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Abstract 

 

The incessant increase of antibiotic resistance among Gram-negative pathogens is 

a serious threat to public health worldwide. A lack of new antimicrobial agents, 

particularly those against multidrug-resistant Gram-negative bacteria further aggravates 

the situation, highlighting an urgent need for development of effective antibiotics to treat 

multidrug-resistant Gram-negative infections. Past efforts to improve existing classes of 

antimicrobial agents against drug-resistant Gram-negative bacteria have suffered from 

established (intrinsic or acquired) resistance mechanisms. Consequently, the essential 

LpxC enzyme in the lipid A biosynthesis, which has never been exploited by existing 

antibiotics, has emerged as a promising antibiotic target for developing novel therapeutics 

against multidrug-resistant Gram-negative pathogens.  

In Chapter I, I survey the medically significant Gram-negative pathogens, the 

molecular basis of different resistance mechanisms and highlight the benefits of novel 

antibiotics targeting LpxC. In Chapter II, I discuss a structure-based strategy to optimize 

lead compounds for LpxC inhibition, revealing diacetylene-based compounds that 

potently inhibit a wide range of LpxC enzymes. The elastic diacetylene scaffold of the 

inhibitors overcomes the resistance mechanism caused by sequence and conformational 

heterogeneity in the LpxC substrate-binding passage that is largely defined by Insert II of 

LpxC. In Chapter III, I describe the structural basis of inhibitor specificity of first-

generation LpxC inhibitors, including L-161,240 and BB-78485 and show that bulky 
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moieties of early inhibitors create potential clashes with the a-b loop of Insert I of non-

susceptible LpxC species such as P. aeruginosa LpxC, while these moieties are tolerated 

by E. coli LpxC containing long and flexible Insert I regions. These studies reveal large, 

inherent conformational variation of distinct LpxC enzymes, providing a molecular 

explanation for the limited efficacy of existing compounds and a rationale to exploit more 

flexible scaffolds for further optimization of LpxC-targeting antibiotics to treat a wide 

range of Gram-negative infections.  

In Chapters IV and V, a fragment-based screening and structure-guided ligand 

optimization approach is presented, which has resulted in the discovery of a difluoro 

biphenyl diacetylene hydroxamate compound LPC-058 with superior activity in 

antibacterial spectrum and potency over all existing LpxC inhibitors. In Chapter VI, I 

describe our efforts to improve the cellular efficacy of LPC-058 by reducing its 

interaction with plasma proteins, such as human serum albumin (HSA). The binding 

mode of LPC-058 was captured in the crystal structure of HSA/LPC-058 complex. The 

acquired structural information facilitated the development of the dimethyl amine 

substituted compound LPC-088 that displays significantly improved cellular potency in 

presence of HSA. 
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1.1 Summary 

Gram-negative infections are potential, serious threats to the public health. With 

the increasing prevalence of resistant bacteria and a lack of new antibiotics, the essential 

LpxC enzyme in the lipid A biosynthesis has attracted  attention as a promising antibiotic 

target to treat multidrug-resistant Gram-negative infections (Diekema et al 2004, Norrby 

et al 2005, Spellberg et al 2004, Talbot et al 2006, Wenzel 2004) . The outer membrane 

of Gram-negative bacteria, together with their robust efflux systems, contributes to 

formidable, inherent drug-resistance of the organisms (Nikaido 1996, Poole 2000, Savage 

2001). In particular, the outer leaflet of the outer membrane of Gram-negative bacteria, 

mainly comprised of lipopolysaccharide (LPS), confers extremely low permeability of 

the outer membrane (Nikaido 2003, Raetz 1990, Raetz & Whitfield 2002). Lipid A is a 

critical component of LPS, and as a hydrophobic anchor of lipopolysaccharide, shields 

Gram-negative bacteria from external challenges such as detergents or antibiotics. Thus 

lipid A is crucial for survivals of Gram-negative bacteria. Among the nine enzymes 

involved in lipid A biosynthesis, LpxC, a zinc-dependent metalloamidase that removes 

the acetyl group of acylated UDP-GlcNAc, is a most promising drug target because it 

catalyzes the committed step in the lipid A biosynthesis, and its inhibition suppress the 

growth of Gram-negative bacteria (Sorensen et al 1996, Young et al 1995). 

. 
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1.2 Antimicrobial resistance in Gram-negative bacteria 

1.2.1 Growing concern of drug-resistant Gram-negative infections to 

public health 

The rapid and incessant increase in antimicrobial resistance has become a major 

challenge to public health worldwide (Diekema et al 2004)(Table 1.1AB). Despite the 

increasing prevalence of antimicrobial resistance, few antibacterial agents can effectively 

treat these infections (Spellberg et al 2004). In addition, the introduction of new 

antibacterial agents from pharmaceutical companies continues to dwindle because of the 

low profitability ratios compared to huge investments (Norrby et al 2005, Spellberg et al 

2004)(Figure 1.1). During past decades, major efforts to develop new antibacterial agents 

(Table 1.2) have been aimed at Gram-positive bacterial pathogens such as methicillin-

resistant Staphylococcus aureus [MRSA] and vancomycin-resistant enterococci [VRE] 

(Lautenbach 2009). One of the reasons contributing to the tendency for the 

pharmaceuticals industry to pursue new antibiotics directed toward Gram-positive 

bacteria is that MRSA has been the most common cause of nosocomial infections and has 

become exceptionally virulent to infect healthy people outside the hospital (Deresinski 

2005, Kuehnert et al 2005, Talbot et al 2006). Such market profitability has motivated 

pharmaceutical companies, resulting in the discovery of several effective antibiotics 

against MRSA (IDSA 2004). Glycopeptide antibiotics such as vancomycin and 

teicoplanin are used as the first-line antibiotics for MRSA infections and there are several  
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Table 1.1: Estimated Cases of Hospital-Acquired Infections Caused by Selected Resistant 

Bacteria in the United States in 2002 (Source: Centers for Disease Control and Prevention, 

Division of Healthcare Quality Promotion) (A) and Bacterial Strains Responsible for 

Hospital-Associated Infections (Hidron et al 2008) (B).  
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Figure 1.1: Resistant Gram-negative Bacteria Spread Rapidly VS New Antibacterial 

Agents Approved. This chart shows total number of new antibacterial agents 

introduced with 5 year intervals (Blue histogram) and the increase in rates of resistance 

for fluoroquinolone-resistant Pseudomonas aeruginosa and imipenem-resistant 

Acinetobacter baumannii that are of concern to public health (Line graph). This data were 

collected from the Surveillance Network, U.S.A and Centers for Disease Control and 

Prevention Centers for Disease Control and Prevention (IDSA 2004). 
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Table 1.2: History of Antibiotic Discovery and Approval (This table was adapted from 

IDSA 2004). 
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effective therapeutic options such as linezolid, quinupristin/dalfopristin, daptomycin, 

ceftaroline, and tigecycline, which are prescribed to treat serious infections that are 

resistant to glycopeptides antibiotics (Fridkin et al 2003, Mongkolrattanothai et al 2003, 

Talbot et al 2006).  

Compared to Gram-positive pathogens, common patterns of Gram-negative 

bacterial infections appear to target people with compromised immune systems such as 

patients in healthcare setting or with HIV/AIDS (Migliori et al 2007, Mitchison 2004, 

Selwyn et al 1992). The severity of antibiotic-resistant infections is compounded by the 

patients’ weakened immune systems, which are vulnerable to invasion of antibiotic-

resistant pathogens. Indeed, over 2 million individuals are infected by acute bacterial 

pathogens in health care settings in the United States each year, and hospital-acquired 

bacterial infections are responsible for more than 90,000 deaths per year (IDSA 2004). 

Before the 1970s, Gram-negative pathogens were the predominant sources for 

nosocomial infections (Albrecht et al 2006). Since hospital outbreak of MRSA in the 

1980s, Gram-positive bacterial infections have remained as the leading causes of the 

hospital-acquired infectious diseases. However, Gram-negative bacteria are likely to 

return back to their top posts due to the prevalent spreading of antibiotic resistance and a 

lack of treatment options (Albrecht et al 2006). Recent hospital surveys in Europe 

reported that Gram-negative infections are responsible for two-thirds of the 25,000 deaths 

associated with nosocomial infections each year (Polllack 2010). Despite the rapid surge 

of multi-drug resistance (MDR) among Gram-negative bacterial infections, only a few 

therapeutic options, such as tigecycline and colistin, are effective against MDR Gram-
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negative bacterial infections (Humphries et al 2010). Unfortunately, a rapid increase in 

acquired resistance to these drugs among the resistant Gram-negative pathogens 

continues to be reported (Brusselaers et al 2011). In addition, the introduction of new 

antibacterial agents to treat these infections seems unlikely in near future, further 

worsening the situation of Gram-negative bacterial infections (Talbot et al 2006). There 

is no new antibacterial agent in development pipelines from leading pharmaceutical 

companies against MDR Gram-negative bacteria such as Acinetobacter baumanni, 

Klebsiella pneumoniae, Enterobacter spp. and Pseudomonas aeruginosa (Talbot et al 

2006). 

 

1.2.2 Mechanisms of antibiotic-resistant Gram-negative bacteria 

A lack of new antibacterial agents against Gram-negative pathogens is not only due 

to a lack of financial rewards for pharmaceutical industry but also due to scientific 

challenges that significantly contribute to difficulty of developing effective antibiotics 

aimed at Gram-negative pathogens (IDSA 2004, Talbot et al 2006). Many Gram-negative 

bacteria retain robust defense mechanisms including β-lactamases, DNA-gyrases, active 

efflux pumps and permeability barrier of outer membrane (Clark et al 2003)(Table 1.3). 

Because Gram-negative pathogens rapidly acquire multiple resistant mechanisms, 

developing new antibiotics to treat MDR Gram-negative infections is exceedingly 

difficult (Brusselaers et al 2011). 
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Table 1.3  

 

                          Data was collected from Rice 2009. 
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1.2.2.1 β-lactamase-mediated resistance 

β-lactamase-mediated resistance is the first-identified resistance mechanism that 

remains most common in antibiotic-resistant bacterial infections (Bassetti et al 2011). 

The β-lactamase-mediated resistance is generally thought to originate from the bacterial 

evolution process to defend themselves from natural β-lactams such as penicillin and 

cephalosporin (Bassetti et al 2011). However, extensive administration of the β-lactam 

antibiotics has also resulted in the widespread β-lactam resistance. The mode of action of 

-lactam antibiotics is to disrupt peptidoglycan synthesis by inhibition of penicillin-

binding proteins (PBPs) (Ghuysen 1991). β-lactamase plays a critical role in the β-

lactamase-mediated resistance, hydrolyzing the β-lactam moiety of the antibiotics. β-

lactamase is classified to four distinct groups based on their primary sequences (Ambler 

classification, Table 1.1)(Bassetti et al 2011, Bush et al 1995): 1. Plasmid-mediated 

Class-A enzymes are abundantly expressed in resistant strains destroy penicillin family 

antibiotics and cause resistance to the majority of β-lactamase inhibitors; 2. Class-B 

enzymes are metal-dependent β-lactamases (mainly zinc-based) and hydrolyze a wider 

range of substrates including penicillins, cephalosporins and carbapenems; 3. Class-C 

enzymes are AmpC type β-lactamases (cephalosporinases) that inactivate β-lactamase 

inhibitors such as clavulanic acid. Many Gram-negative bacteria primarily produce 

chromosomal class-C β-lactamases.; 4. Class D β-lactamases, that are mainly isolated 

from Acinetobacter species, exhibit a unique substrate specificity for oxacillin and are 

often referred to as oxacillinases. Certain bacterial strains with a plasmid containing a 
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sub-class of β-lactamase (NDM-1) display pan-drug resistance (PDR), including β-

lactams, fluoroquinolones and aminoglycosides antibiotics (Kumarasamy et al 2010). 

 

1.2.2.2 Fluoroquinolone resistance (DNA-gyrase-mediated resistance) 

Since the introduction of the first generation quinolone—nalidixic acid 

(NegGram)—in 1962, the quinolones have played an important role in treatment of 

serious bacterial infections, especially for nosocomial infections (Poole 2000). Compared 

to conventional β-lactams, the quinolones are broad-spectrum antibiotics that effectively 

control the growth of both Gram-negative and Gram-positive bacteria. Through structural 

modifications, the quinolone class has been continuously improved in antimicrobial 

activity and pharmacokinetic properties (Andersson & MacGowan 2003). A significant 

breakthrough was achieved by addition of a fluorine to the central ring system, in general 

at the C-6 position or at C-7 position of the quinolone (Andersson & MacGowan 2003). 

This subclass of the quinolones, referred to as fluoroquinolones, exhibit significantly 

improved plasma stability and enhanced antimicrobial potency as compared to the 

classical type of quinolones (Emmerson & Jones 2003). Nevertheless, increased use of 

this family of antibiotics has led to widespread fluoroquinolone resistance among diverse 

bacterial strains (Nikaido 2009). Quinolone antibiotics function through inhibition of the 

bacterial DNA gyrase of Gram-negative bacteria (or the topoisomerase IV of Gram-

positive bacteria), resulting in an interruption of DNA replication (Hooper 2001, Jacoby 

2005, Maurin et al 2001). In general, resistance to fluoroquinolones results from 
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modification of the drug target DNA gyrase to decrease susceptibility. Chromosomal 

mutations in the gyrA and gyrB genes, essential for topoisomerase activity, are typically 

found in quinolone-resistant Gram-negative bacteria (Piddock 1999). 

 

1.2.2.3 Outer membrane: permeability barrier of Gram-negative bacteria 

Gram-negative bacteria inherently display significant resistance to hydrophilic and 

many hydrophobic antibiotics. Their low-permeability outer membranes reduce the influx 

of antibiotics toward targets and are responsible for the intrinsic resistance of Gram-

negative bacteria (Hancock 1984, Maurin et al 2001, Nikaido & Vaara 1985, Savage 

2001). The outer leaflet of the outer membrane confers highly impermeable nature to the 

outer membrane (Hancock 1997, Savage 2001). This unique structure of the outer 

membrane mainly consists of lipopolysaccharide (LPS), and lipid A serves as a 

hydrophobic anchor of lipopolysaccharide (Nikaido 2003, Raetz 1990, Raetz & Whitfield 

2002). Lipid A is a glucosamine-based saccharolipid that comprises the outer monolayer 

of the outer membrane. Its hydrophobic core region prevents the influx of hydrophilic 

antibiotics such as β-lactams and fluoroquinolones, and the entrance of these antibiotics 

into the periplasmic space is primarily mediated by porin (Nikaido & Pages 2012, Trias 

& Benz 1994). Although the inner membrane lipid bilayer is relatively permeable to 

hydrophobic molecules because spontaneous diffusion promotes them to transverse the 

hydrophobic core of the lipid layers, the hydrophobic anchor of lipopolysaccharide (LPS), 

impairs their diffusion across the outer membrane. Furthermore, lipid A molecules within 
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the outer membrane are tightly packed together by noncovalent interactions between their 

polar head groups and divalent cations such as magnesium or calcium ions, resulting in 

high-level polarization of the outer membrane (Hancock 1984, Nikaido & Vaara 1985, 

Vaara 1992). Consequently, the outer membrane of Gram-negative bacteria is also 

impermeable to many hydrophobic antibiotics, including aminoglycosides, macrolides 

and rifampin (Savage 2001). 

 

1.2.2.4 Efflux-mediated resistance 

Gram-negative bacteria are intrinsically more resistant to antibiotics than Gram-

positive bacteria. This inherently high resistance of Gram-negative bacteria was 

previously thought to be only due to the low-permeability of the outer membrane. 

However, evidence from a large number of studies has revealed that the intrinsic drug 

resistance of Gram-negative bacteria is not solely due to the low-permeability of outer 

membrane (Bialek et al 2010, Nikaido & Pages 2012). In fact, a synergistic effect 

between the outer membrane and efflux pumps contributes to the multidrug resistance of 

Gram-negative bacteria. Gram-negative bacteria have developed robust and complicated 

efflux mechanisms to excrete antibacterial compounds. Efflux pumps have been 

recognized as a primary determinant in the intrinsic resistance of Gram-negative bacteria, 

significantly reducing the cytoplasmic concentration of many antibiotics. Since the first 

identification of the Tet efflux pump that mediates tetracycline resistance (Ball et al 1980, 

McMurry et al 1980) , a number of efflux variants with multiple-drug specificity have 
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been reported. While classical efflux pumps such as Tet typically export only a single 

class of antibiotics (Nikaido 1994), the multi-drug efflux pumps display broad 

specificities to exclude a wide range of antibiotics (Nikaido 1996). Because this efflux 

resistance mechanism is transferable by conjugation in most of the strains, bacteria can 

rapidly acquire the efflux-mediated resistance. Bacterial efflux pump systems associated 

with drug-resistance are classified into five superfamilies, based on the amino acid 

sequence and the source of energy to transport their target molecules. The classification 

includes the small multidrug resistance (SMR) protein family (Paulsen et al 1996), the 

ATP-binding cassette (ABC) family (van Veen & Konings 1998), the major facilitator 

superfamily (MFS) (Pao et al 1998), the resistance-nodulation-division (RND) family 

(Nikaido 1998, Saier et al 1994) and the multi-drug-and-toxic compound extrusion 

(MATE) family (Brown et al 1999) (Figure 1.2). 
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Figure 1.2: Multidrug-resistance efflux pumps. A diagrammatic representation of the 

structure and membrane location of five families of multidrug-resistance efflux pump 

(adapted from Piddock 2006).  
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1.2.3 Clinically important MDR Gram-negative pathogens 

Among Gram-negative bacteria strains, several pathogens, including Pseudomonas 

aeruginosa, Acinetobacter baumannii, Enterobacter spp. and Klebsiella pneumoniae, are 

of particular concern to public health because these pathogens dominate hospital-acquired 

infections caused by Gram-negative bacteria worldwide (Table 1.1AB). More seriously, 

these strains rapidly acquire or develop defense mechanisms against a wide range of 

antibiotics (Blot et al 2007, Bolla et al 2011, Falagas & Bliziotis 2007, Gandhi et al 2010, 

Kallen et al 2010, Rice 2009). Pandrug-resistant (PDR) isolates of the Gram-negative 

pathogens associated with hospital infections have also emerged; these bacteria are 

resistant to all available antibiotics, except for the polymyxin family of antibiotics that 

was once abandoned because of severe side effects (Falagas & Kasiakou 2005, Li et al 

2005, Talbot et al 2006).  

1.2.3.1 Pseudomonas aeruginosa 

P. aeruginosa, an opportunistic pathogen, is a major cause of nosocomial infections 

among immunocompromised patients (Woodford et al 2011). The prevalence of 

Pseudomonas infections in healthcare settings has become one of the major challenges 

for public health worldwide. P. aeruginosa easily infects patients through the respiratory 

tract, the urinary tract and wounds. Because of its robust, intrinsic multidrug resistance, a 

majority of clinical isolates of P. aeruginosa are resistant to a variety of antibiotic classes, 

including amikacin, carbapenems, cefepime, ceftazidime, cefotaxime, ciprofloxacin, 

gentamicin, piperacillin and tobramycin. Thus, it is often difficult to treat Pseudomonas 
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infections using existing antibiotics. According to the National Nosocomial Infection 

Surveillance Study (NNISS) report, the clinical insolates of Pseudomonas strains exhibit 

27% fluoroquinolone-resistance and 18% imipenem-resistance (NNISS 2001). In 

addition, fluoroquinolone-resistant Pseudomonas strains detected in intensive care units 

frequently display multidrug resistance against other antibiotics, such as ceftazidime, 

piperacillin-tazobactam and tobramycin (Brusselaers et al 2011, Clark et al 2003, Jones 

2003). 

 

1.2.3.2 Klebsiella pneumoniae 

K. pneumoniae is one of the most clinically important strains of Enterobacteriaceae. 

K. pneumoniae infects immunocompromised patients in the respiratory tract, urinary tract, 

lower biliary tract and wounds. Furthermore, this pathogen can cause pneumonia, such as 

bronchopneumonia and bronchitis, outside the hospital. Extended-spectrum β-lactamase 

(ESBL) was first found from K. pneumoniae isolates in the early 1980s, and it has been 

rapidly spreading in hospital settings worldwide (Kanj & Kanafani 2011, Pitout 2010). 

Notably, Klebsiella pneumoniae carbapenemase (KPC) has been reported to hydrolyze 

virtually all β-lactam antibiotics. Unfortunately, the carbapenem-resistant Klebsiella 

strain has rapidly acquired quinolone resistance by point mutations, displaying pandrug 

resistance. Tigecycline and colistin are now administered to treat pandrug-resistant K. 

pneumonia infections as last-resort drugs. 
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1.2.3.3 Enterobacter spp. 

Enterobacter spp. are among the most common Gram-negative pathogens 

associated with nosocomial infections. Enterobacter spp. are opportunistic pathogens and 

are responsible for 5% of hospital-acquired infections (Kaye et al 2001). E. aerogenes 

and E. cloacae are clinically important species from this family. These strains primarily 

infect the urinary and respiratory tracts of immunocompromised patients, often leading to 

severe sepsis. Many of the clinical insolates of these strains are resistant to β-lactams. 

The treatment of Enterobacter infections is compounded by the resistance to third-

generation cephalosporins. Such drug resistance typically originates from chromosomal 

AmpC cephalosporinase and appears to be rapidly spreading due to continuous exposures 

to the antibiotics in clinical settings. 

 

1.2.3.4 Acinetobacter baumanni 

A. baumannii has emerged as the most formidable Gram-negative pathogen. This 

opportunistic bacterium is inherently resistant to a variety of commonly used antibiotics 

such as cephalosporins, β-lactams and aminoglycosides. A. baumannii strain utilizes 

several mechanisms, including the chromosome-encoded ESBL, multidrug efflux pumps 

and highly selective outer membrane channels, to facilitate resistance to multiple 

antibiotics. An even more serious threat is the emergence of extensively drug resistant 

(XDR or pan-drug resistant, PDR) strains that are resistant to all antibiotics except 
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colistin or tigecycline (Rice 2012). Furthermore, clinical isolates that are insensitive to 

colistin and tigecycline are now increasingly detected in hospital settings (Adams et al 

2009, Cai et al 2012, Doi et al 2009, Lin et al 2012, Park et al 2009). With rising rates of 

resistance, the current increase of mortality rates among patients is directly associated 

with infectious diseases caused by A. baumannii strains. According to NNIS (National 

Nosocomial Infection Survey) data, Acinetobacter species were responsible for 6.9% of 

hospital-acquired pneumonia in 2003 and attributed to mortality of 7.8%–23% for the 

related infections (Pachon & Vila 2009). 

 

1.2.3.5 Cephalosporin- and fluoroquinolone-resistant E. coli 

Most E. coli strains are non-pathogenic, but certain pathogenic serotypes cause 

serious food poisoning, urinary tract infection and neonatal meningitis. In general, E. coli 

strains have not been recognized as important pathogenic species associated with 

extensive drug-resistant infections. However, the wide use of antibiotics led to selection 

of antibiotic-resistant strains and thereby the emergence of E. coli strains expressing the 

CTX-M-type ESBL (Bonnet 2004, Woodford et al 2011), which was named for its 

significant activity against cefotaxime as well as ceftriaxone and ceftazidime that are 

effective inhibitors against TEM-type and SHV-type ESBLs. The strains expressing 

CTX-M β-lactamases have spread worldwide and are resistant to all β-lactam antibiotics 

(Zahar et al 2009). The emergence of fluoroquinolone-resistant E. coli strains expressing 

the CTX-M β-lactamases have severely limited treatment options. Indeed, 8% of 
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community-associated E. coli infections have displayed resistance to both cephalosporins 

and fluoroquinolone antibiotics (Cagnacci et al 2008). 

These above mentioned inherent and acquired antibiotic-resistance mechanisms 

have rendered Gram-negative infections difficult to treat, highlighting an urgent need for 

novel antibiotics targeting previously unexploited biosynthetic pathways to circumvent 

established resistance mechanisms. 

 

1.3 LpxC, novel antibiotic target for Gram-negative bacteria 

1.3.1 Lipid A biosynthesis as an unexploited antibiotic target 

All Gram-negative bacteria contain an outer membrane that is enriched with 

lipopolysaccharide (LPS) in the outer leaflet (Raetz & Whitfield 2002) (Figure 1.3). Lipid 

A serves as the hydrophobic anchor of LPS and prevents the influx of antimicrobial 

molecules across the outer membrane. During Gram-negative infections, macrophages or 

dendritic cells (Alexander & Rietschel 2001, Gangloff & Gay 2004, Miller et al 2005, 

Miyake 2004) are stimulated by picomolar concentration of lipid A (endotoxin) and 

generate endotoxin-associated immune response (Angus et al 2001). The recognition of 

lipid A induces a signaling cascade that causes the NF-κB activation and up-regulation of 

cytokine production (Aderem & Ulevitch 2000, Akira et al 2006, Medzhitov & Janeway 

2000). The acute inflammatory responses lead to severe sepsis that remains a major 

medical complication responsible for approximately 100,000 deaths in the United States 
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each year (Angus et al 2001, Parrillo 1993). Since lipid A is the active component of 

endotoxin, disruption of lipid A biosynthesis is likely to decrease the lipid A content of 

Gram-negative bacteria during treatment and thus reduce mortality rates in septic shock.  

 

Lipid A biosynthesis is catalyzed in the cytosol on the inner surface of the inner 

membrane by nine unique enzymes (Figure 1.4)(Skiles et al 2004), building the end 

product Kdo2-lipid A. Lipid A is an essential component for Gram-negative bacteria to 

maintain their viability. Disruption of lipid A biosynthesis is lethal for most Gram-

 

Figure 1.3: A Schematic Representation of the Gram-negative Bacterial Cell 

Envelope. Lipid A is the essential component of lipopolysaccharide (LPS), 

constituting the outer monolayer of the outer membrane of Gram-negative bacteria. 

(Raetz & Whitfield 2002) 
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negative bacteria, and inhibition of any of the first six lipid A biosynthetic enzymes 

control the growth of E. coli cells (Raetz & Whitfield 2002), providing a plethora of 

antibiotic targets. 

 

 

Figure 1.4: Lipid A Biosynthesis in E. coli. Lipid A is an essential component for Gram-

negative bacteria to maintain their viability. Disruption of lipid A biosynthesis is lethal to 

most Gram-negative bacteria. Inhibition of any of the first six enzymes interrupts the 

growth of E. coli cells (Raetz & Whitfield 2002) 
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1.3.2 LpxC as a promising antibiotic target 

The first reaction of the lipid A biosynthetic pathway, the acylation of UDP-

GlcNAc, is catalyzed by LpxA. This reaction is thermodynamically unfavorable 

(Anderson et al 1993). Thus the subsequent step and the first irreversible reaction, the 

deacetylation of UDP-3-O-(acyl)-N-acetylglucosamine catalyzed by LpxC, is generally 

considered as the committed step of lipid A biosynthesis. In this reaction, the cytosolic 

deacetylase LpxC—a zinc-dependent metalloamidase—removes acetate from the 

nitrogen at the 2 position of the glucosamine ring (Sorensen et al 1996, Young et al 

1995). Following deacetylation, seven additional enzymes are needed to synthesize the 

Kdo2-lipid A. Among the enzymes involved in lipid A biosynthesis, LpxC is recognized 

as the most promising antibiotic target (Clements et al 2002, Jackman et al 2000, 

McClerren et al 2005b, Onishi et al 1996) due to its critical role in the regulation of lipid 

A biosynthesis. This essential enzyme, encoded chromosomally by a single-copy gene, is 

present in all Gram-negative bacteria. As a zinc-dependent metalloamidase, LpxC is 

susceptible to hydroxamate-containing inhibitors. LpxC does not display sequence and 

structural homology to any known mammalian metalloamidases and thus is a potentially 

safe drug target. 

 

1.3.3 Unique structural features of LpxC 

A large number of structural studies on LpxC have revealed its unique structural 
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features (Barb et al 2007a, Buetow et al 2006, Coggins et al 2003, Coggins et al 2005, 

Gennadios & Christianson 2006, Gennadios et al 2006, Hernick et al 2005, Mochalkin et 

al 2008, Shin et al 2007, Whittington et al 2003). An atomic resolution structure was first 

determined for LpxC from the thermophilic bacterium Aquifex aeolicus. The overall 

architecture of LpxC exhibits a novel four-layer sandwich fold, comprised of two 

domains with the αα/βββββ structural motif (Figure 1.5). Each domain possesses a layer 

of α-helices and a layer of β-sheet supporting the helices. Each main β-sheet consists of 

five strands oriented in mixed parallel and antiparallel orientations. In addition, a unique 

subdomain (Insert I of Domain I and Insert II of Domain II) is inserted into each of the 

two domain; Insert I features a small three-stranded -sheet that covers one side of the 

active site, whereas Insert II adopts a  structure that forms a hydrophobic 

substrate-binding passage to embrace the acyl chain of the substrate or the hydrophobic 

moiety of inhibitors. A structural homology search with the DALI server indicated the 

LpxC structure has a novel fold with no obvious similarity to other proteins. LpxC 

possesses a unique, well-conserved HKΦΦD zinc-binding motif, except for some LpxC 

orthologs from Burkholderia family, which contain a HRΦΦD zinc-binding motif. The 

first and last residues of this motif (H226 and D230 in A. aeolicus LpxC) and an 

upstream histidine (H74 in A. aeolicus LpxC) participate in the coordination of the 

catalytic zinc ion (Alberts et al 1998, Lipscomb & Strater 1996, Vallee & Auld 1990a, 

Vallee & Auld 1990b). Two hydrophobic residues of the zinc-binding motif (“Φ”) help 

position the motif helix against the core structural elements.  
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Figure 1.5: Crystal Structure of the AaLpxC/CHIR-090 Complex (unpublished data). 

AaLpxC is shown in the ribbon diagram and CHIR-090 in the space-filling model.  
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A growing number of structural studies on LpxC-inhibitor complexes have 

identified three areas surrounding the active site that are important for inhibitor 

interactions: 1. A hydrophobic substrate-binding passage, mainly comprised of the 

Insert II structural elements, harbors the acyl-chain of the LpxC’s natural substrate or 

hydrophobic moieties of inhibitors. This substrate-binding passage is partially surrounded 

by the loop connecting β1 and β2 of domain I. The hydrophobic passage acts as the 

primary specificity determinant of LpxC inhibitors; 2. A basic patch is located proximal 

to the active site and on the opposite side of the hydrophobic passage. It is a contiguous 

basic surface that consists of conserved and positively charged residues, including R137, 

K227, R250 and the ionized form of H253 in A. aeolicus LpxC. The diphosphate group 

of the UDP moiety in the LpxC substrate interacts with the protein residues in the basic 

patch (Gennadios & Christianson 2006); 3. Right next to the small, two-stranded parallel 

β-sheet of Insert II, highly conserved hydrophobic residues form a hydrophobic patch. 

In A. aeolicus LpxC, F155, F180 and F182 interact with the hexose ring of TU-514. 

These three potential binding sites are critically important for the design of novel LpxC 

inhibitors and for understanding their specificity profiles. 

 

1.3.4 Catalytic mechanism of LpxC enzyme 

Two mechanisms for LpxC catalysis have been proposed to date. The two 

mechanisms share the key feature: a zinc-bound water molecule is activated by a general 

acid-base mechanism (Gennadios et al 2006, Hernick & Fierke 2005, Hernick et al 2005, 
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McClerren et al 2005b, Robinet & Gauld 2008) through the abstraction of a proton with 

E73 (A. aeolicus LpxC) serving as the catalytic general base. One proposed mechanism 

demonstrates that the zinc-activated water attacks the carbonyl carbon of the substrate as 

a nucleophile; the catalytic zinc ion then polarizes the carbonyl oxygen to produce a 

tetrahedral intermediate; the resulting oxyanion is stabilized by the positively charged 

H253 (A. aeolicus LpxC). An alternative mechanism suggests that H253 donates a proton 

to the amine leaving group of the substrate rather than E73 of the other mechanism. The 

zinc ion coordination and hydrogen-bond donating T179 (A. aeolicus LpxC) then 

stabilize the resulting oxyanion tetrahedral intermediate. 

 

1.3.5 Known, potent LpxC inhibitors 

1.3.5.1 Old generation LpxC inhibitors 

At Merck Research Laboratories in the late 1980s, the first small molecule LpxC 

inhibitors were discovered in random compound screens that measured 
3
H-galactose 

uptake in E. coli cells (Onishi et al 1996). One lead compound, L-573,656, showed 

specific activity against the LpxC enzyme and was further optimized to generate a more 

effective compound, L-161,240, which contains a hydroxamate group attached to a 

phenyloxazoline scaffold (Figure 1.6). L-161,240 inhibited the growth of E. coli with 

potency comparable to that of ampicillin, and its dissociation constant (KI) for EcLpxC 

was ~50 nM. In addition, its clinical potential was validated by rescuing mice challenged 

with a fatal infection of E. coli. Years later, British Biotech Pharmaceuticals reported a 
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Figure 1.6: Potent LpxC Inhibitors Block the Committed Step of Lipid A Biosynthesis. (A) LpxC is an essential enzyme that 

catalyzes the first irreversible step of the lipid A biosynthetic pathway. (B) Representative LpxC inhibitors. 



 

 29 

new class of LpxC inhibitors discovered through screening of a metalloenzyme inhibitor 

library (Clements et al 2002). The most potent compound, BB-78485, prevented E. coli 

growth with a minimal inhibitory concentration of ~2 μg/mL and an estimated KI for 

EcLpxC of ~20 nM. The BB-78485 compound has a unique scaffold with a sulfonamide-

hydroxamate base that branches into two naphthalene rings (Figure 1.6B). Unfortunately, 

despite excellent antibiotic activities against E. coli, neither L-161,240 nor BB-78485 

achieved broad-spectrum activity. For example, these compounds do not control the 

growth of the clinically-important pathogen P. aeruginosa, which raises concerns about 

their general efficacy as well as the development of resistance mechanisms. With the 

purpose of developing a broad-spectrum LpxC inhibitor, the substrate-based inhibitor 

TU-514 was designed by Jackman and coworkers in 2003 (Jackman et al 2000, Li et al 

2003). Although TU-514 inhibits a wide range of LpxC orthologs, it does not efficiently 

cross bacterial membranes. A significant breakthrough came when scientists at Chiron 

Corporation discovered a novel compound effective against P. aeruginosa (Kline et al 

2002, Pirrung et al 2003, Pirrung et al 2002). This compound CHIR-090 contains a 

threonyl-hydroxamate group linked to a biphenyl-acetylene moiety (Figure 1.6B) and 

shows significant antibiotic activity against a wider range of Gram-negative species than 

L-161,240 and BB-78485, killing both E. coli and P. aeruginosa cells with an efficacy 

comparable to ciprofloxacin (Anderson et al 2004a, McClerren et al 2005a). Interestingly, 

CHIR-090 inhibits LpxC enzymes in a slow, time-dependent fashion with a KI of 5 nM 

and a KI* (representing the dissociation constant after isomerization) of 0.5 nM. However, 

even CHIR-090 displays limited antibiotic activities against certain species of Gram-
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negative bacteria; for instance, it does not effectively inhibit the growth of Acinetobacter, 

Burkholderia, or Rhizobium strains. 

1.3.5.2 New LpxC inhibitors from pharmaceutical companies 

Recently, Merck Research Laboratories reported two series of novel benzolactam 

and urea derivatives (Mansoor et al 2011). Their parent compound CHR-12 is almost 

identical to CHIR-090 except for removal of the morpholine group. The benzolactam 

series was generated by cyclizing through the amide NH of its threonyl moiety. This 

modification led to significant loss of in antimicrobial potency of the compounds, 

suggesting the hydrogen bonding between the amide proton and Thr 179 is crucial for 

LpxC inhibition. In contrast, the urea derivatives display relatively small decrease in 

antimicrobial potency. The SAR data suggested that the rigidity of the urea moieties and 

the piperidine and piperazine rings help maintain the inhibitory activities. Nevertheless, 

neither series of compounds exhibits improved potency as compared to the parent 

compound (CHR-12) or CHIR-090. 

 

Pfizer Global Research and Development laboratories have recently reported 

and characterized a variety of biphenyl methylsulfone inhibitors in depth (Brown et al 

2012, McAllister et al 2012, Montgomery et al 2012, Warmus et al 2012). Compound 1a 

(Figure 1.6B), the parent compound of the series, has structural features distinct from 

CHIR-090 (Brown et al 2012): 1. In the synthetic procedure, alkylation of the 

methylsulfone with 1-bromo-4-(2-bromoethyl)benzene generates an ethyl linker that 
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tethers the biphenyl group to the methylsulfone head group. This two-carbon linker 

replaces the amide-linker of CHIR-090. While this modification potentially abrogtes the 

hydrogen bonds between the amide group of CHIR-090 and protein residues, it likely 

provides the molecular flexibility and reduces potential steric clashes that may exist in 

the active site; 2. The sulfone moiety of the series replaces the CHIR-090 threonyl group 

and its energetic contribution to LpxC binding seems to be equivalent to that of the 

threonyl group of CHIR-090. The threonyl group of CHIR-090 is critical to its antibiotic 

potency because it forms extensive interactions with conserved protein residues, 

including vdW contacts between its methyl group and the aromatic ring of F192 (E. coli 

LpxC) and a hydrogen bond between its hydroxyl groups and the side-chains of K239 (E. 

coli LpxC). These favorable interactions are conserved in the binding of the 

methylsulfone derivatives to LpxC. The oxygens of the sulfone moiety form a hydrogen 

bond with the conserved Lys238 (P. aeruginosa LpxC), and the vdW interaction with 

F192 (P. aeruginosa LpxC) is maintained by the methyl group of the methylsulfone 

moiety.  

Subsequently, the Pfizer research groups have designed and synthesized new series 

of the methylsulfone derivatives, which are directed at improving in vivo efficacy and 

pharmacokinetic properties, especially for plasma stability (Montgomery et al 2012). 

They recognized that despite excellent cellular potency, in vivo efficacy of the biphenyl 

methylsulfone inhibitors is compromised by a high clearance rate, plasma protein binding 

and low solubility. To improve pharmacokinetic properties, the central phenyl ring of the 



 

 32 

biphenyl moiety, proximal to its hydroxamate, was replaced with pyridine ring, resulting 

in significant improvements in in vivo efficacy and plasma stability. Among the pyridone 

methylsulfone compounds, compounds with a 5-membered heterocyclic ring attached to 

the para-position of the pyridone phenyl ring analogues not only improve 

pharmacokinetic property, but also displays enhanced antibiotic activity against a wide 

range of Gram-negative bacteria. 

In the following chapters, I describe our efforts to understand the structural basis of 

inhibitor specificity and to develop more potent LpxC inhibitors. These efforts have led 

to the discovery of difluoromethyl-based compounds that display superior antibiotic 

activities over existing LpxC inhibitors. 
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Chapter 2 

Species-Specific and Inhibitor-Dependent Conformations 

of LpxC: Implications for Antibiotic Design 
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2.1 Abstract 

LpxC is an essential enzyme in the lipid A biosynthetic pathway in Gram-

negative bacteria. Several promising antimicrobial lead compounds targeting LpxC have 

been reported, though they typically display a large variation in potency against different 

Gram-negative pathogens. We report that inhibitors with a diacetylene scaffold 

effectively overcome the resistance caused by sequence variation in the LpxC substrate-

binding passage. Compound binding is captured in complex with representative LpxC 

orthologs, and structural analysis reveals large conformational differences that mostly 

reflect inherent molecular features of distinct LpxC orthologs, whereas ligand-induced 

structural adaptations occur at a smaller scale. These observations highlight the need for a 

molecular understanding of inherent structural features and conformational plasticity of 

LpxC enzymes for optimizing LpxC inhibitors as broad-spectrum antibiotics against 

Gram-negative infections. 

 

2.2 Introduction 

Development of novel antibiotics against multidrug-resistant Gram-negative 

infections by targeting the UDP-3-O-(acyl)-N-acetylglucosamine deacetylase (LpxC) in 

the lipid A biosynthetic pathway has been a major research focus for industrial groups 

and academic laboratories in the last two decades (Barb & Zhou 2008, Raetz et al 2007, 

Raetz 1998). The lpxC gene is essential and conserved in virtually all Gram-negative 
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organisms. Structural studies of LpxC have revealed a unique protein fold, indicating that 

highly specific LpxC inhibitors can be developed as novel antibiotics (Barb et al 2007a, 

Buetow et al 2006, Coggins et al 2003, Coggins et al 2005, Gennadios & Christianson 

2006, Gennadios et al 2006, Hernick et al 2005, Mochalkin et al 2008, Shin et al 2007, 

Whittington et al 2003). Consistent with this notion, several well-characterized LpxC 

inhibitors (Figure 1.6B) have been reported to display various degrees of antibiotic 

activity against Gram-negative bacteria, most notably Escherichia coli (E. coli) (Barb & 

Zhou 2008, Raetz et al 2007). Very recently, a large number of LpxC inhibitors with 

vastly different chemical scaffolds have appeared in literature (Kline et al 2002, Pirrung 

et al 2003) and in patent applications (Anderson et al 2004b, Dobler et al 2010, Mansoor 

et al 2008, Mansoor et al 2010, Moser et al 2008, Raju et al 2010, Siddiqui et al 2007, 

Takashima et al 2010, Yoshinaga et al 2008); however, the potency and spectrum of 

inhibition of these compounds have yet to be systematically investigated.  

Previously, we reported that CHIR-090 effectively kills E. coli and Pseudomonas 

aeruginosa (P. aeruginosa) in bacterial disk diffusion assays and inhibits the 

corresponding LpxC enzymes in a time-dependent fashion in vitro (McClerren et al 2005a). 

Interestingly, CHIR-090 exhibits 600-fold reduced inhibition of Rhizobium 

leguminosarum LpxC (RlLpxC) compared to E. coli LpxC (EcLpxC), raising concerns of 

rapid evolution of antibiotic resistance for CHIR-090-sensitive strains through point 

mutations (Barb et al 2007a). Through structural and biochemical studies of the Aquifex 

aeolicus LpxC (AaLpxC)/CHIR-090 complex, we have revealed the molecular basis of 

CHIR-090 resistance in RlLpxC (Barb et al 2007a) (Figure 2.1A). The knowledge that 



 

 36 

crucial residues in the hydrophobic substrate-binding passage of CHIR-090-resistant 

LpxC orthologs can cause van der Waals (vdW) clashes with the distal aromatic ring of 

CHIR-090 has motivated us to evaluate novel inhibitors based on a narrower scaffold for 

their ability to overcome this resistance mechanism. 

Here, we report the biochemical and structural characterization of compounds 

based on the linear diacetylene scaffold. These compounds effectively diminish the 

resistance of RlLpxC. Excitingly, the best compound, LPC-009, also shows a general 

enhancement of potency (2–64-fold) over CHIR-090 against a variety of clinically 

important Gram-negative pathogens, including E. coli, P. aeruginosa, Salmonella 

typhimurium, Klebsiella pneumoniae, Vibrio cholerae, Bordetella bronchiseptica, 

Burkholderia cepacia, Burkholderia cenocepacia, and Burkholderia dolosa. Furthermore, 

we have captured the binding mode of LPC-009 in complex with LpxC enzymes from E. 

coli, A. aeolicus, and P. aeruginosa. Structural comparison of diverse LpxC enzymes in 

complex with the same LPC-009 inhibitor reveals large, inherent conformational 

variations of individual LpxC orthologs and unexpected inhibitor flexibility. The binding 

of distinct inhibitors to the same LpxC enzyme also induces noticeable conformational 

changes, but at a smaller scale. Thus, understanding the contribution of inherent 

molecular features of representative LpxC enzymes and their associated conformational 

dynamics is essential for the design of broad-spectrum LpxC-targeting antibiotics. 
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2.3 Results 

2.3.1 Compounds Based on the Diacetylene Scaffold Potently Inhibit 

a Wide Range of LpxC orthologs 

The discovery of the first nanomolar LpxC inhibitor L-161,240 and its antibiotic 

activity against E. coli in vivo has inspired pharmaceutical companies and academic 

laboratories to search for broad spectrum compounds that overcome the limited efficacy 

of L-161,240 against clinically-important Gram-negative pathogens such as P. 

aeruginosa (Onishi et al 1996). Among the well-characterized compounds, CHIR-090 is 

the best LpxC inhibitor reported to date, killing both E. coli and P. aeruginosa in 

bacterial disk diffusion assays with an efficacy rivaling that of ciprofloxacin (McClerren 

et al 2005a). Surprisingly, CHIR-090 is ~600-fold less effective against LpxC orthologs 

from the Rhizobium family than against EcLpxC (Barb et al 2007b). We have previously 

determined the solution structure of CHIR-090 in complex with AaLpxC by NMR (Barb 

et al 2007a), and we showed that CHIR-090 occupies the hydrophobic substrate-binding 

passage consisting of the Insert II region of Domain II in LpxC. In particular, the 

diphenyl-acetylene group of CHIR-090 penetrates through this hydrophobic substrate-

binding passage, with the first phenyl group (proximal to the hydroxamate group) located 

close to the active site and next to the entrance of the hydrophobic passage, the acetylene 

group threading through the narrowest part of the passage, and the second phenyl ring 

(distal to the hydroxamate group) emerging from the passage. The exit of the substrate-

binding passage contains a critical glycine residue that is conserved in LpxC orthologs 
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sensitive to CHIR-090 inhibition. In Rhizobium LpxC, this critical glycine residue is 

replaced by a serine residue, which narrows the exit of the substrate-binding passage and 

causes partial resistance to CHIR-090 inhibition by generating vdW clashes with the 

distal phenyl ring of CHIR-090 (Figure 2.1A). Consistent with this notion, a single Ser-

to-Gly mutation that broadens the exit to the substrate-binding passage renders RlLpxC 

100-fold more sensitive to CHIR-090 inhibition, whereas an EcLpxC mutant with a 

narrower passage is more resistant to CHIR-090 inhibition compared to the wild-type 

enzyme (Barb et al 2007a). 

Because point mutations that narrow the substrate-binding passage can be a 

source of antibiotic resistance to CHIR-090, we decided to evaluate compounds with a 

narrower chemical scaffold—the diacetylene group—to see if these compounds are able 

to overcome the CHIR-090 resistance represented by RlLpxC. The diacetylene scaffold 

was among the many chemical structures initially discussed in the international patent 

WO 2004/062601 A2 (Anderson et al 2004b), but its effect on the antibiotic profile was 

not quantified. To facilitate the analysis, we constructed a RlLpxC knock-in strain of E. 

coli by replacing the genomic lpxC gene with that of R. leguminosarum (W3110RL) 

(Barb et al 2007b). Because the W3110RL strain is identical to the wild-type E. coli 

strain W3110 except for the lpxC gene, any difference in the minimum inhibitory 

concentration (MIC) values should directly reflect the different KI values of a compound 

against LpxC enzymes, but not other factors such as membrane impermeability. As 

expected, the MIC values of CHIR-090 are vastly different for these two bacterial strains, 

and a ~600-fold variation in MIC values correlates excellently with the KI differences 



 

 

39 

 

Figure 2.1: Inhibitors Based on the Diacetylene Scaffold Overcome the Resistance Mechanism Represented by RlLpxC 

and Display Enhanced Antibiotic Activity against E. coli and P. aeruginosa. (A) Antibiotic resistance generated by steric 

clashes between S214 in RlLpxC and the distal ring of CHIR-090. CHIR-090 and the S214 side-chain are shown in stick and 

transparent-sphere models. The distal phenyl ring of CHIR-090 and the side-chain of S214 in RlLpxC are highlighted in red. 

The Insert II conformation was generated using homology modeling based on the structure of the AaLpxC/CHIR-090 

complex (PDB entry: 2JT2), which contains a Gly (G198) at the corresponding position of S214 in RlLpxC. (B) The MICs of 

each compound against strains of wild-type E. coli (W3110), E. coli with its genomic lpxC gene replaced by that of R. 

leguminosarum (W3110RL), and wild-type P. aeruginosa (PAO1). The narrow diacetylene scaffold not only overcomes the 

CHIR-090 resistance of RlLpxC, but also enhances the antibiotic activity against Gram-negative pathogens, such as E. coli and 

P. aeruginosa. 
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measured by enzyme kinetic studies (Barb et al 2007b). Removal of the morpholine 

group of CHIR-090 increased the MIC values (Figure 2.1B), and the new compound 

(LPC-004) is still significantly less effective (~800 fold) for RlLpxC than for EcLpxC, 

confirming that the bulky distal phenyl group, but not the morpholine group, is the cause 

of resistance. Replacing the phenyl-acetylene group with the (N,N-dimethylamino) 

methyl-diacetylene group generated a weaker inhibitor (LPC-007) for E. coli, but the 

ratio of the MIC values started to diminish (160-fold). Finally, addition of a phenyl ring 

to the diacetylene group (LPC-009) further reduced the difference of the MIC values 

between the two bacterial strains to ~126-fold (Figure 2.1B), suggesting that the narrow 

diacetylene group can effectively reduce the CHIR-090 resistance of RlLpxC. Excitingly, 

LPC-009 also appears to be a more potent compound than CHIR-090 (4-fold), and it 

effectively inhibits the growth of E. coli and P. aeruginosa in MIC assays (Figure 2.1B). 

To establish that the diacetylene-based compound LPC-009 indeed displays a superior 

antibiotic profile over CHIR-090, we measured the MICs of LPC-009 and CHIR-090 

against a panel of gram negative human pathogens, including P. aeruginosa, S. 

typhimurium, K. pneumoniae, V. cholerae, B. bronchiseptica, B. cepacia, B. cenocepacia, 

and B. dolosa. Invariably, LPC-009 was determined to be a more potent compound than 

CHIR-090, showing a 2–64-fold enhancement of antibiotic activity (Table 2.1). 

To further evaluate the inhibition of LpxC by LPC-009, we performed detailed 

enzymatic assays of EcLpxC. A KI
app

 of 0.55 ± 0.09 nM and a corresponding KI value of 

0.18 ± 0.03 nM were calculated based on the assumption of competitive inhibition and a 

measured KM of 2.5 ± 0.2 M for EcLpxC (see Experimental Procedures for details). 
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The data generated in collaboration with Robert A. Nicholas Lab. (Shauna M. Swanson) 



 

 42 

Interestingly, we observed a similar fractional inhibition of product accumulation 

with or without inhibitor pre-incubation (1 hr) with enzyme prior to initiating the reaction, 

suggesting that unlike the slow tight-binding inhibitor CHIR-090, LPC-009 does not 

inhibit EcLpxC in a time-dependent fashion. 

 

2.3.2 Overall Structure of EcLpxC in Complex with LPC-009  

To probe the molecular details of the LpxC/LPC-009 interaction, we determined 

the structure of EcLpxC in complex with LPC-009 at 1.65 Å  resolution (crystallographic 

statistics shown in Table 2.2). EcLpxC is the most divergent ortholog to structurally 

characterized LpxC orthologs, such as AaLpxC (34% sequence identity) and P. 

aeruginosa LpxC (PaLpxC, 57% sequence identity). It is identical to Shigella sonnei 

LpxC and highly homologous to Salmonella typhimurium LpxC and Yersinia pestis LpxC 

(> 92% sequence identity). Therefore, E. coli LpxC is an excellent model enzyme for 

understanding the behavior of LpxC enzymes from these clinically important Gram-

negative pathogens. 

EcLpxC consists of two domains with a --- sandwich fold similar to that of 

AaLpxC or PaLpxC (Figure 2.2A) (Barb et al 2007a, Buetow et al 2006, Coggins et al 

2003, Coggins et al 2005, Gennadios & Christianson 2006, Gennadios et al 2006, 

Hernick et al 2005, Mochalkin et al 2008, Shin et al 2007, Whittington et al 2003). Each 

domain contains a layer of helices packing against a layer of five-stranded -sheet with 

the helices “sandwiched” between the two main -sheets. Additionally, each domain  
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contains a unique insert region (Insert I of Domain I and Insert II of Domain II) that 

adopts a distinct structure. Insert I forms a small three-stranded -sheet that partially 

defines the boundary of the active site, whereas Insert II adopts a  structure that 

forms a topologically closed hydrophobic passage to harbor substrate or inhibitors. 

Consistent with our structure-based prediction, the overall binding mode of LPC-009 is 

similar to that of CHIR-090, with its threonyl-hydroxamate group occupying the active 

site and its diacetylene group penetrating through the hydrophobic substrate-binding 

passage (Figure 2.2A). In the active site, the hydroxamate group chelates the catalytic 

zinc ion with a trigonal bipyramidal geometry (Figure 2.2B) defined by its two oxygen 

atoms and three other LpxC residues (H79, H238 and D242). The hydroxamate group is 

oriented perpendicularly to the -strands of Insert II, and its position is held by hydrogen 

bonds with the T191 hydroxyl group of Insert II at one side of the active site and the side-

chains of the catalytically important residues E78 and H265 at the opposite side. In 

addition to these hydroxamate-mediated interactions, the threonyl moiety forms extensive 

interactions with highly conserved residues in the active site, including (1) vdW contacts 

between its methyl group and the aromatic ring of F192, which lies at the base of the 

active site and (2) hydrogen bonds between its amide and hydroxyl groups and the side-

chains of T191 and K239, respectively. In addition to these highly conserved interactions, 

a unique hydrogen bond is observed between the carbonyl of the carboxyl-amide group 

of LPC-009 and the backbone amide of C63 of EcLpxC. 

At the entrance of the hydrophobic substrate-binding passage, the proximal 

phenyl ring of LPC-009 faces the methyl groups of L18, and the narrow diacetylene  
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Figure 2.2: Structure of the EcLpxC/LPC-009 Complex. (A) Overall structure of the complex. EcLpxC is shown in the ribbon 

diagram and LPC-009 in the space-filling model. (B) Interactions between LPC-009 and LpxC in the active site. (C) External 

view of the hydrophobic substrate-binding passage. Insert I and Insert II are highlighted in orange and blue, respectively. 

LPC-009 and selective active site residues are shown in the stick model. The active site zinc ion is shown in the space-filling 

model. Purple mesh represents 2Fo-Fc map density (contoured at 1.6σ) surrounding the LPC-009. The surface plot in panel (C) 

is generated by PYMOL (DeLano Scientific LLC). 
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group of LPC-009 penetrates through and emerges from the hydrophobic passage. 

Although LPC-009 also contains a distal phenyl ring similar to CHIR-090, it is located 

further away from the exit and is less likely to create possible antibiotic resistance caused 

by clashing with residues at the exit of the hydrophobic passage. Instead, this distal 

phenyl ring of LPC-009 is held by favorable vdW contacts with a hydrophobic “clamp” 

consisting of residues outside the substrate-binding passage, including I198, M195, F212 

and V217 (Figure 2.2C). 

 

2.3.3 Inherent Conformational Differences of LpxC Orthologs 

A number of AaLpxC structures in complex with different small molecules have 

been reported, revealing an essentially identical enzyme conformation regardless of the 

bound inhibitor (Barb et al 2007a, Buetow et al 2006, Coggins et al 2003, Coggins et al 

2005, Gennadios & Christianson 2006, Gennadios et al 2006, Hernick et al 2005, Shin et 

al 2007, Whittington et al 2003). However, a distinct orientation of the Insert II helix has 

been observed in PaLpxC in complex with BB-78485 (Mochalkin et al 2008). Compared 

to AaLpxC, the PaLpxC Insert II helix is rotated ~16º around a pivot point near the N-

terminus of the helix, generating a movement of ~7 Å  at the C-terminal end. It was 

proposed that binding to the bulky naphthalene ring of BB-78485 is responsible for this 

large conformational difference (Mochalkin et al 2008). However, the comparison used 

different LpxC orthologs bound to distinct inhibitors, and thus it is not clear whether the 

observed structural variation reflects conformational plasticity in response to inhibitor 
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Figure 2.3: Species-specific Conformational Differences of LpxC Orthologs. (A) Superimposition of EcLpxC/LPC-009 

(orange), PaLpxC/LPC-009 (blue) and AaLpxC/LPC-009 (green). The bound LPC-009 is shown in the stick model, and the 

catalytic zinc ion in the sphere model. Close-up views around the Insert I and Insert II regions are shown in panels (B) and (C) 

respectively. The effects of the inherent conformational differences on the size of the active site cavity and the shape and 

orientation of the hydrophobic substrate-binding passage, and the bound compound are shown for LpxC enzymes from E. 

coli, P. aeruginosa and A. aeolicus in panels (D), (E), and (F) respectively. Fo-Fc omit map density contoured at 3.4σ (blue 

mesh) is shown around LPC-009 in the bottom panels, illustrating different curvatures of the diacetylene group of LPC-009 

bound to distinct LpxC orthologs. Two conformations of the threonyl group of LPC-009 were used to fit the electron density 

in the PaLpxC complex, panel (E). 
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binding or species-specific differences in the structures of LpxC orthologs, or a 

combination of both. The discovery of LPC-009 as a potent broad-spectrum inhibitor has 

allowed us to resolve this ambiguity by determining and comparing high-resolution 

structures of two additional LpxC orthologs, AaLpxC and PaLpxC, in complex with 

LPC-009 (crystallographic statistics shown in Table 2.2). To avoid masking local 

conformational changes, we superimposed the AaLpxC/LPC-009 and PaLpxC/LPC-009 

complexes onto the EcLpxC/LPC-009 complex using only the backbone Cα atoms of the 

two main β-sheets and four helices that are highly conserved in sequence and structure 

across LpxC orthologs (Figure 2.3A).  

 

2.3.3.1 Insert I and Active Site 

There are sizeable structural differences in the Insert I region that partially defines 

the active site boundary (Figure 2.3B). All three LpxC orthologs have Insert I regions 

with similar lengths and topologies; however, the three-stranded β-sheets contain -

bulges at different locations. In EcLpxC, the β-bulge is located after the β-turn 

connecting the second and third -strands (βb-βc), whereas in PaLpxC and AaLpxC, the 

β-bulge is part of the first strand (a). Consequently, the βa-strand in EcLpxC forms the 

typical inter-strand hydrogen bonds of a flat antiparallel β-sheet, while the a-strand in 

PaLpxC and AaLpxC contains an extra residue that loops out of the plane of the -sheet 

and is not involved in the main-chain hydrogen bonding network. The EcLpxC loop 

connecting a-b is one residue longer, pushing it away from the active site ~4 Å  
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compared to the loop positions of AaLpxC and PaLpxC (Figure 2.3A,B) and creating a 

more spacious active site, with a cavity volume of 330 Å
 3

, whereas the active sites in 

PaLpxC and AaLpxC are significantly smaller, with cavity volumes of 272 Å
 3

 and 255 Å
 

3
, respectively (Figure 2.3D,E,F).  

2.3.3.2 Insert II Substrate-binding Passages 

Much to our surprise, there are large differences in the orientation of the Insert II 

helix in all three LpxC enzymes (EcLpxC, AaLpxC and PaLpxC) despite being bound to 

the same LPC-009 inhibitor (Figure 2.3A,C). In AaLpxC, the Insert II helix is positioned 

closest to the active site, which generates the widest hydrophobic passage of all three 

LpxC orthologs with a diameter of ~7.5 Å . In contrast, the Insert II helix in both EcLpxC 

and PaLpxC is rotated ~20º around the N-terminal end of the helix (Figure 2.3C), moving 

away from the active site and resulting in a narrower substrate passage with a diameter of 

4.4 Å  for EcLpxC and 5.8 Å  for PaLpxC (Figure 2.3D,E). The largest difference in the 

Insert II helix orientation occurs between EcLpxC and AaLpxC, with the position of the 

C-terminal end of the helix deviating by nearly 8 Å . This is followed by ~5.7 Å  

difference between PaLpxC and AaLpxC, and ~2 Å  between EcLpxC and PaLpxC 

(Figure 2.3A). 

In response to the movement of the Insert II helix, LPC-009 also rotates around 

the threonyl-hydroxamate head group in a counter clockwise fashion at an angle of ~11º 

in AaLpxC and ~3º in PaLpxC compared to its position in EcLpxC (Figure 2.3D,E,F). 

Interestingly, in contrast to the apparently “rigid” chemical structure, the diacetylene 



 

 51 

group is slightly curved, a distortion that has only been previously reported in chemically 

constrained diacetylene compounds (Baldwin et al 1998). The curvature of the diphenyl-

diacetylene group is most prominent in the AaLpxC complex, followed by the EcLpxC 

and PaLpxC complexes. This unexpected observation suggests that there is not a huge 

energetic penalty for distorting the diacetylene group to allow for adaptation to the 

different curvatures of the hydrophobic passage in individual LpxC orthologs. 

It is important to note that the conformational difference between AaLpxC/LPC-

009 and PaLpxC/LPC-009 is on a similar scale as the previously reported structural 

discrepancy between AaLpxC/TU-514 and PaLpxC/BB-78485 (Mochalkin et al 2008), 

suggesting that the structural divergence in these latter complexes is largely driven by an 

inherent, species-specific conformational variation, rather than ligand-binding. 

 

2.3.4 Ligand-induced Conformations of LpxC 

Our observation of LpxC conformational differences across orthologs does not 

rule out the possibility that the enzyme is able to respond structurally to the binding of 

distinct inhibitors. To evaluate the contribution of conformational plasticity to inhibitor 

binding, we compared structures of the same LpxC ortholog in complex with different 

inhibitors. Interestingly, superimposition of AaLpxC/LPC-009 with existing AaLpxC 

structures shows very limited conformational variation. On the other hand, comparison of 

the PaLpxC/LPC-009 and PaLpxC/BB-78485 (PDB entry: 2VES) structures reveals 

noticeable conformational changes in the active site and hydrophobic substrate-binding 
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Figure 2.4: Inhibitor-induced Structural Plasticity. (A) Binding of LPC-009 and BB-78485 to PaLpxC causes noticeable 

conformational changes in the Insert I and Insert II regions that generate an open substrate-binding passage accommodating 

LPC-009 (panel B), but a closed conformation for BB-78485 (panel C). Complexes of PaLpxC/LPC-009 and PaLpxC/BB-78485 

are shown in sky blue and pale blue, respectively. Surfaces of the hydrophobic substrate-binding passage are colored in 

yellow. Two conformations of the threonyl group of LPC-009 were observed in the PaLpxC complex. 
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passage (Figure 2.4). These differences are particularly pronounced in the hydrophobic 

passage: to accommodate the two bulky and rigid naphthalene groups of BB-78485, the 

Insert II helix and its supporting loop (1-2 loop) are pushed ~2.0-2.4 Å  away from the 

active site. This positions the Insert II helix closer to the loop immediately following it, 

which expands the active site and closes off the hydrophobic passage (Figure 2.4). 

 

2.4 Discussion 

The rise of multidrug-resistant microbes and their dire impact on human health 

highlight the pressing need for novel antibiotics with a distinct mode of action to combat 

Gram-negative infections. While LpxC is an attractive and validated novel drug target for 

these efforts, development of lead compounds has been hampered by a lack of broad-

spectrum antibiotic activity against a wide range of Gram-negative bacteria. Here, we 

detail a successful strategy for designing a broad-spectrum LpxC inhibitor: identifying 

key residues that confer inhibitor resistance in representative LpxC orthologs and 

searching for compounds to circumvent these stumbling blocks. The diacetylene-based 

LPC-009 inhibitor presents an important first step in this process, as our combined kinetic 

and structural studies show that LPC-009 inhibits a wide range of orthologs with 

promising efficacy. Furthermore, LPC-009 has made it possible to solve the structure of 

three LpxC orthologs in complex with a common inhibitor, including the first structure of 

the EcLpxC enzyme, which provides an excellent model for several clinically-important 

pathogens. 
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In addition to providing the basis for further inhibitor optimization, the crystal 

structures of EcLpxC, AaLpxC and PaLpxC in complex with LPC-009 allow us to probe 

the intrinsic conformational variability across LpxC orthologs, while avoiding the 

contributions from inhibitor-specific conformational changes. Contrary to the prevailing 

hypothesis, our study shows that distinct LpxC orthologs naturally possess large 

conformational differences in the Insert II region, which generate distinct shapes and 

angles of the hydrophobic substrate-binding passage. It is important to note that the 

natural substrate of LpxC is not always the same: while EcLpxC and PaLpxC utilize 

acylated UDP-GlcNAc as a substrate, AaLpxC uses acylated UDP-GlcNAc3N. The 

difference of ester versus amide bonds in these substrates may lead to unique geometrical 

constraints that may affect their binding to LpxC (Figure 2.5); indeed, different angles 

between the acyl chain and UDP moiety have been captured in the product complexes of 

LpxA enzymes from Leptospira LpxA (R-3-hydroxylauroyl UDP-GlcNAc3N) and E. 

coli LpxC (hydroxymyrisoyl UDP-GlcNAc) (Robins et al 2009, Williams & Raetz 2007). 

It seems likely that the hydrophobic passages of LpxC orthologs are optimized for 

processing these distinct substrates, which would partially explain the inherent 

conformational differences in the LPC-009 complexes. 

The unexpected observation of large, intrinsic structural variation among LpxC 

orthologs helps explain the inadequacies of some of the earlier inhibitors. For example, 

the unique Insert I conformation of EcLpxC, wherein the a-b loop is pushed away 

form the active site to generate an enlarged cavity, provides a molecular explanation for 

the potent inhibition of EcLpxC by BB-78485: the bulky naphthalene groups of this 
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Figure 2.5. Distinct Conformations of LpxC Substrates Due to the Geometrical Constraints of Ester versus Amide Bonds. 

Chemical structures of two distinct classes of LpxC substrates containing ester and amide bonds are shown in orange (left) 

and green (right), respectively. 3-D structures of ester- or amide-containing LpxA products (LpxC substrates) are shown as  

sticks, with the coordinates extracted from the corresponding LpxA-product complexes of E. coli (PDB entry: 2QIA) and 

Leptospira interrogans (PDB entry: 3I3X), respectively. 
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compound require a more spacious active site cavity to effectively compete with substrate 

for binding to the enzyme (Figure 2.3D). Consistently, BB-78485 does not bind AaLpxC 

even at mM concentrations, and its antibiotic activity toward an E. coli strain with the 

native lpxC gene replaced by PaLpxC is at least 20-fold higher than the wild-type E. coli 

strain (data not shown). 

To accommodate the inherent conformational discrepancy of LpxC orthologs and 

to achieve a better inhibition profile, an attractive strategy of inhibitor design is to 

engineer flexibility into the chemical scaffold so that the compound can adapt to the 

distinct shapes and orientations of the active site and hydrophobic passage in various 

LpxC enzymes. A prime example of this approach is the substrate analog inhibitor TU-

514, which contains a flexible acyl chain occupying the hydrophobic passage and inhibits 

a wide range of LpxC enzymes (Jackman et al 2000). Interestingly, the diacetylene group 

in LPC-009 has been observed to adopt “warped” conformations in chemically-

constrained compounds (Baldwin et al 1998), suggesting that the diacetylene group may 

contain a greater intrinsic flexibility than expected. Given our structural observation of a 

distorted diacetylene group in different LpxC enzymes, the success of LPC-009 may 

indeed benefit from the ability of the diacetylene group to adapt to the differing 

trajectories of the substrate-binding passage in distinct LpxC orthologs. A final 

consideration for inhibitor design is that some LpxC enzymes may be inherently more 

flexible than others. For example, AaLpxC displays a largely rigid structure despite 

binding to different small molecules, while PaLpxC shows pronounced ligand-induced 

conformational changes. A thorough understanding of the structural plasticity of key 
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LpxC enzymes by probing their dynamic properties in solution may enable us to design 

broad-spectrum antibiotics optimized for the less flexible orthologs, while allowing other 

LpxC enzymes to adapt dynamically. 

 

2.5 Materials and methods 

2.5.1 Chemical Synthesis 

CHIR-090 and LPC-004 were synthesized according to published procedures 

(Anderson et al 2004b). Synthesis of LPC-007 and LPC-009 was started from the 

acylation of L-threonine methyl ester with sodium 4-ethynylbenzoate. Under modified 

Sonogashira coupling conditions (Nicolaou et al 1982), the resulting 4-ethynylbenzamide 

was coupled with substituted acetylene to afford diacetylene methyl ester. Finally, the 

methyl ester was converted into the corresponding hydroxamic acid (LPC-007 and LPC-

009) by treatment with hydroxylamine under basic conditions.  

 

2.5.2 Protein Purification 

Plasmids encoding wild-type EcLpxC, PaLpxC (residues 1-299) with a C40S 

mutation, and AaLpxC lacking the eight C-terminal amino acids and containing a C181A 

mutation (1-274) were prepared following established procedures (Barb et al 2007a, 

Mochalkin et al 2008). An EcLpxC construct lacking the C-terminal five amino acids (1-

300) was prepared by using the QuikChange site-directed mutagenesis kit (Stratagene) 
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using a plasmid containing the full-length EcLpxC as the template. LpxC proteins were 

overexpressed in BL21(DE3)STAR cells (Invitrogen) grown in LB media and purified 

using anion-exchange (Q-Sepharose Fast Flow, Amersham) and size exclusion 

(Sephacryl S-200 HR, Amersham) chromatography. Purified proteins were concentrated 

and buffer-exchanged into 25 mM HEPES, pH 7.0, with 100 mM KCl and 0.1 mM 

ZnSO4. For EcLpxC and PaLpxC proteins, 2 mM dithiothreitol (DTT) was included in 

the purification buffers. All protein samples for enzymatic assay and crystallography 

were stored at -80 °C. 

 

2.5.3 Enzymatic Inhibition Assay 

UDP-3-O-[(R)-3-hydroxymyristoyl]-N-acetylglucosamine and [α-
32

P]UDP-3-O-

[(R)-3-hydroxymyristoyl]-N-acetylglucosamine were prepared as previously described 

(Jackman et al 2001). Assays of LpxC activity were performed at 30 °C in 25 mM 

sodium phosphate, pH 7.4, 1 mg/mL bovine serum albumin, 100 mM KCl and 2 mM 

DTT, in the presence of 5 µM substrate and 0.2 nM EcLpxC, unless noted otherwise. 10% 

DMSO was included and held constant in assay mixtures. Initial velocities were 

calculated from the linear portion of reaction progress curves (<10% conversion of 

substrate to product). 

KM and Vmax values were determined by varying the substrate concentration from 

0.5 to 50 µM. Data were analyzed using an Eadie-Hofstee plot (Dowd & Riggs 1965) and 

by a nonlinear curve-fitting program (KaleidaGraph, Synergy Software); the resultant 
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values were nearly identical within experimental errors. To determine a KI value, LPC-

009 concentrations were varied from 12.5 pM to 15 nM. Fractional activity (υi/υ0) versus 

LPC-009 concentration was plotted and fitted to calculate a KI
app

 value using the 

Morrison equation (Copeland 2005): 
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where υi is the initial velocity of the reaction in the presence of the inhibitor, υ0 is 

the initial velocity of the reaction in the absence of the inhibitor, [E]T is the total enzyme 

concentration, and [I]T is the total inhibitor concentration. A KI value was calculated 

using 
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where [S] is the substrate concentration. All measurements were done in 

triplicates. 

 

2.5.4 MIC Tests 

MICs were determined according to the NCCLS protocol (Wikler et al 2007) 

adapted to 96-well plates and LB media. Briefly, 1.0×10
5
 bacterial cells in LB medium 

containing 5% DMSO and various concentrations of the compound were incubated at 37° 
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C for 22 hr. After the incubation, [4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

bromide solution (MTT) was added (0.2 mg/mL final concentration) and incubated at 37° 

C for another 3 hr. The MIC was determined as the lowest concentration of an antibiotic 

that prevented color change (yellow to black). 

 

2.5.5 Crystallization and X-ray Data Collection 

Purified EcLpxC (1-300), PaLpxC (1-299, C40S) and AaLpxC (1-275, C181A) 

samples were diluted to final concentrations of 10 mg/mL, 12mg/mL and 15 mg/mL, 

respectively. For the PaLpxC protein sample, 10 mM zinc sulfate was added. Four-fold 

molar excess of LPC-009 dissolved in DMSO was added to the diluted protein samples. 

The protein and inhibitor were incubated at room temperature for 1 hr to obtain a 

homogenous sample before setting up crystallization screening. EcLpxC/LPC-009 

complex crystals were obtained using the hanging drop vapor diffusion method at 17 ºC, 

with the reservoir solution containing 0.1 M HEPES pH 7.5, 1.5 M LiSO4 and 10 mM 

DTT. AaLpxC/LPC-009 and PaLpxC/LPC-009 complex crystals were crystallized using 

the sitting drop vapor diffusion method at 20 ºC, with reservoir solutions containing 0.1 

M Tris pH 8.5, and 2.5 M ammonium phosphate dibasic, and 0.1 M sodium acetate 

trihydrate pH 5.0, and 2.7 M ammonium nitrate, respectively. All protein-inhibitor 

complex samples were mixed with equal amounts of reservoir solutions and equilibrated 

against individual reservoir solutions. The crystals were cryoprotected with 

perfluoropolyether (PFO-X175/08) before flash-frozen in liquid nitrogen. Diffraction 
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data were collected at the Southeast Regional Collaborative Access Team (SER-CAT) 

22-BM beamline at the Advanced Photon Source, Argonne National Laboratory and 

processed with HKL2000 (Otwinowski & Minor 1997). 

 

2.5.6 Model Building and Refinement 

Molecular replacement with the program PHASER (McCoy et al 2007) was used to 

obtain the initial phases of three LpxC-inhibitor complex structures. The structures of the 

AaLpxC/TU-514 complex (PDB entry: 2GO4) and the PaLpxC/BB-78485 complex 

(PDB entry: 2VES) and a homology model of EcLpxC derived from the PaLpxC/BB-

78485 complex structure were used as search models for AaLpxC/LPC-009, 

PaLpxC/LPC-009 and EcLpxC/LPC-009 complexes, respectively. To avoid phase bias, 

the molecular replacement was performed iteratively, starting from partially refined 

structures not containing regions of large structural variations (i.e., Insert I and Insert II). 

The EcLpxC/LPC-009 crystal contains an un-interpretable electron density at the packing 

interface, which is possibly impurity from the chemical synthesis of LPC-009. The 

excellent quality of the electron density of LPC-009 allows an unambiguous 

interpretation of its binding mode in the active site. Two rotameric conformations of the 

LPC-009 threonyl moiety were observed in the PaLpxC complex. Water molecules were 

added using PHENIX (Zwart et al 2008) and verified with COOT (Emsley & Cowtan 2004). 

The final model was obtained after iterative cycles of manual model building with COOT 

and refinement using PHENIX. MOLPROBITY (Davis et al 2007) was used to evaluate the 
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quality of the refined structure. The statistics for the three complexes are shown in Table 

2.2.  

 

2.5.7 Accession Numbers 

Structure factors and coordinates for EcLpxC/LPC-009, AaLpxC/LPC-009 and 

PaLpxC/LPC-009 complexes have been deposited in the RCSB Protein Data Bank with 

the accession codes 3P3G, 3P3C and 3P3E, respectively. 
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Chapter 3 

Inhibitor Selectivity Additionally Mediated by  

the Insert I of LpxC 
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3.1 Abstract 

The LpxC enzyme in the lipid A biosynthesis pathway is one of most promising and 

yet clinically unexploited antibiotic targets for the treatment of multidrug-resistant Gram-

negative infections. Extant LpxC inhibitors typically display large variations in potency 

against different Gram-negative pathogens. The small molecule L-161,240 is the first and 

best-characterized LpxC inhibitor, with pre-clinical trials showing effective rescue of 

mice infected with a lethal dose of E. coli. However, its clinical potential is hindered by 

its narrow-spectrum antibiotic activity: L-161,240 is inactive against many clinically-

important Gram-negative pathogens, such as P. aeruginosa and S. marcescens. In this 

study, we report the crystal structure of L-161,240-bound E. coli LpxC (EcLpxC), 

providing the structural basis for L-161,240 inhibition at the atomic level. Additionally, 

we present the crystal structure of EcLpxC in complex with BB-78485, another early 

generation inhibitor which is also ineffective against P. aeruginosa LpxC (PaLpxC). The 

binding of both inhibitors to EcLpxC alters the conformation of the Insert I a-b loop, 

which has distinct conformational and dynamic properties from the equivalent loop in 

PaLpxC. Comparison of these structures with the previously reported BB-7485-bound 

PaLpxC structure and ITC analysis using EcLpxC chimera reveals that that the a-b 

loop plays a critical role in LpxC inhibitor specificity. Further structural investigation and 

binding analysis of LPC-104, the L-161,240 derivative, suggest structural heterogeneity 

of the Insert II helix additionally contributes to L-161,240 selectivity in LpxC enzyme. 
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This structural information provides important insights into lead optimization and the 

rational design of novel broad-spectrum LpxC inhibitors.  

 

3.2 Introduction 

Recent structural studies in our laboratory have revealed significant structural 

variations among diverse LpxC orthologs (Lee et al 2011). When Aquifex aeolicus LpxC 

(AaLpxC), EcLpxC and PaLpxC bind to LPC-009, a highly-potent inhibitor based on the 

diacetylene scaffold (Figure 1.6B), the vicinity of the active site, mainly formed by the 

Insert I and Insert II subdomains, displays large conformational variations, creating 

different morphologies of the active site cavity and the substrate-binding hydrophobic 

passage. Notably, EcLpxC has an enlarged active site cavity compared to AaLpxC and 

PaLpxC due to its unique Insert I conformation. This observation has provided a possible 

explanation for the inactivity of BB-78485 against AaLpxC and PaLpxC, as the bulky 

naphthalene groups of this compound require a more spacious active site cavity. For L-

161,240, which has no antibacterial activity against P. aeruginosa, the unique 

phenyloxazoline-hydroxamate scaffold is presumably inadequate to access to the binding 

site of PaLpxC. However, the binding mode of L-161,240 to the EcLpxC enzyme and the 

structural basis for its inactivity toward other orthologs remain unknown, despite over 20 

years of investigation following its discovery (Onishi et al 1996). 

Here, we report the 2.1 Å  resolution structure of wild-type E.coli LpxC in 

complex with the long-studied LpxC inhibitor L-161,240 and a 1.8 Å  resolution structure 
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of E.coli LpxC bound to BB-78485 solved with X-ray crystallography. Our structures 

provide an understanding of the species-specific susceptibility of EcLpxC to these 

inhibitors and provide a clear strategy for the rational optimization of successful broad-

spectrum antibiotics against Gram-negative infections. 

 

3.3 Results 

3.3.1 MIC tests and ITC Experiments to Confirm the Inhibitor-

selectivity of LpxC 

The ineffectiveness of L-161,240 and BB-78485 in controlling the growth of P. 

aeruginosa was observed in early publications (Clements et al 2002, Onishi et al 1996). It 

is possible that the intrinsic resistance mechanisms of P. aeruginosa, such as membrane 

impermeability or specialized efflux pumps, compromise their antibiotic activities. To 

eliminate these factors, we utilized a modified E. coli strain with P. aeruginosa lpxC 

gene replacing the original lpxC gene (W3110PA)(Lee et al 2011, Liang et al 2011). The 

antibiotic activities of CHIR-090, L-161,240 and BB-78485 were measured by minimum 

inhibitory concentration (MIC) against wild-type E. coli (W3110), P. aeruginosa (PAO1), 

and E. coli (W3110PA) (Table 3.1). Consistent with the previous reports, L-161,240 and 

BB-78485 showed antimicrobial activity (MIC > 100 g/ml) against neither P. 

aeruginosa (PAO1) nor E. coli (W3110PA), indicating that the resistance to the early 

inhibitors L-161,240 and BB-78485 originates from PaLpxC itself. Further analysis using 
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isothermal titration calorimetry (ITC) quantified their relative potency against EcLpxC 

and PaLpxC (Table 3.2). Overall, the Kd values determined by ITC were in good 

agreement with reported antimicrobial activities determined by MIC tests or in vitro 

assays (Clements et al 2002, Mdluli et al 2006, Onishi et al 1996). L-161,240 (Kd = 173 

nM) and BB-78485 (Kd = 140 nM) are 44- and 35-fold weaker inhibitors of EcLpxC than 

CHIR-090 (Kd = 3.9 nM), respectively. For PaLpxC, L-161,240 (Kd = 439 nM) is 157-

fold less potent than CHIR-090 (Kd = 2.8 nM). The most unexpected finding was that the 

affinity of BB-78485 for PaLpxC is much worse than that of L-161,240, and we were 

unable to fit the binding curve for BB-78485 to an appropriate binding model due to the 

poor binding affinity. Based on the reactant concentration and the effect of ITC c-value, 

the estimated affinity of BB-78485 for PaLpxC is Kd > 10 M. Thus, although both L-

161,240 and BB-78485 display decreased affinities toward PaLpxC than toward EcLpxC, 

inhibitor resistance of PaLpxC is significantly higher toward BB-78485 than toward L-

161,240. Intriguingly, the relative affinities between EcLpxC and PaLpxC toward the 

tested inhibitors exhibit a discrepancy from the MIC results. For instance, CHIR-090 was 

6.5 times more effective against wild-type E. coli (W3110) than against E. coli 

(W3110PA) in antibiotic activity by MIC tests, while the binding affinity of CHIR-090 

determined by ITC appears to be slightly more potent toward PaLpxC than toward 

EcLpxC (1.4-fold). Similarly, the binding affinities of L-161,240 toward EcLpxC and 
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PaLpxC showed only a slight difference (2.5-fold) in the ITC measurements, although the 

results from MIC test suggest at least a 15-fold potency difference. This could be due to 

the presence of natural substrate and fatty acids in the cells that affects MIC values by 

competing with the inhibitors. An alternative explanation is that the apparent Kd values 

for EcLpxC may be compromised by enzyme instability. In the enzyme kinetic assay, 

EcLpxC requires bovine serum albumin (0.5 ~ 1 mg/ml) to maintain enzyme activity 

(Jackman et al 1999). Indeed, the purified EcLpxC loses binding activity in a short period 

of time at 4 ºC and more significantly after freezing. Thus, all the ITC measurements had 

been completed within 20 hours using the purified samples, stored on ice, from the same 

batch. 

 

3.3.2 Structure of EcLpxC in Complex with L-161,240 

Different binding affinity profiles of early narrow-spectrum inhibitors toward 

between EcLpxC and PaLpxC suggest that the structural differences may contribute to 

the inhibitor selectivity. Thus, we determined the structure of EcLpxC in complex with 

L-161,240. The crystal structure of the EcLpxC/L-161,240 complex was solved at 2.1 Å  

resolution using molecular replacement with the previously reported EcLpxC/LPC-009 

complex structure as a search model. Due to disorder at the C-terminus, the last six amino 

acids of the protein were not modeled. The EcLpxC/L-161,240 complex crystals were 

grown in significantly different crystallization conditions from those of previously 

reported EcLpxC-inhibitor crystals and belong to the trigonal R32 space group rather 
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than the hexagonal P61 space group observed for all other EcLpxC structures (Lee et al 

2011, Liang et al 2011). Additionally, previously reported crystals contained a single 

molecule in each asymmetric unit, whereas the crystallographic asymmetric unit of the 

EcLpxC/L-161,240 complex contains two molecules arranged as a parallel homodimer 

(Figure 3.1A). As EcLpxC behaves as a monomer in solution, this crystallographic 

dimerization is unrelated to its biological function. 

The overall structure of the EcLpxC/L-161,240 complex is consistent with the 

general features of previously reported LpxC structures (Barb et al 2007a, Buetow et al 

2006, Coggins et al 2003, Coggins et al 2005, Gennadios & Christianson 2006, 

Gennadios et al 2006, Hernick et al 2005, Lee et al 2011, Mochalkin et al 2008, Shin et al 

2007, Whittington et al 2003). The enzyme is composed of two domains with a --- 

sandwich fold, and each domain contains a unique insert region (Insert I of Domain I and 

Insert II of Domain II). Interestingly, the EcLpxC/L-161,240 structure shows a unique 

topology in the C-terminal region, with a fully extended C-terminal tail. In contrast, in all 

known EcLpxC structures the C-terminus folds into the gap between domains I and II 

(Figure 3.1B). This folded conformation may be an artifact of crystal packing in the P61 

space group, as solution NMR studies of the EcLpxC/L-161,240 complex have shown a 

flexible C-terminal tail that allows for its recognition and degradation by the FtsH 

protease (Barb et al 2009a, Fuhrer et al 2006, Fuhrer et al 2007, Langklotz et al 2011). 
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Figure 3.1: Structure of EcLpxC in complex with L-161,240. (A) Ribbon diagram of the crystallographic dimer of the 

EcLpxC/L-161,240 complex. Monomers are colored distinctly. The L-161,240 molecules are shown with a space-filling model. 

(B) Comparison of the EcLpxC/L-161,240 structure with EcLpxC/LPC-009. The EcLpxC/L-161,240 complex has an 

unstructured C-terminal tail, whereas the C-terminus of EcLpxC/LPC-009 folds into the gap between domains I and II. Insert I, 

Insert II and the C-terminus are highlighted in orange, blue and red, respectively. Inhibitors are shown as stick modesl, and 

the active site zinc ion is shown as a sphere space-filling model. 
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3.3.3 Binding Mode of L-161,240 

The molecular scaffold of L-161,240 can be divided into three distinct regions: a 

hydroxamate group, an oxazoline ring, and a phenyl ring substituted with two methoxy 

groups and a single propyl group (Figure 1.6B)(Barb et al 2007a). Each region exhibits 

unique interactions with LpxC to form a tight-binding complex. The hydroxamate moiety 

of L-161, 240, the primary affinity determinant shared by many potent LpxC inhibitors, 

participates in coordination of the catalytic zinc with its two oxygen atoms (Figure 3.2A). 

The hydroxamate oxygens of L-161,240 form a typical penta-coordination with three 

conserved LpxC residues, H79, H238, and D242; however, the coordination geometry of 

L-161,240 is vastly different from those of other hydroxamate inhibitors, such as TU-514, 

BB-78485, CHIR-090 and the LPC series, which coordinate the catalytic zinc with an 

approximate square-pyramidal geometry. Surprisingly, L-161,240 chelates the catalytic 

zinc ion with a trigonal-bipyramidal geometry (Figure 3.2B). H79, H238 and the 

hydroxyl oxygen of the hydroxamate group make a mirror plane, with two apical points 

at D242 and the carbonyl oxygen of the hydroxamate group. Compared to the other 

inhibitors mentioned above, the plane formed by the hydroxamate atoms in the 

EcLpxC/L-161,240 complex rotates ~25° around the hydroxamate hydroxyl oxygen. 

Thus, in contrast to other inhibitors, the hydroxamate plane of L-161,240 is not parallel to 

the small β-sheet of Insert I in LpxC. Due to this rotation, unlike the LPC-009 inhibitor 

the amide proton from the hydroxamate group of L-161,240 does not appear to form 

hydrogen bonds with the side chains of the catalytically important 
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Figure 3.2: Binding mode of L-161,240 in EcLpxC. (A) Interactions between L-161,240 and EcLpxC in the active site. EcLpxC 

is shown as a ribbon diagram with Insert I and Insert II highlighted in orange and blue, respectively. L-161,240 and inhibitor-

binding LpxC residues are shown as sticks. Purple mesh represents the Fo-Fc omit map (contoured at 3.4σ) surrounding the 

inhibitor. The active site zinc ion is shown as a sphere. Hydrogen bonds are denoted by dashed lines, with faint dashes 

representing missing hydrogen bonds that exist in the EcLpxC/LPC-009 complex. (B) The zinc coordination geometry of L-

161,240 (trigonal bipyramidal) differs significantly from those of BB-78485, TU-514 and LPC-009 (square pyramidal). In the 

right panel, PaLpxC/BB-78485 (magenta), AaLpxC/TU-514 (blue) and EcLpxC/LPC-009 (orange) complexes are superimposed 

on the  
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EcLpxC/L-161,240 structure (green). Inhibitors and side chains of protein involved in zinc coordination are shown as sticks, 

and zinc ions are shown as spheres. The equatorial plane of trigonal bipyramid geometry and the square base of square-

pyramidal geometry are colored in yellow. Arrows from zinc ions indicate the apical points of coordination geometry. (C) Chirality of 

structurally diverse LpxC inhibitors. (D) External view of the hydrophobic substrate-binding passage in the EcLpxC/L-161,240 complex. 
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residues E78 and H265 (Figure 3.2A). The hydroxamate carbonyl oxygen, however, still 

forms a hydrogen bond with the hydroxyl group of the conserved T191 side chain. The 

second region of L-161,240, the oxazoline group, is connected to the hydroxamate group 

by a chiral carbon. The alkoxy and nitrogen sides of the bulky cyclic moiety stem from 

the R1 and R2 positions of the chiral carbon, respectively (Figure 3.2C). Thus, L-161, 

240 is an R enantiomer, as opposed to the S enantiomer inhibitors, such as CHIR-090 and 

LPC-009, which contain a proton at R1 and the threonine side chain at R’1. While the 

threonyl moiety of S enantiomer inhibitors forms extensive interactions with highly 

conserved residues on one side of the active site, the oxazoline moiety of L-161,240 

locates close to the a-b loop on the opposite side, with its nitrogen hydrogen bonding 

to the backbone carbonyl group of L62 to fix the ring position (Figure 3.2A). 

The final region of the L-161,240 inhibitor, the substituted phenyl moiety, interacts 

extensively with the hydrophobic substrate-binding passage. The phenyl ring and its 

propyl group insert into the hydrophobic passage (Figure 3.2A), in a position consistent 

with prior solution NMR studies of the EcLpxC/L-161,240 complex, which suggested 

that the terminal methyl group of the propyl substituent was in  proximity to the 

backbone amides of Insert II residues. Although the penetration of the L-161,240 

terminus is shallower than that of CHIR-090 or LPC-009, the EcLpxC/L-161,240 

complex shows an equivalent opening of the external entrance of the hydrophobic 

passage (Figure 3.2D). The phenyl ring of L-161,240 is held by favorable van der Waals 

(vdW) contacts with the methyl groups of L62. Additionally, a water-mediated hydrogen 
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bond is formed between the two methoxy groups of L-161,240 and the side chain of 

D197 and may serve to stabilize the dynamic Insert II helix (Figure 3.2A). 

 

3.3.4 Key Contacts of LpxC Underlie Inhibitor-Selectivity 

A comparison of the EcLpxC/L-161,240 and EcLpxC/LPC-009 (PDB entry: 3P3G) 

structures reveals noticeable conformational changes in Insert I (Figure 3.3A). In 

particular, the a-b loop of Insert I is dramatically different due to a flipping of the 

backbone amide bond between L62 and C63. To avoid a potential steric clash with the 

oxazoline moiety of L-161,240, the side chain of C63 rotates by almost 180º relative to 

its orientation in the EcLpxC/LPC-009 complex, away from the hydrophobic passage. As 

LPC-009 contains a proton at R1 instead of a bulky substituent, the side chain of C63 in 

the EcLpxC/LPC-009 complex can be oriented toward the hydrophobic passage. This 

sidechain rotation causes the a-b loop of EcLpxC/L-161,240 to shift away from the 

active site by ~2.0 Å , creating a more spacious active site cavity than that observed for 

the EcLpxC/LPC-009 complex. 

Having shown that the EcLpxC/LPC-009 and EcLpxC/L-161,240 complexes have 

relatively minor global conformational differences, but very distinct configurations of the 

a-b loop of Insert I, we hypothesized that the flexibility of the a-b loop in EcLpxC is 
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Figure 3.3: Inhibitor-Induced Conformational Change in Insert I of LpxC. (A) Binding of L-161,240 to EcLpxC causes a 

dramatic conformational change in Insert I, in which residue C63 flips its orientation to generate more space for the bulky 

oxazoline moiety of L-161,240. Complexes of EcLpxC/L-161,240 and EcLpxC/LPC-009 are shown in green and orange, 

respectively. The sidechain of residue C63, the backbone of residues in the Insert I loop, and inhibitors are shown as sticks. 

Zinc ions are shown as spheres. (B) Active site interactions between BB-78485 (purple) and EcLpxC. The color scheme is 

analogous to the structure of EcLpxC/L-161,240  
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in Figure 3.2A. (C) Insert I of the EcLpxC/BB-78485 adopts the same conformation as observed for EcLpxC/L-161,240. (D) 

Isotropic temperature factor distribution in EcLpxC/BB-78485 and PaLpxC/BB-78485. Ribbons are colored by B factor, with 

dark blue to red indicating low to high values, respectively. 
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 related to its unusual susceptibility to diverse inhibitors. As the BB-78485 and L-

161,240 inhibitors exhibit similar enzyme specificity profiles – both are potent against 

EcLpxC but ineffective against AaLpxC and PaLpxC – we determined the crystal 

structure of EcLpxC in complex with BB-78485 to find structural evidence that might 

support our rationale for the inhibitor selectivity of the LpxC enzyme. The binding mode 

of BB-78485 with EcLpxC is almost identical to that of the previously reported 

PaLpxC/BB-78485 complex (Figure 3.3B). Its hydroxamate group chelates the catalytic 

zinc ion with a square pyramidal geometry, and the two bulky naphthalene rings occupy 

the hydrophobic passage. The hydroxamate group is parallel to the β-sheet of Insert I, and 

its position is held by hydrogen bonds with the T191 hydroxyl group of Insert II at one 

end of the active site and the side-chains of the catalytically important residues E78 and 

H265 at the opposite end. In addition, the sulfonamide group forms strong hydrogen 

bonds with the backbone carbonyl oxygen of L62 and the side chain of E78. The 

naphthalene ring at the R2 position of the chiral carbon makes hydrophobic contacts with 

the side chain of L18. Like L-161,240, BB-78485 is an R enantiomer, with one 

naphthalene ring connected to the R1 position of the chiral carbon and the other 

naphthalene ring connected through a sulfonamide group to the R2 position (Figure 3.2C). 

Thus, similar to L-161,240, the bulky substitutions of BB-78485 position themselves near 

the Insert I region. Strikingly, we observed the same Insert I conformation found in the 

EcLpxC/L-161,240 complex, where the a-b loop of Insert I flips out to create more 

spacious active site (Figure 3.3C). The conformational rearrangement induced by BB-

78485 is even more significant than that observed for L-161,240, because in addition to 
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the potential steric-clash between the sulfonamide and the side chain of C63, there is a 

potential clash between the bulky sulfonamide-linked naphthalene ring and the side chain 

of L62, which together would likely cause a large energy penalty without dramatic 

readjustment of the a-b loop (Figure 3.3B). The conformational plasticity of the a-b 

loop of EcLpxC, which is likely due to both its length and flexibility, may be a species-

specific characteristic that contributes to its promiscuous inhibitor susceptibility. In 

support of this concept, the short and rigid a-b hairpin loop in the PaLpxC/BB78485 

complex undergoes a more limited conformational change and has a much higher 

isotropic temperature factor than that of EcLpxC/BB-78485, suggesting that the rigid a-

b hairpin loop in the PaLpxC is unable to comfortably accommodate the bulky moieties 

of BB-78485 (Figure 3.3D). 

To investigate the role of the a-b loop in inhibitor selectivity, we generated 

chimeric LpxCs in which the a-b loop was swapped between EcLpxC and PaLpxC and 

vice versa. Expression of the PaLpxC chimera with the EcLpxC a-b loop (58-

RDTMLCTC-65) formed an inclusion body, presumably due to incorrect folding. For the 

EcLpxC chimera with the PaLpxC a-b loop (58-GETTMSTT-65), we were able to 

express and purify the soluble protein. The purified EcLpxC chimera was analyzed for 

inhibitor binding using isothermal titration calorimetry (Table 3.2). Indeed, the most 

significant affinity change was observed in binding of BB-78485 to the EcLpxC chimera 

compared to wide-type EcLpxC. The BB-78485 binds very weakly to the EcLpxC 

chimera by 11.4-fold increase of Kd value (Kd = 1.6 M). CHIR-090 follows this by 4.5-
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fold increase and L-161,240 display only a 1.7-fold difference. Sequence comparisons 

(Figure 3.4A) further support that the rigid conformation of the a-b loop is the primary 

reason for its inactivity against BB-78485-insensitive strains. The top 4 LpxCs insensitive 

to BB-78485 are presumed (or known) to have the rigid hairpin a-b loop because 

without the -bulge formation accompanied with the tight turn of a-b loop, 

voluminous resides (Glu or His) after the -bulge at the first strand (a) of Insert I cause 

potential clashes with the core helix α1’ of Domain II (Figure 3.4B). These long side 

chains are replaced as a smaller Asp residue in the BB-78485-sensitive LpxCs (in the 

lower group), which allows the a stand to have a typical extended conformation and 

might be a marker for the EcLpxC-like a-b loop. Intriguingly, the BB-78485-sensitive 

strains shown in the sequence alignments are not susceptible to L-161,240 (Table 3.3). 

With the notion that the change of the a-b loop conformation in EcLpxC only has a 

limited effect on the binding affinity to L-161,240, this result implies that there is another 

factor to make P. aeruginosa LpxC more resistant to L-161,240 than the LpxC from E. 

coli. By examining the superimposed structure of the EcLpxC/L-161,240 complex on two 

structures of PaLpxC in complex with different inhibitors, BB-74885 and LPC-009 

(Figure 3.4C), we found the para-methoxy group at the phenyl rings of L-161,240 causes 

a steric-clash with Insert II helix of PaLpxC in a manner similar to the binding mode 

observed in EcLpxC/L-161,240 complex. Furthermore, its propyl group bumps with the 

loop connecting the Insert II helix to the small β-sheet of Insert II because the orientation 

of the hydrophobic passage in PaLpxC inherently differs from that of EcLpxC,  
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Figure 3.4: Basis for the Selectivity of LpxC Inhibitor. (A) Sequence alignment of LpxC orthologs from BB-78485-insensitive 

and -sensitive bacteria. The voluminous residues (green) at the strand a in Insert I of BB-78485-insensitive LpxCs are 

replaced with an Asp residue (orange) in BB-78485-sensitive LpxCs. Fully conserved residues are in the most intense color. 

Residue numbers for PaLpxC is included (B) Comparison of the Insert I conformations in PaLpxC/BB-78485 (blue, PDB ID 

2VES) and EcLpxC/BB-78485 (orange). The Glu 59 in the PaLpxC is oriented in the opposite direction relative to the 

corresponding Asp 59 in the EcLpxC due to the -bulge formation at the strand a. (C) Superimposition of EcLpxC/L-161,240 

(orange), PaLpxC/LPC-009 (light blue) and PaLpxC/BB-78485 (light blue). L-161,240 is shown in stick and transparent-sphere 

models. The bound inhibitors, LPC-009 and BB-78485 are removed from of PaLpxC structures. Binding of the L-161,240 to 

PaLpxC is presumed to make unfavorable contacts to the external exit of the hydrophobic passage. (D) Molecular structure of 

LPC-104.  
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as it was previously described that the hydrophobic passage rotates around the catalytic 

zinc at an angle of 3º in in PaLpxC compared to that in EcLpxC (Lee et al 2011). 

Although the Insert II helix is remarkably flexible to facilitate harboring structurally 

diverse inhibitors, the para-methoxy group of L-161-240 is likely to limit the movement 

of the Insert II helix. The deletion of the para-methoxy group from L-161-240 

(compound LPC-104, Figure 3.4D) improves the potency against PaLpxC by 1.6-fold 

over L-161,240 but the LPC-104 displays the reduced affinity to EcLpxC by 2-fold. This 

result indicates that the structural difference of Insert II between EcLpxC and PaLpxC 

involves in the L-161,240 selectivity and the moieties consisting of the para-methoxy 

and propyl groups are not optimally positioned to insert into the hydrophobic passage of 

PaLpxC. However, it is notable that the formation of the PaLpxC-inhibitor complex 

appears to be entropically favorable. On the assumption that the binding of LpxC 

inhibitors stabilizes the inhibitor-complex but not the disordered LpxC structure, the 

different entropy changes on complex formation can be dictated by the differences in 

conformational entropy in the unbound state between EcLpxC and PaLpxC. Thus, this 

observation presumably reflects the stable dynamic aspect of PaLpxC in apo state. 

Moreover, the binding of BB-78485 to EcLpxC is also an entropy-favorable process. 

Because of a lack of the moiety penetrating through the hydrophobic passage, a 

conformational entropy loss upon BB-78485 binding is likely to be smaller than that of 

CHIR-090 or L-161,240. Taken together, the entropy differences might originate mainly 

from the dynamic property difference in Insert II helix. 
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3.4 Discussion 

Despite its clinical potential and excellent potency against EcLpxC, the first small 

molecule LpxC inhibitor, L-161,240, has not provided a platform for lead optimization. 

This is in part due to the lack of structural information of L-161,240 bound to LpxC 

enzymes. Although there have been many structural studies of LpxC in complex with 

various inhibitors, the molecular basis for the unusual specificity of earlier inhibitors such 

as BB-78485 and L-161,240 toward EcLpxC has remained enigmatic. Here, we shed 

light on this problem by reporting structures of the EcLpxC/L-161,240 and EcLpxC/BB-

78485 complexes. Together, these structures suggest a possible explanation for both the 

susceptibility of EcLpxC to diverse inhibitors and the species-specific inhibition of 

compounds like L-161,240 and BB-78485. Both of these early inhibitors have bulky 

moieties that create potential clashes with the a-b loop of Insert I. While LpxC 

orthologs with long and flexible Insert I regions, like EcLpxC, may be able to 

accommodate these moieties and confer antibiotic susceptibility, other orthologs, like 

PaLpxC, have shorter and more rigid Insert I regions, which may prevent tight binding 

and the inhibition of lipid A biosynthesis. 

Our study suggests that the successful design of a broad-spectrum LpxC inhibitor 

will require navigating differences in both flexibilities and inherent conformations of 

inhibitor binding sites across LpxC orthologs. The key motif conferring resistance to L-

161,240 and BB-78485, the Insert II helix and the a-b loop of Insert I, may necessitate 

flexibility-based inhibitors that can overcome its conformational heterogeneity. The 
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previously reported diacetylene-based LPC-009 inhibitor is an excellent example of a 

compound whose elastic scaffold is essential for its broad-spectrum inhibition, in this 

case by overcoming structural variations in the hydrophobic passages of LpxC orthologs 

(Lee et al 2011). In an alternative approach, the derivatization of early inhibitors with 

even more rigid and bulky functional groups could exploit the unique plasticity of the a-

b loop in EcLpxC, and provide a strategy for designing highly potent inhibitors for use 

against specific sets of Gram-negative pathogens, such as Shigella, Salmonella and 

Yersinia families, whose LpxC orthologs are highly homologus to EcLpxC. This work 

also demonstrates that the stereochemistry of the central chiral carbon connecting the 

hydroxamate group to different moieties is an important determinant of inhibitor efficacy. 

The S-stereoisomer results in the moieties attached to R1 being positioned proximal to 

the a-b loop of Insert I, which suggests that modification of the chirality in L-161,240 

and BB-78485 might circumvent potential steric clashes. 

Another important insight of this work is the trigonal bipyramidal geometry of the 

catalytic zinc coordination in the EcLpxC/L-161,240 complex. As tetragonal pyramidal 

geometry has been observed for all other hydroxamate-containing inhibitors, this zinc 

coordination strategy was generally regarded as a primary restraint for structure-based 

design of LpxC inhibitors. However, it is well-known that many zinc-dependent enzymes 

utilize Berry-pseudorotation processes, the isomerization between two penta-coordination 

geometries, for transition-state stabilization in catalysis. Thus, our unexpected 

observation may provide an alternative metal constraint for the effective computational 

design of novel LpxC inhibitor scaffolds. Moreover, as the hydroxamate group is a 
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primary affinity determinant, modifying the zinc coordination angle should affect the 

overall positioning of the inhibitor in the active site. Thus, engineering the coordination 

angle of existing inhibitors with alternative zinc-binding groups in order to evade steric 

clashes with the Insert I a-b hairpin loop or optimize the orientation of the hydrophobic 

moiety penetrating the hydrophobic passage could provide an attractive strategy for 

improving the antibiotic spectrum of existing inhibitors. 

 

3.5 Materials and methods 

3.5.1 Chemical Synthesis 

The LpxC inhibitors CHIR-090, BB-78485 and L-161,240 were prepared 

according to published procedures (Barb et al 2007a). The R enantiomer of LPC-104 was 

synthesized in the Department of Chemistry at Duke University by minor modifications 

of published procedures (Chen et al 1999). 

 

3.5.2 Sample preparation 

Plasmids encoding full-length wild-type EcLpxC and PaLpxC (residues 1-299) 

with a C40S mutation were prepared as described previously (Barb et al 2007a, Lee et al 

2011, Mochalkin et al 2008). Chimeric EcLpxC and PaLpxC were constructed by 

swapping Insert I a-b loops using the QuikChange Site-Directed Mutagenesis Kit 

(Stratagene). The presence of the correct inserts of these constructs was confirmed by 
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DNA sequencing. LpxC protein was expressed and purified as described (Lee et al 2011). 

All protein samples for isothermal titration calorimetry and crystallography were stored 

at -80 °C. 

 

3.5.3 Crystallization and X-ray data collection 

Purified EcLpxC was diluted to a final concentration of 6 mg/mL, and a four-fold 

molar excess of L-161,240 dissolved in DMSO was added to the diluted protein. The 

protein and inhibitor were incubated on ice for 1 hr to obtain a homogenous sample 

before setting up crystallization screening. EcLpxC/L-161,240 complex crystals were 

produced with the sitting drop vapor diffusion method at 4 ºC, in drops containing 2 L 

of the EcLpxC/L-161,240 mixture and 1 L of well solution consisting of 0.1 M sodium 

citrate tribasic dehydrate pH 5.6, 20% 2-propanol, 20% w/v PEG 4000 and 10 mM DTT. 

Diffraction data were collected at the Southeast Regional Collaborative Access Team 

(SER-CAT) 22-BM beamline at the Advanced Photon Source at Argonne National 

Laboratory. For the BB-78485 complex, EcLpxC protein was diluted to a final 

concentration of 10 mg/mL, mixed with four-fold molar excess of BB-78485 dissolved in 

DMSO, and incubated on ice for 1 hr. The complex crystals were obtained using the 

hanging drop vapor diffusion method at 4 ºC, with a reservoir solution containing 3.6 M 

sodium formate (Hampton Research), 10% Glycerol and 10 mM DTT. 2 L of the 

complex sample was mixed with an equal amount of reservoir solution prior to 

equilibration. Diffraction data were collected in-house at 100 K using a Rigaku 
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MicroMax-007 HF rotating anode generator and R-Axis IV++ detector. X-ray diffraction 

data were processed with HKL2000 (Otwinowski & Minor 1997). 

 

3.5.4 Model building and refinement 

Molecular replacement with the program PHASER was used to obtain the initial 

phases for the LpxC-inhibitor complex structures with the EcLpxC/LPC-009 complex 

(PDB entry 3P3E) as the search model (McCoy et al 2007). Water molecules were added 

using PHENIX (Zwart et al 2008) and verified with COOT (Emsley & Cowtan 2004). 

The EcLpxC/BB-78485 crystal contains an additional BB-78485 molecule at the packing 

interface; this second molecule likely interacts mainly to stabilize the crystal packing of 

the complex, as ITC data indicates that it does not bind specifically to the enzyme. The 

statistics for these structures are shown in Table 3.4.  

 

3.5.5 MIC tests 

MICs were carried out as described previously (Lee et al 2011, Wikler et al 2007). 

Strain AECO065, kindly provided by Achaogen, Inc. (South San Francisco, CA, US). 

does not possess a functional E. coli lpxC gene, which is complemented by a plasmid 

bearing A. baumanniϊ lpxC sequence under the control of the native E. coli lpxC promoter. 
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3.5.6 Isothermal Titration Calorimetry 

CHIR-090, L-161,240, BB-78485 and LPC-104 inhibitors (concentrations in the 

90 – 170 μM range) were titrated into a solution of wild-type or mutant LpxC (7–12 μM 

range) in a buffer containing 25 mM HEPES, 150 mM KCl (pH 7.1) and 2.0 mM TCEP. 

DMSO was added to 1% (v/v) except for the BB-78485 titration, which contains 4% 

DMSO. Twenty-eight injections of 10 L each were performed using a VP-ITC 

Microcalorimeter (GE Healthcare) at 25 ºC for PaLpxC and at 20 ºC for both EcLpxC 

and EcLpxC Chimera. All measurements were at least duplicated and dilution heats were 

subtracted from experimental heats of the protein-inhibitor titration.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 92 

 

Chapter 4 

SAR and Antibiotic Activities of Diphenyl-Diacetylene 

LpxC Inhibitors with Amino Substitution 

 

 

 

 

 

 

 

 

Reproduced in part with permission from Xiaofei Liang, Chul-Jin Lee, Xin Chen, Hak Suk 

Chung, Daina Zeng, Christian R. H. Raetz, Yaoxian Li, Pei Zhou, Eric J. Toone, Bioorganic & 
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4.1 Abstract 

Compounds inhibiting LpxC in the lipid A biosynthetic pathway are promising 

leads for novel antibiotics against multidrug-resistant Gram-negative pathogens. We 

report the structural and biochemical characterizations of LpxC inhibitors based on a 

diphenyl-diacetylene (1,4-diphenyl-1,3-butadiyne) threonylhydroxamate scaffold. These 

studies provide a molecular interpretation for the differential antibiotic activities of 

compounds with a substituted distal phenyl ring as well as the absolute stereochemical 

requirement at the C2, but not C3, position of the threonyl group. 

 

4.2 Introduction 

Among the well-characterized compounds, CHIR-090 based on the diphenyl-

acetylene scaffold (Table 4.1) is the most potent LpxC inhibitor reported to date, and it is 

the first reported compound that effectively kills both Escherichia coli (E. coli) and 

Pseudomonas aeruginosa (P. aeruginosa) in bacterial disk diffusion assays.(McClerren 

et al 2005a) Because P. aeruginosa is a predominant cause of morbidity and mortality in 

cystic fibrosis patients that affects about 30,000 individuals in the United States, and can 

cause a variety of infections, particularly in burn victims and immunosuppressed patients, 

the discovery of potent antibiotic activity of CHIR-090 against P. aeruginosa has 

generated great interest in developing LpxC inhibitors as novel antibiotics for effective 

treatment of multidrug-resistant Pseudomonas and other Gram-negative infections. 
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However, CHIR-090 is about 600-fold less effective against LpxC orthologs from the 

Rhizobium family than against E. coli LpxC, which raises concerns surrounding rapid 

evolution of antibiotic resistance for CHIR-090 sensitive strains through point mutations 

(Barb et al 2007b). Our recent structural and biochemical studies of the LpxC/CHIR-090 

complex suggest that van der Waals (vdW) clashes between the phenyl ring distal to the 

hydroxamate group of CHIR-090 and LpxC residues at the substrate-binding passage 

result in a large decrease in CHIR-090 activity against LpxC orthologs of the Rhizobium 

family (Barb et al 2007a, Lee et al 2011). This study has motivated us to investigate the 

antibiotic profiles of LpxC inhibitors based a chemical scaffold of reduced radius, such as 

the diacetylene (1,3-butadiyne) backbone. Recently, we showed that the 1,4-diphenyl-

1,3-butadiyne (referred to as diphenyl-diacetylene below) derived LPC-009 (Table 4.1), 

which is one of the many structures listed in the international patent WO 2004/062601 

A2,(Anderson et al 2004a) effectively diminishes the resistance to CHIR-090 by 20-fold 

for LpxC enzymes from the Rhizobium family of bacteria and enhances the antibiotic 

activity against E. coli and P. aeruginosa by 1.5-4 fold over CHIR-090 (Lee et al 2011). 

Although diacetylene-based LpxC inhibitors have appeared in a number of international 

patents,(Anderson et al 2004a, Moser et al 2008) there is a lack of synthetic detail for 

these compounds. Furthermore, the potency, spectrum of inhibition, and structure-activity 

relationship of these compounds have not been systematically characterized. In addition, 

the diphenyl-diacetylene compound LPC-009 has limited solubility in aqueous solution. 

In order to improve the solubility and probe the stereochemical requirement of the 

threonyl group of LPC-009, we have carefully selected
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from published patents (Anderson et al 2004a, Moser et al 2008) a set of LPC-009 amino 

derivatives and designed additional compounds based on structural insights from the 

LpxC/LPC-009 complexes (Lee et al 2011). Through detailed biochemical assays and 

structural characterizations of these LpxC-inhibitor interactions, we reveal the molecular 

basis underlying the observed structure-activity relationship of LPC-009 amino 

derivatives as well as the stereochemical requirement of the threonyl head group. 

 

4.3 Results 

The antibiotic activities of LPC-011-013 and 053-055 were evaluated by 

measuring the minimum inhibitory concentrations (MICs) against wild-type E. coli 

(W3110), P. aeruginosa (PAO1), and modified E. coli strains with the native lpxC gene 

replaced by that of R. leguminosarum (W3110RL) or P. aeruginosa (W3110PA) (Table 

4.1).  

4.3.1 Amino substitution of the distal phenyl ring 

In general, addition of an amino group to the distal phenyl ring of LPC-009 

enhanced aqueous solubility. However, these substitutions have very different effects on 

antibiotic activities. The most effective compound, LPC-011 with an amino substitution 

at the para-position of the distal phenyl ring, shows enhancement in antibiotic activity 

over CHIR-090 against all of the tested bacterial strains: compared to CHIR-090, LPC-

011 is roughly 7-fold more potent against wild type E. coli W3110, 32-fold more potent 
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against E. coli W3110RL, and ~3-fold more potent against E. coli W3110PA and P. 

aeruginosa PAO1. These results are consistent with the notion that LpxC inhibitors with 

the narrow diacetylene scaffold effectively overcome the resistance mechanism observed 

for R. leguminosarum LpxC (Barb et al 2007a) and have a superior antibiotic profile 

compared to CHIR-090. Compound LPC-011 also displays slightly enhanced antibiotic 

activity toward wild-type E. coli and P. aeruginosa compared to the parent compound 

LPC-009, while amino substitution at the ortho-position (LPC-013) results in a 

significant decrease in antibiotic activity (> 10-fold). 

To probe the molecular basis for the distinct antibiotic profiles for compounds 

with amino substitutions at different positions (ortho, meta and para), we determined the 

crystal structures of E. coli LpxC in complex with the para-amino substituted compound 

LPC-011 and meta-amino substituted compound LPC-012 (crystallographic statistics 

shown in Table 4.2). The overall structure of E. coli LpxC in these inhibitor-bound 

complexes is essentially identical to that in the E. coli LpxC/LPC-009 complex: the 

threonyl-hydroxamate head group occupies the LpxC active site, the proximal phenyl 

group locates at the entrance of the hydrophobic substrate-binding passage, the 

diacetylene group penetrates through the passage, and the distal phenyl ring interacts with 

a cluster of hydrophobic residues, including I198, M195, F212 and V217 in E. coli LpxC 

(Figure 4.1A,B). Additional electron density, which was interpreted as a buffer sulfate 

anion, was observed in the active site, mediating hydrogen bonds with the inhibitor 

threonyl group and K239 in E. coli LpxC. 
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Of all three possible positions of the distal phenyl ring, substitution at the para-

position is best tolerated, as this position remains solvent exposed and does not generate 

vdW clashes with nearby residues. In addition, para-amino substitution of the distal 

phenyl group, due to its proximity to the F212 of E. coli LpxC, likely enhances the edge-

to-face π-π interaction between the distal phenyl ring of LPC-011 and F212 of E. coli 

LpxC, modestly increasing the activity of the para-amino compound LPC-011 relative to 

LPC-009 for E. coli (Figure 4.1A). To obtain more quantitative measurements of the 

inhibitory effect of LPC-011, we performed detailed enzyme kinetic studies. Analogous 

to LPC-009 but unlike the slow tight-binding inhibitor CHIR-090 (Barb et al 2007b, 

McClerren et al 2005a), we observed a similar fractional inhibition of product 

accumulation with or without inhibitor pre-incubation (1-3 hrs) with enzyme, suggesting 

that LPC-011 does not appear to inhibit E. coli LpxC in a time-dependent fashion. A KI
app

 

value of 0.20 ± 0.02 nM and a corresponding KI value of 0.067 ± 0.007 nM were 

calculated for LPC-011 based on the assumption of competitive inhibition and a 

measured KM value of 2.5 ± 0.2 M (Figure 4.1C, see Experimental Section for details). 

A 2.7-fold reduction of KI
app 

and KI values of LPC-011 in comparison with LPC-009 

(KI
app

 = 0.55 ± 0.09 nM and KI = 0.18 ± 0.03 nM) further supports the favorable energetic 

interaction between the para-amino substituted distal phenyl ring with F212 of E. coli 

LpxC. Amino substitution at the meta-position generated different results for distinct 

LpxC orthologs. In the E. coli LpxC/LPC-012 complex, the meta-amino forms a 

hydrogen bond with the carbonyl oxygen of the side group of Q202 (Figure 4.1B), but 

this hydrogen bond apparently does not contribute significantly to the overall binding  
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Figure 4.1: Structural and biochemical characterization of LPC-009 derivatives with amino substitutions at the distal 

phenyl ring. (A) Structure of the E. coli LpxC/LPC-011 complex. (B) Structure of the E. coli LpxC/LPC-012 complex. LpxC is 

shown in the ribbon diagram. Inhibitors, LpxC residues important for inhibitor binding, and a sulfate molecule in the active 

site are shown as sticks. Blue meshes represent the Fo–Fc omit map (contoured at 3.4σ) surrounding the inhibitors. The active 

site zinc ion is shown in a space-filling model. Hydrogen bonds are denoted as dashed lines. (C) Inhibition curve of LPC-011 

against E. coli LpxC. 

 

 



 

 

101 

 

 

 

 

 

(D) Sequence alignment of the Insert II substrate-binding passage. Conserved hydrophobic residues and the two Gly residues 

at the exit of the substrate-binding passage (G209 and G210 in E. coli LpxC) are colored in orange. S214 in R. leguminosarum 

LpxC (corresponding to G210 in E. coli LpxC), which is the main cause of CHIR-090 resistance, is colored in purple. Residues 

predicted to clash with LPC-013 are boxed. Sequence alignment includes LpxC orthologs from Escherichia coli, Pseudomonas 

aeruginosa, Helicobacter pylori, Aquifex aeolicus, and Rhizobium leguminosarum. (E) Docking model of LPC-013 bound to E. coli 

LpxC based on the LPC-011 complex structure, illustrating vdW clashes between the ortho-amino group with residues in the 

Insert II substrate-binding passage. 
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energy, as the activity of the meta-amino substituted compound is comparable to the less 

soluble compound LPC-009. In contrast to para- or meta-substitutions, an amino group at 

the ortho-position is clearly detrimental: structural modeling suggests that regardless of 

the orientation of the distal phenyl ring, amino substitution at the ortho-position generates 

vdW clashes with Q202 and F212 of E. coli LpxC and the corresponding residues in 

other LpxC orthologs (Figure 4.1D,E). Consequently, the ortho-amino substituted 

compound LPC-013 is substantially less effective than the parent compound LPC-009 for 

all of the bacterial strains tested (>10 fold). 

4.3.2 Stereochemistry of the threonyl group 

We also investigated the stereochemical requirement for the threonine head group 

in LPC-011 on its antibiotic activity using three diastereoisomers of LPC-011. The MIC 

results show that the S-configuration at C2 position of the threonine moiety in LPC-011 is 

absolutely required for effective antibiotic activity. When the absolute configuration in 

C2 position is inverted from S to R, the resulting (2R,3R)-diastereomer LPC-054 and 

(2R,3S)-diastereomer LPC-055 exhibited significantly decreased activity compared to 

LPC-011 (over 100-fold for E. coli). On the other hand, the absolute configuration at C3 

position is less critical than the stereochemistry at the C2 position. For example, the 

(2S,3S)-diastereomer LPC-053 showed only a slight decrease (1.6- to 3.2-fold) in 

antibiotic activity compared to (2S,3R)-diastereomer LPC-011 against all of tested 

bacterial strains. 
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The nearly identical activity for the C3 diastereomeric compound LPC-053 is 

surprising, as the methyl group of LPC-011 forms a critical vdW interaction with the 

highly conserved F192 in E. coli LpxC and the hydroxyl group of LPC-011 participates 

in hydrogen bonds with K239 and H265. To seek a molecular understanding of the 

binding mode of the C3-S diastereometeric compound LPC-053, we determined its 

complex structure with E. coli LpxC (Figure 4.2A, crystallographic statistics shown in 

Table 4.2). The structure reveals intact vdW interactions between the methyl group of 

LPC-053 and the F192, highlighting their significant energetic contribution to the binding 

affinity. In contrast, the hydroxyl group in LPC-053 points away from the active site and 

is unable to form direct hydrogen bonds with K239 and H265 as the C3-R compound 

LPC-011. Interestingly, the loss of hydrogen bonds in LPC-011 (2S, 3R) is compensated 

by the formation of a water-mediated hydrogen bond between the hydroxyl group in 

LPC-053 (2S, 3S) and the carbonyl oxygen of F192 (Figure 4.2A). Similar to the LPC-

011 and LPC-012 complex, additional density was observed in the active site, which was 

interpreted as a sulfate anion from the buffer. The energetic contribution of the sulfate 

group to LPC-053 binding to LpxC is unclear, but the sulfate group is well-positioned to 

form hydrogen bonds with the hydroxyl group of LPC-053 and K239 of E. coli LpxC. 

Thus the change of the stereochemistry at the C3 position only has a limited effect (< 3.5 

fold) on the overall antibiotic activity. In contrast, the stereochemistry at the C2 position 

is critical: with the same overall binding mode, alteration of the C2 stereochemistry from 

S to R—regardless of the rotameric state of the threonyl side-chain—generates vdW 

clashes with residues (such as C63 in E. coli LpxC) in the Insert I loop (Figure 4.2B,C),  



 

 

104 

 

 

 

Figure 4.2: Stereochemical requirement of the threonyl group of LpxC inhibitors in the active site. (A) Structure of LPC-053 

bound to E. coli LpxC. LpxC in shown in the ribbon diagram. Blue meshes represent the Fo–Fc omit map (contoured at 3.4σ) 

surrounding the inhibitor. The active site zinc ion is shown in a space-filling model. LPC-053, LpxC residues important for 

inhibitor binding, and a sulfate molecule in the active site are shown in the stick model. Hydrogen bonds are denoted as 

dashed lines. Structural models of LPC-054 and LPC-055 complexes (based on the structures of LPC-011 and LPC-053 

complexes) are shown in (B) and (C), respectively, illustrating vdW clashes between the side-chain of the inhibitor threonyl 

group and backbone residues in the Insert I loop of LpxC. 
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resulting in significantly reduced antibiotic activities for compounds LPC-054 and LPC-

055. 

 

4.4 Discussion 

Most of the LpxC inhibitors reported in the literature are limited by their spectrum 

of antibiotic activities. The structural prediction and experimental validation of broad-

spectrum antibiotic activities of LpxC inhibitors based on the diacetylene moiety—a 

chemical scaffold initially reported in the international patent WO 2004/062601 A2—are 

an important step forward in the search for better antibiotics targeting LpxC. To improve 

the solubility of LPC-009 in aqueous solution and to probe the stereochemical 

requirement of the threonyl group, we investigated the structures and antibiotic profiles 

of LPC-009 derivatives. Although all three amino substituents of the distal phenyl ring 

(LPC-011-013) have improved solubility in aqueous solution, they have very different 

antibiotic profiles. The para-amino substituent LPC-011 slightly enhances the antibiotic 

activity of the parent compound LPC-009, and has a 2.7-fold lower KI value than that of 

LPC-009 against E. coli LpxC. The para-position is largely exposed to solvent, 

suggesting that even more extensive functionality can be tolerated. Therefore, it might be 

possible to replace the para-amino group with a fluorophore or an azide group without 

significantly affecting its antibiotic activity. This may allow the development of 

fluorescence-based inhibitor binding assays or new tools based on click chemistry via 

Cu(I)-catalyzed azide-alkyne cycloaddition (Meldal & Tornoe 2008) for affinity 
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purification and identification of human metalloproteins that tightly associate with LpxC 

inhibitors in cells—a particular concern for the unintended off-target activity of 

hydroxamate-containing compounds. 

Stereochemistry is an important factor of inhibitor design. We show that the R-

stereoisomer at the C2 position of the threonyl group is detrimental to the antibiotic 

profiles of LPC-011 derivatives. In contrast, the chirality at the C3 position of the 

threonyl group is less stringent, and compounds with either S- or R-configurations at the 

C3 position show similar antibiotic activities for tested bacterial strains. Our structural 

investigation reveals an invariant threonyl methyl-F192 interaction regardless of the 

stereochemistry at the C3 position. However, the loss of favorable hydrogen bonds 

between the hydroxyl group in the 3R configuration of LPC-011 and K239 and H265 of 

E. coli LpxC is compensated by a water mediated hydrogen bond with the carbonyl group 

of F192 of E. coli LpxC involving the same hydroxyl group in the 3S configuration of 

LPC-053 pointing away from the active site toward the solvent. Previous structural 

studies of the LpxC/UDP complex have revealed a UDP-binding pocket that is located 

adjacent to the active site occupied by the threonyl head group of CHIR-090.(Barb et al 

2007a, Buetow et al 2006, Gennadios & Christianson 2006) Recently, uridine-based 

compounds have been shown to inhibit LpxC in vitro, presumably by competing for the 

same UDP-binding pocket with the LpxC substrate UDP-3-O-(acyl)-N-

acetylglucosamine.(Barb et al 2009b) Because the hydroxyl group in the 3S compound 

LPC-053 is solvent exposed, it may be a convenient functional group for further 

derivatization to extend the current compound binding interface to the adjacent UDP-
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binding pocket to generate more potent inhibitors based on the well-known ligand 

additivity effect (Jencks 1981). 

 

4.5 Materials and methods 

4.5.1 Chemical Synthesis 

The LpxC inhibitors were synthesized in the Department of Chemistry at Duke 

University by published procedures (Bioorganic & Medicinal Chemistry 19 (2011) 852–

860). 

 

4.5.2 Construction of E. coli W3110PA 

P. aeruginosa lpxC was used to replace E. coli chromosomal lpxC. A linear PCR 

product containing the P. aeruginosa lpxC with flanking sequences complementary to the 

upstream 5’ region of E. coli lpxC and to the downstream 3’ region of E. coli lpxC, was 

amplified from a plasmid carrying P. aeruginosa lpxC using primers pa-LpxC-5’and pa-

LpxC-3’ (Table 4.3). The PCR product was gel purified and electroporated into E. coli 

DY330 cells, which carry -red recombinases. While DY330 cannot survive on the 

LB/agar plate supplemented with 15 g/mL of L-161,240, cells wherein E. coli lpxC 

replaced with P. aeruginosa lpxC can survive on this media. Transformants were 

therefore selected directly using L-161,240. Genomic DNA from resistant colonies was 

isolated, and the region around lpxC was amplified with primers 300-up-lpxC and 300-
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down-lpxC and sequenced with primers paLpxC-361-5’ and paLpxC-581-3’ (Table 4.3). 

One clone in which P. aeruginosa lpxC had replaced chromosomal E. coli lpxC was 

selected and grown at 30 °C. This strain was used to generate P1vir lysate, which was 

used to transduce chromosomal P. aeruginosa lpxC into the chromosome of E. coli 

W3110. Transduced cells were plated on LB/agar containing 15 g/mL of L-161,240 and 

10 mM sodium citrate. The resulting colonies were purified 3 times on this media. 

Genomic DNA from resistant colonies was isolated, and the region around lpxC was 

amplified with the primers 300-up-lpxC and 300-down-lpxC, and sequenced with 

paLpxC-361-5’ and paLpxC-581-3’. The colony that harbored the P. aeruginosa lpxC 

knock-in was named as W3110PA. 



 

 

109 

 



 

 110 

4.5.3 Protein purification, enzyme inhibition and MIC tests 

The wild-type E. coli LpxC, UDP-3-O-[(R)-3-hydroxymyristoyl]-N-

acetylglucosamine, and [α-
32

P] UDP-3-O-[(R)-3-hydroxymyristoyl]-N-acetylglucosamine 

were prepared following established procedures.(Barb et al 2007a, Jackman et al 2001, 

Mochalkin et al 2008) Assays of LpxC activity and extraction of KI
app

 and KI values were 

performed as described previously, except that the LPC-011 concentrations were varied 

from 0.8 pM to 51 nM. MICs were determined according to the NCCLS protocol adapted 

to 96-well plates and LB media in the presence of 5% DMSO as described previously 

(Wikler et al 2007). 

 

4.5.4 X-ray crystallography 

Purified E. coli LpxC (1-300) samples at a final concentration of 10 mg/mL were 

mixed with four-fold molar excess of individual compounds. Crystals of E. coli LpxC in 

complex with LPC-011, LPC-012 or LPC-053 were obtained using the hanging drop 

vapor diffusion method at 4 ºC in solutions containing 0.1 M HEPES pH 7.5, 1.5-1.7 M 

LiSO4 and 10 mM DTT. The crystals were cryoprotected with perfluoropolyether (PFO-

X175/08) before flash-frozen in liquid nitrogen. Diffraction data were collected in-house 

at 100 K using a Rigaku MicroMax-007 HF rotating anode generator and R-Axis IV++ 

detector. X-ray diffraction data were processed with HKL2000. (Otwinowski & Minor 

1997) Molecular replacement with PHASER was used to obtain the initial phases of the 
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LpxC-inhibitor complex structures. (McCoy et al 2007) The structure of the E. coli 

LpxC/LPC-009 complex (PDB entry 3P3E) was used as the search model. Water 

molecules were added using PHENIX (Zwart et al 2008) and verified with COOT (Emsley & 

Cowtan 2004). Additional electron density at the protein packing interface is observed in 

all three E. coli LpxC-inhibitor complex crystals. Because we were unable to fit this 

electron density with the protein or the inhibitor, it is likely that this electron density 

reflects HEPES in the buffer or impurity from the chemical synthesis. The final models 

were obtained after iterative cycles of manual model building with COOT and refinement 

using PHENIX. MOLPROBITY (Davis et al 2007) was used to evaluate the quality of the 

refined structures. The statistics for the LpxC-inhibitor complexes are shown in Table 4.2. 

 

 

 

 

 

 

 

 

 

 



 

 112 

Chapter 5 

Structure-based Design of New Potent, Broad-Spectrum 

LpxC inhibitor 
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5.1 Abstract 

Lipid A is the major lipid component of the outer leaflet of the outer membrane of 

Gram-negative bacteria and is essential for the viability of virtually all Gram-negative 

bacteria. Lipid A is the hydrophobic anchor of lipopolysaccharide (LPS) that protects 

bacterial cells from external agents such as detergents or antibiotics. LpxC catalyzes the 

committed step of the lipid A synthesis and represents an attractive target for developing 

antibacterial agents to treat MDR Gram-negative infections. Here, we report structure-

based design of novel inhibitors with difluoro-substitution that significantly increase the 

antibiotic activity and spectrum of inhibition of LpxC-targeting antibiotics. We also 

provide the first structures of A. baumannii and F. novicida LpxCs that are resistant to 

most other LpxC inhibitors, revealing the molecular basis of their resistance mechanisms. 

 

5.2 Introduction 

Previous structural and biochemical studies on LpxC inhibition by CHIR-090 

have revealed intrinsic resistance mechanisms of R. leguminosarum LpxC (RlLpxC) to 

CHIR-090 (Barb et al 2007a, Barb et al 2007b). It was demonstrated that the CHIR-090 

resistance in RlLpxC results from steric clashes between the second phenyl ring (distal to 

the hydroxamate group) of CHIR-090 and the critical serine residue (S214) in the 

substrate-binding hydrophobic passage of RlLpxC. The serine residue that constricts the 

outlet of the hydrophobic passage in RlLpxC is replaced by a glycine residue in LpxC 
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orthologs sensitive to CHIR-090. Thus, it was proposed that the CHIR-090 resistance of 

RlLpxC can spread to clinically important pathogens by point mutations. Furthermore, 

Acinetobacter and Burkholderia strains contain an alanine residue corresponding to the 

S214 in RlLpxC, implying the similar CHIR-090 resistance potentially contributes the 

insusceptibility to the later groups of LpxC inhibitors. Our previous paper reported that 

LPC-009 inhibitor containing a diphenyl-diacetylene (1,4-diphenyl-1,3-butadiyne) 

scaffold displays excellent potency against an even wider range of LpxC orthologs, 

including the RlLpxC, than CHIR-090 (Lee et al 2011). Also, it demonstrated that the 

flexible diacetylene scaffold nicely penetrates through the narrow hydrophobic substrate-

binding passage, where significant structural variations exist among LpxC orthologs. A 

recent follow-up study characterized a series of LPC-009 analogues both structurally and 

biochemically, discovering that an amino substitution at the para-position of the phenyl 

ring, distal to its hydroxamate head group, further enhances antibiotic activity of LPC-

009 analogues (Liang et al 2011). Taken together, great interest has been generated to 

develop even more potent, broad-spectrum inhibitors based on the elastic diacetylene 

scaffold.  

A considerable body of literature has described important structural features of 

LpxC (Barb et al 2007a, Buetow et al 2006, Coggins et al 2003, Coggins et al 2005, 

Gennadios & Christianson 2006, Gennadios et al 2006, Hernick et al 2005, Lee et al 

2011, Mochalkin et al 2008, Shin et al 2007, Whittington et al 2003). LpxC consists of 

two domains, each containing a unique subdomain, Insert I of domain I and Insert II of 

domain II. These subdomains together surround the active site, where the catalytic zinc is 
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located. Insert II forms a hydrophobic passage to lock the acyl-chain of substrate or a 

hydrophobic moiety of inhibitors. Beyond the active site and hydrophobic passage, there 

is a basic patch proximal to the active site: in the active site, on the opposite side of the 

hydrophobic passage, a cluster of positively charged residues form a strong basic surface, 

with which the diphosphate group of the LpxC substrate interacts. We have recognized 

this important area as a potential binding site for LpxC inhibitors. Thus, it was 

hypothesized that extending the binding area of the existing diacetylene-based inhibitors 

into the basic patch would be a possible solution to find new lead compounds. 

To explore the potential binding site, we synthesized diverse diacetylene-based 

analogues and evaluated their efficiencies using minimum inhibitory concentration tests. 

Our drug discovery utilizes fragment-based screening and structure-guided ligand 

optimization with an availability of inhibitor-bound LpxC crystal structures. The best 

compound, LPC-058, exhibits a superior activity in antibacterial spectrum and potency 

over all the existing LpxC inhibitors, killing the CHIR-090 resistant Gram-negative 

pathogens such as Acinetobacter, Burkholderia and Francisella strains. Furthermore, our 

structural investigations have provided a rationale for designing new LpxC inhibitors. In 

particular, we have captured the binding mode of LPC-058 in complex with LpxC 

enzymes from A. baumannii and F. novicida that are clinically important and resistant to 

CHIR-090: (1) A. baumannii has emerged as one of most important nosocomial Gram-

negative pathogen because of its high prevalence and extensive drug resistance (Adams et 

al 2009, Cai et al 2012, Doi et al 2009, Lin et al 2012, Park et al 2009); (2) F. novicida 

LpxC (FnLpxC) is almost identical (99.9% sequence identity) to LpxC from Francisella 
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tularensis, which is considered a potential bioterrorist threat because of its extreme 

virulence and highly infectious nature (Larsson et al 2005, Oyston et al 2004). Through 

structural comparison with CHIR-090 sensitive LpxC enzymes in complex with the same 

LPC-058 inhibitor, we show that diverse LpxC orthologs possess unique curvatures in the 

hydrophobic passages, resulting in adaptive bending of the flexible diacetylene scaffold 

of LPC-058 to the distinct passages trajectories. These results provide a molecular 

understanding of the inhibitor-resistance existing in the last group of LpxC orthologs that 

are only susceptible to new difluoro-based compounds. 

 

5.3 Results 

5.3.1 Fragment-Based Screening and Structure-Activity Relationship 

The interaction between the diacetylene-derived compound LPC-011 and LpxC is 

highly modular. The interaction modules can be divided into three distinct groups: the 

hydroxamate group forms a strong chelation to the active site zinc atom as a large 

affinity determinant; the threonyl-amide linker connects the hydroxamate group to the 

diphenyl-diacetylene moiety, and its threonyl group forms specific interactions with 

highly conserved residues in the active site; the biphenyl diacetylene moiety inserts 

deeply into the hydrophobic substrate passage to form favorable van der Waals (vdW) 

contacts. Thus, the first step for our fragment-based approach was to define a minimal 

motif by investigating the contributions of individual functional groups of LPC-011 

toward the antibiotic potency. All of the reported compounds were evaluated by 
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measuring the minimum inhibitory concentrations (MICs) against wild-type E. coli 

(W3110), P. aeruginosa (PAO1), and modified E. coli strains with the native lpxC gene 

replaced by that of R. leguminosarum (W3110RL) or P. aeruginosa (W3110PA) (Table 

5.1). 

First, the energetic contribution of the hydroxamate group in LPC-011 was 

estimated by simple replacements with the potential zinc-binding groups such as 

acetohydrazide (LPC-045), carboxylate (LPC-046) and acetamide (LPC-047). The MIC  

 

Table 5.1. SAR of LpxC Inhibitors. MIC Values (g/ml) 
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Table 5.1. – (continued) 
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Table 5.1. – (continued) 
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results show that the hydroxamate group is an absolute affinity determinant of the 

diacetylene-based derivatives. Although the acetohydrazide substitution exhibits 

antimicrobial activity against wild-type E. coli with an MIC value of ~2.5 μg/mL, all the 

replacements of the hydroxamate result in a significant decrease of antibacterial activity. 

Second, the threonyl-amide linker was replaced by proline (LPC-031) and 

sulfonamide group (LPC-039), respectively. LPC-031 has essentially no antibiotic 

activity against all of the tested bacterial strains, and LPC-039 is only weakly active 

against wild-type E. coli (W3110), the most susceptible bacterium to diverse LpxC 

inhibitors. Despite a possible enhancement of inhibitor rigidity (proline linker) and H-

bonding (sulfonamide linker), changing the relative angle between the hydroxamate 

group and the diphenyl-diacetylene moiety causes a loss in inhibitory activity.  

Third, the threonyl group of LPC-011 was removed (Gly instead of Thr, LPC-

024). LPC-024 inhibits the growth of wild-type E. coli (W3110) with about a 20-fold 

decreased MIC value (0.63 μg/mL) than LPC-011 but is not effective for the other tested 

bacterial strains. Interestingly, the methyl group substitution at the alpha chiral center in 

the S-configuration (Ala instead of Thr, LPC-020) improves the potency against wild-

type E. coli by 2-fold but also inhibits the growth of P. aeruginosa (W3110PA) and E. 

coli (W3110PA) strains. Because the methyl group attached to the alpha-carbon in LPC-

020 is small and distant from the protein side chains at the active site, it presumably 

stabilizes the optimal configuration of the compound rather than forming van der Waals 

contacts with LpxC. Indeed, the crystal structure of the EcLpxC/LPC-020 complex shows 
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the methyl substituent of LPC-020 has a distance of ∼5.7 Å  from the nearest protein side 

chain, F192 (Figure 5.1A). 

Finally, our previous study demonstrated that the narrow and elastic diacetylene 

moiety is an optimal scaffold for broad-spectrum antibiotic activity because it overcomes 

the structural heterogeneity of the hydrophobic passage while retaining strong 

hydrophobic interactions. Replacement of either of the acetylene group of the diacetylene 

linker by a methoxy group (LPC-059 and LPC-063) largely eliminates antibiotic 

activities, presumably because inserting a polar group in the middle of the hydrophobic 

tail leads to a significant enthalpic penalty. 

Taken together, the diphenyl-diacetylene moiety, hydroxamate group and 

alkylation at the alpha chiral carbon are important features that contribute to the potency 

and antibacterial activity. In other words, the Ala analogue LPC-020 is the starting point 

for optimization of functional groups to interact the potential binding sites near the active 

site. 

 

5.3.2 Structure-Guided Rational Optimization 

Amino acid derivatives were first synthesized and evaluated for their antibacterial 

activities to explore the target binding sites. Compounds bearing a long side chain (LPC-

017, LPC-030, LPC-032 and LPC-034) show enormous activity losses. The conserved 

Phe192 and Lys239 residues (EcLpxC) define the boundary of the active site on the basic 

patch side. Although the size of the active site cavity varies due to
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 Figure 5.1: Binding modes of the diacetylene-based inhibitors bound to LpxC. (A–L) 

Shown are the intermolecular interactions of LPC-020 (A), LPC-027 (B), LPC-022 (C), 

LPC-014 (D), LPC-033 (E), LPC-037 (F), LPC-040 (G), LPC-021 (F), LPC-051 (I), LPC-056 

(J) and LPC-058 (K, L) in the active site of EcLpxC (orange) or PaLpxC (blue). The active 

site zinc ion is shown in the space-filling model. LpxC residues important for inhibitor 

binding and a sulfate molecule in the active site are shown in the stick model. Hydrogen 

bonds are denoted as dashed lines. Unfavorable contacts are indicated by red dashes.  
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conformational differences among LpxC orthologs, the side chains linked to the alpha 

chiral center in the S-configuration have to be placed in this confined space. Thus, the 

substituents need to have adequate length to avoid the potential steric-clashes. This is still 

required to the favorably charged substituent. LPC-018, the Glu analogue, exhibits 

overall 10-fold less potent antimicrobial activity than the parent compound LPC-020 

despite the potential charge-charge interaction with the protein residues of the basic patch. 

Interestingly, the methionine analogue LPC-028 shows a similar antibacterial activity to 

that of LPC-020 and a slightly improved MIC value by 2-fold for E. coli (W3110PA). 

Because the methionine sulfur has a negative partial charge, the sulfur atom at the delta 

position could possibly make a favorable contact with the side chain of the Lys238. This 

result suggests that the delta-position of amino acid substituents enables a favorable 

charge-charge interaction or formation of H-bonding with the side chain of the K239 

(EcLpxC) as well as the gamma-position of the threonine hydroxyl group of the LPC-011. 

It has been reported in previous structural studies that the conserved Phe191 

forms a favorable vdW interaction with the threonine methyl group of the Thr analogues 

including CHIR-090 (Barb et al 2007a, Lee et al 2011). The energetic contribution of the 

vdW contact was assessed by removing the methyl group from the threonine of the LPC-

011. This Ser analog, LPC-027 displays 2- to 5-fold reduced potency against tested 

strains. The crystal structure of the EcLpxC/LPC-027 complex (Figure 5.1B) shows that 

the serine hydroxyl groups of the LPC-027 still maintains a hydrogen bond (H-bond) 

with the conserved K239. Thus, the removal of the methyl group might be mainly 

responsible for the reduced activity of LPC-027 relative to LPC-011. In addition, while 
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LPC-022 (Val analogue) and LPC-024 (Ile analogue) maintain decent potency as 

compared to the LPC-011, LPC-026 (Leu analogue) lacking the gamma-methyl group of 

the Thr analogues exhibits significantly reduced activity (~ 40-fold less potent against 

wild-type E. coli). The crystal structure of the PaLpxC/LPC-022 complex (Figure 5.1C) 

shows that the Val group of LPC-022 adopts a rotamer configuration similar to that of the 

Thr of LPC-011. This rotameric state still possesses the methyl-phenyl hydrophobic 

interaction with the corresponding F191 in PaLpxC, but it also forms an unfavorable 

interaction (red dashed line) between the second methyl group and the conserved K238 

(PaLpxC), indicating the affinity contribution of the H-bond between the hydroxyl groups 

and the conserved lysine residue is minor relative to methyl-phenyl interaction. Therefore, 

the hydrophobic interaction between the hydrophobic moiety of inhibitor and the F191 

(F192 in EcLpxC) side chain is likely to be required to maintain potency. Based on this 

observation, the Ala of LPC-020 was substituted by aromatic amino acids to find the 

functional groups to enhance the hydrophobic interaction. Generally speaking, the bulky 

substitution reduces the antimicrobial potency. Among tested strains, the wild-type E. 

coli (W3110) is the most tolerant toward the bulky aromatic functional groups, 

presumably due to a more spacious active site cavity of EcLpxC. Of these aromatic 

analogues, Phe-containing analogue, LPC-025 is least potent with an MIC value of 6.3 

μg/mL against the wild-type E. coli (W3110). This is followed by 1.25 μg/mL of LPC-

029 (Trp analogue), 0.78 μg/mL of LPC-033 (Tyr analogue) and 0.31 μg/mL of LPC-014 

(His analogue). The bulky aromatic substituents are unlikely to sit on the narrow internal 

space of the active site cavity. The solvent exposure of the Phe in LPC-025 would lead to 
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the remarkable entropy penalty. Indeed, the crystal structures of PaLpxC/LPC-014 

(Figure 5.1D) and EcLpxC/LPC-033 (Figure 5.1E) show that their aromatic rings are 

placed in solvent exposed space outside of the active site. In addition, their imidazole 

(LPC-014) and tyrosyl (LPC-033) functional groups cannot form an ideal π-π stacking 

interaction with the F191 due to ~ 45 ° and ~ 32 ° crossing angles between the ring planes, 

respectively. 

With given information from the fragment-based screening and the availability of 

the crystal structures of various LpxC-inhibitor complexes, we performed structure-based 

rational optimization to create a more potent LpxC inhibitor with an even wider range of 

inhibition. Since the active site cavity cannot accommodate the bulky substituents, we 

appended an additional methyl group at the beta-position of the threonine moiety in LPC-

011 in attempt to enhance the vdW interaction between the F192 and the threonyl group. 

However, adding the second methyl group to the threonine (LPC-037) gives no improved 

potency. Both EcLpxC and PaLpxC structures (Figure 5.1F, only PaLpxC shown) in 

complex with the LPC-037 show that the torsion angle of the isopropyl group of LPC-

037 is almost identical to that of the threonine of LPC-011, and thus the second methyl 

group of LPC-037 points away from the active site without a specific interaction with 

LpxC. Our previous structural study demonstrated this position is capable of forming a 

water-mediated hydrogen bond between the carbonyl oxygen of F192 and the hydroxyl 

group in the beta-S diastereometeric compound of LPC-011 (LPC-053), in which the 

absolute configuration in beta-position of the threonine of LPC-011 is inverted from R to 

S. When the hydroxyl group of the isopropyl group of LPC-037 is replaced by an amine 
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group, the amino isopropyl containing LPC-040 shows a slight increase (1.3- to 1.7-fold) 

in antibiotic activity compared to the LPC-011 against P. aeruginosa (W3110PA) and E. 

coli (W3110PA) strains. In the crystal structure of PaLpxC/LPC-040 (Figure 5.1G), we 

observed that the replaced amine group forms a water-mediated hydrogen bond similarly 

to the hydroxyl group of the LPC-053. Because the electron density of the amino 

isopropyl group of LPC-040 is ambiguous to differentiate a nitrogen atom from two 

methyl carbons, LPC-021 containing an amino methyl was synthesized and co-

crystalized with PaLpxC to verify the water-mediated hydrogen bond between the amine 

group and the carbonyl oxygen of F191 (Figure 5.1H). Interestingly, LPC-021 is also 

more effective against PaLpxC than EcLpxC. While LPC-021 is ~1.5-fold less effective 

than the Ser analogue LPC-027 against E. coli LpxC, it has slightly better or equivalent 

potency against P. aeruginosa (W3110PA) and E. coli (W3110PA) relative to the LPC-

027. These observations suggest that the affinity contribution of the water-mediated 

hydrogen bond is comparable to that of the H-bond between the conserved K238 and the 

hydroxyl group of LPC-027 bound to PaLpxC. Consistent with this notion, in the known 

structure of the PaLpxC/LPC-009 complex, the threonyl group of LPC-009, the Thr 

analogue without the para-amino substitution of the distal phenyl ring, shows two 

conformations, enabling the formation of either a H-bond with the K239 or a water-

mediated H-bond with the carbonyl oxygen of F191. 

Of bulky substitutions, LPC-014 (His analogue) and LPC-033 (Tyr analogue) that 

exhibit decent potency were modified by attaching a methyl group or a hydroxyl group at 

the beta-position. The attachment of a hydroxyl group to the Tyr analogue (LPC-050) 
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improves the antibiotic potency by 2.6-fold against the wild-type E. coli (W3110) and by 

8-16-fold against the P. aeruginosa (W3110PA) and E. coli (W3110PA). Moreover, the 

additional attachment of a methyl group to the beta-position (LPC-051) demonstrates 

equivalent potency relative to the Thr analogue LPC-011. As expected, the 

stereochemitry of the beta-position is crucial for the antibiotic activity of the Tyr 

analogues. The LPC-049 and LPC-052, wherein the absolute configuration in the beta-

position position is inverted from S to R, display significantly diminished activity 

compared to their S-diastereoisomers LPC-050 and LPC-051, respectively. Similar to the 

LPC-051, both the methyl group and hydroxyl group were attached to the beta-position 

of the LPC-014, generating a slightly weaker inhibitor (LPC-072) than the LPC-011.The 

crystal structure of the PaLpxC/LPC-051 complex (Figure 5.1I) shows that the appended 

hydroxyl and methyl group of LPC-051 form H-bonds and vdW contacts with the 

conserved K229 and F191, respectively. Interestingly, the phenol ring of the LPC-051 

and the F191 display an almost perpendicular crossing angle, forming the T-shaped π-π 

interaction. Furthermore, the hydroxyl group of the phenol ring forms a water-mediated 

hydrogen bond with the side chain of the conserved D196. Despite these favorable 

interactions, no improvement of the potency over the LPC-011 is observed, presumably 

due to the solvation entropy penalty of the benzene ring of the LPC-051.  

The structure-activity relationship (SAR) data of the Met analogue LPC-028 

suggested that the delta-position substitution with negatively charged functional groups 

can form favorable contacts with the basic path, a potential inhibitor-binding site. 

Therefore, the introduction of strongly electronegative moieties such as fluorines would 
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be predicted to enhance the binding interaction of the LpxC inhibitor with the basic patch. 

In order to test this idea, we converted the gamma-methyl of the LPC-011 to the 

difluoromethyl group (LPC-056) or the trifluoromethyl group (LPC-057). Despite the 

absence of the pivotal gamma-methyl group, the difluoro-containing LPC-056 is overall 

2-fold more potent against all the tested bacterial strains than the Thr analogue LPC-011. 

Interestingly, the trifluoro-containing LPC-057 is less active than the LPC-056 and 

especially against the E. coli W3110RL stain, suggesting the trifuloro group is too large 

to be harbored in the active sites of the diverse LpxC orthologs. In the structure of the 

PaLpxC/LPC-056 complex (Figure 5.1J), the substituted difluoro group of the LPC-056 

forms direct hydrogen bonds with the conserved protein residues H264 and K238; this 

interaction is presumably responsible for the enhanced potency of LPC-056. In addition, 

the gamma-hydroxyl group is rotated approximately 180° as compared to that of the 

threonyl moiety shown in the LpxC/LPC-011 complex structure, forming an unexpected 

hydrogen bond with the carbonyl oxygen of F191. However, since it is positioned in the 

hydrophobic space close to the side chain of the F191, the unfavorable contact between 

the gamma-hydroxyl group of LPC-056 and the F191 would be expected to cause 

energetic penalties. Thus, we replaced the gamma-hydroxyl group with a methyl group 

and introduced a hydroxyl group at the beta-position in the S-configuration (LPC-058). 

Excitingly, this compound shows superior activity to all the diacetylene derivatives in 

this study against all of the tested bacterial strains. Owing to its difluoro-2-methlybutan-

2-ol moiety, the LPC-058 displays overall 4-fold enhanced antibacterial actives than the 

LPC-011 that was standing out as the most effective LpxC inhibitor with a broad range of 
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inhibition. Compounds containing single fluorine instead of the difluoro group were also 

synthesized and tested. Briefly, the single fluoro group (LPC-061) does not provide 

improvement in potency as compared to the difluoro- or trifluoro- substitutions. The 

crystal structures of EcLpxC and PaLpxC in complex with the LPC-058 provides clear 

molecular details of the LpxC/LPC-058 interaction (Figure 5.1KL). As anticipated, the 

replaced methyl group forms the crucial hydrophobic interaction with the conserved F191. 

Similar to the LPC-056, the difluoro group of the LPC-058 forms two H-bonds with the 

conserved H264 and K238, further enhancing the interaction with the basic patch. 

Furthermore, the appended hydroxyl group mimics the water-mediated hydrogen bond 

between the amine group of the LPC-040 (or LPC-021) and the carbonyl oxygen of F192.  

 

5.3.3 Excellent Antibiotic Spectrum of LPC-058  

To evaluate the range of antibacterial activity of LPC-058, we measured the MICs 

of LPC-058 against a representative panel of Gram-negative human pathogens, including 

H. influenza, M. catarrhalis, S. typhimurium, K. pneumoniae, V. cholerae, B. 

bronchiseptica, B. cepacia, B. cenocepacia, B. dolosa, and A. baumannii, and F. novicida 
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Table 5.2. MIC values (g/ml) 

 

 

 

The data generated in collaboration with Robert A. Nicholas Lab. (Shauna M. Swanson) 
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 that is a nonvirulent subspecies of F. tularensis (Table 5.2). LPC-058 indeed displays a 

superior antibiotic profile to existing LpxC inhibitors. Overall, LPC-058 was assessed to 

be 20- and 4-fold more potent than CHIR-090 and LPC-009, respectively. Moreover, it is 

not only extremely effective against CHIR-090 resistant strains such as F. novicida, B. 

cepacia and B. cenocepacia, but also inhibits the growth of the multidrug-resistant (MDR) 

A. baumannii. For example, while neither CHIR-090 nor LPC-009 is effective against F. 

novicida (MIC value of > 3 μg/mL), LPC-058 exhibits > 100-fold more activity (MIC 

value of ~ 0.03 μg/mL) than the old contenders. 

 

5.3.4 Structures of FnLpxC and AbLpxC in Complex with LPC-058  

To examine the binding mode of LPC-058 in the CHIR-090 resistant LpxC 

orthologs, we determined the crystal structures of FnLpxC and AbLpxC in complex with 

LPC-058. The inhibitor-bound FnLpxC and AbLpxC crystals contain two complex 

molecules in the asymmetric unit and belong to space groups P212121 and P21, 

respectively. The overall architectures of the FnLpxC and AbLpxC are very similar to 

that of the inhibitor-bound LpxC structures previously described. Each LpxC ortholog 

contains two domains with inserted subdomains—Insert I (domain I) and Insert II 

(domain II) (Figure 5.2AB). The active site in the gap of two domains is encircled by the 

two subdomains. Insert I, a small three-stranded  sheet, encompasses the active site and 

its a-b loop covers the head group of the bound LPC-058 compound. Insert II 



 

 

132 

  

Figure 5.2: Crystal structure of the FnLpxC/LPC-058 and AbLpxC/LPC-058 complexes. (A) Structure of the FnLpxC/LPC-058 

complex. (B) Structure of the AbLpxC/LPC-058 complex. LpxC is shown in the ribbon diagram. Insert I and Insert II are 

highlighted in orange and blue, respectively. The active site zinc ion and LPC-058 are shown as space-filling models. Zinc-

coordinating residues are shown as sticks. 
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consisting of Insert II helix, a small anti-parallel  sheet and its connecting loop (a’-b’), 

forms the hydrophobic passage with the flanking 1-2 loop. The diacetylene tail group 

is captured within the hydrophobic passage and the terminal aniline ring is protruding 

from the exit of hydrophobic passage.  

The binding mode of LPC-058 in FnLpxC and AbLpxC is nearly identical to that 

in EcLpxC and PaLpxC, displaying conserved intermolecular interactions (Figure 5.3AB). 

Its hydroxamate group chelates the catalytic zinc with a square-pyramidal geometry and 

forms hydrogen bonds with the T191 hydroxyl group, the side chains of the E78 and the 

backbone carbonyl of M62. In addition, the hydroxyl groups of T191 and the backbone 

carbonyl of M62 form the hydrogen bonds with the amide linker of LPC-058. As shown 

in the EcLpxC/LPC-058 and PaLpxC/LPC-058 structures, the difluoro-2-methlybutan-2-

ol moiety of LPC-058 occupies the active site and forms extensive intermolecular 

interactions with the basic patch. In addition to conserved vdW contacts between its 

methyl group and the aromatic ring of F192, the difluoro group makes strong polar 

contacts with positively charged H264 and K238, and a water-mediated hydrogen bond is 

observed between its hydroxyl group and the backbone carbonyl of the F192. In addition 

to these common interactions across LpxC orthologs, a unique hydrogen bond is 

observed between the carbonyl of the amide linker of LPC-058 and the side chain of H18 

in FnLpxC and AbLpxC. This unique interaction results from the structural difference of 

the flanking loop 1-2 where H18 is located. Although H18 is a highly conserved 

among the LpxC orthologs, the 1- loop in FnLpxC and 



 

 134 

 

 

 

 



 

 

135 

 

 

Figure 5.3: Binding modes of LPC-058 in FnLpxC, AbLpxC, and structural comparison between LpxC Orthologs. 

Interactions of LPC-058 at the active site of FnLpxC (A) and AbLpxC (B). LPC-058 and selected active site residues are 

shown in the stick model. The active site zinc ion is shown in the space-filling model. Blue mesh represents 2Fo-Fc map 

density (contoured at 1.8σ) surrounding the LPC-058. (C) Superimposition of FnLpxC/LPC-058 (magenta), AbLpxC/LPC-058 

(ivory), EcLpxC/LPC-058 (orange), PaLpxC/LPC-009 (blue) and AaLpxC/LPC-009 (green) around the Insert I and Insert II 

regions. (D) The sequence variations causing CHIR-090 resistance significantly affect the appearance of the hydrophobic 

passage. The bound compounds are shown in the stick model and display distinct curvatures in the diacetylene moiety. 
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AbLpxC inserts deeper into the active site relative to other LpxC orthologs, decreasing 

the distance enough to form a hydrogen bond. 

5.3.5 Structural Heterogeneity in Insert I and Insert II among LpxC 

Orthologs  

It was previously reported that there are remarkable conformational differences in 

Insert I and Insert II among distinct LpxC orthologs (Lee et al 2011). To investigate 

whether unique structural features also exist in FnLpxC and AblpxC, we compared 

crystal structures of FnLpxC/LPC-058 and AbLpxC/LPC-058 to that of EcLpxC/LPC-

058, PaLpxC/058 and AaLpxC/LPC-009 complexes. Superimposition of the five LpxC 

complex structures shows significant conformational variation in the two insertion 

subdomains (Figure 5.3C). While the global alignment except for the two inserted 

subdomains shows an RMSD of 2.1 Å  for Cα atoms, the RMSD of Insert II helix and a-

b loop of Insert I is 3.8 Å . In the Insert I region, all four LpxC orthologs except EcLpxC 

share the short, rigid hairpin structure of the a-b loop that makes the active site cavity 

smaller and less susceptible as compared to EcLpxC containing the longer, more flexible 

corresponding loop. We found that Insert I of AbLpxC closely resembles that of PaLpxC 

or AaLpxC. On the other hand, interesting conformational differences are observed in the 

Insert I of FnLpxC, which displays the atypical topology with the corresponding 

structural element horizontally looping out of the plane of the -sheet. Furthermore, 

although the loop connecting the second and third -strands (b-c) of LpxC typically 

exhibits -hairpin structure with 4 residues length, the b-c loop of FnLpxC is three 
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residues longer, curling up itself to cover the -sheet plane. The most prominent 

structural characteristic of the FnLpxC and AbLpxC is found in the orientation of the 

Insert II helix. The Insert II helix in FnLpxC and AbLpxC is rotated approximately 20° 

around the N-terminal end of the helix relative to that of EcLpxC and PaLpxC, moving it 

away from the connecting loop a’-b’ by ~7 Å  and 5.2 Å , respectively (Figure 5.3C). 

Along with the movement of the Insert II helix, the orientation of the bound LPC-058 

also rotates counter clockwise ~ 12° and ~ 10° around the catalytic zinc relative to that of 

PaLpxC and EcLpxC, respectively. As a result, the Insert II conformation of the FnLpxC 

and AbLpxC resembles that of AaLpxC and has the widest exit (with the largest diameter 

of ~7.6 Å ) of the hydrophobic passage among known LpxC orthologs. Despite the 

structural similarity to AaLpxC, an Ala residue at the equivalent position of Gly in the 

CHIR-090-sensitive proteins (G198 of AaLpxC) significantly reduces the width of the 

passage exit with the longest diameter of ~4.8 Å  for FnLpxC and ~4.3 Å  for AbLpxC. In 

addition to the effects on the size and orientation of the hydrophobic passage, this 

sequence variation also affects the shape of the hydrophobic passage (Figure 5.3D). 

Generally speaking, the hydrophobic passage has the wide internal entrance and narrows 

as it goes into the proximal of the passage exit defined by the Insert II helix and the 

connecting loop a’-b’. The side chains of the Insert II helix form a cavity protrusion on 

one side of the hydrophobic passage to confine the diameter of the passage exit. Because 

of the different orientation of the Insert II helix, this bulge resides proximal to the internal 

entrance in FnLpxC, AbLpxC and AaLpxC compared to that of EcLpxC and PaLpxC. In 

FnLpxC and AbLpxC, the crucial Ala residue on the loop a’-b’ makes the second 
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cavity protrusion on the opposite side. As a result, an S-shaped curvature appears in the 

hydrophobic passage of FnLpxC and AbLpxC. In response to the passage shape, the 

flexible diacetylene group is curved toward the connecting loop a’-b’. In contrast, the 

corresponding Gly residue in AaLpxC, EcLpxC and PaLpxC results in a flat surface on 

the side of the loop a’-b’ and thus the diacetylene group of LPC-058 bound to AaLpxC 

and EcLpxC bends in the opposite direction. The curvature of the diacetylene group in 

the PaLpxC complex is not as pronounced as shown in other orthologs structures.  

 

5.3.6 Molecular Basis of CHIR-090 Resistance  

Our previous study has demonstrated that a Ser residue in RlLpxC (S214), which 

is replaced by Gly in the CHIR-090-sensitive LpxCs, is responsible for its CHIR-090 

resistance due to vdW clashes with the phenyl group of CHIR-090 distal to the 

hydroxamate moiety (Barb et al 2007a). Because FnLpxC and AbLpxC contain the Ala 

residue at the equivalent position of the S214 in RlLpxC, their resistance mechanism 

toward CHIR-090 is expected to be similar to that of RlLpxC. Since the flexible 

diacetylene scaffold effectively reduces the CHIR-090 resistance caused by the vdW 

clashes in the hydrophobic passage of RlLpxC, it presumably contributes to the 

outstanding potency of LPC-058 against the CHIR-090 resistant strains as well. To 

validate this hypothesis, we conducted site-directed mutagenesis of AbLpxC, which was 

chosen as a representative CHIR-090 resistant ortholog, considering its clinical 

significance and structural similarity to CHIR-090 sensitive PaLpxC. The appropriate 
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A210G mutant was prepared. Additionally, another mutant protein (L198A) containing 

an Ala residue replacing Leu198 on the Insert II helix was also generated. These 

mutations would increase the space of the passage exit on the opposite side to each other. 

The mutant proteins and the wild-type AbLpxC were overexpressed, purified and 

analyzed for inhibitor binding using isothermal titration calorimetry (Table 5.3). As 

anticipated, the LPC-058 tightly binds to wild-type AbLpxC, showing Kd value of ~ 7.8 

nM, while CHIR-090 (Kd = 676 nM) binds ~ 87-fold less tightly. The binding affinity of 

the CHIR-090 dramatically increases in binding to the A210G mutant protein. The 

CHIR-090 displays a 128-fold increased affinity with a Kd value of 5.3 nM. In contrast, 

for the L198A mutant, CHIR-090 shows a relatively small increase in binding affinity by 

~ 8-fold (Kd = 80.6 nM). These results suggest that similar to the S214 in RlLpxC, the 

side chain of A210 of AbLpxC generates vdW clashes with the distal ring of CHIR-090 

and significantly compromises the effectiveness of CHIR-090 inhibition. In addition, 

unlike the A210, L198 is not the dominant cause of the vdW clashes with CHIR-090, 

presumably because the Insert II helix where the L198 locates is highly flexible. 

Curiously, the LPC-058 is 3- and 4-fold less potent against both the A210G and L198A 

mutants, respectively. It might suggest that the energetic penalty for the vdW clashes in 

the binding of LPC-058 to AbLpxC is minor compared to the enthalpic or entropic lost 

from the point mutations. 
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5.4 Discussion 

Because of its unique mechanism of action and validated effectiveness, LpxC 

inhibitors have been recognized as one of the most promising therapeutic solutions 

against multidrug-resistant Gram-negative infections. This attractive drug target has 

inspired intense investigations by many pharmaceutical industries and academic research 

groups to identify lead compounds. Although these efforts have produced several 

potential lead candidates with excellent potency against a certain group of Gram-negative 

pathogens, most of the current lead compounds display a limited spectrum of 

antibacterial activity (Brown et al 2012, Clements et al 2002, Kline et al 2002, Onishi et 

al 1996). On the other hand, front-line antibiotics to treat serious nosocomial or extreme-

drug resistant (XDR) Gram-negative bacterial infections should be effective against a 

wide range of Gram-negative bacteria, underscoring the need for new design overcoming 

the existing resistance mechanisms to earlier LpxC inhibitors. Here, we present our 

fragment- and structure-based approaches to design a new class of LpxC inhibitors and 

report the identification of the diacetylene-based difluoro LpxC inhibitor, LPC-058 that 

delivers superior broad-spectrum activity against Gram-negative pathogens including 

nosocomial multidrug-resistant strains.  

Multidrug-resistant Gram-negative bacteria are one of the most pressing 

contemporary risk factors to public health (Diekema et al 2004). In particular, A. 

baumannii is among the biggest threats in Gram-negative nosocomial infections because 

of its increasing frequency and highly antibiotic-resistant characteristics including 
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tigecycline resistance. Colistin, which disrupts outer membrane structure through the 

charge-driven polymerization with lipopolysaccharide (LPS) of outer membrane, 

currently remains one of the last options to treat multidrug-resistant A. baumannii 

infections. Unfortunately, pan-resistant A. baumannii strains, unsusceptible even to 

colistin, are increasingly disseminated in nosocomial infections. Two distinct 

mechanisms of colistin resistance in A. baumannii have been reported, both pointing to 

the reduced binding affinity of colistin to the modified bacterial outer membrane (Arroyo 

et al 2011, Henry et al 2012, Lopez-Rojas et al 2011, Moffatt et al 2010): (1) Mutations 

in the pmrCAB genes results in the lipid A appended with phosphoethanolamine, causing 

colistin resistance in A. baumannii by decreasing the anionic charge of the lipid 

phosphate; (2) Alterations in the genes involved in the lipid A biosynthesis genes lead to 

complete loss of LPS production and thereby abolish the charge-based interaction 

between colistin and lipid A. Ironically, these colistin-resistance mechanisms thwart 

bacterial virulence and increase the clearance in vivo due to extreme susceptibility to 

other antimicrobial agents. Although through rapid evolution the colistin-resistant strains 

can potentially acquire compensatory mutations that complement their pan-drug 

resistance, recent in vivo study on A. baumannii infected mice has shown that blocking 

lipopolysaccharide (LPS) production by LpxC inhibitors rescues the infected mice by 

enhancing opsonophagocytic activity and suppressing septic shock. Therefore, 

considering its significant binding affinity toward LpxC from A. baumannii, it is very 

likely that our new LpxC inhibitor, LPC-058, will also effectively control growth of A. 

baumannii under in vivo conditions. 
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Through evolution, distinct Gram-negative bacterial groups have remodeled the 

structural composition of the lipid A, the outer leaflet of the outer membrane, in response 

to environmental conditions. Thus, although LpxC orthologs clearly serve the same 

function, the LpxC substrates are heterogeneous with regard to the acyl chain length and 

the different types of bonds—ester versus amide bonds—that connect the acyl chain and 

UDP group in the substrate. It is likely that individual LpxC orthologs refined their insert 

domains to adapt to the different substrates, resulting in a remarkable structural 

heterogeneity in the unique insertion subdomains (Insert I and Insert II) that dominantly 

interact with the bound substrate. Our extensive structural and biochemical studies have 

revealed intrinsic structural variations in the two insert domains that confer resistance to 

known LpxC inhibitors. First, while the long, flexible a-b loop of Insert I in EcLpxC 

generates a spacious active site that allows binding of diverse inhibitors, the rigid hairpin 

structure of the Insert I a-b loop in PaLpxC and AaLpxC narrows the active site cavity 

and hinders the accommodation of bulky moieties of early generation inhibitors. Next, 

the single amino acid changes and distinct Insert II helix orientations among LpxC 

species create a unique curvature in the hydrophobic passage of individual LpxC 

orthologs. This would explain the limited antibiotic spectrum of the second generation 

LpxC inhibitors. Unlike the biphenyl-diacetylene group of LPC-058, the biphenyl of 

compound 1a and the biphenyl acetylene of CHIR-090 are relatively rigid and 

voluminous scaffolds, which cannot conformably fit into the diverse passage trajectories 

of distinct LpxC orthologs without a large energetic penalty. It is important to note that 

the Insert II helix is sufficiently plastic and exhibits large ligand-induced conformational 
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changes on a similar scale as the inherent structural differences between LpxC orthologs. 

For example, superimposition of PaLpxC/LPC-058 with reported PaLpxC structure in 

complex with the compound 1a (PDB entry: 3P3E) reveals that the binding of compound 

1a opens the exit of the hydrophobic passage, generating 5.2 Å  distance difference at the 

C terminus of the helix compared to that of PaLpxC/LPC-058 complex. This ligand-

induced conformational difference is comparable to the intrinsic structural divergence 

shown in comparison of the PaLpxC/LPC-009 and PaLpxC/BB-78485, raising new 

questions about why ligand-induced structural adaptations do not help the binding of 

CHIR-090 to AbLpxC or other similar resistant species. A possible explanation to this 

question is the flexibility differences between the structural elements of LpxC enzyme. 

Although an extensive outward movement of the Insert II helix can enlarge the exit of the 

hydrophobic passage to accommodate bulky moieties of inhibitors, its connecting loop 

a’-b’ always shows very limited conformational changes upon ligand binding, 

regardless of the shape of the compound scaffolds. Thus, a protrusion due to the Ala or 

Ser residues on the a’-b’ loop in the hydrophobic passage is an unavoidable obstacle to 

the binding of the compounds containing a rigid, bulky tail group such as biphenyl of 

compound 1a and biphenyl acetylene of CHIR-090. 

One important consideration for future inhibitor design is to understand the 

promiscuous dynamic properties of the Insert II, which is disordered in the free enzyme 

based on NMR studies. Our thermodynamic investigation using ITC experiment indicates 

the overall binding free energy changes caused by mutations in the LpxC Insert II region 

are largely affected by the conformational entropy in the binding. For example, the 
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binding of both CHIR-090 and LPC-058 to the L198A mutant of AbLpxC is an entropy-

favorable reaction in comparison to that of wild-type and A210G mutant, displaying 

significant entropy−enthalpy compensation and loss of the binding enthalpy. Especially 

for LPC-058, the loss in binding enthalpy relative to the wild-type enzyme is extremely 

large on the order of ~ 9.3 kcal mol
−1

 but compensated by favorable entropic contribution 

of similar magnitude (~ 8.8 kcal mol
−1

). This remarkable entropy−enthalpy compensation 

might implicate an increased conformational freedom of both the Insert II helix and 

bound inhibitor in complex state of the L198A mutant with respect to wild-type AbLpxC. 

Although the Leu to Ala mutation in the middle of the helix leads to a reduction of 

favorable vdW contacts, it would provide more space for higher translational freedom of 

the tail group of the bound inhibitor and reduce the thermodynamic stability of the Insert 

II helix. Therefore, it is proven here the entropy changes related to the conformational 

plasticity of the Insert II helix can be significant enough to play a dominant role in 

binding affinity, emphasizing the need for comprehensive study on its dynamic properties 

for rational design of more potent, broad-spectrum LpxC inhibitors. 

 

5.5 Materials and methods 

5.5.1 Chemical Synthesis 

The diacetylene-based LpxC inhibitors were synthesized in collaboration with the 

Eric J. Toone Lab. (Xiaofei Liang) in the Department of Chemistry at Duke University. 
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5.5.2 Sample preparation, MIC tests and enzyme inhibition 

Protein samples of EcLpxC and PaLpxC (residues 1-299) with a C40S mutation 

were prepared as described previously (Barb et al 2007a, Lee et al 2011, Mochalkin et al 

2008). AbLpxC and FnLpxC genes were amplified from A. baumannii and F. novicida 

genomic DNA by PCR and cloned into the pET21b vector. Plasmid encoding wild-type 

AbLpxC was fused to a C-terminal ten-histidine tag and mutant AbLpxCs were 

constructed using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). LpxC 

protein was expressed and purified as described (Lee et al 2011). For AbLpxC, anion-

exchange chromatography was replaced by TALON his-tag purification (Clontech) using 

a standard protocol. All protein samples for crystallography, enzymatic assay and 

isothermal titration calorimetry and were stored at -80 °C. As described previously, MIC 

tests were carried out according to the NCCLS (Lee et al 2011, Wikler et al 2007). The 

protocol involves 96-well plates and LB media in the presence of 5% DMSO. For F. 

novicida U112 strain, tryptic soy broth supplemented with 0.02% L-cysteine replaced LB 

media. 

 

5.5.3 Crystallization and X-ray data collection 

All the LpxC-inhibitor complex samples were prepared by mixing with a four-

fold molar excess of individual compounds dissolved in DMSO. For EcLpxC and 

PaLpxC, compound XC-12-44C and 10 mM zinc sulfate were added as additives to 

mediate crystal packing. Compound XC-12-44C is a byproduct from the chemical 
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synthesis of the diacetylene analogues. The LpxC-inhibitor complexes were incubated for 

one hour on ice to ensure the complex formation. The crystallization of EcLpxC and 

PaLpxC was performed according to a published procedure (Lee et al 2011). Briefly, 

purified EcLpxC and PaLpxC crystals were obtained by mixing equal volumes of 10 

mg/mL and 12 mg/mL protein solution with the crystallization buffers: (1) 0.1 M HEPES 

pH 7.5, 1.5–1.7 M Li2SO4 and 10 mM DTT for EcLpxC; (2) 0.1M sodium acetate 

trihydrate (pH 4.7-5.3) and 2.7 M ammonium nitrate for PaLpxC. 

After screening over 1200 crystallization conditions, initial crystals of AbLpxC- 

and FnLpxC-inhibitor complexes were obtained by the sitting-drop vapor diffusion 

method at 293 K. Diffractable crystals of AbLpxC complex were obtained by mixing 

equal volumes of 15 mg/ml protein solution with 32% (w/v) PEG8000, 0.24 M 

ammonium acetate and 0.1 M sodium cacodylate (pH 7.0). High quality crystals of 

FnLpxC complex were obtained by mixing equal volumes of 25 mg/ml protein solution 

with 29% (w/v) PEG8000, 0.6 M sodium thiocyante and 0.1 M sodium cacodylate (pH 

6.7). All the LpxC complex crystals were grown using the sitting drop vapor diffusion 

method at 20 ºC and the harvested crystals were cryoprotected with perfluoropolyether 

(PFO-X175/08) before flash-freezing. Diffraction data were collected remotely at the 

Southeast Regional Collaborative Access Team (SER-CAT) 22-BM beamline at the 

Advanced Photon Source at Argonne National Laboratory or in-house using a Rigaku 

MicroMax-007 HF rotating anode generator and R-Axis IV++ detector at 100 K. 

Diffraction images were processed with HKL2000 (Otwinowski & Minor 1997). 
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5.5.4 Model building and refinement 

All the LpxC-inhibitor complex structures were solved by molecular replacement 

using the program PHASER. The previously published EcLpxC/LPC-009 (PDB entry 

3P3G) and PaLpxC/LPC-009 (PDB entry 3P3E) complex structures were used to obtain 

the initial phases for the crystal structures of EcLpxC- and PaLpxC-inhibitor complexes, 

respectively. Homology models of AbLpxC and FnLpxC derived from the PaLpxC/LPC-

009 complex structure were used as search models for the AbLpxC- and FnLpxC-

inhibitor complex structures, respectively. To ensure unbiased phase, residues in the 

structurally variable regions (i.e., Insert I and Insert II) were omitted from our search 

model. Restraints and initial models of the inhibitors were generated using the PHENIX 

eLBOW (Moriarty et al 2009). The final coordinate were obtained by iterative cycles of 

manual rebuilding of the model (COOT) (Emsley & Cowtan 2004) and refinement 

(PHENIX) (Zwart et al 2008). The statistics for the LpxC-inhibitor complexes are shown 

in Table 5.4. 
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Table 5.4. Data collection and refinement statistics  
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5.5.5 Isothermal Titration Calorimetry 

CHIR-090 and LPC-058 inhibitors (concentrations in the 110 – 150 μM range) 

were titrated into a solution of wild-type or mutant AbLpxC (9 – 14 μM range) in a buffer 

containing 25 mM Hepes, 200 mM KCl (pH 7.1) and 2.0 mM TCEP. Twenty-eight 

injections of 10 L each were performed at 25 ºC using a VP-ITC Microcalorimeter (GE 

Healthcare) with a rotary syringe (307 rpm). The interval time and the duration time 

between each injection were 300 s and 10 s, respectively. All measurements were at least 

duplicated and base-line correction was performed by subtracting dilution heats from 

experimental heats of the protein-inhibitor titration. 
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Chapter 6 

Rational Design of Difluoro Biphenyl-Diacetylene Analogues 

with Reduced Affinity for Human Serum Albumin 
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6.1 Abstract 

Lipid A is an essential component of the outer membrane of Gram-negative 

bacteria that prevents the influx of antibiotics across the outer membrane. Inhibitors of 

LpxC, the essential enzyme in the lipid A biosynthetic pathway, have emerged as one of 

the most promising antibacterial agents to treat MDR Gram-negative infections. Based on 

structural insights, we have recently developed a new series of potent LpxC inhibitors 

that are highly effective for a wide range of Gram-negative bacteria in vitro. However, 

the potent, broad-spectrum inhibitor LPC-058 binds to human serum albumin (HSA) and 

exhibits significantly decreased antibiotic activity in presence of HSA. In order to reduce 

HSA binding of LpxC inhibitors, we performed in silico docking simulation and 

structure-guided lead optimization. We also determined the binding mode of LPC-058 in 

complex with HSA. The acquired structural information facilitates rational drug design, 

leading to identification of the dimethyl amine substituted compound LPC-088 that 

displays significantly improved plasma stability and cellular potency in the presence of 

HSA. 

 

6.2 Introduction 

Drug interaction with plasma proteins affects its free fraction level in blood 

plasma (Carter & Ho 1994, Hodgson 2001). The interactions with numerous plasma 

proteins also hinder membrane penetration or diffusion of drugs in cells. Well-known 
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plasma proteins that bind to drugs are human serum albumin (HSA), lipoprotein, 

glycoprotein, and α, β‚ and γ globulins. Among those, human serum albumin is the most 

abundant protein in blood plasma and binds to a wide range of endogenous and 

exogenous materials such as metal ions, hormones, metabolites, fatty acid, amino acids 

and many drugs (Carter & Ho 1994, Peters 1996). It is generally accepted that HSA acts 

as a carrier to transport physiologically important molecules in the blood stream to their 

destinations. This 66 kDa protein contains highly flexible binding sites to interact with 

diverse drug molecules as well as the intrinsic ligands (Bhattacharya et al 2000, Curry et 

al 1998). As HSA significantly influences pharmacokinetic properties such as clearance 

and volume of distribution, it is a key protein that determines the biological half-lives of 

drugs. Thus, reducing the HSA-binding affinity of lead compounds, while maintaining 

activity, is one of the most challenging obstacles in drug development.  

HAS, comprising 585 amino acids, with 17 disulfide bonds, consists of three 

homologous domains that are thought to be derived from gene replication (Brown 1976). 

The structure of HSA has been extensively studied in the past by both X-ray 

crystallography and solution NMR techniques (Mao et al 2001, Petitpas et al 2001, 

Petitpas et al 2003, Wardell et al 2002). A considerable number of HSA structures, either 

apo or in complex with ligands, have revealed the structural basis of molecular 

recognition by HSA. Its three homologous domains form a three-lobed, heart-shaped 

globular structure (Figure 6.1). Each lobe contains 10 α-helices that are divided into two 

subdomains: the first six helices belong to subdomain A and the four others assemble into 

subdomain B. Many crystal structures of HSA in complex with fatty acids have 
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Figure 6.1: Crystal structure of HSA complexed fatty acids (PDB code: 3SQJ), showing 

the locations of fatty acid binding sites. Fatty acids depicted with space-filling model. 

The protein structure is colored by subdomain.  

 

 



 

 159 

identified 7 fatty acid binding sites (Figure 6.1)(He et al 2011). Despite the structural 

similarity, fatty acid binding sites are asymmetrically distributed across the three lobes: 

fatty acid binding site FA1 is located in subdomain IB, FA2 in the gap between 

subdomains IA and IIA, FA3 and FA4 in subdomain IIIB, FA5 in subdomain IIIB, FA6 

between subdomains IIA and IIB (FA6) and FA7 in the internal cavity of subdomain IIA. 

HSA is also a highly flexible protein that undergoes extensive conformational changes 

upon ligand binding with large-scale motions of domains I and III compared to the apo 

structures of HSA. In addition to the fatty acid binding sites, two major drug-binding sites 

were identified, known as Sudlow’s site I (corresponding to the fatty acid binding site 

FA7) and site II (FA3, 4) as well as several secondary sites (Ghuman et al 2005, Hubbard 

1997). 

While high affinity of drugs for HSA can lead to poor in vivo distribution and 

clearance rate, an appropriate degree of HSA-interaction is desirable to solubilize 

compounds or reduce the rate of compound metabolization and excretion. Thus, the 

binding properties of potential drug candidates to HSA must be optimized to maximize 

the drug efficacy. To achieve this goal, structure-guided lead optimization is an efficient 

and popular approach in the pharmaceutical industry (Clemento 1999, Hubbard 1997, 

Roberts 1999). Using structural information, lead compounds can be modified to reduce 

or enhance binding affinity to HSA without disrupting binding for the molecular target. 

For successful structure-guided drug design, structure determination of the protein-drug 

complex is required. However, because of the large-size and highly dynamic property of 
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HSA, the structure determination of HSA-drug complex is not straightforward using 

either solution NMR or X-ray crystallography. 

Recently, we found that HSA binding significantly decreases cellular potency of 

diacetylene-based LPC-058, the most potent LpxC inhibitor discovered to date (Figure 

6.2). The measured minimal inhibitory concentration against Gram-negative bacteria 

generally increases 100-160 fold in presence of 2% w/v HSA (a typical blood 

concentration is 5% w/v). In this study, we employed  docking simulation to identify the 

potential binding site(s) of LpxC inhibitors and predict their binding affinities toward 

HSA. In order to reduce binding affinity for HSA, a novel series of LPC-058 analogues 

were designed, synthesized and evaluated for their cellular potencies using minimum 

inhibitory concentration tests. Excitingly, the best compound, LPC-088, shows 

diminished affinity for HSA with enhancement of cellular potency (8-fold) over the 

parent compound LPC-058 against the representative Gram-negative pathogens, 

including E. coli and P. aeruginosa. Furthermore, we have captured the binding mode of 

LPC-058 in complex with HSA. Structural comparison with apo HSA reveals that the 

binding of LPC-058 accompanies with a large conformational change in the vicinity of its 

binding site (FA5, IIIB), underscoring exceptional flexibility to contribute its capability 

to bind a wide range of endogenous and exogenous molecules.  
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6.3 Results 

6.3.1 MIC tests and ITC Experiments to Probe HSA Binding 

LPC-058 is a diphenyl-diacetylene based LpxC inhibitor that inhibits UDP-3-O-

(acyl)-N-acetylglucosamine deacetylase (LpxC), an enzyme involved in lipid A 

biosynthesis (Figure 6.2) (Raetz & Whitfield 2002, Sorensen et al 1996, Young et al 

1995). Our previous study has shown that LPC-058 is superior to existing LpxC inhibitor 

as an antimicrobial agent against Gram-negative bacteria because of its potency and wide 

spectrum of activity. However, because HSA binding can remarkably affect its in vivo 

efficacy and compromise its potential as a promising lead compound, we were motivated 

to investigate the binding property of LPC-058 for HSA.  

To evaluate the effect of HSA binding on cellular efficacy, we measured the 

minimum inhibitory concentration (MIC) of LPC-058 against wild-type E. coli (W3110) 

and P. aeruginosa (PAO1), in the absence and presence of HSA (Table 6.1). Much to our 

surprise, the antibacterial activity of LPC-058 is significantly reduced in the experimental 

condition of 2% w/v HSA (a typical blood concentration is 5% w/v) by 130-fold for both 

strains. In contrast, another plasma abundant protein, α-1-acid glycoprotein does not 

affect the antibacterial activity of LPC-058 at 0.05% w/v concentration (a normal 
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Figure 6.2: The potent, broad-spectrum Gram-negative selective antibiotic LPC-058 

inhibits LpxC, which catalyzes the committed step of Lipid A biosynthesis. 
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plasma concentration between 0.06 - 0.12 w/v). Isothermal titration calorimetry (ITC) 

was used to determine the binding affinity of LPC-058 to HSA (Figure 6.3). LPC-058 

binds to HSA with a Kd of about 4 μM and the baseline-adjusted profile demonstrates an 

1:1 binding model with a N value of 1.33. The Kd value determined by ITC is in good 

agreement with the antimicrobial activities determined by MIC tests. The free fraction 

ratios of LPC-058 in the tested condition were calculated using the measured Kd value. 

The result indicates that the active fraction of LPC-058 is 77-fold less than total inhibitor 

concentration (see Experimental Procedures for details). 

 

6.3.2 Location of the LPC-058 Binding Site. 

To identify the LPC-058 binding site on HSA protein, the docking program 

Surflex-Dock was used as the in silico prediction tool. The crystal structure of HSA in 

complex with dansyl-L-asparagine and myristic acid (PDB code: 2XVV) was used as a 

receptor and its bound ligands were removed from the coordinates for binding site search. 

Using Surflex-Dock, LPC-058 was docked into all the fatty acid binding sites of HSA 

(Figure 6.4). According to the docking scores, docking poses of LPC-058 are distributed 

with different populations across the fatty acid binding sites. The result indicates that the 

binding poses of LPC-058 are highly populated in the fatty acid binding sites FA1 

(subdomain IB) and FA5 (subdomain IIIB), which primarily bind to medium-long chain
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Figure 6.3: ITC profile of HSA with LPC-058. (A) Top panel: ITC titrations represent the 

heat burst curves, and each heat burst curve is a result of a 15 μL injection of 300 μM 

into the LPC-058 inhibitor. Lower panel: Corrected injection heats plotted as a function 

of the HSA/Inhibitor ratio. ITC data is corrected for HSA injected into buffer, of which (B) 

ITC titrations is shown. 
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Figure 6.4: Identification of the binding site of LPC-058 in HSA. (A) Protein structure preparation for the Surflex-Dock 

simulated docking model. Green blobs represent the cavity region of fatty acid binding sites. (B) The docking result generated 

with the Surflex-Dock. Predicted docking poses are dominantly populated in the fatty acid binding sites FA1 (subdomain IB) 

and FA5 (subdomain IIIB). 
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 fatty acids. It was found that other shallow fatty acid binding sites were not able to 

harbor the long, linear scaffold of LPC-058. Examination of the docking poses of LPC-

058 for HSA shows that its narrow diacetylene scaffold penetrates through the potential 

binding sites and form extensive vdW interactions with the side chains of the 

hydrophobic amino acids populated within the binding site cavities. In contrast, its polar 

hydroxamate head group is largely exposed to the solvent and appears not to be involved 

in specific interactions with the HSA protein.  

 

6.3.3 Structure-Activity Relationship of LPC-058 Analogues 

Based on the structural investigations of the docking model of HSA/LPC-058 

complex, the vdW contacts between the diacetylene moiety and the hydrophobic residues 

in the binding pocket appear to be important for LPC-058 binding to the fatty acid 

binding sites FA1 (subdomain IB) or FA5 (subdomain IIIB). Such an observation 

suggests that modification of electrostatic property or chemical structure of the 

diacetylene group is a potential solution to decreasing the binding affinity to HSA. 

However, the diacetylene scaffold is also an important affinity determinant for LPC-058 

binding to its target enzyme, LpxC. The diacetylene group penetrates through the 

hydrophobic substrate-binding passage of the enzyme to form numerous vdW 

interactions (Figure 2.2A). Thus, we carefully designed new LPC-058 derivatives to 

reduce binding affinity to HSA without disrupting the affinity for LpxC enzyme. 
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To determine the relative contributions of structural modifications in the 

individual analogues, we performed a detailed docking simulation of designed 

compounds against the two potential binding sites using the Glide docking program. 

From the preliminary docking simulation, we found that the fatty acid binding site FA5 

(subdomain IIIB) is the most probable binding site for LPC-058 derivatives because 

docking poses in FA1 (subdomain IB) display significant vdW clashes. As a next step, 

we focused on the binding site FA5 (subdomain IIIB) to rationalize the binding affinity of 

the new designs (Figure 6.5A). Figure 6.5B shows the chemical structures and docking 

scores of the compounds selected. Consistent with our structural investigation, docking 

results predicted the substitution of the bulky moiety to the hydroxamate head group that 

is exposed to solvent area do not effectively decrease the affinity to the binding site FA5 

of HSA. LPC-072 (G-score: −7.20 kcal/mol), containing an imidazole ring appended to 

the threonyl group of LPC-058 (G-score: −8.73 kcal/mol), exhibits only a slight decrease 

(1.53 kcal/mol) in the docking score relative to LPC-058. In contrast, altering 

electrostatic profile or molecular geometry of the diphenyl-diacetylene group of LPC-058 

was predicted to remarkably reduce HSA binding of the compound. The compound LPC-

069 has the lowest docking score, −5.42 kcal/mol, suggesting the additional morpholine 

group of LPC-069 contributes its reduced affinity to HSA by generating extensive steric-

clashes in the binding site. Indeed, LPC-089 with a smaller imidazole replacing the bulky, 

terminal phenyl group is predicted to strongly bind to HSA, displaying higher docking 

score (G-score: −8.73 kcal/mol) than that of LPC-058. 
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Figure 6.5: Binding modes and docking scores of the selected inhibitor deign docked in the fatty acid binding sites FA5. 

(A) Ribbon drawing of HSA protein colored by secondary structure. Ligands are shown by ball-and-stick models. The 

predicted binding mode of LPC-069 shows that its biphenyl acetylene tail moiety, containing a bulky morpholine, is not able 

to penetrate through the FA5 binding pocket. (B) The docking scores generated with the Glide program. 
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Based on these results, we focused on the modification of the diacetylene tail 

group to create crucial vdW clashes or unfavorable electrostatic contacts with HSA. A 

series of LPC-058 analogues were further designed and synthesized. To evaluate their 

HSA binding properties, the antibiotic activities of the inhibitor analogues in the absence 

and presence of HSA were measured using minimum inhibitory concentrations (MICs) 

against wild-type E. coli (W3110) and P. aeruginosa (PAO1) (Table 6.1). Addition of a 

morpholine group to the distal end of the inhibitors to the hydroxamate group typically 

provides reduced affinity to HSA. However, the morpholine substitution also decreases 

the binding activity toward the target enzyme LpxC. For example, LPC-087 with a 

morpholine substitution at the para-position of the distal phenyl ring not only exhibits a 

2-fold reduction in HSA binding but also shows a 4-fold diminished cellular potency 

against both the E. coli and P. aeruginosa. As a result, the MIC values in presence of 

HSA against both the E. coli and P. aeruginosa strains increase by 2-fold as compared to 

that of LPC-058. These substitutions become even more effective with a shorter 

acetylene group in disrupting the interactions with HSA than the diacetylene moiety. The 

morpholine analogue, LPC-069 with the acetylene group replacing the diacetylene of 

LPC-087 displays significantly reduced affinity by 12- to 20-fold to HSA, compared to 

that of LPC-058. However, because of the decreased affinity toward LpxC, LPC-069 

exhibits nearly identical MIC values to that of LPC-058 in presence of HSA. In contrast 

to the morpholine analogue, addition of a piperazine to the distal end of the inhibitors to 

the hydroxamate group leads to a significant loss of the antibiotic activity (LPC-094, 

LPC-095, LPC-096 and LPC-097). 
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Different positions of the amine group appended to the distal phenyl ring of LPC-

058 result in very different effects on HSA binding. The aniline analogue LPC-067 that 

has an amino substitution at the meta-position exhibits 4- to 8-fold reduced affinities to 

HSA than LPC-058 with the para-amino substitution. Nevertheless, its antibiotic activity 

in the presence of HSA is almost identical to that of LPC-058 because of a decreased 

antibacterial potency. 

As predicted by docking simulation, modification of the head group does not 

appear to be important in reducing HSA binding. For instance, LPC-072 with an 

imidazole ring, replacing the difluoro moiety of LPC-058, in the S-configuration exhibits 

3.5- to 6.5-fold loss of antimicrobial activity compared to LPC-058, while it shows only a 

slight decrease (~ 2-fold) in the ratio of the MIC values in presence and absence of HSA 

as compared to LPC-058. Interestingly, a minimal change, replacing the hydroxyl group 

of the difluoro moiety to an amine group, in the difluoro analogues—LPC-079, LPC-084, 

LPC-080, and LPC-081—slightly increases or retains the antibiotic activities of the 

analogues, generating a noticeable reduction in HSA binding. Among the analogues with 

the amino substitution, LPC-080 exhibits slightly improved cellular potency in the 

presence of HSA over LPC-058 or its parent compound LPC-069. 

Since altering the electrostatic profile of the compounds can also affect inhibitor 

interactions with HSA, we replaced the amine groups of the aniline moieties with 

fluorine-containing functional groups—LPC-092, LPC-093, LPC-105, and LPC-106. 

Overall, this fluorine substitution does not contribute significantly to reduction in HSA 

binding, while it leads to loss of the overall antibiotic activity compared to their parent 
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compounds. Additionally, LPC-086 with the hydroxyl methyl, replacing the para-amino 

of the distal phenyl ring in LPC-079, exhibits a rather increased affinity to HSA, 

displaying the highest ratio (~ 641 for E. coli) of the MIC values in presence and absence 

of HSA. Two acetates, appended to both the amine groups at the distal phenyl ring and 

the difluoro moiety in LPC-082 leads to a complete loss of antibiotic activity as 

compared to its parent compound LPC-079. Replacing the diacetylene group with 

aliphatic chains also results in a significant loss of antibiotic activity (LPC-098). 

Interestingly, the different lengths of the aliphatic chain affect the degree of HSA binding 

in the analogues of LPC-101, LPC-102 and LPC-103. For example, LPC-103 with the 

shortest C-5 chain exhibits the least HSA affinity among those, resulting in the cellular 

potency against P. aeruginosa, in the presence of HSA, similar to that of LPC-058. 

Because the fatty acid binding site FA5 (subdomain IIIB) primarily binds to medium-

long chain fatty acids, we reasoned that the short C-5 chain of LPC-103 would not be 

sufficient to tightly fit into the FA5. 

Next, replacing the distal phenyl ring with a 5-membered heteroaromatic ring 

appeared to slightly increase or maintain the antibiotic potency (LPC-091 and LPC-089). 

However, additional methyl substitution to the 5-membered ring leads to a significant 

loss of the antibiotic potency (LPC-090 and LPC-017). Among those with a 5-membered 

ring, LPC-089 displays 2- to 4-fold improved cellular potency over LPC-058 in presence 

of HSA, because it shows a roughly 4-fold reduction in HSA binding with an 

antimicrobial potency comparable to that of LPC-058. To further reduce the degree of 

HSA-interaction, we attached a morpholine group to the analogues with a 5-membered 
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ring. However, the morpholine substitution does not appear to be effective in reducing 

HSA binding in the analogues (LPC-108, LPC-109 and LPC-110). 

 

6.3.4 Structural Characterization of HSA/LPC-058 Complex 

In parallel to the ligand-based approach to find an optimal scaffold with reduced 

HSA binding and desired antibiotic potency, we also determined the structure of HSA in 

complex with LPC-058 to probe the molecular details of the HSA/LPC-058 interaction. 

Consistent with our in silico prediction and ITC experiment, examination of the crystal 

structure of HSA/LPC-058 complex reveals that a single LPC-058 molecule binds to FA5, 

the fatty acid binding site in subdomain IIIB. LPC-058 penetrates deeply through the 

hydrophobic cavity formed by four helices that belong to subdomain IIIB (Figure 6.6). 

Much to our surprise, both termini of LPC-058 are placed in solvent exposed space 

(Figure 6.7). This observation would help explain why the substitutions at both termini 

are not effective in diminishing HSA binding. The difluoro-hydroxamate head group of 

LPC-058 is in proximity to the N-terminus of helix α3 of subdomain IIIB and the long 

loop α6-α7 connecting two subdomains, forming polar contacts with the side chains of 

T420, T508 and K524. LPC-058 is further stabilized by extensive vdW contacts with the 

hydrophobic residues F507, F509, I513, A528, F551 and V555 within the binding cavity. 

In addition to these hydrophobic interactions, the distal phenyl ring of LPC-058 is held 

by favorable cation–π 
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 Figure 6.6: Overall structure of HSA complexed with LPC-058. LPC-058 are shown in 

the stick model. Blue mesh represents 2Fo-Fc map of LPC-058 contoured at 1.6σ. 
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Figure 6.7: Detailed view of the interactions of LPC-058 with the binding site FA5 in 

subdomain IIIB. LPC-058 is shown in the stick model and the transparent space-filling 

model. Favorable polar contacts are denoted as dashed lines. Protein side chains forming 

hydrophobic interactions with LPC-058 are colored yellow. 
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interactions with the positively charged R521 and K525 residues from helix α8 of 

subdomain IIIB. Furthermore, the para-amine of the distal phenyl ring forms a polar 

interaction with the side chain of E556.  

Determining the apo structure of HSA allowed us to investigate the flexibility of 

different structural elements of HSA by comparing the apo structure with that of the 

HSA/LPC-058 complex. Structural comparison reveals prominent conformational 

changes in the vicinity of the binding cavity (Figure 6.8). The binding of LPC-058 to 

FA5 pushes the connecting loop α6-α7 away from the core of the hydrophobic cavity by 

~6.5 Å  compared to the loop positions of apo HSA to accommodate the proximal phenyl 

ring of LPC-058. In response to this loop movement, helices α9 and α10 move away by 

4.5 Å  from the cavity compared to the corresponding structural elements in the 

HSA/LPC-058 complex. In contrast, limited conformational changes are observed in 

helix α6, which is tightly packed against helices α2 and α3 within subdomain IIIB. 

 

6.3.5 Structure-Guided Optimization of Difluoro Analogues 

The structural basis on the HSA/LPC-058 complex provides useful information 

for the rational design of compounds with reduced HSA binding: (1) Because both 

terminal ends of LPC-058 are solvent-exposed, substitutions on these places are unlikely 

to generate steric hindrance for reducing HSA binding. (2) Modifications to diacetylene 

moiety bear the potential to not only diminish HSA binding but also disrupt 
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Figure 6.8: Inhibitor-induced structural plasticity of the binding site FA5 in 

subdomain IIIB. Superimposed structures of apo- and LPC-058 bound-HSA complexes 

are shown in green and pink, respectively. Binding of LPC-058 to HSA causes noticeable 

conformational changes in the connecting loop α6-α7, the helix α9 and α10. 
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binding to LpxC. (3) Since helix α8 appears to be a rigid structural element relative to the 

helices α9, α10 and the connecting loop α6-α7, it can be used as a source to create steric 

clashes for reducing the HSA interaction. (4) Altering the electrostatic profile of the 

inhibitor moiety, which interacts with the positively charged R521 and K525 residues on 

helix α8, would make unfavorable charge interactions. 

Based on these considerations, in order to create steric clashes with the helix α8, 

we removed the distal phenyl ring and appended a morpholine to the distal end of the 

diacetylene group (LPC-099). We reasoned that the large kink angle at the distal end of 

the diacetylene group would bend the attached morpholine group toward the rigid helix 

α8. In addition to this steric hindrance, the positive charge on the amine group of LPC-

099 positioned close to the positively charged R521 and K525 of HSA would generate 

electrostatic repulsion upon the inhibitor binding. Indeed, LPC-099 exhibits almost a 

complete loss of HSA binding. The ratio of the MIC values in presence and absence of 

HSA is only 1.4 for E. coli and 1.6 for P. aeruginosa. Additional methyl substitution 

(LPC-100) at the corresponding position of the diacetylene group results in remarkable 

reduction in binding to its therapeutic target, LpxC enzyme.  

However, despite significant reduction in binding to HSA, the inhibitory activity 

of the analogues with a morpholino-methylene substitution in presence of HSA appears 

to be compromised by their decreased potency to LpxC, highlighting the important role 

of the hydrophobic tail group as an affinity determinant. Thus, an obvious solution to 

improve the cellular potency in presence of HSA would be to trim the tail group to 

increase binding affinity toward LpxC while maintaining the diminished HSA affinity. 
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To probe the structural elements responsible for the energetic penalty in the inhibitor-

complex formation, we investigated the binding modes of LPC-099 in complex with 

EcLpxC and PaLpxC using homology modeling based on the structures of the 

EcLpxC/LPC-058 and PaLpxC/LPC-058 complexes, respectively (Figure 6.8). The 

structural analysis predicted that the morpholine group of LPC-099 potentially generates 

steric-clashes with Q202 or F212 of EcLpxC and the corresponding R201 or V211 in 

PaLpxC (Figure 6.9AB). Thus, to reduce the vdW clashes, we designed LPC-088, which 

is identical to LPC-099 except that the methoxyl methyl was removed from its 

morpholine moiety (Figure 6.9C). Excitingly, this modification results in approximately 

3.5-fold increase in antibiotic activity but does not appear to increase HSA binding 

affinity as compared to LPC-099 (Table 6.1). Consequently, the dimethyl amine 

substituted compound LPC-088 is most effective in presence of HSA with the MIC 

values of ~0.16 μg/mL for E. coli and ~0.78 μg/mL for P. aeruginosa. The binding 

affinity of LPC-088 to HSA was evaluated using ITC experiments. The result indicates 

LPC-088 appears does not have noticeable binding activity to HSA as we were unable to 

fit its binding curve to an appropriate binding model (Figure 6.10). 

 To further evaluate its potential as a lead compound, we investigated preliminary 

in vitro ADME – absorption, distribution, metabolism and excretion – profile of LPC-088 

and the selected compounds, LPC-067 and LPC-069. Plasma stability of the individual 

compounds was measured by mass spectrometry (MS) using ESI ionization in MRM 

mode (see experimental procedure) after incubation with mouse plasma at 37 ºC (Table 

6.2). The biphenyl diacetylene compound, LPC-067, was least stable in presence of 
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Figure 6.9: Potential steric clashes between the morpholine groups of LPC-099 and the 

protein residues at the external exit of the hydrophobic passage of LpxC. Docking 

model of LPC-099 bound to (A) EcLpxC and (B) PaLpxC based on the LPC-058 complex 

structure, illustrating vdW clashes. (C) LPC-088 containing a dimethyl-amine reduces 

the vdW clashes and displays enhanced antibiotic activity. 
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Figure 6.10: ITC profile of HSA with LPC-088. (A) Top panel: ITC titrations represent 

the heat burst curves, and each heat burst curve is a result of a 15 μL injection of 300 μM 

into the LPC-088 inhibitor. Lower panel: Corrected injection heats. ITC data is corrected 

for HSA injected into buffer, of which (B) ITC titrations is shown. 
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mouse plasma, showing 71.8% free fraction at the last time point and the shortest half-life 

of 117 (min). In contrast, LPC-069 with a morpholine substituent and the dimethyl amine 

substituted compound LPC-088 were not much affected by plasma proteins and 

demonstrate 96.2 % and 98.4 % free fractions, respectively. Also, both have the plasma 

half-lives over 180 (min). Figure 6.11 is a plot of free fractions at the indicated times for 

the tested compounds. 

Microsomal stability profiling was also performed for the selected compounds 

and reference agents at 1 μM at 37 °C for 1 h in the presence and absence of NADPH 

(Table 6.3). Figure 6.12 shows a plot of the percentage of parent compound remaining at 

the indicated times for the tested compounds. All the tested compounds displayed 

moderate microsomal stabilities, which were between high-metabolized control 

(Verapamil) and low-metabolized control (Warfarin). The biphenyl diacetylene 

compound, LPC-067, wsa found to have the least mouse liver microsomal stability with 

the microsomal intrinsic clearance (CLint) of 81.9 μL/min·mg. This is followed by 73.2 

μL/min·mg for LPC-088 and 52.4 μL/min·mg for LPC-069. This trend is also present in 

NADPH-free condition. Because the hydroxamate group and phenyl acetylene moiety are 

chemically labile elements of the difluoro derivatives, the most probable route for the 

microsomal degradation is metabolism through hydroxamate hydrolysis or the acetylene 

reduction by microsomal enzymes such as cytochrome P450 (CYP) isozymes or 

glutathione-S-transferases (GSTs). 
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Table 6.2. Plasma stability screen data 
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Figure 6.11. Plasma stability individual plot. 
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Table 6.3. Microsomal intrinsic clearance data 
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Figure 6.12. Microsomal stability individual plot 
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6.4 Discussion 

We have previously found that HSA binding significantly diminishes the cellular 

potency of diacetylene-based LPC-058, the most potent LpxC inhibitor discovered to date. 

In this study, we present a successful inhibitor design campaign for overcoming HSA 

binding, which is a critical determinant of drug distribution and pharmacokinetics. 

Generally speaking, due to the difficulty in obtaining structural information on inhibitor-

albumin complex, structure-based approaches have found limited application for drug 

optimization to reduce HSA binding. Here we examined the docking model of the HSA-

LPC-058 complex to understand the binding mechanism of LPC-058. The docking model 

accurately predicted the binding site for LPC-058 in HSA, which is the fatty acid binding 

site FA5 in subdomain IIIB. Subsequently, detailed docking simulations were carried out 

to screen inhibitor scaffolds appropriate for compound optimization to decrease HSA 

interaction. The antibiotic activity data in the presence and absence of HSA, together 

with in silico structural information, suggested that modification of the terminal end of 

compounds with bulky moieties such as a morpholine group is an optimal strategy to 

reduce HSA binding. In addition, comparison of the crystal structure of HSA in complex 

with LPC-058 with its apo structure provided crucial information that the rigid helix α8 

of subdomain IIIB is a structural determinant for reducing HSA binding. Based on this 

structural insight, we designed and synthesized compounds with a morpholine appended 

to the distal end of the diacetylene group. Moreover, our structural investigation on the 

binding mode of LPC-099 using homology modeling suggested that major vdW clashes 
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between the morpholine group and the protein residues at the exit of the LpxC 

hydrophobic passage decrease LpxC inhibitory activity. Thus, a strategic modification of 

the morpholine group led to the discovery of the dimethyl amine substituted LPC-088, 

which exhibits dramatically reduced binding to HSA while retaining a desirable LpxC 

inhibitory activity.  

LPC-058 was further evaluated for in vitro plasma and metabolic stability. 

Consistent with the MIC results, its mouse plasma stability was excellent. However, high 

plasma protein binding is not the only factor to affect the pharmacokinetic properties but 

also the metabolic stability is a major factor (Fan et al 2003, McGinnity et al 2004, 

Subramanian et al 2011). LPC-058 appears to be reasonably stable for microsomal 

stability screening, showing the half-lives of 31.5 min for NADPH- dependent condition 

and over 180 min for NADPH-free condition, respectively. However, it is slightly less 

stable than LPC-069 with the morpholino biphenyl acetylene scaffold. Interestingly, the 

difference of microsomal stability of LPC-067 relative to LPC-069 and LPC-088 is much 

larger in the absence of NADPH than that in the presence of NADPH. Presumably, the 

hydroxamate group of the compounds is a primary target site for microsomal degradation 

by cytochrome P450 (CYP) isozymes (Peng et al 1999, Summers et al 1987). However, 

the hydroxamate group is a common structural element for the difluoro analogues and the 

hydroxamate hydrolysis requires NADPH as a cofactor, implicating another microsomal 

metabolic-mechanism might be responsible for NADPH-independent clearance of the 

acetylene-containing compounds. Thus, to achieve the goal toward safely administrated 

drug, the difluoro inhibitors may need to be further modified for improving 
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pharmacokinetic properties and toxicity.  

 

6.5 Materials and methods 

6.5.1 Chemical Synthesis 

The diacetylene-based LpxC inhibitors were synthesized in collaboration with 

Eric J. Toone Lab. (Xiaofei Liang) in the Department of Chemistry at Duke University. 

 

6.5.2 Isothermal Titration Calorimetry 

A 300 μM HSA solution was titrated into a solution of LPC-058 or LPC-088 

inhibitors (15 μM) in a buffer containing 50 mM sodium phosphate (pH 7.5) and 1% 

(vol/vol) DMSO. Nineteen injections of 15 L each were performed at 25 ºC using a VP-

ITC Microcalorimeter (GE Healthcare) with a rotary syringe (307 rpm). The interval time 

and the duration time between each injection were 300 s and 10 s, respectively. Base-line 

correction was performed by subtracting dilution heats from experimental heats of the 

protein-inhibitor titration. 

 

Theoretical validation of HSA binding effect on the cellular potency 

Equilibrium for binding of HSA (H) to drug molecule (D) is formed: 

 

HSA + Drug  HD 
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where H and D are free HSA and drug, respectively. HD is the drug-bound HSA. 

 

Then, a Kd value is calculated by the ratio between the free species and the 

complex: 

 

   
[     ][     ]

[  ]
 

and 

  

[Htotal] = [Hfree] + [HD] which can be rewritten as [Hfree] = [Htotal] - [HD] 

 

[Dtotal] = [Dfree] + [HD] which can be rewritten as [Dfree] = [Dtotal] - [HD] 

 

  

Therefore: 
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and 
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Using the quadratic formula, [HD] is the following: 

  

[  ]  
 [      ]  [      ]      √ [      ]  [      ]        [      ][      ]

 
 

 

Therefore, total free drug concentration at a given set of conditions is: 

 

[          ]  [      ]  [  ]  [      ]  
 [      ]  [      ]      √ [      ]  [      ]        [      ][      ]

 
 

 
Using the experimental conditions [Htotal] = 300 μM (2% HSA) and the measured 

Kd of 4 μM, free versus total of LPC-058 concentration is plotted as the following: 
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[          ]   
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Where total LPC-058 concentration of 2.3 μM (~ 1 μg/mL) provides ~ 0.03 μM 

(~ 0.013 μg/mL) free concentrations, demonstrating ~ 77-fold difference between free 

and total of LPC-058 concentration. 

 

6.5.3 Molecular Docking 

The crystal structure of HSA in complex with dansyl-L-asparagine and myristic 

acid (PDB code: 2XVV) was used as a template for docking simulation, all the ligands 
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and water molecules were removed from protein structure. The protein structure was 

further trimmed using GROMACS MD engine with geometry optimization and energy 

minimization. Surflex-Dock module interfaced with SYBYL was used to identify the 

LPC-058 binding site among 7 fatty acid binding sites in HSA protein (Kellenberger et al 

2004, Spitzer & Jain 2012). Surflex-Dock locates LPC-058 automatically into HSA’s 

fatty acid binding site through a protomol method and an empirical scoring. To predict 

and re-score the binding mode of the individual inhibitor design within the fatty acid 

binding site FA5 (subdomain IIIB), the detailed docking calculations were performed 

using Glide (Friesner et al 2004, Halgren et al 2004) with the OPLS2005 force field 

(Kaminski et al 2001). All ligands were docked in default standard precision (SP) Glide 

mode. 

 

6.5.4 MIC Tests 

MICs were determined in the presence and in the presence and absence of 2% 

(w/v) HSA (Sigma-Aldrich, A1654), according to the NCCLS protocol (Lee et al 2011, 

Wikler et al 2007) adapted to 96-well plates and LB media. Briefly, 1.0×10
5
 bacterial 

cells in LB medium containing 5% DMSO and various concentrations of the compound 

were incubated at 37° C for 22 hr. After the incubation, [4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide solution (MTT) was added (0.2 mg/mL final concentration) 

and incubated at 37° C for another 3 hr. The MIC was determined as the lowest 

concentration of an antibiotic that prevented color change (yellow to black). 
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6.5.5 Preliminary ADME test 

Testing was accomplished through an outsourcing arrangement with APREDICA (Watertown, MA) 

 

Samples were analyzed by LC/MS/MS using an Agilent 6410 mass spectrometer 

coupled with an Agilent 1200 HPLC and a CTC PAL chilled autosampler, all controlled 

by MassHunter software (Agilent). After separation on a C18 reverse phase HPLC 

column (Agilent, Waters, or equivalent) using an acetonitrile-water gradient system, 

peaks were analyzed by mass spectrometry (MS) using ESI ionization in MRM mode. 

6.5.5.1  Plasma stability experimental conditions 

The test agent is incubated in duplicate with plasma at 37 ºC. At the indicated 

times, an aliquot is removed from each experimental reaction and mixed with three 

volumes of ice-cold Stop Solution (methanol containing propranolol, diclofenac, or other 

internal standard). The samples are centrifuged to remove precipitated protein, and the 

supernatants are analyzed by LC/MS/MS to quantitate the remaining parent. Data are 

converted to % remaining by dividing by the time zero concentration value. Data are fit 

to a first-order decay model to determine half-life. 

 

 

 



 

 197 

 6.5.5.2  Microsomal intrinsic clearance, experimental condition 

The test agent is incubated in duplicate with microsomes at 37 ºC. The reaction 

contains microsomal protein in 100 mM potassium phosphate, 2 mM NADPH, 3 mM 

MgCl2, pH 7.4. A control is run for each test agent omitting NADPH to detect NADPH-

free degradation. The indicated times, an aliquot is removed from each experimental and 

control reaction and mixed with an equal volume of ice-cold Stop Solution (acetonitrile 

containing haloperidol, diclofenac, or other internal standard). Stopped reactions are 

incubated at least ten minutes at 4 ºC, and an additional volume of water is added. The 

samples are centrifuged to remove precipitated protein, and the supernatants are analyzed 

by LC/MS/MS to quantitate the remaining parent. Data are converted to % remaining by 

dividing by the time zero concentration value. Data are fit to a first-order decay model to 

determine half-life. Intrinsic clearance is calculated from the half-life and the protein 

concentrations: CLint = ln(2)/(T1/2 [microsomal protein]). 

 

 

 

6.5.6 Crystallization, Data Collection and Structure Determination 

Defatted HSA was purchased from Sigma-Aldrich (A3782) and was further 

purified using size exclusion (Sephacryl S-200 HR, Amersham) chromatography that was 
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pre-equilibrated with buffer containing 50 mM sodium phosphate (pH 7.5). The purified 

protein was concentrated to 200 mg/mL. Four-fold molar excess of LPC-058 dissolved in 

DMSO was added to the protein samples. The protein and inhibitor were incubated at 

room temperature for 1 hr to obtain a homogenous complex sample before setting up 

crystallization screening. Crystals were obtained by the vapor diffusion sitting drop 

method against a reservoir solution containing 20-26% (w/v) PEG 3350 and 150-300 mM 

di-ammonium tartrate. Apo HSA crystals were obtained in the same crystallization 

without inhibitor addition. The crystals were cryo-protected by soaking in mother liquor 

containing 20% glycerol (v/v) before flash-freezing. Diffraction data were collected at 

100 K (λ = 1.000 Å) on the 22-BM beamline at the SERCAT at Argonne National 

Laboratory and processed with HKL2000 (Otwinowski & Minor 1997). Molecular 

replacement using AUTOMR in the PHENIX package (Adams et al 2002) was carried 

out using the docking template structure (PDB code: 2XVV). The final coordinate was 

completed by iterative cycles of model building (COOT) (Emsley & Cowtan 2004) and 

refinement (PHENIX) (Zwart et al 2008). The statistics are shown in Table 6.4. 

 

 

 



 

 199 

Table 6.4. Data collection and refinement statistics  
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Chapter 7 

Future Directions 
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The research presented in previous chapters has revealed important information 

on the structural biochemistry and inhibition of LpxC. One major interest in LpxC 

inhibitor research is the structural elucidation of structurally-divergent LpxC orthologs, 

particularly those from clinically important pathogens such as A. baumanni, P. 

aeruginosa and F. tularensis. Our detailed structural characterization of a large set of 

LpxC structures in complex with the same inhibitor, such as LPC-009 and LPC-058, 

clearly shows species-specific differences in the structures of LpxC orthologs. In 

particular, we were able to demonstrate that the structural variations in Insert I and Insert 

II are largely responsible for the inhibitor selectivity of LpxC enzyme. Such extensive 

structural information on LpxC enzyme would also benefit in silico screening for 

identifying new inhibitor scaffold or optimizing existing LpxC inhibitors. 

The detailed structure-activity relationship of LpxC inhibitors and a successful 

example of structure-assisted drug development have provided with a foundation for 

future development of LpxC inhibitors. The results deliver a clear and important message 

that broad-spectrum activity of LpxC inhibitor can be achieved by bypassing structural 

differences and exploiting conserved structural features among the LpxC orthologs. First, 

we showed that the diacetylene-based LpxC inhibitors are able to adapt to the inherently 

distinct curvatures of the hydrophobic passage among LpxC orthologs. This pliable 

scaffold can serve as a tail module interacting with the hydrophobic passage for a 

fragment-based drug discovery. Second, inhibitor derivatization with a difluoro group 

establishes the unique interactions with a basic patch, the conserved structural element of 
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LpxC enzyme, resulting in a significant potency improvement of existing LpxC inhibitors 

without damaging spectrum of antimicrobial activity. 

At this stage, the in vivo efficacy of difluoro-based compounds such as LPC-069 

are being evaluated using murine models of Yersinia pestis infection through 

collaboration with Dr. Florent Sebbane at Institut Pasteur of France. Administration of 

LPC-069 at 40 mg/kg via i.v. or i.p. has shown no sign of acute toxicity, highlighting 

potential of difluoro-based compounds as safe antibiotics. Excitingly, when mice were 

challenged with a lethal dose of Yersinia pestis, administration of LPC-069 is able to 

significantly boost the survival rates of infected mice. For the control group without 

treatment, all mice died after 3-4 days of infection (black dots). In contrast, at the end of 

the 6-7 day study period, survival was ~80% in the group with i.p. injections (grey dots) 

at 18 hrs post Yersinia infection, and 60% in the group with i.v. injections (white dots) at 

31 hrs post Yersinia infection. Delayed treatment causes a dramatic drop of survival rates, 

highlighting the importance of timely treatment for Yersinia infections. 

These studies have firmly established LpxC inhibitors as a new class of 

therapeutic agents for combating multidrug resistant Gram-negative infections. Future 

studies will focus on the optimization of pharmacokinetic properties of LpxC inhibitors 

and to exploit these compounds as new tools for probing biology.  
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Figure 7.1: Efficacy of LPC-069 in mouse models of Yersinia pestis infection. Lethal 

dose of Yersinia pestis was inoculated on day 0 and treatment was started at 18 ~ 43 hr. 

Survival of mice injected i.v. (panel A, 40 mg/kg, 3 times a day; 6 days) and i.p. (panel B, 

40 mg/kg, 2 times a day; 5 days) shown, respectively. It is important to note that early 

treatment is critical to rescue mice infected with Yersinia pestis. Because plague infection 

is extremely acute, delays in treatment significantly increases the mortality rate of the 

infected mice. 
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