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Discovery of dual-activity small-
molecule ligands of Pseudomonas 
aeruginosa LpxA and LpxD using 
SpR and X-ray crystallography
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the lipid A biosynthesis pathway is essential in Pseudomonas aeruginosa. LpxA and LpxD are the first 
and third enzymes in this pathway respectively, and are regarded as promising antibiotic targets. The 
unique structural similarities between these two enzymes make them suitable targets for dual-binding 
inhibitors, a characteristic that would decrease the likelihood of mutational resistance and increase 
cell-based activity. We report the discovery of multiple small molecule ligands that bind to P. aeruginosa 
LpxA and LpxD, including dual-binding ligands. Binding poses were determined for select compounds 
by X-ray crystallography. the new structures reveal a previously uncharacterized magnesium ion 
residing at the core of the LpxD trimer. In addition, ligand binding in the LpxD active site resulted in 
conformational changes in the distal C-terminal helix-bundle, which forms extensive contacts with 
acyl carrier protein (Acp) during catalysis. these ligand-dependent conformational changes suggest a 
potential allosteric influence of reaction intermediates on ACP binding, and vice versa. Taken together, 
the novel small molecule ligands and their crystal structures provide new chemical scaffolds for ligand 
discovery targeting lipid A biosynthesis, while revealing structural features of interest for future 
investigation of LpxD function.

Antibiotic resistance is a worldwide threat that challenges our ability to successfully treat bacterial infection, 
exhausting health care resources and worsening patient prognosis. Infections caused by antibiotic-resistant 
Gram-negative bacteria (GNB) are particularly intractable due to the presence of the outer membrane that pro-
tects the bacterial cell from harsh environments and antibiotics1. The outer leaflet of this membrane consists 
primarily of lipopolysaccharide (LPS)2. Although LPS appears dispensable in some pathogens (e.g. Acinetobacter 
baumannii, Neisseria meningitidis), it is essential in many clinically important GNB such as Pseudomonas aerugi-
nosa, a common and potentially life-threatening nosocomial pathogen that is naturally resistant to many antibiot-
ics1–6. There are currently no clinical antibiotics targeting LPS synthesis, but research has shown that compounds 
inhibiting this biochemical pathway provide an excellent opportunity for the development of new antibiotics 
with a novel mechanism of action7,8. LPS is made of three components: (1) a linear chain of repeating saccharide 
units known as the O-antigen, (2) an oligosaccharide core domain, and (3) lipid A, a glucosamine disaccharide 
that is connected to multiple fatty acid chains of various lengths2,6. Lipid A has two interesting properties that 
underscore its importance to GNB. The first is that lipid A is the minimal component of LPS required for cellular 
viability in most GNB2,3,9. Secondly, lipid A is the primary antigenic determinant of LPS and is the offending 
chemical species that triggers septic shock2,10,11.

The lipid A biosynthetic pathway, also known as the Raetz pathway, is highly conserved amongst all 
GNB. LpxA, LpxC and LpxD make up the first three enzymes in the Raetz pathway (Fig. 1)2. In P. aerugi-
nosa, LpxA catalyzes the first step, transferring an R-3-hydroxydecanoic fatty acid to the uridine diphosphate 
N-acetylglucosamine (UDP-GlcNAc) substrate using acyl carrier protein (ACP) as the R-3-hydroxydeconoate 
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donor (3-OH-C10-ACP). In the second step, LpxC catalyzes the zinc-dependent irreversible deacetylation of the 
LpxA product, producing UDP-3-O-(3-hydroxydecanoyl) glucosamine and committing the molecule to this 
pathway. LpxD is responsible for the third step, in which an R-3-hydroxydodecanoate is transferred to the 2’ 
amine of UDP-3-O-(3-hydroxydecanoyl) again using an ACP donor12. Six additional enzymatic steps are required 
before the completed lipid A can be incorporated into the LPS molecule through attachment to the core compo-
nent (Fig. 1)2,13–15.

While LpxC is not homologous to LpxA and LpxD, the latter two enzymes share several unique structural 
features, consistent with their functional similarities in catalyzing the transfer of a 10 or 12 carbon chain fatty 
acid from ACP to UDP-GlcNAc through a concerted acid-base mechanism16,17. Both proteins form biological 
homotrimers that contain a left-handed helical fold comprised of multiple parallel β-sheets14,16–24. Although P. 
aeruginosa LpxA and LpxD only share 27% sequence identity, they exhibit highly conserved protein backbone 
and side chain structural features, particularly at the junctions of adjacent β-helix monomers that form the acyl 
chain binding pocket.

LpxC has been extensively targeted in antibiotic discovery and many potent small-molecule inhibitors 
with bactericidal properties have been developed25. In contrast, inhibitor discovery against LpxA and LpxD 
has remained largely unexplored with no published small molecule inhibitors (only peptide inhibitors) hav-
ing ever been identified26–29. The unique, shared structural similarities also make LpxA and LpxD amenable to 
dual-targeting inhibitors, which offer the advantage of increased potency and reduced likelihood of resistance 
formation30. The concept of dual targeting the early steps of the lipid A biosynthetic pathway has previously been 
demonstrated with a peptide molecule RJPXD33, found to inhibit both LpxA and LpxD when expressed in E. 
coli27. Herein we report the discovery of several small molecules that bind to both P. aeruginosa LpxA and LpxD 
with μM affinity, identified using a targeted structure-based methodology that utilizes molecular docking, sur-
face plasmon resonance (SPR) bioanalysis, and high-resolution X-ray crystallography. The structural analysis has 
provided valuable insights regarding inhibitor binding hot spots of LpxA and LpxD, and allosteric effects induced 
by ligand binding in the LpxD active site.

Results
LpxD crystallization. The crystal structures of both P. aeruginosa LpxA and LpxD have been determined 
previously18,24. In the published P. aeruginosa LpxD structure however, the thrombin protease recognition 
sequence of the N-terminal His-tag linker is located in the active site, occupying the uracil binding pocket. 
This obstructs the diffusion of small molecules into the active site, preventing the use of this construct in both 
functional and structural studies of ligand binding. After failed attempts to crystallize untagged LpxD following 
protease cleavage, we tested several variations of this LpxD construct by first replacing the thrombin protease 
cleavage site with a TEV protease recognition sequence, and then excising the first two residues of the LpxD 
sequence, which are located immediately after the N-terminal 18-AA hexahistidine tag and protease site. The 
resulting construct led to protein crystals similar to the published one, with each asymmetric unit of the H3 space 
group containing one monomer that forms a biologically relevant homotrimer through 3-fold crystallographic 
symmetry operation18. Importantly, in the apo structure of the new LpxD construct determined at 1.55 Å resolu-
tion, the density of the His-tag linker is no longer observed in the active site. In fact, whereas these residues are 
ordered in the previous structure, this entire region of the His-tag and protease site is disordered in the current 
structure. However, our failure to crystallize untagged LpxD suggests the His-tag may still contribute to the sta-
bility of the crystal-packing interface, despite the lack of an ordered conformation.

An interesting observation in our new LpxD structure is a well-defined magnesium ion in the core of the 
trimer (Fig. 2). This magnesium ion, likely from the crystallization buffer, coordinates six water molecules and 
appears to be critical to the stability of the crystal, as removing magnesium from the crystallization buffer or 
chelating the magnesium with EDTA eradicates X-ray diffraction by the crystal. A similar, but slightly weaker 
density corresponding to this magnesium ion was observed in the previously published structure crystallized 
in the absence of magnesium in the crystallization buffer (PDB ID: 3PMO, 1.30 Å resolution)18. Although it was 

Figure 1. Lipid A biosynthesis pathway. In Pseudomonas aeruginosa LpxA catalyzes the first step in the lipid A 
biosynthetic pathway (Raetz pathway) by mediating the reversible transfer of R-3-hydroxydecanoate from the 
acyl carrier protein (ACP) onto the 3-OH position of UDP-GlcNAc forming an ester bond. LpxD catalyzes the 
third step in the Raetz pathway, the reversible transfer of a R-3-hydroxydodecanoate from ACP onto the 2-NH2 
of the UDP-3-O-(3-hydroxydecanoyl) glucosamine through the formation of an amide bond.
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modeled as water, the surrounding density peaks suggest that this density in the previous structure may be a 
low-occupancy divalent metal ion coordinating six water molecules as observed in the structure reported here.

Structure-based ligand discovery. In the absence of a functional high-throughput assay and any pre-
viously discovered small molecule ligands against P. aeruginosa LpxA/D, virtual screening of the ZINC small 
molecule database was performed using DOCK 3.5 to identify potential compounds that would bind to the LpxA 
active site31,32. Specifically, the acyl chain binding pocket was targeted because of similar binding surfaces shared 
between LpxA and LpxD (such as the backbone groups of Gln157 and Gly151 in LpxA, corresponding to those 
of Gly238 and Gly272 of LpxD, among other shared structural features). Top scoring compounds were visually 
inspected. 25 of these compounds were selected and experimentally assessed against LpxA and LpxD with SPR 
bioanalysis. Five of these compounds (20%) demonstrated approximately micromolar affinity for LpxA, and 2 of 
these 5 retained similar affinity for LpxD (compounds 1–5, Table 1, Supplementary Figs S1 and S2). It should be 
mentioned that the data quality for some compounds (i.e., 1 and 2) was lower than others (Supplemental Fig. S1). 
We included these compounds as positive results because their binding kinetics were distinct from non-binders, 
and because, as described below, crystal structures suggested that they were likely binders. To further exclude the 
possibility of non-specific protein binding caused by small molecule aggregation33,34, we analyzed compounds 1 
and 2 against two unrelated enzymes, CTX-M-14 and KPC-2 Class A β-lactamase35,36, in a nitrocefin-hydrolysis 
assay using the SPR buffer. The compounds showed no inhibition of CTX-M-14 or KPC-2 even when tested at 
3 mM concentrations, suggesting that the binding to LpxA and LpxD was specific.

complex crystal structures with small molecule ligands. To elucidate the molecular interactions 
between these ligands and LpxA/D, we solved the complex crystal structures of both LpxA and LpxD in com-
plex with dual-binding compound 1, and LpxA in complex with compound 2 (Figs 3 and 4). Interestingly, both 
compounds 1 and 2 have similar chemical characteristics, with two fused six-membered rings, and a 4–6 atom 
acyl chain with a terminal carboxyl group, a chemical species closely resembling its fatty acid substrate (Table 1).

Figure 2. Magnesium ion and coordinated waters at the core of LpxD trimer. The 2Fo-Fc electron density 
map, determined at 1.55 Å resolution, is shown at 1.5 σ. (A) Overhead view of the LpxD trimer (green) with 
well-defined electron densities of a magnesium ion (green sphere) coordinating with six water molecules (red 
spheres) at the core of the trimer. (B) Side view of LpxD with the C-terminal helix bundle shown at the top. (C) 
Zoomed in side view of LpxD and the magnesium ion. Hydrogen bonds are indicated by black dashed lines.
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The crystal structures of P. aeruginosa LpxA in its apo, substrate, and product-bound forms have pre-
viously been solved in our laboratory24. The LpxA crystal belongs to the P212121 space group with an asym-
metric unit consisting of six monomers that form two separate biologically relevant homotrimers through a 
non-crystallographic 3-fold symmetry (Supplementary Table S1). This results in six active sites per asymmetric 
unit, which include 6 copies of the ligand; one at each of the dimer interfaces present in the homotrimers. For 
compound 1, the complex structure with LpxA was solved at 2.10 Å resolution (Fig. 3). Two modes of binding 
conformations can be identified in terms of the relative location of the carboxyl group, with minor variations in 
the positioning of the carboxyl group seen within each bind mode (Fig. 3). In the first binding mode (exemplified 
by pose 1), the carboxyl group is within hydrogen bonding distance to the Gln157 main chain and His156 side 
chain (Fig. 3A). This type of conformation appears in 3 out of the 6 copies of the ligand present in the asymmetric 
unit. In the other binding mode (exemplified by pose 2), the ligand’s carboxyl group is positioned near the Gln157 
side chain, forming a hydrogen bond (Fig. 3B). The rest of compound 1, including the carbonyl group and the 
naphthalene ring, is placed identically in all poses. Notable intermolecular interactions include a hydrogen bond 
between the carbonyl oxygen and the Gly151 main chain. Additionally, the naphthalene ring forms multiple 
non-polar interactions with residues His118, Asn133, Val132, Ala136, Ala138, and Met169. Among these, Met169 
is the so-called “hydrocarbon ruler” that ensures the length of the incoming acyl chain substrate is no longer than 
10 carbon atoms24. Notably, when comparing the X-ray structure (pose 1) to the docking conformation of com-
pound 1, the poses are nearly identical with some minor differences in the exact position of the naphthalene ring 
and the carboxyl group (Supplementary Fig. S2). Comparing the apo and complex structures, there are minor 
side chain conformational changes in some monomers in response to ligand binding, including His156, Gln157, 
and Met169. Considering the structural variations among the six monomers of the asymmetric unit, the binding 
of compound 1 appears to select those conformations from the apo structure that can best accommodate specific 
ligand functional groups.

Aside from the acyl-chain binding pocket, compound 1 was found in a second binding pocket outside the 
active site at the dimer interface (Supplementary Fig. S3), where a second copy of the substrate UDP-GlcNAc 
was also identified in the previously published LpxA-substrate complex structure24. The naphthalene ring of 
compound 1 forms non-polar interactions with Leu3, Gly23 and Pro24, whereas the carboxyl group establishes 
favorable electrostatic interactions with Arg57. The functional relevance of this second substrate binding site is 
currently unclear. We hypothesize that the binding of compound 1 to this additional pocket may not directly 
impact the reaction catalyzed by LpxA, but it can complicate the interpretation of the SPR results, as observed in 
our experiments.

The complex structure of LpxA with compound 2 was solved at 2.00 Å (Fig. 3C,D). Corresponding ligand 
electron density is seen at all 6 active sites within the asymmetric unit. Similar to 1, two binding modes were 
observed for compound 2, with differences mainly in the conformation of the flexible side chain bearing the 
carboxyl group. Five out of the six copies of compound 2 adopt a binding conformation represented by pose 1, 

Compound Structure LpxA (µM) Χ2 (LpxA) LpxD (µM) Χ2 (LpxD)

1 NA NA NA NA

2 19.5 0.2196 36.7 0.2282

3 16.7 4.124 NB NB

4 13.6 0.3219 NB NB

5 2.1 0.4179 NB NB

Table 1. Binding affinity (Kd) determined by surface plasmon resonance assay. aNA = Kd could not 
be determined via fitting due to poor data quality; NB = No Binding. bΧ2: The average deviation of the 
experimental data from the fitted curve, where lower numbers indicate a better fit. Each compound 
concentration was tested in triplicates and all data were fitted onto one dose-response curve.

https://doi.org/10.1038/s41598-019-51844-z


5Scientific RepoRtS |         (2019) 9:15450  | https://doi.org/10.1038/s41598-019-51844-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

with the carboxyl group placed near His156 (Fig. 3C). In the other binding mode (pose 2), the carboxyl group is 
pushed away from His156 due to a new conformation of this residue. Many of the interactions formed by com-
pound 1 with LpxA are also seen with compound 2, especially for pose 1, including the hydrogen bonds between 
the carboxyl group and Gln157, and between the carbonyl group and Gly151. Meanwhile, the benzoxazine ring 
forms non-polar contacts with Ala136 and Val132, and the hydrocarbon ruler Met169. Whereas both the ring 
structures of compounds 1 and 2 are buried in the acyl chain pocket, the benzoxazine ring of compound 2 is 
pulled slightly outward, likely due to the hydrogen bonding interactions between the substituted amide group and 
residues His121 and Asp70 that have been proposed to be directly involved in catalysis37,38. The docking result 
predicted that compound 2 would be buried deeper in the acyl chain pocket, similar to 1 (Supplementary Fig. S2). 
This is likely due to the protein template used in the rigid docking procedure, which failed to account for the HB 
interactions with His121, Asp70 and Gln157.

Our LpxD complex structure with compound 1 (2.60 Å) showed distinguishable electron density correspond-
ing to the ligand at the dimer interface formed via crystallographic symmetry (Fig. 4). The fitted binding pose 
suggests that there are two hydrogen bonds stabilizing the protein-ligand complex, both with the backbone nitro-
gen atoms of two glycine residues, Gly272 and Gly278, from the adjacent monomers forming the active site. 

Figure 3. LpxA complex structures with novel inhibitors. Compounds 1 (orange) and 2 (purple) bind to both 
monomers at the dimer interface of LpxA (green). The chain IDs (A/B/C/D/E/F) indicate different monomers 
constituting the active sites. Potential hydrogen bonds are shown as dashed lines. The unbiased Fo – Fc map are 
contoured at 2.0 σ. Two unique binding modes are observed for each compound in different LpxA active sites of 
the same trimer. (A) Pose 1 of compound 1. (B) Pose 2 of compound 1. (C) Pose 1 of compound 2. (D) Pose 2 of 
compound 2.
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Additionally, compound 1 establishes extensive non-polar interactions with residues Ala253, Gly257, Ala271, 
Leu276, Val277 and Met293, which may also be critical for the hydrophobic contacts with the substrate acyl 
chain. Indeed, structural alignments with the previously solved Chlamydia trachomatis LpxD structure (PDB 
2IUA)16 reveal the decanoyl acyl chain of the substrate binds within the same pocket as the naphthalene ring of 
compound 1.

Two conformational changes are observed in LpxD upon ligand binding, one being Ser259. In its apo form, 
the Ser259 side chain normally points inwards towards the active site. However, the naphthalene ring of com-
pound 1 forces this residue to rotate outwards to avoid steric clash (Fig. 4B). An additional, unexpected shift 
of 3–5 Å is also seen outside of the active site, in the distal α-helical ACP recognition domain (ARD) domain 
(Fig. 4A), comparable to the changes observed between the apo structure of E. coli LpxD (PDB 3EH0)16 and the 
ACP bound forms (PDB 4IHF, 4IHG, and 4IHH)39. Considering the functional role of this domain in binding and 
releasing ACP bearing the acyl chain substrate, it is possible that this structural shift may suggest an intramolec-
ular network responsible for coordinating ACP binding and enzymatic catalysis39.

Discussion
Despite the important role of LpxA and LpxD in lipid A biosynthesis and their potential as antibiotic targets, 
small molecule inhibitor discovery has been lacking against these two enzymes. Many details of their enzymatic 
reactions also remain unclear, especially regarding how ACP binding influences the progression of the reaction, 
and vice versa. Our results not only provide the first examples of non-substrate small molecule ligands targeting 
LpxA and LpxD, but also demonstrate the possibility of designing dual-binding compounds active against both 
enzymes. In addition, our LpxD crystal structures shed light on previously uncharacterized structural features 
that may deepen our understanding of LpxD structure and function.

LpxA and LpxD are functionally and structurally similar, sharing a homotrimer architecture and conserved 
active site features, especially in the acyl-chain binding pockets that reside in the dimer interface of the β-helix 
trimer core (Fig. 5A). The similarities between the acyl-chain binding pockets of LpxA/D are highlighted by the 
dual-inhibitor peptide RJPXD33 for E. coli LpxA and LpxD (with Kd of 20 μM and 6 μM respectively)27, whose 
complex crystal structure with LpxA reveals potential hydrogen bond interactions with the protein backbone 
amide groups on the β strands, as well as non-polar interactions with protein backbone and side chains28. The 
same backbone functional groups, as well as similar side chain moieties, can be found in the acyl-chain binding 
pocket of LpxD. Our determination of the P. aeruginosa LpxA and LpxD crystal structures further demonstrates 
the conservation of binding hot spots between the two enzymes at the atomic level. Similar to the previously 
solved E. coli enzyme structures, the acyl-chain binding pockets in the P. aeruginosa LpxA and LpxD present the 
same backbone functional groups (Fig. 5B). Many side chains are also conserved between the two enzymes (e.g., 
Gly151/Gly272 from LpxA and LpxD respectively, and in the same order below), Phe166/Phe287, His121/His242 
(the catalytic histidine), or present the same functional groups (e.g., Cβ atom of Ser150/Ala271, non-polar hydro-
carbons of Val132/Ala253 and Ile148/Met269) (Fig. 5B).

One of the challenges of inhibitor discovery against LpxA and LpxD is the lack of an effective activity assay due 
to the nature and complexity of their reactions. Peptide inhibitor development has relied on biochemical experi-
ments with radio-labeled substrates29, or competition assays with fluorescent peptides27,40, followed by structural 

Figure 4. LpxD complex structure with compound 1. The compound is colored in orange. Potential hydrogen 
bonds are shown as dashed lines. (A) Superimposition of the apo (purple) and complex (green) protein 
structures shows a shift of the C-terminal alpha helix region of the protein in response to ligand binding. ARD 
and UBD are ACP recognition domains and uridine binding domains respectively. (B) Compound 1 in the 
active site. The unbiased Fo – Fc map is contoured at 2.0 σ. The chain IDs (A/B) indicate different monomers 
constituting the active site.

https://doi.org/10.1038/s41598-019-51844-z


7Scientific RepoRtS |         (2019) 9:15450  | https://doi.org/10.1038/s41598-019-51844-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

analysis of validated hits. Our results have demonstrated the potential of combining SPR and X-ray crystallogra-
phy as an alternative and efficient strategy for small molecule discovery. Despite the challenges posed by certain 
compounds, such as compound 1, SPR provides an efficient method to detect direct binding to LpxA and LpxD, 
whereas X-ray crystallography offers a lower throughput but complementary approach to verify binding and to 
reveal binding modes for lead optimization. We hypothesize that the technical difficulty with compounds such as 
1 in our SPR assay may have primarily originated from multiple binding modes and copies of ligand in the active 
site, considering the relatively small size of 1 and the large surface of the acyl-chain binding pocket especially in 
LpxD. Indeed, in the LpxA complex, compound 1 was found in a second pocket at the dimer interface outside 
the active site. Additionally, there was some residual weak electron density in the active site of LpxD complex 
crystal with compound 1 suggesting that another ligand copy could possibly be accommodated, although its low 
occupancy prevented it from being unambiguously identified and modeled at the current resolution. The com-
plexity of ligand binding may be further amplified due to increased thermal motion at the experimental temper-
ature of SPR (25 °C) in comparison to the cryogenic condition of X-ray diffraction data collection (~ −173 °C). 
Nonetheless the lowest-energy conformations of compounds 1 and 2 in our crystal structures provide valuable 
information about the protein binding hot spots and future compound modifications.

The dual-binding activity of several of our novel ligands has further demonstrated the feasibility of small 
molecule inhibitor discovery targeting LpxA and LpxD simultaneously. As shown by the complex structures of 
compound 1 bound to LpxA and LpxD, the ligand adopted similar binding poses in the two acyl-chain binding 
pockets, revealing both structural similarities and differences that can guide future dual inhibitor development 
(Figs 3 and 4B). The charged and polar functional groups of compound 1 interact with backbone amide groups 
shared by both LpxA and LpxD. The naphthalene ring is nestled in the hydrophobic pocket that recognizes the 
acyl-chain. Compared with the LpxA structure, the ligand’s aromatic ring goes deeper into the LpxD structure 
(Fig. 5C), consistent with a slightly larger acyl-chain binding pocket in LpxD.

The two complex structures also shed light on additional shared binding hot spots that can be exploited 
for future lead optimization. Particularly Phe166/Phe287, Val132/Ala253, and Ile148/Met269 (in LpxA/LpxD, 

Figure 5. Structural comparison of P. aeruginosa LpxA and LpxD. (A) Superimposition of the overall LpxA 
(green, PDB ID: 5DG3) and LpxD (magenta) trimers shows high levels of conservation for the backbone 
structure. (B) Similarities in the binding hot spots of LpxA (green) and LpxD (magenta). The acyl-chain of 
the LpxA-product complex (yellow, PDB ID: 5DG3) and compound 1 (orange) from the new LpxA complex 
structure are shown to indicate the active site. His121 and His242 are the catalytic histidine in LpxA and LpxD 
respectively. (C) Compound 1 exhibits comparable binding poses in LpxA (green) and LpxD (magenta).
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respectively) provide large hydrophobic binding surfaces that can be very valuable for enhancing ligand binding 
affinity for both proteins (Fig. 5B). The binding affinities of our current small molecules are still relatively modest, 
with the Kd of the compounds ranging from 2.1 to 36.7 μM. In preliminary studies using laboratory P. aeruginosa 
strains, compound 2 and 5 did not show significant inhibition of bacterial growth at 256 µg/mL(data not shown). 
Interestingly, the Kd values of these new compounds are comparable to those of RJPXD33 for E. coli LpxA and 
LpxD28. Another previously developed E. coli LpxA inhibitor, peptide 920, and its recent truncation analog CR20, 
showed more potent activity against E. coli LpxA, with Ki values of around 50 nM26,29. Comparing the E. coli LpxA 
crystal structures of the peptide inhibitors illustrates more extensive interactions between LpxA and peptide 920/
CR20 than RJPXD33. There are also more intramolecular interactions in peptide 920 and CR20, which adopt a 
hairpin conformation, in contrast to the extended configuration of RJPXD33. By leveraging additional binding 
surfaces in P. aeruginosa LpxA and LpxD, future development of our current small molecule scaffolds can lead 
to more active inhibitors that may also be cell permeable. In comparison, all the peptide inhibitors had to be 
expressed inside the cell in order to achieve their bactericidal effects.

The reaction catalyzed by LpxD follows a sequential ordered mechanism where acyl-ACP binds first, and 
holo-ACP dissociates last after the acyl chain is transferred to UDP-3-O-(R-3-OHC10)-GlcNAc substrate41. The 
recent determination of a series of E. coli ACP crystal structures in various complexes with LpxD provided impor-
tant insights into the complex interactions between ACP and LpxD, and ligand conformations in the acyl-chain 
binding pocket crucial to ACP release39. Aside from a β-coil motif, the ARD consists mostly of the C-terminal 
α-helix (Fig. 4). One of the most interesting observations in the LpxD complex structure is how ligand binding 
in the acyl-chain binding pocket triggers movement in the distal C-terminal helix, suggesting possible cross-talk 
between the catalytic pocket and ACP binding site. A similar movement of the C-terminal helix is also observed 
in the E. coli LpxD complex structures with ACP, when comparing them to the apo structure. Our complex struc-
ture suggests the possibility of coordination between substrate binding in the active site and ARD binding by ACP. 
However, the potential functional implication of this observation remains to be investigated.

Our new LpxD crystal structures also shed light on a previously uncharacterized magnesium ion at the 
center of the trimer core. We hypothesize that a magnesium ion can potentially stabilize the trimer. Whereas the 
presence of magnesium was important for LpxD crystallization, our initial attempts to evaluate the influence of 
magnesium on LpxD stability in solution failed to produce conclusive results by varying magnesium or EDTA 
concentrations (data not shown). This is likely due to interactions of excessive amounts of magnesium or EDTA 
with other parts of the protein. Interestingly, in one of the E. coli LpxD structures (PDB ID: 4IHF), similar den-
sities of a heavy atom with six coordinated waters were also observed at the exact location of the trimer core, but 
the heavy atom was modeled as Cl- possibly because of the high concentration of Cl- in the crystallization buffer39. 
However, it is highly likely that this density in E. coli LpxD also corresponds to a positively charged divalent ion, 
based on the water coordination pattern and the partially negatively charged protein environment due to the 
presence of a large number of backbone carbonyl groups. Together with our new data, the E. coli LpxD complex 
(PDB ID: 4IHF, 2.10 Å resolution) and the previously determined P. aeruginosa apo LpxD (PDB ID: 3PMO, 1.30 Å 
resolution) represent the highest resolution LpxD crystal structures, all of which appear to contain a structural 
divalent ion. It is possible that this divalent ion is present in the other LpxD crystal structures, but not visible in 
the electron density maps due to the diffraction resolution and data quality. Taken together, these observations 
suggest a possible structural role of the ion that merits further analysis.

conclusion
LpxA and LpxD are both promising targets for new antibiotic agents against GNB such as P. aeruginosa. Our stud-
ies have identified novel small-molecule scaffolds that can serve as starting points for future inhibitor discovery, 
including dual-binding compounds that take advantage of the structural and functional similarities shared by 
these two enzymes. Furthermore, the reported X-ray structures for LpxA and LpxD represent the first published 
structures of these enzymes complexed with non-substrate small molecule ligands. Though it was not the pri-
mary goal of this project, these complex structures also reveal interesting new structural features, most notably 
the α-helical shift in the ARD of LpxD following ligand binding. These observations offer new avenues for future 
investigation into the function of these proteins.

Methods
Materials. All reagents and chromatography supplies were purchased from Fisher Scientific. Crystal screens 
were purchased from QIAGEN. Compound 1 was purchased through Princeton BioMolecular Research, com-
pounds 2, 4, and 5 were purchased through Enamine, and compound 3 was purchased from Vitas-M. The purity 
was >90% for all purchased compounds based on the information provided by the commercial sources. As con-
trol, LC-MS was used to verify the purity and molecular weight of the most active compound (compound 5). The 
result confirmed the information provided by the vendor.

Molecular docking. DOCK 3.5.5442 was used to dock the lead-like and fragment subsets of the ZINC31 
database (~4.4 million compounds) into the previous solved product complex structure of P. aeruginosa LpxA 
(PDB ID: 5DEP)24. Multiple iterations of docking simulations were performed, each with minor alterations to 
conformational sampling space and side chain partial charges to favor conformations that would form hydrogen 
bonds with the targeted residues in the acyl chain binding pocket, such as Gln157, Gly151, and Met169. The final 
top 1000 ranking compounds were visually analyzed. The compounds that displayed the best complementarity 
and chemical diversity were selected and purchased for screening using X-ray crystallography and SPR.
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Construction and purification of recombinant LpxA and LpxD. LpxA was purified as previously 
described24. The N-terminal His-tagged P. aeruginosa LpxD was initially constructed the same as the published 
structure20. It was further altered by introducing deletions to the first two residues of the LpxD sequence using 
QuikChange Site-Directed Mutagenesis Kit (Stratagene) and gene specific oligonucleotide primers (forward 
primer [5′-GAA AAC TTG TAT TTC CAG GGC AGT ACC TTG TCC TAC ACC-3′] and reverse primer [3′- 
GGT GTA GGA CAA GGT ACT GCC CTG GAA ATA CAA GTT TTC-5′]). The pETMHL plasmid containing 
the N-terminal His-tagged P. aeruginosa LpxD with a 2 amino acid deletion sequence was transformed into cells, 
which were then grown in a 50 mL overnight culture of LB media with 35 µg/mL of chloramphenicol and 50 µg/mL 
of kanamycin at 20 °C. Then 10 mL of the overnight culture was added to 1 L of LB media containing 1 mL of 35 µg/
mL of chloramphenicol and 50 µg/mL of kanamycin each. These cells were incubated at 37 °C for 4 hours until they 
reached an OD600 of 0.6 to 0.8. Then induction was carried out by adding 1 mL of 0.5 M IPTG, followed by further 
incubation at 20 °C overnight. The culture is then centrifuged at 5,000 g for 10 minutes and the pellet is resus-
pended in 10 mL of the lysis buffer (20 mM Tris-HCl pH 8.4, 300 mM NaCl, 10% glycerol v/v, and 20 mM imida-
zole). The cells were thawed on ice and transferred to a 40 mL beaker. The cells were then sonicated on a 10 second 
sonication/15 second rest cycle for a total of 15 minutes at an amplitude of 6. The lysate was centrifuged at 40,000 
x g for 40 minutes at 4 °C. The supernatant was then filtered and loaded onto a HisTrap affinity column and eluted 
with a linear gradient spanning 10–500 mM imidazole. The fractions containing LpxD were collected, pooled, and 
concentrated down using an Amicon filter. The concentration of the protein was checked using UV280. The protein 
was loaded to a HiLoad 16/60 Superdex 75 column for additional purification along with the storage buffer (20 mM 
Tris-HCl pH 8.6 and 250 mM NaCl). The protein eluted at a peak consistent with the size of the trimeric form. The 
LpxD was stored at −80 °C at 35.8 mg/mL. The purity of the protein was determined by SDS-PAGE to be >95%.

Construction and purification of biotinylated avidity(Avi) tagged LpxA & LpxD. The LpxA and 
LpxD genes were inserted into BamHI and HindIII site of pAvibir plasmid. The plasmids were transformed into 
Rosetta DE3 pLysS cells, which were then grown in an overnight culture of 50 mL LB media with 100 µg/mL 
ampicillin and 35 µg/mL chloramphenicol at 20 °C. Then 10 mL of the overnight culture was added to 1 L of LB 
media again with 100 µg/mL ampicillin and 35 µg/mL chloramphenicol and incubated at 37 °C until OD600 was 
at least 0.6 but less than 0.8. Protein expression was induced by adding 1 mL of 0.5 M IPTG, along with 10 mL of 
fresh biotin solution at a concentration of 5 mM. The culture was then incubated at 20 °C with vigorous shaking 
overnight. Cells were harvested by centrifuging the solution for 10 minutes at 4000 g at 4 °C. The supernatant was 
discarded and the cell pellet was then resuspended in 10 mL of the lysis buffer (10 mM Tris pH 8.4, 300 mM NaCl, 
20 mM Imidazole, and 10% glycerol v/v) and a single dissolved protease inhibitor tablet. The resuspended cell 
pellet was then transferred to a 50 mL beaker for sonication. The cells were then sonicated on a 10 second sonica-
tion/15 second rest cycle for a total of 15 minutes at an amplitude of 6. The lysate was then centrifuged at 35,000 
x g for 35 minutes at 4 °C. The supernatant was filtered and loaded onto a HisTrap affinity column and eluted 
with a linear gradient spanning 10–500 mM imidazole. The fractions containing protein were collected, pooled, 
and concentrated down using an Amicon filter. The concentration of the protein was checked using UV280. The 
protein was the loaded to a HiLoad 16/60 Superdex 75 column for additional purification along with the storage 
buffer (20 mM Tris pH 8.6, 250 mM NaCl, and 1 mM EDTA). The protein eluted at a peak consistent again with 
the trimeric form of the protein. The protein was stored at −80 °C at 7.9 mg/mL for LpxA and 16.1 mg/mL for 
LpxD. The purity of the protein was determined by SDS-PAGE to be >95%.

LpxA and LpxD crystallization. LpxA was crystallized in 12% (w/v) PEG 1000, 0.2 M calcium acetate, 
and 0.1 M imidazole pH 7.0 with a drop ratio of 1 μl of protein to 2 μl of well solution and 0.5 μl of seed stock, as 
previously described24. LpxD crystals with a cuboidal-like morphology were grown in 12% (w/v) PEG 3350 and 
0.2 M magnesium acetate with a drop ratio of 2 μl of protein to 3 μl of well solution and 0.5 μl of seed stock. The 
crystals appeared within 21–28 days and measured up to 0.1 mm in length. Complex crystals were obtained by 
transferring apo crystals into crystallization solution containing 20 mM of each respective compound and 10% 
DMSO, and soaked for 24 hours (LpxA) or 51 hours (LpxD). The crystals were then cryoprotected with crystalli-
zation buffer containing 25% glycerol and immediately flash frozen in liquid nitrogen.

X-ray diffraction data collection & processing. X-ray diffraction data were collected at the SER-CAT 
and SBC beamlines at the Advanced Photon Source (APS) within Argonne National Laboratory (ANL). All data 
sets were indexed and integrated using iMosflm and scaled with Scala in the CCP4 suite43. The LpxD structures 
were solved by molecular replacement using Molrep (CCP4) and the previously determined P. aeruginosa LpxD 
structure (PDB ID: 3PMO) as the model. All LpxA crystals structures were solved using the previously solved P. 
aeruginosa LpxA structure (PDB ID: 5DEM) as the starting model. All model rebuilding of the solved structures 
was done using Coot, while all the refinements were carried out in the program REFMAC5 also found in the 
CCP4 suite. All figures of protein structures were created with the use of PyMOL (Schrödinger).

Surface plasmon resonance. All experiments were conducted using a Biacore 4000 instrument with a 
CM5 chip at 25 °C. Avi-LpxA (31.6 kDa, 7.9 mg/mL stock concentration) and Avi-LpxD (39.8 kDa, 16.1 mg/
mL stock concentration) were used as ligands to capture onto the NeutrAvidin immobilized CM5 chip surface. 
NeutrAvidin (60 kDa, 10 mg/mL) was diluted in 10 mM sodium acetate buffer at pH 4.5 (1:50 dilution, 200 µg/
mL diluted concentration) and immobilized to a level of ~18000 RU, using standard amine coupling chemistry. 
This NeutrAvidin was immobilized onto all spots (Ss) of all flow cells (FCs). PBS-P (20 mM Phosphate buffer, pH 
7.4, 2.7 mM KCl, 137 mM NaCl, 0.05% v/v surfactant P20) was used as the immobilization running buffer. Flow 
cell 3 off all flow cells were used as the reference spot. Avi-LpxA was diluted (1:75 dilution, 105.3 µg/mL diluted 
concentration) in PBS-P and injected onto S1 of all FCs (FCs 1–4). Avi-LpxD was diluted (1:75 dilution, 214.7 µg/
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mL diluted concentration) in PBS-P and injected onto S5 of all FCs. The ligands were captured in the presence of 
PBS-P. Based on the captured response values, theoretical Rmax values were calculated for the lowest and highest 
MW analytes. The Rmax values assume 1:1 interaction mechanism. Overnight kinetics were performed for all 
compounds in the presence of PBS-P+ 1% DMSO buffer. Contact time and dissociation time used in screening 
experiments were 60 seconds and 300 seconds respectively. Injected analyte concentrations were 0 µM, 2.5 µM, 
5 µM, 10 µM, 20 µM, and 40 µM. The compounds were injected in triplicate for each concentration. Data from 
overnight kinetics were evaluated by steady state affinity or 1:1 kinetics model fitting. The SPR response curves 
and fitted curves can be found in Supplementary Fig. S1.

β-lactamase inhibition assays. CTX-M-14 and KPC-2 were purified as previously described35,36,44. The 
hydrolytic activity of CTX-M-14 and KPC-2 was determined using the β-lactamase substrate nitrocefin in a 
PBS-P+ buffer containing 200 mM phosphate buffer pH 7.4, 27 mM potassium chloride and 1.37 M sodium 
chloride, 0.5% (v/v) surfactant P20 supplemented with 2% DMSO. Nitrocefin hydrolysis was monitored using a 
BioTek Synergy Mx monochromator-based multimode microplate reader at 486 nm wavelength. For CTX-M-14 
and KPC-2 inhibition assays, the nitrocefin concentration used was 20 µM and 10 µM, respectively. The Km of 
nitrocefin for CTX-M-14 is 22 µM and for KPC-2 is 10 µM. Compounds were used for IC50 measurements up to 
3 mM based on their solubility in DMSO. The final protein concentration used in the reaction for CTX-M-14 and 
KPC-2 was 0.3 nM and 1 nM respectively. The protein was added last to initiate the reaction.

Data availability
The atomic coordinates and structure factors for all LpxA and LpxD structures have been deposited in the Protein 
Data Bank (http://www.rcbs.org) under the accession numbers 6UEC, 6UED, 6UEE, and 6UEG.

Received: 31 July 2019; Accepted: 9 October 2019;
Published: xx xx xxxx

References
 1. Zhang, G., Meredith, T. C. & Kahne, D. On the essentiality of lipopolysaccharide to Gram-negative bacteria. Curr Opin Microbiol 16, 

779–785, https://doi.org/10.1016/j.mib.2013.09.007 (2013).
 2. Raetz, C. R. & Whitfield, C. Lipopolysaccharide endotoxins. Annual review of biochemistry 71, 635–700, https://doi.org/10.1146/

annurev.biochem.71.110601.135414 (2002).
 3. Anderson, M. S. et al. UDP-N-acetylglucosamine acyltransferase of Escherichia coli. The first step of endotoxin biosynthesis is 

thermodynamically unfavorable. The Journal of biological chemistry 268, 19858–19865 (1993).
 4. Barb, A. W. & Zhou, P. Mechanism and inhibition of LpxC: an essential zinc-dependent deacetylase of bacterial lipid A synthesis. 

Curr Pharm Biotechnol 9, 9–15 (2008).
 5. CDC. Antibiotic Resistance Threats in the United States. 114 (Center For Disease Control and Prevention [CDC], 2013).
 6. King, J. D., Kocincova, D., Westman, E. L. & Lam, J. S. Review: Lipopolysaccharide biosynthesis in Pseudomonas aeruginosa. Innate 

immunity 15, 261–312, https://doi.org/10.1177/1753425909106436 (2009).
 7. Joo, S. H. Lipid A as a Drug Target and Therapeutic Molecule. Biomol Ther (Seoul) 23, 510–516, https://doi.org/10.4062/

biomolther.2015.117 (2015).
 8. Jackman, J. E. et al. Antibacterial agents that target lipid A biosynthesis in gram-negative bacteria. Inhibition of diverse UDP-3-O-

(r-3-hydroxymyristoyl)-n-acetylglucosamine deacetylases by substrate analogs containing zinc binding motifs. The Journal of 
biological chemistry 275, 11002–11009 (2000).

 9. Onishi, H. R. et al. Antibacterial agents that inhibit lipid A biosynthesis. Science 274, 980–982 (1996).
 10. Danner, R. L. et al. Endotoxemia in human septic shock. Chest 99, 169–175 (1991).
 11. Wang, X., Quinn, P. J. & Yan, A. Kdo2 -lipid A: structural diversity and impact on immunopharmacology. Biol Rev Camb Philos Soc 

90, 408–427, https://doi.org/10.1111/brv.12114 (2015).
 12. Whitfield, C. & Trent, M. S. Biosynthesis and export of bacterial lipopolysaccharides. Annual review of biochemistry 83, 99–128, 

https://doi.org/10.1146/annurev-biochem-060713-035600 (2014).
 13. Kelly, T. M., Stachula, S. A., Raetz, C. R. & Anderson, M. S. The firA gene of Escherichia coli encodes UDP-3-O-(R-3-

hydroxymyristoyl)-glucosamine N-acyltransferase. The third step of endotoxin biosynthesis. The Journal of biological chemistry 268, 
19866–19874 (1993).

 14. Raetz, C. R. & Roderick, S. L. A left-handed parallel beta helix in the structure of UDP-N-acetylglucosamine acyltransferase. Science 
270, 997–1000 (1995).

 15. Vuorio, R., Harkonen, T., Tolvanen, M. & Vaara, M. The novel hexapeptide motif found in the acyltransferases LpxA and LpxD of 
lipid A biosynthesis is conserved in various bacteria. FEBS Lett 337, 289–292 (1994).

 16. Buetow, L., Smith, T. K., Dawson, A., Fyffe, S. & Hunter, W. N. Structure and reactivity of LpxD, the N-acyltransferase of lipid A 
biosynthesis. Proc Natl Acad Sci USA 104, 4321–4326, https://doi.org/10.1073/pnas.0606356104 (2007).

 17. Williams, A. H. & Raetz, C. R. Structural basis for the acyl chain selectivity and mechanism of UDP-N-acetylglucosamine 
acyltransferase. Proc Natl Acad Sci USA 104, 13543–13550, https://doi.org/10.1073/pnas.0705833104 (2007).

 18. Badger, J. et al. The structure of LpxD from Pseudomonas aeruginosa at 1.3 A resolution. Acta crystallographica. Section F, Structural 
biology and crystallization communications 67, 749–752, https://doi.org/10.1107/S1744309111018811 (2011).

 19. Badger, J. et al. Structure determination of LpxA from the lipopolysaccharide-synthesis pathway of Acinetobacter baumannii. Acta 
crystallographica. Section F, Structural biology and crystallization communications 68, 1477–1481, https://doi.org/10.1107/
S174430911204571X (2012).

 20. Badger, J. et al. Structure determination of LpxD from the lipopolysaccharide-synthesis pathway of Acinetobacter baumannii. Acta 
crystallographica. Section F, Structural biology and crystallization communications 69, 6–9, https://doi.org/10.1107/
S1744309112048890 (2013).

 21. Bartling, C. M. & Raetz, C. R. Crystal structure and acyl chain selectivity of Escherichia coli LpxD, the N-acyltransferase of lipid A 
biosynthesis. Biochemistry 48, 8672–8683, https://doi.org/10.1021/bi901025v (2009).

 22. Joo, S. H., Chung, H. S., Raetz, C. R. & Garrett, T. A. Activity and crystal structure of Arabidopsis thaliana UDP-N-acetylglucosamine 
acyltransferase. Biochemistry 51, 4322–4330, https://doi.org/10.1021/bi3002242 (2012).

 23. Ngo, A., Fong, K. T., Cox, D. L., Chen, X. & Fisher, A. J. Structures of Bacteroides fragilis uridine 5′-diphosphate-N-
acetylglucosamine (UDP-GlcNAc) acyltransferase (BfLpxA). Acta Crystallogr D Biol Crystallogr 71, 1068–1076, https://doi.
org/10.1107/S1399004715003326 (2015).

https://doi.org/10.1038/s41598-019-51844-z
http://www.rcbs.org
https://doi.org/10.1016/j.mib.2013.09.007
https://doi.org/10.1146/annurev.biochem.71.110601.135414
https://doi.org/10.1146/annurev.biochem.71.110601.135414
https://doi.org/10.1177/1753425909106436
https://doi.org/10.4062/biomolther.2015.117
https://doi.org/10.4062/biomolther.2015.117
https://doi.org/10.1111/brv.12114
https://doi.org/10.1146/annurev-biochem-060713-035600
https://doi.org/10.1073/pnas.0606356104
https://doi.org/10.1073/pnas.0705833104
https://doi.org/10.1107/S1744309111018811
https://doi.org/10.1107/S174430911204571X
https://doi.org/10.1107/S174430911204571X
https://doi.org/10.1107/S1744309112048890
https://doi.org/10.1107/S1744309112048890
https://doi.org/10.1021/bi901025v
https://doi.org/10.1021/bi3002242
https://doi.org/10.1107/S1399004715003326
https://doi.org/10.1107/S1399004715003326


1 1Scientific RepoRtS |         (2019) 9:15450  | https://doi.org/10.1038/s41598-019-51844-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

 24. Smith, E. W. et al. Structures of Pseudomonas aeruginosa LpxA Reveal the Basis for Its Substrate Selectivity. Biochemistry 54, 
5937–5948, https://doi.org/10.1021/acs.biochem.5b00720 (2015).

 25. Kalinin, D. V. & Holl, R. LpxC inhibitors: a patent review (2010–2016). Expert Opin Ther Pat 27, 1227–1250, https://doi.org/10.108
0/13543776.2017.1360282 (2017).

 26. Dangkulwanich, M., Raetz, C. R. H. & Williams, A. H. Structure guided design of an antibacterial peptide that targets UDP-N-
acetylglucosamine acyltransferase. Sci Rep 9, 3947, https://doi.org/10.1038/s41598-019-40418-8 (2019).

 27. Jenkins, R. J. & Dotson, G. D. Dual targeting antibacterial peptide inhibitor of early lipid A biosynthesis. ACS Chem Biol 7, 
1170–1177, https://doi.org/10.1021/cb300094a (2012).

 28. Jenkins, R. J., Heslip, K. A., Meagher, J. L., Stuckey, J. A. & Dotson, G. D. Structural basis for the recognition of peptide RJPXD33 by 
acyltransferases in lipid A biosynthesis. The Journal of biological chemistry 289, 15527–15535, https://doi.org/10.1074/jbc.
M114.564278 (2014).

 29. Williams, A. H., Immormino, R. M., Gewirth, D. T. & Raetz, C. R. Structure of UDP-N-acetylglucosamine acyltransferase with a 
bound antibacterial pentadecapeptide. Proc Natl Acad Sci USA 103, 10877–10882, https://doi.org/10.1073/pnas.0604465103 (2006).

 30. Silver, L. L. Multi-targeting by monotherapeutic antibacterials. Nat Rev Drug Discov 6, 41–55, https://doi.org/10.1038/nrd2202 
(2007).

 31. Irwin, J. J. & Shoichet, B. K. ZINC–a free database of commercially available compounds for virtual screening. J Chem Inf Model 45, 
177–182, https://doi.org/10.1021/ci049714+ (2005).

 32. Lorber, D. M. & Shoichet, B. K. Hierarchical docking of databases of multiple ligand conformations. Curr Top Med Chem 5, 739–749 
(2005).

 33. Irwin, J. J. et al. An Aggregation Advisor for Ligand Discovery. J Med Chem 58, 7076–7087, https://doi.org/10.1021/acs.
jmedchem.5b01105 (2015).

 34. McGovern, S. L., Caselli, E., Grigorieff, N. & Shoichet, B. K. A common mechanism underlying promiscuous inhibitors from virtual 
and high-throughput screening. J Med Chem 45, 1712–1722, https://doi.org/10.1021/jm010533y (2002).

 35. Pemberton, O. A. et al. Antibacterial Spectrum of a Tetrazole-Based Reversible Inhibitor of Serine beta-Lactamases. Antimicrob 
Agents Chemother 62, https://doi.org/10.1128/AAC.02563-17 (2018).

 36. Torelli, N. J. et al. Active-Site Druggability of Carbapenemases and Broad-Spectrum Inhibitor Discovery. ACS Infect Dis 5, 
1013–1021, https://doi.org/10.1021/acsinfecdis.9b00052 (2019).

 37. Ulaganathan, V., Buetow, L. & Hunter, W. N. Nucleotide substrate recognition by UDP-N-acetylglucosamine acyltransferase (LpxA) 
in the first step of lipid A biosynthesis. J Mol Biol 369, 305–312, https://doi.org/10.1016/j.jmb.2007.03.039 (2007).

 38. Wyckoff, T. J. & Raetz, C. R. The active site of Escherichia coli UDP-N-acetylglucosamine acyltransferase. Chemical modification 
and site-directed mutagenesis. The Journal of biological chemistry 274, 27047–27055 (1999).

 39. Masoudi, A., Raetz, C. R., Zhou, P. & Pemble, C. W. T. Chasing acyl carrier protein through a catalytic cycle of lipid A production. 
Nature 505, 422–426, https://doi.org/10.1038/nature12679 (2014).

 40. Shapiro, A. B. et al. A high-throughput-compatible fluorescence anisotropy-based assay for competitive inhibitors of Escherichia coli 
UDP-N-acetylglucosamine acyltransferase (LpxA). J Biomol Screen 18, 341–347, https://doi.org/10.1177/1087057112462062 (2013).

 41. Bartling, C. M. & Raetz, C. R. Steady-state kinetics and mechanism of LpxD, the N-acyltransferase of lipid A biosynthesis. 
Biochemistry 47, 5290–5302, https://doi.org/10.1021/bi800240r (2008).

 42. Chen, Y. & Shoichet, B. K. Molecular docking and ligand specificity in fragment-based inhibitor discovery. Nature chemical biology 
5, 358–364, https://doi.org/10.1038/nchembio.155 (2009).

 43. Winn, M. D. et al. Overview of the CCP4 suite and current developments. Acta Crystallogr D Biol Crystallogr 67, 235–242, https://
doi.org/10.1107/S0907444910045749 (2011).

 44. Pemberton, O. A., Zhang, X. & Chen, Y. Molecular Basis of Substrate Recognition and Product Release by the Klebsiella pneumoniae 
Carbapenemase (KPC-2). J Med Chem 60, 3525–3530, https://doi.org/10.1021/acs.jmedchem.7b00158 (2017).

Acknowledgements
We thank M. Trent Kemp for assistance with structural analysis. This research used resources of the Advanced 
Photon Source, a U.S. Department of Energy (DOE) Office of Science User Facility operated for the DOE Office 
of Science by Argonne National Laboratory under Contract No. DE-AC02-06CH11357. Results shown in this 
report are derived from work performed at the Structural Biology Center (SBC) and the Southeast Regional 
Collaborative Access Team (SER-CAT) beamlines. SBC-CAT is operated by UChicago Argonne, LLC, for the U.S. 
DOE, Office of Biological and Environmental Research under Contract No. DE-AC02-06CH11357. SER-CAT is 
supported by the U.S. Department of Energy (Contract No. W-31-109-Eng-38).

Author contributions
L.A., J.K., F.C. and Y.C. conceived of the experiments, X.Z. constructed and purified the proteins, E.S. and K.K. 
performed crystallization screening, K.K., M.S., E.S. and D.S. carried out protein crystallization and structure 
determination, K.K., E.S. and M.S. did molecular docking experiments, J.K. oversaw the surface plasmon 
resonance experiments, and A. A. analyzed the compounds against β-lactamases. S.D. carried out the preliminary 
MIC experiments. L.A., F.C., J.K., Y.C., K.K. and M.S. contributed to the analysis of the results. K.K., M.S. and Y.C. 
wrote the manuscript. All authors reviewed the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51844-z.
Correspondence and requests for materials should be addressed to Y.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-51844-z
https://doi.org/10.1021/acs.biochem.5b00720
https://doi.org/10.1080/13543776.2017.1360282
https://doi.org/10.1080/13543776.2017.1360282
https://doi.org/10.1038/s41598-019-40418-8
https://doi.org/10.1021/cb300094a
https://doi.org/10.1074/jbc.M114.564278
https://doi.org/10.1074/jbc.M114.564278
https://doi.org/10.1073/pnas.0604465103
https://doi.org/10.1038/nrd2202
https://doi.org/10.1021/ci049714+
https://doi.org/10.1021/acs.jmedchem.5b01105
https://doi.org/10.1021/acs.jmedchem.5b01105
https://doi.org/10.1021/jm010533y
https://doi.org/10.1128/AAC.02563-17
https://doi.org/10.1021/acsinfecdis.9b00052
https://doi.org/10.1016/j.jmb.2007.03.039
https://doi.org/10.1038/nature12679
https://doi.org/10.1177/1087057112462062
https://doi.org/10.1021/bi800240r
https://doi.org/10.1038/nchembio.155
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1021/acs.jmedchem.7b00158
https://doi.org/10.1038/s41598-019-51844-z
http://www.nature.com/reprints


1 2Scientific RepoRtS |         (2019) 9:15450  | https://doi.org/10.1038/s41598-019-51844-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-51844-z
http://creativecommons.org/licenses/by/4.0/

	Discovery of dual-activity small-molecule ligands of Pseudomonas aeruginosa LpxA and LpxD using SPR and X-ray crystallograp ...
	Results
	LpxD crystallization. 
	Structure-based ligand discovery. 
	Complex crystal structures with small molecule ligands. 

	Discussion
	Conclusion
	Methods
	Materials. 
	Molecular docking. 
	Construction and purification of recombinant LpxA and LpxD. 
	Construction and purification of biotinylated avidity(Avi) tagged LpxA & LpxD. 
	LpxA and LpxD crystallization. 
	X-ray diffraction data collection & processing. 
	Surface plasmon resonance. 
	β-lactamase inhibition assays. 

	Acknowledgements
	Figure 1 Lipid A biosynthesis pathway.
	Figure 2 Magnesium ion and coordinated waters at the core of LpxD trimer.
	Figure 3 LpxA complex structures with novel inhibitors.
	Figure 4 LpxD complex structure with compound 1.
	Figure 5 Structural comparison of P.
	Table 1 Binding affinity (Kd) determined by surface plasmon resonance assay.




