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Abstract 
 

Lipopolysaccharide, the physical barrier that protects Gram-negative bacteria 

from various antibiotics and environmental stressors, is anchored to the outer membrane 

by the phosphorylated, acylated disaccharide of glucosamine known as lipid A. Besides 

being necessary for the viability of most Gram-negative bacteria, lipid A interacts directly 

with specific mammalian immune cell receptors, causing an inflammatory response that 

can result in septic shock. The lipid A biosynthetic pathway contains nine enzymatic 

steps, the sixth being the phosphorylation of the tetraacyldisaccharide-1-phosphate 

(DSMP) precursor to form lipid IVA by the inner membrane-bound kinase LpxK, a 

divergent member of the P-loop containing nucleotide triphosphate hydrolase 

superfamily. LpxK is the only known P-loop kinase to act on a lipid at the membrane 

interface. 

We report herein multiple crystal structures of Aquifex aeolicus LpxK in apo as 

well as ATP, ADP/Mg2+, AMP-PCP, and chloride-bound forms. LpxK consists of two 

α/β/α sandwich domains connected by a two-stranded β-sheet linker. The N-terminal 

domain, which has most structural homology to other P-loop kinase family members, is 

responsible for catalysis at the P-loop and positioning of the DSMP substrate for 

phosphoryl transfer on the inner membrane. The smaller C-terminal domain, a 

substructure unique to LpxK, helps bind the nucleotide substrate using a 25º hinge 

motion about its base which also assembles the necessary catalytic residues at the 

active site. 

Using a thin-layer chromatography-based radioassay, we have performed 

extensive kinetic characterization of the enzyme and demonstrate that LpxK activity in 
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vitro is dependent on the presence of detergent micelles, the use of divalent cations, and 

formation of a ternary LpxK-ATP/Mg2+-DSMP complex. Implementing steady-state 

kinetic analysis of multiple point mutants, we identify crucial active site residues. We 

propose that the interaction of D99 with H261 acts to increase the pKa of the imidazole 

group, which in turn serves as the catalytic base to deprotonate the 4ʹ′-hydroxyl of 

DSMP. An analogous mechanism has not yet been reported for any member of the P-

loop kinase family. 

 The membrane/lipid binding characteristics of LpxK have also been also 

investigated through a crystal structure of the LpxK-lipid IVA product complex along with 

point mutagenesis of residues in the DSMP binding pocket. Critical contacts with the 

bound lipid include interactions along the glucosamine backbone and the 1-position 

phosphate group, especially through R171. Furthermore, analysis of truncation mutants 

of the N-terminal helix of LpxK demonstrates that this substructure is a critical 

hydrophobic contact point with the membrane, and that both charge-charge and 

hydrophobic interactions contribute to the localization of LpxK at the lipid bilayer.  

 Overall, this work has contributed significantly to the limited knowledge 

surrounding membrane-bound enzymes that act upon lipid substrates. It has also 

provided insight into the process of enzyme evolution as LpxK, while containing a similar 

core domain as other P-loop kinases, has developed multiple subdomains required for 

both cellular localization and recognition of novel substrates. Finally, the presence of 

multiple crystal structures and detailed understanding of the LpxK catalytic mechanism 

will improve the chances of successfully targeting this essential step in lipid A 

biosynthesis in the pursuit of novel antimicrobials. 
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1. Introduction 
1.1 The cell envelope of Gram-negative bacteria 

 Gram-negative bacteria represent a highly diverse set of organisms that inhabit 

niches ranging from the hot thermal vents at the bottom of the ocean to the human gut. 

Study of these organisms has been beneficial to a variety of fields including the 

production of biofuels, bioremediation, and adjuvant development for vaccines (1). Some 

Gram-negative bacteria, such as select strains of Escherichia coli and Salmonella 

typherium, can cause devastating infections that sometimes claim the life of the host (2, 

3). Over 30 % of hospital-acquired infections find their roots in Gram-negative organisms 

(4). Thus, the study of Gram-negative bacteria is vital for both the evolution of scientific 

industry and the elimination of Gram-negative disease through the discovery of novel 

antimicrobials directed at these bacteria (5). 

 Gram-negative bacteria differentiate themselves from their Gram-positive 

counterparts through the presence of two lipid bilayers in their cell envelope which 

sandwich a thin peptidoglycan structure (6). Gram-positives contain only a single lipid 

bilayer and a thick peptidoglycan outer coat (Fig. 1.1). The inner membrane of Gram-

negative bacteria is symmetric and is made mainly of phosphatidyl glycerol and 

phosphatidyl ethanolamine. The outer membrane is asymmetric, with an inner leaflet 

made up primarily of these same phospholipids. The outer leaflet of the outer membrane 

is made up primarily of lipopolysaccharide (LPS), a complex carbohydrate anchored to 

the outer membrane through a phosphorylated, acylated disaccharide of glucosamine 

known as lipid A (7-9). E. coli lipid A is phosphorylated at the 1- and 4ʹ′-positions and is 

predominantly hexaacylated (Fig. 1.2). The presence of lipid A on the outer membrane is 
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a requirement for the viability of most Gram-negative bacteria with few exceptions (10-

12), and it provides a permeability barrier against environmental stressors such as ions 

and small cyclic cationic antimicrobial polypeptides (13, 14). 

 

 

Figure 1.1: Membrane structure of Gram-positive versus Gram-negative 
bacteria. 

Gram-positive and Gram-negative bacteria contain differently structured cell envelopes. 
Gram-positive bacterial envelopes (left panel) contain a single lipid bilayer (blue) and a 
thick peptidoglycan layer (green). Gram-negative bacterial cell envelopes (right panel), 
working inside to outside, contain a symmetric phospholipid (blue) bilayer, a thin 
peptidoglycan layer (green), and an asymmetric outer membrane, the outer leaflet of 
which is composed of lipopolysaccharide (red). 
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Figure 1.2: Schematic of the structure of the E. coli outer membrane. 
(A) The outer membrane of E. coli is asymmetric, the inner leaflet being composed 
mainly of phoshpolipids and the outer leaflet being composed of LPS. The hydrophobic 
anchor of LPS is a hexaacylated, phosphorylated, disaccharide of glucosamine called 
lipid A. Various sugars such as Kdo (3-deoxy-D-manno-oct-2-ulosonic acid), heptose 
(Hep), glucose (Glc), and galactose (Gal), sometimes modified with a phosphate (P) or 
ethanolamine (Etn) moiety, make up the inner and outer core. The O-antigen portion of 
LPS, which is also composed of carbohydrates, is highly variable among Gram-negative 
serotypes. (B) The chemical structure of E. coli lipid A. Chain length is indicated. 

Porin

Lipo-
protein

P P P P P P P P P P P P P P

Kdo
Kdo

GlcN GlcN GlcN GlcN
GlcN GlcN GlcN GlcN GlcN GlcN GlcN GlcN GlcN GlcN

Hep

Hep
Hep

Glc

Glc

Glc Hep

Gal

PEtn

Kdo
Kdo

Hep

Hep
Hep

Glc

Glc

Glc Hep

Gal

PEtn

Kdo
Kdo

Hep

Hep
Hep

Glc

Glc

Glc Hep

Gal

PEtn

Kdo
Kdo

Hep

Hep
Hep

Glc

Glc

Glc Hep

Gal

PEtn

Kdo
Kdo

Hep

Hep
Hep

Glc

Glc

Glc Hep

Gal

PEtn

Kdo
Kdo

Hep

Hep
Hep

Glc

Glc

Glc Hep

Gal

PEtn

Kdo
Kdo

Hep

Hep
Hep

Glc

Glc

Glc Hep

Gal

PEtn

(n) (n) (n) (n) (n) (n) (n)

Phospholipids

Lipid A

Inner core

Outer core

O-antigen repeat

Periplasmic Space

Extracellular
 Space

P P P P P P P

A

B



 

	  

4	  

1.2 The role of lipid A (endotoxin) in Gram-negative disease 

The sugar portion of LPS contains three distinct segments: the inner core, the 

outer core, and the O-antigen (Fig. 1.2) (8). The O-antigen component of LPS is highly 

variable in its composition depending on the specific bacterial serotype and contributes 

to both the protection of the invading bacteria and promotion of an inflammatory 

response during Gram-negative infection (15, 16). Lipid A (also referred to as endotoxin) 

also contributes substantially to the inflammatory response. In some instances, 

inflammation can lead to septic shock, a condition where bacteria enter the bloodstream 

leading to systemic infection and a compromised immune system (8). Unless treated 

promptly, this condition results in blood vessel damage, coagulation of the blood, organ 

failure, and ultimately death.  

The primary mediator of the inflammatory response to endotoxin in mammals has 

been demonstrated to be the Toll-like receptor 4 (TLR4) (17). The Toll-like receptor 

family was named due to its sequence similarity with a critical Drosophila surface protein 

required for fly viability and includes at least ten members which detect specific ligands 

associated with various pathogens through pattern recognition (18). As a bacterium 

approaches a host immune cell, some of its LPS is removed by host-derived lipid-

binding protein (LBP) which in turn hands off the antigen to monocyte differentiation 

antigen CD14 on the surface of host immune cells (19). CD14 greatly enhances the 

responsiveness of immune cells by enabling these cells to detect picomolar levels of 

LPS. CD14 is responsible for presenting LPS to TLR4, an event that also requires the 

presence of myeloid differentiation factor 2 (MD-2) (20).  A heterodimer of three of these 

species (LPS, TLR4 extracellular domain, and MD-2) has recently been structurally 

characterized, leading to important new insights regarding LPS recognition (Fig. 1.3) 
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(21). The MD-2 protein, which consists of a β-sandwich fold, cups the acyl chains of LPS 

and positions the carbohydrate portion for recognition near the dimerization interface, 

creating a structural bridge between the TLR4 extracellular domains. An acyl chain of 

lipid A, which escapes the MD-2 sandwich, participates in the formation of a hydrophobic 

patch that may also help promote dimerization. This interaction presumably leads to 

association of the Toll/interleukin-1 receptor (TIR) intercellular domains of the receptor 

dimer, leading to activation of various signaling pathways, though the specifics of the 

process of dimer activation have yet to be fully elucidated (22). 

 

 

Figure 1.3: Structural characterization of the lipid A interaction with the human 
TLR4/MD-2 receptor complex.  

To produce an immunogenic response, the lipid A portion of LPS (magenta and red 
spheres) bound to MD-2 (red and orange cartoon) promotes the dimerization of the 
extracellular domains of two TLR4 receptors (green and blue cartoon) (PDB 3FXI). This 
dimerization propagates the interaction across the plasma membrane of the host cell, 
leading to association of the intracellular (TIR) domains and subsequent signaling 
cascades. Figures were generated using Pymol (23). 

 

Despite the large size of the receptor complex responsible for LPS detection, 

small structural changes to the lipid A ligand have profound consequences for 

downstream signaling and immune response (Fig. 1.4). Unmodified E. coli lipid A, when 

bound to TLR4, promotes two signaling cascades based on the cytosolic protein scaffold 

90°
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formed by the TIR domains. One cascade involves recruitment of myeloid differentiation 

primary response gene 88 (MyD88) and MyD88-adaptor-like protein (MAL) which results 

in nuclear factor κ-B (NF-κB) accumulation in the nucleus where it is responsible for 

inducing the production of pro-inflammatory cytokines, some of the primary mediators of 

the innate immune system which if left unchecked can lead to septic shock (19, 22). The 

second cascade involves recruitment of TIR-domain-containing adaptor-inducing 

interferon-β (TRIF) and TRIF-related adaptor molecule (TRAM), which promote a 

cascade that activates interferon regulatory factor 3 (IRF-3). Protein expression 

stimulated by IRF-3 includes interferon-β (IFN-β) and leads to a more adaptive immune 

response including promotion of pathogen clearance (24, 25). 

In contrast to unmodified lipid A, monophosphoryl lipid A (MPLA) acts as a partial 

agonists of the TLR4 receptor, inducing a receptor conformation which promotes 

TRIF/TRAM signaling over the MyD88/MAL pathway (Fig. 1.4) (26, 27). Because MPLA 

molecules stimulate the adaptive immune response, they act as effective adjuvants, 

decreasing the chances that the host will succumb to septic shock. This difference in 

signaling with respect to different types of lipid has been attributed to “loose” 

dimerization due to the loss of the contacts provided by the 1-position phosphate group 

(21, 28). It is clear that understanding how lipid A biosynthesis and modification affect 

host immune response to pathogens is an important goal for the study of LPS as a 

whole, especially how certain structural features of the lipid elicit the innate immune 

response and sometimes lead to sepsis. 
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Figure 1.4: Schematic of signaling pathways activated by full and partial 
agonists of the TLR4/MD-2 receptor complex.  

Lipid A and MPLA both are able to induce dimerization of mammalian TLR4/MD-2 (dark 
yellow/forest green) but lead to different signaling outcomes. Both lipids are shuttled to 
the receptor through LBP (yellow) and CD14 (orange) and bind the receptor in similar 
manners. The extracellular dimerization event causes the intracellular TIR domains 
(brown) to associate, leading to an intracellular signaling cascade. In the case of lipid A-
induced dimerization, a signaling cascade involving MyD88/MAL (blue/teal) is activated 
leading to activation of NF-κB (magenta) and transcription of genes involved in the 
production of pro-inflammatory cytokines along with the TRAM/TRIF (dark green/light 
green) signaling pathway which through the IRF-3 (gray) nuclear factor enacts the 
production of interferon-β and an adaptive immune response. MPLA binding to the 
receptor complex favors the latter pathway, leading to adjuvanticity and pathogen 
clearance.  
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1.3 The biosynthesis and transport of lipid A 

Due to the important role lipid A plays in both the viability and pathogenicity of 

Gram-negative bacteria, preventing its biosynthesis would stand as an effective way to 

halt the growth of these microbes. The emergence of multidrug resistant strains of these 

organisms has increased the need for the discovery of new pathways to target within 

Gram-negatives and new drugs to inhibit the essential enzymes of these pathways (5). 

Given that lipid A is required for growth and found only in Gram-negative species, the 

lipid A biosynthetic pathway stands as an attractive target with which to selectively inhibit 

proliferation of these organisms (9). 

 The biosynthetic pathway of lipid A in E. coli is made up of nine constitutively 

expressed enzymes which over the last quarter century have been characterized 

genetically, biochemically, and in some cases structurally by members of the Raetz 

laboratory (Fig. 1.5) (29). With few exceptions, these enzymes have orthologs in every 

Gram-negative bacterial organism and exist as a single copy (30).  The pathway begins 

with acyl carrier protein (ACP) donating an R-3-hydroxymyristoyl acyl group to uridine 

diphosphate-N-acetyl-D-glucosamine (UDP-GlcNAc) at the 3-position catalyzed by LpxA 

(31, 32). The resulting UPD-3-O-(acyl)-GlcNAc is deacetylated at the 2-position by the 

Zn2+-dependent deacetylase LpxC, a step which has garnered the most attention with 

regards to the development of novel antimicrobials (33, 34). Next, LpxD adds a second 

R-3-hydroxymyristate moiety from acyl-ACP to the vacated 2-position forming UDP-2,3-

diacyl-GlcN (UDP-DAGn) (35). The Mn2+-dependent hydrolase LpxH is then responsible 

for the removal of UMP leaving 2,3-diacyl-GlcN-1-phosphate, also known as lipid X (36). 

In roughly one third of Gram-negative bacteria, this step is carried out by the functional 

ortholog LpxI, a protein unrelated in sequence to LpxH (37). Next, one molecule of lipid 
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X and one molecule of UDP-2,3-diacyl-GlcN are condensed through a β, 1ʹ′-6 linkage by 

LpxB to form tetraacyldisaccharide-1-phosphate (DSMP) (32).  LpxK then transfers the 

γ-phosphate from ATP to the 4ʹ′-position of DSMP to form lipid IVA (38).  Two 3-deoxy-D-

manno-oct-2-ulosonic acid (Kdo) sugars are subsequently transferred from CMP-Kdo to 

the 6ʹ′-position by the bifunctional transferase KdtA (39). Finally, secondary acylation of 

the distal glucosamine is catalyzed, with the help of acyl-ACP, by LpxL (a lauroyl 

transferase) and LpxM (a myristyl transferase) (40-43).  

Interestingly, genes of this pathway are not confined to bacteria alone. Various 

plant species have been revealed to encode functioning orthologs of many of the core 

lipid A biosynthetic enzymes, though the role of a lipid A-like molecule in plants has yet 

to be fully elucidated (44). Possibilities include lipid A acting as a signaling molecule, 

contributing to defenses upon invasion of a pathogen, or providing certain structural 

features to various cell membranes. Green fluorescent protein labeling studies have 

shown that the orthologs of the lipid A biosynthetic enzymes are targeted to the 

mitochondria in these organisms. 
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Figure 1.5: The lipid A biosynthetic pathway in E. coli.  
The biosynthesis of E. coli lipid A takes place in nine steps starting with the UDP-GlcNAc 
precursor. The enzymes of the pathway catalyze multiple classes of reactions such as 
ACP-mediated acyl transfer, deacetylation, hydrolysis, condensation, phosphoryl-
transfer, and glycosyl-transfer. Atoms of the glucosamine backbone of lipid A are 
highlighted (blue) and positions on these sugars are indicated (green). Acyl chain length 
in Kdo2-lipid A is also indicated. 
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The Kdo2-lipid A moiety created by these nine steps represents the minimal 

structure necessary for robust growth under laboratory conditions, and bacteria require 

all but the final two steps for viability. Lacking the rest of the LPS core and O-antigen 

sugars results in susceptibility to various stressors such as bile salts and antimicrobial 

peptides (9). Once Kdo2-lipid A is assembled, various members of the Waa family of 

glycosyltransferases add sugars from nucleotide donors to the proximal Kdo, forming the 

rest of the inner and outer core of LPS (8, 45). The identity of these core sugars varies 

depending on the bacterial species. This glycosylated lipid A is flipped into the 

periplasmic space by the ABC transporter MsbA, which has been crystallized in multiple 

conformations thought to reveal a cytosol and periplasm-facing modality (Fig. 1.6) (9, 46, 

47). Here, at the outer leaflet of the inner membrane, the O-antigen repeat (anchored to 

the membrane through undecaprenyl diphosphate) is ligated onto the outer core sugars 

by WaaL (8, 48). By mechanisms still under investigation, multiple proteins of the Lpt 

family are thought to be responsible for transport of LPS to the outer membrane and 

flipping it into the extracellular space, though no assay for any of these transport 

processes has yet been reported (Fig. 1.6) (49). Currently, it is believed that LptB uses 

ATP hydrolysis along with LptC, LptF, and LptG to extract LPS from the inner membrane 

and flip it into the perplasmic space. LptA has been implicated in shuttling LPS through 

the peptidoglycan to the outer membrane while a complex of LptD and LptE transport 

LPS to the outer leaflet of the outer membrane (50). 
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Figure 1.6: LPS biogenesis and transport.  
Once lipid A has been loaded with its inner and outer core sugars on the inner leaflet of 
the inner membrane, it is flipped into the periplasmic space in an ATP-dependent 
manner by MsbA (yellow). Here, WaaL (orange) transfers the O-antigen in discreet 
segments from a number of undecaprenyl pyrophosphate carriers. The Lpt system 
(green) is then responsible for moving LPS to the outer leaflet of the outer membrane. 
 

1.4 Lipid A structural diversity and modification 

The structure of lipid A across different Gram-negative species is highly variable 

depending on the bacteria in question. While E. coli lipid A is hexaacylated, organisms 

such as Aquifex pyrophilus and Pseudomonas aeruginosa produce pentaacylated lipid A 

under normal growth conditions (51, 52). Lipid A from the more ancient genus 

Synechococcus has been found to be only tetraacylated, perhaps indicating that the 

genes encoding the secondary acyltransferases were acquired later in the evolutionary 

history of Gram-negative bacteria (53). Length of lipid A acyl chains are highly divergent 
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between species with mounting evidence that some species can even modulate the 

length of these acyl chains based on growth conditions (8, 54). Selectivity for acyl chain 

length is achieved by the specific acyltransferases (LpxA, LpxD, LpxL, LpxM in E. coli), 

which are thought to contain inherent “carbon rulers” in their structures (9). Other 

variations on the lipid A structure occur at the linkages between the glucosamine 

backbone and the acyl chains. Some bacteria such as Leptospira interrogans have a 

dehydrogenase and a transaminase (GnnA and GnnB) that convert the 3-hydroxyl group 

on the sugar of UDP-GlcNAc to an amine. This activity results in a lipid A structure which 

contains four amide-linked acyl chains emanating from the glucosamine backbone as 

opposed to two amide-linkages and two ester-linkages in E. coli lipid A. L. interrogans 

LpxA is even selective for the diamine-containing substrate (9, 55). All four acyl chains in 

Aquifex species are N-linked as well (51, 56).  

After the lipid A has been synthesized, and in some cases during production, the 

structure can be altered for the purposes of viability in response to new environmental 

conditions or for evasion of the host immune response, namely detection by the TLR4-

mediated pattern recognition system discussed previously. In E. coli and S. typhimurium, 

modifications to lipid A include an aminoarabinose addition to the 4ʹ′-phosphate by ArnT, 

phosphoethanolamine addition to the 1-phosphate by EptA, and phosphate transfer to 

the 1-phosphate by LpxT (9, 57-59). These modifications are thought to alter the surface 

characteristics of the bacterium, leading to increased resistance to cationic anti-microbial 

peptides or charge balance in response to environmental changes. A palmitoyl group 

can be added as a secondary acyl chain off the 2-position by E. coli PagP, an outer 

membrane enzyme that is produced in Mg2+-deficient conditions as would be found 

inside a host, and has been shown to make the bacteria less susceptible to some 
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classes of cationic peptides (9, 60). The S. typhimurium genome encodes deacylases 

not found in E. coli, PagL and LpxR, which are thought to help these bacteria evade the 

host immune response (61, 62). Both Rhizobium and Francisella species have highly 

complex modification systems, which include the 1- and 4ʹ′-position phosphatases LpxE 

and LpxF not found in E. coli (63, 64).  After the phosphate groups are removed, 

Rhizobium species can catalyze cleavage of the proximal glucosamine ring of the lipid A 

backbone (LpxQ activity) and transfer a galacturonic acid moiety to the 4ʹ′-position (9, 

65). Based on the their lipid A structures, Aquifex species replace both 1- and 4ʹ′-

phosphates with galacturonic acids (51, 56). Studies attempting to pinpoint further roles 

for these various modifications are ongoing, though it is generally accepted that changes 

to the lipid structure are catalyzed in order to adapt to environmental stimuli or evade the 

host immune response. 

 

1.5 The discovery of LpxK 

 The initial clue that led the Raetz laboratory to investigate how lipid A is 

synthesized came from a mutagenized E. coli strain which contained temperature 

sensitive phosphatidylglycerol-3-phosphate synthase (PgsA) and disaccharide synthase 

(LpxB) (66). The phospholipids of this strain, when grown in media containing 32P-

labeled phosphate, were extracted by the Bligh-Dyer method and separated using a 2D 

thin-layer chromatography (TLC) system (67). Several spots unique to this strain were 

later identified as derivatives of the lipid A precursor lipid X. Through a series of genetic 

and biochemical studies, the pathway in its entirety was assembled from this point (29). 
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 After the activity of the disaccharide synthase (LpxB) had been described, 

knowledge of the known E. coli lipid A structure, which contained a phosphate at the 4ʹ′-

position, led to the proposition that perhaps a kinase was responsible for this activity. 

Cell extracts and membrane fractions from wild type E. coli were incubated with DSMP, 

ATP, and Mg2+, and found to add a phosphate group at the expected location to form 

lipid IVA, as demonstrated by both mass spectrometry and NMR (68). Activity was 

determined to be dependent on the presence of Mg2+ and detergent in the assay, and 

could be stabilized by the addition of cardiolipin. The activity was found to partition with 

the membrane fraction of cell lysate that had been centrifuged at 150,000 x g.  

 A decade passed before the gene encoding the essential 4ʹ′-kinase activity was 

discovered, a feat made difficult because activity had a relatively short half-life in cell 

extracts and a temperature-sensitive mutant of the enzyme had not been obtained (38). 

To locate the lpxK gene, lysates from the Kohara phage library were assayed with 32P-

DSMP, revealing a particular lysate that consistently showed 2.5-fold increased activity 

compared to the other lysates. The transcript responsible for this activity was revealed to 

contain orfE, an open reading frame partially overlapping the msbA gene, whose 

essentiality had been previously demonstrated (Fig. 1.7) (69). When orfE was placed 

into a vector behind a strong promoter, significant overexpression of its contents was 

possible and robust kinase activity upon incubation of extracts with DSMP was 

observed. The essentiality of the orfE gene product was demonstrated through 

complementation of a chromosomal knockout strain of the gene with orfE encoded on a 

plasmid containing a temperature sensitive promotor, which halted growth upon 

temperature shift and accumulated the DSMP substrate (70). 
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 The orfE gene encodes a 36 kDa protein which was named LpxK (the gene was 

also renamed lpxK) (Fig. 1.7). Based on sequence, this protein is predicted to contain a 

single transmembrane helix at its N-terminus (71) and as expected, does partition with 

the membrane fraction. LpxK does not catalyze the phosphorylation of lipid X or 4ʹ′-

dephospho Kdo2-lipid A, but is able to phosphorylate di-, tri-, and hexa-acylated DSMP 

analogs (38). Separation of the enzyme from membranes as required for further study 

was made difficult due to the observed instability of the E. coli ortholog. 

 

 

Figure 1.7: Gene context of lpxK (orfE).  
(A) The E. coli lpxK gene (originally orfE) is found immediately downstream of the msbA 
gene that encodes the inner membrane lipid A flippase. (B) LpxK catalyzes the addition 
of a phosphate (magenta) from ATP to the 4ʹ′-position (green) of the distal disaccharide-
1-phosphate (DSMP) glucosamine (blue) to form lipid IVA.  
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1.6 Structural biology of lipid A biosynthesis 

 Viewing the lipid A biosynthetic pathway from a structural perspective gives the 

unique opportunity to examine how a group of enzymes that catalyze strikingly diverse 

set of chemical reactions come together to create a single class of lipid from simple 

precursors. Adding further to this enzymatic diversity within the pathway is the 

hydrophilic/hydrophobic nature of the enzymes. Going from entirely soluble precursors to 

membrane-bound lipid products requires that the enzymes of the lipid A biosynthetic 

pathway mirror this transition. Thus, the enzymes of the pathway can be sub-classified 

into cytoplasmic proteins, peripheral membrane proteins, and integral membrane 

proteins. These properties of the enzymes are thought to reflect the location in the cell 

where their substrates can be found, whether cytosolic or membrane-bound.  

Activities of the nine constitutive enzymes of the pathway had all been described 

by 1980, with the gene assignments for every activity incomplete until 2002 (Table 1.1). 

Currently, structures have been reported for the soluble enzymes of the pathway along 

with LpxH, the functional ortholog LpxI, and KdtA (Fig. 1.8). Obtaining atomic structures 

for the rest of the enzymes of the pathway would allow for better understanding of the 

individual steps and how they may work together in concert. The known structural 

diversity of the enzymes of lipid A biosynthesis will now be highlighted in detail. 
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Table 1.1: Scientific timeline of the lipid A biosynthetic pathway 

Enzyme	  	   Activity	  
Described	  	  

Gene	  
Discovery	  	  

1st	  Atomic	  
Structure	  	  

LpxA	   1985	   1986	   1995	  

LpxC	   1985	   1995	   2003	  

LpxD	   1988	   1988	   2007	  

LpxH	   1985	   2002	   2012	  (LpxI)	  

LpxB	   1984	   1986	   -‐	  

LpxK	   1987	   1997	   (this	  work)	  

KdtA	   1989	   1991	   2012	  

LpxL	   1990	   1996	   -‐	  

LpxM	   1990	   1997	   -‐	  
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Figure 1.8: Structural biology overview of the enzymes of the lipid A 
biosynthetic pathway.  

Shown is a schematic of the first seven steps of lipid A biosynthesis and known 
structures of enzymes that catalyze five of those steps. The structures are represented 
as ribbon diagrams with helices (cyan), sheets (magenta), and loops (salmon) 
differentiated. No structures have been reported for LpxB or LpxK (teal). LpxA, LpxC, 
and LpxD are soluble proteins, LpxI (fuctional ortholog of LpxH) and LpxB are peripheral 
membrane proteins, and LpxK and KdtA are integral membrane proteins. The PDB ID’s 
of the structures in order are 2QIA, 1XXE, 2IU8, 4GGM, and 2XCU. 
 

1.6.1 The soluble proteins: LpxA, LpxC, and LpxD 

 Because the enzymes catalyzing the three cytoplasmic steps of the lipid A 

biosynthetic pathway are soluble, these proteins are more amenable to expression, 

purification, and crystallization. Thus, LpxA, LpxC, and LpxD were the first enzymes of 

lipid A biosynthesis to be structurally characterized. The first crystal structure reported 

for any enzyme in the lipid A biosynthetic pathway was the first enzyme of the pathway: 

E. coli LpxA (Fig. 1.9) (72). It was known that the sequence contained an unusual 

hexapeptide repeat containing a small residue (A, S, C, V, T, or N) followed by a 

hydrophobic residue (I, V, or L) two positions toward the C-terminus (31). When the 
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LpxA structure was solved as a homotrimer, which is thought to be the biologically 

functional unit, each subunit was found to consist of a novel N-terminal ten-coil left-

handed parallel β-helix and a C-terminal four-helix α-bundle (Fig. 1.9A). The 

hydrophobic residues of the hexapeptide repeat point inward toward the core of each β-

helix, and the smaller residues noted in this motif form the turns preceding and following 

each β-sheet. Two loops are inserted into two turns of β-helix, which have a role in 

binding the UDP-GlcNAc substrate (73). The larger loop uses a series of polar contacts 

to cradle the GlcNAc portion of the substrate (Fig. 1.9B). The phosphate groups bridge 

the gap between two adjacent subunits while the uridine moiety is bound between 

surface of the opposing subunit of the trimer and one of its C-terminal helices.  

The product complex with UDP-3-O-(R-3-hydroxymyristoyl)-GlcNAc reveals that 

the acyl chain is bound along the cleft between subunits and is “measured” by this 

interaction (Fig. 1.9C) (74). Previous studies had revealed that the preference of E. coli 

LpxA could be shifted from ACP charged with a 14-carbon acyl chain to a 10-carbon acyl 

chain by the single point mutation G173M (75). The product complex revealed how any 

residue other than glycine at this position, which is along the cleft between subunits, 

would effectively block incorporation of an acyl chain any longer than 10-carbons. The 

proposed catalytic mechanism for LpxA involves H125 acting as a general base, making 

the 3-position oxygen of UDP-GlcNAc a nucleophile that attacks the thioester of acyl-

ACP (Fig. 1.9B). Recently, the LpxA structure from Arabidopsis thaliana was reported as 

the first structure of a lipid A biosynthetic enzyme from plants. Fully functional A. thaliana 

LpxA is structurally similar to other LpxA enzymes and is able to complement an E. coli 

chromosomal knockout (76). 
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Figure 1.9: Crystal structure of LpxA.  
(A) LpxA (PDB 2QIA) forms a trimer (the three chains represented in green, cyan, and 
salmon) with three active sites at the interface of the domains. Each monomer contains 
a left-handed β-helix composed of multiple hexapeptide repeats followed by a C-terminal 
α-helical domain. This crystal structure of E. coli LpxA includes the product UDP-3-O-(R-
3-hydroxymyristoyl)-GlcNAc (purple and red spheres). (B) Residues (green and cyan 
sticks) which bind to UDP-3-O-(R-3-hydroxymyristoyl)-GlcNAc (purple sticks) are shown. 
(C) The hydrocarbon ruler of LpxA ensures that the acyl chains transferred to UDP-
GlcNAc are primarily R-3-hydroxymyristate. The G173M mutant, however, shifts this 
preference toward R-3-hydroxydecanoate.  
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The second enzyme of the lipid A biosynthetic pathway, LpxC, was also the 

second enzyme to be structurally characterized, with both a crystal structure and NMR 

solution structure of Aquifex aeolicus LpxC reported almost simultaneously (77, 78). 

LpxC is a globular protein made up of two similar domains consisting of a five-stranded 

β-sheet and two α-helices sandwiched together with the helices internal to the overall 

structure (Fig 1.10A). Each domain also contains a unique insert, the N-terminal insert 

comprising of a three-stranded β-sheet and the C-terminal insert comprising of a β-α-β 

fold which forms a hydrophobic tunnel thought to bind the acyl chain of the substrate. 

The crystal structure of E. coli LpxC has also been determined, and it has a nearly 

identical fold to the A. aeolicus ortholog (34).  

LpxC is thought to be a Zn2+-dependent metalloenzyme which uses this ion in 

combination with a glutamate general base to activate a water molecule for nucleophilic 

attack of the acetyl group of UDP-3-O-(R-3-hydroxymyristoyl)-GlcNAc (Fig. 1.10B). The 

tetrahedral intermediate formed may be stabilized by nearby histidine and threonine 

residues before acetate is released. The UDP moiety binds a basic patch near the active 

site consisting of a lysine and two arginine residues (79). LpxC has been the most 

structurally characterized enzyme of the lipid A biosynthetic pathway, mainly driven by 

the discovery of highly potent inhibitors (34, 80). So far, structural requirements for the 

most potent of these inhibitors have included a hydroxamate moiety which binds the zinc 

ion, a nitrogen atom in the active site to bind to a conserved threonine, an aromatic ring, 

and a long aliphatic substituent to fill the hydrophobic tunnel of the β-α-β insert on the C-

terminal domain (Fig. 1.10C). Compared with the rest of the lipid A biosynthetic pathway, 

inhibitors targeting LpxC are closest to becoming commercial drugs. 
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Figure 1.10: Crystal structure of LpxC.  
(A) LpxC from A. aeolicus in complex with the substrate analog inhibitor TU-514 (green 
spheres) (PDB 1XXE) shows the near two-fold symmetry of domain I (salmon) and 
domain II (cyan). Closer examination of the LpxC active site with bound TU-514 (green 
sticks) reveals a number of critical residues (cyan sticks) for Zn2+ (gray sphere) binding 
and catalysis. It is postulated that E73 acts as the catalytic base, deprotonating a Zn2+-
bound water that attacks the substrate acetyl group. (B) The binding of LPC-009 
(magenta sticks) to LpxC (PDB 3P3C) reveals requirements for high affinity inhibitors of 
LpxC which includes a hydroxamate moiety to bind the Zn2+ ion, a nearby nitrogen to 
satisfy a hydrogen bond requirement with T191, a aromatic ring, and an extended 
hydrocarbon segment to occupy the hydrophobic passage formed by insert II. 
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 The first crystal structure of the second acyltransferase of the pathway, LpxD, 

was released next, revealing an extensive degree of structural homology with LpxA as 

was predicted from high sequence homology (28 % identity for the E. coli enzymes). A 

crystal structure of Chlamydia trachomatis LpxD in complex with UDP-GlcNAc was 

quickly followed up with a structure of the E. coli ortholog (Fig. 1.11A), revealing that 

LpxD shares its trimeric form and the left-handed parallel β–helix with LpxA (Fig. 1.11B) 

(81, 82). LpxD does contain a unique N-terminal α/β domain thought to bind the UDP 

moiety of the substrate through main chain hydrogen bonds and aromatic stacking 

interactions (81). As with LpxA, there exists a fatty acid binding cleft between each of the 

subunits, but whether this cleft is meant for the acyl chain of the substrate or acyl-ACP 

donor is unclear (Fig. 1.11C). LpxD also differs from LpxA in the existence of a helical C-

terminal domain where the helices from each of the three subunits of the trimer form a 

coiled coil (Fig. 1.11B). Based on these structures, a catalytic mechanism has been 

proposed which involves H293 of the β-helix domain acting as a catalytic base, 

deprotonating the glucosamine nitrogen of the substrate to prime it for nucleophilic 

attack of the acyl-ACP thioester. Acyl-ACP is thought to bind to a basic patch on the 

LpxD trimer through an interaction with R293 (Fig. 1.11C). Interestingly, mutation of 

M290 along the fatty acid binding cleft to an alanine shifts the preference of E. coli LpxD 

from adding hydroxymyristate (14-carbon) to hydroxypalmitate (16-carbon), validating 

the existence of an internal hydrocarbon ruler much like that of LpxA and indicating that 

this cleft may be the hydrocarbon binding site for the acyl-ACP donor (82). 
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Figure 1.11: Crystal structure of LpxD.  
(A) Like LpxA, E. coli LpxD (PDB 2IU8) forms a trimer of left-handed β-helices, but also 
contains an N-terminal UDP-binding globular domain and an intertwined C-terminal α-
helical domain. Individual chains are colored green, cyan, and salmon. (B) Overlay of 
LpxA (cyan) (PDB 2QIA) and LpxD (green) monomers demonstrating the structural 
differences between the two enzymes. The N-terminal domain of LpxD is absent in LpxA 
and unlike in LpxA, the C-terminal helices are extended and intertwined. The loop 
domain inserted into the middle of the left-handed β-helix is also larger in LpxD. (C) Like 
LpxA, the LpxD active site resides between two monomers of the trimer (green and 
cyan) and contains a hydrocarbon ruler (M290). H239 is the proposed catalytic base, 
H276 is implicated in lipid substrate binding, and R293 is implicated in acyl-ACP binding. 
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1.6.2 The peripheral membrane proteins: LpxH (LpxI) and LpxB 

 The manganese-dependent hydrolase, LpxH, catalyzes the fourth step of lipid A 

biosynthesis, but attempts at crystallization of this protein have proven difficult. As 

mentioned previously, some bacteria that lack LpxH encode another UDP-2,3-

diacylglucosamine (UDP-DAGn) hydrolase called LpxI (37). LpxH and LpxI share no 

sequence homology, and LpxI is more soluble than LpxH, but are both metal-dependent 

and co-purify with their shared product, lipid X (37, 83) (Young et al., in preparation). 

Interestingly, the respective mechanisms of LpxH and LpxI seem to catalyze nucleophilic 

attack of a water molecule on the α- and β-phosphates of the substrate respectively, 

further distinguishing the two functional orthologs (36, 37). LpxI from Caulobacter 

cresentus has been recently crystallized in dimeric form, which is consistent with size 

exclusion chromatography elution profiles, each dimer containing two globular domains 

connected by a helical linker (Fig. 1.12A) (83). Both domains contain a five-stranded β-

sheet surrounded by four or five α-helices, but the two domains are not structurally 

homologous. Native LpxI co-crystallizes in complex with its lipid substrate, lipid X, which 

is bound in a hydrophobic pocket formed between the β-sheet and two helices of the N-

terminal domain. The lipid X complex reveals an extended form of the enzyme in which 

the lipid is separated from the putative active site residues of the C-terminal domain. 

After determining the identity of highly conserved residues by sequence analysis, a 

D225A mutant was generated and was shown when overexpressed in E. coli to co-purify 

with the LpxI substrate UDP-DAGn. This protein was crystallized with the lipid substrate 

in a closed dimeric form that brings the catalytic C-terminal domain into contact with the 

UDP head group, revealing significant domain rearrangements that may occur during 

catalysis (Fig. 1.12A). UDP-DAGn in the D225A structure occupies the same 
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hydrophobic pocket as lipid X in the native structure, indicating that UDP-DAGn must 

first displace the product of a previous round of catalysis before its own UMP moiety is 

removed (Fig. 1.12B). This switch may be accomplished by interactions with either the 

lipid bilayer or with LpxB, the next enzyme of the pathway.  

The structures of LpxI represent the first instance of crystallization of a 

membrane protein of the lipid A biosynthetic pathway bound to its lipid substrate or 

product. This binding event is unusually strong, as LpxI co-purifies with these lipid 

moieties, but may suggest the need to “shuttle” substrates through the pathway and not 

allow them to diffuse away. Based on the LpxI structure alone, no specific membrane-

binding domain could be identified and further studies will need to be performed in order 

to examine the exact nature of LpxI’s interaction with the membrane interface. 

Though no crystal structures of LpxB have yet been reported, we do know that it 

behaves like a true peripheral membrane protein in that it sediments with membranes 

upon ultracentrifugation but can be solubilized with high-salt buffers (84). Purified LpxB 

without detergent elutes as an octamer according to size-exclusion chromatography, but 

can be broken up if detergent is included in the running buffer. LpxB activity is surface 

dependent, a finding unsurprising since its two substrates are membrane-bound lipids. 

The high predicted oligomeric state could explain why crystallization has proven difficult 

to this point. 
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Figure 1.12: Crystal structure of LpxI. 
(A) LpxI from Caulobacter crescentus was crystallized in two forms: a UDP-DAG bound 
D225A mutant form (PDB 4GGI) and a lipid X bound form (PDB 4GGM). LpxI consists of 
a lipid-binding N-terminal domain (cyan), a helical linker (magenta), and a catalytic C-
terminal domain (green) that also contains the dimerization interface. The lipids are 
shown as salmon sticks. Upon removal of UMP, the N-terminal lipid-binding domains 
splay apart from the dimer core resulting in a flattened complex. (B) Shown are residues 
involved in hydrogen bonding interactions with the UDP-DAG head group. The acyl 
chains reside in a hydrophobic pocket formed within the N-terminal domain (cyan). 
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1.6.3 The integral membrane proteins: LpxK, KdtA, LpxL, and LpxM 

 The structural biology of LpxK is a primary focus of this work and will be 

discussed in detail in Chapter 3.  

Two crystal structures of KdtA from Aquifex aeolicus were recently reported, one 

in the native form and one in complex with CMP, a reaction product (Fig. 1.13A) (85). 

KdtA contains two Rossman-like α/β/α domains which are connected by an unstructured 

linker and a C-terminal α-helix in an overall topology very similar to other 

glycosyltransferases such as MurG (Fig. 1.13B) (86). The N-terminal domain of KdtA 

has a hydrophobic patch surrounded by basic residues that is hypothesized to be the 

membrane-binding domain. A small groove in this domain may be the access point by 

which the lipid IVA substrate is able to find the active site. The CMP moiety in the CMP-

KdtA structure is bound to the C-terminal domain through base stacking interactions as 

well as hydrogen bonds to various main and side chain donors and acceptors (Fig. 

1.13A). Based on structures of other glycosyltransferases, KdtA’s N-terminal domain is 

hypothesized to use the inter-domain linkers as a hinge region and close over the inter-

domain groove upon catalysis (85). This motion may bring the CMP-Kdo substrate close 

enough to lipid IVA to be transferred. Again based on structural homology to other 

glycosyltransferases, a glutamate of the N-terminal domain has been assigned the role 

of catalytic base for the 6ʹ′-hydroxyl group of the distal glucosamine. KdtA orthologs from 

different organisms have been revealed to have different functionalities regarding the 

number of Kdo sugars that are transferred to the lipid substrate. E. coli KdtA is 

bifunctional, adding two Kdo residues, while A. aeolicus KdtA has been shown to be 

monofunctional (9, 56). A region necessary for determining E. coli KdtA’s mono- or 

bifunctionality had previously been characterized, and when mapped onto the A. 



 

	  

30	  

aeolicus KdtA structure is found at the base of the N-terminal domain, suggesting that 

structural variation in this region among different orthologs may determine the specific 

functionality of each KdtA enzyme (85, 87). 

 

Figure 1.13: Crystal structure of KdtA. 
 (A) A. aeolicus KdtA (PDB 2XCU) contains two globular domains: an N-terminal lipid-
binding domain and a C-terminal sugar-binding domain. The structure contains PEG and 
CMP ligands (magenta sticks). CMP is the nucleotide carrier of the Kdo sugars. 
Residues of the C-terminal domain involved in CMP binding are shown. (B) KdtA is 
structurally homologous to MurG (PDB 1F0K), a glycosyltransferase of peptidoglycan 
biosynthesis. Its N- and C-terminal domains are colored yellow and salmon respectively.  
 

 LpxL and LpxM, which catalyze the final two steps of the lipid A biosynthetic 

pathway, are homologous acyltransferases (unrelated to LpxA and LpxD) and have no 

reported structural data. In E. coli, they are predicted to contain one full transmembrane 

segment each (71), and have distant homology to the glycerol-3-phosphate family of 

acyltransferases (GPAT). E. coli LpxL was only recently purified and kinetically 

characterized (88). LpxL elutes as monomer in detergent according to size-exclusion 
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chromatography and is surface dependent. Robust activity is dependent on the presence 

of the Kdo sugars, but not the 1-phosphate of the Kdo2-lipid IVA substrate, and can occur 

with either an acyl-ACP or acyl-CoA donor, but is much slower when using acyl-CoA. 

Mutagenesis of a histidine or glutamate to alanine in the HXXXXD/E motif common to 

the GPAT family results in a significant loss of activity. The only structure of a GPAT 

family member, a loosely related soluble plant protein, suggests that the histidine of the 

motif may act as a catalytic base which is activated by the carboxylate group of the D/E 

residue (89). 

 

1.7 The P-loop containing nucleotide triphosphate hydrolase 
superfamily 
 
 As protein sequence information became more prevalent in the 1980’s, scientists 

began using this data to mine for sequence similarities between diverse sets of proteins 

in order to pinpoint functionally important motifs. One such effort was carried out by the 

group headed by John E. Walker at Cambridge, whose work on the subunits of ATP 

synthases led him to speculate about this existence of a common nucleotide-binding 

motif among proteins that utilized this substrate. Careful analysis of the sequence of 

ATP synthase subunits along with phosphofructokinase, adenylate kinase, and myosin 

revealed the existence of two conserved regions (90). The first, coined the Walker A 

motif or P-loop, is a glycine-rich flexible loop with the consensus sequence 

GXXXXGK[T/S] that wraps around the phosphates of the nucleotide, directing its 

backbone amides towards the negative charge. The second, coined the Walker B motif, 

is a hydrophobic run of amino acids on a β-sheet internal to the protein, which often 

ends in a carboxylate-containing aspartate or glutamate residue. The carboxylate of the 
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Walker B motif is implicated in coordinating the Mg2+ cation necessary for hydrolysis 

(91). These features were noted in the first crystal structure of a P-loop kinase: 

adenylate kinase (Fig. 1.14) (92).  

As even more sequence data became available, the P-loop was found in even 

more seemingly unrelated proteins such as the ras oncogene family, and further 

structural data pointed to the existence of a conserved fold as well (93, 94). The core of 

P-loop containing nucleotide triphosphate (NTP) hydrolases contains a four to five-

stranded β-sheet, with the P-loop between one of the β-sheets and the following α-helix 

(Fig. 1.14A). The dipole moment of the helix contributes to charge stabilization of the 

NTP phosphates (Fig. 1.14B). Despite similarities in structure, mechanistic differences 

were made between P-loop containing NTP hydrolases and kinases containing the P-

loop motif. NTP hydrolases such as myosin and ras use hydrolysis to change 

conformations of the protein itself leading to downstream effects, while P-loop kinases 

transfer the γ-phosphate of ATP directly to a second substrate. Most P-loop kinases 

differentiate themselves from other NTP hydrolases structurally through the presence of 

a small helical LID domain off the core (95). Mechanistically, most NTP hydrolases are 

thought to use an active site carboxylate-containing residue to orient a water molecule 

for nucleophilic attack on the γ-phosphate (94). A conserved catalytic mechanism for P-

loop kinases has not emerged, but possibilities have been proposed for various family 

members including transition state stabilization, simultaneous protonation of the γ-

phosphate by the substrate during transfer, and base catalysis (91, 95-98). 

Due to the presence of Walker A and B motifs, LpxK has been classified as a P-

loop kinase in the P-loop containing NTP hydrolase superfamily (Pfam02606, CL0023), 

but only shares these two major sequence motifs with other family members (91, 95, 
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99). LpxK is at least 100 amino acids longer than most other characterized P-loop 

kinases, is the only known membrane-bound P-loop kinase, and is the only family 

member known to phosphorylate lipids. Thus, LpxK is highly divergent from other P-loop 

kinases that have been studied to date, and its structural and kinetic characterization will 

fill large gaps in our understanding of P-loop kinase function and catalysis. 

 

 

Figure 1.14: Crystal structure of adenylate kinase.  
(A) Yeast adenylate kinase (PDB 2AKY), a canonical P-loop kinase, consists of a 
globular domain consisting of an internal five-stranded β-sheet (magenta) sounded by α-
helices (cyan) and loops (salmon). (B) Adenylate kinase bound to the inhibitor Ap5A 
(green sticks) and magnesium (magenta sphere) reveals the substrate binding pocket 
along with the P-loop / Walker A motif (cyan) and Walker B motif (salmon). The catalytic 
P-loop lysine and putative magnesium-binding Walker B aspartate are shown. 
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1.8 Structural characterization of bacterial lipid kinases 

  To date, only three prokaryotic lipid kinases have been structurally characterized, 

none of them members of the P-loop kinase superfamily. The YegS protein from E. coli 

is a non-essential cytosolic phosphatidylglycerol kinase that is related both structurally 

and through sequence to NAD kinases of the phosphofructokinase-like family (91, 100). 

YegS contains two α/β/α domains with the N-terminal domain known to bind nucleotide 

via a surface cleft and the C-terminal domain putatively involved in lipid substrate 

binding. A secondary high-occupancy Mg2+ binding site was found in the C-terminal 

domain away from the putative active site, perhaps taking on a structural role. In Gram-

positive bacteria, a close structural homolog to YegS is the diacylglycerol kinase DgkB, 

which is essential to these organisms (Fig. 1.15A) (91, 101). Based on this structure and 

mutagenesis studies, a second cation binding is postulated to correctly orient a 

glutamate catalytic base, and a GGDG motif common to this kinase family is thought to 

bind the catalytic Mg2+ ion. 

The only membrane-bound bacterial lipid kinase that has been structurally 

characterized is E. coli diacylglycerol kinase (DAGK) which forms its own protein family 

with undecaprenol kinase (UDPK) (102). The functional unit of DAGK is a domain-

swapped homotrimer consisting of nine transmembrane helices (103). Three identical 

faces of the homotrimer each contain an active site defined by two helices and a capping 

loop with a series of conserved residues at the top of this structure (Fig. 1.15B). Unlike 

many of the enzymes of the lipid A biosynthetic pathway, there is no acyl chain “ruler” at 

the base of the DAGK structure, and the enzyme is able to tolerate substrates with 

variable chain lengths (104). 
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Figure 1.15: Structures of other bacterial lipid kinases.  
(A) Soluble S. aureus DgkB (PDB 2Q7V) consists of two globular domains composed of 
both β-sheet (magenta), α-helices (cyan), and loops (salmon). The product ADP (green 
sticks) and a magnesium ion (green sphere) are shown. The C-terminal domain of DgkB 
is composed mainly of β-sheets and is thought to bind lipid. (B) The membrane-bound E. 
coli DAGK (PDB 2KDC) consists of a domain-swapped homotrimer with three open 
active sites surrounding the trimer core. The chains are differentiated by their green, 
cyan, and salmon color. 
 
 
 

1.9 Structural characterization of lipid A binding proteins 

 Only a handful of structures have been reported with either lipid A or its 

tetraacylated precursor lipid IVA as a ligand. One of the most surprising structures is of 

the bacterial outer membrane siderophore transport protein FhuA, whose coordinates 

were solved with a lipid A molecule and some inner core sugars bound to the outside of 

its β-barrel topology (Fig. 1.16A) (105). The glucosamine/phosphate backbone of lipid A 

is bound to a series of charged arginine and lysine residues while the acyl chains make 
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van der Waals contacts with a band of phenylalanine moieties at the midsection of the 

barrel. An attempt to identify a conserved lipid A binding sequence when comparing this 

structure to other sequences of known lipid A binding proteins (such as lactoferrin) was 

met with limited success, but a spacial motif of four cationic amino acid side chains does 

appear to be conserved between some of these proteins (106).  

 

 

Figure 1.16: Crystal structures of FhuA and MD-2 bound to LPS and lipid IVA.  
(A) FhuA from E. coli has been crystallized with LPS (green sticks) bound to the 
membrane-spanning region of its β-barrel (cyan) domain (PDB 1QFG). FhuA makes use 
of a hydrophobic and hydrobhilic band of amino acids on the outside of the barrel 
structure to bind the lipid. (B) The MD-2 protein (cyan) (PDB 2E59) uses a hydrophobic 
internal pocket to bind lipid IVA (green sticks). Charged residues at the top of the “cup” 
structure form contacts with the lipid head group. Charge surface representation of MD-2 
(23) reveals a hydrophobic pocket surrounded by basic residues to bind the anionic 
head group of lipid A and its derivatives. 
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Structures of lipid IVA in complex with the myeloid differentiation factors MD-1 

and MD-2 reveals β-sandwich folds which form a hydrophobic pocket for the acyl chains 

of this lipid (Fig. 1.16B) (107, 108). Basic residues of these immune response accessory 

proteins line the edges of the pockets, providing some polar contacts for the 

glucosamine and phosphate head moieties of the ligand.  

As alluded to previously (Fig. 1.3), the crystal structure of the MD-2 protein 

bound to lipid A in complex with human TLR4 has been reported, and crystal structures 

of murine TLR4 bound to lipid A and lipid IVA have recently been reported as well (Fig. 

1.17A) (21, 28). These structures reveal the importance of both polar and hydrophobic 

interactions in maintaining the dimerization interface (Fig. 1.17B and Fig. 1.17C). The 

majority of contact with the lipid ligands in these structures occurs between MD-2 and 

the acyl chains, with the MD-2 protein using charged patches to bring together the TLR4 

extracellular domains (Fig. 1.17C). One acyl chain does escape the MD-2 pocket and 

forms important hydrophobic interactions to promote dimerization. Besides the 4ʹ′-

phosphate, which binds to a basic patch on the adjacent TLR4 leucine rich repeat 

domain, the glucosamine/phosphate backbone and core sugars are not coordinated 

extensively by either TLR4 peptide (Fig. 1.17B). Lack of binding to the core sugars of the 

LPS ligand may allow the receptor to recognize LPS from a number of different species 

with variable core sugar structures, explaining why the Toll-like receptors are thought to 

be pattern recognition receptors.  
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Figure 1.17: Crystal structure of the murine TLR4/MD-2/lipid IVA complex.  
(A) Overview of the complex containing TLR4 (salmon and cyan cartoon), MD-2 (green 
cartoon) and lipid IVA (magenta sticks) (PDB 3VQ1). (B) MD-2 mediates receptor 
dimerization by promoting contacts between the lipid IVA 4ʹ′-phosphate and adjacent 
TLR4*, the lipid IVA 1-phosphate and the opposite TLR4, and a hydrophobic interaction 
with the 2-position acyl chain of the lipid. (C) Surface charge representation of the TLR4 
substituents (23) reveal how the interaction of the lipid/MD-2 complex with the opposite 
TLR4 monomer is of a mainly hydrophobic nature, and of a mainly charged nature with 
the adjacent TLR4*. 
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1.10 Contribution of this work to the field 

 Upon embarking on this project, the structural and kinetic characterization of 

LpxK, knowledge surrounding this membrane-bound kinase remained one of the most 

important pieces with which to fill in the lipid A biosynthetic pathway puzzle. This project 

has taken our understanding of this protein from only the genomic context to the full 

structural and kinetic context, and has laid the groundwork for future meaningful studies 

of the enzyme with regards to substrate interaction, membrane interaction, and inhibition 

by small molecule antimicrobial compounds. 

 Chapter 2 describes the cloning of Aquifex aeolicus LpxK and the first reported 

purification of any LpxK ortholog. Two protocols are presented, one which involves 

affinity chromatography of a cleavable N-terminal GST tag, and one which involves 

cation exchange chromatography as the main purification step for native enzyme. 

Chapter 3 describes multiple crystal structures of LpxK bound to various ligands, which 

identify key steps of the phosphorylation reaction coordinate. Comparison of apo and 

nucleotide-bound LpxK structures reveals a significant 25° hinge motion of the LpxK C-

terminal domain, which assembles the active site by bringing key residues within close 

contact. Chapter 4 follows up these crystal structures with the first extensive kinetic 

characterization of LpxK along with multiple point mutants of highly conserved active site 

residues. We uncover evidence for a previously unreported reaction mechanism for P-

loop kinases involving a histidine catalytic base that is activated through hydrogen 

bonding to an adjacent aspartate residue. In Chapter 5, a crystal structure of lipid IVA 

(the reaction product) in complex with LpxK is presented. The structure reveals key 

residues required for lipid binding and represents one of only a handful of structures of 

protein bound to their lipid ligands. Further mutagenesis studies highlights critical 
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residues in the DSMP-binding pocket and assign a role for the N-terminal helix in 

membrane binding affinity. 

The work presented herein has provided significant insights into the fields of lipid 

metabolism, membrane biochemistry, kinase enzymology, evolutionary biology, and 

antibiotic design. Firstly, since LpxK is an essential enzyme in Gram-negative bacteria 

with no mammalian ortholog, the protein stands as an excellent target for the 

development of novel antimicrobials. The existence of multiple atomic structures, 

especially those with ligands bound, will accelerate the pace at which specific inhibitors 

of LpxK can be designed and evaluated. Secondly, the LpxK atomic coordinates 

represent an entry into the limited catalog of structurally characterized membrane 

proteins, and the evaluation of the lipid-bound LpxK structure has further enhanced our 

understanding of enzymology at the membrane interface. Finally, LpxK is a highly 

divergent member of the P-loop kinase superfamily, whose structures until this point has 

been constrained primarily to soluble proteins that phosphorylate small metabolites.  

LpxK, being a membrane-bound lipid kinase, is thus the founding member of a 

specialized P-loop kinase subfamily, which according to our kinetic data, operates 

through a unique mechanism. Noting the features that have allowed LpxK to act on lipids 

at the membrane will enhance our knowledge of how nature adapts the ubiquitous 

kinase reaction to diverse environments. 
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2. Cloning and purification of Aquifex aeolicus LpxK 
 

 

 

Reproduced in part with permission from Emptage RP, Daughtry KD, Pemble IV CW, 

and Raetz CRH “Crystal structure of LpxK, the 4ʹ′-kinase of lipid A biosynthesis and 

atypical P-loop kinase functioning at the membrane interface”  

Proc. Natl. Acad. Sci. USA, 2012 Aug 7, 109(32):12956-61 

Copyright 2012 National Academy of Sciences, USA 

 

 

2.1 Introduction 

 Instability of the E. coli 4ʹ′-kinase had been noted during both the discovery of the 

activity in cell extracts and following the successful identification of the lpxK gene (38, 

68). This instability was especially apparent in the presence of detergents, which are 

required in order to purify most membrane proteins to near homogeneity. Just after the 

discovery of the lpxK gene, the complete genome of the hyperthermophile Aquifex 

aeolicus was published (109). Proteins from hyperthermophilic organisms are generally 

considered to be more stable than their mesophilic counterparts due to a larger portion 

of charged amino acids throughout their primary structure (110, 111), and thus are more 

amenable to purification and crystallization, which were two primary goals of this project.  
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The LpxK ortholog from Aquifex aeolicus shares 27.2 % sequence identity and 

44.9 % similarity with its E. coli counterpart. Additionally, A. aeolicus LpxK is predicted to 

lack the putative N-terminal integral membrane helix of E. coli LpxK by hydropathy 

analysis (71). For this reason, we believed that A. aeolicus LpxK might remain more 

stable than E. coli LpxK throughout the purification process. As alluded to previously, the 

LpxK substrate in A. aeolicus is predicted to be analogous to E. coli DSMP with a few 

exceptions (51, 56). The 3- and 3′-hydroxymyristoyl groups of the disaccharide 

backbone connect through amide linkages instead of ester linkages, making all four acyl 

chains of the substrate N-linked. Additionally, the 2- and 2′-positions are occupied by 

hydroxypalmitoyl moieties instead of hydroxymyristate. Galacturonic acid moieties 

decorate the 1- and 4′-positions of Aquifex Lipid A, but are likely added after transport to 

the outer membrane has occurred as in various Rhizobium species (112) where the 1- 

and 4′-position phosphates are removed (Fig. 2.1). The fact that A. aeolicus KdtA prefers 

lipid substrate which contains phosphates at these positions over galacturonic acids 

lends credence to this assertion (56). 

In this chapter, we describe the cloning of A. aeolicus LpxK into two expression 

vectors that produce either native LpxK or LpxK fused to a tobacco etch virus protease 

(TEV) cleavable N-terminal glutathione-S-transferase (GST) tag. Methods for the first 

reported purification of LpxK from either of these constructs are presented, along with an 

optimized TLC-based radioassay demonstrating that this A. aeolicus protein can in fact 

use E. coli-derived DSMP substrate. 
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Figure 2.1: Comparison of E. coli and A. aeolicus lipid A and DSMP.  
(A) Unlike E. coli lipid A, A. aeolicus lipid A is pentaacylated, contains varying chain 
lengths, and has galacturonic acids in place of the 1- and 4ʹ′-phosphates. Also, the 3- 
and 3ʹ′-acyl chains are linked to the glucosamine backbone through a nitrogen atom 
instead of oxygen.  Differences between the structures are indicated in blue. (B) Based 
on the known A. aeolicus lipid A structure, the DSMP structure is predicted to be highly 
similar to the E. coli DSMP structure, but with amide linkages to the acyl chains at the 3- 
and 3ʹ′-positions, and the acyl chains of the 2- and 2ʹ′-positions two carbons longer. 
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2.2 Materials and methods 

2.2.1 Cloning of A. aeolicus LpxK: GST and non-tagged Constructs  

Methods for manipulating DNA were adapted from previously described 

techniques (113). Details regarding all primers, plasmids, and strains referenced can be 

found in Tables 2.1 and 2.2. All construct sequences were confirmed using the primers 

prT7F and prT7R. The A. aeolicus lpxK gene was amplified from a previously 

constructed plasmid (pTAG14, kindly provided by Teresa Garrett). Primers prRPE-10 

and 11 were designed to create a 5ʹ′ Nde1 site and a 3ʹ′ Xho1 site preceded by a stop 

codon on the plasmid’s lpxK gene, and PCR was performed using the KOD Hot Start kit 

(EMD Millipore, Billerica, MA) on a Mastercycler Gradient Thermocycler (Eppendorf, 

Hamburg, Germany). This fragment was digested by the respective enzymes (New 

England Biolabs Inc., Ipswich, MA) and ligated with T4 ligase (Invitrogen, Carlsbad, CA) 

into pET21b and pET16b expression vectors (EMD Millipore, Billerica, MA) the latter 

conferring an N-terminal His-tag (pRPE7 and pRPE9). Both constructs were transformed 

into chemically competent (114) DH5(α) cells (Invitrogen, Carlsbad, CA). The pET21b 

construct was then transformed into a chemically competent C41(DE3) expression strain 

(115) and used to generate non-tagged LpxK.  

The pET16b construct (pRPE9) was further modified to create an N-terminal 

TEV-cleavable GST tag in the pET42b vector (EMD Millipore, Billerica, MA) (116, 117). 

Specifically, the Factor Xa cleavage site inherent in the pET16b vector was made into a 

TEV-cleavable site via QuikChange with primers prRPE-17 and 17rc. In order to confer 

an N-terminal GST tag on the construct, the lpxK gene and N-terminal TEV site were 

amplified together from the modified pRPE9 using primers prRPE-24 and 11, which 
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conferred a 5ʹ′ BamH1 site and 3ʹ′ Xho1 site. This fragment was digested and ligated into 

pET42b followed by three successive rounds of QuikChange mutagenesis in order to 

correct the frame (prRPE-25, 25rc), optimize the TEV cleavable site to contain the 

sequence ENLYFQS (prRPE-27, 27rc) (118), and confer a modified solubility linker 

ESTSLKKSGS (119) between the GST tag and the TEV site (prRPE-28, 28rc). The final 

expression construct (pRPE24) was confirmed by sequencing and transformed into the 

C41(DE3) strain. 

 

Table 2.1: Primers used in Chapter 2 

Primer Sequence Description 
prRPE-10 5'-GGCGCAGCATATGCTAAGAAGTAGCCTACTTCCC-3'  Hanging sequence - Nde1 - LpxK homology 

prRPE-11 5'-GCAGCTCGAGTCAGTAAAAAATTCTATAAATGAGCTTTTTCAGC-3' LpxK homology - stop codon - Xho1 - 
hanging sequence 

prRPE-17 
5'-CATCACAGCAGCGGCCATGAAAACCTGTATTTT 
AGCCAGAGCCATATGCTAAGAAGTAGCCTACTTC-3' 

Quikchange for putting TEV cleavage site 
into pET16b 

prRPE-17rc 
5'-GAAGTAGGCTACTTCTTAGCATATGGCTCTGGC 
TAAAATACAGGTTTTCATGGCCGCTGCTGTGATG-3' Reverse complement 

prRPE-24 5'-GGCGCAGGGATCCTGAAAACCTGTATTTTAGCAGAGCC-3′ Hanging sequence - BamH1 - TEV - LpxK 
homology 

prRPE-25 5'-GAAAACCTGTATTTTAGCCAGAGCCATATGCTAAGAAG-3′ Quikchange for correcting frame in pET42b 
construct 

prRPE-25rc 5'-CTTCTTAGCATATGGCTCTGGCTAAAATACAGGTTTTC-3′ Reverse complement 
prRPE-27 5'-GGGGATCCTGAAAACCTGTATTTTCAGAGCCATATGCTAAG-3′ Quikchange for optimizing TEV site 
prRPE-27rc 5'-CTTAGCATATGGCTCTGAAAATACAGGTTTTCAGGATCCCC-3′ Reverse complement 

prRPE-28 
5'-GGGTCCATGGATATCGGGGATCCTGAAAGCACCAGCCTGAAAA 
AAAGCGGCAGCGAAAACCTGTATTTTCAGAGCCATATGC-3′ Quikchange for inserting solubility sequence 

prRPE-28rc 
5'-GCATATGGCTCTGAAAATACAGGTTTTCGCTGCCGCTTTTTTTC 
AGGCTGGTGCTTTCAGGATCCCCGATATCCATGGACCC-3′ Reverse complement 

prT7F 5′-TAATACGACTCACTATAGGG-3′ Construct Sequencing 
prT7R 5′-GCTAGTTATTGCTCAGCGG-3′ Construct Sequencing 
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Table 2.2: Strains and plasmids used in Chapter 2 

E. coli 
Strains Relevant Genotype Source 

DH5(α) F− Δ(argF-lacZYA)U169 deoR phoA supE44 Φ80 Δ(lacZ)M15 
 gyrA96 relA1 endA1 thi-1 hsdR17 recA1λ− Invitrogen 

C41(DE3) F− ompThsdsB (rB− mB−)gal dcm (DE3) Δ(srl-recA)306∷Tn10 (115) 

BW25113 ∆(araD-araB)567, ∆lacZ4787(::rrnB-3), lambda-,  
rph-1, ∆(rhaD-rhaB)568, hsdR514 (121) 

BKT09 BW25113 ∆pagP, ∆lpxP, ∆lpxM, ∆lpxL::KanR Gift of Brandon K. 
Tan 

   
Plasmids Relevant Genotype   

pTAG14 pET21a harboring A. aeolicus lpxK Gift of Teresa A. 
Garrett 

pET21b Expression vector, T7lac promoter, AmpR EMD Millipore 

pET16b Expression vector encoding N-terminal His tag, T7lac promoter, AmpR EMD Millipore 
pET42b Expression vector encoding N-terminal GST tag, T7lac promoter, AmpR EMD Millipore 
pRPE7 pET21b harboring A. aeolicus lpxK This work 
pRPE9 pET16(b) harboring A. aeolicus lpxK This work 

pRPE24 pET42(b) harboring A. aeolicus lpxK with  
TEV-cleavable N-terminal GST tag This work 

pWSK29-LpxF Low-copy expression vector harboring F. novicida lpxF,  
T7lac promoter, AmpR (64) 

 

 

2.2.2 Purification of LpxK via GST-tag 

 A 6 mL culture of C41(DE3) harboring the plasmid pRPE24 (Table 2.2) grown 

shaking at 37 ºC overnight was diluted 250-fold into 3 L of LB (10 g tryptone, 5 g yeast 

extract, 10 g NaCl per liter) supplemented with 25 µg/mL kanamycin. Expression of 

GST-tagged LpxK was induced by the addition of 1 mM isopropyl-β-D-thio-galactoside 

(IPTG) at an O.D. of 0.6 and harvested after 5 hours of growth at an O.D. of ~4. The 

following steps were performed at 4 ºC unless otherwise noted. The cells were pelleted, 

washed with phosphate buffered saline (PBS), and resuspended in 80 mL of lysis buffer 

containing 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 8.0 

and 2 mM ethylenediaminetetraacetic acid (EDTA). The cells were lysed by French 
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press (SIM-AMINCO; Spectronic Instruments Inc., Rochester, NY) twice at 16,000 psi 

and spun at 7,000 x g to remove cell debris. The resulting 90 mL of cell free extract was 

centrifuged at 150,000 x g to isolate the membranes, which were homogenized and 

resuspended in 36 mL 50 mM HEPES pH 8.0. The membranes were then diluted to 270 

mL total volume in 50 mM HEPES pH 8.0, 1 % (w/v) Triton X-100 (Thermo Scientific, 

Rockford, IL), 0.5 M NaCl, and 20 % (v/v) glycerol and incubated while rocking for 3 

hours to solubilize the GST-LpxK. The concentration of membranes during solubilization 

was kept in between 1 and 2 mg/mL. Another 150,000 x g centrifugation step was 

performed to remove insoluble particulates from the solubilized GST-LpxK membranes. 

The resulting 255 mL soluble fraction was divided into six equal parts and diluted two-

fold into 2 mM DTT. Each fraction was separately loaded onto a 20 mL glutathione-

sepharose column (GE Healthcare, Waukesha, WI) by gravity at room temperature. The 

loaded column was washed with 3 column volumes of PBS and GST-LpxK was eluted 

with 5 column volumes of elution buffer consisting of 50 mM HEPES 8.0, 20 % (v/v) 

glycerol, 2 mM EDTA, 0.02 % (w/v) dodecyl maltoside (DDM) (Anatrace, Inc., Maumee, 

OH), 0.25 M NaCl, 2 mM DTT, and 10 mM reduced glutathione (MP Biomedicals, LLC, 

Solon, OH) resulting in 600 mL of eluate after all six fractions were passed.  

The fusion was then digested with TEV protease with a molar ratio of 1:10 

TEV:GST-LpxK over 3 days at room temperature. The TEV protease contained two point 

mutations shown to increase its stability and was purified as previously reported with an 

additional SP sepharose (GE Healthcare, Waukesha, WI) step replacing size exclusion 

(120). The resulting 660 mL of digested LpxK was loaded in six separate fractions onto a 

25 mL heparin agarose column (MP Biomedicals, LLC, Solon, OH) by gravity and then 

fitted to an AKTA FPLC system managed by UNICORN software (GE Healthcare, 
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Waukesha, WI). The column was washed with 2 column volumes of wash buffer (25 mM  

HEPES pH 8.0, 0.25 M NaCl, 20 % (v/v) glycerol, and 0.02 % (w/v) DDM), followed by a 

gradient wash over 5 column volumes from 0 to 40 %  elution buffer (wash buffer with 

0.75 M NaCl). LpxK was eluted with 4 column volumes of 100 % elution buffer. Fractions 

corresponding to the LpxK peak on the UV were collected and protein was concentrated 

to ~1.5-2 mL (9-12 mL total after all six original fractions were passed). This protein was 

subjected to a 70 ºC heat step for 1 hour and precipitate removed by centrifugation at 

10,000 x g. Purified LpxK was stored at -80 ºC. The purified protein solution was stored 

at ~8 mg/mL in a buffer consisting of 0.75 M NaCl, 20 % (v/v) glycerol, 25 mM HEPES 

pH 8.0, 2 mM DTT, and ~0.25 % (w/v) DDM. 

2.2.3 Purification of non-tagged LpxK  

 Growth of C41(DE3) cultures expressing non-tagged LpxK from the construct 

pRPE7 (Table 2.2) was performed exactly as with GST-tagged LpxK except the LB was 

supplemented with 50 µg/mL ampicillin. Purification also proceeded as with the tagged 

construct except that only the heparin-agarose step on the FPLC followed membrane 

solubilization. The final protein solution was at ~8-10 mg/mL and contained 0.75 M NaCl, 

20 % (v/v) glycerol, 25 mM HEPES pH 8.0, and ~0.25 % (w/v) DDM. Purified non-tagged 

LpxK was stored at -80 ºC. 

2.2.4 Size-exclusion chromatography and mass spectrometry of LpxK 

Purified LpxK was subjected to size exclusion chromatography on a 24 mL 

Superdex 200 column (GE Healthcare, Waukesha, WI) in order to judge monodispersity 

of the purified enzyme. The column was calibrated according to the manufacturer’s 

protocol using blue dextran, thyroglobulin, ovalbumin, aldolase, and conalbumin. A 

sample of purified LpxK was diluted in the storage buffer to 2 mg/mL and 0.5 mL was 
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loaded onto the column. The running buffer included 40 mM HEPES pH 8.0, 20 % (v/v) 

glycerol, 1 mM DTT, 0.5 M NaCl, and 0.02 % (w/v) DDM and was pumped over the 

column at a flow rate of 0.25 mL/min.  

To obtain the exact mass of LpxK from both the GST and non-tagged preps, 

purified protein was diluted to 0.4 mg/mL in water and analyzed by a Shimadzu Scientific 

Instruments (Columbia, MD) LC system (which included a solvent degasser, two LC-10A 

pumps, a SCL-10A system controller, and a Vydac C4 reverse phase column with 

dimensions 2.1 by 50 mm) followed by an electrospray-equipped QSTAR XL quadrupole 

time-of-flight tandem mass spectrometer (ABI/MDS-Sciex, Foster City, CA). The LC was 

operated at a flow rate of 0.2 mL/min with mobile phase A at 100 % for 2 minutes 

followed by a linear gradient to 60 % mobile phase B over 18 minutes then increased to 

100 % B for 5 min. Mobile phase A was made up of water:acetonitrile (98:2, v/v) and 

mobile phase B was made up of acetonitrile:water (90:10, v/v) with both phases 

containing 0.1 % acetic acid. MS analysis was performed on Analyst QS software with 

an installed BioAnalyst extension using the Bayesian Protein Reconstruction tool for the 

calculation of average molecular weights from the ESI-generated multiply charged ions. 

2.2.5 The LpxK TLC-based Radioassay 

 Radiolabeled 32P-DSMP was prepared according to established methods (38), 

except the disaccharide synthase used to convert 32P-lipid X and UDP-DAGn to 32P-

DSMP was H. influenziae LpxB previously purified by Dr. Louis Metzger (84). DSMP 

cold carrier was purified for the assay using the E. coli BKT09 strain (kindly provided by 

Brandon Tan), which contains chromosomal knockouts of LpxL, LpxM, LpxP, and PagP 

along with Francisella novicida LpxF on a pWSK29 plasmid (Table 2.2) (64, 121). A 

standard lipid A purification (122) was performed on cultured cells to obtain milligram 
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quantities of DSMP. The assay conditions, adapted from previous procedures but 

optimized for the A. aeolicus ortholog (38), included 50 µM 32P-DSMP (10,000 

cpm/nmol), 5 mM ATP, 50 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris) buffer 

pH 8.5, 0.5 % (w/v) Triton X-100, 5 mM MgCl2, 1 mg/ml bovine serum albumin (BSA) 

(Sigma-Aldrich, St. Louis, MO), 0.1 M NaCl, and ~10-100 nM LpxK at 30 ºC. Reaction 

mixtures at various time points were spotted onto 10 cm x 20 cm thin layer TLC plates 

(EMD Millipore, Billerica, MA), developed in a chloroform/methanol/water/acetate 

(25:15:4:2) (v:v:v:v) tank system, exposed to 35 cm x 43 cm Molecular Dynamics 

PhosphorImager Screens (GE Healthcare, Waukesha, WI), and scanned on a Storm 

840 phosphoimager (GE Healthcare, Waukesha, WI). In order to assess the newly 

optimized assay for linearity, 1.4 nM LpxK was incubated in the assay condition and time 

points spotted at various intervals from 5 to 70 minutes after the start of the reaction. To 

test for linearity with respect to protein concentration, identical assays in the standard 

reaction condition were performed for 15 minutes at concentrations of protein varied 

from 0.1 to 6 nM. 
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2.3 Results 

2.3.1 Purification of LpxK in both GST-tagged and native forms 

 LpxK was purified through use of a N-terminal GST tag by passing of the Triton 

X-100 solubilized membranes expressing LpxK over a glutathione-sepharose column as 

the primary affinity chromatography step. At this point, the protein was exchanged into a 

more homogeneous detergent, DDM. Due to properties of TEV protease that allow it to 

cut near the C-terminal end of its recognition motif, only a serine-histidine addition at the 

N-terminus distinguishes GST-purified LpxK from the native enzyme. Using this protocol, 

roughly 5 mg of LpxK was obtained per liter of culture with a ~20-fold purification which 

was tracked by both sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and specific activity (Fig. 2.2A and Table 2.3). Native LpxK could be purified 

using only the heparin-agarose cation exchange step following solubilization, which 

acted as the detergent exchange step for this method, yielding 15 mg of LpxK per liter of 

culture and a ~10-fold purification (Fig. 2.2B and Table 2.4). Neither GST-tagged LpxK 

nor native LpxK could be separated from membranes without the presence of detergent. 

Even with high concentrations of sodium chloride or potassium thiocyanate in the 

solubilization buffer, LpxK remained with the membrane fraction upon ultracentrifugation 

(data not shown). Thus, A. aeolicus LpxK is a bona fide membrane protein. 
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Figure 2.2: Purification of GST-tagged A. aeolicus LpxK and the native protein.  
(A) Representative SDS-PAGE gel for tracking the purification of A. aeolicus LpxK 
originally tagged with an N-terminal GST. 10 µg protein was loaded per lane. In order, 
the purification steps included obtaining cell free extract, isolating membranes, 
solubilizing the membranes, glutathione-sepharose affinity chromatography, TEV 
protease digest to remove the tag, heparin-agarose cation exchange chromatography, 
and a 70°C heat step. Separated GST and LpxK are similarly sized and thus cannot be 
distinguished on this gel. (B) Representative SDS-PAGE gel for tracking the purification 
of native A. aeolicus LpxK with 10 µg protein loaded per lane. The purification included 
obtaining cell free extract, isolating membranes, solubilizing the membranes, and 
heparin-agarose cation exchange chromatography.  
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Table 2.3: Purification of GST-tagged LpxK 

  Total 
Protein Volume Total 

Activity Yield Specific Act. Fold 
Purif. 

  (mg) (mL) (µmol/min) (%) (µmol/min/mg)   
Cell-free Extract 1800* 90 666 100 0.37 1.0 
Membranes 432 36 264 40 0.61 1.6 
Solubilized 
Membranes 382.5 255 578 87 1.51 4.1 

Glutathione-
Sepharose 102 600 242 36 2.37 6.4 

Post TEV Digest 112.2 660 315 47 2.81 7.6 
Heparin-Agarose 21.6 10.8 170 26 7.88 21.3 
70°C Heat Step 15.9 10.6 127 19 7.99 21.6 
*3 L culture       

 

Table 2.4: Purification of native LpxK 

  Total 
Protein Volume Total 

Activity Yield Specific Act. Fold 
Purif. 

  (mg) (mL) (µmol/min) (%) (µmol/min/mg)   
Cell-free Extract 420* 40 630 100 1.5 1.0 
Cytosolic Fraction 377 40 82 13 0.2 0.1 
Membranes 123 14 523 83 4.3 2.8 
Solubilized 
Membranes 72 80 540 86 7.5 5.0 

Insoluble Fraction 25.2 10 9 1 0.4 0.2 
Heparin-Agarose 12 3 20 32 17 11.3 
*0.8 L culture             
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2.3.2 Properties of purified LpxK 

 Purified LpxK was run over a calibrated 24 mL size exclusion column. The 

primary peak eluted at 13.3 mL, corresponding to a molecular weight of ~97 kDa (Fig. 

2.3). We interpret this peak to represent a monomer of LpxK (~36 kDa) in a DDM micelle 

(~70 kDa) (123). LpxK purified from the GST prep was subjected to mass spectrometry 

resulting in a deconvoluted mass of 36,766 Da, which agrees closely with the predicted 

peptide product (37,759.9 Da) that contains an N-terminal additional serine-histidine 

(Fig. 2.4). Purified non-tagged LpxK was also subjected to mass spectrometry, revealing 

a deconvoluted mass of 36,540 Da (Fig. 2.5). This value is near the expected 

deconvoluted mass of 36,541.7 Da. 

 

 

Figure 2.3: Size exclusion chromatography of A. aeolicus LpxK.  
Purified A. aeolicus LpxK elutes at around 13.3 mL which in our estimation corresponds 
to a monomer of LpxK in a DDM micelle. 
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Figure 2.4: Purified LpxK from the GST-tagged prep analyzed through 
LC/ESI/MS. 

Protein was analyzed in the positive ion mode as described in the materials and 
methods. The deconvoluted mass reconstruction (lower panel) reveals a molecular 
weight of 36,766 Dam, which is near the predicted peptide product of 37,759.9 Da. 
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Figure 2.5: Purified LpxK from the native prep analyzed through LC/ESI/MS.  
Protein was analyzed in the positive ion mode as described in the materials and 
methods. The deconvoluted mass reconstruction (lower panel) reveals a molecular 
weight of 36,540 Da, which agrees closely with the predicted mass based on sequence 
of 36,541.7 Da. Thus, when overexpressed in E. coli, A. aeolicus LpxK does not appear 
to be chemically modified in any way. 
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2.3.3 Properties of the TLC-based radioassay 

 Purified LpxK was assayed using the newly optimized assay system that relies 

on the differential migration of 32P-DSMP (labeled at the 1-position) and 32P-lipid IVA, 

which has been modified with a phosphate group (Fig. 2.6A). The updates to the assay 

included the removal of 1 mg/mL cardiolipin as an additive, which in our hands only 

modestly improved activity for the A. aeolicus enzyme, and the substitution of Nonidet P-

40 with Triton X-100 as the micellular detergent in the assay system (38). Activity in the 

optimized assay was linear both with respect to time for up to 30 minutes and protein 

concentration (Fig. 2.6B and Fig. 2.6C). The A. aeolicus remained fairly stable as judged 

by activity through freeze thaw cycles and extended storage, even at room temperature 

(data not shown). Despite structural differences in acyl chain length and linkage type (N- 

versus O-linkages at the 3- and 3ʹ′-positions on the glucosamine backbone), A. aeolicus 

LpxK was able to phosphorylate E. coli-derived DSMP. As expected based on the 

instability of E. coli LpxK, endogenous enzyme from the expression strain did not show 

activity when solubilized membrane lysates were assayed (Fig. 2.6A), indicating that 

activity of expression strain-derived E. coli LpxK would not skew reported activities of the 

overexpressed A. aeolicus enzyme. 
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Figure 2.6: Optimized TLC-based radioassay for A. aeolicus LpxK activity. 
(A) Representative TLC plate. The assay was run as described in the materials and 
methods with solublized enzyme. DSMP was separated from lipid IVA in the acetic acid 
tank system with the 1-position phosphate of DSMP labeled with 32P (red). Conversion of 
DSMP to lipid IVA in the optimized assay is linear with respect to both time up to 30 
minutes (B) and protein concentration (C).  
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2.4 Discussion 

 As more and more genomes of various organisms are sequenced and annotated, 

the number of potential protein targets for study grows exponentially. When, during the 

course of an enzymology or structural biology project, a particular target displays difficult 

characteristics such as instability upon purification, switching to a potentially more 

favorable ortholog has become common practice in the structural biology field. In the 

case of LpxK, the sequencing of the Aquifex aeolicus genome provided an LpxK 

ortholog that was stable in the presence of detergents such as Triton X-100 and DDM in 

contrast to the E. coli ortholog, and was thus able to be purified and studied in a more 

robust manner.  

Two protocols were developed to purify A. aeolicus LpxK, one involving a 

cleavable N-terminal GST tag and one for native protein. The GST-LpxK method 

resulted in LpxK which was twice as pure as the protein resulting form the native 

purification method as judged by the activity assay, but resulted in three-fold less protein 

per liter of culture (Tables 2.3 and 2.4). Thus, in future structural biology experiments 

with A. aeolicus LpxK, enzyme from the GST-LpxK prep, being more pure than protein 

from the native prep, was used to generate initial crystallization hits while LpxK from the 

native prep was used to optimize these hits and generate crystals from which most of 

the structural data was collected. Also, kinetic characterization of A. aeolicus LpxK was 

performed with protein derived from the native prep. Generally, protein derived from the 

native prep was more active than that of the GST-LpxK prep (Tables 2.3 and 2.4), 

justifying its use for the bulk of the structural and kinetic studies of the enzyme. 

Purified LpxK was monodisperse as judged by size exclusion chromatography 

and eluted as a monomer in a DDM micelle (Fig. 2.3). Unless the detergent masks 
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interactions between LpxK proteins, the in vivo state of the enzyme is also likely 

monomeric. The overexpressed protein derived from the C41(DE3) strain did not reveal 

any post-translational modifications of LpxK based on mass spectrometry analysis (Fig. 

2.4 and Fig. 2.5), and the optimized assay will allow for detailed kinetic characterization 

of LpxK (Fig. 2.6). 

 LpxK has already distinguished itself from other P-loop kinases by its relative 

size (by sequence and SDD-PAGE analysis) and detergent requirement for separation 

from membranes. Most other known P-loop kinases are cytosolic proteins, most of which 

phosphorylate small metabolites such as nucleotides or sugar derivatives (91, 95). LpxK 

clearly represents a previously uncharacterized class of kinase, whose characterization 

will be enabled by this reported purification of the enzyme. 
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3. Structural characterization of LpxK 
 

 

Reproduced in part with permission from Emptage RP, Daughtry KD, Pemble IV CW, 

and Raetz CRH “Crystal structure of LpxK, the 4ʹ′-kinase of lipid A biosynthesis and 

atypical P-loop kinase functioning at the membrane interface”  

Proc. Natl. Acad. Sci. USA, 2012 Aug 7, 109(32):12956-61 

Copyright 2012 National Academy of Sciences, USA 

 

and 

 

Emptage RP, Pemble IV CW, York JD, Raetz CRH, and Zhou P “Mechanistic 

characterization of the tetraacyldisaccharide-1-phosophate 4ʹ′-kinase LpxK involved in 

lipid A biosynthesis”  

Biochemistry, 2013 April 2, 52(13):2280-90 

Copyright 2013 American Chemical Society 

 

3.1 Introduction 

 In the previous chapter, we described the first reported purification of any LpxK 

ortholog and the optimization of the previously reported TLC-based radioassay (38). In 

this chapter we use this purified A. aeolicus LpxK to produce protein crystals with which 

we solve the molecular structure of this enzyme. Briefly, initial well-diffracting crystals 

were obtained using the GST-tag purification method. Selenomethionine-derivatized 
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non-tagged LpxK was generated and crystallized in similar conditions, leading to phases 

for a 2.3 Å native dataset.  

Five other crystal structures are reported in this chapter which include a higher 

resolution 1.9 Å apo structure, a 2.2 Å structure in a “closed” form bound to ADP and 

Mg2+, a 2.1 Å structure bound to the ATP analog 5´-adenylyl (β,γ-methylene) 

diphosphonate (AMP-PCP), a 2.2 Å structure with bound in ATP in the “open” normally 

apo form, and a 2.2 Å structure of LpxK with a chloride ion in the active site pinning the 

P-loop in an alternate conformation. The structures confirm LpxK’s classification as a P-

loop kinase based on location of the Walker A and B motifs (90, 91), and also highlight 

LpxK’s divergence from known members of this family with its unique substructures. 

LpxK maintains the mainly α/β/α fold of other P-loop kinases, but the C-terminal domain, 

which comprises almost two-thirds of the polypeptide chain, is a substructure unique to 

this enzyme. LpxK also contains a distinct N-terminal helix, which we postulate based on 

surface hydrophobicity to be the primary mediator of membrane binding. The structures 

of LpxK with bound nucleotide in varying positions provides a glimpse of a probable 

reaction coordinate in which the nucleotide binds to the “open” enzyme form, LpxK 

assumes the active “closed“ conformation, catalysis occurs, the active site Mg2+ ion 

shifts to a post-catalytic position, and the products leave. These structural studies give 

vital insight to the eventual development of antimicrobial drugs targeting this enzyme, 

especially since many kinase inhibitor libraries are specific for the nucleotide-binding site 

(124). 
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3.2 Materials and methods 

3.2.1 Purification of non-derivatized and selenomethionine-derivatized 
LpxK 
 

Strains and plasmids used in Chapter 3 can be found in Table 3.1. Non-

derivatized LpxK, derived from both the GST-tag prep and non-tagged prep were 

prepared as described in Chapter 2. The method for producing SeMet-LpxK was 

adapted from Van Duyne et al. (125). Briefly, C41(DE3) cells harboring the pRPE7 

plasmid grown in a 6 mL LB overnight culture were spun down, washed, and 

resuspended in an equal volume of M9 media (113). These cells were diluted 500-fold 

into two 1 L flasks of M9 and grown for 8 hr at 37 ºC to an O.D. of 0.25. At this point, an 

amino acid mixture was added to the media consisting of 100 mg L-threonine, 100 mg L-

phenylalanine, 200 mg D/L-lysine, 50 mg L-isoleucine, 50 mg L-leucine, 50 mg L-valine, 

and 60 mg L-selenomethionine per liter of culture (Acros Organics, Geel, Belgium). 15 

minutes later, the cells were induced by 1 mM IPTG and grown an additional 15 hours to 

an O.D. of ~2. SeMet-LpxK was purified as native non-tagged LpxK but with the 

inclusion of 2 mM DTT at every step. The final protein solution was ~14 mg/mL protein 

and contained 2 mM DTT, 0.75 M NaCl, 20 % (v/v) glycerol, 25 mM HEPES pH 8.0, and 

~0.4 % (w/v) DDM. 

Table 3.1: Strains and plasmids used in Chapter 3 

E. coli Strains Relevant Genotype Source 

C41(DE3) F− ompThsdsB (rB− mB−)gal dcm (DE3) Δ(srl-recA)306∷Tn10 (115) 

   
Plasmids Relevant Genotype  

pRPE7 pET21b harboring A. aeolicus lpxK Chapter 2 
pRPE24 pET42(b) harboring A. aeolicus lpxK with TEV-cleavable N-terminal GST tag Chapter 2 
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3.2.2 Crystallization and structure determination   

All crystals were grown using the sitting drop vapor diffusion method in 24-well 

trays (Hampton Research, Aliso Viejo, CA) with 2-methyl-2,4-pentanediol (MPD) and 

HEPES (Qiagen, Valencia, CA). All conditions included a 700 µL well volume and 10 µL 

drop volume incubated at 20°C. Crystals were immediately flash frozen in liquid nitrogen 

after being looped. An overview of the various crystal forms in this work is shown in Fig. 

3.1. Data collection and refinement statistics for the primitive tetragonal apo structure, 

the primitive orthorhombic apo structure, and the ADP/Mg2+-bound LpxK structure can 

be found in Table 3.2. Data collection and refinement statistics for the AMP-PCP 

structure, the ATP structure, and the “compact” P-loop LpxK structure can be found in 

Table 3.3. 

3.2.3 Phase-extended primitive tetragonal apo LpxK structure 

 Drops containing GST-tag prepared LpxK were equilibrated against a reservoir 

solution containing 60 % (v/v) MPD and 0.1 M HEPES pH 7.5 and consisted of three 

parts reservoir solution and two parts 8 mg/mL LpxK in 0.75 M NaCl, 20 % (v/v) glycerol, 

25 mM HEPES pH 8.0, 2 mM DTT, and ~0.25 % (w/v) DDM. Bipyramidal crystals (0.3 

mm by 0.3 mm by 0.3 mm) appeared within three weeks belonging to the P41212 space 

group with cell dimensions a= 101.0 Å b= 101.0 Å c= 132.5 Å (Fig. 3.1A). Data was 

collected at a single wavelength (1.54 Å) on a Rigaku 007-HF generator outfitted with an 

R-axis IV imaging plate at the Duke University Macromolecular X-ray Crystallography 

Shared Resource to a resolution of 2.3 Å and reduced and scaled using D*trek software 

(126). One crystal was homogenized with Seed Bead (Hampton Research, Aliso Viejo, 

CA) in 60 % (v/v) MPD and 0.1 M HEPES pH 7.5 and preserved at -80 ºC for 

subsequent seeding. 
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Figure 3.1: Crystal forms of A. aeolicus LpxK.  
Depending on the condition and presence of ligand, LpxK crystals appear in multiple 
forms. (A) The large bipyramidal crystals of the primitive tetragonal space group and a 
representative diffraction pattern. (B) The smaller bipyramidal crystals of Se-Met 
derivatized LpxK. (C) The elongated crystals of the primitive orthorhombic crystal form, 
resulting in a higher resolution apo structure. (D) The flattened elongated crystals of 
ADP/Mg2+-bound LpxK. (E) The angular rod-like crystals of AMP-PCP bound LpxK. 
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Selenomethionine-derivatized LpxK crystals of the non-tagged protein were 

obtained using crystal seeds (vide supra) equilibrated against a reservoir containing 45-

50 % (v/v) MPD and 0.1 M HEPES pH 7.5 (Fig. 3.1B). Drops contained two parts of a 

ten-fold seed stock dilution into 60 % (v/v) MPD and 0.1 M HEPES pH 7.5, one part 

water, and one part 14 mg/mL protein in 20 % (v/v) glycerol, 0.4 % (w/v) DDM, 0.75 M 

NaCl, 25 mM HEPES pH 8.0, and 2 mM DTT. Data were collected at the Se absorption 

peak (0.978 Å) on the Southeast Regional Collaborative Access Team (SERCAT) BM-

22 line at the Advanced Photon Source (APS, Argonne National Laboratory). A Se single 

anomalous dispersion (Se-SAD) dataset to 2.9 Å was obtained by merging diffraction 

data from two crystals, and the unit cell dimensions were a= 101.2 Å b= 101.2 Å c= 

131.9 Å. The data were reduced and scaled using HKL-2000 (127).  

Identification of heavy-atom substructure, calculation of phases, and initial model 

building were performed using AutoSol within the PHENIX suite (128). Specifically, four 

heavy-atom sites were identified by the program HYSS, corresponding to 

Selenomethionines at positions 56, 104, 204, and 256 (Fig. 3.2A). Experimental phases 

were calculated using PHASER to generate a starting electron density map (Fig. 3.2B), 

which was improved through density modification procedures and automated model 

building using RESOLVE (Fig. 3.2C). The figure of merit (FOM) of the phasing was 

calculated as 0.36. The Autobuild functionality was able to place roughly one-third of the 

polypeptide represented as a poly-alanine chain. The rest of the model, which eventually 

included side chain assignments, was built through iterative rounds of Autobuild, manual 

building in COOT (129), and refinement against the phased maximum-likelihood target 

function. The map contained no density for the first seven amino acids of LpxK, and they 

were omitted from the model.  
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Figure 3.2: LpxK structure solution 
(A) Experimental electron density generated by PHASER within the PHENIX software 
suite contoured at 6.0 σ to reveal the selenomethionine heavy atom sites of the 
derivatized protein. The backbone of the model built from this dataset (prior to phase-
extension) is shown in cyan. (B) Experimental electron density of the unit cell (left panel) 
and asymmetric unit (right panel) contoured at 2.0 σ. (C) Density modification was 
performed by RESOLVE within the PHENIX software suite, and the resulting electron 
density map is shown within the unit cell (left panel) and asymmetric unit (right panel) 
contoured at 2.0 σ. (D) Composite omit map for the refined model of the phase-extended 
2.3 Å dataset calculated in PHENIX with coefficients 2Fo – Fc, contoured at 1.5 σ. The 
backbone of the refined model is shown in cyan.  
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In order to extend the phases and improve the overall resolution of the data, the 

Se-Met derivatized LpxK model was further refined against the 2.3 Å native dataset. 

Iterative rounds of refinement in PHENIX against the maximum-likelihood target function 

and model building in COOT resulted in the final model (Fig. 3.2D), which was validated 

via MOLPROBITY (130).  

3.2.4 Primitive orthorhombic apo LpxK structure 

Rod-shaped crystals of non-tagged LpxK were obtained by vapor diffusion in 

sitting drops equilibrated against a reservoir solution containing 60 % MPD and 0.1 M 

HEPES pH 7.5 (Fig. 3.1C). The drop contained nine parts reservoir solution and one part 

8 mg/mL LpxK in 0.625 M NaCl, 17 % (v/v) glycerol, 0.33 % (w/v) DDM, 20 mM MgCl2, 

20 mM HEPES pH 8.0, 3.7 mM adenylyl-imidodiphosphate (AMP-PNP) (Sigma-Aldrich, 

St. Louis, MO), and 4 mM methyl-2-acetamido-2-deoxy-β-D-glucopyranoside (131). 

Crystals (0.3 mm by 0.05 mm by 0.05 mm) appeared within a month belonging to the 

P212121 space group with cell dimensions a= 61.8 Å b= 69.0 Å c= 106.1 Å. Data were 

collected at a single wavelength (1.0 Å) at the SERCAT 22-BM line to a resolution of 1.9 

Å. The data were reduced and scaled using HKL-2000 (127) and the structure was 

solved by the molecular replacement method using the PHASER module within the 

PHENIX software suite (128) with the intermediate-resolution 2.3 Å apo-LpxK as the 

search model. There was one molecule in the asymmetric unit and the solvent 

comprised 62 % of the unit cell. The model was manually rebuilt using COOT (129) and 

subjected to iterative maximum likelihood refinement with TLS options using PHENIX. A 

HEPES molecule was subsequently added to the model using an electron density 

acceptance criterion of d ≥ 2.5 σ (d) in the Fo – Fc difference electron density map. The 

final model was validated via MOLPROBITY (130).  
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3.2.5 ADP/Mg2+-bound LpxK structure 

Flattened rod-shaped LpxK crystals derived from the GST prep were obtained by 

vapor diffusion after two months in sitting drop conditions identical to those which 

produced the initial primitive tetragonal apo-LpxK crystals, but also included 0.6 mM 

ADP/Mg2+ in the drop (Fig. 3.1D). A micro-crystalline seed stock was generated by 

homogenizing three crystals in 60 % MPD and 0.1 M HEPES pH 7.5. 

Crystals of non-tagged LpxK bound to ADP/Mg2+ were obtained in drops 

equilibrated against a reservoir solution containing 60 % MPD and 0.1 M HEPES pH 7.5. 

Drops contained four parts seed stock (vide supra) and one part 4.3 mg/mL LpxK in 0.65 

M NaCl, 17 % (v/v) glycerol, 0.3 % (w/v) DDM, 22 mM HEPES pH 8.0, 9 mM MgCl2, and 

9 mM ATP. Rod-shaped crystals (0.2 mm by 0.05 mm by 0.05 mm) appeared within 

three weeks belonging to the P212121 space group with cell dimensions a= 65.1 Å b= 

75.6 Å c= 104.2 Å. Data were collected at a single wavelength (1.0 Å) at the SERCAT 

22-BM line at APS to a resolution of 2.2 Å. Data were reduced and scaled using HKL-

2000 (127). The structure was solved using molecular replacement with the 1.9 Å 

resolution apo-LpxK as the search model, separating the domains into two ensembles. 

Iterative structure refinement was performed using the PHENIX software suite (128) and 

included TLS options. There was one molecule in the asymmetric unit and the solvent 

comprised 67 % of the unit cell. ADP and Mg2+ molecules were subsequently added to 

the model using an electron density acceptance criterion of d ≥ 3 σ (d) in the Fo – Fc 

difference electron density map. The final model was validated via MOLPROBITY (130). 



 

	  

70	  

Table 3.2: Data collection and refinement statistics for apo form and ADP/Mg2+-
bound LpxK 

 
  SeMet LpxK‡ Phase-Extended 

LpxK† Apo LpxK† ADP/Mg2+ LpxK† 

Data Collection         

Space group P41212 P41212 P212121 P212121 
Unit Cell a,b,c (Å) 101.2, 101.2, 131.9 101.0, 101.0, 132.5 61.8, 69.0, 106.1 65.1, 75.6, 104.2 

Wavlength (Å) 0.987 1.54 1.0 1.0 

Resolution (Å) 50.0-2.9 (3.0-2.9)* 48.6-2.3 (2.38-
2.30) 

50.0-1.9 (1.93-
1.90) 

50.0-2.2 (2.24-
2.20) 

Rmerge 0.151 (0.540) 0.077 (0.485) 0.059 (0.563) 0.049 (0.434) 

I/σ 19.8 (5.5) 13.8 (2.8) 30.5 (2.2) 39.6 (1.9) 
Completeness (%) 100 (100) 99.8 (100.0) 99.8 (97.5) 98.0 (86.9) 
Redundancy 14.1 (11.1) 12.8 (10.8) 5.6 (4.7) 4.7 (3.6) 
Reflections/unique 410,228/29,039 381,247/31,074 205,431/36,493 123,360/26,285 
FOM of Phasing 0.36 - - - 

Refinement         

Rwork/Rfree (%) - 22.8/26.3 17.2/20.0 17.8/21.3 
Number of atoms (Avg B-factor in Å2)    
  Protein - 2,527 (69.2) 2,585 (43.8) 2,520 (65.6) 
  Water - 89 (63.5) 208 (43.5) 67 (57.1) 
  Glycerol, MPD, Hepes - 68 (93.8) 79 (69.3) 18 (93.0) 

  Chloride - - - 1 (46.0) 
  ADP-Mg2+ - - - 28 (45.8) 
Ramachandran Plot     
  Favored/allowed/outlier (%) - 97.1/2.9/0.0 97.8/2.2/0.0 97.4/2.3/0.3 
Rmsd     
  Bond length (Å) - 0.01 0.01 0.01 

  Bond angles (°) - 1.20 1.18 1.18 

* Values parenthesis indicate highest resolution shell   
Datasets collected from either one (†) or two (‡) crystals   
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3.2.6 AMP-PCP bound LpxK structure 

Rod-shaped crystals resulted when LpxK was incubated with AMP-PCP (Sigma-

Aldrich, St. Louis, MO) for one month (Fig. 3.1E). The drop contained four parts of a 

reservoir solution consisting of 50 % (v/v) MPD and 0.1 M HEPES pH 7.5, and one part 

protein solution containing 13 mg/mL LpxK, 4.3 mM AMP-PCP, 1 mM EDTA, 0.5 % (w/v) 

DDM, 540 mM NaCl, 14 % (v/v) glycerol, and 35 mM HEPES pH 8.0. Similar crystals 

resulted after a round of microseeding where 1 µL of a seed stock (one crystal dissolved 

in 0.5 mL of reservoir solution) was added to the drop. The harvested crystal diffracted to 

2.1 Å and belonged to the P212121 space group (a= 66.1 Å, b= 75.4 Å, c= 104.6 Å). Data 

were collected at a single wavelength (1.0 Å) at the SERCAT 22-ID line at APS. The 

structure was solved by molecular replacement using the previously reported ADP/Mg2+ 

LpxK structure as the search model in PHASER within the PHENIX software suite (128). 

The model was manually rebuilt in COOT (129) between rounds of iterative maximum-

likelihood refinement in PHENIX, which included TLS options. AMP-PCP was 

subsequently added to the model using an electron density acceptance criterion of d ≥ 3 

σ (d) in the Fo – Fc difference electron density map. The overall structure was validated 

using MOLPROBITY (130).  

3.2.7 ATP bound to “open” form of LpxK 

 Rod-shaped crystals resulted when LpxK was incubated with ATP for one month. 

The drop contained seventeen parts of a reservoir solution consisting of 60 % (v/v) MPD 

and 0.1 M HEPES pH 7.5, and three parts protein solution containing 7.4 mg/mL LpxK, 

10 mM ATP, 1 mM EDTA, 0.35 % (w/v) DDM, 700 mM NaCl, 18.5 % (v/v) glycerol, and 

45 mM HEPES pH 8.0. A harvested crystal diffracted to 2.2 Å and data were collected at 

a single wavelength (1.0 Å) at the SERCAT BM-line with a P212121 space group (a= 62.7 
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Å, b= 68.1 Å, c= 105.9 Å). The structure was solved using the orthorhombic apo LpxK 

structure as the molecular replacement search model in PHASER within the PHENIX 

software suite (128). The model was manually rebuilt in COOT (129) between rounds of 

iterative maximum-likelihood refinement in PHENIX, which included TLS options. ATP 

was subsequently added to the structure using an electron density acceptance criterion 

of d ≥ 3 σ (d) in the Fo – Fc difference electron density map. The overall structure was 

validated using MOLPROBITY (130).  

3.2.8 An alternate P-loop conformation 

Boxy rod-shaped crystals resulted from a drop which contained three parts of a 

reservoir solution consisting of 40 % (v/v) MPD and 0.1 M HEPES pH 7.5, and one part 

protein solution containing 8.3 mg/mL LpxK, 4 mM methyl-2-acetamido-2-deoxy-B-D-

glucopyranoside (131), 0.35 % (w/v) DDM, 625 mM NaCl, 17 % (v/v) glycerol, and 45 

mM HEPES pH 8.0. A crystal harvested after one month diffracted to 2.2 Å and data 

were collected at a single wavelength (1.0 Å) at the SERCAT BM-line with a P212121 

space group (a= 62.1 Å, b= 68.5 Å, c= 107.6 Å). The structure was solved using the 

orthorhombic apo LpxK structure as the molecular replacement search model in 

PHASER within the PHENIX software suite (128). The model was manually rebuilt in 

COOT (129) between rounds of iterative maximum-likelihood refinement in PHENIX, 

which included TLS options. Spherical active site density, which altered the position of 

the P-loop significantly, refined well as a chloride ion. The overall structure was validated 

using MOLPROBITY (130).  
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Table 3.3: Data collection and refinement statistics for AMP-PCP, ATP, and 
chloride-bound LpxK 

 
  AMP-PCP LpxK ATP LpxK Compact P-loop 

LpxK 
Data Collection       

Space group P212121 P212121 P212121 
Unit Cell a,b,c (Å) 66.1, 75.4, 104.6 62.7, 68.1, 105.9 62.1, 68.5, 107.6 

Wavlength (Å) 1.0 1.0 1.0 
Resolution (Å) 50.0-2.1 (2.14-2.10)* 50.0-2.2 (2.24-2.20) 50.0-2.2 (2.24-2.20) 
Rmerge 0.059 (0.391) 0.073 (0.420) 0.046 (0.451) 
I/σ 41.3 (2.8) 16.5 (2.3) 37.7 (2.6) 
Completeness (%) 92.3 (62.8) 97.1 (98.4) 97.4 (83.4) 
Redundancy 4.4 (3.1) 4.0 (3.6) 5.5 (4.2) 

Reflections/unique 129,472/29,108 92,699/23,000 128,849/23,573 

Refinement       

Rwork/Rfree (%) 16.7/19.0 16.2/21.0 19.3/22.9 
Number of atoms (Avg. B-factor, Å2)   
  Protein 2,527 (50.4) 2,585 (30.3) 2,555 (71.7) 

  Water 55 (41.7) 139 (28.6) 73 (53.6) 
  Glycerol, MPD, Hepes 18 (89.4) 29 (44.3) 39 (96.3) 
  AMP-PCP 31 (32.1) - - 
  ATP - 31 (20.6) - 
  Chloride - - 1 (60.5) 
Ramachandran Plot    

  Favored/allowed/outlier (%) 98.0/2.0/0.0 97.8/2.2/0.0 97.7/2.3/0.0 
Rmsd    
  Bond length (Å) 0.014 0.01 0.01 
  Bond angles (°) 1.48 1.16 1.15 

*Values parenthesis indicate highest resolution shell   
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3.3 Results 

3.3.1 Crystal structure and overall topology of apo LpxK 

The initial crystal structure of A. aeolicus LpxK was solved using a single 

anomalous dispersion (SAD) data set of selenomethionine-derivatized protein in a 

primitive tetragonal space group. Primitive orthorhombic crystals of the same apo form of 

LpxK were later obtained which improved the resolution to 1.9 Å. The model includes the 

entire polypeptide chain and was refined to Rwork and Rfree values of 17.2 % and 20.0 %, 

respectively (Table 3.2).  

LpxK is composed of two domains, both adopting a Rossmann-like α/β/α 

sandwich fold, that are connected by two twisted, anti-parallel β-strands (Fig. 3.3). The 

larger N-terminal domain (residues 1-206, 298-315) consists of an internal nine-stranded 

parallel β-sheet (with the exception of β3 and β13) flanked by seven α-helices (α1-α6, 

α11), a 310-helix (α7), and intervening loops. The smaller C-terminal domain (residues 

210-294) consists of a six-stranded parallel β-sheet (with the exception of β8) 

surrounded by two α-helices (α9-α10), a 310-helix (α8), and loop regions. The strand 

order of the β-sheets is β13, β8, β7, β6, β1, β5, β2, β4, β3 and β9, β8, β13, β12, β10, 

β11 for the N- and C-terminal domains respectively, with β8 and β13 linking the two 

domains. These features distinguish LpxK from other P-loop kinases which usually 

consist of a single Rossmann-fold domain with an internal five-stranded β-sheet 

containing the strand order β2 β3 β1 β4 β5 (Fig. 1.14) (91, 95). The active site Walker A 

(P-loop) and Walker B motifs are located on the N-terminal domain in a pocket formed 

between the two domains (Fig. 3.3). As found in the majority of P-loop kinases, the 

Walker A motif is located between the first β-strand (β1) and the following α-helix (α2) of 
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the polypeptide chain (91, 95). Even though all residues of LpxK were successfully 

modeled, loops encompassing residues 74-79 (L1), 234-236 (L2), and 261-262 (L3) 

displayed weaker density, with an increased average B-factor (128.0 Å2 compared to 

43.8 Å2 for the entire polypeptide), indicating a higher degree of flexibility in these 

regions (Fig. 3.3).  

 

 

Figure 3.3: Crystal structure of apo A. aeolicus LpxK.  
Cartoon diagram of A. aeolicus LpxK tracing the polypeptide chain from the N (blue) to C 
(red) terminus. The Walker A / P-loop and Walker B motifs residing between the two 
domains are labeled. Secondary structure and select loop regions denoted by “L” are 
also labeled. Cartoon illustrations were generated in Pymol (23). 
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The two-domain architecture of LpxK resembles known structures of Gram-

negative diacylglycerol kinases YegS and DgkB (Fig. 1.15A), however, the C-terminal 

domains of these enzymes primarily consist of β-sheets and the inter-domain linkers are 

loop segments (100, 101). The closest known structural homolog of LpxK is HypB (15.9 

% sequence identity and 27.5 % similarity), a GTPase involved in nickel processing 

which resembles LpxK’s N-terminal domain (Fig. 3.4) (132, 133). Strikingly, the 

backbone rmsd between HypB and the N-terminal domain of LpxK is 2.54 Å (134) due to 

the fact that the strand order and placement of some helices surrounding the sheets is 

relatively conserved between the two proteins. However, HypB is one strand shorter at 

each end of its long central β-sheet and lacks the N-terminal helix of LpxK. 

 

Figure 3.4: Overlay of LpxK with structural homolog HypB.  
The secondary structure of apo LpxK (gray) and HypB (magenta) (PDB 2HF9) were 
used to align the two proteins (134). Helices (cylinders) of LpxK that have corresponding 
structural homology in HypB are labeled.  
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 During purification of A. aeolicus LpxK, it was noted that the protein was unable 

to be separated from membranes without detergent treatment (Chapter 2). Though we 

cannot completely rule out the possibility that the N-terminal helix of A. aeolicus LpxK 

(residues 6-26) is transmembrane in vivo, based on topology prediction (71) and multiple 

hydrogen bonding interactions between various side chains of the helix (R3, S10, Y13, 

R20, N21, D25) and the core of the N-terminal domain, we hypothesize that the position 

of this helix in the structure is not merely a consequence of crystal packing (Fig. 3.5).  

 

 

 

 

 

Figure 3.5: Properties of the N-terminal helix of LpxK.  
(A) Overview of apo LpxK (gray) highlighting region of the N-terminal helix (cyan) to be 
enhanced. (B) Side view of N-terminal helix (cyan) underneath core domain (gray). 
Residues are labeled that either participate in hydrogen bonding interactions (gray 
dashes) with the core domain or contribute to the hydrophobic nature of the lower face of 
the helix. 
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To illuminate how LpxK may associate with the inner membrane, the surface 

hydrophobicity of the enzyme was mapped, revealing the outward face of the N-terminal 

helix to be hydrophobic in nature mainly due to contributions from the side chains of 

residues L2, L6, F9, L12, I16, F19, L23, and F28 (Fig. 3.5 and Fig. 3.6A) (135). This 

surface could have an analogous function to the putative N-terminal transmembrane 

domain of E. coli LpxK, anchoring A. aeolicus LpxK to the membrane. To shed further 

light on this matter, the electrostatic surface of A. aeolicus LpxK was calculated using 

the Adaptive Poisson-Boltzmann Software (Fig. 3.6B) (136). Interestingly the N-terminal 

domain surface, especially adjacent to the hydrophobic face of the N-terminal helix, is 

significantly more cationic than the C-terminal domain surface. Combined, these 

observations suggest that the N-terminal domain is responsible for LpxK’s membrane 

affinity via the hydrophobic lower surface of the N-terminal helix and cationic residues 

surrounding this region, enabling the enzyme to interact strongly with the anionic 

phospholipids of the inner membrane. Positive difference electron density was observed 

in a basic patch of the N-terminal domain. Because the crystallant contained 100 mM 

HEPES and the contour of the density resembled its chemical structure, a molecule of 

HEPES was modeled and successfully refined. The sulfate group extension off the 

piperazine core is bound to the side chains R72, R119, and H143 (Fig. 3.6A). Although 

this binding event is probably not physiological, these residues are highly conserved 

among orthologs of LpxK, and may be involved in substrate binding. The HEPES sulfate 

may mimic the DSMP 1-phosphate binding position.  
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Figure 3.6: Hydrophobic and electrostatic surface of LpxK.  
(A) A surface representation of LpxK in which each residue was assigned a color based 
on its hydrophobic (green) or hydrophilic (white) nature (135). A bound HEPES molecule 
is shown as gray sticks along with corresponding simulated annealing omit electron 
density (blue mesh) calculated with coefficients Fo – Fc, contoured at 2.5 σ. Potential 
hydrogen bonds are indicated with dashed lines. The Walker B residues D138 and D139 
are also included for reference. Waters are shown as red spheres. (B) The electrostatic 
surface of LpxK as calculated by the Adaptive Poisson-Boltzmann Solver (APBS) (136). 
The electrostatic potential is scaled from -3.0 (red) to +3.0 (blue) kT/e. 
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3.3.2 Crystal Structure of ADP/Mg2+-bound LpxK 

 To elucidate nucleotide-binding residues of A. aeolicus LpxK, the structure of 

ADP/Mg2+-bound enzyme was solved by molecular replacement to a resolution of 2.2 Å, 

resulting in Rwork and Rfree values of 17.8 % and 21.3 %, respectively (Table 3.2). 

Electron density was not well defined for the first 8 amino acids of the N-terminus, and 

they were not included in the model. 

ADP and Mg2+ reside in the pocket formed between the N- and C-terminal 

domains (Fig. 3.7). The P-loop surrounds the β-phosphate of ADP, while the adenosine 

moiety is bound between the second helix of the smaller C-terminal domain and the 

inter-domain linker (Fig. 3.8). A global alignment of the apo and ADP/Mg2+-bound forms 

of LpxK using the DynDom server (137) reveals a 25° hinge motion in which the C-

terminal domain closes around the nucleotide, highlighting the significant conformational 

change that accompanies ligand binding (Fig. 3.7). Residues 206-212 and 294-297 

make up the “hinge” regions that lie on the β-sheet linker at the base of the C-terminal 

domain. As a consequence of binding, loops L2 and L3 of the C-terminal domain are 

better ordered, with decreased B-factors (48.4 and 54.6 Å2, respectively) compared to 

the apo LpxK structure (120.3 and 145.3 Å2) (Fig. 3.7A). Loops L2 and L3 are involved in 

adenosine/α-phosphate interactions and Mg2+ coordination, respectively. The 

stabilization of these loops in conjunction with ligand binding indicates they are flexible 

and upon domain closure are locked into place, assembling the necessary catalytic 

residues. 
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Figure 3.7: Domain motion of the LpxK C-terminal domain upon nucleotide 
binding.  

(A) Shown is the globally aligned (137) cartoon illustrations of apo (gray) and ADP/Mg2+-
bound (green) A. aeolicus LpxK with ADP (cyan sticks), Mg2+ (magenta sphere), and Cl- 
(yellow sphere). Corresponding simulated annealing omit electron density (blue mesh) 
was calculated with coefficients Fo – Fc, contoured at 4 σ. Relative positions of helix α9 
and loops L2 and L3 are indicated. When rotated 90°, the overlay more clearly illustrates 
the 25° hinge motion of the C-terminal domain as it closes around the ligands. (B) The 
crystal structures of apo A. aeolicus LpxK and ADP/Mg2+-bound LpxK in their predicted 
membrane orientations are included colored blue to red from N- to C-terminus. ADP is 
shown as black sticks and Mg2+ is shown as a black sphere in the “closed” form. The N-
terminal helix is implicated in membrane binding through a hydrophobic lower face 
assisted by surrounding basic residues of the N-terminal core domain. 
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Figure 3.8: Residues involved in adenosine binding in A. aeolicus LpxK.  
The adenosine moiety of ADP (cyan sticks) is bound between the C-terminal domain 
and β-linker. Hydrogen bonds are indicated with dashes. The two active site ions, 
chloride (yellow sphere) and magnesium (magenta sphere), are shown along with water 
(red sphere).  
 

C-terminal domain movement positions residue Q240 to form hydrogen bonds 

with the N6 and N7 nitrogen atoms of the adenine ring (Fig. 3.8 and Fig. 3.9B). Residues 

L235, F241, T278, and P279 of the C-terminal wall of the binding pocket provide van der 

Waals contacts with adenosine. Residues R206, F208, and F296 on the domain linker β-

sheet contribute additional interactions with the opposite face of the nucleoside while the 

back wall of the binding pocket is formed by V244 and L294. The ribose of ADP is 

secured by hydrogen bonds to the backbone amide nitrogen atom of K280 and the S53 

hydroxyl group, and is within van der Waals distance of M56 and L103. Spherical 

electron density was present between the ribose of ADP and S53 which refined well as a 

chloride ion, likely a consequence of including 130 mM NaCl in the crystallization drop 

solution.  
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The pyrophosphate moiety of ADP is held in place by an intricate network of 

hydrogen bonds with backbone amide nitrogen atoms, various side chains, and water 

molecules (Fig. 3.9). Interestingly, the phosphate groups are found in a strained 

conformation with two dihedral angle outliers between O5′-Pα and O3A-Pβ (130), 

indicating that this geometry may reflect the catalytically competent ATP conformer 

necessary for phosphate transfer. The α-phosphate group is secured by interactions with 

the side chain of K280 and the backbone nitrogen atom of G236. When compared to the 

apo structure, the P-loop is found in a nearly identical overall conformation except for 

G47, which is flipped, bringing the backbone nitrogen atoms of G48 and S49 closer to 

the β-phosphate of ADP, thereby stabilizing its negative charge. The backbone amides 

and side chains of P-loop residues S49, K51 and T52 form hydrogen bonds to the β-

phosphate while the carboxylate of E100 and the β-phosphate of ADP are monodentate 

ligands of Mg2+ (Fig. 3.9). The octahedral coordination shell of the ion is completed by 

waters, which are held in place by interactions with the side chains of D260, K51, H261, 

and E100. D138 and the backbone amide nitrogen atom of G47 also contribute via 

intervening water molecules in the second hydration shell of the ion. Interestingly, an 

overlay of this structure with the GTPγS (guanosine 5'-O-(γ-thio)triphosphate) and Mg2+-

bound HypB structure (134) reveals that the Mg2+ ion of the LpxK structure overlaps 

spacially with the γ-phosphate of the HypB structure (Fig. 3.10). By contrast, the P-loop 

and active site catalytic residues overlay well. The discrepancy in the Mg2+ ion position 

may be the result of nucleotide hydrolysis in the ATP structure that has shifted the 

coordination of the cation to a post-catalyic binding mode. 
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Figure 3.9: The LpxK active site with bound ADP/Mg2+.  
(A) A stereo view close-up of the ADP/Mg2+ binding pocket containing ADP (cyan sticks) 
and Mg2+ (magenta sphere). Hydrogen bonds are indicated with dashed lines. Select 
waters are shown (red spheres). (B) Schematic overview of the nucleotide/magnesium-
binding site. Hydrogen bonds are indicated with green dashes and their distances 
indicated. Select waters are shown in blue and the orange arrow indicates the relative 
distance between K51 and D139. 
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Figure 3.10: LpxK/HypB active site overlay with bound nucleotide.  
Active site overlay of secondary structure-aligned ADP/Mg2+-bound LpxK (green) and 
GTPγS/Mg2+-bound HypB (magenta) with the Mg2+ ions shown as spheres (134). The 
nucleotides are included along with select active site side chains labeled for LpxK. The 
analogous HypB functionalities for K51, T52, E100, and D138 are K46, T47, D75, and 
E120 respectively. 
 

 

3.3.3 Crystal structure of AMP-PCP bound LpxK 

 In order to identify the pre-catalytic position of the ATP γ-phosphate, co-crystals 

in complex with the non-hydrolyzable ATP analog AMP-PCP were generated and the 

structure solved via molecular replacement (Table 3.3). The first seven amino acids 

were not modeled and the final model obtained 16.7 % and 19.0 % Rwork and Rfree values 

respectively. The AMP-PCP containing structure shows the analog bound to the enzyme 

in the closed form (Fig. 3.7), with the β-phosphate sitting at the base of helix α2 (Fig. 

3.11A). The AMP-PCP structure overlays closely with the structure previously 
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determined for post-catalytic ADP/Mg2+-bound LpxK structure with three differences (Fig. 

3.11B).  First, the position of the α-phosphate is shifted slightly between the two 

structures, with the ADP/Mg2+ α-phosphate favoring an interaction with the side chain of 

K280 and the AMP-PCP favoring a hydrogen bond to Y187. Second, the γ-phosphate of 

AMP-PCP resides in a position occupied by the cation in the ADP/Mg2+ structure, 

participating in hydrogen bonding interactions with E100 of the α4 helix and K51 of the 

P-loop motif. Third, T52 forms a hydrogen bond with a ribose hydroxyl, which is bound to 

S53 in the ADP/Mg2+ structure. In both the ADP/Mg2+ and AMP-PCP crystal structures, 

the side chain of D99 is bonded to H261 of the L3 loop, reminiscent of the charge relay 

system of serine proteases (138) (Fig. 3.9 and Fig. 3.11A). The γ-phosphate of AMP-

PCP is well positioned for transfer, as it is directly adjacent to the putative DSMP-binding 

pocket on the underside of the N-terminal domain. 

 

 

Figure 3.11: Active site of AMP-PCP bound to LpxK.  
(A) Active site stereo view reveals AMP-PCP bound in the “closed” enzyme 
conformation between the C-terminal domain and β–linker. Water (red sphere) and 
putative hydrogen bonds (dashes) are indicated. Simulated annealing omit electron 
density for AMP-PCP (mesh) was calculated with coefficients Fo – Fc, contoured at 4 σ. 
(B) Overlay of AMP-PCP (cyan) and ADP-Mg2+ (green) LpxK structures. Side chains and 
hydrogen bonds (dashes) are colored accordingly. The Mg2+ ion of the ADP/Mg2+ 
structure is bound at the same site as the γ–phosphate of AMP-PCP.  
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3.3.4 Crystal structure of ATP bound to open form LpxK 

 In at attempt to obtain a non-hydrolized ATP-bound structure, LpxK was 

incubated with EDTA and ATP in the MPD condition. Rod-shaped crystals were obtained 

on which data were collected and refined to 16.2 % and 21.0 % Rwork and Rfree values 

respectively (Table 3.3). The model surprisingly showed ATP bound in the open form of 

the enzyme (Fig. 3.7). This ATP does not occupy the same binding site as AMP-PCP 

because in the open form, the C-terminal domain is not closed around the nucleotide 

(Fig. 3.12A). Instead, ATP is found in a “bent” conformation, which may represent the 

binding state of the nucleotide before closure of the C-terminal domain. A well-ordered 

MPD molecule is also found bound in this pocket. The conformation of ATP consists of 

the α-phosphate positioned at the base of helix α2, the site normally occupied by the β-

phosphate in both the ATP/Mg2+ and AMP-PCP bound structures (Fig. 3.12B).  

 

 

Figure 3.12: Active site of ATP-bound A. aeolicus LpxK in the “open form”.  
(A) Simulated annealing omit electron density for ATP and MPD (blue mesh) in the ATP-
bound structure was calculated using coefficients Fo – Fc, contoured at 4 σ. The “bent” 
ATP molecule is bound to the “open”, normally apo conformation of the enzyme. Dashed 
lines indicate hydrogen bonds. (B) Stereo view of the overlay of AMP-PCP (cyan) and 
ATP (magenta) bound LpxK structures reveals a shift in nucleotide binding upon domain 
closure. Side chains (sticks) and hydrogen bonds (dashes) are colored accordingly. Side 
chain rotation of F296 between the two structures is indicated with an arrow. 
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Comparisons of the AMP-PCP and ATP bound LpxK structures reveal that 

besides the large difference in position of the C-terminal domain, specific residues show 

significant shifts (Fig. 3.12B). Q240 trades a hydrogen bond with the α-phosphate of 

ATP for the adenosine ring of AMP-PCP. The F296 side chain is rotated 180° to mediate 

a pi-stacking interaction with this same adenosine. Other side chains (Y187, S53, R206, 

and T52) retain the same relative positioning but trade binding partners between the two 

structures. Y187 participates in a hydrogen bond with the β-phosphate in the ATP 

structure, but switches to the α-phosphate of AMP-PCP. S53 is bound to an adenosine 

nitrogen atom of ATP, but contacts a ribose hydroxyl in the AMP-PCP structure. R206 

leaves a bond with the α-phosphate of ADP for the adenosine ring, and T52 binds the γ-

phosphate of ATP only to switch to the β-phosphate and a ribose hydroxyl in the AMP-

PCP structure. 

3.3.5 Crystal structure of a “compact” P-loop conformation 

 In the same drop condition which had produced apo LpxK crystals, except for a 

slightly higher salt concentration, boxy rod-shaped crystals of the same space group and 

unit cell dimensions appeared (Table 3.3), which when the structure was solved were 

observed to have a relatively unaltered overall appearance except for the position of the 

P-loop (Fig. 3.13). The final model obtained 19.3 % and 22.9 % Rwork and Rfree values 

respectively. In these crystals, the P-loop is “compact”, with the residues G48, S49, and 

G50 of the P-loop shifted to complete another turn of the α2 helix. Pinning down these 

residues at the base of the helix is spherical density which, given the high chloride 

concentration in the drop (~160 mM) and the dipole properties of helices, was assigned 

as a chloride ion. This structure may explain weak positive difference density seen in the 
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apo LpxK structure, as the P-loop may exist in a semi-dynamic state alternating between 

these two conformations.  

 

 

Figure 3.13: An alternate conformation of the LpxK P-loop.  
(A) The “compact” P-loop conformation along with a chloride ion (orange sphere) and 
water molecule (red sphere) likely display an inactive P-loop conformer. Electron density 
calculated using coefficients 2Fo – Fc contoured at 2 σ is shown (blue mesh). To note the 
P-loop shift, the apo LpxK cartoon is overlaid (gray). (B) Same view except with a stick 
representation of the apo structure. 
 

3.4 Discussion 

Crystal structures of multiple forms of LpxK have allowed us to gain valuable 

insight into the specificity and mechanism of this kinase within the lipid A biosynthetic 

pathway. When combined with sequence analysis, the structures have also enabled us 

to make concrete predictions regarding the roles of various conserved domains (Fig. 

3.14). Among other bacterial lipid kinases, only YegS, DgkB, and DgkA have known 

structures (Fig. 1.15), but these enzymes belong to the DAGK superfamily, lacking the 

Walker motifs that distinguish the P-loop NTP hydrolases (100, 101, 103). Of these three 

kinases, only DgkA, a functional trimer with nine transmembrane helices, is membrane-

bound like LpxK. 
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Figure 3.14: Multiple sequence alignment of LpxK from A. aeolicus, E. coli, and 
other pathogenic Gram-negative bacteria.  

Shaded in blue are regions with a high degree of conservation among the orthologs, and 
based on our structures, their putative roles in LpxK activity are indicated below the 
highlighted regions. Secondary structure and select loop regions are labeled above the 
text along with the location of the Walker A / P-loop and Walker B motifs. The accession 
numbers of the LpxK orthologs in order are as follows: O67572, P27300, A4IW67, 
Q8Z801, O25095, and B7H3M5. 310-helices are designated with †. (*) indicates absolute 
conservation, (:) indicates conservation between strongly similar groups, and (.) 
indicates conservation between weakly similar groups. Alignment was generated using 
Clustal W (139). 

A. aeolicus   1    ------------------M--LRSSLLPFSYLYEKIINFRNTLYDKGFLKIKKLPVPVIS   40   
E. coli       1    ------MIEKIWSGESP----LWRLLLPLSWLYGLVSGAIRLCYKLKLKRAWRAPVPVVV   50   
F. tularensis 1    ------MLDKIWYRSKPNL--LSRVLQPISLVFIDIANKRKIKQQL---KQYKSKIPIIV   49   
S. typhi      1    ------MIARIWSGESP----LWRLLLPLSWLYGLVSGAIRLSYKLGLKRAWRAPVPVVV   50   
H. pylori     1    MKSDKPFLERYFYDPTLLQKGLIFALYPFSLIYQGIATLKRKTAKK-----HDFKIPIIS   55   
A. baumannii  1    -MSLARLIQNAWNKQSS----WLIVLRPLSCLYRAGFLLNRGFHSSGFKKVYTAPVPVMV   55   
                                            * *:* ::       .   .          :*::  
   
 
 
 
                             
A. aeolicus   41   VGNLSVGGSGKTSFVMYLADLLK--DKRVCILSRGYKRKSKGTLIVSEYGNLKVSWEEAG   98  
E. coli       51   VGNLTAGGNGKTPVVVWLVEQLQQRGIRVGVVSRGYGGKAESYPLLLSADTTTA---QAG  107  
F. tularensis 50   VGNISVGGTGKTPVVRMLAQQYLAQDKKPAIISRGYGAKADNYPFEVTSGTLAT---QCG  106  
S. typhi      51   VGNLTAGGNGKTPVVIWLVEKLQQRGVRVGVVSRGYGGKAAAYPLLLTPETTTA---EAG  107  
H. pylori     56   IGNLIAGGSGKTPFILEIAPRYQ----EVAVVSRGYQRDSKGLVVVSVKGNILVSQKTAG  111  
A. baumannii  56   IGNITVGGSGKTPLLIELVNYLKQHNVKVGVISRGYGG-AGPFPMLVTSASQAA---EAG  111  
                   :**: .**.***..:  :.        .  ::****   :    .     .  .    .* 
 
 
 
      
 
A. aeolicus   99   DEPYLMAKL--LPHVSVVASEDRYKGGLLALEKLSPEVFILDDGFQHRKLHRDLNILLLK  156  
E. coli       108  DEPVLIYQR--TDAPVAVSPVRSDAVKAILAQHPDVQIIVTDDGLQHYRLARDVEIVVID  165  
F. tularnesis 107  DEPAMLFDALQAQVPIVIAPERVQAVKYIEKNFPDTDIIMSDDGLQHYKLARDKEIVVVD  166  
S. typhi      108  DEPVLIYQR--TGAPVAVAPERAAAVKAILAAH-NVQIIITDDGLQHYRLARDIEIVVID  164  
H. pylori     112  DEAYLLALN--LKQASVIVSEK-RELGVLKALELGAKIVFLDDGFRFNFNQFN---LLLK  165  
A. baumannii  112  DEPALIVQS--TGVPMAVGPNRQVAIELLLAST-KLDLIISDDGLQHWALGRQIEWIVLD  168  
                   **. ::          .: .        :       .:.. ***::.     :   :::. 
 
 
 
 
     
A. aeolicus   157  K-KDLKDR-LLPAGNLREPLKEIRRADALVLTYQEVEPFEFFTG---KPTFKMFREFCCL  211  
E. coli       166  GVRRFGNGWWLPAGPMRERAGRLKSVDAVIVNGGVPRSGE---------IPMHLLPGQAV  216  
F. tularnesis 167  AIRMFGNKLCLPAGPLREPIERLKEVDQIIVIGNCSDKDKELLKNYKNVTYAKVVATEFV  226  
S. typhi      165  GVRRFGNGWWLPAGPMRERASRLKTVDAAIVNGGVARAGE---------IPMQLAPGLAV  215  
H. pylori     166  PKVPPYYPFCLPSGLYRESIKSYEEAHLVVTED---------------------------  198  
A. baumannii  169  QNRGLGNRKLLPEGYLREPVERLKTSTVIEHTFTPTTTLH---------MHLDAGQPYLL  219  
                             ** *  **     .                                     
 
 
 
 
 
A. aeolicus   212  LNSDFEEVPFDILKEREVIAFSGLGDNGQFRKVLKNLGIKVKEFMSFPDHYDYSDFTP--  269                 
E. coli       217  NLRTGTRCDVAQLE--HVVAMAGIGHPPRFFATLKMCGVQPEKCVPLADHQSLNHADVSA  274   
F. tularnesis 227  NILTAKKVAKTEFNHQNAIAIAGIGNPTKFFKTLEESAINITAKKVFKDHHKFTQSDFEG  286   
S. typhi      216  NLRTGARCDVAQLS--NIVAMAGIGHPPRFFATLEACGAHPQKCVPLADHQTLAPADVQA  273   
H. pylori     199  --KDYQRITSISRPTKRMLLVTAIANPSRLDAFLPKEVVKKLYFKDHAPFN-LELLEKEF  255   
A. baumannii  220  NPSSATELSFNIQN--NYHAVVGIGFPQRFYQTLKGLGVKQFQEHAFRDHHDYSIDDL--  275   
                         .         .   . .:.   ::   *     :         .           
        
 
 
 
     
A. aeolicus   270  --EEGEIYLTTPKDLIKLQGYENVF----------ALNFKVKLEREEKLKKLIYRIFY------  315   
E. coli       275  LVSAGQTLVMTEKDAVKCRAFAEEN------WWYLPVDAQLSGDEPAKLLTQLTLLASGN----  328   
F. tularnesis 287  IDSD-ITVVMTYKDAIKCKNFAKAN------WWYLDIALDINV---------------------  322   
S. typhi      274  LVGEGQTLVMTEKDAVKCRAFAEDN------WWFLPVDARLSGEQPDKLLEHITSLVR------  325   
H. pylori     256  YQNNATSLLVTSKDLVKLQDCNLPLS-------VLNLKLEICPKVLEEIDHYILSYPYNTKERL  312   
A. baumannii  276  LFNDDQPIITTEKDAVKLLPLLEKHPEFKRPIWVVPVKAVLSTECYQVLNQQLQKLDIQIS---  336   
                           : * ** :*                   :   : 
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3.4.1 The LpxK structure represents a novel class of P-loop kinase 

Taken overall, the N-terminal α/β/α domain most resembles other members of 

the P-loop containing NTP hydrolase superfamily, especially HypB (Fig. 3.4) (91, 95, 

132). LpxK is larger than the majority of these other family members, and its possession 

of a second α/β/α domain involved in adenosine binding is a significant and unique 

deviation from typical topologies (Fig. 3.15). Bringing ATP close to the anionic 

phospholipids of the inner membrane may require additional interactions provided by the 

LpxK C-terminal domain in order to lower the free energy of nucleotide binding enough 

to overcome negative charge repulsion at the membrane surface. In most P-loop 

kinases, additions to the core α/β/α domain tend to be more subtle, often consisting of 

only a few secondary structure elements. These proteins implement surface clefts and/or 

dimerization interfaces to bind ATP and exclude water from the active site (97, 132, 

140). Our crystal structures, along with gel filtration analysis of the purified enzyme (Fig. 

2.3) indicate that LpxK is a functional monomer. The additional domain of LpxK likely 

bestows specificity for ATP over other NTP’s as previously observed for E. coli LpxK 

(68), and may perform the water exclusion function as well. LpxK likely evolved from an 

ancestral P-loop NTP hydrolase that developed the C-terminal domain and membrane 

affinity in order to be able to operate on the inner membrane surface. The substrate for 

this ancestral LpxK may have been a small sugar metabolite analogous to the 

glucosamine disaccharide of DSMP. The fact that LpxK’s closest structural homolog is 

the GTPase HypB and not other P-loop kinases indicates that the ancestral LpxK likely 

differentiated itself from other P-loop NTP hydrolases early on in the evolutionary history 

of this superfamily (95, 132).  
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Figure 3.15: Overlay of LpxK with canonical P-loop kinases.  
The secondary structure of apo LpxK (gray) and four other P-loop kinases (orange) were 
used to align the proteins (134). A few helices (cylinders) of LpxK, especially near the P-
loop, have corresponding homology in the other proteins and the position of the internal 
β-sheets are similar. The C-terminal domain of LpxK and N-terminal helix are 
substructures unique to this enzyme. Crystal structures in this work implicate the C-
terminal domain in binding the ATP adenosine and the N-terminal helix in membrane 
affinity. 
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 During purification, we noted that A. aeolicus LpxK cannot be separated from 

membranes by salt treatment alone and required detergent (Chapter 2), an unusual 

property for a protein without any obvious transmembrane segments predicted by 

hydropathy (71) or structural analysis. Though the N-terminal helix has strong homology 

to its E. coli counterpart (Fig. 3.14), which is predicted via said hydropathy analysis to 

span the membrane, we believe that our crystal structures reflect the helix’s 

physiological position on the core of the N-terminal domain provided the number of 

contacts observed between the amphipathic face of the helix and adjacent domain 

elements L4, L5, and α7 (Fig. 3.3 and Fig. 3.5). It is highly possible that the predicted 

transmembrane domain of E. coli LpxK is in reality analogous to A. aeolicus LpxK’s N-

terminal helix, being only partially buried in the membrane.  

The crystal structure’s lack of a large hydrophobic pocket as found in other 

structures with bound lipid A (21), combined with the knowledge that DSMP is tetra-

acylated, supports the hypothesis that LpxK may only partially extract its substrate from 

the inner membrane to perform catalysis. Based on LpxK’s calculated surface charge, 

surface hydrophobicity, and the directionality of the ADP phosphates in the structure, the 

DSMP binding surface is likely on the underside of the N-terminus (Fig. 3.16) where 

residues of loops L1 (residues 71-74), L4 (138-143), and L5 (165-172) are highly 

conserved among LpxK orthologs (Fig. 3.3 and Fig. 3.14). LpxK may use charged 

residues on these loops to bind the disaccharide portion of DSMP and then secure the 

acyl chains using the N-terminal α-helix as a clamp. The tightly bound HEPES molecule 

in the 1.9 Å resolution apo-enzyme structure may provide insight into the location of part 

of the DSMP binding site as the conserved basic residues binding the HEPES sulfate 

could be correctly positioned to coordinate the 1-phosphate of DSMP (Fig. 3.6A). 
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Figure 3.16: Hypothetical membrane association of LpxK.  
Based on surface charge (136) of the N-terminal domain and the presence of 
hydrophobic residues on the lower face of the N-terminal helix, we predict that LpxK 
attaches to the membrane through partial burial of this helix and charge-charge 
interactions with the anionic phospholipids of the membrane, allowing the enzyme to 
skim the membrane surface in search of DSMP substrate. Illustrative positions of the 
ATP and partially extracted DSMP substrates prior to catalysis are indicated. Binding 
and catalysis occurs in the pocket formed between the two domains near the inner face 
of the N-terminal helix. 
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3.4.2 Domain motion upon nucleotide binding assembles the LpxK active 
site 
 

The superposition of the apo and ADP/Mg2+-bound LpxK structures reveal a 

closure of the C-terminal domain around the ADP product in the active site (Fig. 3.7). 

LpxK may remain in the “open” conformation and mold itself around its substrates upon 

binding or alternatively bind its substrates followed by domain closure to adopt the 

catalytically active conformer, bringing the necessary residues within proximity of the 

ATP, DSMP, and the Mg2+ ion (Fig. 3.9). Outside the P-loop, residues S53, R206, G236, 

Q240, and K280 appear to have a significant role in ATP binding since they are 

hydrogen bonded to the adenosine, ribose hydroxyl groups, or the α-phosphate of ADP 

(Fig. 3.8).  

When comparing the P-loops of both the apo and ADP/Mg2+-bound LpxK 

structures, a small conformational change results in the flipping of G47, allowing for 

further stabilization of the anionic phosphate groups of ADP. Sizeable conformational 

movement of the entire loop is suggested in the 1.9 Å resolution apo structure, where 

weak positive difference electron density is observed sitting adjacent to the currently 

modeled P-loop position. We hypothesize that this density indicates the presence of a 

rarely populated alternate P-loop conformation. Without ligand, the P-loop may exist in a 

more dynamic state and is “pinned” down in the active conformation only upon 

nucleotide binding. 

We believe that our model of ADP/Mg2+-bound LpxK, namely the position of Mg2+ 

bound exclusively to ADP and the E100 carboxylate, likely represents a post-catalysis 

conformation of the enzyme. Our reasoning for this conclusion is twofold. Firstly, only 

LpxK incubated with ATP/Mg2+ crystallized with ADP and Mg2+ in the active site, 

indicating that ATPase activity may have been achieved in the absence of DSMP either 
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prior to or during crystallization. Secondly, in other P-loop kinases, the Walker A 

hydroxyl containing residue (T52 in LpxK) which follows the P-loop lysine is often found 

to be directly involved in Mg2+ binding, and is sometimes assisted by a Walker B 

carboxylate (91, 95, 97, 140, 141). The pre-catalytic conformation of ATP/Mg2+-bound 

LpxK may be well-represented by the GTPγS/Mg2+-bound model of LpxK’s closest 

structural homolog HypB in which the γ-phosphate occupies an analogous position to the 

Mg2+ ion of the LpxK structure (Fig. 3.10) (132). In M. jannaschii HypB, the side chains of 

T47, D75, and E120 (structurally analogous to T52, E100, and D138 of A. aeolicus 

LpxK) directly coordinate the Mg2+ ion. LpxK complexed with ATP/Mg2+ in a pre-catalytic 

state may adopt a similar conformation with the Mg2+ bound in the W5 position of the 

current ADP/Mg2+ LpxK model and the γ-phosphate bound to E100 (Fig. 3.9). Possible 

roles for the aspartic acid residues of the Walker B motif include helping coordinate 

Mg2+, positioning of the DSMP substrate, or acting in catalysis. 

3.4.3 Additional crystal structures suggest further LpxK dynamics 

The AMP-PCP bound LpxK crystal structure is consistent with the proposal that 

the pre-catalytic position of the γ-phosphate is bound to E100 of the α4 helix, and that 

the likely catalytic coordination of the Mg2+ ion involves T52, E100, and D138 along with 

the two terminal phosphates of ATP (Fig. 3.11). The small differences in α-phosphate 

position between the ADP/Mg2+ and AMP-PMP bound LpxK structures may reflect how 

the enzyme allows the conformational plasticity of ATP necessary to carry out catalysis. 

The structure of LpxK with ATP bound in the open “apo” enzyme conformation (Fig. 3.7) 

reveals a potential pre-catalytic binding site of the nucleotide prior to formation of the 

catalytically competent “closed” form (Fig. 3.12). Since there was EDTA included in the 

drop to prevent hydrolysis of ATP, it stands to reason that an unoccupied Mg2+ binding 
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site could be associated with this particular conformation of the nucleotide. Overall, the 

ATP, AMP-PCP, and ADP/Mg2+-bound structures may provide a glimpse of nucleotide-

enzyme interactions before, during, and after catalysis has occurred (Fig. 3.17). 

 

 

Figure 3.17: Schematic for nucleotide binding during the catalytic cycle of LpxK.  
Four separate crystal structures of apo, ATP bound, AMP-PCP bound, and ADP/Mg2+ 
bound LpxK have lead to the following proposal. Unliganded LpxK exists in the “open” 
apo form to which ATP (and perhaps the ion) binds with low affinity. Nucleotide binding 
causes the closure of the C-terminal domain, placing the nucleotide and ion in the proper 
catalytic conformation. At this point, the γ-phosphate of ATP is transferred to the DSMP 
substrate and the Mg2+ ion shifts to the location previously occupied by the γ-phosphate. 
Then, the C-terminal domain assumes the open conformation and ADP/Mg2+ is released. 
The orientation of the N-terminal domain is conserved throughout the schematic. 
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The final structure reported in this chapter shows a chloride ion pinning the P-

loop onto helix α2, causing LpxK to adopt a seemingly inactive conformer (Fig. 3.13). 

This “compact” P-loop structure may reveal a mode of regulation of LpxK activity and 

provide important insights into the development of allosteric LpxK inhibitors. 

Phosphorylation that alters P-loop structure has been demonstrated to be a possible 

regulatory mechanism for some Gram-negative kinases (142), but no covalent 

modifications of overexpressed LpxK from Aquifex aeolicus were detected by mass 

spectrometry (Fig. 2.4 and Fig. 2.5). The possibility of a universal regulatory mechanism 

of LpxK by anions is unlikely given that the in vivo concentration of the chloride in E. coli 

cells is thought to be less than 5 mM (143). This motion of the P-loop in vivo may hold 

the key to regulation at this step of the lipid A biosynthetic pathway. 

3.4.4 Conclusion 

Overall, the structural characterization of LpxK in multiple forms represents an 

important first step in understanding this unique member of the P-loop containing NTP 

hydrolase superfamily. The insights gained from these structures have provided a 

glimpse into how a common phosphorylation reaction must adapt to interfacial catalysis 

on the membrane (Fig. 3.7 and Fig. 3.16), have begun to reveal the mechanism of 

substrate binding and catalysis, and have pointed to specific residues that may be 

required for these functions (Fig. 3.14). Furthermore, the crystal structure of LpxK in 

complex with nucleotide should aid the development of novel antibiotics that target this 

essential kinase of Gram-negative bacteria, which account for a sizeable portion of 

multiple-drug resistant infections (5). The large number of available kinase inhibitor 

libraries makes the selective inhibition of LpxK a real possibility for the development of 

potent antimicrobials. 
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4. Kinetic and mechanistic characterization of LpxK 
 

 

Reproduced in part with permission from Emptage RP, Pemble IV CW, York JD, Raetz 

CRH, and Zhou P “Mechanistic characterization of the tetraacyldisaccharide-1-

phosophate 4ʹ′-kinase LpxK involved in lipid A biosynthesis”  

Biochemistry, 2013 April 2, 52(13):2280-90 

Copyright 2013 American Chemical Society 

 

 

4.1 Introduction 

 After examination of the LpxK structure in the last chapter, we now endeavor to 

determine how the various residues of the LpxK active site contribute to binding and 

catalysis. A handful of P-loop kinases have been kinetically characterized, however, 

determination of a conserved catalytic mechanism for the family as a whole has 

remained elusive, possibly due to the fact that P-loop kinases have evolved to act on a 

highly diverse array of substrates (91, 95). Structural and kinetic characterization of 

several P-loop kinases suggests direct nucleophilic attack by the acceptor substrate, 

sometimes assisted by an aspartate/glutamate catalytic base of the Walker B motif (95, 

96, 98). A distribution of positively charged residues in the active site, especially the 

conserved P-loop lysine, may assist in shielding the negative charges generated during 

phosphate transfer (Fig. 1.14). For a few kinases and sulfotransferases outside of the P-

loop kinase family, a histidine residue has been implicated in acting as a general base 
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catalyst (144, 145), presenting another mechanism by which base-catalyzed phosphate 

transfer may occur. 

 In this chapter, we present the first reported kinetic characterization of purified 

LpxK and show that the enzyme catalyzes phosphate transfer through formation of a 

ternary complex at the membrane interface. Analysis of steady-state kinetic parameters 

for a variety of active site point mutants informed by the crystal structures described in 

Chapter 3 leads to the proposal of an overall catalytic mechanism involving the 

interaction of D99 with H261, which acts to increase the pKa of the imidazole moiety. The 

histidine then serves as the catalytic base to deprotonate the 4'-hydroxyl of the DSMP 

substrate.  The detailed kinetic and structural characterization of LpxK reported here 

gives further insight into the action of this unique P-loop kinase and provides additional 

groundwork for the continued development of novel antibiotics targeting LpxK. 
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4.2 Materials and methods 

4.2.1 Cloning the expression of LpxK constructs 

Wild type A. aeolicus LpxK was generated by growth of C41(DE3) cultures  (115) 

expressing the construct pRPE7 and purified as previously described using cation 

exchange chromatography following solubilization of the enzyme from isolated 

membranes (Chapter 2). Purified LpxK was stored in a buffer containing ~0.5 % (w/v) 

DDM (Anatrace, Maumee, OH), 750 mM NaCl, 20 % (v/v) glycerol, and 50 mM HEPES 

pH 8.0. QuikChange mutagenesis (Stratagene, La Jolla, CA) was employed to generate 

point mutants G47A, G48A, S49A, G50A, K51A, T52A, S53A, Y74A, D99A, D99N, 

D99E, E100A, E100Q, E100D, D138A, D138N, D139A, D139N, D260A, and H261A 

using the primer pairs listed in Table 4.1 and resulting in the plasmids listed in Table 4.2. 

All constructs were validated by sequencing with primers prT7F and prT7R. To generate 

partially purified LpxK point mutants, the plasmids were transformed into C41(DE3), 

expressed, and solubilized from isolated membranes (Chapter 2). Breifly, cell pellet with 

expressed protein was resuspended in a HEPES and EDTA-containing lysis buffer and 

French pressed. Cell debris was removed with a low-speed spin and membrane fraction 

pelleted by subjecting this supernatant to ultracentrifugation. Membranes were 

homogenized and solubilized in buffer containing NaCl, Triton, HEPES, and glycerol as 

outlined previously. The soluble fractions of wild type-expressing strains and those 

containing each point mutant were stored at -80 ºC. 
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Table 4.1: Primers used in Chapter 4 

Primer Sequence Description 
prRPE-31 5'-GAAACCTCTCGGTGGCCGGAAGTGGAAAGAC-3′ Quikchange for G47A point mutant 
prRPE-31rc 5'-GTCTTTCCACTTCCGGCCACCGAGAGGTTTC-3′ Reverse complement for G47A 
prRPE-32 5'-CTCTCGGTGGGCGCAAGTGGAAAGACC-3′ Quikchange for G48A point mutant 

prRPE-32rc 5'-GGTCTTTCCACTTGCGCCCACCGAGAG-3′ Reverse complement G48A 
prRPE-39 5′-CCTCTCGGTGGGCGGAGCTGGAAAGACCTC-3′ Quikchange for S49A point mutant 
prRPE-39rc 5′-GAGGTCTTTCCAGCTCCGCCCACCGAGAGG-3′ Reverse complement for S49A 
prRPE-33 5'-GGTGGGCGGAAGTGCAAAGACCTCCTTCG-3′ Quikchange for G50A point mutant 
prRPE-33rc 5'-CGAAGGAGGTCTTTGCACTTCCGCCCACC-3′ Reverse complement G50A 
prRPE-34 5'-GGTGGGCGGAAGTGGAGCGACCTCCTTCGTTATG-3′ Quikchange for K51A point mutant 

prRPE-34rc 5'-CATAACGAAGGAGGTCGCTCCACTTCCGCCCACC-3′ Reverse complement K51A 
prRPE-35 5'-GGGCGGAAGTGGAAAGGCCTCCTTCGTTATGTA-3′ Quikchange for T52A point mutant 
prRPE-35rc 5'-TACATAACGAAGGAGGCCTTTCCACTTCCGCCC-3′ Reverse complement T52A 
prRPE-36 5'-GCGGAAGTGGAAAGACCGCCTTCGTTATGTACCTT-3′ Quikchange for S53A point mutant 
prRPE-36rc 5'-AAGGTACATAACGAAGGCGGTCTTTCCACTTCCGC-3′ Reverse complement S53A 
prRPE-41 5′-GTATACTGTCCCGGGGCGCCAAGAGAAAGAGTAAAGG-3′ Quikchange for Y74A point mutant 

prRPE-41rc 5′-CCTTTACTCTTTCTCTTGGCGCCCCGGGACAGTATAC-3′ Reverse complement Y74A 
prRPE-56 5′-GGAAGAGGCAGGGGCGGAGCCCTACCTTATG-3′ Quikchange for D99A point mutant 
prRPE-56rc 5′-CATAAGGTAGGGCTCCGCCCCTGCCTCTTCC-3′ Reverse complement D99A 
prRPE-57 5′-CCATAAGGTAGGGCTCATTCCCTGCCTCTTCCCAG-3′ Quikchange for D99N point mutant 
prRPE-57rc 5′-CTGGGAAGAGGCAGGGAATGAGCCCTACCTTATGG-3′ Reverse complement D99N 
prRPE-60 5′-GGGAAGAGGCAGGGGAAGAGCCCTACCTTATGG-3′ Quikchange for D99E point mutant 

prRPE-60rc 5′-CCATAAGGTAGGGCTCTTCCCCTGCCTCTTCCC-3′ Reverse complement D99E 
prRPE-42 5′-GAGGCAGGGGACGCGCCCTACCTTATG-3′ Quikchange forE100A point mutant 
prRPE-42rc 5′-CATAAGGTAGGGCGCGTCCCCTGCCTC-3′ Reverse complement E100A 
prRPE-53 5′-GGGAAGAGGCAGGGGACCAGCCCTACCTTATG-3′ Quikchange for E100Q point mutant 
prRPE-53rc 5′-CATAAGGTAGGGCTGGTCCCCTGCCTCTTCCC-3′ Reverse complement E100Q 
prRPE-61 5′-GAGGCAGGGGACGACCCCTACCTTATGGC-3′ Quikchange for E100D point mutant 

prRPE-61rc 5′-GCCATAAGGTAGGGGTCGTCCCCTGCCTC-3′ Reverse complement E100D 
prRPE-37 5'-CCGAGGTTTTTATTCTTGCCGACGGATTTCAACACAG-3′ Quikchange for D138A point mutant 
prRPE-37rc 5'-CTGTGTTGAAATCCGTCGGCAAGAATAAAAACCTCGG-3′ Reverse complement D138A 
prRPE-51 5′-CTCCCGAGGTTTTTATTCTTAATGACGGATTTCAACACAGG-3′ Quikchange for D138N point mutant 
prRPE-51rc 5′-CCTGTGTTGAAATCCGTCATTAAGAATAAAAACCTCGGGAG-3′ Reverse complement D138N 
prRPE-38 5'-CGAGGTTTTTATTCTTGACGCCGGATTTCAACACAGGAAAC-3′ Quikchange for D139A point mutant 

prRPE-38rc 5'-GTTTCCTGTGTTGAAATCCGGCGTCAAGAATAAAAACCTCG-3′ Reverse complement D139A 
prRPE-52 5′-CCCGAGGTTTTTATTCTTGACAATGGATTTCAACACAGGAAACTCC-3′ Quikchange for D139N point mutant 
prRPE-52rc 5′-GGAGTTTCCTGTGTTGAAATCCATTGTCAAGAATAAAAACCTCGGG-3′ Reverse complement D139N 
prRPE-45 5′-GAATTTATGTCCTTCCCCGCTCACTACGATTACTCGG-3′ Quikchange for D260A point mutant 
prRPE-45rc 5′-CCGAGTAATCGTAGTGAGCGGGGAAGGACATAAATTC-3′ Reverse complement D260A 
prRPE-46 5′-GAATTTATGTCCTTCCCCGATGCCTACGATTACTCGGATTTCAC-3′ Quikchange for H261A point mutant 

prRPE-46rc 5′-GTGAAATCCGAGTAATCGTAGGCATCGGGGAAGGACATAAATTC-3′ Reverse complement H261A 
prT7F 5′-TAATACGACTCACTATAGGG-3′ Construct Sequencing 
prT7R 5′-GCTAGTTATTGCTCAGCGG-3′ Construct Sequencing 
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Table 4.2: Strains and plasmids used in Chapter 4 

E. coli 
Strains Relevant Genotype Source 

C41(DE3) F− ompThsdsB (rB− mB−)gal dcm (DE3) Δ(srl-recA)306∷Tn10 (115) 

   
Plasmids Relevant Genotype  

pRPE7 pET21b harboring A. aeolicus lpxK Chapter 2 
pRPE33 pET21b harboring G47A point mutant of A. aeolicus lpxK This work 
pRPE34 pET21b harboring G48A point mutant of A. aeolicus lpxK This work 

pRPE53 pET21b harboring S49A point mutant of A. aeolicus lpxK This work 
pRPE35 pET21b harboring G50A point mutant of A. aeolicus lpxK This work 
pRPE36 pET21b harboring K51A point mutant of A. aeolicus lpxK This work 
pRPE37 pET21b harboring T52A point mutant of A. aeolicus lpxK This work 
pRPE38 pET21b harboring S53A point mutant of A. aeolicus lpxK This work 
pRPE55 pET21b harboring Y74A point mutant of A. aeolicus lpxK This work 

pRPE70 pET21b harboring D99A point mutant of A. aeolicus lpxK This work 
pRPE71 pET21b harboring D99N point mutant of A. aeolicus lpxK This work 
pRPE74 pET21b harboring D99E point mutant of A. aeolicus lpxK This work 
pRPE56 pET21b harboring E100A point mutant of A. aeolicus lpxK This work 
pRPE69 pET21b harboring E100Q point mutant of A. aeolicus lpxK This work 
pRPE75 pET21b harboring E100D point mutant of A. aeolicus lpxK This work 

pRPE39 pET21b harboring D138A point mutant of A. aeolicus lpxK This work 
pRPE67 pET21b harboring D138N point mutant of A. aeolicus lpxK This work 
pRPE40 pET21b harboring D139A point mutant of A. aeolicus lpxK This work 
pRPE68 pET21b harboring D139N point mutant of A. aeolicus lpxK This work 
pRPE59 pET21b harboring D260A point mutant of A. aeolicus lpxK This work 
pRPE60 pET21b harboring H261A point mutant of A. aeolicus lpxK This work 

 

 

4.2.2 Kinetic characterization of LpxK activity 

 The lipid assay components 32P-radiolabeled DSMP and non-radioactive DSMP 

were prepared as previously described (Chapter 2). The standard assay conditions 

included 50 µM 32P-DSMP (10,000 cpm/nmol), 5 mM ATP, 5 mM MgCl2, 50 mM Tris pH 

8.5, 0.5 % (w/v) Triton X-100 (Thermo Scientific, Rockford, IL), 1 mg/mL BSA (Sigma-

Aldrich, St. Louis, MO), 0.1 M NaCl, and A. aeolicus LpxK at 30 °C. Typically, LpxK was 

first diluted in 0.5 % (w/v) Triton X-100, 0.5 M NaCl, and 50 mM Tris buffer before being 

diluted 5-fold (4 µL into 16 µL) into the assay to begin the reaction. 4 µL aliquots from 
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the reaction mixtures were spotted onto 10 cm tall TLC plates (EMD Millipore, Billerica, 

MA), developed in a chloroform/methanol/water/acetate (25:15:4:2) (v:v:v:v) tank 

system, exposed to 35 cm x 43 cm Molecular Dynamics phosphorimager screens, and 

scanned on a Storm 840 phosphorimager (GE Healthcare, Waukesha, WI). The P-loop 

glycine to alanine point mutants were analyzed through determination of specific activity. 

 In order to assess the pH dependence for both wild type enzyme and the D99A 

point mutant, LpxK was assayed in the presence of a three-component buffer system 

consisting of 100 mM sodium acetate, 50 mM bis(2-hydroxymethyl)-imino-

tris(hydroxymethyl)-methane (bis-Tris), and 50 mM Tris of pH 5 through 9.5 replacing the 

usual Tris buffer. The enzyme concentration in the assay was varied between 0.3 and 3 

nM to keep conversion within the linear range. Enzyme, 100-fold concentrated with 

respect to the final assay condition, was first diluted 20-fold into 0.5 % (w/v) Triton X-

100, 0.5 M NaCl, and 50 mM pH buffer, and then 5-fold into the assay. The resulting 

curve was fitted to equation 1 in order to assign pKa and pKb using KaleidaGraph 

(Synergy Software, Reading, PA). In equation 1, v is the rate of the reaction, C is the pH-

independent rate, [H] is the hydrogen ion concentration, and Ka and Kb are the ionization 

constants of the acid and base species of LpxK. 

€ 

v =
C

1+ [H]/Ka +Kb /[H]  
(Eq. 1) 

 In order to determine the detergent dependence of LpxK activity, the assay was 

carried out in the standard conditions with Triton X-100 varied from 0.05 to 62 mM. 

Lower detergent concentrations were unable to be assayed because of the necessity of 

detergent to solubilize the DSMP substrate in its stock solution. The enzyme 
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concentration was varied between 0.5 and 10 nM to keep conversion within the linear 

range. 

 To assess which metal cations support LpxK activity, enzyme concentrated at 

270 nM was incubated in the standard enzyme dilution buffer plus 1 mM EDTA for 1 hr 

at 4 °C. This solution was diluted 20-fold into dilution buffer containing 10 mM CaCl2, 

CoCl2, CuCl2, FeCl2, MgCl2, MnCl2, NiCl2, or ZnCl2 and incubated for 1 hr at 4 °C. This 

enzyme solution was next diluted 5-fold into the standard assay without MgCl2. 

Conversion of DSMP to lipid IVA was determined by TLC after 8 minutes. To determine 

whether excess Mg2+ inhibited LpxK activity, the enzyme was assayed at between 0.3 

and 8 nM in the standard assay condition with 5 mM ATP and increasing amounts of 

MgCl2 ranging from 0.015 to 128 mM. 

 To examine whether excess salt inhibited LpxK activity, the standard assay was 

performed in the presence of 0 to 800 mM NaCl or KBr. Enzyme first diluted to 5 nM in 

0.5 % (w/v) Triton X-100 and 50 mM Tris pH 8.5 buffer was immediately diluted 5-fold 

into the assay and specific activity assessed. 

4.2.3 Determination of apparent steady-state kinetic parameters 

 The apparent kinetic parameters for the ATP/Mg2+ complex were determined by 

performing the standard assay at a fixed concentration of 50 µM DSMP while varying the 

amount of ATP and MgCl2 from 0.3 to 10 mM. The LpxK concentration in these assays 

varied between 0.3 and 2 nM. Conversely, to determine the apparent kinetic parameters 

for DSMP, the ATP/MgCl2 concentration was fixed at 5 mM while the lipid concentration 

varied from 1.56 to 100 µM. Both curves were fit to the Michaelis-Menten equation using 

KaleidaGraph (Synergy Software, Reading, PA) in order to determine apparent KM and 

kcat with respect to each substrate. For determination of apparent kinetic parameters of 
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the solubilized point mutants, ATP/MgCl2 concentration was varied between 0.3 to 15 

mM at a fixed 50 µM DSMP concentration and again fit to the Michaelis-Menten 

equation. Enzyme concentration was varied to capture the linear range of activity for 

each mutant. 

 To analyze LpxK activity through bi-substrate kinetics, the enzyme was assayed 

with ATP/MgCl2 concentration varied from 0.3 to 10 mM at four fixed concentrations of 

DSMP (2.5, 5, 15, and 50 µM). The data was fit to equations describing either a ping-

pong (equation 2) or sequential (equation 3) mechanism as has been described 

previously, using PRISM (GraphPad Software, La Jolla, CA) (146). A and B represent 

the concentration of the two substrates, KMa is the KM for substrate A, KMb is the KM for 

substrate B, Kia is the dissociation constant for substrate A, v is the reaction velocity, and 

Vm is the maximal velocity. 

 

€ 

v =
VmAB

KMaB +KMbA + AB  
(Eq. 2) 

 

€ 

v =
VmAB

KMaB +KMbA +KiaKMb + AB  
(Eq. 3) 
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4.3 Results 

4.3.1 pH, detergent, and metal dependence of LpxK activity 

 The A. aeolicus LpxK assay was performed in triplicate in the presence of a 

triple-buffer system at various pH values in order to determine the effect of pH on overall 

activity.  LpxK was found to tolerate a broad pH optimum with a pKa of 6.6 ± 0.1 and pKb 

of 9.7 ± 0.1 (Fig. 4.1A). Inactivation of the enzyme at low pH was reversible as this 

enzyme could be re-diluted into a buffer with a pH of 8 for full restoration of activity (data 

not shown). LpxK was also assayed in the presence of increasing amounts of detergent 

(0.05 to 62 mM) while keeping the DSMP concentration fixed at 50 µM in order to 

determine the effects of increasing micelle surface area on activity (147).  LpxK achieved 

maximal activity as the amount of Triton X-100 in the assay overcame the critical micelle 

concentration (CMC) (~0.2 mM), followed by decay in activity as the micelle surface area 

increased with the amount of detergent (Fig. 4.1B).  In order to assess the metal 

dependence of kinase activity, LpxK was incubated with EDTA, then diluted into buffer 

containing select cations, and further diluted into buffer containing the rest of the 

reaction components. Activity was stimulated by the presence of Mg2+, Co2+, and Mn2+ 

while significantly less phosphoryl transfer was observed when LpxK was incubated with 

Ca2+, Ni2+, Cu2+, Zn2+, or Fe3+ (Fig. 4.2A). Almost no activity was observed for enzyme as 

purified without the addition of the metals. In order to determine whether excess Mg2+ in 

the assay condition was inhibitory to activity, LpxK was assayed in the standard assay 

condition in the presence of 0.015 to 128 mM of the cation. Optimal activity was 

observed at an equimolar ratio of ATP to MgCl2, with a decrease in activity at higher 

amounts of the divalent cation (Fig. 4.2B). In order to determine the effect of salt on 
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activity, especially given the apparent salt inhibition in the “compact” P-loop structure 

(Fig. 3.13) the assay was performed in the presence of increasing NaCl and KBr (Fig. 

4.2C). Though both salts initially stimulated activity up to concentrations of 50-100 mM, 

excess salt was found to become inhibitory, providing a possible kinetic consequence of 

anions binding to the P-loop as seen in the chloride-LpxK structure (Fig. 3.13). 

 

 

 

 

 

Figure 4.1: pH and detergent dependence of LpxK activity.  
(A) A. aeolicus LpxK was assayed in triplicate in a triple-buffer system (100 mM sodium 
acetate, 50 mM Tris, 50 mM bis-Tris) at the indicated pH values and specific activity 
assessed. A pKa of 6.6 ± 0.1 and pKb of 9.7 ± 0.1 were calculated based on the data. (B) 
The enzyme was also assayed in the standard assay conditions in the presence 0.05 to 
62 mM Triton X-100 and activity assessed. Both the detergent requirement and reduced 
activity with increased micellular surface area are indicative that LpxK-catalyzed 
phosphorylation of DSMP occurs at the membrane interface. 
 

A B
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Figure 4.2: Metal and salt dependence of LpxK activity.  
(A) Purified LpxK, which was first incubated with EDTA, was then diluted into assay 
buffer containing 2 mM ATP and the indicated cation, and reaction was quenched by 
spotting on a TLC plate after 8 minutes. (B) The standard assay was performed in the 
presence of 5 mM ATP, and Mg2+ ranging from 0.015 to 128 mM. The cation is 
necessary for activity, but becomes inhibitory at high concentrations with respect to ATP. 
(B) The standard assay was performed in the presence of 0 to 0.8 M NaCl or KBr. 
Though having some salt (either NaCl or KBr) in the assay condition is stimulatory, 
excess salt becomes inhibitory. This result may represent the biochemical consequence 
of the “compact” P-loop conformation observed with a chloride ion obstructing the active 
site (Chapter 3). 
 

A B

C
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4.3.2 Apparent steady-state kinetic parameters for LpxK activity support 
the formation of a ternary LpxK-ATP/Mg2+-DSMP complex  
 
 Due to the surface dilution effects of the mixed micelle assay, all kinetic 

parameters are deemed “apparent” (Fig. 4.1B) (147). Velocity of the A. aeolicus LpxK 

phosphoryl transfer reaction was assessed for various concentrations of ATP and MgCl2 

held in a 1:1 ratio, at a fixed concentration of DSMP. The KM for the nucleotide/cation 

complex was determined to be 1.6 ± 0.2 mM with a kcat of 12.3 ± 0.4 sec-1 (Fig. 4.3A). 

The kinetic parameters for the lipid substrate DSMP were also determined by varying the 

lipid concentration in the assay at saturating amounts of ATP/Mg2+, yielding a KM of 7.0 ± 

0.3 µM and a kcat of 9.2 ± 0.1 sec-1 (Fig. 4.3B).  

The LpxK reaction was further analyzed via bi-substrate kinetics to determine 

whether the reaction proceeds through a ping-pong type mechanism (transient existence 

of a phospho-enzyme intermediate) or a sequential mechanism (formation of a ternary 

complex) (146). Lineweaver-Burk plots constructed for varied ATP/Mg2+ concentrations 

(held at a 1:1 ratio) at four fixed concentrations of the lipid substrate were overlaid to 

reveal intersecting lines, indicating the necessity for the formation of a ternary complex 

for catalysis (Fig. 4.3C). The global fit of the data for a sequential mechanism was 

favored over a ping-pong type mechanism with a Vm of 18.0 ± 0.7 sec-1, a KMa of 1.0 ± 

0.2 mM, a KMb of 7 ± 1 µM, and a Kia of 3.1 ± 0.8 mM, where substrate A is ATP/Mg2+ 

and substrate B is DSMP. 

 



 

	  

111	  

 

Figure 4.3: Apparent kinetic parameters and bi-substrate kinetic analysis of 
LpxK.  

(A) A. aeolicus LpxK was assayed at a fixed 50 µM concentration of DSMP and varied 
amounts of ATP/Mg2+ ranging from 0.3 to 10 mM. The apparent KM for ATP/Mg2+ was 
determined to be 1.6 ± 0.2 mM with a kcat of 12.3 ± 0.4 sec-1. (B) The concentration of 
ATP and Mg2+ in the assay was fixed at 5 mM while the concentration of DSMP was 
varied between 1.56 and 100 µM. The apparent KM for DSMP was determined to be 7.0 
± 0.3 µM with a kcat of 9.2 ± 0.1 sec-1. (C) In this series of assays, the concentration of 
ATP/Mg2+ was varied between 0.3 and 10 mM for four fixed concentrations of the DSMP 
substrate (2.5, 5, 15 and 50 µM). The data was fit by a non-linear least-squares method 
to a sequential mechanism. 
 

A
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4.3.3 Kinetic parameter perturbations of LpxK active site point mutants 

To gain insight into the LpxK catalytic mechanism, point mutants of various 

conserved active site residues informed by LpxK structures with bound nucleotide were 

generated and partially purified through solubilization from membranes of the expression 

strain. All point mutants expressed to similar levels and behaved as wild type throughout 

the partial purification as judged by SDS-PAGE (data not shown). In order to determine 

how critical P-loop flexibility is for LpxK binding and catalysis, specific activity was 

calculated for the three P-loop glycine to alanine point mutants (Table 4.3). Alanine 

mutants of residues G47, G48, and G50 were generated and demonstrated two-fold, 

fifty-fold, and complete reduction of specific activity to background levels, respectively. 

P-loop alanines, especially at positions closest to the proposed catalytic residues at the 

base of the P-loop, likely displace the backbone amides from their favored orientation 

and interfere with the optimal hydrogen bonding network necessary for catalysis.  

Apparent kinetic parameters for ATP/Mg2+ were determined for the solubilized 

wild type enzyme along with the rest of the point mutants in order to assess whether 

these residues have a catalytic role and/or assist in binding the nucleotide/cation 

substrate (Table 4.4). Alanine mutants of Walker A motif residues S49A and S53A, 

implicated in ATP binding through interaction with the β-phosphate and a ribose hydroxyl 

respectively (Fig. 3.9 and Fig. 3.11) had little relative effect on kcat while increasing the 

KM for the nucleotide/cation complex 2.3 and 5-fold, respectively. The K51A mutant had 

a much more significant effect on kcat (3000-fold) while increasing the ATP/Mg2+ KM only 

slightly. The T52A mutant also led to a large decrease in turnover (3000-fold) and a 

modest ATP/Mg2+ KM increase (1.8-fold).   
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Table 4.3: Specific activity of P-loop glycine to alanine mutants 

LpxK Mutant Specific Activity Compared to WT 
G47A 43 ± 5 % 
G48A 1.8 ± 0.4 % 
G50A < 0.1 % 

 

 

 

Table 4.4: Kinetic parameters of active site point mutants with respect to ATP/Mg2+ 

LpxK Mutant  App. KM (mM) Fold KM 
increase  App. kcat (sec-1) Fold kcat 

decrease 
WT 1.2 ± 0.2 1.0 3.9 ± 0.2 1.0 

S49A 2.7 ± 0.3 2.3 3.9 ± 0.1 1.0 
K51A 1.5 ± 0.4 1.3 (1.3 ± 0.1)×10-3 3000 
T52A 2.2 ± 0.3 1.8 (1.3 ± 0.1)×10-3 3000 
S53A 6 ± 1 5 (4.7 ± 0.6)×10-1 8.3 
Y74A 1.7 ± 0.3 1.4 (2.2 ± 0.1)×10-2 180 
D99A 2.8 ± 0.5 2.3 (1.5 ± 0.1)×10-3 2600 
D99N 1.1 ± 0.2 1.0 (3.5 ± 0.2)×10-4 11000 
D99E 2.3 ± 0.2 1.9 (5.0 ± 0.2)×10-2 78 
E100A 1.9 ± 0.5 1.6 (2.9 ± 0.2)×10-3 1300 
E100Q 2.9 ± 0.4 2.4 (4.8 ± 0.2)×10-4 8100 
E100D 2.0 ± 0.3 1.7 (2.7 ± 0.1)×10-3 1400 
D138A 4.0 ± 0.6 3.3 (8.3 ± 0.4)×10-4 4700 
D138N 3.2 ± 0.7 2.7 (5.7 ± 0.5)×10-2 68 
D139A 5 ± 1 4 (4.8 ± 0.5)×10-4 8100 
D139N 1.4 ± 0.3 1.2 (7.6 ± 0.5)×10-3 510 
D260A 1.6 ± 0.3 1.3 (7.3 ± 0.4)×10-2 53 
H261A 1.3 ± 0.2 1.1 (4.6 ± 0.2)×10-3 850 
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 Both alanine and asparagine mutants of the Walker B carboxylate-containing 

residues D138 and D139 were generated. The alanine mutants of both residues 

decreased kcat significantly (4700- and 8100-fold. respectively) along with increases in 

ATP/Mg2+ KM (3.3- and 4-fold, respectively). The asparagine mutants of these residues 

showed some restoration activity compared to the alanine mutants (only a 68- and 510-

fold loss in activity of D138N and D139N with respect to to wild type).  The KM for the 

nucleotide/cation complex is recovered as well, to 2.7-fold higher than wild type for the 

D138N mutant and near wild type levels for D139N. 

 Conserved carboxylate-containing residues of the α4 helix were also deemed to 

be critical for activity. D99, whose side chain is bonded to H261 of the L3 loop in the 

closed conformation of LpxK (Fig. 3.9 and Fig. 3.11), was mutated to alanine, 

asparagine, and glutamate. The alanine mutant of this residue resulted in a 2600-fold 

decrease in kcat and a 2.3-fold increase in ATP/Mg2+ KM. Interestingly, the asparagine 

mutant of this same residue displayed a further decreased kcat (11000-fold) with a full 

restoration of KM for the nucleotide/cation. The glutamate mutant of D99 resulted in only 

a 78-fold decrease in velocity with a 1.9-fold increase in KM. Because the proper 

ionization state of this residue seems crucial to efficient turnover, the pH-dependence of 

the D99A point mutant was assessed, revealing a shift in pKa from 6.6 ± 0.1 to 5.8 ± 0.1 

with respect to the wild type enzyme while leaving the pKb relatively undisturbed at 9.6 ± 

0.1 (Fig. 4.4). The E100 residue was mutated to alanine, glutamine, and aspartate, 

which resulted in 1300-, 8100-, and 1400-fold decreases in kcat, respectively. The pattern 

from the D99 mutants was preserved, where the carboxamide mutant decreases kcat 

more significantly than the alanine mutant, but is partially recovered with the restoration 
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of the carboxylate functional group. The ATP/Mg2+ KM for E100 is increased 1.6-, 2.4-, 

and 1.7-fold for the alanine, glutamine, and aspartate mutants, respectively.  

 Further alanine point mutants were generated for other residues that occupy the 

active site. Y74 lines the putative DSMP-binding pocket, but is close enough to the 

active site to potentially participate in catalysis. The alanine point mutant of Y74 results 

in a 1.4-fold increase in ATP/Mg2+ KM and a 180-fold decrease in kcat. An alanine mutant 

of D260 of loop L3 (Fig. 3.9 and Fig. 3.11) displays a slightly increased nucleotide/cation 

KM (1.4-fold) and a 53-fold decreased kcat. H261, a residue of loop L3 that is hydrogen 

bonded to D99 of helix α4, has no effect on the nucleotide/cation KM, but kcat is 

decreased 850-fold when mutated to alanine, indicating its importance for kinase activity. 

 

Figure 4.4: pH dependence of the D99A point mutant.  
The D99A LpxK mutant was assayed in a triple-buffer system (100 mM sodium acetate, 
50 mM Tris, 50 mM Bis-Tris) at the indicated pH values and specific activity assessed. A 
pKa of 5.8 ± 0.1 and pKb of 9.6 ± 0.1 were calculated based on the data. 
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4.4 Discussion 

4.4.1 Biochemical characteristics of LpxK differentiate this membrane-
bound kinase from its cytosolic relatives 
 

We kinetically characterized LpxK in order to understand how membrane-

associated kinases function at the lipid interface. LpxK’s lipid kinase activity requires the 

presence of detergents at concentrations above the CMC and is susceptible to surface-

dilution (Fig. 4.1B). The observed surface-dilution effect supports the notion that 

catalysis is occurring at the membrane interface (147). This notion correlates with 

previously discussed crystal structures of LpxK (Chapter 3) that revealed the presence 

of an extended, hydrophobic N-terminal helix, which we propose functions to associate 

with the membrane. 

Apart from the requirement of detergent, LpxK displays a bell-shaped, pH rate 

profile that maximizes at slightly basic pH (Fig. 4.1A), distinguishing it from some 

cytosolic P-loop kinases which function best in an acidic environment (148). LpxK can 

utilize magnesium, cobalt, or manganese as metal cofactors, albeit Mg2+ is likely the 

preferred divalent cation (Fig. 4.2A). Excess magnesium is inhibitory, as has been 

described for other kinases, perhaps due to the existence of a second inhibitory cation 

binding site as has been noted in many protein kinases (Fig. 4.2B) (149). For LpxK, the 

previously observed putative “post-catalytic” binding site of Mg2+ may be inhibitory, 

effectively trapping the ADP product in the active site (Fig. 3.9 and 3.11B). The 

restoration of activity upon return to neutral pH after incubation and low pH suggests that 

protonation of necessary active site residues for substrate binding and/or catalysis may 

reversibly inactivate the enzyme.  
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Apparent kinetic parameters for both substrates were determined for Aquifex 

aeolicus LpxK (Fig. 4.3). The KM for ATP/Mg2+ was on the same order of magnitude 

when compared with other bacterial membrane-bound lipid kinases (150).  The KM for 

DSMP was slightly lower than the reported KM values for KdtA and LpxL, which also 

utilize tetraacylated lipid substrates (88, 151). It is generally accepted that P-loop 

kinases catalyze direct transfer of the phosphate of ATP (91, 95, 96), a property of LpxK 

that we investigated using steady state kinetics. Despite low homology of LpxK to other 

P-loop kinase family members in both sequence (outside the Walker motifs) and 

structure, these enzymes do share the necessity of forming a ternary complex (Fig. 

4.3C). 

4.4.2 Roles of active site residues in LpxK catalysis 

Extensive point mutagenesis was performed on active site residues in order to 

gain insight into their roles in kinase activity (Tables 4.3 and 4.4). These studies have 

shown that conserved residues of the Walker A (P-loop) motif are critical for LpxK 

function, as has been observed for other P-loop kinases as well (141, 152). Mutation of 

three P-loop glycine residues inhibited activity significantly, especially those nearer the 

conserved P-loop lysine (Table 4.3). This result indicates that conformational flexibility of 

the glycine-rich loop is important for proper substrate binding and catalysis, as is 

generally accepted for nearly all enzymes that catalyze phosphoryl transfer chemistry, 

including P-loop kinases (91, 95).  

Overall, most of the additional point mutants had significant effects on apparent 

kcat, likely because even small perturbations in proper alignment of the substrates can 

significantly affect catalytic efficiency. Residues S49 and S53, based on the kinetic data, 

appear to be primarily involved in ATP binding since alanine mutants of these residues 
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significantly affect KM for the nucleotide/cation with a modest decrease in relative kcat. All 

of the residues that are implicated in holding Mg2+ in its catalytically competent 

conformation (T52, E100, and D138) have some effect on ATP/Mg2+ KM when mutated 

to alanine, though the largest increase for this parameter is seen for D138A of the 

Walker B motif. The Y74A mutant had a relatively modest effect on kcat with only slight 

shifts in KM for nucleotide. Y74 lines the putative DSMP binding pocket and may play a 

greater role in lipid binding. K51, one of the most highly conserved residues of the P-

loop kinase superfamily, had little effect on nucleotide/cation apparent KM but greatly 

decreased kcat, highlighting its putative catalytic role (95). 

 In some P-loop kinases related to LpxK, the existence of a catalytic base has 

been postulated to assist in phosphoryl transfer (98). The crystal structure of LpxK with 

bound AMP-PCP reveals several possibilities for a putative catalytic base that is 

responsible for the activation of the 4'-hydroxyl group of DSMP.  E100 of the α4 helix, 

D139 of the Walker B motif, D260 of the L3 loop, and H261 of this same loop are all well 

positioned within the active site near the γ-phosphate of AMP-PCP and the putative 

binding locale of the 4ʹ′-hydroxyl of DSMP (Fig. 4.5). Of the two residues in the L3 loop, 

H261 appears more catalytically relevant than D260 because when the alanine mutants 

of these residues are compared, a loss of the imidazole ring affects catalysis much more 

dramatically (Table 4.4). Perhaps the most intriguing possibility, given the observed 

interaction between the carboxylate group of D99 and the imidazole ring of H261 (Fig. 

4.5), is the formation of an aspartate-histidine dyad, as is commonly found in the charge 

relay systems of serine proteases (138). The use of a histidine as a general base has 

not been previously reported for any characterized P-loop kinase family member, though 

a few unrelated kinases and sulfotransferases are thought to use this amino acid as a 
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base catalyst (144, 145). In this scenario, D99 of LpxK would serve to increase the pKa 

of H261, allowing for deprotonation of the substrate and subsequent nucleophilic attack 

on the γ-phosphate of ATP (Fig. 4.6). The high optimal pH range for LpxK activity 

supports the inclusion of an activated histidine imidazole in the catalytic mechanism over 

a carboxylate functionality (Fig. 4.1A), and the downshift in pKa when the D99 

carboxylate is removed also lends credence to this assertion (Fig. 4.4). 

 

 

 

Figure 4.5: Putative catalytic base residues of LpxK.  
(A) View of AMP-PCP bound LpxK (cyan) with the surface represented (gray). (B) Based 
on their proximity to the putative DSMP binding site and their absolute conservation 
among LpxK orthologs, E100, D139, D260, and H261 represent residues that could 
potentially act as LpxK’s catalytic base to deprotonate the 4ʹ′-hydroxyl group of DSMP. 
H261 stands as the most intriguing possibility due to its interaction D99 (black dashes). 
Cartoons and surfaces were generated in Pymol (23). 
 

 

Further endorsing the hypothesis that the D99-H261 dyad is critical for LpxK 

activity, a significant kinetic distinction is made between the acidic residues of the 

Walker B motif (D138 and D139) and those of the α4 helix (D99 and E100) upon 
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mutation (Table 4.4, Fig. 3.11A, and Fig. 4.5). Although alanine mutants of all these 

residues reduce kcat from 1000 to 8000-fold when compared to wild type LpxK, 

carboxamide mutants of D138 and D139 are more active than the corresponding alanine 

mutants, whereas the opposite is true for D99 and E100. This discrepancy reveals that 

side chain ionization of D99 and E100 must be required for efficient catalysis while it 

may not be necessary for D138 and D139. The carboxamide mutants retain some 

hydrogen bonding characteristics of the original carboxylates, thus D138 and D139 likely 

play a substrate-positioning role since some activity is restored in the asparagine 

mutants when compared to alanine. D138, as stated previously, is thought to be involved 

in Mg2+ coordination, and D139 could be positioned to dock part of the DSMP substrate. 

The D139A mutation has a significant effect on the ATP/Mg2+ KM, indicating that its 

hydrogen bond to K51 may be involved in maintaining active site integrity (Table 4.4 and 

Fig. 3.11A). 

In the case of D99 and E100, the alanine mutants show reduced activity, but may 

be somewhat compensated by an active site water molecule or nearby analogous side 

chain functionalities such as D260. The D99N and E100Q mutants cannot be ionized at 

physiological pH, and the bulky asparagine and glutamine residues block the 

compensatory functionalities from performing as well. As stated previously, D99 may be 

required to activate H261, increasing the pKa of the distal nitrogen of the imidazole ring, 

so that the residue can in turn deprotonate the 4ʹ′-hydroxyl of DSMP (Fig. 4.6). The 

necessity of the E100 side chain to remain a carboxylate may be attributed to the fact 

that unlike D138, which is also predicted to coordinate the Mg2+ cation in the pre-

catalytic state, E100 must remain bound to the cation throughout the catalytic process, 

thus making its charge state more critical to the overall mechanism. 
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Figure 4.6: Proposed catalytic mechanism of LpxK.  
H261 acts as the catalytic base that is activated by an interaction with D99 providing a 
proton sink. H261 abstracts a proton from the 4ʹ′-hydroxyl of DSMP, which undergoes 
nucleophilic attack of the γ-phosphate of ATP (pink). The Mg2+ ion (pink) shifts to its 
post-catalysis position between E100 and the β-phosphate of ADP and becomes 
solvated by additional water molecules. The acyl chains (R) on the glucosamine 
backbone (blue) represent R-3-hydroxymyristic acid. 
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4.4.3 Conclusion 

Overall, the kinetic characterization of LpxK has led to proposal of a catalytic 

mechanism involving H261 as the primary catalytic base, which deprotonates the lipid 

substrate, assisted by its interaction with D99 (Fig. 4.6). The closure of the C-terminal 

domain (Fig. 3.7) forms the active site catalytic dyad since the D99 and H261 reside on 

the N- and C-terminal domains respectively, and the crystal structure of ATP bound to 

the “open” conformation of LpxK likely highlights an intermediate step in this process 

(Fig. 3.12). The rest of the residues in the LpxK active site position the substrates for 

efficient transfer, not insignificant roles given the large perturbations in reaction velocity 

upon mutation for the majority of these side chains (Table 4.4). Deciphering the catalytic 

roles of these residues is critical to inhibitor design and evaluation, and improves the 

chances of successfully targeting this essential step in lipid A biosynthesis in the pursuit 

of novel antimicrobials. LpxK orthologs also represent a previously uncharacterized 

class of membrane-bound lipid kinases, and their study will further advance our 

understanding of shared mechanisms along with unique features of enzymatic catalysis 

at the membrane interface. 
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5. Structural and kinetic characterization of lipid binding 
to LpxK 
5.1 Introduction 

 So far, we have explored multiple crystal structures of LpxK both in the “open” 

apo form and the “closed” nucleotide-bound form (Fig. 3.17), and related these 

structures to the first reported kinetic characterization of any LpxK ortholog (Chapter 4). 

These studies have revealed a putative catalytic mechanism for the kinase, pinpointing 

the interaction between H261 of the C-terminal domain and D99 of the N-terminal 

domain as a requirement for efficient catalysis (Fig. 4.6). Only in the “closed” form of the 

enzyme is this interaction possible (Fig. 3.7), so proper active site assembly occurs only 

following nucleotide binding.  

Regarding the lipid substrate, DSMP, kinetic studies have revealed that both 

DSMP and ATP/Mg2+ must be bound concurrently to the enzyme in order for catalysis to 

occur, and the kinase activity is a surface-dependent process (Fig. 4.1B). LpxK has an 

apparent KM for E. coli-derived DSMP of 7.03 ± 0.32 µM, and supports robust activity. 

Based on the directionality of the nucleotide phosphates in the AMP-PCP bound LpxK 

structure, DSMP is purported to bind to a shallow basic cleft in the N-terminal domain 

formed between the N-terminal helix and core of the domain (Fig. 4.5). This hypothesis 

is supported by a HEPES sulfate functionality bound in the apo structure to a series of 

conserved basic residues in this location that are predicted to mimic the 1-position 

phosphate of the DSMP substrate (Fig. 3.6). 

In this chapter, we first demonstrate that A. Aeolicus LpxK is able to complement 

a temperature-sensitive knockout of the E. coli enzyme and go on to describe a crystal 
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structure of A. aeolicus LpxK bound to the reaction product lipid IVA. The structure 

confirms the identity of the lipid-binding pocket of the enzyme, with strong electron 

density for the 1-phosphate in the predicted location. LpxK binds primarily to the 

glucosamine/phosphate backbone of lipid IVA through hydrogen bonding and charge 

interactions with relatively little contact with the acyl chains. Residues that appear 

important for binding are investigated through steady-state kinetic characterization of 

their point mutants with respect to DSMP. Finally, we characterize LpxK in which the N-

terminal helix has been either partially or fully truncated, finding that both activity and 

hydrophobic interaction with the membrane are severely compromised. Knowledge of 

how LpxK interacts with the membrane and its lipid substrate will aid the development of 

small molecule inhibitors of the enzyme, and provide insight into the activity of 

membrane-bound lipid modification enzymes, about which there exists precious little 

structural or kinetic data. 

 

5.2 Materials and Methods 

5.2.1 Complementation of an E. coli temperature-sensitive LpxK knockout 
with A. aeolicus LpxK 
 

Methods for manipulating DNA were adapted from previously described 

techniques (113). Primers, strains, and plasmids can be found in Tables 5.1 and 5.2. 

The E. coli lpxK gene was amplified from the plasmid pJK2 (38) by primers prRPE-7 and 

8, which created a 5′ Nde1 and a 3′ Xho1 restriction site on the PCR product. PCR was 

performed using the KOD Hot Start kit (EMD Millipore, Billerica, MA) on a Mastercycler 

Gradient Thermocycler (Eppendorf, Hamburg, Germany). This oligonucleotide along with 

the pET21b vector were digested with Nde1 and Xho1 (New England Biolabs Inc., 
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Ipswich, MA) and the digested PCR product containing the E. coli lpxK gene was ligated 

into to expression vector by T4 ligase (Invitrogen, Carlsbad, CA), creating the plasmid 

pRPE10, and transformed into chemically competent (114) DH5(α) cells (Invitrogen, 

Carlsbad, CA). In order to transfer both the E. coli and A. aeolicus lpxK genes into the 

pBAD30 vector (153), the plasmids pRPE7 (A. aeolicus lpxK) and pRPE10 (E. coli lpxK) 

were digested with Xba1 and Xho1 in order to keep the ribosome binding site from 

pET21b. The inserts were gel purified and ligated into the pBAD30 vector, which had 

been digested by Xba1 and Sal1 (Sal1 and Xho1 have compatible sticky ends). Correct 

strain construction was confirmed by sequencing. The pBAD30 vectors with the pET21b 

ribosome binding site and containing E. coli and A. aeolicus lpxK were designated 

pRPE43 and pRPE44 respectively and transformed into electrocompetent TG1/pTAG1 

cells (70). TG1/pTAG1 is an E. coli strain with a chromosomal knockout of lpxK replaced 

by a kanamycin cassette. The knockout is complemented by the lpxK gene on a 

pMAK705 plasmid which is temperature sensitive and stops being replicated at 42 °C 

(154). TG1/pTAG1 transformed with pRPE43 or pRPE44 or empty pBAD30 vector and 

grown on LB-agar plates supplemented with 50 µg/mL chloramphenicol, 25 µg/mL 

kanamycin, and 50 µg/mL ampicillin at 30 °C. One colony from each plate was used to 

inoculate 6 mL LB overnights supplemented with chloramphenicol, kanamycin, and 

ampicillin. The overnights grew to an OD of ~2 at which point they were diluted in LB to 

an OD of 1 and serially diluted 10-fold eight times. 3 µL of each dilution was spotted onto 

duplicate LB-agar plates supplemented with kanamycin and ampicillin. One plate was 

incubated at 30 °C and the other at 42 °C for 24 hours at which point relative colony 

growth between the three strains was assessed for the two temperatures. 
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Table 5.1: Primers used in Chapter 5 

Primer Sequence Description 
prRPE-7 5′-GGCGCAGCATATGATCGAAAAAATCTGGTCTGGTGAATC-3′ 

Hanging sequence - Nde1 - EcLpxK 
homology 

prRPE-8 5′-GCAGCTCGAGCTAGTTGCCAGAAGCCAGCAA-3′ 
EcLpxK homology - stop codon - Xho1 - 
hanging sequence 

prRPE-47 5′-GTGATTTCTGTAGGAGCGCTCTCGGTGGGCGG-3′ Quikchange for N43A point mutant 

prRPE-47rc 5′-CCGCCCACCGAGAGCGCTCCTACAGAAATCAC-3′ Reverse complement N43A 

prRPE-40 5′-GGGTTTGTATACTGTCCGCGGGCTACAAGAGAAAGAG-3′ Quikchange for R72A point mutant 

prRPE-40rc 5′-CTCTTTCTCTTGTAGCCCGCGGACAGTATACAAACCC-3′ Reverse complement R72A 

prRPE-48 5′-GTGGCATCGGAGGACGCGTATAAGGGAGGAC-3′ Quikchange for R119A point mutant 

prRPE-48rc 5′-GTCCTCCCTTATACGCGTCCTCCGATGCCAC-3′ Reverse complement R119A 

prRPE-49 5′-CTTGACGACGGATTTGCACACAGGAAACTCCACAGGG-3′ Quikchange for Q142A point mutant 

prRPE-49rc 5′-CCCTGTGGAGTTTCCTGTGTGCAAATCCGTCGTCAAG-3′ Reverse complement Q142A 

prRPE-43 5′-CTTGACGACGGATTTCAAGCCAGGAAACTCCACAGGG-3′ Quikchange for H143A point mutant 

prRPE-43rc 5′-CCCTGTGGAGTTTCCTGGCTTGAAATCCGTCGTCAAG-3′ Reverse complement H143A 

prRPE-44 5′-CCCCGCCGGAAATCTGGCGGAACCTCTAAAGG-3′ Quikchange for R171A point mutant 

prRPE-44rc 5′-CCTTTAGAGGTTCCGCCAGATTTCCGGCGGGG-3′ Reverse complement R171A 

prRPE-50 5′-CGCCGGAAATCTGAGGGCGCCTCTAAAGGAAATAAG-3′ Quikchange for E172A point mutant 

prRPE-50rc 5′-CTTATTTCCTTTAGAGGCGCCCTCAGATTTCCGGCG-3′ Reverse complement E172A 

prRPE-58 5′-GGCGCAGCATATGTACGAAAAAATTATTAACTTCAGAAACACAC-3′ 
Hanging sequence - Nde1 - AaLpxK 
homology for  Δ12 truncation 

prRPE-59 5′-GGCGCAGCATATGAAGATAAAAAAACTTCCCGTTCCCG-3′ 
Hanging sequence - Nde1 - AaLpxK 
homology for  Δ29 truncation 

prRPE-11 5′-GCAGCTCGAGTCAGTAAAAAATTCTATAAATGAGCTTTTTCAGC-3′ 
AaLpxK homology - stop codon - Xho1 - 
hanging sequence 

prT7F 5′-TAATACGACTCACTATAGGG-3′ Construct Sequencing 

prT7R 5′-GCTAGTTATTGCTCAGCGG-3′ Construct Sequencing 

prPBADF 5′-ATGCCATAGCATTTTTATCC-3′ Construct Sequencing 

prPBADR 5′-GATTTAATCTGTATCAGG-3′ Construct Sequencing 
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Table 5.2: Strains and plasmids used in Chapter 5 

E. coli 
Strains Relevant Genotype Source 

C41(DE3) F− ompThsdsB (rB− mB−)gal dcm (DE3) Δ(srl-recA)306∷Tn10 (115) 

DH5(α) F− Δ(argF-lacZYA)U169 deoR phoA supE44 Φ80 Δ(lacZ)M15 gyrA96 
relA1 endA1 thi-1 hsdR17 recA1λ− Invitrogen 

TG1/pTAG1 lpxK::kan,recA::Tn10, pTAG1 (cmR) (70) 
CMR300 W3110 (kdta::kan)/pWMsbA (155) 

   
Plasmids Relevant Genotype  

pJK2 E. coli lpxK in pET3a (38) 

pET21b Expression vector, T7lac promoter, AmpR EMD Millipore 
pTAG1 pMAK705 with XbaI/BamHI fragment from pJK2, cmR (70, 154) 

pBAD30 Arabinose inducible vector, AmpR (153) 
pRPE7 pET21b harboring A. aeolicus lpxK Chapter 2 

pRPE10 pET21b harboring E. coli lpxK This work 
pRPE43 pBAD30 harboring E. coli lpxK (pET promoter) This work 

pRPE44 pBAD30 harboring A. aeolicus lpxK (pET promoter) This work 
pRPE63 pET21b harboring N43A point mutant of A. aeolicus lpxK This work 
pRPE54 pET21b harboring R72A point mutant of A. aeolicus lpxK This work 
pRPE55 pET21b harboring Y74A point mutant of A. aeolicus lpxK Chapter 4 
pRPE56 pET21b harboring E100A point mutant of A. aeolicus lpxK Chapter 4 
pRPE64 pET21b harboring R119A point mutant of A. aeolicus lpxK This work 

pRPE39 pET21b harboring D138A point mutant of A. aeolicus lpxK Chapter 4 
pRPE67 pET21b harboring D138N point mutant of A. aeolicus lpxK Chapter 4 
pRPE40 pET21b harboring D139A point mutant of A. aeolicus lpxK Chapter 4 
pRPE68 pET21b harboring D139N point mutant of A. aeolicus lpxK Chapter 4 
pRPE65 pET21b harboring Q142A point mutant of A. aeolicus lpxK This work 
pRPE57 pET21b harboring H143A point mutant of A. aeolicus lpxK This work 

pRPE58 pET21b harboring R171A point mutant of A. aeolicus lpxK This work 
pRPE66 pET21b harboring E172A point mutant of A. aeolicus lpxK This work 
pRPE60 pET21b harboring H261A point mutant of A. aeolicus lpxK Chapter 4 
pRPE72 pET21b harboring Δ12 truncation mutant of A. aeolicus lpxK This work 
pRPE73 pET21b harboring Δ29 truncation mutant of A. aeolicus lpxK This work 
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5.2.2 Crystal structure of LpxK bound to lipid IVA 

 Wild type A. aeolicus LpxK was generated by growth of C41(DE3) (115) cultures 

expressing the construct pRPE7 and purified as previously described (Chapter 2). 

Crystals were grown in 24-well sitting drop vapor diffusion trays from Hampton (Aliso 

Viejo, CA) at 20 °C. All conditions included a 700 µL well volume and 10 µL drop volume 

and crystals were immediately flash frozen in liquid nitrogen after being looped. Small 

cube-shaped crystals were obtained when LpxK was incubated with lipid IVA, ADP, and 

Mg2+. Lipid IVA was purified from CMR300 by Dr. Hak Suk Chung as has been 

previously described (87, 155). The lipid IVA stock solution contained 0.1 % (w/v) Triton 

X-100 and 25 mM Tris pH 6.8 along with 2 mM lipid. The drop contained seven parts 

reservoir solution containing 60 % (v/v) MPD and 0.1 M HEPES pH 7.5 and three parts 

protein solution containing 7.6 mg/mL LpxK, 1 mM lipid IVA, 12 mM Tris pH 6.8, 0.05 % 

(w/v) Triton X-100, 0.28 % (w/v) DDM, 8.5 % (v/v) glycerol, 21 mM HEPES pH 8, 570 

mM NaCl, 2.2 mM MgCl2, and 2.2 mM ADP. The crystals were harvested after five 

months of incubation, and diffracted poorly. A microcrystalline seed stock was made with 

three of these crystals homogenized in a 500 µL 60 % (v/v) MPD and 0.1 M HEPES pH 

7.5 solution. 

 Seed stock (vide supra) was used to nucleate a second batch of crystals. These 

crystals were grown in 24-well sitting drop trays as above with 0.5 µL of the seed stock 

per well. The drop contained seven parts reservoir solution containing 70 % (v/v) MPD 

and 0.1 M HEPES pH 7.5 and three parts protein solution containing 6.7 mg/mL LpxK, 1 

mM lipid IVA, 12 mM Tris pH 6.8, 0.05 % (w/v) Triton X-100, 0.42 % (w/v) DDM, 8.5 % 
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(v/v) glycerol, 21 mM HEPES pH 8, 570 mM NaCl, 1 mM MgCl2, and 1 mM ADP. Cube-

shaped crystals similar to the original seed stock were obtained after one month. Data 

were collected at a single wavelength (1.0 Å) at the SERCAT (South Eastern Regional 

Collaborative Access Team) 22-ID line at the Advanced Photon Source (Argonne 

National Laboratory) to a resolution of 3.5 Å in the C2221 space group with unit cell 

dimensions of a= 136.6 Å b= 140.7 Å c= 173.8 Å. Data were reduced and scaled using 

HKL-3000 and the structure was solved using the PHASER molecular replacement 

module within the PHENIX suite (127, 128). Apo LpxK was used as the search model 

(Chapter 3). Iterative structure refinement was accomplished using the PHENIX software 

suite and included optimized atomic displacement parameters, optimized 

stereochemistry weights, the search model as a restraint reference model, and the 

inclusion of hydrogen atoms throughout refinement. There were four molecules in the 

asymmetric unit and ligands (lipid IVA and HEPES) were added to the model using an 

electron density acceptance criterion of d ≥ 3 σ (d) in the Fo – Fc difference electron 

density map. The final model was validated via MOLPROBITY. Data collection and 

refinement statistics can be found in Table 5.3. 
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Table 5.3: Data collection and refinement statistics for lipid IVA-bound LpxK 

Data Collection   
Space group C2221 
Unit Cell a,b,c (Å) 136.6, 140.7, 173.8 
Wavlength (Å) 1.0 
Resolution (Å) 50.0-3.5 (3.56-3.50)* 
Rmerge 0.107 (0.687) 
I/σ 21.2 (2.0) 
Completeness (%) 94.2 (74.2) 
Redundancy 12.8 (5.7) 
Reflections/unique 257,205/20,053 

Refinement   
Rwork/Rfree (%) 27.6/33.9 
Number of atoms (Avg. B-factor, Å2)  
  Protein 21,018 (88.2) 
  Hepes 32 (94.9) 
  Lipid IVA 454 (104.0) 
Ramachandran Plot  
  Favored/allowed/outlier (%) 97.8/2.0/0.2 
Rmsd  
  Bond length (Å) 0.01 
  Bond angles (°) 1.36 
* Values parenthesis indicate highest resolution shell 
Dataset collected from two crystals  
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5.2.3 Point mutagenesis lipid binding LpxK residues 

QuikChange mutagenesis (Stratagene, La Jolla, CA) was employed to generate 

point mutants N43A, R72A, R119A, Q142A, H143A, R171A, and E172A using the 

primer pairs listed in Table 4.1 and resulting in the plasmids listed in Table 4.2. 

Previously constructed point mutants Y74A, E100A, D138A, D138N, D139A, D139N, 

and H261A (Chapter 4) were also obtained. All constructs were validated by sequencing 

with primers prT7F and prT7R. To generate partially purified LpxK point mutants, the 

plasmids were transformed into C41(DE3), expressed, and solubilized from membranes 

as described in Chapter 4.  

 Solubilized membranes of each of the point mutants were assayed in the 

standard assay condition, but with varied DSMP concentrations (1.56 to 100 µM) and a 

fixed concentration of ATP and MgCl2 of 5 mM. The other assay components were 50 

mM Tris pH 8.5, 0.5 % (w/v) Triton X-100 (Thermo Scientific, Rockford, IL), 1 mg/mL 

BSA (Sigma-Aldrich, St. Louis, MO), 0.1 M NaCl, and enzyme. The TLC-based assay 

was performed as is described in Chapters 2 and 4, and the data were fit to the 

Michaelis-Menten equation using KaleidaGraph (Synergy Software, Reading, PA) in 

order to determine apparent KM and kcat with respect to DSMP. Enzyme concentration 

was varied to capture the linear range of activity for each mutant. 

5.2.4 N-terminal helix truncation studies 

 Two truncated forms of A. aeolicus LpxK were generated, one in which amino 

acids 2-12 were removed (referred to as Δ12LpxK), and another in which amino acids 2-

29 were removed (referred to as Δ29LpxK). This corresponds to deleting half of the N-

terminal helix and the full N-terminal helix, respectively. Primers prRPE-58 and 11 were 

used to amplify the Δ12LpxK PCR product off of the plasmid pRPE7 and bestow 5′ Nde1 
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and 3′ Xho1 restriction sites. Primers prRPE-59 and 11 were used to create the Δ29LpxK 

PCR product with these same restriction sites. PCR was performed on a T3000 

Thermocycler (Biometra, Göttingen, Germany) with the KOD Hot Start kit (EMD 

Millipore, Billerica, MA). The PCR products were digested with the respective enzymes, 

ligated with T4 ligase (Invitrogen, Carlsbad, CA) into the pET21b expression vector 

(EMD Millipore, Billerica, MA), and transformed into chemically competent DH5(α) cells 

(Invitrogen, Carlsbad, CA). Sequencing with primers prT7F and prT7R confirmed correct 

truncation mutant construction of the Δ12LpxK (pRPE72) and Δ29LpxK (pRPE73) 

mutant. These plasmids were transformed into competent C41(DE3) cells (115) and 

membranes expressing these constructs were generated as with wild type LpxK 

(Chapter 2). All constructs expressed to comparable levels as judged by SDS-PAGE 

(data not shown). Cell-free extract from cells expressing these constructs along with wild 

type LpxK and empty vector were assayed using the standard assay condition (Chapter 

2).  

 Membranes derived from the C41(DE3) overexpressing empty vector, full length 

LpxK, Δ12LpxK, and Δ29LpxK were obtained and suspended in 50 mM HEPES pH 8.0 

to ~9 mg/mL. Each of these membrane samples was diluted to 1.5 mg/mL into 0.5 mL 

either 50 mM HEPES pH 8.0, 1 M NaCl, 0.2 M sodium carbonate pH 11.5, 1 % (w/v) 

Triton X-100, or the normal solubilization buffer consisting of 0.5 M NaCl, 1 % (w/v) 

Triton X-100, and 20 % (v/v) glycerol. Samples were incubated 2 hr at 4 ˚C in 

ultracentrifuge-safe microtubes (Beckman Coulter, Brea, CA) and centrifuged at 150,000 

x g for 1 hr at 4 °C. The supernatant was collected and the pellet was homogenized in 

0.5 mL 50 mM HEPES pH 8.0. Both soluble and insoluble fractions were analyzed using 

SDS-PAGE with 20 µL of each fraction loaded per gel lane. 
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5.3 Results 

5.3.1 Complementation of an E. coli temperature-sensitive LpxK knockout 
with A. aeolicus LpxK 
 
 To determine whether the LpxK ortholog from A. aeolicus could complement an 

E. coli knockout of the lpxK gene, pBAD30 vectors harboring the genes from both E. coli 

and A. aeolicus were transformed into the TG1/pTAG1 strain. When grown at 30 °C on 

LB-agar plates supplemented with ampicillin and kanamycin (selecting for both the 

chromosomal replacement of the lpxK gene with a kan cassette and transformation with 

the pBAD30 vectors), TG1/pTAG1 which had been transformed with empty pBAD30 

vector, E. coli lpxK on a pBAD30 vector, or A. aeolicus lpxK on a pBAD30 vector, grew 

robustly (Fig. 5.1). In these cells, the temperature sensitive replicon of the pMAK705 

plasmid is able to function, and enough LpxK is expressed for the cells to survive (154). 

However, on identical plates that had been incubated at 42 °C, TG1/pTAG1 in which 

empty pBAD30 vector had been transformed did not grow nearly as robustly, showing 

several orders of magnitude of growth differential. This result indicates that upon dilution 

of the pMAK705 plasmid harboring LpxK to complement the chromosomal knockout, the 

cells are not able to grow. By contrast, TG1/pTAG1 cells which had been transformed 

with pBAD30 containing either E. coli lpxK or A. aeolicus lpxK were able to grow at 42 °C 

(Fig. 5.1), indicating that A. aeolicus LpxK can perform the function of E. coli LpxK well 

enough to complement a chromosomal knockout of the gene. 
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Figure 5.1: Complmementation of E. coli LpxK with A. aeolicus LpxK.  
The TG1/pTAG1 strain of E. coli, containing a chromosomal knockout of lpxK 
complemented with E. coli LpxK on a pMAK plasmid with a temperature sensitive 
replicon, was transformed with pBAD vectors containing no insert, E. coli lpxK, or A. 
aeolicus lpxK. 3 µL of 10-fold serial dilutions (left to right) of cultures starting at an OD of 
1 were spotted and grown at 30 °C or 42 °C. Cells containing the pBAD vectors with 
either LpxK ortholog were able to support growth at 42 °C upon loss of the pMAK vector, 
indicating that they could complement the chromosomal knockout of the lpxk gene. 
 

 

5.3.2 Crystal structure of LpxK bound its lipid product 

 In order to determine whether predictions made regarding the identity of the lipid-

binding pocket were accurate (Chapter 3), A. aeolicus LpxK was crystallized in the 

presence of its product, lipid IVA. The resulting crystals diffracted to 3.5 Å with four 

molecules in the asymmetric unit (Fig. 5.2A). Each of the LpxK molecules adopts the 

apo “open” form of the enzyme with respect to nucleotide binding (Fig. 5.2B). Density is 

found in two of the four putative lipid-binding pockets, and lipid IVA was modeled into 

both. Electron density is most defined in the pocket of chain A, so further analysis 

regarding lipid IVA binding will be in reference to this polypeptide chain. A “kicked” omit 

map for the lipid ligand was generated using PHENIX and the corresponding difference 

density showed strong signal for the lipid IVA backbone (156) (Fig. 5.3A and Fig. 5.4). 
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Figure 5.2: Asymmetric unit of LpxK-lipid IVA complex.  
(A) The asymmetric unit contains four LpxK molecules (green, cyan, magenta, and 
yellow for chains A, B, C, and D respectively) and two molecules of lipid IVA (black 
sticks). (B) Alignment of chains A through D along with the primitive orthorhombic apo 
structure (gray) illustrates that lipid IVA is bound to the “open” form of the enzyme in this 
crystal. Cartoon illustrations were generated in Pymol (23). 
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 Lipid IVA is bound in the putative lipid-binding pocket on the underside of the N-

terminal domain (Fig. 5.3A and Fig. 5.4). Electron density for the glucosamine/phosphate 

backbone of the lipid is strong while density for the acyl chains is comparatively poor. 

Conserved residues of the L1, L4, and L5 loops seem to be involved in lipid binding as 

postulated (Fig. 5.3B). Loop L1, with a conserved SRGY motif, runs along the internal 

face of the lipid-binding pocket. Though these atoms have relatively poor electron 

density, the side chain of R72 is positioned to assist in binding the lipid IVA backbone 

while the Y74 side chain appears to contact the acyl chains of the ligand (Fig. 5.4B). The 

L4 loop, which follows the Walker B motif, also appears to have important residues for 

binding the lipid substrate. These residues run along the top of the lipid-binding pocket, 

some interacting with the glucosamine/phosphate backbone of lipid IVA (Fig. 5.4B). D139 

of the Walker B motif appears to interact with the R171 guanidinium and potentially the 

distal glucosamine ring oxygen as well. Q142 also interacts with R171, and may also 

contribute van der Waals interactions with the lipid. H143, as hypothesized upon 

analysis of HEPES sulfate binding to the “apo” structure (Fig. 3.6), forms a hydrogen 

bond to the 1-position phosphate of the lipid. The L5 loop (R171 and E172) makes up a 

portion of the outer face of the lipid-binding pocket (Fig. 5.3B). As previously mentioned, 

the R171 guanidinium group interacts with the D139 carboxylate and may also help bind 

to the glucosamine backbone of the lipid as well (Fig. 5.4B). E172, another highly 

conserved residue, seems to face away from the lipid-binding site. Furthermore, 

residues preceding the P-loop motif such an N43 or V46 are close enough to the lipid to 

participate in its binding. N43, a highly conserved residue (Figure 3.13), appears to play 

a more structural role, perhaps positioning residues such as R171 for efficient binding of 

the lipid. V46 is less conserved, and appears to contribute only van der Waals 
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interactions to the glucosamine backbone. E117 may bond with the hydroxyl of the 3-

position R-3-hydroxymyristoyl acyl chain, though this residue is hot highly conserved and 

this interaction is not supported by electron density. 

 

 

 

Figure 5.3: The lipid-binding pocket of LpxK.  
(A) A cartoon of LpxK bound to its lipid ligand with chain A of the structure (purple) 
overlayed with its surface representation (gray). Lipid IVA (orange sticks) is bound as 
previously predicted on the underside of the N-terminal domain. (B) The majority of the 
contact between lipid IVA and LpxK is facilitated by three conserved loop regions on the 
underside of the N-terminal domain: L1, L4, and L5 (surface colored green, cyan, and 
magenta). 
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Figure 5.4: Electron density and stereo view of lipid IVA bound to LpxK.  
(A) Stick representation of lipid IVA in the crystal structure (from Chain A) with 
corresponding “kicked” map (156) omit difference electron density (blue mesh)  
calculated with coefficients Fo – Fc contoured at 3.0 σ. The chemical structure is shown 
for comparison. (B) Stereo representation of residues in the lipid-binding pocket. The 
lipid and side chains are designated with orange and purple sticks respectively. 
Residues R72 and Y74 of the L1 loop make up the inner face of the binding pocket. 
Residues D139, Q142, and H143 of the L4 loop interact with the glucosamine backbone 
and 1-phosphate of the lipid along with R119. R171 of the L5 loop appears to interact 
glucosamine backbone. Y13, V46, and E117 also have side chains facing the lipid and 
may also contribute to binding. Conserved N43 is revealed to have a role in positioning 
R171. E172, though highly conserved among LpxK orthologs, faces away from the lipid. 
Potential hydrogen bonding interactions are represented by gray dashes. 
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5.3.3 Point mutagenesis of lipid-binding LpxK residues 

 In order to further characterize lipid binding on a residue-by-residue basis, 

various point mutants of conserved residues of the DSMP binding pocket were 

generated and evaluated through steady-state kinetics. The apparent KM and kcat with 

respect to DSMP were calculated using the Michaelis-Menten equation and the results 

are displayed in Table 5.4. The alanine mutant of N43, a residue that precedes the P-

loop and looks to help position R171 for lipid binding, had little effect on KM for DSMP 

and decreased kcat a modest 6.7-fold (Fig. 5.5). E100 and H261, conserved residues that 

do not directly bind the lipid according to our lipid IVA structure, only show 2 to 3-fold 

increased KM values for DSMP. The corresponding kcat decrease (2000- and 770-fold, 

respectively) is much more significant, consistent with their primarily catalytic roles as 

demonstrated in Chapter 4.  

Side chains of the conserved L1 loop (R72 and Y74) are positioned to extend 

into the putative lipid-binding pocket, though limited density is seen for these atoms. 

Alanine mutants of R72 and Y74 had a significant effect on KM (4- and 7-fold increase, 

respectively) (Fig. 5.5) while their kcat values differ by an order of magnitude (6.2 and 77-

fold decrease respectively). Side chains of the L4 loop, which immediately follows the 

Walker B motif, also showed a significant increase in DSMP KM. The Q142A and H143A 

mutants displayed a 4- and 7-fold increase in this parameter, respectively (Fig. 5.5), 

while diplaying a more modest decrease in kcat (6.8- and 15-fold, respectively). Another 

residue in the same locale, R119, showed a no significant KM increase and a 67-fold kcat 

decrease when mutated to alanine. 
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Table 5.4: Kinetic parameters of LpxK point mutants with respect to DSMP 

LpxK Mutant  App. KM (mM) Fold KM 
increase  App. kcat (sec-1) Fold kcat 

decrease 
WT 7 ± 1 1 2.4 ± 0.1 1.0 

N43A 9 ± 2 1 (3.6 ± 0.3)×10-1 6.7 
R72A 28 ± 3 4 (3.9 ± 0.1)×10-1 6.2 
Y74A 48 ± 7 7 (3.1 ± 0.2)×10-2 77 

E100A 17.4 ± 0.8 3 (1.23 ± 0.02)×10-3 2000 
R119A 9.7 ± 0.6 1 (3.60 ± 0.07)×10-2 67 
D138A 47 ± 5 7 (1.06 ± 0.05)×10-3 2300 
D138N 7 ± 2 1 (2.8 ± 0.2)×10-2 87 
D139A 46 ± 8 7 (5.1 ± 0.4)×10-4 4700 
D139N 14 ± 2 2 (6.3 ± 0.2)×10-3 380 
Q142A 28 ± 3 4 (3.5 ± 0.1)×10-1 6.8 
H143A 50 ± 10 7 (1.6 ± 0.2)×10-1 15 
R171A 128 ± 9 20 (1.38 ± 0.06)×10-2 170 
E172A 18 ± 3 3 (7.0 ± 0.1)×10-1 3.4 
H261A 15 ± 1 2 (3.1 ± 0.9)×10-3 770 

 

 

Another loop thought to be involved in DSMP binding based on residue 

conservation and the lipid IVA crystal structure is L5 (Fig. 5.3 and Fig. 5.4). R171, held in 

place through a strong interaction with D139, appears to bind to the glucosamine 

backbone of the lipid. This residue, when mutated to alanine, results in a 20-fold 

increase in apparent KM for the DSMP substrate (Fig. 5.5) and a 170-fold decrease in 

apparent kcat. E172, another residue of this loop that appears to be indirectly involved in 

lipid binding through an interaction with Q142, was also mutated to alanine. This mutant 

resulted in a moderate 3-fold KM increase and small 3.4-fold kcat decrease.  

 Point mutants of the Walker B motif carboxylates were also analyzed for their 

effect on LpxK’s kinetic parameters with respect to the lipid substrate. The D138A and 

D139A mutants both increased the apparent DSMP KM 7-fold (Fig. 5.5) while having a 
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significant impact on kcat as well (2300 and 4700-fold decrease respectively). Asparagine 

mutants D138N and D139N rescue the DSMP KM value (1- and 2-fold increase 

compared with wild type, respectively) and partially rescue the kcat value (87- and 390-

fold, respectively). Clearly, retaining the ability to participate in hydrogen bonding is 

crucial for these residues to allow for DSMP binding, along with a significant effect on 

catalysis as well. 

 

 

Figure 5.5: Apparent DSMP KM perturbations of lipid binding pocket alanine 
mutants mapped onto the LpxK-lipid IVA crystal structure.  

In order to visualize the effects of alanine mutants of conserved residues within the lipid-
binding pocket on the apparent DSMP KM, these residues are shaded in the model 
based on how much this parameter is increased when mutated to alanine. With the 
exception of R119, the alanine mutants of residues that appear to contact the lipid 
increase the KM at least 4-fold. R171 appears to be the most critical residue for lipid 
substrate binding, with an increased DSMP KM of 20-fold higher than wild type. Putative 
hydrogen bonding interactions are shown as magenta dashes. 
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5.3.4 Characterization of N-terminal helix truncation mutants 

 According to the crystal structure of lipid IVA-bound LpxK, no residues of the N-

terminal helix participate in binding of the lipid substrate. The side chain hydroxyl of Y13, 

which is the closest residue of this helix to the lipid, is still separated from the lipid by 

over 4.5 Å (Fig. 5.4B). Based on surface charge and hydrophobicity analysis, we 

previously predicted that this helix was the primary mediator of membrane binding 

(Chapter 3). To test this hypothesis, truncation mutants missing the first half of the N-

terminal helix and the full helix were generated (designated Δ12LpxK and Δ29LpxK, 

respectively) and expressed in the on pET21b vectors in the C41(DE3) strain (Fig. 5.6A). 

The cell-free extract of the expressed constructs along with wild type A. aeolicus LpxK 

and a vector control were assayed for specific activity using the standard assay 

condition. The Δ12LpxK truncation resulted in an activity decrease of 81-fold while the 

Δ29LpxK truncation resulted in an activity decrease of 16,000-fold, almost to background 

levels. 

 In order to assess the nature of the interaction of the N-terminal helix with the 

membrane, membrane fractions of the C41(DE3) strain expressing empty vector, WT 

LpxK, Δ12LpxK, or Δ29LpxK were isolated from the cell-free extract by 

ultracentrifugation. Upon SDS-PAGE analysis, it was revealed that the vast majority of 

the protein for each of the constructs continued to partition with the membrane fraction. 

The membrane fractions containing each of these constructs were then treated with 

various buffer conditions designed to release protein from the membrane surface by 

disrupting charge-charge interactions, hydrophobic interactions, or both. These samples 

were ultracentrifuged in order to separate solubilized protein from the still membrane-
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bound insoluble fraction and analyzed by SDS-PAGE (Fig. 5.6B). In a simple HEPES 

buffer condition, all constructs stayed bound to the membrane fraction. In a high salt 

condition designed to disrupt the charge-charge interactions between LpxK and the 

phospholipids of the membrane, wild type enzyme remained bound to the membrane. 

However, the Δ12 mutant displayed significant solubilization of the enzyme while the Δ29 

mutant displayed nearly full solubilization. In another condition designed to disrupt 

charge interactions which involved treatment with 0.2 M carbonate at pH 11.5, a similar 

trend emerged in which elimination of half or all of the N-terminal helix resulted in partial 

or full solubilization respectively. Carbonate also was also able to solubilize portion of 

the wild type enzyme. By contrast, treatment with 1 % (w/v) Triton X-100 resulted in only 

slight solubilization among all of the constructs. As a positive control, the normal 

solubilization condition of 0.5 M NaCl, 1 % (w/v) Triton X-100, and 20 % (v/v) glycerol 

was tested and solubilized every construct. 
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Figure 5.6: N-terminal helix truncation results in reduced hydrophobic contact 
with membrane.  

(A) A representation of LpxK with bound lipid colored as in Fig. 5.3A with dashed lines 
indicating truncation points for the Δ12 and Δ29 LpxK mutants. (B) SDS-PAGE gels 
revealing the differential partitioning of the LpxK protein between insoluble membrane 
fractions and soluble fractions upon ultracentrifugation based on the solubilization buffer 
conditions. Truncation mutants are better solubilized than WT protein in conditions which 
disrupt the charge-charge interactions with the membrane such as salt and pH. Thus, 
the N-terminal helix must be responsible for keeping LpxK bound to the membrane 
despite the loss of these contacts. 
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5.4 Discussion 

 A multi-pronged approach was initiated to further characterize the interaction of 

LpxK with its lipid substrate, DSMP, and its lipid product, lipid IVA. It was surmised that 

because A. aeolicus LpxK was able to phosphorylate E. coli-derived DSMP despite 

some structural differences (Chapter 2), it would be able to complement an E. coli strain 

with a chromosomal deletion of the lpxK gene. To test this hypothesis, an E. coli strain in 

which the lpxK gene was deleted but could still survive due to the presence of a 

temperature sensitive plasmid containing the E. coli lpxK gene (pMAK705), was shifted 

to higher temperatures in the presence of another plasmid (pBAD30) containing A. 

aeolicus lpxK. These cells showed significantly more robust growth than a vector control 

strain when grown at 42 ºC, indicating that A. aeolicus LpxK had taken over for the loss 

of the E. coli LpxK function on the pMAK plasmid (Fig. 5.1). The subtle structural 

differences between the two substrates, therefore, are not significant enough to prevent 

A. aeolicus LpxK from adequately substituting for E. coli LpxK’s role in cell growth and 

proliferation. 

5.4.1 The crystal structure of lipid-bound LpxK presents a new paradigm 
for the binding of lipid IVA to protein 
 
 Structural characterization of LpxK bound to lipid IVA combined with kinetic 

analysis of point mutants of residues predicted to be involved in DSMP substrate binding 

have lead us to a greater understanding of how LpxK interacts with its lipid ligands. 

Previous structural studies of interactions of lipid A or its precursor lipid IVA with protein 

have been limited mainly to receptor complexes (21, 28, 107). Extensive contact is made 

with the acyl chains of these lipids, but there is relatively little direct interaction with the 

glucosamine/phosphate backbone in these structures (Chapter 1). The same can be 
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said for crystal structures of LpxI, the UDP-DAGn hydrolase, which makes extensive van 

der Waals contacts with the acyl chain of the diacylated lipids (83). By direct contrast, 

our structure of lipid IVA-bound LpxK reveals almost exclusive interaction with the 

glucosamine/phosphate backbone, consistent with the assertion that LpxK scans the 

surface of the inner membrane for its lipid substrate DSMP (Fig. 5.3). The interaction of 

a lipid-binding protein exclusively with the lipid head group has been noted for many 

eukaryotic phosphatidylinositol-binding domains (157, 158), but these are mainly 

peripheral membrane proteins unlike LpxK. 

Alignment of the N-terminal domains of AMP-PCP bound LpxK (Chapter 3) and 

lipid IVA bound LpxK provides a model for the arrangement of the substrates in the 

LpxK-ATP/Mg2+-DSMP ternary complex (Fig. 5.7). Among the possible catalytic bases 

outlined in Chapter 4, H261 appears closest to the 4ʹ′-hydroxyl of the DSMP substrate 

(3.9 Å) according to our structure. Side chains of E100 and D139 reside 6.1 and 7.0 Å 

away from the 4ʹ′-hydroxyl, respectively. Alanine mutants of residues E100 and H261, 

which are of catalytic importance according previous kinetic analysis (Chapter 4), have a 

small effect on the apparent KM for the DSMP substrate while decreasing kcat 

significantly, confirming their primary role in catalysis (Table 5.4). According to the lipid-

bound crystal structure, these residues do not participate in DSMP binding and must 

only be brought into play upon domain closure with nucleotide bound LpxK, a 

conformational change which assembles the active site. Two residues that are adjacent 

to E100 in the L1 loop of the N-terminal domain, R72 and Y74, are revealed to play a 

larger role in lipid binding as both residues appear to make contact with the lipid at the 

inner face of the binding pocket (Fig. 5.4B). R72 is positioned to help bind the 

glucosamine backbone of the lipid while Y74 could potentially contact either the 
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glucosamine backbone or acyl chains depending on the side chain orientation. 

Increased apparent KM values (4- and 7-fold respectively) support the assertion that 

these residues are involved in lipid binding.  

 

 

 

 

Figure 5.7: Alignment of the lipid IVA and AMP-PCP bound LpxK structures as a 
model for the enzyme-nucleotide-lipid ternary complex.  

(A) Alignment of the N-terminal domains of the lipid IVA-LpxK complex (purple cartoon) 
and the nucleotide-bound complex in the “closed” form (cyan cartoon) (134) illustrates 
how the motion of the C-terminal domain closing around the nucleotide assembles the 
active site. (B) Visualization of the active site of the AMP-PCP bound LpxK structure 
(cyan cartoon and sticks) with lipid IVA modeled (orange sticks) based on the alignment 
of the N-terminal domains from panel A. The C-terminal domain closure moves the α-
carbon of H261, the putative catalytic base, over 7 Å so that it may interact with D99 to 
be activated. Among the other putative catalytic bases E100 and D139, the histidine 
resides nearest to the 4'-hydroxyl position, giving further credence to the hypothesis that 
this residue is the catalytic base. Hydrogen bonds within the AMP-PCP bound LpxK 
structure are indicated with gray dashes. 
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 Residues that had been previously predicted to assist in binding the 1-phosphate 

of the DSMP substrate based on the location of a HEPES sulfate group in the “apo” 

structure (Fig. 3.6) were shown in the lipid IVA-bound structure to in fact take on this role 

(Fig. 5.3 and Fig. 5.4B). R119, whose guanidinium group is hydrogen bonded to the 1-

phosphate of lipid IVA, has a surprisingly small effect on apparent DSMP KM and kcat 

when mutated to alanine, but is not as conserved as other residues in the vicinity (Fig. 

3.14). H143, which is also bound to the 1-phosphate in the lipid IVA structure, has a 

more significant effect on KM for the lipid substrate (7-fold) when mutated to alanine, and 

thus must anchor the 1-phosphate in the position for correct binding orientation to 

promote phosphoryl transfer to the opposite end of DSMP. The distance from this 1-

phosphate anchor point to the active site ensures that molecules like lipid X, whose head 

group consists of the 1-phosphate with only a single diacylglucosamine unit, is not 

phosphorylated (68). As previously demonstrated, lipids that contain both glucosamine 

moieties but with altered acyl chain number are still substrates for E. coli LpxK’s kinase 

activity (38).  

 Of all the residues studied through point mutagenesis, R171 of the L5 loop 

reveals itself to be the most crucial to lipid binding, increasing the DSMP KM 20-fold 

when mutated to alanine (Table 5.4). R171 appears to provide a critical anchor point for 

binding of the glucosamine backbone, interacting through a putative hydrogen bond to a 

glucosamine oxygen (Fig. 5.4B). Even the alanine mutant of Q142 which, according to 

the crystal structure, appears only to position the guanidinium functionality of this residue 

and perhaps interact with the 1-phosphate through van der Waals forces, increases the 

lipid substrate KM 4-fold. The conserved residue N43, which also is hydrogen bonded to 

the R171 guanidinium, has a more modest effect on both KM and kcat when mutated. 



 

	  

149	  

Another conserved residue of the L5 loop, E172, alters KM and kcat less significantly 

when mutated to alanine. In our structures, the side chain carboxylate points away from 

the lipid-binding pocket, but appears to make important contacts with the N-terminal 

helix (Fig. 5.4B) 

 Alanine and asparagine point mutants of the Walker B aspartate residues were 

also analyzed kinetically to determine their roles in lipid substrate binding. Both apparent 

KM and kcat were significantly altered for the alanine mutants and partially recovered for 

the asparagine mutants (Table 5.4). We were surprised to find that D138, a residue that 

is hypothesized to bind to the catalytic Mg2+ ion, had such a significant effect on the 

DSMP KM. This residue, besides its catalytic role, may be critical for maintaining the 

correct orientation of the L4 loop during catalysis. The mutation of D138 may directly 

affect the adjacent residue D139, which according to the lipid-bound crystal structure 

and point mutagenesis, may be directly involved in lipid binding. The interaction of D139 

with R171 also seems to be important as when the charge of D139 is neutralized by the 

D139N mutation, apparent kcat only partially recovers. This result may indicate that the 

position of the crucial R171 residue is altered and unable to place the glucosamine 

backbone of the lipid for efficient phosphate transfer. The fact that the R171 and D139 

alanine mutants significantly affect both apparent KM and kcat reveals this interaction to 

be critical for lipid binding and positioning this substrate for catalysis. Even though the 

binding event for lipid IVA appears to be somewhat shallow compared with other crystal 

structures with bound lipid IVA (21, 28), we hypothesize the our structure does accurately 

portray lipid binding for LpxK based on the fact that residues which appear deeper in the 

binding pocket such as N43, Q142, and E172 have a more limited effect on apparent KM 
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and kcat for the DSMP substrate when mutated compared to shallower residues such as 

D139 or R171 (Table 5.4).  

5.4.2 The N-terminal helix is responsible for hydrophobic contact with the 
membrane 
 
 One major observation derived from the lipid IVA-LpxK complex structure was 

that the N-terminal helix appears to have no contact with the lipid when it is bound to the 

catalytically relevant phosphoryl acceptor site (Fig. 5.3 and Fig. 5.4B). This finding 

suggests that the main role of the N-terminal helix may be membrane association, as 

was postulated with the hydrophobicity and electrostatic surface analyses of the apo 

enzyme (Fig. 3.6). To this end, two LpxK constructs were generated; one in which half of 

the N-terminal helix is deleted (Δ12LpxK), and another in which the full helix is removed 

(Δ29LpxK) (Fig. 5.6A). Kinetic analysis of cell-free extract revealed that Δ12LpxK could 

support activity at a rate 81-fold slower than wild type enzyme while Δ29LpxK supported 

only minimal activity at roughly 5-fold above background levels. Clearly, the presence of 

the N-terminal helix is required for LpxK activity. The lack of interaction between the 

helix and the lipid ligand in the crystal structure indicates that in the case of partial or full 

truncation of the helix, the enzyme may not have enough affinity for the Triton X-100 

detergent micelle to support full activity.  

 To gain a clearer picture of how these N-terminal helix truncations affect 

membrane affinity, membranes containing the two truncation constructs along with full-

length enzyme were incubated in various buffer conditions and solubilization attempted 

(Fig. 5.6B). All the constructs remained bound to the membrane when incubated in 

buffer only. However, compared to the wild type enzyme, the helix truncations were 

more sensitive to solubilization in conditions designed to disrupt the charge-charge 
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interactions between the protein and the membrane surface (NaCl and raised pH). 

Incubating the membranes with Triton X-100, which interrupts the hydrophobic 

interactions between the enzyme and the membrane, only slightly solubilized all three 

samples. This result indicates that the primary function of the N-terminal helix is 

hydrophobic interaction with the membrane. When the N-terminal helix is partially or fully 

removed, the enzyme is relying on charge-charge interactions to remain membrane-

bound, and only conditions that disrupt these interactions are able to solubilize these 

constructs. This result provides a plausible explanation for why the truncation mutants 

perform so poorly in the standard assay. Since the enzymes are performing their 

function on Triton X-100 micelles, which display uncharged (tetramethylbutyl)-phenyl 

head groups at the micelle surface, LpxK in the assay condition relies solely on the 

hydrophobicity of the N-terminal helix to remain bound to the micelles, which is the 

location of the DSMP substrate. Without this helix, LpxK disassociates from the 

membrane and does not see its lipid substrate. Thus, catalysis rarely occurs. 

5.4.3 Conclusion 

 This extensive characterization of the interaction between LpxK, its lipid ligands, 

and the cell membrane have provided the underpinnings for further study of this enzyme 

from the perspectives of lipid-binding proteins and kinase evolution. LpxK has 

differentiated itself from other P-loop kinases by the development of the N-terminal helix, 

which drives membrane association. Other enzymes which bind lipid A or its precursors 

have been shown to bind extensively with the acyl chains of the lipid (Fig. 1.16B and Fig. 

1.17) (21, 28, 107), in direct contrast with LpxK which appears to bind almost exclusively 

to the glucosamine/phosphate backbone of lipid IVA (Fig. 5.3 and Fig. 5.4). One residue 

in particular among those mutagenized in this study, R171, is most crucial for DSMP 
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binding and according to the lipid-bound crystal structure may coordinate the 

glucosamine backbone (Fig. 5.5). Truncation studies have revealed that the N-terminal 

helix of LpxK is a critical hydrophobic contact point with the membrane, but even without 

it, charge-charge interactions keep A. aeolicus LpxK membrane-bound. This work 

continues to evolve the paradigm for enzymes that act upon membrane-embedded 

lipids, namely those enzymes that use head group interaction as a key to recognition 

and catalysis. The hydrophobic N-terminus and surrounding basic charge direct LpxK to 

the membrane, but specific recognition of the glucosamine/phosphate backbone by 

residues such as R72, H143, and R171 bestow specificity on the enzyme, ensuring that 

it phosphorylates only DSMP, its true substrate.  
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6. Dissertation summary and future directions 
 

6.1 Summary 

 Lipopolysaccharide is a highly dynamic molecule that serves multiple functions in 

Gram-negative bacteria (8, 9). Firstly, LPS protects these microbes from environmental 

stressors such as cyclic antimicrobial peptides and thus lets these bacteria persist in 

their environment whether free or inside a host. Secondly, LPS itself directly promotes 

an inflammatory response of an invaded host through recognition of endotoxin by the 

Toll-like receptor 4, often leading to sepsis (17). Development of chemical compounds to 

target the enzymes that make LPS would provide an effective route by which to 

sabotage the ability of these organisms to proliferate and combat the host immune 

response.  

 The rapid advances in molecular biology during the last quarter of the 20th 

century, along with multiple instances of experimental ingenuity, led Dr. Raetz and 

colleagues to relatively quickly determine the pathway by which the hydrophobic anchor 

of LPS, lipid A, is made in E. coli (29). By 2009, when I joined the lab, genes had been 

discovered for all the enzymes of the pathway, and the activities of most of the proteins 

had been well characterized and in some cases their molecular structures solved (Table 

1.1). One exception to the latter two criteria was E. coli LpxK, a membrane protein that 

had proven to be unstable in the presence of various detergents, and was thus unable to 

be purified. The availability of Aquifex aeolicus DNA (109) led to the cloning of its LpxK 

ortholog, an enzyme that was more stable than its E. coli counterpart and thus more 

amenable to purification and characterization both structurally and kinetically. 



 

	  

154	  

 Two protocols were developed to purify A. aeolicus LpxK, one which involved a 

TEV cleavable N-terminal GST tag, and another purification of the native protein, which 

resulted in more ample but slightly less homogeneous enzyme sample (Chapter 2). We 

were able to crystallize LpxK, and with the aid of selenomethionine-derivatized protein,  

solved the atomic structure (Chapter 3). LpxK was found to adopt a fold that comprises 

of two α/β/α sandwich domains connected by a two-stranded β-sheet linker. The 

structure confirmed that LpxK is a highly divergent member of the P-loop kinase 

superfamily, a group whose members usually consist of cytosolic kinases that 

phosphorylate small sugar or nucleotide metabolites (91, 95). Crystal structures with 

bound ADP/Mg2+ and AMP-PCP revealed a hinge motion between the two globular 

domains, which close around the nucleotide ligand and form the active site. Within this 

active site, steady state kinetic studies of LpxK point mutants using the optimized assay 

revealed an aspartate-histidine dyad that appears to act as the catalytic base of the 4ʹ′-

hydroxyl of the DSMP substrate (Chapter 4). A crystal structure with bound lipid IVA 

product highlighted the lipid binding site, and steady state kinetic analysis of point 

mutants at this interface identified a conserved arginine as the most crucial individual 

residue for DSMP binding (Chapter 5). Finally, truncation of the N-terminal helix resulted 

in protein that was unable to accommodate hydrophobic interactions with the membrane, 

underlining a role for this unique substructure. 

6.2 Future structural studies 

 Despite its identity as a membrane protein, A. aeolicus LpxK has proven to be 

fairly amenable to crystallographic methodologies. For this reason, further structural 

studies aimed at attaining a crystal structure with bound ATP/Mg2+ (to confirm pre-

catalytic location of the cation) and attempts at obtaining a higher-resolution structure 
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with bound lipid ligand are attainable. In order to accomplish the latter goal, a more 

stringent purification of the lipid (e.g. implementing high-performance liquid 

chromatography) may reduce chemical heterogeneity within the sample and thus 

crystallization drop, promoting better crystal packing. Removal of some, or all of the acyl 

chains from either DSMP or lipid IVA by base treatment may also aid this process by 

creating a more soluble ligand (38). Also, crystallization in a bicellular system may allow 

for more protein-protein crystal contacts, improving resolution for this structure (159). 

Due to inherent ATP hydrolysis in the drop condition without acceptor ligand present, a 

mutant of LpxK that abolishes ATPase activity (perhaps of K51) may improve the 

chances of trapping both the full nucleotide and cation within the active site. A molecular 

structure of the ternary complex pre- or post-catalysis would also aid in understanding 

this unique enzyme, and provide evidence for further dynamics not captured in the two 

predominant apo and nucleotide-bound forms discussed in this work (Chapter 3). 

6.3 Future kinetic studies 

 One basic kinetic characterization of A. aeolicus LpxK activity that has yet to be 

performed is deducing the order of binding between the ATP/Mg2+ and DSMP substrates 

by assessing the inhibition mode of substrate analogs or the reaction products. With the 

availability of a robust assay system, this goal is certainly attainable. Another kinetic 

study would involve investigating the substrate specificity of A. aeolicus LpxK. Keeping 

in mind the slight differences in structure between the E. coli versus A. aeolicus DSMP 

substrates (Fig. 2.1), how do kinetic parameters of the reaction compare between these 

two lipids? Is the enzyme selective for a certain number of acyl chains or certain chain 

lengths? Previous studies of the E. coli enzyme in membranes (38) and the fact that the 

lipid-bound A. aeolicus LpxK structure provides little basis for specific interactions 
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between the enzyme and acyl chains of lipid IVA would suggest a fairly promiscuous 

enzyme, but the question of which substrate parameters are most critical for phosphoryl 

transfer remains an intriguing one. 

6.4 Novel domain architectures involving LpxK 

 As the genomes of more and more exotic Gram-negative bacteria have been 

sequenced and annotated, interesting new domain architectures have begun to emerge. 

In a few genomes pulled from the Sargasso Sea (160), the N-terminus of LpxK is fused 

to the LPS inner membrane flippase, MsbA. In a few other species such as the soil 

bacterium Solibacter usitatus, LpxK is fused N-terminally to KdtA, the enzyme that 

catalyzes the next step of the lipid A biosynthetic pathway (161). These findings suggest 

the possibility of a multi-protein complex involving some of the lipid A biosynthetic 

enzymes, responsible for shuttling the lipid substrates from step to step. In conditions of 

rapid growth, such a multi-enzyme complex would allow for the fast and efficient 

synthesis of new membrane. Yet other species encode LpxK that is fused C-terminally to 

a gene of unknown function called YcaR. YcaR is a small 60-70 amino acid protein in 

most genomes, which may be a regulator or protein cofactor for LpxK in some Gram-

negative species. Interestingly, homologous proteins in eukaryotes have been 

demonstrated to be required for RNA methylation (162).  

6.5 LpxK as a drug target  

 One of the more tangible goals of this study was to lay the foundation for the 

development of LpxK as a drug target to combat Gram-negative disease. The existence 

of an optimized assay condition and crystallization protocol for the A. aeolicus enzyme 

makes rapid compound screening along with kinetic and structural characterization of 

hits a plausible short-term goal. The existence of numerous kinase inhibitor libraries 
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combined with the fact that LpxK dedicates much more surface area to nucleotide 

binding (especially in the “closed” form) than most other structurally characterized 

kinases may further improve its chance of becoming a viable antibiotic target. Also, 

along with the rest of the enzymes of the lipid A biosynthetic pathway, LpxK has no 

mammalian homolog, so an inhibitor designed to bind this enzyme would likely cause 

fewer off-target effects. 

6.6 Conclusion 

 Overall, this dissertation has provided the initial characterization of LpxK from 

both structural and kinetic perspectives. Structural paradigms have been established for 

lipid binding, membrane-bound kinases, and the prevalent P-loop containing nucleotide 

triphosphate hydrolase structural architecture. Kinetically, a previously unreported 

mechanism for P-loop kinases has been described along with an extensive 

characterization of lipid binding through point mutagenesis. The work presented herein 

has enhanced our understanding of lipid metabolism, surface catalysis, enzyme 

evolution, and structural biology of membrane proteins, and hopefully will lead to an 

improved arsenal of antimicrobial compounds with which to enhance the quality of life 

across our earth. 
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