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Abstract 
Due to the lack of effective treatment, death from infectious diseases was the 

leading cause of mortality worldwide up until early 1900. Since the discovery of 

penicillin by Alexander Fleming in 1929, a plethora of novel antibiotics were identified. 

More than 20 novel classes of antibiotics have been developed between 1930 and 1962. 

These discoveries drastically decreased the fatalities due to bacterial infections. 

However, resistance to antibiotics began to arise, and resistance to all of the available 

antibiotics have been reported. As abundance of the resistant strains are spreading at an 

alarming rate, there is an urgent need for novel antibiotics. 

Lipid A biosynthesis is essential in nearly all Gram-negative bacteria. Therefore, 

the enzymes involved in the essential steps of the pathway are attractive targets for 

novel antibiotic development. LpxH, an enzyme involved in the fourth step of the 

pathway, is particularly attractive as studies have shown that inhibition of LpxH leads 

to toxic accumulation of lipid intermediates, offering an additional mechanism of killing 

bacteria. This study is aimed at providing key biochemical and structural information 

needed to understand the mechanism of LpxH and to target this enzyme for inhibition. 

In chapter I, the urgent need for novel antibiotics especially against Gram-

negatives is highlighted. Importance of lipid A biosynthesis reveals the enzymes of the 

pathway, such as LpxH, as attractive targets. In chapter II, the first structure of LpxH is 
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described. The structure elucidates the key structural information about the mechanism 

of LpxH and binding of its product, lipid X. A potential inhibitor of LpxH, AZ1, has 

been recently reported, and chapter III focuses on characterizing the inhibition by AZ1 

both biochemically and structurally. Several LpxH orthologs were tested against AZ1, 

and the first inhibitor-bound structure of LpxH is described. The structure reveals the 

key interactions between the AZ1 compound and LpxH, setting the foundation for 

optimization of the compound. The structure also revealed that the active site is 

unoccupied by the compound. Thus fragment-based drug design may become a viable 

strategy upon identification of additional LpxH inhibitors that target the active site. 

Chapter IV focuses on the efforts to design LpxH inhibitor with better potency through 

identification of new compounds. In chapter V, future studies that will lead to 

development of more potent antibiotics targeting LpxH are outlined. 

Collectively, the work contained in this thesis substantially broadens the 

knowledge of the LpxH mechanism and suggests possible strategies to effectively inhibit 

this enzyme. Structural and biochemical knowledge on AZ1 inhibition of LpxH and 

identification of a new compound as LpxH inhibitor sets the foundation on novel 

antibiotic development targeting LpxH.
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1. Introduction  
Humanity has been strongly impacted by bacteria throughout the history. 

Despite their abundance almost everywhere on earth, bacteria remained “invisible” to 

humans until they were first observed and recorded by Anton van Leeuwenhoek in the 

late 17th century (1,2). Until late 20th century, bacteria were viewed as “bags of enzymes 

(3).” Due to lack of understanding about bacteria, humanity has greatly suffered from 

bacterial infection in the pre-antibiotic era. Bubonic plague killed about a third of the 

population in Europe between 1347 and 1350. Recurrent plague epidemic persisted in 

Europe up to 1650 (4). Many other infectious diseases, such as cholera, typhus, 

diphtheria, scarlet fever, influenza, pneumonia, and tuberculosis caused huge mortality 

up until early 1900 due to lack of effective treatment. In 1900, deaths from influenza and 

pneumonia ranked first and tuberculosis ranked second among all causes of mortality 

(5,6). 

Alexander Fleming has discovered penicillin from a Penicillium mold in 1929 (7). 

The immediate effect of this discovery was seen in the battle ground. Prior to the 

discovery of antibiotics, far more soldiers died from infectious diseases than from 

combat. Up until World War I, deaths of American soldiers from infection versus 

combat were around 2.26 to 1. This number drastically changed once antibiotics became 

available. During World War II, the ratio was 0.06 to 1, and during Korean War, the ratio 
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dropped further to 0.02 to 1 (8). Discovery of penicillin opened the door for the antibiotic 

revolution. More than 20 novel classes of antibiotics have been developed between 1930 

and 1962 (9). These discoveries drastically decreased the fatalities due to bacterial 

infections, and the leading cause of death changed from communicable diseases to non-

communicable diseases, such as cancer and stroke (10). Many thought the fight against 

infectious diseases was over. However, resistance to antibiotics began to rise, and most 

of the available antibiotics began to be ineffective against bacterial infection. For this 

reason, there is an urgent need to better understand bacteria to develop new arsenals to 

fight against bacterial infections. The work presented in the following is aimed for that 

goal of better understanding bacteria to target their essential biosynthetic pathway for 

novel antibiotic development. 

1.1 Multi-drug resistance as a health threat 

Soon after penicillin was introduced, bacteria resistant to penicillin began to be 

reported. Fortunately, a seemingly endless number of new antibiotics were developed to 

overcome the resistance at the time. However, bacteria resistant to multiple antibiotics 

began to emerge, and now the infections that were once easily curable with antibiotics 

are becoming more and more difficult to treat. According to CDC, at least 2 million 

people acquire multi-drug resistant infection, and over 23,000 people die because of it 

every year in the United States (11). Antibiotic resistance is spreading at an alarming 
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rate, and CDC has declared drug-resistant bacteria as a serious threat to public health. 

Figure 1 shows increase in rates of resistance for three of antibiotic resistant bacteria. As 

the figure shows, resistance to multiple antibiotic is increasing rapidly. For example, 

resistance to penicillin in Staphylococcus aureus was first reported in 1942, and by late 

1960s, more than 80 percent of S. aureus became resistant to penicillin.  Resistance to 

methicillin, which was introduced in 1961 to treat penicillin-resistant S. aureus, began to 

be reported in early 1970s, and by 2002, 57.1 percent became resistant. Strains resistant to 

vancomycin, which is a drug of last resort, are beginning to be reported (12). As this 

example shows, bacteria can quickly develop resistance to new antibiotics, and the 

resistance can spread rapidly. However, development of new antibiotics to combat the 

resistance has been on decline. More than 20 novel classes of antibiotics were developed 

between 1930 and 1962, but only two new classes of antibiotics were developed since 

then (13). 
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Figure 1: Rise of Antibiotic Resistance.  This chart shows increase in rates of 
resistance for methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant 
enterococci (VRE), and fluoroquinolone-resistant Pseudomonas aeruginosa (FQRP). This 

chart is adapted from (12). 

1.1.1 Decline of new antibiotic development 

Despite the necessity for new antibiotics, pharmaceutical companies are 

becoming more reluctant to invest in new antibiotic development. Since the 1990s, 

number of companies with large R&D efforts has decreased by 75% (14,15). Since 1998, 

only 10 new antibiotics have been approved, and only two of those were novel 

antibiotic. In 2002, 89 new medicines were approved, and none of them was antibiotic. 

Future development of antibiotic is not looking good either. Based on annual report of 

15 major pharmaceutical companies and 7 major biotechnology companies in 2002, there 

are only five new antibiotics in development out of more than 506 drugs being 

developed (16).  
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Figure 2: Number of New Antibiotics Approved.  The number of new 
antibiotics approved is shown per five-year time period. The number of new antibiotic 

development has been declining over past three decades (17). 

1.1.1.1 Reasons for the decline in new antibiotic development 

Pharmaceutical companies are becoming more reluctant about new antibiotic 

development because new antibiotic development is seen as less profitable, risky, and 

too costly. New antibiotic development is seen as less profitable for several reasons. 

First, once a new antibiotic is developed, resistance to the antibiotic is expected to arise, 

and the drug will eventually become ineffective. Due to expected resistance, antibiotic 

development lack long-term profitability. Second, there is an established market for 

generic antibiotics with many substitutes. Third, several restrictions exist on prescription 

of antibiotics that limit the sales (12,18). In order to avoid rapid emergence of resistance, 
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many regulations exist to limit the use of antibiotic. Also, many public health experts 

often hold on to using the new antibiotics as a last resort, in order to avoid developing 

new antibiotics. These practices and regulations make sense in public health point of 

view, but because of this, investors and companies seeking for quick and substantial 

return would view a new antibiotic development as unprofitable. Lastly, antibiotics are 

generally prescribed only for brief period in comparison to chronic diseases, such as 

cancer. Antibiotics are so effective in treating bacterial infection, so the drug is generally 

needed only for a brief period. 

Additionally, development of new antibiotics is generally seen as risky and 

costly. Because antibiotics are generally used to treat various types of infection, the drug 

approval requires clinical trials for each of the uses. Regulatory requirements for these 

approvals are prone to change, which creates additional risk. Out of 5000 compounds 

that enter pre-clinical trials, only five proceed to human testing, and only one of these 

five is approved (12). In 2003, estimated cost to bring a new antibiotic to market was 

around $800 million to $1.7 billion. Development of new antibiotic is becoming more 

challenging as the easily discovered classes of antibiotics have already been found. Now, 

new antibiotic development effort often needs to focus on specific molecular targets. 

Newly discovered antibiotics also need to have desirable biological and economic 

properties, such as broad spectrum and ease of production, and it is becoming 
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increasingly difficult to discover such compound (19,20). As a result, there has been no 

successful novel antibiotic discovery since 1987 (figure 3). Three classes that were 

approved after 2000, linezolid, daptomycin, and retapamulin, were first reported in 

1978, 1987, and 1952, respectively (19). 

 

Figure 3: Discovery Void of Novel Antibiotics.  There has been no successful 
novel antibiotic discovery since 1987. Years reported here are based on year when the 

compounds were first reported or patented (19).  
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1.1.1.2 Need for more antibiotic development 

IDSA estimate at least another ten new antibiotics need to reach the market 

within next 10 years (21). Not only just new antibiotics, but novel class of antibiotics will 

be needed in the near future. It is not easy to predict how many new classes of 

antibiotics will be needed. Most of the available classes of antibiotic have substantial 

issues with resistance. This means the 20 classes of antibiotic developed between 1930 

and 1960 remained effective for about 50 years. Based on this trend, another twenty new 

classes of antibiotics may be needed for the next 50 years (13). Some Gram-negative 

bacteria, such as metallo-β-lactamase producing pathogens are already very difficult to 

treat (22). Since new antibiotic development generally takes at least ten years, there 

needs to be new classes of antibiotic already under development. However, there are no 

new classes in Phase II or III clinical trials or in the pre-registration stage. Furthermore, 

there are no antibiotics against major Gram-negative pathogens in Phase IIb and III. 

Although there are two new classes of antibiotics in Phase I trial, only about 6.25% of 

compounds in Phase I trial reach the market (23). Thus, it is possible that there will be no 

new classes of antibiotic reaching the market within next ten years. 

1.1.2 Mechanisms of antibiotic resistance in bacteria 

Studies have shown that emergence of antibiotic resistance is directly related to 

antibiotic use. Antibiotics remove drug-sensitive bacteria and leave behind the resistant 
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strains. These drug resistant strains can continue to grow and become more prevalent. 

The genes containing resistance can be inherited, and the genes can also be transferred 

on mobile genetic elements, such as plasmids. This horizontal gene transfer can occur 

between different species. Resistance can also arise through mutation (24). For these 

reasons, antibiotics should not be overused. Despite the warnings against overuse, 

antibiotics are still being overprescribed worldwide. In some states, the number of 

prescribed antibiotics per year exceeded the population.  

About 80% of antibiotic consumption in the U.S. is on animals. Antibiotics are 

used on animals to ensure the livestock stay healthy. However, this practice resulted in 

promotion of antibiotic resistant bacteria among the livestock, and molecular detection 

methods have shown that the resistant bacteria in farm animals reach consumers 

through meat products (26). Up to 90% of antibiotics used on livestock are excreted as 

urine and stool, which are dispersed through fertilizer, ground water, and surface 

runoff. This exposes bacteria in the environment to the antibiotic, and as a result, 

proportion of antibiotic resistant bacteria in the environment is increasing. 

1.1.2.1 Resistance in Gram-negative bacteria 

Antibiotic development against Gram-negative bacteria can be more challenging 

due to many of its properties. Many Gram-negative bacteria possess robust defense 

mechanisms against antibiotics. Active efflux pumps, β-lactamases, and permeability 
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barrier of outer membrane are some of these features that can lead to antibiotic 

resistance (27). 

β-lactamase-mediated resistance is one of the most common type of antibiotic 

resistance. The origin of β-lactamase-mediated resistance is thought to be the bacterial 

evolution process to defend against natural β-lactams, such as penicillin and 

cephalosporin (28). The resistance is achieved by the β-lactamase hydrolyzing β-lactam 

moiety of the antibiotics.  

Gram-negative bacteria inherently display significant resistance to hydrophobic 

and hydrophilic antibiotics. Low permeability of the outer membrane reduces the influx 

of antibiotics. The outer membrane is mainly comprised of lipopolysaccharide with lipid 

A as hydrophobic anchor. The hydrophobic core of lipid A reduces the influx of 

hydrophilic antibiotics, such as β-lactams and fluoroquinolones. Lipid A molecules are 

tightly packed together by noncovalent interactions between their polar head groups 

and divalent cations, resulting in high-level polarization in the outer membrane. As a 

result, the outer membrane of Gram-negative bacteria is also not easily permeable to 

many hydrophobic antibiotics, such as macrolides and rifampin (29,30). 

A synergistic effect of the low permeability of the outer membrane and efflux 

pumps has been shown as the crucial component of intrinsic drug resistance of Gram-

negative bacteria. Gram-negative bacteria have complex efflux mechanisms that 
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significantly reduce the cytoplasmic concentration of many antibiotics (31). The Tet 

efflux pump was first to be identified, and it was shown to mediate tetracycline 

resistance. Also, multi-drug efflux pumps with broad specificities to exclude a wide 

range of antibiotics have been identified (32). The resistance from efflux pump is 

transferable by conjugation, so the efflux pump-mediated resistance can be rapidly 

acquired.  

1.1.3 Clinically important antibiotic resistant pathogens 

Even though many new classes of antibiotics have been introduced to fight with 

the emerging resistance, bacteria have been highly successful in developing resistance to 

new drugs. Soon after a new antibiotic is introduced, bacteria have managed to develop 

resistance against it. Vancomycin was one of very few drugs that took more than a 

decade for first resistance to be reported. It was once believed that vancomycin 

resistance is unlikely to occur in a clinical setting. However, vancomycin resistant strains 

began to be reported in 1979 and 1983 (33). Over time, fewer new drugs were introduced 

into market, and so far, resistance to all of the available antibiotics have been reported 

(figure 4). Although prevalence of resistant strains for some of the drugs are relatively 

low, it is only matter of time for the resistance to spread.  
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Figure 4: Timeline of Novel Antibiotics and Emergence of Resistance Against 
Them.  R: resistant; XDR: extremely drug-resistant; PDR: pan-drug-resistant (11).  
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In 2013, CDC conducted an assessment of antibiotic resistance threats. The 

pathogens were categorized into urgent, serious, or concerning threat. The assessment 

was based on seven factors: clinical impact, economic impact, incidence, 10-year 

projection of incidence, transmissibility, availability of effective antibiotics, and barriers 

to prevention. Bacteria categorized into the urgent threat category include Clostridium 

difficile, carbapenem-resistant Enterobacteriaceae (CRE), and drug-resistant Neisseria 

gonorrhoeae. Bacteria categorized as serious threats include multidrug-resistant 

Acinetobacter, drug-resistant Campylobacter, extended spectrum β-lactamase producing 

Enterobacteriaceae (ESBLs), vancomycin-resistant Enterococcus (VRE), multidrug-resistant 

Pseudomonas aeruginosa, drug-resistant non-typhoidal Salmonella, drug-resistant 

Salmonella typhi, drug-resistant Shigella, methicillin-resistant Staphylococcus aureus 

(MRSA), drug-resistant Streptococcus pneumoniae, and drug-resistant tuberculosis. Out of 

the 14 bacteria classified as urgent or serious threats, nine of them are Gram-negative 

bacteria. This further emphasizes the urgent need for novel antibiotic development for 

Gram-negative pathogens. 

1.1.4 Strategies for new antibiotic development 

Most of the new antibiotics discovered during the “Golden Age” of antibacterial 

discovery were identified through screening of natural products. In many cases, 

fermentation broths and extracts of microorganisms were tested for the ability to inhibit 
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growth of bacteria of interest. These early screenings were done without the regard of 

the mechanism of action. The empirical screening of natural products was very 

successful during this period. Actinomycetes and fungi were the most common sources of 

natural products that led to successful antibiotic development. Among the compounds 

obtained from microbes, 45% are from Actinomycetes, 38% are from fungi, and 17% are 

from unicellular eubacteria (34). Many of the early antibiotics, such as streptothricin, 

streptomycin, chloramphenicol, tetracycline, erythromycin, neomycin, novobiocin, 

oleandomycin, and nystatin are all discovered from Actinomycetes. Even some of the 

newer drugs, such as daptomycin, epirubicin, carbapenem, and thienamycin are also 

discovered from Actinomycetes (35).  
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Table 1: Antibiotic Class and the Mechanism of Action.  NP: Natural product. * 
Hydroxamate-based compounds and sulfonyl piperazine compound are LpxC and 

LpxH inhibitors that have not gone through clinical trials yet. 

Antibiotic class Introduction Derivation Example Mechanism

Sulphonamide 1935 Synthetic Sulfapyridine Antifolate

b -Lactam 1941 NP-derived Penicillin Bacterial cell wall

Bacitracin Bacterial cell wall

Polymixin Bacterial cell membrane

Aminoglycoside 1944 NP-derived Streptomycin Protein synthesis

Cephalosporin 1945 NP-derived Cephalosporin Bacterial cell wall

Nitrofuran 1947 Synthetic Nitrofurantoin Various

Hexamine 1947 Synthetic Methenamine mandelate Release of formaldehyde

Chloramphenicol 1949 NP-derived Chloramphenicol Protein synthesis

Tetracycline 1950 NP-derived Chlortetracycline Protein synthesis

Isoniazid 1951 Synthetic Isoniazid Fatty acid biosynthesis

Viomycin 1951 NP-derived Viomycin Protein synthesis

Macrolide 1952 NP-derived Erythromycin Protein synthesis

Lincosamide 1952 NP-derived Lincomycin Protein synthesis

Streptogramin 1952 NP-derived Virginiamycin Protein synthesis

Cycloserine 1955 NP-derived Cycloserine Bacterial cell wall

Glycopeptide 1956 NP-derived Vancomycin Bacterial cell wall

Novobiocin 1956 NP-derived Novobiocin DNA synthesis

Ansamycin 1957 NP-derived Rifamycin RNA synthesis

Nitroimidazole 1959 Synthetic Tinidazole DNA synthesis

Ethambutol 1962 Synthetic Ethambutol Bacterial cell wall

Quinolone 1962 Synthetic Nalidixic acid DNA synthesis

Fusidane 1963 NP-derived Fusidic acid Protein synthesis

Diaminopyrimidine 1968 Synthetic Trimethoprim Antifolate

phosphonate 1969 NP-derived Fosfomycin Bacterial cell wall

Pseudomonic acid 1985 NP-derived Mupirocin Protein synthesis

Oxazolidinone 2000 Synthetic Linezolid Protein synthesis

Lipopeptides 2003 NP-derived Daptomycin Bacterial cell membrane

Hydroxamate * Synthetic LPC-058 Lipid A biosynthesis

Sulfonyl piperazine * Synthetic AZ01 Lipid A biosynthesis

Bacterial peptide 1942 NP-derived
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However, discovery of new antibiotics began to slow down toward the end of 

1970s. Since then, discovery effort began to shift toward a search for inhibitors of specific 

enzymes, and screening efforts began to shift toward using chemical libraries instead of 

natural products. One of the reasons many natural product-derived antibiotics were so 

prevalent was that these compounds often had the properties required for good 

antibiotics. Origin of these natural products are likely the evolutionary process that 

conferred selectional advantages to the producing organisms. As a result, the natural 

products were able to penetrate cell membrane and interact with their targets (37).  

However, these desirable properties that were often present in the natural product-

derived compounds were not always present in the synthetic compounds. Also, 

choosing specific drug targets for rational antibacterial discovery is difficult as it needs 

to meet several criteria. First, the target needs to be essential to the organism so that 

inhibition of the function will lead to the death of bacteria. Second, structure of the 

target needs to be conserved enough among bacterial species to ensure the drug will be 

effective against a broad spectrum of bacteria. Third, there should not be enzymes with 

structural homology in the mammalian host to avoid toxicity in host. Lastly, the target 

must have sites that small drug-like molecule can bind.  
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1.2 Lipid A enzymes and their potential as drug targets 

In 1884, Christian Gram developed a staining procedure that allowed 

classification of nearly all bacteria into two large groups. One group of bacteria retained 

Gram’s stain and were called Gram-positive, and the group that did not retain the stain 

were called Gram-negative. The basis of the stain is in the structural differences in the 

cell envelope of these two groups. Gram-positive bacteria have their inner membrane 

mostly made of a bilayer of phospholipids which is encapsulated by a thick layer of 

peptidoglycan. This thick layer of peptidoglycan traps crystal violet during the Gram 

staining procedure. Gram-negative bacteria have the inner membrane made of a 

phospholipid bilayer just like Gram-positive bacteria, but Gram-negative bacteria have a 

much thinner layer of peptidoglycan. The peptidoglycan layer is surrounded by a 

second lipid layer. This outer membrane of Gram-negative bacteria is asymmetric. The 

inner leaflet of the outer membrane is mostly composed of phospholipid, such as 

phosphatidylglycerol and phosphatidylethanolamine (39). However, the outer leaflet of 

the outer membrane is comprised mostly of lipopolysaccharide (LPS). LPS is consisted 

of a long chain of sugars anchored into the outer membrane by saccharolipid. Lipid A is 

the membrane anchor for LPS (figure 5). Lipid A biosynthesis has been shown to be 

essential for viability of nearly all Gram-negative bacteria, and for this reason, inhibition 

of lipid A biosynthesis is an attractive strategy for novel antibiotic development (39). 



 

 

18 

 

Figure 5: Schematic Drawing of Escherichia coli Cell Envelope.  Cell envelope 
of Gram-negative bacteria contains symmetric inner membrane comprised primarily of 
phospholipid, thin peptidoglycan layer, and asymmetric outer membrane with LPS on 
the outer leaflet and phospholipid on the inner leaflet. Several membrane proteins are 
present and serve various functions, such as selective channel and efflux pump. This 

figure is modified from (39). 

1.2.1 Lipid A biosynthesis 

Lipid A is a glucosamine-based saccharolipid that serves as the membrane 

anchor for LPS on the outer leaflet of Gram-negative outer membrane. LPS is made of 

three main parts: lipid A, a core oligosaccharide domain, and extended O-antigen chain 
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(40). Lipid A and Kdo moieties of LPS are required for growth (41). Additional core and 

O-antigens sugars are often present, which are not needed for growth but protect 

bacteria from antibiotics. Also, lipid A has been shown to stimulate the immune 

response in the mammalian system. Lipid A can be detected by the TLR4/MD2 receptor 

of the mammalian innate immune system (43,44). In the presence of lipid A, 

macrophages synthesize the mediators of inflammation, such as TNF-α and IL-1β (45). 

Lipid A also activates the production of costimulatory molecules for adaptive immunity 

(46). Release of such molecules would normally be desirable as it would lead to the 

clearance of infection. However, over-stimulation of the inflammatory response 

triggered by LPS can cause damage to microvasculature and organs, leading to a septic 

shock. Synthetic Escherichia coli lipid A has been shown to cause similar responses in 

inducing immune response in animal tests (47).  
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Figure 6: Biosynthesis of Kdo2-lipid A from Escherichia coli K-12.  The 
glucosamine disaccharide backbone of lipid A with Kdo disaccharide is shown. The first 
six steps of the pathway have been shown to be essential. This figure is modified from 

(39). 

Most Gram-negative bacteria synthesize lipid A molecules similar to Kdo2-lipid 

A from E. coli (figure 6). The chemical transformations catalyzed by nine lipid A 

enzymes are conserved in nearly all Gram-negative bacteria. The nine enzymes are 

sufficient to maintain the viability and fitness of nearly all Gram-negative bacteria (42). 
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In E. coli, biosynthesis begins with acylation of UDP- N-acetylglucosamine (UDP-

GlcNAc) at the 3-position by the acyltransferase LpxA. Next is the first committed step 

of the pathway that irreversibly deacetylates UDP-3-O-(acyl)-GlcNAc by LpxC. Then, 

LpxD adds another acyl chain to the substrate to generate UDP-DAGn. LpxH catalyzes 

hydrolysis of UDP-DAGn to cleave UMP to generate lipid X. In the next step, lipid X is 

condensed with another molecule of UDP-DAGn to make DSMP. Then, LpxK attaches a 

phosphate, followed by addition of two Kdo sugars by KdtA. Finally, LpxL and LpxM 

adds lauroyl and myristoyl chains to yield the final product, Kdo2-lipid A. Lipid A 

modification steps usually occur outside of the cytoplasm and are induced or repressed 

based on environment conditions, such as pH, divalent cation concentrations, and 

presence of antimicrobial peptides (48-50). 

1.2.2 Essential steps of lipid A biosynthesis 

1.2.2.1 Acylation of UDP-GlcNAc 

Out of the nine lipid A enzymes in E. coli (figure 6), the first six enzymes of the 

pathway are essential. Thus, the enzymes involved in theses steps are attractive targets 

for antibiotic development. The first step of this pathway is the acylation of UDP-

GlcNAc catalyzed by LpxA. For this acylation, thioester R-3-hydroxymyristoyl acyl 

carrier protein (ACP) serves as a donor substrate. LpxA enzymes are selective for the 

specific acyl chain length. E. coli LpxA prefers to incorporate 14-carbon R-3-hydroxyacyl 
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chain, and Leptospira interrogans LpxA prefers to incorporate 12-carbon chain. 

Pseudomonas aeruginosa LpxA selects for 10-carbon acyl chain (51). Structures of LpxA-

product complexes have revealed the presence of molecular ruler that contributed to this 

specificity. Potent peptide inhibitor of LpxA, peptide 920, has been discovered through a 

phage-display library screening (52). When it was overexpressed in cells as GST-fusion 

protein, bacterial growth was inhibited. It has been shown that peptide 920 competes 

with acyl-ACP with Ki value of ~50nM (53).  However, it showed no measurable 

antibiotic activity in vitro due to its membrane impermeability. Nevertheless, peptide 

920 may serve as a great starting point for antibiotic development. 

1.2.2.2 Deacetylation of UDP-3-O-(acyl)-GlcNAc and further acylation 

Deacetylation of UDP-3-O-(acyl)-GlcNAc catalyzed by LpxC is the second step of 

lipid A biosynthesis, and it is also the first committed step of the pathway in E. coli as the 

previous step is thermodynamically unfavorable for most Gram-negative bacteria (54). 

LpxC is a Zn2+-dependent metalloamidase that is highly conserved in all Gram-negative 

bacteria (55). It displays no sequence similarity to other deacetylases or amidases, so it is 

a great target for antibiotic development. Potent inhibitors of LpxC have already been 

discovered. A phenyl-oxazoline hydroxamate based compound, L-161,240, showed 

impressive LpxC inhibition with Ki of ~50nM (56). It showed impressive antibiotic 

activity against E. coli in vitro and was able to rescue mice infected with a lethal dose of 
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E. coli (40). One major limitation of this compound was its narrow spectrum of activity. 

A subsequently discovered LpxC inhibitor, CHIR-090, showed a broader spectrum of 

effect, and further modifications of the compound showed even a broader spectrum of 

activity (57,58). After deacetylation by LpxC, second acyl chain is added by LpxD to 

generate UDP-2,3-diacyl-GlcN (UDP-DAGn). Like other enzymes of the pathway, LpxD 

is also a great antibiotic target, and a peptide inhibitor that simultaneously inhibit LpxD 

and LpxA has been discovered (59). 

1.2.2.3 Cleavage of pyrophosphate from UDP-DAGn 

Cleavage of the pyrophosphate group of UDP-DAGn to form lipid X is different 

from other steps of the pathway in that this step is catalyzed by different enzymes 

depending on the class of bacteria. In β- and γ-proteobacteria, the reaction is catalyzed 

by LpxH (60). In α-proteobacteria, the reaction is catalyzed by LpxI (61). In Chlamydiae, 

the reaction is catalyzed by LpxG (62). Among these functional orthologs, LpxH is most 

widespread. About 70% of Gram-negative bacteria utilize LpxH to catalyze the reaction, 

and this include most of the major Gram-negative pathogens. LpxI exist in about 30% of 

Gram-negative bacteria, and LpxG only exists in Chlamydiae. These three functional 

orthologs share very little sequence similarity. LpxI even belongs to a different protein 

superfamily (DUF1009). Also, the reaction mechanism has been shown to be different for 

LpxI. Oxygen from the catalytic water molecule attacks the α-phosphate of UDP-DAGn 



 

 

24 

in LpxH and LpxG catalyzed reactions, whereas the oxygen from the water attacks β-

phosphate of the substrate in the LpxI catalyzed reaction (figure 7). Although LpxH and 

LpxG belong to same protein superfamily, two enzymes share very low sequence 

identity of 11% (62). A sulfonyl piperazine compound has been identified as a potential 

inhibitor for LpxH (63). The compound showed modest antibiotic activity against E. coli 

with efflux pump mutation. Since LpxH is found in majority of clinically important 

Gram-negative pathogens, this compound can serve as a potential lead compound for 

antibiotic development. 

 

Figure 7: Reaction Mechanism of UDP-DAGn Hydrolysis Catalyzed by LpxH, 
LpxG, and LpxI.  LpxH and LpxG catalyzed reaction involves oxygen from the water 
attacking α-phosphate position, whereas LpxI-catalyzed reaction involves the oxygen 

attacking the β-phosphate position (61,62). 
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1.2.2.4 Formation of lipid IVA 

LpxB catalyze the fifth step of the lipid A biosynthesis which combines UDP-

DAGn with lipid X to form disaccharide monophosphate (DSMP). DSMP is then 

phosphorylated by LpxK to form tetraacyldisaccharide 1,4’-bisphosphate (lipid IVA). 

LpxK is the first integral membrane protein in lipid A biosynthesis and is the last 

essential enzyme of the pathway. Recent studies showed that inhibition of LpxH or 

LpxK will lead to toxic accumulation of intermediates that can cause distortion of the 

bacterial inner membrane (64). For these reasons, both LpxB and LpxK would be great 

targets for antibiotic development. 

1.2.3 Addition of Kdo sugars and secondary acyl chains 

The latter three enzymes of the pathway (KdtA, LpxL, and LpxM) are not 

essential, but they exert profound effect on the fitness of bacteria. Lipid IVA is further 

modified by these last three enzymes. First, KdtA incorporates two Kdo sugars to lipid 

IVA using CMP-Kdo as the donor (65,66). In a few Gram-negative bacteria such as 

Haemophilus influenzae, Vibrio cholerae, and Bordetella pertussis, KdtA only incorporates 

one Kdo residue, and KdkA incorporates a phosphate group to the position where outer 

Kdo residue is added in E. coli. LpxL and LpxM add secondary lauroyl and myristoyl 

residues. These enzymes prefer acyl-ACP as donors, but they can also use acyl-

coenzyme A substrates (39). 
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1.2.4 Transport of lipopolysaccharide to the outer membrane 

After its synthesis, Kdo2-lipid A is transported across the inner membrane by 

MsbA. MsbA is an ABC transporter that flips the core LPS into the periplasmic surface 

of the inner membrane by using the energy from ATP hydrolysis (67). Studies have 

shown that overexpression of MsbA can compensate for kdtA deletion in E. coli, 

suggesting that the transporter can still flip the tetra-acylated precursor that lacks core 

sugars (68). The O-antigen is linked to the core region of lipid A in the periplasm by the 

ligase WaaL to generate the mature form of LPS (69). LPS is then transported across the 

periplasm and into the outer membrane by Lpt proteins. After moving across the 

periplasm, LPS is incorporated into the outer leaflet of the outer membrane by LptD and 

LptE (73,74). 

1.2.5 Lipid A modification 

Although the product of nine constitutive enzymes, Kdo2-lipid A, is sufficient to 

maintain cellular viability and fitness in nearly all Gram-negative bacteria, many contain 

enzymes to further modify the lipid A. These modifications help the bacteria to adapt to 

environment changes, such as pH, divalent cation concentrations, and presence of 

antimicrobial peptides. Changes in lipid A structure can mediate membrane 

permeability and interfere with the host’s ability to detect LPS (75). Modifications to the 

carbohydrate on Kdo2-lipid A can increase membrane integrity to protect from cationic 
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antimicrobial peptides released by bacterial hosts. These modifications usually occur in 

the outer leaflet of the inner membrane. ArnT can add aminoarabinose to the 4’-

phosphate group of lipid A (76). Phosphoethanolamine can also be attached to the 1-

phosphate or 4’-phosphate of lipid A by EptA (77). 

The acylation state of Kdo2-lipid A can also be modified. These modifications can 

alter membrane fluidity and assist in the evasion of the host immune response. Six 

hydrocarbon chains are necessary for full TLR4 activation, so alteration of the acylation 

state can assist in evading the host immune response. A few examples of the enzymes 

involved in this type of modification are PagP, PagL, LpxR, and LpxO. PagP can add 

palmitate to the hydroxyl group on the acyl chain from phospholipid donor (78). PagL 

can remove hydroxymyristol chain at the 3 position of lipid A (79). LpxR can remove a 

3’-acyloxyacyl substituent from Kdo2-lipid A (80). LpxO can hydroxylate the secondary 

acyl chain of Kdo2-lipid A (81). Numerous other enzymes involved in lipid A 

modification have been discovered, but detailed review of those enzymes is beyond the 

scope of this thesis. 

1.3 LpxC inhibitors as novel antibiotic 

1.3.1 Discovery of LpxC inhibitors 

Due to its importance for cellular viability of nearly all Gram-negative bacteria, 

inhibition of lipid A biosynthesis is a great strategy for discovery of novel antibiotics. 
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Especially, enzymes catalyzing the first six reactions of the pathway have been shown to 

be essential in most Gram-negative bacteria. Therefore, the enzymes involved in these 

steps would be excellent targets. Furthermore, potential inhibitors for many of these 

enzymes have already been discovered as mentioned in section 1.2.2. Inhibitors for 

LpxA (52,53,59), LpxC (56-58), LpxD (59), and LpxH (63) have been discovered. 

However, most of these compounds have demonstrated some limitations, such as low 

permeability, low binding affinity, and narrow spectrum of antibiotic activity.  

The first compound identified as a LpxC inhibitor, L-161,240, also demonstrated 

its limitation. Although it displayed impressive antibiotic activity against E. coli and 

even rescued mice infected with lethal dose of E. coli, it showed a narrow spectrum of 

antibiotic activity. Discoveries of other LpxC inhibitors have shown a broader spectrum 

of activity and stronger inhibition (82-85), which clearly demonstrated the possibility of 

targeting LpxC for novel antibiotic development. 

1.3.2 Antibiotic development using LpxC inhibitors 

To better understand how the inhibitors are working on LpxC, several LpxC-

inhibitor complex structures have been solved, and these structures provided key 

structural insights for modification of the compounds. Structures of LpxC have shown 

that the difference in antibiotic activity between E. coli LpxC and Pseudomonas aeruginosa 

LpxC was due to difference in flexibility of the enzymes. Flexibility of E. coli LpxC 
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allowed binding of L-161,240 which relatively rigid P. aeruginosa LpxC lacked (87). 

CHIR-090 was the inhibitor that has a broader spectrum of antibiotic activity. Structures 

have shown that one of the main interactions this compound possessed was the 

interaction of its tail group with the hydrophobic passage. Modifications to the CHIR-

090 compound further improved its spectrum of antibiotic activity. Example of the 

modified compound is LPC-058. As the structure shows (figure 8), the modified 

compound contains a more elastic tail group. And this elasticity most likely allowed for 

binding of the compound to LpxC enzymes with a wider range of conformations. Based 

on these pieces of information, design of flexible compounds may help to further 

increase the spectrum of antibiotic activity and may help with the issues related with 

antibiotic resistance.  

 

Figure 8: Modification of LpxC inhibitors leading to broader spectrum and 
better potency. MIC shown is against E. coli in µg/mL. 
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1.3.3 Resistance to LpxC inhibitors 

Resistance to the LpxC inhibitors has been reported. Study of this resistance 

mechanism revealed that the resistance most likely occurs through rebalancing cellular 

homeostasis. E. coli mutants that were over 200-fold more resistant to LpxC inhibitors 

contained two chromosomal point mutations on fabZ and thrS (88). By sequencing the 

whole genome of the spontaneously generated resistant mutants, genes involved in 

LpxC resistance were identified. Out of the two mutations, the mutation on fabZ is the 

major contributor as its mutation by itself leads to MIC increase of 50-fold. FabZ is an 

enzyme involved in fatty acid biosynthesis that shares the same substrate as LpxA, the 

enzyme involved in the first step of lipid A biosynthesis (figure 9). Significant decrease 

in LpxC specific activity and protein level is observed in FabZ mutant. Also, an increase 

in the amount of LpxC is observed when FabZ is overexpressed. This suggested that 

altered fatty acid synthesis is matched by proportional change in lipid A biosynthesis. 
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Figure 9: FabZ Shares the Same Substrate as LpxA.  Fatty acid synthesis leading 
to phospholipid is maintained in balance with the lipid A biosynthesis which is critical 

for maintenance of bacterial membrane integrity. The figure is modified from (88). 

Fatty acid biosynthesis directly contributes to the generation of phospholipids, so 

this proportional change would balance the biosynthesis of phospholipid and lipid A, 

which is critical for maintaining bacterial membrane integrity. Overexpression of FabZ 

showed disruption of membrane integrity, which was rescued by overexpressing the 

enzymes in lipid A biosynthesis. Previously, it was thought that the decreased FabZ 

enzyme activity led to accumulation of LpxC substrate since FabZ shared a common 

substrate with LpxA. And this was thought to be the reason for the resistance to LpxC 

inhibitors as the accumulated LpxC substrate will counteract the effect of the inhibitors. 

However, such unbalanced biosynthesis of fatty acid and lipid A will impair the 
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membrane integrity, so it is unlikely that this is true. Instead, the reason for the 

resistance is the balance being restored by FabZ activity also being lowered to match the 

lowered lipid A biosynthesis by the inhibitors.  

1.4 LpxH in lipid A biosynthesis 

1.4.1 Its role in lipid A biosynthesis 

1.4.1.1 Discovery of UDP-2,3-diacylglucosamine hydrolase 

 The gene that encodes for the UDP-2,3-diacylglucosamine hydrolase activity was 

first identified by screening the Kohara library (89). This library contains 476 mapped 

hybrid bacteriophage λ clones that covers 99% of the E. coli genome (90). Since CDP-

diglyceride hydrolase (Cdh) also display UDP-2,3-diacylglucosamine hydrolase activity, 

E. coli mutants lacking cdh was used for the screening. Although Cdh can catalyze the 

same reaction in vitro, the activity of the enzyme is not specific for UDP-2,3-

diacylglucosamine (UDP-DAGn). Also, cdh deletion in E. coli is viable and accumulates 

CDP- and dCDP-diacylglycerol. This suggested that the physiological substrate for Cdh 

is not UDP-DAGn (91,92). Furthermore, Cdh is believed to be localized to the periplasm, 

whereas the conversion of UDP-DAGn occurs in the cytoplasm. For this reason, Kohara 

library was screened using E. coli lacking cdh for overexpression of UDP-DAGn 

hydrolase activity. One gene that was previously designated as ybbF showed higher 

UDP-DAGn hydrolase activity. Extracts of cells containing the gene expressed by T7 
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promoter showed 540-fold increase in the hydrolase activity (89). Complete knockout of 

the gene was not possible, which showed that this gene is essential. Thus, it was 

concluded that the gene is responsible for the UDP-DAGn hydrolase activity which is 

involved in the fourth step of the lipid A biosynthesis, and the gene was renamed as lpxh 

(89). 

1.4.1.2 Hydrolysis of UDP-2,3-diacylglucosamine 

LpxH catalyzes the conversion of UDP-DAGn to lipid X by cleavage of 

pyrophosphate bond on UDP-DAGn, which is the fourth step of lipid A biosynthesis 

(figure 6). As a result, UMP is released from UDP-DAGn, and 2,3-diacylglucosamine-1-

phosphate, also known as lipid X, is generated. The mechanism of the reaction has been 

determined by 31P NMR analysis of the reaction in presence of H218O. A shift in the UMP 

spectrum was observed, which showed the heavy oxygen atom was present on UMP 

after the LpxH-catalyzed reaction (89). This revealed that the hydrolysis catalyzed by 

LpxH occurs by a hydrolytic attack on the α-phosphate of UDP-DAGn (figure 7). Initial 

characterization of LpxH was carried out using approximately 60% homogeneous E. coli 

LpxH. Kinetic studies based on the crude sample showed an apparent KM of 61.7 µM 

and apparent Vmax of 17.2 µmol/min/mg (89). Later, H. influenzae LpxH at ~95% purity 

has been used for characterization of LpxH, and the kinetic study showed an apparent 

Km of 79.4 µM and apparent Vmax of 18.1 mmol/min/mg (93). 
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1.4.2 Calcineurin-like phosphoesterases 

Bioinformatic of LpxH sequences revealed that LpxH contains the signature 

motif that is conserved in the calcineurin-like phosphoesterase (CLP) superfamily 

(Pfam00149).  This enzyme family contains metal-dependent phosphoesterases that 

contain a highly conserved DXHX25GDXXDRX25GNH(D/E) (X represents any residue) 

motif. Also, a sub-class of CLP family that are involved in DNA repair and 

polymerization has been characterized to contain UUXGHXH motif (where U represents 

any hydrophobic residue) (94,95). Both motifs are conserved among LpxH genes (figure 

10).  
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Figure 10: Sequence Alignment of LpxH Revealing the Motifs Conserved in 
CLP Family.  Sequence alignment of LpxH shows that the key motifs of CLP family is 

conserved in LpxH. Sequences highlighted in red show the metal-dependent 
phosphoesterase motif (DXHX25GDXXDRX25GNH(D/E)), and the sequences highlighted 

in magenta show the C-terminal motif (UUXGHXH). 

This protein family contains a variety of metal-dependent phosphoesterases that 

hydrolyze diverse phosphate substrates, such as lipids (sphingomyelin 

phosphodiesterases), proteins (serine/threonine phosphatases), and nucleotide 

phosphates (DNA polymerases) (94,96,97). The wide array of roles served by proteins of 

this family signifies the importance of this protein family. Many of the proteins have 
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been studied structurally and biochemically. These enzymes achieve catalysis by 

utilizing an ordered shell of water molecules and divalent or trivalent metal cofactors, 

such as Fe2+, Fe3+, Zn2+, Mn2+, and/or Mg2+. Studies on CLP enzymes showed that the 

enzymes have different affinities for each cofactor. It is believed that the metal cofactors 

stabilize the formation of phosphorane intermediate and coordinate nucleophilic 

hydroxyl group for deprotonation by bridging an oxide that performs a nucleophilic 

attack. Like other proteins of CLP superfamily, LpxH has also been shown to utilize a 

metal cofactor (93). Enzymatic assays showed that the removal of metal ions with EDTA 

significantly hampers the activity of LpxH, and metal replacement assay showed that 

binding of Mn2+ has the most significant improvement in activity. Also, electron 

paramagnetic resonance (EPR) analysis revealed the presence of Mn2+ in LpxH (93). 

However, LpxH is unique in that it hydrolyzes a pyrophosphate bond unlike any other 

enzymes of the CLP superfamily. The substrate of LpxH, UDP-DAGn, is also unique in 

that it contains both lipid and nucleotide moieties. The residues of the conserved CLP 

family motif play an important role in the catalytic activity. Many of the functional 

groups on these residues participate in metal binding and assist in coordination of 

waters (figure 11). 



 

 

37 

 

Figure 11: Structure and Proposed Catalytic Mechanism of λ Serine/Threonine 
Phosphatase 

1.4.3 Transformational analogues of LpxH 

Unlike other enzymes of the pathway, lpxH was not found in all Gram-negative 

bacteria. Since the lipid A biosynthesis is essential in nearly all Gram-negative bacteria, 

the fact that the enzyme responsible for the essential step of the pathway is missing in 

about a third of Gram-negative bacteria was puzzling. Groups without lpxH includes α-

proteobacteria, δ-proteobacteria, spirochetes, cyanobacteria, and many thermophiles. All 
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of these bacteria contain both LpxD and LpxB, so an alternative pyrophosphatase for the 

step catalyzed by LpxH must be present in these strains (39).  

1.4.3.1 Discovery of LpxI 

The lack of sequence homology hampered the search for the gene encoding UDP-

DAGn hydrolase in these strains. Instead of sequence homology, the Clusters of 

Orthologous Genes database (99) was used for the search. Genes encoding for the 

enzymes related to lipid A biosynthesis are often clustered in Gram-negative bacteria, so 

the genes near the lpxD-fabZ-lpxA-lpxB locus with unknown function in strains lacking 

lpxH were searched. Several bacteria including Caulobacter crescentus, Sinorhizobium 

meliloti, Mesorhizobium loti contained genes meeting this criteria (figure 12). The gene 

product of the identified gene, DUF1009, was found in many other Gram-negative 

bacteria lacking lpxH (61). Sequence alignment of DUF1009 and LpxH orthologs 

displayed no sequence similarity. Overexpression of C. crescentus DUF1009 in E. coli 

showed over 1000-fold increase UDP-DAGn hydrolase activity over the vector control. 

Furthermore, it was shown that C. crescentus DUF1009 can compensate for the loss of 

lpxH in E. coli, showing that DUF1009 possesses UDP-DAGn hydrolase activity in vivo 

(61). These results confirmed that DUF1009 is an alternative LpxH in some of the strains 

without LpxH, and the enzyme was renamed as LpxI. 
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Figure 12: Comparison of the lpxD-fabZ-lpxA-lpxB Gene Clusters. The genes 
encoding for a protein of unknown function, DUF1009, was found within the lpxB-fabZ-
lpxA-lpxB gene cluster in several strains of Gram-negative bacteria lacking lpxH (61). The 

genes are shown in red box. 

1.4.3.2 Characteristics of LpxI 

C. crescentus LpxI was expressed in E. coli and purified by a series of 

chromatography steps using an anion exchange column and a size exclusion 

chromatography. Purified CcLpxI showed over 90% purity and was used for kinetic 

studies. Autoradiographic assay using [β-32P]UDP-DAGn was utilized. Based on the 

kinetic studies, an apparent KM was determined to be 105 µM, and an apparent Vmax of 

CcLpxI was determined to be 69 µmol/min/mg (61). Also, CcLpxI also displayed metal 

dependence like LpxH. Removal of metal ions by EDTA significantly hampered CcLpxI 

activity, and addition of Mg2+ increased the hydrolysis by 10-fold. Addition of other 

metals, such as Mn2+ and Co2+, also improved its activity, but the effect was less 

significant than Mg2+. The reaction mechanism of LpxI was also studied with the use of 
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H218O. Mass spectrometric analysis of the samples showed that the heavy oxygen atom 

was present in lipid X, not UMP (61). This result showed that LpxI not only lacks 

sequence similarity but also catalyzes the reaction through a different mechanism (figure 

7). Unlike LpxH that catalyzes the reaction by hydrolytic attack of the α-phosphate of 

UDP-DAGn, it was shown that LpxI-mediated hydrolysis occurs through the hydrolytic 

attack of the β-phosphate of UDP-DAGn. 

The structure of CcLpxI was also determined by X-ray crystallography (100). The 

structure has revealed that LpxI is composed of a lipid X-binding domain and a catalytic 

domain connected by a flexible linker. In the CcLpxI structure, density for LpxI product, 

lipid X, was clearly seen in the lipid X-binding domain, and this was supported by the 

fact that the molecule was shown to be co-purified with the enzyme. The structure 

showed that lipid X is bound on LpxI almost entirely by hydrophobic interactions. Both 

acyl chains of lipid X is surrounded by many hydrophobic residues. While the acyl 

chains of lipid X is completely buried in the hydrophobic pocket, the diacyl glucosamine 

head group of lipid X was shown to be solvent exposed (100). The catalytic domain was 

shown to contain 11 absolutely conserved polar residues.  

A single point mutation, D225A, was shown to abrogate the hydrolytic activity of 

LpxI. As a result, CcLpxI D225A was shown to accumulate the LpxI substrate, UDP-

DAGn. Also, the mutant has been shown to co-purify with the substrate. The structure 
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for the mutant was also determined and was shown to co-crystalize with UDP-DAGn 

(100). Comparison of the two structures with and without the D225A mutation revealed 

that LpxI goes through a significant conformational change (figure 13). The mutant 

structure with its substrate showed that the two domains are 70 degrees closer to each 

other compared to the wild type with lipid X. The conformation of the substrate-bound 

LpxI was thus called a “closed” conformation, and the conformation of the product-

bound LpxI was called a “open” conformation. Based on this conformational switch 

between the “open” and the “closed” states and biochemical data suggesting the 

presence of a dimerization interface, a model for LpxI-mediated UDP-DAGn hydrolysis 

has been proposed (100). The model suggests that binding of UDP-DAGn on the 

catalytic domain leads to conformational change into the “closed” conformation that 

leads to the release of lipid X on the lipid X-binding domain into the membrane. After 

catalysis, UMP is released and LpxI is returned to the “open” state with lipid X bound 

on lipid X-binding domain searching for the substrate on membrane (figure 13C). 
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Figure 13: Structures of CcLpxI and CcLpxI D225A and the Proposed Model. 
Caption continues on the next page. 
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Figure 13: Structures of CcLpxI and CcLpxI D225A and the Proposed Model. 
Structures of (A) CcLpxI with lipid X and (B) CcLpxI D225A with UDP-DAGn. The lipid 
X-binding domain is shown in blue, and the catalytic domain is shown in cyan. Lipid X 
and UDP-DAGn are shown in red. (C) Proposed model modified from (100) suggests 

that (1) LpxI in “open” conformation goes through conformational change once (2) UDP-
DAGn is bound (3) into the “closed” conformation, leading to (4) the release of lipid X 
into the membrane. (5) After hydrolysis of UDP-DAGn to lipid X and release of UMP, 

(6) LpxI goes back to the “open” conformation and (1) continues the search for the 
substrate on the membrane. 

1.4.3.3 Discovery of LpxG 

Although an alternative UDP-DAGn hydrolase, LpxI, was identified, it still was 

not found in all of the strains lacking LpxH. One example of the strain lacking both 

LpxH and LpxI while containing genes encoding other lipid A enzymes is Chlamydia 

trachomatis. Through a complementation screening of C. trachomatis genomic library 

using a conditional lethal lpxH mutant E. coli, an open reading frame encoding 

previously uncharacterized enzyme was identified. Overexpression of the enzyme led to 

the accumulation of lipid X, and this result confirmed that the enzyme encoded by the 

open reading frame Ct461 is the UDP-DAGn hydrolase in C. trachomatis (62). The 

enzyme was then renamed as LpxG. Sequence alignment of LpxG orthologs revealed 

that LpxG also contains the DXHX25GDXXDRX25GNHD motif which is characteristic of 

enzymes in the CLP family. LpxG also contains UUGHXH (where U represents 

hydrophobic residues) that are found in a subclass of CLP enzymes. Both of these motifs 

are also conserved in LpxH orthologs. However, LpxG share extremely low sequence 
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similarity with LpxH and LpxI of 11% and 9%, respectively. Based on this difference, 

LpxG has been identified as the founding member of a third family of UDP-DAGn (62). 

For characterization of the enzyme, CtLpxG has been expressed in E. coli and 

purified using Ni2+-NTA chromatography. As with LpxH and LpxI, LpxG also displayed 

metal dependence. Assays showed that Mn2+ improved the activity by 35-fold compared 

to the enzyme with no metal. Co2+ also improved the activity, but it had less effect. 

Mechanism of LpxG was also studied using H218O. Mass spectrometric analysis of the 

LpxG reaction product showed that the heavy oxygen was found in UMP, not lipid X. 

This result revealed that LpxG also catalyzes the hydrolytic attack of the α-phosphate 

just like LpxH-catalyzed reaction (62). 

1.4.4 LpxH as antibiotic target 

1.4.4.1 Clinical importance of LpxH 

Although hydrolysis of UDP-DAGn is not catalyzed by LpxH in all Gram-

negative bacteria, LpxH is the most prevalent enzyme among Gram-negative bacteria. 

LpxH is present in about 70% of Gram-negative bacteria including β-, γ-, and ε-

proteobacteria. This group includes nearly all of the clinically important Gram-negative 

pathogens. In 2013, CDC prioritized the pathogens that are particularly alarming threats 

(11). Out of the 14 bacteria that are categorized as urgent or serious threats, nine are 

Gram-negative bacteria. And all of the nine Gram-negative pathogens in these categories 
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are either β-, γ-, or ε-proteobacteria that utilize LpxH for hydrolysis of UDP-DAGn 

hydrolysis (table 2). Lipid A biosynthesis is essential in nearly all Gram-negative 

bacteria, and first six steps of the pathway is essential. Therefore, LpxH is an excellent 

target for antibiotic development as it is involved in the fourth step of lipid A pathway 

in nearly all clinically important Gram-negative pathogens. 

Table 2: Bacteria Categorized as Urgent or Serious Threats by CDC.  Most of 
the bacterial pathogens in these categories are Gram-negative bacteria, and all of the 
Gram-negative bacteria in this list utilize LpxH for UDP-DAGn hydrolysis. List from 

(11) is updated based on (118). 

CDC Category Bacterial Strain Bacterial Class

Acinetobacter baumannii γ-proteobacteria

Carbapenem-resistant Enterobacteriaceae (CRE) γ-proteobacteria

Multidrug-resistant Pseudomonas aeruginosa γ-proteobacteria

Drug-resistant Neisseria gonorrhoeae β-proteobacteria

Drug-resistant Campylobacter ε-proteobacteria

Vancomycin-resistant Enterococcus  (VRE) Gram-positive

Helicobacter pylori ε-proteobacteria

Drug-resistant non-typhoidal Salmonella γ-proteobacteria

Drug-resistant Salmonella typhi γ-proteobacteria

Methicillin-resistant Staphylococcus aureus  (MRSA) Gram-positive

Urgent threat

Serious threat

 

Out of the essential enzymes of the lipid A biosynthesis, LpxC has been the most 

successful target for antibiotic development thus far. Such success was possible because 

many different classes of compounds inhibiting LpxC were discovered, and a plethora 

of structural information of LpxC with its inhibitors provided crucial information 

needed for further optimization. Through the process, inhibitors with better potency and 
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broader spectrum of antibiotic activity were discovered. However, as expected from the 

nature of antibiotics, resistance to LpxC inhibitors has been reported. Study of the 

resistance mechanism against LpxC inhibitors revealed that the resistance to LpxC 

occurs through a mechanism that is quite different from well-established paradigm of 

bacterial resistance involving enhanced efflux of compound or modification of target 

compound or protein. Instead, mutation in fabZ led to decreased fatty acid synthesis, 

which resulted in balancing the homeostasis of phospholipid and lipid A (88).  

Such a resistance mechanism was possible since the antibiotic mechanism of 

LpxC inhibitors was disrupting the bacterial cellular membrane integrity by hampering 

lipid A biosynthesis. LpxH has distinct advantages over LpxC in this aspect. Although 

the main mechanism of LpxH inhibitors would also be disrupting lipid A biosynthesis, 

LpxH inhibitors can inhibit bacterial growth even when disrupting lipid A biosynthesis 

is not enough. Disruption of LpxH or LpxK has been shown to inhibit the growth of 

Acinetobacter baumannii, which is Gram-negative bacteria that can survive without lipid 

A (101,102). Disruption of lpxH on genome of A. baumannii was not possible, and when 

LpxH expression was controlled by IPTG, shift from LpxH induced condition to 

uninduced condition led to accumulation of UDP-DAGn and disruption of cellular 

integrity (101). These results showed that inhibition of LpxH is lethal not only by 

inhibiting lipid A biosynthesis but also by leading to toxic accumulation of UDP-DAGn. 
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For this reason, bacteria would not be able to develop resistance to LpxH inhibitors 

through the same mechanism as the LpxC inhibitors, and it would be more difficult to 

develop resistance against LpxH inhibitors as the compounds will be lethal through at 

least two different mechanisms. 

1.4.4.2 Discovery of LpxH inhibitor 

A novel antibiotic target must meet four essential criteria mentioned in section 

1.1.4. First, the target needs to be essential to the organism. Second, the target needs to 

be conserved enough to ensure a broad spectrum of antibiotic activity. Third, 

homologous enzyme should not be present in mammalian host to avoid toxicity in host. 

Lastly, target must have sites that small drug-like molecules can bind. As mentioned in 

previous sections, LpxH qualifies for the three of the four criteria. As an enzyme 

involved in essential step of lipid A biosynthesis, it is essential, and LpxH is present in 

nearly all clinically important Gram-negative pathogens. Also, enzymes homologous to 

LpxH is not present in mammals, so toxicity would most likely not be a concern. It is 

highly likely that LpxH also qualifies for the last criterion as it must have the binding 

site for UDP-DAGn and lipid X. However, without a structural information it was 

difficult to state with certainty.  

Recently, a potential inhibitor of LpxH has been identified through a cell wall 

reporter assay (63). This discovery demonstrated that developing a compound targeting 
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LpxH is certainly possible, fulfilling the last criterion for a novel antibiotic target. The 

LpxH inhibitor was discovered through a high-throughput screening using AmpC β-

lactamase as a reporter. AmpC β-lactamase is induced when cell wall biogenesis is 

disrupted, so expression of AmpC was used to screen for compounds disrupting cell 

wall biogenesis. By screening approximately 1.2 million compounds, a sulfonyl 

piperazine compound was identified. By sequencing the mutants resistant to the 

compound, LpxH was identified as the likely target. Overexpression of LpxH with IPTG 

significantly increased MIC by more than 400-fold (63). Based on these results, LpxH 

was identified as the target for the sulfonyl piperazine compound. Identification of 

LpxH inhibitor clearly demonstrates that LpxH is not only an attractive target but also 

an attainable target for novel antibiotic development. 

However, the sulfonyl piperazine compound possesses severe limitations. It has 

been shown that several single point mutations on LpxH can lead to resistance to the 

compound. Also, the compound has been shown to work only on the efflux pump 

mutant of E. coli and not on the wild type E. coli. This clearly raises questions about its 

potency against a broad spectrum of bacteria. However, the same problem exists in 

many initial discoveries of antibiotics, including LpxC inhibitors. As demonstrated in 

the case of LpxC inhibitors, structural information about LpxH with its inhibitors and 

screening for other compounds that can inhibit LpxH can overcome this issue. And this 
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work is aimed for that purpose of providing structural information about LpxH and 

screening for alternative compounds that inhibit LpxH for the discovery of potent LpxH 

inhibitor against broad spectrum of Gram-negative pathogens. 
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2. Purification and Crystallization of HiLpxH 
2.1 Introduction 

Initial characterization of LpxH was carried out using E. coli LpxH. However, the 

purification procedure for the initial characterization was not optimal, and the sample 

homogeneity was only around 60%. The initial purification allowed basic 

characterization of LpxH. Autoradiographic assay using [β-32P]-UDP-DAGn was used 

for enzymatic assays. These initial assays demonstrated the pH dependence and 

potential metal dependence of LpxH (89). To improve sample purity and stability, H. 

influenzae LpxH has been expressed in E. coli and purified using Ni-NTA 

chromatography. Purification of HiLpxH allowed for consistent high yield of enzyme 

(~30 mg of LpxH per one liter of culture) with great purity (~95%). Autoradiographic 

assay utilizing [β-32P]UDP-DAGn was also optimized with inclusion of MnCl2, BSA, and 

Triton X-100. Optimized assay condition has shown 1000-fold higher activity than the 

previously reported condition (93). Based on the optimized conditions, characterization 

of LpxH was revisited. Enzymatic assays of HiLpxH showed an apparent Km of 79.4 µM 

and an apparent Vmax of 18.1 mmol/min/mg. Metal dependence of the enzyme was also 

tested by removing metals by EDTA and resupplying the metals to test for the difference 

in activity, and HiLpxH activity in the presence of Mn2+ was significantly improved by 

670-fold in comparison to no metal condition. Ni2+, Co2+, and Fe3+ also enhanced the 
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activity but the effect was significantly lower. Also, EPR analysis of HiLpxH revealed the 

presence of a Mn2+ cluster in LpxH (93). These studies significantly improved the 

biochemical understanding of LpxH. However, no structural information about LpxH 

was available, which is critical for antibiotic development targeting LpxH. Previous 

purification and enzymatic studies clearly demonstrated that purification of HiLpxH 

with high purity and stability which is required for crystallography is possible, so 

HiLpxH was used for further characterization and structural studies. 

2.2 Results 

2.2.1 Purification and crystallization of HiLpxH 

Despite the molecular cloning and biochemical characterization of LpxH over a 

decade ago, its structure has not yet been elucidated, leaving fundamental questions 

about this membrane-associated, essential lipid pyrophosphatase unanswered. 

Providing this key structural information of LpxH required for antibiotic development is 

one of the main objectives of this study. As H. influenzae LpxH purification has 

demonstrated to yield LpxH with high purity and stability, HiLpxH has been selected 

for purification and crystallization screening.  
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Figure 14: Ni-NTA and Size-Exclusion Chromatography of HiLpxH.  (A) 
HiLpxH after Ni-NTA demonstrates high purity of the sample, and (B) size exclusion 

profile displays stability and homogeneity of the sample. 

Previously reported purification protocol (93) was slightly modified based on 

detergent screening and initial crystallization screening results. These modifications 

include inclusion of size exclusion chromatography and modified detergent. Based on 

condition, purification of HiLpxH with high purity and behaving as a mono-dispersive 

peak on size exclusion chromatography was achieved (figure 14). Through extensive 

screening of crystallization conditions, successful crystallization condition was 

identified. By using selenomethionine labelled HiLpxH for selenomethionine single-

wavelength anomalous dispersion (Se-SAD) phasing, first ever structure of LpxH has 

been determined. 
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Table 3: Data collection and statistics of the HiLpxH structure 
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2.2.2 HiLpxH-lipid X complex structure 

2.2.2.1 Structural motifs of HiLpxH 

The HiLpxH structure revealed that LpxH has been co-crystallized with its 

product, lipid X. The structure of LpxH reveals a conserved core architecture shared 

with the CLP enzymes, such as PP-1 (103). However, there are major distinctions. The 

core domain of LpxH consists of two tightly packed central β-sheets, instead of three β-

sheets in PP-1. These two prominent β-sheets consist of a total of eleven β-strands 

arranged in a mixed parallel and anti-parallel fashion (figure 15). Starting with the N-

terminus in the middle of β-sheet 1, the back- bone forms a β1-α1-β2-α2-β3-α3-β4 

scaffold, which then crosses over to β-sheet 2 to form two antiparallel β-strands (β 5 and 

β 6). Following this, there is an elongated, triangle-shaped insertion domain formed by 

two long helices (α1′ and α3′) connected by a short helix (α2′). This insertion (‘lid’ 

domain) functions similarly to the lid of the pitfall trap of a pitcher plant to engulf lipid 

X. Following the insertion domain, there is another helix (α4) that packs against β-sheet 

2. The α4 helix is followed by three mixed orientation β-strands (β7, β8 and β9) before 

the backbone crosses back to β-sheet 1 to form the last two antiparallel β-strands (β10 

and β11). The active site of LpxH is located between the insertion lid and the core 

domain. 
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Figure 15: Structure of HiLpxH-lipid X complex.                                              
Cation continues on the next page. 
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Figure 15: Structure of HiLpxH-lipid X complex.  (A) Ribbon representation of 
LpxH, with blue to red colors corresponding to the N- to C-terminus. Lipid X is shown 

as a stick model, and the di-manganese cluster is shown as spheres. The insertion ‘lid’ is 
indicated by the dashed rectangle. (B) Topology diagram of LpxH. The core domain is 

denoted in green, and the insertion lid is in orange. Locations of metal-binding residues 
are denoted as red dots. 

Within the catalytic site of LpxH, electron densities of two metal ions can be 

identified. As LpxH is most active in the presence of Mn2+, and because our previous 

electron paramagnetic resonance (EPR) study has revealed the presence of a di-

manganese cluster in LpxH (93), these two densities were interpreted as manganese 

ions. Of the two manganese ions, the first ion (Mn1) is coordinated by side chains of 

D42, N80, H115, and H196, while the second ion (Mn2) is coordinated by side chains of 

D9, H11, and D42, with D42 bridging the di-manganese cluster. The short distances 

between these residues and the di-manganese cluster are consistent with their suggested 

role within the signature metal chelating motifs (D9 and H11 of the DXH motif, D42 of 

the GDXXD motif, N80 of the GNRD motif, H115 of the HXD motif, and H196 of the 

GHXH motif) of the CLP enzymes (figure 16). Substitutions of these residues by alanine 

(D9A, H11A, D42A, H115A and H196A) dramatically reduced the specific activity of 

LpxH by 5,000- to 200,000-fold (93). 
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Figure 16: Sequence alignment of the LpxH enzymes from H. influenzae, P. 
aeruginosa, A. baumannii, K. pneumoniae, and E. coli.  Secondary structural elements 

and previously identified metal-binding motifs are denoted above the alignment. Metal 
binding residues are colored in red. Conserved residues directly involved in the 

recognition of the glucosamine 1-phosphate headgroup are boxed. Locations of E. coli 
LpxH resistance mutations to a recently reported inhibitor and the corresponding 
residues in HiLpxH are marked by purple triangles above the alignment. The ‘lid’ 

insertion domain is highlighted in orange. 

2.2.2.2 Mass spectrometric analysis to confirm the co-purification of lipid X 

As LpxH was crystallized in the absence of any added lipid A intermediates, we 

were surprised to observe lipid X, the product of LpxH, sandwiched between the core 

domain and the insertion lid of LpxH, with its glucosamine-1-phosphate headgroup 



 

 

58 

sitting immediately above the di-manganese cluster within the active site (figure 15A). 

To verify that the lipid molecule co-crystallized with LpxH was indeed lipid X, we 

subjected the crystallization sample to single-phase Bligh–Dyer extraction (104) followed 

by reversed- phase liquid chromatography mass spectrometry (RPLC-MS) analysis. 

Consistent with the predicted mass for E. coli lipid X ([M–H]- m/z of 710.42), a singly 

charged species with [M–H]- at m/z 710.44 was observed as a discrete peak eluting from 

the column (figure 17). Tandem mass spectrometry (MS/MS) analysis also yielded 

components consistent with secondary fragmentation of lipid X, confirming co-

purification of lipid X with the overexpressed LpxH and suggesting a high flux of lipid 

X and UDP-DAGn, despite their low steady-state levels. 
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Figure 17: LC-MS analysis of the co-purifying lipid with LpxH. (A) HPLC ion 
current profile monitored at m/z of 710.44. (B) Mass spectrometry analysis of the 

extracted lipid reveals a major peak at m/z of 710.438, consistent with predicted mass of 
E. coli lipid X ([M-H]- m/z of 710.42). (C) MS/MS analysis reveals components consistent 

with the fragmentation of lipid X. Results shown in the figure are representative of three 
biological and technical replicates. 

2.2.2.3 Lipid X binding on HiLpxH 

The electron density of lipid X is well defined for the glucosamine-1-phosphate 

headgroup, the entire 2-N-linked β-hydroxymyristoyl chain, and the first half of the 3-O-

linked β-hydroxymyristoyl chain. The electron density for the remaining part of the 3-O-

linked acyl chain, albeit weak, is visible at lower contour levels. The glucosamine-1-
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phosphate adopts a chair conformation, with the 1-phosphate group in the axial 

configuration and the remaining substituents of the hexose ring in the equatorial 

configuration. An extensive array of LpxH residues can be identified that interact with 

every polar group of the glucosamine-1-phosphate headgroup. The 1-phosphate group 

in particular is very well recognized; it forms two salt bridges with R81 of the GNRD 

motif, which itself is anchored by D45 from the GDXXD motif of a neighboring loop. 

Mutation of R81A decreased the specific activity of LpxH by 7,000-fold compared to the 

wild-type enzyme, consistent with its critical contribution to the recognition of the 

substrate. The 1-phosphate group is additionally recognized through hydrogen bonds 

with the manganese-chelating residue N80 and H198 of the GHXH motif, the latter of 

which is anchored by a hydrogen bond with D215.  
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Figure 18: Binding of glucosamine-1-phosphate headgroup to LpxH.               
(A) Coordination of the di-manganese cluster in LpxH. Manganese ions are shown as 
spheres. Side chains of manganese chelating residues are shown as stick models, and 

their distances to the manganese ions are labelled in Å. Lipid X is shown as a stick 
model to illustrate its location in the active site. (B) Recognition of the glucosamine-1-
phosphate headgroup of lipid X by LpxH. LpxH residues from the core domain are in 

green, and those from the insertion lid are in orange. Side chains of residues that interact 
with lipid X through polar interactions are shown as stick models. Lipid X, in cyan, is 

also shown as a stick model. Positions of the glucosamine ring are numbered in red. (C) 
Omit electron density map of lipid X. Purple mesh represents the 2mFo-DFc map 

contoured at 1.0σ calculated with lipid X removed from the structure. 

In addition to interacting with residues of the core domain, the 1-phosphate 

group of lipid X also forms a salt bridge with K165 from the α3′ helix of the insertion lid 
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and is engaged in a hydrogen bond with the β-hydroxyl group of its 2-N-linked β-

hydroxymyristoyl chain. The nitrogen atom of the 2-N-linked acyl chain is fixed in space 

by a hydrogen bond with S161 of the α3′ helix from the insertion lid. Recognition of 

polar groups at the 3- and 4-positions is achieved entirely within the insertion lid. K168 

at the end of the α3′ helix forms three hydrogen bonds with the β-hydroxyl group and 

the carbonyl oxygen of the 3-O-linked β-hydroxymyristoyl chain as well as the 4-

hydroxyl group of the glucosamine ring. The carbonyl group of the 3-O-linked acyl 

chain additionally forms a hydrogen bond with S161, whereas the 4-hydroxyl group is 

further recognized by D123 of the insertion lid, which also serves as the cap of the 

insertion helix α1′. The last polar group of the glucosamine ring, the 6-hydroxyl group, 

forms a hydrogen bond with the manganese-chelating residue H196. With the exception 

of K165, all of the residues directly interacting with the 1-phosphate group are strictly 

conserved. As the level of UDP-DAGn only represents 0.005% of the total bacterial 

phospholipids, such an elaborate array of specific interactions surrounding the 

glucosamine-1-phosphate headgroup, a molecular entity shared by lipid X and UDP-

DAGn, bestows LpxH with the extraordinary ability to scavenge its substrate UDP-

DAGn from an overwhelming amount of competing phospholipids in the bacterial inner 

membrane.
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Figure 19: Binding of the acyl chains on lipid X to LpxH. (A) Side and (B) top views of the LpxH–lipid X complex in the 
surface representation, illustrating the engulfment of lipid X by LpxH within the hydrophobic chamber. The backbone of LpxH is 
depicted as the ribbon diagram. Lipid X and its acyl-chain-interacting residues are denoted as stick models. Lipid X is in cyan, and 

the core domain and insertion lid of LpxH are in green and orange, respectively. Clustered hydrophobic surface residues in the 
insertion lid not involved in lipid X interaction are shown as stick models and are in yellow, revealing a potential surface area for 

membrane association. 
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The two acyl chains of lipid X are recognized differently. The 2-N-linked β-

hydroxymyristoyl chain is nearly completely buried within a hydrophobic chamber at 

the interspace between the core domain and the insertion lid (figure 19). Lining the 

hydrophobic chamber are conserved residues from the core domain (I48, F83 and L84) 

and from the insertion lid (F129 and V133 from the α1′ helix, L138 and  F142  from the  

α2′ helix,  and  I157  from the α3′ helix) that form extensive interactions with the 2-N-

linked β-hydro- xymyristoyl chain. The 3-O-linked β-hydroxymyristoyl chain, however, 

does not interact with the core domain. It rises rapidly through an open area above the 

active site, with its remaining acyl chain gliding over the surface of the insertion lid and 

forming hydrophobic interactions with F129, V133 of the α1′ helix, and I157 of the α3′ 

helix. A significant portion of the 3-O-linked acyl chain is surface exposed and is 

probably surrounded by detergent molecules. Similarly, the insertion lid is decorated 

with a large number of surface-exposed hydrophobic residues (W137, L141, L145, V149 

and I153) that do not interact with lipid X. These residues probably facilitate the 

association of the insertion lid of LpxH with detergent micelles in vitro and with the 

bacterial inner membrane in vivo. 

2.2.2.4 Comparison with CcLpxI structure 

Recognition of lipid X by LpxH is distinct from its functional orthologue, LpxI, 

which is structurally unrelated to LpxH. LpxI consists of an N-terminal lipid-binding 

domain with a central β-sheet decorated with helices on both sides and a C-terminal 
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catalytic domain. Lipid X recognition by LpxI is achieved by encapsulating both acyl 

chains of lipid X in the lipid-binding domain, but with limited interactions of the 

glucosamine-1-phosphate group. Binding of UDP-DAGn by LpxI induces a 

conformational switch that brings the catalytic domain close to the lipid-binding domain 

for specific recognition of the substrate and catalysis. Whether binding of UDP-DAGn 

by LpxH similarly induces a conformational change remains to be established. 

2.3 Discussion 

2.3.1 Proposed mechanism of LpxH 

Incubation of UDP-DAGn with LpxH in H218O results in cleavage of the 

pyrophosphate linkage and incorporation of a solvent molecule into UMP. HiLpxH is 

most active at slightly alkaline pH values and exhibits a sharp decrease in its catalytic 

activity at acidic pH. Fitting the data to a single-lobed pH curve reveals a general base 

with a pKa of ∼6.6, consistent with the presence of a catalytic histidine residue in the 

active site. After excluding active site histidine residues involved in manganese 

coordination, we propose that H198, which is located at the far side of Mn2, serves as the 

catalytic general base to mediate a metal ion-activated water molecule for in-line attack 

of the α-phosphate group of UDP-DAGn to incorporate 18O into the UMP moiety. Role 

of H198 in catalysis requires further investigation. 
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Figure 20: Proposed mechanism of LpxH catalysis. LpxH hydrolyzes UDP- 
DAGn through a water-mediated attack on the α-phosphate group (purple) of the UDP 

moiety. Incorporation of the 18O atom from heavy water is indicated in red. The 
proposed locations of Mn-chelating water molecules are based on analogy with other 

members of the CLP enzymes. In the proposed mechanism, the catalytic manganese ion 
(Mn2) polarizes a bound water molecule and assists the general base H198 in promoting 

the nucleophilic attack of the catalytic water molecule toward the α-phosphate group. 
Role of H198 in catalysis requires further investigation. Black and blue lines indicate 

observed and proposed metal interactions, respectively. 

2.3.2 Antibiotic development targeting LpxH 

Lipid A biosynthesis is required for the viability of virtually all Gram-negative 

bacteria. Nearly all of the inhibitor development efforts thus far have focused on 
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cytosolic lipid A enzymes, such as LpxC. However, targeting late-stage lipid A enzymes 

such as LpxH may be uniquely advantageous, as inhibition of LpxH results in 

accumulation of toxic lipid intermediates in the bacterial inner membrane, providing an 

independent mechanism of bacterial killing. 

Recently, a small-molecule inhibitor of E. coli LpxH has been reported, and four 

resistance mutations to the inhibitor (G48D, L84R, F141L and R149H) in E. coli LpxH 

have been isolated (63). By mapping these residues onto the structure of HiLpxH, we 

show that all of the corresponding residues in this orthologue, G49, I85, F142 and R150, 

are clustered together around the terminus of the 2-N-linked β-hydroxymyristoyl chain 

of lipid X (figure 21). Such an observation suggests that the reported LpxH inhibitor 

probably targets the hydrophobic chamber between the insertion lid and the core 

domain and competes with the 2-N-linked acyl chain of the substrate UDP-DAGn for 

LpxH inhibition. 
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Figure 21: Resistance mutations of E. coli LpxH mapped onto the structure of 
HiLpxH. HiLpxH residues (G49, I85, F142 and R150) corresponding to resistance 

mutations of E. coli LpxH to a recently discovered inhibitor are shown as space-filling 
models. Lipid X is shown as the stick model and colored in cyan. The insertion lid and 

the core domain are shown as the ribbon diagram and their surfaces are colored in 
orange and pale green, respectively. 

The prevalence of antibiotic resistance in clinically important Gram-negative 

pathogens demands novel therapeutic options that target previously unexploited 

enzymes such as LpxH in the lipid A biosynthetic pathway. The structural elucidation of 

LpxH in complex with its product lipid X provides a first glimpse of the mechanism and 

inhibition of LpxH catalysis and sets the stage for future lead optimization campaigns 

based on structural insights. 
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2.4 Materials and methods 

2.4.1 Cloning, expression, and purification of HiLpxH 

2.4.1.1 Expression of HiLpxH 

HiLpxH construct that has been previously described in (93) has been used for 

the expression of HiLpxH. In short, lpxH (HI0375) was inserted into the pET21b 

(Novagen/EMD Chemicals) vector. The gene was inserted between the NdeI and XhoI 

sites. Amino acids encoding for TEV protease site (ENLYFQS) followed by His10 tag 

and a stop codon was inserted 3’ to the XhoI site of the vector. 

BL21(DE3) cells transformed with the HiLpxH expression vector were grown in 

the LB medium at 37 °C until the optical density at 600 nm reached 0.5. The cells were 

induced with 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) and grown for 

additional 5 hours at 30 °C. Then, the cells were collected by centrifugation and were 

kept frozen at −80 °C until purification.  

2.4.1.2 Purification of HiLpxH 

All of the purification procedure were carried out at 4°C by using pre-chilled 

buffers. The cell pellet from each liter of culture was resuspended in 30 ml lysis buffer 

containing 200 mM NaCl and 20 mM HEPES (pH 8.0). Resuspended cells were lysed 

with a French Press (Glen Mills) at gauge pressure of 1150~1280 psi on high ratio (cell 

pressure of 18,000 to 20,000 psi). Cell debris was removed by low-speed centrifugation at 

10,000g for 40 min at 4 °C. HiLpxH was then extracted with 1.5% n-dodecyl-β-D-
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maltopyranoside (sol-grade, Anatrace) for 2 hours at 4 °C and subjected to high-speed 

centrifugation at 100,000g for 1 hour at 4 °C. After centrifugation, the supernatant was 

purified by the HisPur Ni-NTA gravity-flow chromatography (ThermoFisher Scientific) 

at 4 °C. Approximately 2 mL of the Ni-NTA resin was used per liter of cell culture. After 

sample loading, the column was washed with 15–20 column volumes of buffer 

containing 200 mM NaCl and 20 mM HEPES (pH 8.0) and 1.8 mM n-decyl-β-D-

thiomaltopyranoside (DTM) (2× critical micelle concentration, CMC). The column was 

washed again with 15 column volume of the buffer containing 50mM imidazole. 

HiLpxH was eluted using ten column volumes of buffer that also contained 250 mM 

imidazole. For the crystallization sample, the C-terminal His10 tag was not removed. 

The eluted fractions from the Ni-NTA chromatography were combined, concentrated 

and further purified using size-exclusion chromatography (HiPrep 26/60 Sephacryl S-

200 HR, GE Healthcare) at a flow rate of 1 ml min−1 in the presence of 200 mM NaCl, 20 

mM HEPES pH 8.0 and 1.08 mM DTM (1.2× CMC). Three fractions of 2 ml each with the 

highest concentrations were pooled and concentrated to 10 mg/mL with an estimated 

final DTM concentration of 3.6–4.5 mM (4–5× CMC). The selenomethionine labelled 

LpxH sample was prepared using SelenoMet Medium (Molecular Dimensions). 
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2.4.2 Crystallization of HiLpxH 

2.4.2.1 Crystallization condition of HiLpxH 

Crystals were grown using sitting-drop vapor diffusion method at 15 °C. Each 

drop was prepared by mixing 1µL of protein solution with 1µL of reservoir solution. 

The optimal crystallization condition after mixing the protein solution and the reservoir 

solution contained 5 mg/mL LpxH in 100 mM NaCl, 10 mM HEPES, 35 mM sodium 

acetate pH 4.1, 2.2% polyethylene glycol (PEG) 4000, 0.3 mM sulfonyl piperazine, 0.7% 

DMSO, 22% glycerol and ∼3–4 mM DTM. Crystals started to appear after 7–10 days at 

15 °C. Suitable-sized crystals were cryoprotected using the corresponding crystallization 

buffer containing 40% glycerol before flash-freezing for data collection. 

2.4.2.2 Data collection and structural analysis 

Diffraction data were collected at the Northeastern Collaborative Access Team 

(NECAT) beamlines (24-ID-C and 24-ID-E). The selenium single anomalous dispersion 

(Se-SAD) data set was obtained by merging diffraction data from two crystals collected 

at the wavelength of the selenium absorption peak (0.97912 Å). The native data set was 

collected at a wavelength of 1.0000 Å. The diffraction data were processed using XDS 

and AIMLESS modules in the CCP4 suite and were truncated and scaled with the 

University of California, Los Angeles, anisotropy diffraction server (105,106). The 

identification of heavy-atom sites, selenomethionine single-wavelength anomalous 

dispersion (Se-SAD) phasing, and initial model building were done using AutoSol and 
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AutoBuild modules within the PHENIX suite (107). All four predicted Se heavy atom 

sites were unambiguously identified. The resulting structure was used as the search 

model for molecular replacement against the native data set. Restraints of lipid X were 

generated using the eLBOW module within the PHENIX suite and edited manually. 

Iterative model building and refinement was carried out using COOT (108) and 

PHENIX. The 2mFo-DFc omit map was generated using PHENIX. 

2.4.3 Bligh-Dyer and Mass Spectrometry 

2.4.3.1 Purification of UDP-DAGn and lipid X 

His-tagged versions of wild type CcLpxI and D225A CcLpxI were expressed and 

purified with Ni-NTA column. The eluted samples were then subjected to Bligh-Dyer 

extraction to extract lipid X and UDP-DAGn.  First, the eluted samples were mixed with 

appropriate volumes of chloroform and methanol (CHCl3:MeOH:H2O = 1:2:0.8) for 

single phase Bligh-Dyer to precipitate out the proteins. Then, chloroform and water 

were added to the supernatant (CHCl3:MeOH:H2O = 2:2:1.8) for 2 phase Bligh-Dyer. 

Both lipid X and UDP-DAGn go into the upper aqueous layer under neutral condition. 

For UDP-DAGn, the upper layer was isolated and dried, which was then resuspended in 

5mL of 10mM HEPES buffer at pH 8. To remove residual salt and buffer, resuspended 

sample was loaded onto Sep-Pack C18 column, which was washed with water and 

eluted with 50% acetonitrile. After elution, the sample was lyophilized to remove 

acetonitrile. Amount of purified UDP-DAGn was determined by measuring absorbance 
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at 262nm and using ε262 of UDP (10100 cm-1M-1) to calculate the concentration. For lipid 

X, after initial 2 phase Bligh-Dyer, HCl saturated chloroform was added to remove 

residual phospholipid. Under acidic condition, lipid X goes into the bottom layer while 

phospholipids stay in the upper layer. The bottom layer was isolated, which was then 

dried. This sample then followed same Sep-Pack column purification as UDP-DAGn to 

remove residual salt and buffer. Amount of purified lipid X was measured by weight 

difference of the container. In the end, amount of purified UDP-DAGn and lipid X were 

~1.1mg each, which was out of 4L growth of D225A CcLpxI and wild type CcLpxI, 

respectively. 

2.4.3.2 Mass spectrometry analysis of co-purifying lipid molecule 

LpxH-bound lipids were extracted using the single-phase Bligh–Dyer method 

(104) by adding chloroform and methanol to the aqueous solution at a ratio of 1:2:0.8 

(vol/vol/vol). The supernatant of the mixture was dried and re-suspended in methanol 

and submitted to reversed-phase liquid chromatography electron spray ionization mass 

spectrometry (RPLC-ESI/MS) analysis using a Shimadzu LC system (comprising a 

solvent degasser, two LC-10A pumps and an SCL-10A system controller) coupled to a 

TripleTOF5600 mass spectrometer (Sciex). The LC was operated at a flow rate of 200 

µL/min with the following linear gradients: 100% of mobile phase A was held 

isocratically for 2 min and then linearly increased to 100% mobile phase B over 3 

minutes and held at 100% B for 2.5 minutes. At the end, the gradient was returned to 
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100% mobile phase A and held for 2 minutes. Mobile phase A consisted of 

methanol/acetonitrile/aqueous 1 mM ammonium acetate (60/20/20, vol/vol/vol). Mobile 

phase B consisted of 100% ethanol containing 1 mM ammonium acetate. A Zorbax SB-C8 

reversed-phase column (5 µm, 2.1 × 50 mm) was obtained from Agilent. The LC eluent 

was introduced into the ESI source of the mass spectrometer. The instrument settings for 

the negative ion ESI/MS and MS/MS analysis of lipid species were as follows: ion spray 

voltage (IS) = −4,500 V; curtain gas (CUR) = 20 p.s.i.; ion source gas 1 (GS1) = 20 p.s.i.; de-

clustering potential (DP) = −55 V; focusing potential (FP) = −150 V. Data acquisition and 

analysis were performed using the Analyst TF1.5 software (Sciex). 
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3. Inhibitor Assays with AZ01 Compound and AZ01 
Bound Structure of LpxH 
3.1 Introduction 

As constitutive lipid A biosynthesis is required for bacterial viability and 

pathogenesis, essential lipid A enzymes, including LpxH, are attractive targets for the 

development of novel antibiotics against Gram-negative pathogens. Recently, a LpxH-

targeting antibiotic has been reported (63), opening the arena for targeted development 

of LpxH inhibitors. However, the AZ01 compound displayed major limitations to be 

developed as a successful antibiotic. The AZ01 compound displays very narrow 

spectrum of antibiotic activity as described in (63). Out of E. coli, H. influenzae, 

Pseudomonas aeruginosa, and Staphylococcus aureus, AZ01 was only able to inhibit E. coli. 

And even for E. coli, it could not inhibit the wild type strains. It was only able to inhibit 

efflux pump mutants of E. coli. Furthermore, several single point mutations on LpxH has 

been shown to lead to resistance to the compound (table 4).  
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Table 4: MIC of AZ01 compound. AZ01 displays narrow spectrum of activity 
and is also susceptible to resistance by several single point mutations on LpxH (63). 

Species Strain Description MIC (µg/ml)

ATCC 25922 Wild type >64

ATCC 25922 ΔtolC Efflux mutant 0.25

MG1655 ΔtolC Efflux mutant 0.25

MG1655 ΔtolC G48D mutation on LpxH >128

MG1655 ΔtolC L84R mutation on LpxH >128

MG1655 ΔtolC F141L mutation on LpxH >128

MG1655 ΔtolC R149H mutation on LpxH >128

Haemophilus influenzae ATCC 49247 Wild type >64

Pseudomonas aeruginosa PAO1 Wild type >64

Staphylococcus aureus ATCC 29213 Wild type >64

Escherichia coli

 

These results clearly demonstrated the need for improvement of the compound. 

As demonstrated in the case of LpxC inhibitors, structural information can often provide 

the key insights needed for development of better inhibitors. For this purpose, the first 

structure of LpxH has been determined as described in chapter 2, which provided great 

structural insights on how the enzyme works. However, the structure did not provide 

the information on how the AZ01 compound is binding to LpxH. For that reason, AZ01 

compound has been tested for its antibiotic activity against several orthologs of LpxH to 

identify the ortholog of LpxH that the compound is effective against. Then, the orthologs 

inhibited by AZ01 compound has been screened for crystallization condition with AZ01 

compound to solve the first compound bound structure of LpxH. 
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3.2 Results 

3.2.1 Inhibitor assay of AZ01 on several orthologs of LpxH 

3.2.1.1 Disk diffusion assay 

To search for the strains of bacteria inhibited by AZ01 compound, disk diffusion 

assay was carried out. First, to confirm the effectiveness of AZ01 compound on the 

efflux pump mutant of E. coli, the assay was carried out on wild type strain of E. coli 

(W3110) and E. coli with efflux pump mutation (BW25113 ΔtolC). As expected, AZ1 

compound was effective in inhibiting the growth of the efflux pump mutant strain of E. 

coli but not the wild type (figure 22A). Next, the disk diffusion assay was carried out on 

several clinically important strains of bacteria: P. aeruginosa, E. coli, Klebsiealla 

pneumoniae, Acinetobacter baumannii, Salmonella typhimurium, and Vibrio cholerae. To 

mimic the effect of the efflux pump mutation on these strains, effect of adding the efflux 

pump inhibitors, such as carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and Phe-

Arg β-naphtylamide dihydrochloride (PAβN), was also tested. In E. coli, addition of 

PAβN sensitized the strain to the inhibition by AZ1 as observed with the mutation of the 

efflux pump mutation. Out of other strains that were tested, AZ1 compound only 

displayed its antibiotic effect on K. pneumoniae (figure 22B), suggesting that K. 

pneumoniae ortholog of LpxH may be inhibited by AZ1 compound. 
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Figure 22: Disk diffusion assay with AZ1 compound.                                   
Caption continues on the next page. 
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Figure 22: Disk diffusion assay with AZ1 compound. (A) AZ1 compound could 
not inhibit the growth of the wild type, but the efflux pump mutant of E. coli was 
inhibited by AZ1. (B) Several clinically important strains (P. aeruginosa, E. coli, K. 

pneumoniae, A. baumannii, S. typhimurium, and V. cholerae) were tested with AZ1 and/or 
efflux pump inhibitors (CCCP and PAβN). Addition of AZ1 and PaβN was able to 

inhibit E. coli, and addition of AZ1 alone displayed antibiotic activity against K. 
pneumoniae. 

3.2.1.2 Purification and in vitro assay of LpxH orthologs 

Purification of H. influenzae and P. aeruginosa LpxH with high purity and stability 

has been reported previously (93, 109, 110). Since disk diffusion assay demonstrated that 

E. coli and K. pneumoniae LpxH may be inhibited by AZ1, EcLpxH and KpLpxH have 

been purified and tested for their activity based on previously reported LpxH 

purification methods. Previously, enzymatic assays of LpxH have been performed using 

32P-autoradiographic TLC assay (93,109). With its high sensitivity, the assay allowed for 

successful characterization of LpxH. However, due to limited half-life of the 32P-

radiolabelled substrate, performing enzymatic assays for multiple orthologs can be 

challenging. To resolve this issue, a non-radioactive assay measuring the inorganic 

phosphate release by malachite green assay has been developed (111). It has been shown 

that Aquifex aeolicus LpxE can quantitatively dephosphorylate lipid X in addition to its 

native substrate, Kdo-lipid A (112). LpxH is a Mn2+-dependent hydrolase, whereas 

AaLpxE is not metal dependent. Therefore, the conversion of UDP-DAGn to lipid X by 

LpxH can be quenched by EDTA treatment. Subsequent addition of AaLpxE to the 

reaction mixture converts lipid X to 1-dephospho-lipid X and inorganic phosphate. The 

release of the inorganic phosphate is then detected by malachite green assay (figure 23). 
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The formation of a complex between malachite green, molybdate, and free phosphate 

results in a color change, which can be detected by the change in the absorbance at 630 

nm.  

 

Figure 23: AaLpxE-coupled malachite green assay.  Lipid X that is converted by 
LpxH-catalyzed reaction is further converted by AaLpxE, leading to release of an 

inorganic phosphate. By measuring the release of inorganic phosphate, LpxH enzyme 
activity can be detected (111). 

Using this method, enzymatic activity of E. coli, H. influenzae, K. pneumoniae, and 

P. aeruginosa orthologs of LpxH were measured. Initially, C-terminal TEV protease site 

and His10-tagged constructs of LpxH were tested since HiLpxH in such construct 

displayed high purity and stability. However, E. coli ortholog of LpxH was not stable 

and the measured activity was inconsistent. SUMO-fusion constructs and GB1-fusion 

constructs of LpxH orthologs were generated and tested. For EcLpxH, both SUMO- and 
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GB1-fusion constructs appeared to be robust, and GB1-fusion constructs were selected 

for KpLpxH and PaLpxH.  

 

Figure 24: AaLpxE-coupled malachite green assay to measure LpxH activity. 
(A) Standard curve of inorganic phosphate in LpxH reaction conditions confirmed that 
malachite green assay is compatible. (B) Comparison of SUMO-EcLpxH specific activity 

measured by the autoradiographic assay and AaLpxE-coupled assay (111). 

The LpxH reaction condition includes detergents and Mn2+. To confirm the 

malachite green assay is compatible with such reaction condition, a phosphate standard 

curve was generated for concentrations between 0 and 200 µM. The standard curve was 

linear with respect to the inorganic phosphate concentration, showing that the malachite 

green assay is compatible with the LpxH reaction condition (figure 24A). Next, specific 

activity measured by the AaLpxE-coupled malachite green assay was compared to the 

specific activity measure by 32P-autoradiographic TLC assay to confirm that the activity 

measured by the assay is reliable. To do so, specific activity of SUMO-EcLpxH was 

measured at a substrate concentration of 100 µM. The specific activity of SUMO-EcLpxH 
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measured by the AaLpxE-coupled malachite green assay was 95.7 ± 5.2 µmol/min/mg, 

which is indistinguishable from that obtained from the 32P-autoradiographic TLC assay 

(93.5 ± 8.7 µmol/min/mg). This confirmed that the AaLpxE-coupled assay is suitable for 

quantitative measurements of LpxH activity (111). Using this assay, specific activities of 

LpxH orthologs in stable constructs were measured and are shown in table 5. 

Table 5: Enzymatic activity of LpxH orthologs measured by AaLpxE-coupled 
assay. Specific activity of LpxH orthologs were measured in the stably expressing 

constructs. * Specific activity of EcLpxH-TEV-His10 was measured using the 
autoradiographic assay. 

Ortholog Construct
Specific activity
(µmol/mg/min)

H. influenzae LpxH-TEV-His10 95.05

LpxH-TEV-His10 3.36*

SUMO-His10-LpxH 95.7

K. pneumoniae GB1-LpxH-His10 166.9

P. aeruginosa GB1-LpxH-His10 63.15

A. baumannii LpxH-TEV-His10 38.16

E. coli

 

3.2.1.3 Inhibitor assays of AZ01 on HiLpxH, EcLpxH, KpLpxH, PaLpxH, and AbLpxH 

Disk diffusion assay suggested that AZ1 compound can inhibit EcLpxH and 

KpLpxH. To confirm this in vitro, inhibition of enzymatic activity by AZ01 on HiLpxH, 

EcLpxH, KpLpxH, and PaLpxH was measured by AaLpxE-coupled malachite green 

assay (table 6). 
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Table 6: Inhibition of LpxH orthologs by AZ1 compound. 

Ortholog Construct
AZ1 concentration

(µM)
% Activity

(Compared to DMSO control)

100 90.5

1000 75.7

1.25 16

20 0

1 15

10 26.7

P. aeruginosa GB1-LpxH-His10 10 82.5

A. baumannii LpxH-TEV-His10 100 97.2

H. influenzae

E. coli

K. pneumoniae

LpxH-TEV-His10

SUMO-His10-LpxH

GB1-LpxH-His10

 

As expected, EcLpxH and KpLpxH were shown to be inhibited by the AZ1 

compound. To determine the effectiveness of the AZ1 compound against LpxH, specific 

activity was determined at various inhibitor concentration, and a dose-dependent 

inhibition curve for EcLpxH was generated (figure 25). The dose-dependent inhibition 

curve showed that IC50 of AZ1 compound for EcLpxH is 0.147 µM. Since no structural 

information about the AZ1 binding on LpxH was available, EcLpxH and KpLpxH were 

seen as great targets to pursue structural study of inhibitor binding on LpxH. 
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Figure 25: Dose-dependent inhibition of EcLpxH by AZ1.  IC50 of SUMO-
EcLpxH is calculated to be 0.147 µM (111). 

3.2.2 Identification of AZ01 binding mode on LpxH 

3.2.2.1 Docking simulation using EcLpxH homology model 

To identify the possible binding mode of AZ1, docking simulation has been 

carried out. Two LpxH structures (HiLpxH and PaLpxH) were available, but disk 

diffusion and in vitro assays showed that these orthologs are not inhibited significantly 

by AZ1. Structures of the orthologs inhibited by AZ1 (EcLpxH and KpLpxH) were not 

available, so instead, EcLpxH homology model was generated based on HiLpxH 

structure, and the homology model was used for docking simulation. Docking 

simulation was carried out using Surflex-Dock software. Interestingly, docking 

simulation resulted in clusters of two completely different binding modes (figure 26). 
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One cluster of the docking models suggested that the CF3 group of AZ1 compound is 

facing toward the short α-helix on the lid domain (α2’), whereas the other cluster of 

docking models suggested a completely flipped orientation with the CF3 group facing 

toward the metal binding site. 
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Figure 26: Docking simulation of AZ1 on EcLpxH homology model. (A) 
Structure of AZ1 compound. Docking simulation resulted in two clusters of significantly 

different binding modes. (B) CF3 group of AZ1 is suggested to face toward α2’ (C) CF3 
group of AZ1 is suggested to face toward the metal binding site. 
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3.2.2.2 Crosslinking experiment for identification of the binding mode 

Based on the docking simulation result, it was difficult to conclude the correct 

binding mode of AZ1 to LpxH. To provide additional evidence to determine the binding 

mode of AZ1, a modified AZ1 compound containing a diazirine near the CF3 group (LH-

13) was generated. Upon UV activation, diazirines form reactive carbene species and can 

form covalent bond with nearby C-H, N-H, and O-H bonds (113). Therefore, compounds 

with diazirine ring can result in proximity dependent labeling. The modified compound 

(figure 27A) was incubated with EcLpxH, and the sample was exposed to UV light to 

initiate the crosslink of the compound to EcLpxH. To confirm whether the crosslinking 

was successful, the sample was analyzed by matrix-assisted laser desorption/ionization 

(MALDI). As expected, mass shift of ~500 mass units corresponding to the size of the 

compound (465 Da) was observed, confirming that crosslinking was done successfully. 

The crosslinked sample was further analyzed by mass spectrometry to identify the 

residues that were modified by the crosslinking. Most of the modified residues were 

mapped to the short α-helix (α2’) on the lid domain. This result supported the docking 

model with the CF3 group facing toward the short α-helix (figure 26B) and suggested the 

docking model as the likely binding mode of AZ1 compound on LpxH. 
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Figure 27: Modified AZ1 compound for crosslinking experiment.  (A) The 
modified AZ1 compound used for crosslinking experiment. (B) MALDI confirmed mass 

shift of ~500 mass units in accordance to the size of the compound. (C) Modified 
residues that were identified by MS as shown in table 7 are highlighted in red on 

HiLpxH structure. (D) Fragmentation pattern of the three peptides. 
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Table 7: Residues modified by the crosslinking experiment. By MS analysis, 
peptides modified by crosslinking were identified. Three peptides were the most 
abundant and accounted for more than 90% of total ion current of the modified 
peptides. Modified residues are highlighted in green in the peptide sequence. 

Modified residue Identified peptide Modifications Total ion current Percent TIC
F141 VHKPWLQTLFLALPLFVR AZ1 (+465) 14545400 75.9
L137 AKVHKPWLQTLFLALPLFVR AZ1 (+465) 1413500 7.4
F141 VHKPWLQTLFLALPLFVR AZ1 (+465) 1352910 7.1  

3.2.3 KpLpxH-AZ01 complex structure 

3.2.3.1 AZ01 binding on KpLpxH 

By modifying the purification procedure from (110), KpLpxH with C-terminal 

TEV protease site and His10 tag has been purified to near homogeneity. By co-

crystallizing the purified KpLpxH with AZ1 compound, the first structure of inhibitor 

bound LpxH has been determined (figure 29). The inhibitor bound LpxH structure 

revealed that AZ1 compound was binding onto the hydrophobic chamber that the 2-N-

linked β-hydroxymyristoyl chain of lipid X has been shown to bind (109).  
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Figure 28: Interaction map highlighting the residues involved in AZ1 binding. 

As the interaction map of AZ1 on KpLpxH (figure 28) shows, majority of the 

interactions are through hydrophobic interactions with the nonpolar residues 

surrounding the hydrophobic chamber. As observed in lipid X binding, hydrophobic 

residues such as F82, L83, F128, I137, F141, and A153 form extensive hydrophobic 

interaction with AZ1 compound. Few polar interactions are also seen. Trp46, Asn79, and 

Arg157 interacts with the polar groups on AZ1 compound. Unlike the buried acyl chain 

of lipid X, CF3 group of AZ1 compound protrudes out slightly toward the top of the lid 
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domain through the cavity present at the end of the hydrophobic chamber. Binding site 

for the glucosamine-1-phosphate head group of lipid X is largely unoccupied, revealing 

potential binding pocket that can be targeted for modification of the inhibitor. The 

surface of insertion lid domain where the 3-O-linked β-hydroxymyristoyl chain of lipid 

X is bound is also not occupied by AZ1 compound. 
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Figure 29: Structure of KpLpxH-AZ1 complex. (A) Ribbon representation of 
LpxH. AZ1 compound is shown as stick model, and di-manganese cluster is shown as 

spheres. (B) Surface representation of LpxH reveals that the binding pocket of 
glucosamine-1-phosphate head group is unoccupied. 
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In addition to the KpLpxH-AZ1 complex structure, KpLpxH-lipid X structure 

was also determined (figure 30). As expected, binding site for lipid X on KpLpxH was 

identical to other orthologs that have been reported (109,110). Most of the interactions 

that has been shown to participate in lipid X binding was conserved. As described with 

the HiLpxH structure, extensive array of LpxH residues interact with almost every polar 

group of the glucosamine-1-phosphate headgroup (figure 30B). Many polar residues 

that have been described to interact with lipid X, such as N80, R81, D123, S161, N165, 

K168, and H196, were conserved. However, H198 of the GHXH motif that has 

previously been described to interact with the phosphate of lipid X seemed to be 

distanced far to make direct interaction (figure 30B). 2-N-linked β-hydroxymyristoyl 

chain is buried within the hydrophobic chamber between the core domain and the 

insertion lid domain, and the 3-O-linked β-hydroxymyristoyl chain covers the surface of 

the insertion lid domain (figure 30C and D). 
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Figure 30: KpLpxH-lipid X complex structure.  (A) Recognition of the 
glucosamine-1-phosphate headgroup of lipid X by LpxH. Binding of two acyl chains in 
the hydrophobic chamber and above the insertion lid domain is shown in the (C) side 

and (D) top views. 
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Figure 31: AZ1 and lipid X binding to KpLpxH.  (A) Ribbon representation and 
(B) surface representation of the structure shows that AZ1 binding mimics the binding 
of 2-N-linked β-hydroxymyristoyl chain of lipid X. Omit electron density map of (C) 
AZ1 and (D) lipid X. Purple mesh represents the 2mFo-DFc map contoured at 1.0σ 

calculated with the ligands removed from the structure. 
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By aligning the KpLpxH-AZ1 complex and the KpLpxH-lipid X complex 

structures, AZ1 binding site has been compared to the lipid X binding site. Aligned 

structure reveals that AZ1 binding completely occupies the 2-N-linked β-

hydroxymyristoyl chain binding site and does not extend further into the binding site of 

the glucosamine-1-phosphate headgroup. This shows that modification of the 

compound to include structures that can interact with the polar residues that interact 

with the glucosamine-1-phosphate headgroup may enhance the potency of the inhibitor. 

3.2.3.2 Comparison of KpLpxH-AZ1 and KpLpxH-lipid X complexes 

Alignment of KpLpxH-AZ1 and KpLpxH-lipid X complexes reveals the key 

difference in two structures that may be crucial in AZ1 binding. For the most part, the 

two structures do not show much difference, but the long α-helix in the insertion lid 

domain (α3’) deviates significantly between two structures (figure 32A). The α-helix 

(α3’) in the KpLpxH-AZ1 complex shifts upward and opens up the space between the 

core domain and the insertion lid domain. 
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Figure 32: Flexibility of the α-helix in the insertion lid domain. (A) Alignment of KpLpxH-AZ1 complex (in green) and 
KpLpxH-lipid X complex (in blue) reveals that the long α-helix in the insertion domain (α3’) is shifted between two structures. (B) 
KpLpxH-lipid X complex and (C) KpLpxH-AZ1 complex is colored based on b-factor. Color from blue to red corresponds to low to 
high b-factor, and the minimum and the maximum b-factors are chosen based on the average b-factor of each structure as shown in 

table 8.
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This showed that the flexibility of the α-helix in the insertion lid domain (α3’) 

may be crucial for AZ1 binding to LpxH. The importance of the flexibility can also be 

shown by coloring the structures based on b-factors (figure 32B and C). B-factor shows 

the fluctuation of the atoms from the average positions and can often be used to provide 

information about protein dynamics. The long α-helix in the insertion lid domain and 

the linker region that connects the α-helix to the core domain contain higher b-factor 

than other regions of the protein, showing that the region is likely to be more flexible. 

This signifies the importance of the insertion lid domain in binding of AZ1 compound. 
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Table 8: Data collection and statistics of the KpLpxH structures. 
              

 LpxH-Lipid X LpxH-AZ1 
Data collection   
Wavelength (Å) 0.9792 0.9791 
Space group P 32 2 1 P 32 2 1 
Cell dimensions     
    a, b, c (Å) 105.99, 105.99, 52.57 106.75, 106.75, 52.97 
    α, β, γ  (°)  90, 90, 120 90, 90, 120 
Resolution (Å) 45.62 – 1.92 

(1.99 – 1.92) 
45.96 – 2.26 
(2.34 – 2.26) 

Rmerge 0.0546 (0.841) 0.0687 (0.859) 
Mean I/σI 33.03 (3.86) 20.32 (3.76) 
Completeness (%) 99.94 (99.85) 99.89 (99.94) 
Redundancy 19.7 (19.9) 9.9 (10.1) 
Total reflections 517289 (51481) 163525 (16636) 
Unique reflections 26262 (2588) 16565 (1646) 
   
Refinement   
Rwork / Rfree 0.170/0.200 0.196/0.239 
No. atoms 2278 2049 
    Protein 1964 1931 
    Ligand/ion 79 72 
    Water 235 46 
Average B-factors 38.14 57.68 
    Protein 36.56 57.43 
    Ligand/ion 49.93 65.51 
    Water 47.36 55.81 
R.m.s. deviations   
    Bond lengths (Å) 0.006 0.002 
    Bond angles (°) 0.77 0.53 
Ramachandran   
    Favored (%) 97.93 97.5 
    Allowed (%) 2.07 2.5 
    Outliers (%) 0.0 0.0 

*Values in parentheses are for highest-resolution shell.  

3.2.3.3 Inhibitor assays with HiLpxH-Kp lid and PaLpxH-Kp lid chimeric constructs 

Disk diffusion assay and the in vitro assays demonstrated that the AZ1 

compound can inhibit EcLpxH and KpLpxH but not HiLpxH and PaLpxH. Structures of 

KpLpxH-AZ1 complex and KpLpxH-lipid X complex revealed that the interaction with 
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and the flexibility of the insertion lid domain is crucial for AZ1 binding. To confirm this, 

chimeric constructs of HiLpxH and PaLpxH have been generated to include the insertion 

lid domain from the KpLpxH. Residues from 121 to 174 of KpLpxH that form the 

insertion lid domain replaced the corresponding residues in HiLpxH and PaLpxH. 

Enzymatic activity of these chimeric constructs has been measured to ensure the 

viability of the chimeric constructs. Then, the chimeric constructs were tested to see if 

they can be inhibited by AZ1 compound (table 9). 

Table 9: Inhibition of HiLpxH and PaLpxH chimeric constructs by AZ1.  

Ortholog Mutations
AZ1 concentration

(µM)
% Activity

(Compared to DMSO control)

100 90.5

1000 75.7

Lid domain from Kp LpxH 100 48.1

1 66.5

10 25.7

DF45&46 to EA 100 98.1

Wild type 10 82

1 48

10 18

Kp LpxH Wild type 1 15

Pa LpxH
Lid domain from Kp LpxH

Wild type

Hi LpxH
Lid domain from Kp LpxH 

and DF45&46 to EA

 

Inhibition of the chimeric constructs by AZ1 compound was measured using the 

AaLpxE-coupled malachite green assay. By swapping the insertion lid domain, PaLpxH 

demonstrated significant improvement of inhibition. Without the swap of the insertion 
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lid domain, less than 20% of its enzymatic activity was inhibited by 10 µM AZ1, but with 

the insertion lid domain swap, more than 80% of its enzymatic activity was inhibited by 

10 µM AZ1. However, the lid domain swap did not show as significant effect. Even with 

100 µM AZ1, only about 50% of the enzymatic activity of HiLpxH-Kp lid was inhibited. 

To identify the potential reason for the resistance of HiLpxH-Kp lid to AZ1, HiLpxH 

structure was aligned with the KpLpxH-AZ1 complex structure. Through the analysis by 

Protein Interaction Viewer (114), potential unfavorable interaction between AZ1 and 

HiLpxH outside the insertion lid domain was identified (figure 33B). F46 in the flexible 

loop below the insertion lid domain appeared to be clashing with AZ1 compound. 

Sequence alignment of LpxH orthologs showed that DF45-46 is only present in H. 

influenzae LpxH (figure 33A).  
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Figure 33: Potential unfavorable interaction between HiLpxH and AZ1 
identified by Protein Interaction Viewer. 

Based on the observation, DF45-46 to EA mutation in addition to the insertion lid 

domain swap was made on HiLpxH. Inhibitor assay of this construct revealed that 

inhibition by AZ1 compound is greatly improved by the mutation. About 75% of the 

enzymatic activity was shown to be inhibited by 10 µM AZ1 (table 9). To confirm that 

the improvement in inhibition is not solely from DF45-46 to EA mutation, HiLpxH with 

DF45-46 to EA mutation without the K. pneumoniae insertion lid domain was also tested. 
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The mutant without the insertion lid domain swap did not exhibit significant inhibition 

even with 100 µM AZ1. These results reiterate the importance of the insertion lid 

domain in binding of AZ1. As the difference in inhibition between LpxH orthologs arise 

mainly from the difference in the insertion lid domain, structural analysis of AZ1 

interaction with the insertion lid domain can provide key information needed for the 

modification of the compound. 

3.3 Discussion 

3.3.1 Potential modifications based on LpxH-AZ1 complex structure 

Structure of KpLpxH-AZ1 complex revealed that the AZ1 compound binds to the 

hydrophobic passage where 2-N-linked β-hydroxymyristoyl chain of lipid X normally 

binds. This is similar to many LpxC inhibitors that utilize the hydrophobic passage for 

the acyl chain of natural substrate as the major binding pocket. As discussed in section 

1.3.2, early LpxC inhibitors also exhibited the issue with limited spectrum of antibiotic 

activity. But based on structural information, modified compounds with greater 

flexibility were developed, and the flexibility of the compounds allowed for greater 

spectrum of antibiotic activity. As the binding site for AZ1 compound is similar to LpxC 

inhibitors in that it also binds at the hydrophobic passage used for acyl chain binding, 

modifying the compound to increase the flexibility may help to broaden the antibiotic 

spectrum. 
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KpLpxH-AZ1 complex structure also revealed the potential binding pockets that 

may be targeted for LpxH inhibitor design. Three important binding pockets are present 

near the active site. The first one is the hydrophobic passage occupied by AZ1 

compound. The hydrophobic chamber is at the interspace between the core domain and 

the insertion lid domain. Conserved hydrophobic residues are lining the surface of the 

hydrophobic chamber. Second binding pocket present is the binding pocket for the 

glucosamine-1-phosphate headgroup. The binding pocket contains many polar residues 

that interact with nearly all of the polar groups present on the glucosamine-1-phosphate 

headgroup. Also, many metal-coordinating residues are present near the binding site. 

As the LpxH-lipid X complex structures show, the binding pocket is not fully occupied 

by lipid X, and it is suggested that the rest of the binding pocket would be occupied by 

the UMP moiety of the natural substrate. Third binding site is the binding site for the 3-

O-linked acyl chain that is present on top of the lid domain. The surface is decorated 

with many conserved hydrophobic residues. 

3.3.2 Pharmacophore model of LpxH inhibitors 

In collaboration with Jiyong Hong lab in Duke Chemistry department, modified 

AZ1 compounds have been synthesized, and the structure-activity relationship (SAR) of 

the modified compounds have been characterized. AZ1 compound contains a 

trifluoromethyl substituted phenyl ring and an N-acetyl indoline group that are 

connected by a central sulfonyl piperazine linker (figure 34). Various AZ1 analogs were 
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generated and tested to identify essential chemical motifs and minimal structural 

requirements for LpxH inhibition.  

 

Figure 34: Chemical motifs of AZ1 compound. 

SAR established from the modified compounds confirmed the importance of the 

interactions shown in the interaction map (figure 28). Modification of the AZ1 phenyl 

group revealed that the size and hydrophobicity of the m-substituent on the phenyl ring 

is crucial. Analogs with a hydrophobic substituent were active, but the analogs with a 

polar functional group were not active (111). This result confirmed the importance of the 

hydrophobic interactions formed by F82, L83, I137, F141, and M156 surrounding the 

trifluoromethyl substituted phenyl ring of AZ1 shown on the interaction map and the 

LpxH-AZ1 complex structure. Also, a compound made by replacing the sulfonamide 

with an amide was inactive (111), and this result confirmed the importance of the polar 

interactions between the sulfonamide and the polar residues (W46 and R157) shown in 

the interaction map. 
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Figure 35: Pharmacophore model for LpxH inhibitors. Alignment of five most 
active inhibitors (AZ1, JH-LPH-06, JH-LPH-07, JH-LPH-08, and JH-LPH-25) to the 

pharmacophore model is shown. Green spheres represent hydrophobic groups. Orange 
circles represent aromatic rings, and rose sphere represents hydrogen-bond acceptor. 

A pharmacophore model (figure 35) has been generated based on the five most 

active compounds (AZ1, JH-LPH-06, JH-LPH-07, JH-LPH-08, and JH-LPH-25, shown in 

table 10). The pharmacophore model also confirmed the importance of the interactions 

shown in the interaction map. Importance of the hydrophobic groups and the phenyl 

rings as well as the polar groups such as the sulfonamide and the oxygen on the N-

acetyl group are highlighted in both pharmacophore model (figure 35) and the 

interaction map (figure 28) based on LpxH-AZ1 complex structure. 
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Table 10: Specific activity of EcLpxH in the presence of AZ1 analogs. 

 

3.4 Materials and methods 

3.4.1 Expression, purification, and crystallization of LpxH 

3.4.1.1 Cloning of LpxH constructs used for enzymatic assays 

E. coli, K. pneumoniae, P. aeruginosa, and A. baumannii orthologs of LpxH have 

been cloned into the modified pET21b (Novagen/EMD Chemicals) vector that has been 

previously reported for H. influenzae LpxH construct (93). The modified expression 

vector contains C-terminal TEV protease site (ENLYFQGS) and His10 tag. Genes for the 

LpxH orthologs were inserted between NdeI and XhoI sites. 



 

108 

Since E. coli LpxH displayed poor stability in C-terminal His10 tagged construct, 

SUMO-fusion construct was generated for E. coli LpxH. The E. coli LpxH gene was 

cloned into a modified pET30 vector (EMD Millipore) containing an N-terminal His10-

SUMO-fusion protein. The modified expression vector contains His10 and SUMO tag 

before NdeI site, and LpxH gene was inserted between NdeI and BamHI sites. 

For enzymatic assays of K. pneumoniae and P. aeruginosa LpxH, GB1-fusion 

constructs were generated. Genes for LpxH orthologs were cloned into a modified 

pET30 vector (EMD Millipore) containing GB1 between NdeI and BamHI sites and His10 

tag after BamHI site. The LpxH genes were inserted just before the BamHI site, so the 

final expression construct contains GB1-LpxH-His10. All of the vector constructs 

described here were used to transform BL21(DE3)STAR competent E. coli cells 

(ThermoFisher) for expression of LpxH. 

3.4.1.2 Purification of LpxH constructs for enzymatic assays 

Cells were grown in the Luria Broth media at 37 °C until OD600 reached 0.5, 

induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 3 hours, and then 

harvested by centrifugation.  

All of the purification procedures were carried out at 4 °C. Cells from 8 L of 

induced culture were resuspended and lysed in 120 mL of the lysis buffer containing 20 

mM HEPES (pH 8.0) and 200 mM NaCl using French Press. Cell debris were removed 

by centrifugation at 10,000 x g for 40 minutes. To the supernatant, n-Dodecyl- β-D-
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Maltopyranoside (DDM) was added to reach a final concentration of 1.5% (w/v; 29 mM). 

After 2 hours of incubation, membranes were removed by centrifugation at 100,000 x g 

for 1 hour. Supernatant from the centrifugation was diluted to a final volume of 240 mL 

with the lysis buffer and added to a column containing 20 mL of HisPurTM Ni-NTA resin 

(ThermoFisher) pre-equilibrated with 100 mL of the purification buffer containing 20 

mM HEPES (pH 8.0), 200 mM NaCl, and 0.0174% (w/v; 0.34 mM) DDM. The column 

was washed with 250 mL of the purification buffer containing 50 mM imidazole, and the 

LpxH was eluted with 150 mL of the purification buffer containing 300 mM imidazole. 

The eluted protein sample was concentrated and further purified with size-exclusion 

chromatography (Superdex 200; GE Healthcare Life Sciences) in the purification buffer. 

3.4.1.3 Purification of LpxH constructs for crystallography 

Cells were grown in the M9 minimal media at 37 °C until OD600 reached 0.5, 

induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for additional 5 hours 

at 30 °C, and then harvested by centrifugation. 

All of the purification procedures were carried out at 4 °C. Cells from 8 L of 

induced culture were resuspended and lysed in 120 mL of the lysis buffer containing 50 

mM phosphate–citrate, 20 mM MES, pH 6.0, 600 mM NaCl, 10% sucrose, 5 mM 2-

mercaptoethanol, 10 mM imidazole, and 0.1% Triton X-100 using French Press.  Cell 

debris were removed by centrifugation at 45,000 x g for 40 minutes. Supernatant from 

the centrifugation was added to a column containing 20 mL of HisPurTM Ni-NTA resin 
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(ThermoFisher) pre-equilibrated with 100 mL of the lysis buffer. The column was 

washed with 160mL of the lysis buffer. Then, the column was washed again with 80mL 

of the purification buffer containing 20 mM phosphate–citrate, 20 mM MES, pH 6.0, 300 

mM NaCl, 5% glycerol, 5 mM 2-mercaptoethanol, and 40 mM imidazole. LpxH was 

eluted from the column with a gradient increase of imidazole from 40-400mM in the 

purification buffer. To the eluted protein sample, DMSO and sulfonyl piperazine (AZ01) 

was added to a final concentration of 1.5% DMSO and 0.67mM AZ01. The sample was 

incubated for 30 minutes then was concentrated for further purification with size-

exclusion chromatography (Superdex 200; GE Healthcare Life Sciences) in the FPLC 

buffer containing 20 mM MES, pH 6.0, 800 mM NaCl, 1 mM DTT, and 5% glycerol. The 

samples containing LpxH after FPLC was buffer exchanged into the buffer containing 20 

mM MES, pH 6.0, 200 mM NaCl, 1 mM DTT, and 5% glycerol. Protein sample was 

concentrated to 10mg/mL, and AZ01 and DMSO was added to the sample to reach final 

concentration of 1.5% DMSO and 0.67mM AZ01. 

3.4.1.4 Crystallization of KpLpxH 

All crystals were grown using sitting-drop vapor diffusion method at 20 °C. Each 

drop was prepared by mixing 1µL of protein solution with 1µL of reservoir solution. 

Reservoir solution condition for KpLpxH-lipid X complex structure was 200mM Calcium 

chloride dihydrate, 100mM HEPES, pH 7.0, 33% PEG 400, and the reservoir condition 

for KpLpxH-AZ1 complex structure was 225mM MES/Bis-Tris pH 6.6, 6.6% PEG 6000. 
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For the KpLpxH-lipid X complex structure, crystals were soaked with the reservoir 

solution containing 20% glycerol and 100µM MnCl2 for 1-5 minutes. For KpLpxH-AZ1 

complex structure, crystals were cryo-protected with the reservoir solution containing 

20% glycerol. 

3.4.2 Enzymatic assays of LpxH 

3.4.2.1 Disk diffusion assay 

For disk diffusion assay, E. coli (W3110), P. aeruginosa (PAO1), K. pneumoniae 

(10031), A. baumannii (17978), S. typhimurium (LT2), and V. cholerae were used. Each 

strain was grown overnight in LB media, and 1 µL of the overnight culture was diluted 

to 100 µL. Diluted culture was spread on LB plate with sterile cotton-tipped wooden 

applicators. A small filter paper disk was placed on the plate and 10 µg of PaβN (Phe-

Arg β-naphthylamide dihydrochloride, Sigma-Aldrich, P4157), CCCP (Carbonyl cyanide 

3-chlorophenylhydrazone, Sigma-Aldrich, C2759), and/or AZ1 compound was spotted 

onto the disk. The plate was incubated overnight at 37 ˚C, and the plates were observed 

for the zone of inhibition by the compounds. 

3.4.2.2 Inhibitor assays of LpxH 

To measure the enzymatic activities of LpxH orthologs, AaLpxE-coupled 

malachite green assay from (111) is used. To examine the compatibility of the malachite 

green assay kit (Sigma catalog number MAK307) with the LpxH reaction condition, the 

phosphate standard provided with the kit was diluted into the LpxH reaction buffer 
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containing 20 mM Tris-HCl pH 8.0, 0.5 mg/mL BSA, 0.02% Triton X-100, and 1 mM 

MnCl2. The linear colorimetric response to a range of phosphate concentrations up to 200 

µM was confirmed.  

The autoradiographic assay protocol for LpxH were adapted from (62) with 

minor modifications, including the use of LpxH reaction assay buffer conditions as 

described above and the reaction incubation temperature at 37 °C instead of 30 °C.  

A typical assay for LpxH using the coupled malachite green assay protocol 

contained the assay reaction buffer (20 mM Tris-HCl pH 8.0, 0.5 mg/mL BSA, 0.02% 

Triton X-100, and 1 mM MnCl2) with 100 µM UDP-DAGn and 5% DMSO or inhibitors. 

The reaction mixtures were pre-incubated at 37 °C for 10 minutes before LpxH was 

added with a 5-fold dilution to start the reaction at 37 °C. At the desired reaction time 

points, an aliquot of 20 µL reaction was removed and added to a well in 96-well half-

area plate containing 5 mM EDTA (final concentration) to quench the LpxH reaction. 

Then purified AaLpxE was added to a final concentration of 5 µg/mL. The plate was 

incubated at 37 °C for 30 minutes followed by addition of formic acid to a final 

concentration of 3.75 M to quench the reaction. The malachite green reagent was added 

with a 5-fold dilution and the absorbance at 620 nm was measured after 30-minute 

incubation at room temperature.  

For determination of IC50, up to 80 µM of AZ1 compound was added to the assay 

reaction containing 5% DMSO. Preliminary analysis showed that despite the strong 
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inhibition of LpxH activity by AZ1 at 1 µM, there existed significant levels of enzymatic 

activity at elevated compound concentrations beyond 10 µM. Therefore, the protocol for 

IC50 determination was adjusted to include 10% DMSO instead of 5% DMSO for the dose 

response analysis of AZ1 to mitigate the concern of limited compound solubility. The 

increase of DMSO concentration had minimal impact on the specific activity of LpxH. 

The IC50 value was extracted from fitting of the dose response curve of 

vi/v0=1/(1+[I]/IC50).   

3.4.2.3 Crosslinking experiment for identification of binding mode 

The crosslinking experiment protocol was modified from (116). EcLpxH was 

expressed and purified by the method described in section 3.4.1.1. Purified EcLpxH (50 

µM) in 20 mM HEPES (pH 8.0), 200 mM NaCl, 0.2 mM DTM, and 2% DMSO was 

incubated with 100 µM of the modified AZ1 compound containing diazirine ring (LH-

13) for 30 minutes 4 °C. After incubation, the reaction mixture was illuminated at 365 nm 

at 4 °C for 10 min. The sample was then analyzed by matrix-assisted laser 

desorption/ionization (MALDI) to confirm that crosslinking was successful. The 

crosslinked sample was further analyzed by mass spectrometry to identify the residues 

modified by the crosslinking experiment. 
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4. Compound Library Screening and Crystallization with 
the New Hit Compound 
4.1 Introduction 

The first structure of LpxH-AZ1 complex revealed that the compound binds to 

the hydrophobic chamber where 2-N-linked β-hydroxymyristoyl chain of lipid X binds. 

The binding pocket lined with many polar residues that interact with glucosamine-1-

phosphate headgroup of lipid X is not occupied by AZ1 compound. As this binding 

pocket is present right next to the hydrophobic chamber, it is likely that this binding 

pocket can also be utilized for further modification of AZ1 compound. There are two 

main strategies to achieve this. First strategy is to screen for additional compounds that 

can inhibit LpxH by binding at nearby binding pockets that are not utilized by AZ1 and 

combining the compounds together to develop more potent inhibitor (fragment-based 

drug discovery). Second strategy is making modifications on AZ1 compound based on 

structural and chemical knowledge available on AZ1 compound and LpxH. Efforts 

toward making modifications on AZ1 compound is described in section 3.3.2. Chapter 4 

is focused on identification of a new LpxH inhibitor through chemical library screening 

and characterization of the newly identified LpxH inhibitor. 

4.2 Results 

4.2.1 Compound library screening 

To identify another compound that can inhibit LpxH activity, the Prestwick 

Chemical Library containing 880 off-patent drugs was screened using HiLpxH and 
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PaLpxH. AaLpxE-coupled malachite green assay was utilized to measure the product 

that is formed in presence of the compounds from the chemical library. Majority of the 

compound library screening was carried out by a postdoctoral fellow Jinshi Zhao. 

Addition of DMSO instead of compound was used as positive control, and addition of 

no LpxH enzyme was used as negative control. Through the screening, nine potential hit 

compounds were identified for PaLpxH, and no potential hit was identified for HiLpxH. 

Nine compounds that were identified through initial screening were retested, and only 

one of those nine hits consistently displayed inhibitory effect on PaLpxH (figure 36B). 

The potential LpxH inhibitor identified through the screening is myricetin, which is a 

naturally occurring flavonoid compound with antioxidant properties.   

 



 

116 

 

Figure 36: HTS of Chemical Library. (A) Screening result from one of the plates 
tested (plate #6). Each plate contains 80 compounds in columns 2 to 11 and rows A to H. 

One column is used to include negative and positive controls. Screening of plate #6 
identified three potential hits: G6, E10, and E11. (B) Nine hits from initial screening were 

retested, and G6 from plate #6 consistently displayed inhibitory effect. 

4.2.2 Inhibitor assay of the new hit compound and crystallization 
screening 

4.2.2.1 Inhibitor assay 

Newly identified LpxH inhibitor, myricetin, was tested on LpxH orthologs to see 

if the compound can also inhibit other orthologs of LpxH. Inhibitor assay conducted by 
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AaLpxE-coupled malachite green assay showed that myricetin only displayed minor 

inhibitory effect on HiLpxH, EcLpxH, and KpLpxH. Unlike PaLpxH, which was 

inhibited by over 80% with 20 µM myricetin, other orthologs only showed about 50% of 

inhibition or less with higher concentration (100 µM) of myricetin (table 11). 

Table 11: Inhibition of LpxH orthologs by the hit compound. 

Ortholog
Myricetin concentration

(µM)
% Activity

(Compared to DMSO control)

12.5 93.75

100 71.3

Ec LpxH 100 42.55

Kp LpxH 100 50.5

5 49.26

10 32.66

20 16.26

Hi LpxH

Pa LpxH

 

4.2.2.2 Crystallization screening with the hit compound 

Purification and crystallization protocol from (110) was used with minor 

modifications to purify and crystallize PaLpxH with C-terminal His tag. Co-

crystallization and soaking with myricetin have been attempted to identify 

crystallization condition to determine PaLpxH-myricetin complex. Soaking PaLpxH 

crystal with myricetin showed that the characteristic color of myricetin is enriched in the 

crystal (figure 37), suggesting that the crystal is soaking up myricetin compound. 
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However, the myricetin soaked PaLpxH crystals did not show any clear electron density 

for myricetin. Although crystallization effort was not successful, this observation 

suggests that determining PaLpxH-myricetin structure may be achievable with further 

optimization. 

 

Figure 37: Crystallization of PaLpxH. (A) PaLpxH crystals were obtained 
following the protocol from (110). (B) Soaking the PaLpxH crystals with 12.5 mM 

myricetin for 16 hours showed that the characteristic color of myricetin is enriched in 
PaLpxH crystals. Solution containing myricetin is yellow and turns red over time. 

4.3 Discussion 

Structure of LpxH-AZ1 complex revealed that AZ1 compound binds to LpxH on 

the hydrophobic chamber where 2-N-linked β-hydroxymyristoyl chain of lipid X binds. 

As discussed in section 3.2.3.1, extensive hydrophobic interactions stabilize the binding 

of AZ1. As shown in figure 38, myricetin contains many polar hydroxyl groups, so it is 

highly unlikely that myricetin binds to the hydrophobic chamber where AZ1 compound 
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binds. Furthermore, structure of phosphoinositide 3-kinase (PI3K) with myricetin 

revealed that myricetin binds to the ATP binding pocket (117). Based on its polar nature 

and the ability to bind to the ATP binding pocket, it is highly likely that myricetin binds 

to the polar binding pocket where UDP-glucosamine of the natural substrate (UDP-

DAGn) would bind. 

 

Figure 38: Structure of the hit compound. 

If LpxH-myricetin complex structure can be determined to provide the key 

structural information about myricetin binding, it may allow developing a more potent 

LpxH inhibitor by combining myricetin with AZ1 compound for fragment-based drug 

discovery. Although crystallization of LpxH-myricetin complex has not been achieved 

yet, enrichment of the color related to myricetin to LpxH crystals suggested that solving 

the complex structure may be feasible with optimization. Determination of LpxH 

structure in complex with myricetin will provide the structural insights needed to 
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combine the key interactions involved in AZ1 binding and myricetin binding to develop 

a potent antibiotic targeting LpxH. 

4.4 Materials and methods 

4.4.1 Expression and purification of LpxH constructs 

4.4.1.1 Constructs of LpxH 

For the Prestwick 880 compound library screening, GB1-fusion construct of 

PaLpxH and HiLpxH with C-terminal TEV protease site and His10 tag were used. In 

short, GB1-fusion construct contains N-terminal GB1 and C-terminal His10 tag, which 

was inserted into pET30 vector (EMD Millipore). HiLpxH construct contains C-terminal 

TEV protease site (ENLYFQGS) and His10 tag, which is cloned into pET21b vector 

(Novagen/EMD Chemicals). 

For the enzymatic assays with the modified AZ1 compounds, EcLpxH with N-

terminal His10-SUMO was used. The gene was cloned into pET30 vector (EMD 

Millipore). All of the vectors described here were used to transform BL21(DE3)STAR 

competent E. coli cells (ThermoFisher) for expression of LpxH. Details about the 

expression constructs are described in section 3.4.1.1. 

4.4.1.2 Purification of LpxH constructs 

Cells were grown in the Luria Broth media at 37 °C until OD600 reached 0.5, 

induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for additional 5 hours 

at 30 °C, and then harvested by centrifugation. 
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All of the purification procedures were carried out at 4 °C. Cells from 8 L of 

induced culture were resuspended and lysed in 120 mL of the lysis buffer containing 50 

mM phosphate–citrate, 20 mM MES, pH 6.0, 600 mM NaCl, 10% sucrose, 0.1% 2-

mercaptoethanol, 10 mM imidazole, and 0.1% Triton X-100 using French Press.  Cell 

debris were removed by centrifugation at 45,000 x g for 40 minutes. Supernatant from 

the centrifugation was added to a column containing 20 mL of HisPurTM Ni-NTA resin 

(ThermoFisher) pre-equilibrated with 100 mL of the lysis buffer. The column was 

washed with 160mL of the lysis buffer. Then, the column was washed again with 80mL 

of the purification buffer containing 20 mM phosphate–citrate, 20 mM MES, pH 6.0, 300 

mM NaCl, 5% glycerol, 0.1% 2-mercaptoethanol, and 40 mM imidazole. LpxH was 

eluted from the column with a gradient increase of imidazole from 40-400mM in the 

purification buffer. The eluted sample was then concentrated for further purification 

with size-exclusion chromatography (Superdex 200; GE Healthcare Life Sciences) in the 

FPLC buffer containing 20 mM MES, pH 6.0, 800 mM NaCl, 1 mM DTT, and 5% 

glycerol. The samples were concentrated to about 2 mg/mL and mixed with glycerol to 

the final concentration of 50%. The samples were kept at – 80 °C until used for the 

enzymatic assays. 
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4.4.2 Inhibitor assays 

4.4.2.1 Chemical library screening 

AaLpxE-coupled malachite green assay described in (111) is adapted for the 

screening of Prestwick 880 compound library. For the assay, 20 ng/mL HiLpxH or 50 

ng/mL GB1-PaLpxH in 20 mM Tris pH8, 0.5 mg/mL BSA, 0.02% Triton X-100, 1 mM 

MnCl2, 0.1 mM UDP-DAGn, 5% DMSO, and 10 µM of the compound from the Prestwick 

chemical library was incubated for 20 minutes at 37 °C. Samples without any compound 

were used as positive control, and the samples without LpxH were used as negative 

control. Then, EDTA was added to the final concentration of 5 mM to stop the LpxH 

reaction, followed by addition of AaLpxE to the final concentration of 1 µg/mL. The 

samples were incubated for 30 minutes at 37 °C. The LpxE reaction was stopped by 

adding formic acid at final concentration of 4M. The malachite green reagent was added 

with a 5-fold dilution and the absorbance at 620 nm was measured after 30-minute 

incubation at room temperature.  

4.4.2.2 Inhibitor assays with the hit compound 

The AaLpxE-coupled assay described above is used with minor modifications to 

measure the enzymatic activities in the presence of myricetin. Myricetin or DMSO was 

added to the assay reaction buffer (20 mM Tris-HCl pH 8.0, 0.5 mg/mL BSA, 0.02% 

Triton X-100, 1 mM MnCl2, and 100 µM UDP-DAGn) to reach final concentration of 5% 

DMSO. The reaction mixtures were pre-incubated at 37 °C for 10 minutes before LpxH 
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was added with a 5-fold dilution to start the reaction at 37 °C. At the desired reaction 

time points, an aliquot of 20 µL reaction was removed and added to a well in 96-well 

half-area plate containing 5 mM EDTA (final concentration) to quench the LpxH 

reaction. Then purified AaLpxE was added to a final concentration of 5 µg/mL. The plate 

was incubated at 37 °C for 30 minutes followed by addition of formic acid to a final 

concentration of 3.75 M to quench the reaction. The malachite green reagent was added 

with a 5-fold dilution and the absorbance at 620 nm was measured after 30-minute 

incubation at room temperature.  
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5. Conclusion 
5.1 Contributions of this work to the field 

This study allowed for the elucidation of the first structure of LpxH, which was 

essential in understanding the characteristic and mechanism of LpxH. To provide 

structural insights into the binding mode of recently identified LpxH inhibitor, AZ1, the 

first structure of LpxH in complex with its inhibitor was also determined. The complex 

structure revealed the binding site of AZ1 and the key interactions involved in binding. 

The structural information helped to understand the reasons for the limited spectrum of 

drug and set the stage for development of potent inhibitors for LpxH. The structure also 

revealed that the binding pocket near the active site is not fully occupied, suggesting 

that finding another compound that binds to the nearby binding pocket may allow for 

fragment-based discovery of a potent inhibitor. For that aim, compound library 

screening on LpxH was conducted, and the screening successfully identified another 

compound that reliably inhibited LpxH: myricetin. To establish structure activity 

relationship (SAR) of AZ1 compound, series of AZ1 modified compounds were 

synthesized and tested. SAR established from the modified compounds, along with the 

structural insight gained from the complex structure, provides the key insights for 

further optimization of the inhibitor. Structural and biochemical insights gained from 

this study is a substantial first step toward the discovery of novel antibiotic targeting 

LpxH.  
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5.2 Future direction 

Presence of additional binding pockets that may be targeted for inhibitor 

development near the AZ1 binding site suggest that fragment-based drug design may be 

a suitable strategy for discovery of potent inhibitor. Finding a compound that fully 

occupies the binding site has proven to be difficult as shown with high failure rate of 

traditional high-throughput screening (115). Instead, finding smaller fragments that can 

bind to part of the binding pocket is often easier. Then the identified fragments can be 

linked together (fragment linking) or merged together (fragment growing) to form a 

larger compound that can fully occupy the binding pocket (figure 39). Availability of 

additional binding pockets on LpxH that drug-like compounds can bind suggest that 

screening of compound library may allow for discovery of additional compounds that 

bind to different binding pocket than AZ1 compound. Once another compound that 

occupies other nearby binding site is identified, combining the compound with AZ1 

may increase the potency significantly. 
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Figure 39: Comparison of HTS, fragment linking, and fragment growing. This 
figure is modified from (115). 

LpxH-AZ1 complex structure revealed that AZ1 binds to LpxH on the 

hydrophobic chamber. The structure also showed that the binding pocket for UDP-

glucosamine of the natural substrate is largely unoccupied. A newly identified LpxH 

inhibitor, myricetin, is unlikely to bind on the hydrophobic chamber as the compound 

contains numerous polar hydroxyl groups (figure 38). As myricetin has been shown to 

bind on ATP binding site, it seems more likely for myricetin to bind on the binding 

pocket for UDP-glucosamine. However, to elucidate the binding mode of myricetin 

clearly, LpxH-myricetin complex structure is necessary. Once LpxH-myricetin structure 
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is determined, parts of myricetin and AZ1 compounds making key interactions with 

LpxH may be combined to design a potent inhibitor of LpxH. Also, SAR analysis and 

LpxH-AZ1 complex structure provides the key structural insights needed for the 

development of potent LpxH inhibitor. Therefore, modification of AZ1 compounds 

based on the structural insights from SAR and the complex structure should also be 

pursued. 
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