGlo, and 10 nM LpxA (added 5 minutes after ThioGlo) in a final
volume of 100 μL. The reaction was incubated at 25 °C and its progress was monitored
continuously at λex = 379 nm and λem = 513 nm for 10 min at 15 s intervals. Control
reactions were run in similar fashion with the omission of substrate or enzyme, as indicated.
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Figure 4.
Linear dependence of initial reaction velocity with varying LpxA concentrations using the
ThioGlo coupled fluorescence assay. The assays were run as described under Figure 3
caption, with varying amounts of LpxA being added. The assay showed a linear relationship
between activity and enzyme concentration up to 20 nM LpxA.
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Figure 5.
Saturation kinetics of LpxA for A) UDP-GlcNAc and B) R-3-hydroxymyristoyl-ACP. A)
UDP-GlcNAc was varied between 150–4000 μM, while holding acyl-ACP constant at 40
μM. B) R-3-hydroxymyristoyl-ACP was varied over a concentration range of 1–40 μM,
while holding UDP-GlcNAc constant at 4000 μM. Assays were run in triplicate.
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Figure 6.
Schematic representation of UDP-3-O-(R-3-hydroxymyristoyl)-GlcN enzymatic
preparation. The LpxA catalyzed formation of UDP-3-O-(R-3-hydroxymyristoyl)-GlcNAc
is coupled directly to LpxC to form UDP-3-O-(R-3-hydroxymyristoyl)-GlcN, while AasS
catalyzes the acylation of holo-ACP to regenerate acyl-ACP.

Jenkins and Dotson Page 15

Anal Biochem. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Saturation kinetics of LpxD for A) UDP-3-O-(R-3-hydroxymyristoyl)-GlcN and B) R-3-
hydroxymyristoyl-ACP. A) UDP-3-O-(R-3-hydroxymyristoyl)-GlcN was varied over a
range of 0.35–19 μM while holding acyl-ACP constant at 40 μM. B) acyl-ACP was varied
over a concentration range of 1–40 μM while holding UDP-3-O-(R-3-hydroxymyristoyl)-
GlcN constant at 19 μM. Assays were run in triplicate.
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