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Abstract 

 

Antibacterial resistance prevents the effective treatment of an ever-increasing 

number of pathogenic bacteria infections, which has caused a serious threat to human 

health across the world. To combat the growing problem of antibiotic resistance, there 

is an urgent need to develop novel antibiotics with new chemotypes or acting on novel 

targets. The peptidoglycan glycosyltransferase (PGT), which catalyzes the essential 

process of lipid II (the single unit of peptidoglycan) polymerization, is a promising 

target for new antibiotic development as a result of the following two reasons. Firstly, 

PGT is located at the outside of bacterial cell membrane which makes it easy to access 

to drugs. The second reason is that PGT is highly conservative in both antibiotic 

sensitive and resistant strains. PGT as an antibacterial target has been studied for several 

decades. However, there is no antimicrobial drugs targeting PGT used clinically. 

Moenomycin A (Moe A), a natural product isolated from several strains of 

Streptomyces, is the only well proven PGT inhibitor by binding to the active sites of 

PGT. However, Moe A does not show antibacterial activity in human due to its poor 

bioavailability. Moe A is currently only used as a growth promoter in animal feed. One 

of the major reasons for the slow progress on development of PGT inhibitors is lack of 

efficient assays to evaluate potential drug candidates.  

In recent years, several crystal structures of complexes of PBPs with Moe A and lipid 

II unveiled the mysterious process of transglycosylation in peptidoglycan biosynthesis. 
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This new development has prompted researchers to develop new assays for PGT 

inhibitor screening to facilitate novel antibiotic discovery. In this project, a fluorescent 

biosensing system for PGT inhibitor screening was constructed based on photoinduced 

electron transfer (PET).  

In constructing the biosensor, three fluorescent Moe A derivatives (F-n-Moe A, n = 

2, 3 and 4) were synthesized by attaching fluorescein-5-isothiocyanate isomer I (FITC) 

to Moe A. Furthermore, five amino acid residues near the active site (Q161, H162, 

D199, Y210 and D241) of the S. aureus PBP2 glycosyltransferase domain were muted 

to tryptophan, a fluorescence quencher of fluorescein. The interaction between Moe A 

and PGT mutants as analyzed by surface plasmon resonance (SPR) spectroscopy 

showed that the mutations did not significantly alter the binding affinity. Fluorescent 

measurement showed that the D199W and D241W mutants can quench the 

fluorescence of the three probes at different levels. Moreover, addition of free Moe A 

can subsequently restore the fluorescence intensity of the quenched probes. When the 

fluorescein-labelled Moe A binds to the active site of PGT domain, the nearby 

tryptophan residue can interact with and quench the fluorophore group of the probes 

through a PET process if the linkers have appropriate lengths. When free Moe A was 

added into the system, it competitively binds to the same pocket of the probes and the 

fluorescent quenching effect was relieved once the probes were displaced by Moe A 

and the fluorescence intensity of the probes was restored. 

Among different combinations of mutants and probes, three probe / mutant pairs, 

namely F-3-Moe A / D241W, F-4-Moe A / D199W and F-4-Moe A / D241W, showed 
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the best fluorescence quenching efficiency. While Moe A was added into the system, 

the fluorescence intensity of probes were restored up to 90 % of the original level, 

whereas no change in fluorescence signal was observed when the antibiotics ampicillin 

and kanamycin were added as negative controls. In order to further validate the 

biosensing system, the change in fluorescence of the F-4-Moe A / D199W pair with 

two small molecule PGT inhibitors 14 and 16 reported in literature were also studied. 

While compound 16 did not induce any observable fluorescence change for the F-4-

Moe A / D199W pair, compound 14 was able to restore its fluorescence. Compared to 

fluorescence polarization based bioassay, the PET-based bioassay has the advantage 

that the enzyme can be immobilized on a surface during the screening process. The 

success in the construction of this PET-based biosensor will allow the future 

development of high-throughput screening of PGT inhibitors using microfluidic chip-

based devices. 
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Chapter 1 

Introduction 

 

1.1 Antibiotics and bacterial resistance 

The first antibiotic penicillin was discovered by Scottish microbiologist Alexander 

Fleming in the 1930s [1]. In the following 40 years, most classes of antibiotics currently 

used in clinic were developed, and the period was known as the “golden era” of 

antibiotic research [2]. The discovery of antibiotics was once recognized as the final 

victory of the war against bacterial infections, which was wiped out by the widespread 

of bacterial resistance to common antibiotics. Antibiotic resistance is the resistance of 

a microorganism towards one or more antibacterial drugs which were originally 

effective for treating the corresponding infection. The major cause of antibiotic 

resistance is the misuse and abuse of antibiotics, as excessive uses of antibiotic promote 

resistant strains to thrive within a population of bacteria. Moreover, bacteria are not 

only intrinsically resistant to some antibiotics but they can also acquire antibiotic 

resistance through mutations in genes, alternation in targets and horizontal gene transfer 

[3]. The major mechanisms of bacterial resistance can be summarized into four major 

types [3]. The first one is prevention of antibiotics access to target. Some bacteria can 

decrease the penetration of antibiotics through membrane to inhibit drugs from reaching 

their target, and some resistant strains can even pump out antibiotics by overexpression 
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of efflux pumps on the surface of cell membrane so that the endogenous concentration 

of antibiotics is below the effective concentration. For example, reduced membrane 

permeability is achieved by Pseudomonas and Acinetobacter for to resist antibiotics 

such as carbapenems and cephalosporins [4]. It has been confirmed that the MexXY 

multidrug efflux system is the major cause of the aminoglycoside resistance in 

Pseudomonas aeruginosa [5]. Furthermore, single site point mutation in the gene 

encoding an antibiotic target can also confer resistance to the antibiotic. For example, 

linezolid-resistant S. pneumoniae and S. aureus were developed through mutation in 

the 23S rRNA ribosomal subunit [6]. The third effective antibacterial resistance 

mechanism is by the modification of the antibiotic target. For example, methylation of 

16S rRNA and alteration of drug-binding site by erythromycin ribosome methylase 

(erm) prevent the binding of several antibiotics such as macrolides, lincosamines and 

streptogramins [7]. Last but not the least, bacteria can modify or destroy antibiotics to 

inactivate their activity. For example, β-lactamases present in bacteria can hydrolyze β-

lactam antibiotics, such as penicillins, cephalosporins, monobactams to remove the 

antibacterial activity [8]. Moreover, some strains can find other ways to obtain 

antibiotic resistance. For example, methicillin-resistant S. aureus (MRSA) is resistant 

to a series of β-lactam antibiotics by expression of an alternative protein PBP2a which 

can carry out transpeptidation but with a lower binding affinity towards antibiotics 

comparing to PBP2 [9, 10].  

As bacteria can find ways to develop resistance when antibiotics are introduced 

(Figure 1.1), the overuse and abuse of antibiotics accelerate the rapid development of 
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bacterial resistance worldwide [11]. Antibiotic-resistant gonorrhea was first found in 

Vietnam in 1967, then spread to the Philippines and finally the United States [12, 13]. 

Another example is the New Delhi Metallo-beta-lactamase-1 (NDM-1), first detected 

in a Klebsiella pneumoniae isolated from a patient of Indian origin in 2008, is now 

found all over the world [14]. The widespread of antibiotic resistant pathogens 

combined with a diminished antibiotic pipeline have caused serious threats to people in 

every country during the past 20 years [15]. Based on the data from Centers for Disease 

Control and Prevention in 2013, each year in the United States, at least 2 million people 

suffer from infections of bacteria that are resistant to one or more antibiotics which are 

designed to kill these pathogens, and more than 23,000 people died directly from 

antibiotic resistant infections [16]. Europe is also under a serious situation while 

400,000 people acquired infections by multidrug-resistant bacteria in 2007, and 25,000 

people died of such infections in that year. MRSA is one of the most problematic 

pathogens. It was recently reported that up to 89% of nosocomial infections are caused 

by MRSA resulting in 19,000 deaths in the US each year [17-21]. Vancomycin which 

binds to the bacterial peptidoglycan precursor lipid Ⅱwas once considered as the last 

barrier against antibiotic resistant strains and has been used commonly in the treatment 

of MRSA infections. However, vancomycin-resistant Enterococcus strains, which 

produce D-alanine-D-lactate variation instead of D-alanine-D-alanine in the 

pentapeptide of lipid II, resulting in the loss of one hydrogen-bonding interaction 

between vancomycin and the peptapeptide were discovered in 2002 [22].  

Antibiotic resistance also increases the cost in medical care, since antibiotic resistant 
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infections commonly require prolonged and costly treatments. It is estimated that 

antibiotic resistant infections caused an extra USD 20 billion in healthcare costs and 8 

million additional hospital days in the United States, and over €1.6 billion and 2.5 

million additional hospital days in the European Union each year [23]. Therefore, 

antibiotic resistance has been recently listed as one of the greatest threats to human 

health in the World Economic Form Global Risks reports [3]. 
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Figure 1.1 Timeline of key antibiotic resistance (adapted from [11] ) #It was not until 

1943 that penicillin was in widespread popular usage. 
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According to a report from CDC in 2013, there are mainly four ways to prevent the 

spreading of antibiotic resistance. Preventing infections is in the first place to reduce 

the usage of antibiotics, which will reduce the possibility of antibiotic resistance 

development during the therapy. The second method is to track the antibiotic resistant 

bacteria, to collect data about their infections and causes of infections. This information 

will facilitate people to develop specific strategies to prevent antibiotic resistant 

pathogens from spreading. The third way is by improving antibiotic prescription. Using 

less antibiotics and choosing the right antibiotics are of high importance to prevent the 

development and spreading of antibiotic resistant infections. As mentioned above, 

bacteria can innately be resistant, which is a natural process and cannot be stopped. So, 

there is a desperate need for novel antibiotics with new skeletons or targets to keep pace 

with the development of resistant bacteria [24].  
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1.2 Bacterial cell wall synthesis and penicillin binding proteins 

The pathway of bacterial cell wall peptidoglycan (PG) assembly and maintenance 

has been a well-proven target for antibiotics development. Enzymes involving in the 

assembly process are acting sites of several important antibiotics including the β-lactam 

and glycopeptide antibiotics [25]. Furthermore, peptidoglycan biosynthesis is essential 

and highly conservative in both Gram-positive and Gram-negative strains. So, 

peptidoglycan biosynthesis is an important target for development of broad-spectrum 

antibiotics.  

1.2.1 The biosynthesis of peptidoglycan  

Bacterial peptidoglycan (also known as murein) is the bone structure of the cell wall 

and provides strength, shape and a scaffold for the other components of the cell wall in 

both Gram-positive and Gram-negative bacteria [26]. Any interference with the 

integrity of peptidoglycan will lead to cell lysis due to the low osmotic pressure in its 

surrounding environment. Peptidoglycan is a polymer consisting of repeating residues 

of β-(1, 4) linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) 

disaccharide units (NAG-NAM) that are cross-linked via the flexible peptide chains 

attached to the MurNAc [27]. Peptidoglycan biosynthesis has been extensively studied 

during the past 30 years and the entire process can be divided into three stages [28-30]. 

The first stage, shown in Figure 1.2, occurs in the cytoplasm and results in the synthesis 

of amino sugar nucleotides UDP-N-acetylmuramyl-pentapeptide (UDP-MurNAc-

pentapeptide) and UDP-N-acetylglucosamine (UDP-GlcNAc) which provide the 
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building blocks for the assembly of peptidoglycan. The second stage (Figure 1.2) takes 

place at the membrane and leads to the synthesis of the precursor lipid intermediates. 

At this stage, the phosphor-MurNAc-pentapeptide segment is assembled with 

undecaprenyl phosphate to yield lipid I. Then, UDP-GlcNAc is attached to lipid I with 

release of UDP to yield lipid II (GlcNAc-β-(1, 4)-MurNAc-(pentapeptide)-

pyrophosphoryl-undecaprenol), which is the monomeric subunit of peptidoglycan. 

With the aid of its lipid group, lipid II is transported from the cytoplasm, through 

membrane, into extracellular environment. This transportation is catalyzed by flippase, 

which then exposes lipid II to suitable sites of the polymerase for polymerization in the 

final stage. 
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Figure 1.2 Cytoplasmic steps of peptidoglycan biosynthesis (adapted from [31]) 
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The final stage takes place outside the cell membrane and it involves two processes, 

transglycosylation which polymerizes the disaccharide-peptide monomers and 

transpeptidation which cross-links the peptide residues between different growing 

peptidoglycan chains. The final stage is achieved mainly by the penicillin-binding 

proteins (PBPs), which contain two domains, glycosyltransferase (GT) and 

transpeptidase (TP), responsible for transglycosylation and transpeptidation 

respectively. In transglycosylation, the C-1 carbon of MurNAc of the growing PG 

strand is attached to the C-4 carbon of the glucosamine residue of lipid II with a release 

of the lipid chain at the same time as shown in Figure 1.3. The leaving group goes into 

the second round of lipid II synthesis. Scientists have not yet figured out the factors 

determining the length of peptidoglycan and how the growing glycan chain is released 

from the GT domain [32]. During transpeptidation, the D-Ala-D-Ala bond of one 

peptide is firstly hydrolyzed, which leads to the formation of the enzyme-substrate with 

release of the terminal D-Ala. Then, with the catalysis of transpeptidase, the peptidyl 

moiety is transferred to the non-alpha amino group of the dibasic amino acid in another 

pentapeptide to form a new peptide bond which results in the cross-linkage between 

different PG strands (Figure 1.3).  
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Figure 1.3 The extracellular processes of transglycosylation and transpeptidation 

(adapted from [31]) 
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1.2.2 Enzymes involved in the last stages of peptidoglycan synthesis 

Penicillin-binding proteins (PBPs), members of acyl serine transferases, are involved 

in the final stage of peptidoglycan biosynthesis [33]. PBPs are classified into two major 

groups, the high molecular mass (HMM) PBPs and the low molecular mass (LMM) 

PBPs. HMM PBPs consist of two domains: N-terminal domain and C-terminal domain. 

The C-terminal domain is responsible for transpeptidation. Depending on the structure 

and catalytical activity of N-terminal domain, the HMM PBPs are divided into class A 

and class B PBPs. N-terminal domain of class A is glycosyltransferase and it is 

responsible for transglycosylation, while the function of N-terminal domain of class B 

is related to cell morphogenesis and it interacts with other proteins involved in the cell 

cycle [34-36]. LMW PBPs are monofunctional DD-peptidases, most of which can 

hydrolyze peptide bond to control the extent of peptidoglycan cross-linking during cell 

wall biosynthesis [33, 37]. 

Numbering of PBPs is based on the migration pattern of them in SDS-PAGE (sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis). The smaller the number, the 

higher the molecular weight of the PBPs. Each bacterium usually has several PBPs. For 

example, there are four PBPs in S. aureus. PBP1 belongs to class B HMW-PBP and 

plays an essential role in cell growth and division [38]. PBP2 is a class A HMW-PBP, a 

bifunctional enzyme which is responsible for peptidoglycan biosynthesis [39]. PBP3 

belongs to class B HMW-PBPs which are responsible for maintenance of size and shape 

of the cell. PBP4 is a LMW-PBP which is believed to have relation with β-lactam 

resistance [40]. Moreover, 12 species of PBPs have been identified including three class 
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A PBPs (PBP1a, PBP1b and PBP1c), two class B PBPs (PBP2 and PBP3) and seven 

LMM PBPs in E coli. [41-43] Among them, PBP1a and PBP1b are responsible for the 

final stage in the peptidoglycan biosynthesis [41, 42].  
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1.3 Peptidoglycan glycosyltransferases as antibacterial target  

In the biosynthetic pathway of peptidoglycan, membrane-associated 

glycosyltransferases incorporate lipid II into the growing glycan chain and 

transpeptidases enable the formation of peptide bonds between two glycan polymers. 

The two processes can be done under the catalysis of bifuncitonal PBPs which have 

two domains, glycosyltransferase and transpeptidase [44]. Previous work about 

peptidoglycan biosynthesis focused on the transpeptidation which provides a target for 

β-lactam antibiotics. Although penicillin and other β-lactams are still being used in 

clinical treatment currently, the serious bacterial resistance to β-lactams gives rise to an 

urgent need for novel antibiotic targets and antibacterial agents.    

  The glycosyltransferase domain of the bifunctional PBPs is an attractive target for 

novel antibiotics development [45, 46]. Comparing to TP inhibitors, the peptidoglycan 

glycosyltransferase (PGT) inhibitors may be less subjected to the development of 

antibiotic resistance, as comparing with the pentapeptide segment, the higher rigidity 

of saccharide group of lipid II makes it very difficult for bacteria to get resistance by 

modification of sugar segment of lipid II. The importance of PGT as a novel drug target 

has attracted many researchers to seek inhibitors of PGT for several decades. However, 

only one natural product moenomycin A (Moe A) was found to inhibit 

transglycosylation by direct binding to PGT, but the poor bioavailability restricted its 

use in clinic. The main reason of the slow development is due to the difficulties in 

protein purification and crystallization of the large membrane protein, PBPs [45]. In the 

recent decade, researchers have worked hard to uncover the mystery of the structural 
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information of PGT and their catalysis mechanism during peptidoglycan synthesis [47-

51]. In 2007, Lovering et al. reported the first crystal structure of the bifunctional S. 

aureus PBP2 without transmembrane segment [47] and its complex with moenomycin 

(Figure 1.4a). In the same year, the crystal structure of the PGT domain of Aquifex 

aeolicus PBP1a was solved by Yuan et al. (Figure 1.4b) [48]. In 2009, Sung et al. 

revealed the crystal structure of complex of E. coli PBP1b with moenomycin A (Figure 

1.4c) [49]. The three crystal structures revealed invaluable structural information of 

bifunctional PBPs and GT domain in detail. As shown in Figures 1.4a and 1.4c, the 

bifunctional PBPs including PBP2 and PBP1b consist of two separate lobes, N-terminal 

PGT and C-terminal TP domains, connected by a short linker. As shown in Figure 1.4b, 

PGT domain is rich in α-helixes and has two regions: one globular head region next to 

the linker and a smaller jaw region behind it, located closer to the membrane. 

Interestingly, peptidoglycan glycosyltransferse has no similarities with other known 

glycosyltransferases, but it resembles bacteriophage λ lysozyme, which hydrolyzes 

glycosyl bond of peptidoglycan. The binding pose of Moe A and PBPs reveals that the 

sugar segment of Moe A extends into the cleft between the head and jaw segments by 

binding to many amino acid residues in that region, which explains the tight-binding 

model between PGTs and moenomycin. At the same time, one mechanism of 

peptidoglycan elongation has been proposed that the growing glycan chain as a donor 

is attacked at the reducing end by the receptor lipid II through deprotonation of the 4-

OH nucleophile of GlcNAc under the catalysis of PGT [47, 48].  

 



    

16 

 

 

 

 

 

 

 

Figure 1.4 (a) Crystal structure of complex of S. aureus PBP2 with Moe A (PDB ID: 

2OLV), (b) Aquifex aeolicus PBP1a PGT domain with Moe A (PDB ID: 3NB6) and 

(c) E. coli PBP1b with Moe A (PDB ID: 3FWL) [47-49] 
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In recent years, Huang et al. solved the crystal structure of S. aureus monofunctional 

glycosyltransferase (SaMGT) in complex with lipid II analogue shown in Figure 1.5 

[51]. The structural information supports the previously proposed mechanism of 

transglycosylation. PGT domain has two active sites: glycosyl acceptor site and 

glycosyl donor site (Figure 1.6). During transglycosylation, several residues of SaMGT 

interact with lipid II at the acceptor site with stabilization through Mg2+ cations. Several 

residues in the donor site are responsible for binding to lipid II (or the growing glycan 

chain). The 4-OH of GlcNAc in lipid II at the acceptor site is attacked by C1 of the 

growing glycan chain, and the two segments are linked together through a glycoside 

bond with release of the pyrophosphate group. A new product lipid IV is produced after 

the formation of a β1-4 glycoside bond, and then another transglycosylation 

commences as soon as lipid IV is transferred to the donor site and a new lipid II binds 

to the acceptor site [51]. Moe A as a PGT inhibitor is confirmed to perturb the 

elongation of the glycan chain by binding to the donor site of PGT. In summary, the 

elucidation of the mechanisms of transglycosylation and PGT inhibition has opened the 

door to the rational design of PGT inhibitors.  
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Figure 1.5 Crystal structure of complex of S. aureus monofunctional PGT (SaMGT) 

with Lipid II analogue (PDB ID: 3VMT) [51] 
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Figure 1.6 Mechanism of lipid II polymerization under the catalysis of PGT (adapted 

from [51]) 
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1.4 Moenomycin A and its mimics as PGT inhibitors 

1.4.1 Moenomycin A as a PGT inhibitor 

Although several antibiotics that interfere with the polymerization of lipid II have 

been discovered, for example lantibiotics, ramoplanin and mannopeptimycins, these 

natural products inhibit the polymerization by acting on lipid II and only moenomycin 

A inhibits the polymerization by directly binding to the PGT domain of PBPs [45]. 

Moenomycin A (Moe A, shown in Figure 1.7), the major member of the moenomycin 

family antibiotics, was discovered in 1965 [52-54]. It is the only known antibiotic that 

inhibits peptidoglycan glycosyltransferase involved in the final stage of peptidoglycan 

biosynthesis by directly binding to the donor site of PGT. Moe A is a potent antibiotic 

against various Gram-positive bacteria, with the minimal inhibitory concentration (MIC) 

ranging from 1 ng/mL to 100 ng/mL, and is 10- to 1000-fold more potent than 

vancomycin [55]. Importantly, no pathogen isolated from human or animal is 

significantly resistant to Moe A [56]. Although in vitro-induced resistant strains were 

isolated, the process of resistance development is extremely slow with low-resistant 

frequencies [57]. Furthermore, no transferrable resistance between strains and no cross-

resistance to other antibiotics were found [56, 58]. However, Moe A has no antibacterial 

effect in the human body because of its poor bioavailability. Furthermore, Moe A has 

quite a long half-life in bloodstream and causes some hemolysis in body. Therefore, it 

is currently used as a growth promoter in animal feed only [59]. 
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Figure 1.7 Structure of moenomycin A [52] 
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To improve its pharmacokinetic properties, researchers have studied extensively the 

structure-activity relationship (SAR) of moenomycin in the last two decades [60, 61]. 

Moenomycin A (Figure 1.7) consists of a chromophore unit A, a five-saccharide unit 

(B, C, D, E, F), and one C25 lipid chain attached to the sugar unit through a phosphate. 

The C25 lipid tail is essential for its bioactivity. Hydrogenation or shortening of the 

lipid chain reduces its antibacterial activity. Ring A is not essential for interaction with 

PGT and there is only a slight decrease in antibacterial activity after removing ring A. 

The C-E-F trisaccharide and E-F disaccharide segments are the minimal backbones for 

Moe A to maintain its antimicrobial activity in vivo and in vitro respectively. 

In recent years, X-ray structures of different PGTs with moenomycin (Figures 1.4) 

have revealed that Moe A perturbs the binding of the growing glycan chain with PGT 

by binding to its donor site [47-49]. The pentasaccharide segment of Moe A extends to 

the active-site cleft of the PGT domain, and the E and F rings bind to the active residues 

through hydrogen bonds. It has also inferred from the binding pose of the 

phosphoglycerate unit that the lipid chain has a direct binding with PGTs [49]. The 

binding pose is confirmed by the SAR results of Moe A as mentioned above. 
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1.4.2 Synthetic PGT inhibitors based on moenomycin and lipid II 

The structure-activity relationship of Moe A gives invaluable information for rational 

design of small molecule libraries with more drug-like structures based on the core 

structure of Moe A. Furthermore, design and synthesis of mimics of lipid II, the 

substrate of PGT, is another way to develop novel PGT inhibitors. C-Phosphonate 

disaccharides 2 and 3 (shown in Figure 1.8) were designed based on the core structures 

of Moe A and lipid II displayed modest (compound 2) and no (compound 3) PGT 

inhibition activity in vitro [62]. Compound 4, which consisted of vancomycin segment 

and the disaccharide moiety of Moe A, was designed based on the concept that the main 

role of the lipid tail was to deliver Moe A to PGT which could be displaced by other 

groups with the same function. Vancomycin can bind to the peptide group of lipid II 

through hydrogen bonds. The hybrid compound 4 exhibited higher antimicrobial 

activity against several clinically relevant cocci than the two segments-disaccharide 

PGT inhibitors or vancomycin [63]. Lipid II analogue 5 containing an uncleavable 1-

C-glycoside bond between the disaccharide segment and the pyrophosphonate showed 

a potent PGT inhibition with IC50 of 25 μM [64]. Recently, using PGT inhibitor Moe A 

as template, Zuegg et al. designed and synthesized two Moe A disaccharide mimics 6 

and 7, and both compounds showed potent antimicrobial activity against Gram-positive 

bacteria by targeting PGT. Then, based on the SAR of the disaccharide PGT inhibitors, 

two monosaccharide molecules 8 and 9 were screened out as extraordinary PGT 

inhibitors with a broad antibacterial spectrum, including multi-drug resistant 

methicillin-resistant S. aureus, vancomycin-resistant S. aureus and vancomycin 
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resistant E. faecalis in vitro, from a self-synthetic small molecule library of five hundred 

small molecules. Furthermore, compounds 8 and 9 also showed in vivo efficacy without 

toxicity in the tests of mouse model of septicemia and mouse mammary gland infection 

[65].  
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Figure 1.8 Synthetic PGT inhibitors inspired from Moe A and lipid II [62-65]
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1.5 Assays for PGT inhibitors screening and potential PGT inhibitors from HTS 

Peptidoglycan glycosyltransferase has been studied as a novel target for antibiotics 

development for more than 50 years, yet no antibiotics targeting PGT is available for 

the clinical treatment of bacterial infections. The slow progress of PGT inhibitors 

discovery is mainly due to the difficulty in obtaining the glycosyltransferase substrate, 

lipid II. In recent years, total synthesis of lipid II combined with crystal structures of 

different PGTs with lipid II or Moe A have advanced the development of assays for 

PGT inhibitors screening [47-49, 51]. On the following sections current assays that 

have been developed for PGT inhibitor screening and inhibitors screened out from these 

assays are discussed. 

1.5.1 Lipid II-based peptidoglycan glycosyltransferase inhibition assays  

This PGT inhibition assay used [14C]-labeled or fluorophore-labeled lipid II as a 

reporter with glycosyltransferase [66, 67]. The fluorescent lipid II was obtained by 

attaching a fluorophore to the ε-amino group of the lysine residue of the pentapeptide 

unit via a sulfonamide linker and the modification of the peptide group of lipid II 

simultaneously prevents the molecules from cross linking, which facilitates the 

detection of the polymerization activity of the bifunctional PBPs. And for the [14C]-

labeled lipid II, penicillin was added to inhibit the occurrence of transpeptidation. The 

labeled lipid II acting as a reporter was incorporated into the growing glycan chain 

under the catalysis of glycosyltransferase, and then the assay results could be inferred 
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by detecting the amount of the radioactive or fluorescent products. Compounds that are 

able to reduce the productivity of the glycosyltransferases are PGT inhibitors. 

Separation techniques such as paper or thin-layer chromatography (TLC), 

polyacrylamide gel electrophoresis and high-performance liquid chromatography 

(HPLC) are commonly used for isolation and detection of polymerized products. In 

2013, Huang et al. designed a Forster resonance energy transfer (FRET)-based assay to 

detect inhibitors of transglycosylation without isolation of products. In this assay, they 

attached a coumarin (fluorophore) to the peptide segment as well as a dimethylamino-

azobenzenesulfonyl quencher in the lipid tail of the same molecule [68]. At the 

beginning, the coumarin modified lipid II showed very weak fluorescence due to 

intramolecular FRET quenching. When the enzyme PGT was added and the lipid II 

analogues were incorporated into the growing glycan chain, the quencher-labeled lipid 

tail was released simultaneously. Therefore, FRET quenching was removed due to the 

release of the quencher, which would cause an increase in the fluorescence of the 

growing glycan products. As PGT inhibitors can prevent the biosynthesis of fluorescent 

growing glycan products, they can be detected by comparing the changes of 

fluorescence intensity before and after the addition of the PGT enzyme. 

 

1.5.2 Moenomycin A-based displacement assays 

SAR information of Moe A indicated that ring A is not an essential but a feasible 

moiety to provide reactive groups such as thiol and amine. A surface plasmon resonance 
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(SPR) based assay was developed using a ring A modified moenomycin [69]. In the 

assay, the Moe A derivative was immobilized on a sensor chip surface through an amide 

bond. PBP1b solutions at different concentrations were injected and the SPR signals 

resulting from the interaction between the PBP1b enzyme and the immobilized 

moenomycin derivative were concentration dependent. Free Moe A was then injected 

resulting in complete elution of PBP1b, which caused the SPR signal to return to the 

original level. This method allows PGT inhibitors to be screened based on the SPR 

signal resulting from elution of the PBP1b from the sensor chip surface. 

Following the SPR assay, a fluorescence polarization (FP) based displacement assay 

was developed by Cheng et al. using a fluorescein labeled Moe A [70]. In the assay, 

fluorescence polarization of the fluorescein labeled Moe A increased due to the 

interaction between the PGT and the fluorescent Moe A which slowed down movement 

of the fluorophore. FP was recovered by adding some small molecules which could 

displace the probe from the binding site. Finally, six compounds (10-15 as shown in 

Figure 1.9) from two databases of small molecules (57,000 compounds and 2 million 

compounds) were found to have both antimicrobial activity and PGT binding inhibition 

activities [71, 72]. However, the limitation of the assay is that detection of compounds 

with low affinity will be precluded from the drug candidate list as a result of the strong 

affinity of Moe A and PGTs. In 2013, Gampe et al. made an improvement of the FP 

assay by using a fluorescent labeled trisaccharide derivative of moenomycin with a 

lower binding affinity comparing to Moe A as the probe in the FP assay [67]. And one 

compound 15 was screened as an antibacterial agent inhibiting PGT. Although this 
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approach improved the sensitivity of the assay, the complexity of the chemical 

manipulations restricted its wide application. In recent years, computer-aided rational 

design is widely used in the early stage of drug discovery [73, 74]. In particular, the 

structure-based virtual screening of small molecule libraries provides a novel method 

for drug discovery more quickly and at a lower cost than the conventional way. In our 

group, using structure-based virtual high-throughput screening for PGT inhibitors, a 

lead compound, an isatin derivative 16 (Figure 1.9) screened out from a library of 3 

million small molecules was shown to possess antibacterial activity by targeting PGTs 

[75].  
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Figure 1.9 Some potential small molecule PGT inhibitors from HTS [67, 71, 72, 76] 
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1.6 Photoinduced electron transfer (PET) based biosensor 

Biosensors are commonly used as analytical devices, which consist of a biological 

sensing element responsible for sensing a specific analyte, a transducer which converts 

the signal of interaction between analyte and biological element into a detectable and 

measurable signal, and a signal processor that is responsible for the display of the 

transferred signal in a user-friendly way. The advances in the synthesis of fluorescent 

dyes and the fluorescent imaging technologies in the past decades have prompted the 

fast development of fluorescent biosensors. Our research group has been developing 

novel biosensors based on fluorophore-labeled proteins for antibiotic residues detection. 

In recent years, we have developed a novel biosensor for β-lactam antibiotics detection 

by labeling the omega-loop of the enzyme β-lactamase with the environmentally 

sensitive fluorescein [77, 78]. In the construction of the biosensor, a β-lactamase E166C 

mutant was made by site-directed mutagenesis (SDM). The mutation resulted in a 

dramatic decrease in hydrolytic activity while the enzyme-substrate complex was stable 

enough for analysis. Environmental changes due to the binding between the mutant and 

its substrate resulted in an increase in fluorescence intensity. Recently our group has 

also developed a fast, simple and specific biosensing system for chloramphenicol 

determination based on photoinduced electron transfer (PET). In construction of the 

biosensor, a fluorescent chloramphenicol derivative labeled with fluorescein which had 

the same binding pose with chloramphenicol acetyltransferase as chloramphenicol was 

made. At the same time, a chloramphenicol acetyltransferase V28W/E140W mutant 

which quenched the fluorescence of fluorescein was constructed. The fluorescence of 
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the probe could be quenched by the tryptophan residue of the mutant while the complex 

of fluorescent chloramphenicol and acetyltransferase mutant formed, and then the 

fluorescent intensity would be mostly restored once the probe was displaced by 

chloramphenicol [79]. Besides the application in antibiotics detection, the PET based 

biosensors have been also applied in the detection of small anions (acetates, phosphates 

and amino acids) and biological molecules (DNA and ATP) [80-82].  

1.6.1 Fluorescence quenching and photoinduced electron transfer 

Fluorescence quenching is the decrease in fluorescence intensity caused by reactions 

or molecular interactions. Many molecular interactions can lead to fluorescence 

quenching, for example, ground-state complex formation, energy transfer, molecular 

rearrangements, and collisional quenching [83]. The quenching is mainly summarized 

into two types based on its process: collisional or dynamic quenching and static 

quenching. In the case of collisional quenching, the interaction between the excited 

fluorophore and an atom or molecule can facilitate non-radiative transitions to the 

ground state. The intensity decreases in the simplest case of collisional quenching is 

described by the well-known Stern-Volmer equation: 

I0/I = 1 + KSV[Q] 

I0 and I are the fluorescence intensities in absence and presence of quencher 

respectively; [Q] is the quencher concentration and KSV is the Stern-Volmer quenching 

constant. Unlike collisional quenching, static quenching occurs when the fluorophore 

and another molecule form a stable complex in the ground state which is non-
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fluorescent. This kind of quenching depends on the concentration of the quencher, as 

shown in the following equation which was firstly described by Gregorio Weber: 

I0/I = 1 + Ka[Q] 

Ka is the association constant of the complex [83].  

Fluorescence quenching by photoinduced electron transfer (PET) occurs when the 

photon excited fluorophore transfer electron with the other small molecule, through 

which the fluorescence of the fluorophore is quenched. The most classical mechanism 

of the PET is shown in Figure 1.10. The excited fluorophore is quenched by donating 

or accepting electrons, which gives rise to charge separation and formation of radical 

ion pair D+A-, and the ion pair goes back to the ground state by charge recombination 

without emission of a photon. Based on the mechanism, the quenching rate by PET 

depends on the efficiency of charge separation and recombination, which are mainly 

dependent on the energy of reactions, including the charge separation energy ΔGcs, 

charge recombination energy ΔGcr, and the distance between the donor and the receptor 

[84-88].  
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Figure 1.10 General mechanism of PET. D is the electron donor fluorophore, and A is 

the electron acceptor.



    

35 

 

1.6.2 Fluorescence quenching by amino acids 

Several natural amino acids including tryptophan (Trp), tyrosine (Tyr), histidine 

(His), and methionine (Met) have been identified as quenchers of Alexa dyes [89]. The 

structures of amino acid quenchers are shown in Table 1.1. The mechanism of the 

quenching was attributed to PET [86]. It occurs when the amino acids and the 

fluorophore are in close van der Waals contact and the electron is usually transferred to 

the amino acid (acceptor) from the excited fluorophore (donor). Then the excited 

fluorophore returns to its ground state by charge recombination without emitting a 

photon [86]. The natural amino acid tryptophan (Trp) is important in fluorescence-

based study of peptides or proteins. For example, the quenching of the triplet state of 

tryptophan by cysteine has been used to measure formation rate of specific 

intramolecular interactions in disordered peptides [90]. Furthermore, Trp can be used 

as an efficient electron donor in PET reactions with some dyes, a property conferred by 

its indole group which is the most readily oxidized side chain among all natural amino 

acids [90]. 
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Table 1.1 Structures of some reductive amino acids 
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1.6.3 Applications of PET based biosensors 

The requirement of molecular contact for PET based quenching leads to a number of 

applications. For example, Sauer et al. developed a fluorescent assay for the 

ultrasensitive and specific detection of proteolytic enzymes using fluorophore-labelled 

peptide [91]. The conformation of the flexible peptide lied between the fluorophore and 

tryptophan residue which could quench the fluorescence. The contact resulted in an 

efficient fluorescence quenching through PET, and the fluorescence intensity increased 

dramatically in the presence of a protease which disturbed the contact by a specific 

cleavage of the peptide. Furthermore, Wang et al. designed a PET based sensing system 

to study the interaction between the anticancer drug mitoxantrone (MTX) and specific 

DNA [81]. The mechanism of the biosensor was that the MTX was absorbed on the 

surface of quantum dots (QDs), and the binding resulted in the fluorescence quenching 

of the QDs through PET. Then some extraneous DNA was added and some specific 

DNA could bind with MTX and remove the anticancer drug from QDs, which resulted 

in the restoration of the fluorescence. It was found that the fluorescence intensity was 

dependent on the concentration of the DNA. Recently, Wang et al. elucidated another 

novel biosensor using the fluorescent DNA/Ag nanoclusters and G-quadruplex/hemin 

based on photoinduced electron transfer [82]. This concept was further developed into 

a nanocluster-based molecular beacon for detection of target biomolecules such as DNA 

and ATP with high sensitivity and selectivity [92]. 
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1.7 Aims and objectives 

As mentioned above, the serious threat caused by bacterial drug resistance has 

provoked an urgent need for new antibiotics with novel targets. Peptidoglycan 

glycosyltransferase has been a well-proven target for development of new antibiotics 

to overcome the bacterial drug resistance. However, only one natural product, Moe A , 

has been identified as PGT inhibitor, but it can only be used as a growth promoter in 

the animal feed due to its poor bioavailability. The slow progress of the PGT inhibitor 

development mainly resulted from the lack of efficient and convenient method in the 

bioactivity assay. 

The crystal structure of the complex of Moe A and PGTs revealed that Moe A can 

specifically bind to the donor site of PGTs tightly. This selective binding provides a 

good template for developing a new sensing system for PGT inhibitors. The 

construction of the new biosensor (Figure 1.11) for PGT inhibitors is as follows. Firstly, 

a fluorophore was attached to Moe A, and the modification of Moe A should make no 

change in its binding with PGTs. In this way, the fluorophore of the fluorescent Moe A 

can experience a huge change in solvation environment before and after the binding 

between the fluorescent Moe A and the PGTs. Furthermore, if a quencher of the 

fluorophore is introduced to a suitable site on PGT, the binding will lead to the 

fluorescent quenching of the fluorophore-labeled Moe A, and the dissociation of the 

fluorescent Moe A from PGT will remove the quenching and restore the fluorescent 

intensity. It is well-known that the natural amino acid tryptophan is an efficient 

quencher of fluorescein through a PET quenching process. Therefore, the new 

javascript:void(0);
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biosensor can be set up by combination of a fluorescein labeled Moe A and tryptophan 

mutated PGT. 

In construction of the sensing system, the fluorescent Moe A derivatives require a 

rational structure design. Based on previous SAR study, fluorescein should be attached 

to the ring A of Moe A, since modifications of ring A only cause a weak decrease in the 

bioactivity. Another important thing is the length of the linker between the fluorescein 

and Moe A, which plays a critical role to maximize the interaction between the 

fluorophore and the tryptophan residue of PGTs. Therefore, three fluorescein-labeled 

Moe A derivatives (F-2-Moe A, F-3-Moe A and F-4-Moe A with one, two and three 

carbons in the linker respectively) with linkers of different length will be synthesized. 

The synthesis and characterization of the fluorescent Moe A derivatives will be 

discussed in Chapter 2. Another important aspect in the construction of the biosensor is 

tryptophan mutation of PGT. In this study, the PGT domain of S. aureus PBP2 was 

expressed in E. coli BL21 with a vector pRSETk which was constructed from a 

commonly used vector pRSETA by changing AmpR to KanR. Five mutants with one 

amino acid close to the active site mutated to tryptophan by site-directed mutagenesis 

were expressed, purified and then characterized by mass spectrometry. The detailed 

construction of PGT mutants will be depicted in Chapter 3. After the preparation of the 

two components of the biosensor, the interaction between the probe and the PGT 

mutants and the performance of the sensing system was studied and the results will be 

discussed in Chapter 4. 
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Figure 1.11 The concept of the PET-based biosensor for PGT inhibitors 
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Chapter 2 

Synthesis and characterization of fluorescein-labeled moenomycin A 

 

2.1 Introduction 

As mentioned in chapter I, in order for a fluorophore-labeled moenomycin to 

function as a probe in PGT inhibitor screening, it should have the following two 

properties: (i) the modified Moe A should be able to effectively bind to the same pocket 

of PGT as Moe A; (ii) the fluorescence intensity of the probe in free state should be 

strong enough for detection in PBS buffer solution and the fluorescence can be 

quenched efficiently by tryptophan. 

Although the poor bioavailability of Moe A restricted its application in bacterial 

infection treatment, Moe A derivatives including fluorophore-labeled Moe A were 

employed in the study of inhibitory mechanism and inhibitor screening [67, 70, 93]. It 

is known that ring A of Moe A is not essential to its bioactivity [60, 61], so a series of 

moenomycin derivatives carrying different groups to replace ring A have been reported 

[94, 95], and these substituents provide reactive groups including free thiol and amine 

groups for further modifications. One of the approaches is by treating moenomycin with 

aryl diazonium salts to give products with substituted trizaole groups through Japp-

Klingemann reaction. These products are featured with various active groups for 

moenomycin dimers construction as well as various fluorescence labels synthesis 

(Scheme 2.1). 



    

42 

  

  

 

Scheme 2.1 Synthetic scheme of Moe A derivatives and mechanism of Japp-

Klingemann reaction  
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  In this chapter, synthesis and characterization of three fluorescein-labeled Moe A 

derivatives with linkers of different lengths are discussed. Fluorescein isothiocyanate 

isomer I (FITC) was chosen because of its strong fluorescence, ease of availability and 

quenchability by tryptophan. Ring A of Moe A is a versatile group for modification, and 

most importantly, modification of this part does not change the binding pose of its 

derivatives to PGT. Therefore, a linker was introduced to ring A through Japp-

Klingemann reaction and fluorescein was attached to the terminus of the linker. PET 

based quenching is highly dependent on the distance between the fluorophore and 

tryptophan, so the linker between Moe A and fluorescein should be of appropriate 

length and be flexible enough to allow the fluorophore to enter the binding pocket and 

be able to access the fluorescence quencher. In this study, three fluorescent Moe A 

derivatives (F-n-Moe A, n = 2, 3 and 4) with linkers of different lengths were designed 

and synthesized. The synthetic route is outlined in Scheme 2.2. 
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Scheme 2.2 Synthetic route of fluorescent Moe A derivatives. CDI: 1,1' -

Carbonyldiimidazole  
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2.2 Experimental  

2.2.1 Materials 

Moenomycin A was isolated from crude flavomycin purchased from International 

Laboratory (ILD). Dimethylformamide (DMF), pyridine, aqueous HCl, NaNO2, 

CH3COONa and N,N'-Carbonyldiimidazole (CDI) were purchased from Sigma-

Aldrich. Fluorescein isothiocyanate isomer I (FITC) was obtained from Acros. HPLC 

grade acetonitrile, dichloromethane and methanol were obtained from DUKSAN. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. Silica 

gel (70-200 μm, Grace) was used for flash chromatographic separations. All these 

chemicals and solvents were used directly without further purification. 

 

2.2.2 Instruments 

NMR spectra were recorded on a Bruker 400 MHz spectrometer (400 MHz for 1H, 

100 MHz for 13C and 162 MHz for 31P). All high resolution mass spectra were obtained 

on a Finnigan MAT 95S mass spectrometer. A preparative HPLC system (Waters) was 

used to isolate the products and an analytical HPLC system (Agilent) was employed to 

analyze the purity of the products. The eluent consisted of phosphate buffer (0.6 g of 

KH2PO4, 26.2 g of K2HPO4, and 1 L water, pH 8.0) and acetonitrile (60 : 40). UV-vis 

spectra were obtained with an Agilent Cary 8454 UV-vis spectrometer. Fluorescence 

measurements were performed with a Horiba FluoroMax-4 spectrofluorometer.  

https://en.wikipedia.org/wiki/Dimethylformamide
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2.2.3 Preparation of moenomycin A 

Moe A was extracted and isolated from crude flavomycin based on a published 

procedure [61]. Crude flavomycin (50 g) was dispersed in CH2Cl2 (200 ml) and the 

mixture was stirred and washed at room temperature overnight. The undissolved solid 

which contained Moe A was collected by filtration, and then extracted twice with 

MeOH (100 ml) at 40 °C for 5 h. The extracts were combined and concentrated in vacuo 

to obtain a yellow solid. The solid was purified by flash column chromatography with 

an eluent of 2-propanol and 2 M ammonium hydroxide (7 : 3) to give the crude Moe A. 

The crude Moe A was further purified using preparative HPLC with an eluent of 

CH3CN and phosphate buffer (4 : 6) to give a white product (200 mg). 1H NMR (400 

MHz, MeOD) δ 5.95 (s, 1H), 5.95 (s, 1H), 5.47 (t, J = 6.6 Hz, 1H), 5.39 (d, J = 15.6 

Hz, 1H), 5.35 – 5.25 (m, 1H), 5.20 – 5.09 (m, 1H), 5.05 (d, J = 10.6 Hz, 1H), 4.68 (d, 

J = 4.2 Hz, 1H), 4.64 (d, J = 7.2 Hz, 1H), 4.51 (d, J = 11.6 Hz, 1H), 4.44 (dd, J = 20.7, 

8.1 Hz, 1H), 4.32 – 4.09 (m, 1H), 3.96 (dd, J = 22.3, 14.5 Hz, 1H), 3.85 – 3.78 (m, 1H), 

3.77 – 3.35 (m, 2H), 2.71 (d, J = 7.3 Hz, 1H), 2.36 (s, 1H), 2.23 – 1.99 (m, 2H), 1.96 – 

1.88 (m, 1H), 1.78 (s, 1H), 1.69 (s, 1H), 1.63 (s, 1H), 1.62 (s, 1H), 1.44 (d, J = 5.7 Hz, 

1H), 1.42 – 1.34 (m, 1H), 1.28 (s, 1H), 0.98 (s, 1H); 13C NMR (100 MHz, MeOD) δ 

198.78, 176.00, 174.00, 172.90, 172.66, 168.81, 157.84, 149.68, 140.39, 140.12, 

135.96, 130.82, 125.52, 123.98, 122.12, 121.86, 109.73, 107.87, 103.55, 103.38, 

102.97, 101.88, 94.72, 83.20, 80.99, 79.92, 78.59, 76.82, 75.32, 74.08, 73.71, 73.47, 

73.05, 72.61, 72.46, 71.37, 71.02, 70.05, 69.37, 68.01, 65.14, 61.03, 55.83, 54.10, 41.49, 

39.49, 35.06, 34.53, 32.14, 31.39, 30.96, 30.32, 26.49, 26.45, 26.31, 24.58, 22.71, 22.15, 
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22.00, 16.70, 16.42, 14.85, 14.74; 31P NMR (162 MHz, CD3OD) -2.25. HRMS (ESI) 

calcd for C69H107N5O34P [M-NH3-H] - 1580.6541, found 1580.6495.  

 

2.2.4 Synthesis of fluorescein-labeled Moe A 

 

1,1′-Carbonyldiimidazole (CDI, 668 mg, 4.2 mmol) was added to a solution of 5-

amino-2-nitrobenzoic acid (500 mg, 2.7 mmol) in pyridine (10 ml) and the mixture was 

stirred for 1 h at room temperature. A solution of ethylenediamine (194 mg, 3.2 mmol) 

in pyridine (1 ml) was then added slowly in an ice bath. The solution was stirred at 0 °C 

for 1 h and then at 80 °C for 3 h. The reaction was monitored by TLC until no starting 

reagent was left in the solution. The solvent was removed under reduced pressure to 

give a yellow oil. The mixture was purified by flash silica column chromatography (FC) 

to obtain a yellow solid (450 mg, 74 % yield). 1H NMR (400 MHz, MeOD) δ 7.98 (d, 

J = 9.1 Hz, 1H), 6.67 (dd, J = 9.1, 2.5 Hz, 1H), 6.56 (d, J = 2.5 Hz, 1H), 3.59 (t, J = 6.1 

Hz, 2H), 3.52 (t, J = 6.1 Hz, 2H); 13C NMR (100 MHz, MeOD) δ 170.19, 154.90, 

136.20, 133.53, 127.33, 112.68, 111.38, 40.36, 39.91. HRMS (ESI) calcd for 

C9H12N4O3 m/z: [M+H]+ 225.0977, found 225.0982. 
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1,3-Diaminopropane was used instead of ethylenediamine to give product 21 (452 

mg, 75%). 1H NMR (400 MHz, MeOD) δ 7.98 (d, J = 9.1 Hz, 1H), 6.67 (dd, J = 9.1, 

2.5 Hz, 1H), 6.56 (d, J = 2.4 Hz, 1H), 3.45 – 3.35 (m, 4H), 1.93 m, J = 6.8 Hz, 2H); 13C 

NMR (100 MHz, MeOD) δ 169.74, 154.81, 136.28, 133.60, 127.26, 112.63, 111.85, 

37.55, 29.37. HRMS (ESI) calcd for C10H14N4O3 m/z: [M+H]+ 239.1139, found 

239.1137. 

 

 

1,4-Diaminobutane was used instead of ethylenediamine to give product 22 (451 mg, 

73%). 1H NMR (400 MHz, MeOD) δ 7.99 (d, J = 9.1 Hz, 1H), 6.67 (dd, J = 9.1, 2.5 Hz, 

1H), 6.57 (d, J = 2.5 Hz, 1H), 3.37 (t, J = 6.7 Hz, 2H), 2.71 (t, J = 7.0 Hz, 2H), 1.71 – 

1.55 (m, 4H); 13C NMR (100 MHz, MeOD) δ 169.70, 154.82, 136.33, 133.59, 127.28, 

112.65, 111.90, 40.81, 39.19, 29.53, 25.96. HRMS (ESI) calcd for C11H17N4O3 m/z: 

[M+H]+ 253.1295, found 253.1283. 
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Compound 20 (67 mg, 0.3 mmol) was dissolved in 6% aqueous HCl (2 ml), and 

NaNO2 (25 mg, 0.36 mmol) in H2O (1 ml) was then added. The mixture was stirred for 

30 min in an ice bath. The resulting solution was added slowly to a solution of Moe A 

(1, 100 mg, 0.06 mmol) and CH3COONa (3 g, 36.6 mmol) in H2O (100 ml) in an ice 

bath, and the mixture was stirred at 0 °C for 1 h. Then, the solution was further stirred 

at room temperature for 48 h. The solution was filtered and evaporated under reduced 

pressure to remove the solvent. Inorganic salts were removed by reverse phase flash 

column, and the crude product was purified by normal phase silica-gel column 

chromatography to obtain the target compound 23 (78.5 mg, 71%). HRMS (ESI) calcd 

for C78H117N10O37P [M-H]- 1815.7246, found 1815.7174. 
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Compound 21 was treated by similar procedures as described for 20 to give product 

24 (432 mg, 70 %). HRMS (ESI) calcd for C79H119N10O37P [M-2H]2- 914.3665, found 

914.3638. 

 

 

Compound 22 was treated by similar procedures as described for 20 to give product 

25 (440 mg, 72%). HRMS (ESI) calcd for C80H121N10O37P [M-2H]2- 921.3743, found 

921.3728. 
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A solution of fluorescein isothiocyanate (isomer I, 10 mg, 0.023 mmol) in DMF (2 

ml) was added to a solution of 23 (50 mg, 0.03 mmol) in DMF (1 ml) and pyridine (0.5 

ml). The mixture was stirred in dark at room temperature under nitrogen for 2 days until 

TLC indicated no starting reagent was left in the reaction solution. The solvent was 

removed under reduced pressure to give a yellow residue which was then purified by 

prep-HPLC with a buffer system of phosphate solution (0.6 g of KH2PO4, 26.2 g of 

K2HPO4, and 1 L water, pH=8.0) and acetonitrile (60 : 40). Removal of organic solvent 

under reduced pressure and water by lyophilization gave a yellow powder F-2-Moe A 

(8 mg, 21%). HRMS (ESI) calcd for C99H128N11O42PS [M-2H]2- 1101.8766, found 

1101.8752. 
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Compound 24 was treated similarly as described for F-2-Moe A to give product F-

3-Moe A (9 mg, 20%). HRMS (ESI) calcd for C100H130N11O42PS [M-2H]2- 1108.8844, 

found 1108.8788. 

 

 

Compound 25 was treated similarly as described for F-2-Moe A to give product F-

4-Moe A (10 mg, 21%). HRMS (ESI) calcd for C101H130N11O42PS [M-2H]2- 1115.8911, 

found 1115.8927. 
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2.2.5 Fluorescence quantum yield measurement 

The absorption, excitation and emission spectra of the three probes were recorded. 

The absorption spectra of 1 μM of fluorescent probes in PBS buffer were first obtained 

for wavelength 400 nm to 530 nm, which were followed by fluorescence measurement 

with excitation wavelength set to the maximum absorption wavelength (~495 nm). 

Excitation and emission spectra were obtained with a slit width of 2 nm and a scan rate 

of 120 nm/min. Standard fluorescein dye in PBS buffer (0.5 μM) was used as 

reference. The emission spectra of the samples and standard were obtained and 

integrated. The quantum yields of fluorescent probes were calculated by the following 

equation. 

Ф
X
= Фst (

IX

Ist

)(
Ast

AX

)(
nX

2

nst
2

)  

Where Фst is the reported quantum yield of the standard, I is the integrated emission 

spectra, A is the absorbance at the excitation wavelength and n is the refractive index 

of the solvent used (n = 1 if same solvent). The subscription X denotes sample, and st 

denotes standard. 

 

2.2.6 Fluorescence lifetime measurement 

A time-correlated single photon counting (TCSPC) spectrofluorometer (PTI-

QuantaMaster Spectrofluorometer) equipped with a Hamamatsu R928 photomultiplier 

tube was used for fluorescence lifetime measurement. A pulsed 460 nm LED was used 
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as the excitation source. The emission counts of the samples were recorded at 520 nm 

with 1 nm slit width. The instrument response function (IRF) was measured with a 

diluted Ludox solution. Time-resolved decay curves of the samples and Ludox were 

plotted. The lifetime of the three fluorescent Moe A were calculated by fitting the decay 

curves of the samples with reference to the Ludox standard. 
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2.3 Results and discussion 

Moe A was isolated from crude flavomycin with a yield of 0.4 %. Purified Moe A 

was characterized by high-resolution mass spectrometry (HRMS), 1H NMR, 13C NMR 

and 31P NMR and its purity was determined by analytical HPLC. All intermediates were 

characterized by HRMS, 1H NMR and 13C NMR. Fluorescent Moe A (F-2-Moe A, F-

3-Moe A and F-4-Moe A) with linkers of various lengths were successfully obtained 

through 3 steps with yields of 11%, 10% and 11% respectively. The target compounds 

26, 27 and 28 were named as F-n-Moe A where n (n = 2, 3 and 4) is the number of 

carbon in the linker. The F-n-Moe A (n = 2, 3 and 4) were characterized by HRMS and 

their purities were determined by analytical HPLC (Appendix I).  

2.3.1 Spectral properties of fluorescein-labeled Moe A 

The absorption, excitation and emission spectra of the three fluorescent probes are 

shown in Figures 2.1, 2.2 and 2.3 respectively. All these probes show similar spectral 

properties to fluorescein. As shown in Figure 2.1, the maximum absorption wavelength 

of the probes were around 495 nm. Furthermore, as shown in Figures 2.2 and 2.3, the 

maximum excitation and maximum emission wavelengths of the three fluorescein-

labeled Moe A derivatives were found to be around 494 nm and 517 nm respectively 

which are also similar to those of fluorescein. The excitation and emission wavelengths 

of the three probes are summarized in Table 2.1.  
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Figure 2.1 UV-vis absorption spectra of (a) 1 μM of F-2-Moe A, (b) F-3-Moe A and 

(c) F-4-Moe A in PBS buffer (pH 8.0) at 25 °C. 
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Figure 2.2 Excitation spectra of 1 μM of (a) F-2-Moe A, (b) F-3-Moe A and (c) F-4-

Moe A in PBS buffer (pH 8.0) at 25 °C with the emission wavelength set at 520 nm and 

the slits at 2 nm for both excitation and emission. 
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Figure 2.3 Emission spectra of 1 μM of (a) F-2-Moe A, (b) F-3-Moe A and (c) F-4-

Moe A in PBS buffer (pH 8.0) at 25 °C with the excitation wavelength set at 495 nm 

and the slits at 2 nm for both excitation and emission. 
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Table 2.1 Excitation and emission wavelength of the fluorescein-labeled Moe A 

derivatives 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fluorophores
Excitation Wavelength

 λmax (nm)

Emission Wavelength

 λmax (nm)

F-2 -Moe A 494 517

F-3 -Moe A 491 514

F-4 -Moe A 493 517
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2.3.2 Quantum yield and lifetime of the fluorescent probes 

The quantum yield of fluorescent Moe A derivatives are summarized in Table 2.2. 

With fluorescein (Ф=0.79) as reference [96], the quantum yield of the three probes (F-

2-Moe A, F-3-Moe A and F-4-Moe A) were obtained with values of 0.52, 0.53, 0.55 

respectively. Comparing to standard fluorescein, the quantum yields of the three probes 

are decreased by about 30%, which indicate that more energy of the excited probes are 

given off in a non-radiative manner. A possible explanation could be due to the presence 

of nitro-benzene group which is a quencher of certain fluorophores [97, 98]. Although 

the quantum yields of the probes are less than that of fluorescein, the fluorescence 

intensities of the probes are still strong enough for fluorescence assay. 

The fluorescence lifetime of the three probes were also studied. The time resolved 

decay curves of the three probes are shown in Figure 2.4. The fluorescence decay curves 

of the three probes were fitted by a mono-exponential decay model to obtain the lifetime, 

and their lifetime were determined to be about 3 ns (Table 2.2). The decay model of F-

n-Moe A is accordance with that of FITC reported before [99]. 
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Table 2.2 Quantum yields and lifetime of the fluorescent probes 

 

#The quantum yield and lifetime of fluorescein in the PBS buffer were reported to be 0.79 [96] and 

4.10 [99]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fluorophores Quantum Yield (Ф) Lifetime (τ, ns)

Fluorescein 0.79
#

4.10
#

F-2 -Moe A 0.52 3.20

F-3 -Moe A 0.53 3.15

F-4 -Moe A 0.55 3.36
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Figure 2.4 Time resolved decay curves of probes F-2-Moe A, F-3-Moe A 

and F-4-Moe A 
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2.4 Concluding remarks 

In this chapter, three fluorescent probes (F-2-Moe A, F-3-Moe A and F-4-Moe A) 

with different linkers were designed, synthesized and characterized by high resolution 

mass spectrometry. Moreover, the spectral properties of the probes were also studied. 

These three probes possess similar absorption, excitation and emission properties. The 

photophysical properties of the probes are similar to those of fluorescein. The lifetime 

of three probes are around 3 ns. The quantum yield of the probes decreased by about 

30% compared to fluorescein, which may be caused by the nitrobenzene group 

introduced to the linker. However, the quantum yields are still high enough for the three 

probes to be applied in fluorescence assay. 
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Chapter 3  

Rational design, preparation and characterization of PGT mutants 

 

3.1 Introduction 

Since peptidoglycan glycosyltransferase is a promising target for antibiotic 

development, having a high performance assay for screening PGT inhibitors is of 

utmost importance. In recent years, several crystal structures of complexes of PGT with 

Moe A or lipid II have been solved, which greatly advanced the development of assays 

for screening PGT inhibitors [67, 68, 70]. From a biomedical perspective, fluorescent 

biosensors based on fluorescence intensity, polarization or lifetime, can provide a 

sensitive means for probing ions, metabolites, and protein biomarkers. These biosensors 

are widely used in disease diagnosis and monitoring, study of enzyme kinetics, and high 

throughput screening in drug discovery [100-103].   

Several natural amino acids, including tryptophan, tyrosine, histidine and methionine, 

can induce fluorescence quenching of certain dyes through photoinduced electron 

transfer (PET) when the quencher amino acids are in van der Waals contact with the 

dyes [89]. Among them, tryptophan (Trp) is the most efficient quencher of commonly 

used dyes such as fluorescein [90]. Tryptophan, a natural amino acid, can be easily 

introduced into a specific site of a protein by site-directed mutagenesis. On the other 

hand, fluorescein is commonly used in fluorescence measurements due to its desirable 

absorption and emission characteristics as well as high fluorescence intensity and 
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quantum yield. Therefore, a biosensing system containing a tryptophan-mutated protein 

and its binding partner labeled with fluorescein can be constructed and be employed in 

areas such as small molecules detection, drug discovery and protein-protein interaction 

studies. 

In this study, S. aureus PBP2 PGT domain was transformed into a fluorescent 

quencher by mutation of some amino acids near its binding pocket into tryptophan. 

Fluorescence quenching by photoinduced electron transfer is highly dependent on the 

distance between the fluorophore and the quencher. In order to find the best PGT mutant 

for constructing the biosensing system, five amino acid residues at different locations 

close to the binding pocket were selected for mutation to tryptophan based on the crystal 

structure of the complex of S. aureus PBP2 and Moe A. These five sites are shown in 

Figure 3.1, which include glutamine at position 161 (Gln-161, Q161), histidine at 

position 162 (His-162, H162), aspartic acid at position 199 (Asp-199, D199), tyrosine 

at position 210 (Tyr-210, Y210) and aspartic acid at position 241 (Asp-241, D241). 
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Figure 3.1 The five amino acid residues selected for mutation based on the crystal 

structure of complex of S.aureus PBP2 and Moe A [47] 
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3.2 Experimental 

3.2.1 Materials 

3.2.1.1 Chemicals 

Kanamycin sulfate, ethylenediaminetetraacetic acid (EDTA), sodium phosphate 

monobasic dihydrate, sodium hydroxide, sodium chloride and sodium dodecyl sulfate 

(SDS) were purchased from Sigma-Aldrich Co. Tris(hydroxymethyl)aminomethane 

(Tris) was bought from ACROS. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was 

obtained from USB Corporation. Reagents for Bradford protein assay were purchased 

from Bio-Rad Laboratories. HBS-EP buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 

mM EDTA, 0.005% surfactant P20) as running buffer for SPR assay and regeneration 

scouting kit were obtained from GE Healthcare. 

3.2.1.2 Media 

Nutrient agar, tryptone and yeast extract were purchased from Oxoid Ltd. (Nepean, 

Ontario, Canada). Luria-Bertani (LB) medium was prepared by adding yeast extract 

(0.5 g), sodium chloride (0.5 g) and tryptone (1 g) in 100 mL deionized water and 

sterilized. It was used during the transformation of recombinant plasmid, preparing E. 

coli competent cells, and growing of pre-culture before protein expression. 2×TY 

medium for protein expression was prepared by mixing yeast extract (2.0 g), tryptone 

(3.2 g) and sodium chloride (1.0 g) in 200 mL deionized water and sterilized. 

Kanamycin (50 μg/ml) was used for selection of plasmid containing E. coli. 
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3.2.1.3 Bacterial strains and plasmids 

E.coli Top 10 was used for routine propagation and genetic modification of plasmids. 

E.coli BL21 (DE3) was used for overexpression of PGT wild type (WT) and its mutants. 

Plasmid pRSETk was employed for production of wild type PGT and mutants in E. coli 

expression system. The map of PGT-pRSETk is shown in Figure 3.2. The vector carries 

a pUC replication origin (ORI) and a f1 origin for replication in E. coli, T7 promoter 

and T7 terminator. Antibiotic selective marker includes KanR gene for kanamycin 

resistance. The recombinant gene of PGT was inserted into the multiple cloning sites 

of the plasmid between BamHI and XhoI restriction sites for overproduction of N-

terminal 6-histidine tagged PGT. 
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Figure 3.2 Plasmid map of PGT-pRSETk. 
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3.2.1.4 DNA manipulation reagents 

Primers for site-directed mutagenesis (SDM) were obtained from Integrated DNA 

Technologies, Inc. PfuUltra High-Fidelity DNA polymerase for PCR and SDM and its 

corresponding PfuUltra buffer were purchased from Stratagene. Wizard®  Plus SV 

Minipreps DNA Purification System, T4 DNA ligase, dNTPs, restriction enzymes 

including BamHI, DpnI, NdeI and XhoI were purchased from Promega and the Agarose 

Gel DNA Extraction Kit was obtained from Roche. 

 

3.2.2 Cloning and expression of PGT mutants 

3.2.2.1 Preparation of competent cells 

A single colony of E.coli Top 10 or E. coli BL21 (DE3) was picked and cultured in 

5 ml of sterilized LB medium at 37 °C overnight with shaking at 250 rpm. 1 ml of 

overnight culture was added to 100 ml of fresh LB medium and subjected to a further 

incubation at 37 °C with shaking at 250 rpm. When OD600 of the culture reached about 

0.4, the cells were harvested by centrifugation at 4000 rpm at 4 °C for 20 min. After 

discarding the supernatant, the cell pellet was resuspended gently in 10 ml of ice-cold 

CaCl2 (100 mM), and then the mixture was incubated in ice for 30 min. The cells were 

harvested by centrifugation at 4000 rpm at 4 °C for 20 min again. Then, the cells were 

resuspended gently in a solution containing 1 ml of ice-cold CaCl2 (100 mM) and 0.5 

ml of 50 % glycerol. The competent cells were aliquoted into 100 µl portions and used 
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immediately or quickly freezed by liquid nitrogen and stored at -80 °C for later use. 

3.2.2.2 Transformation of recombinant plasmid into E. coli 

In the process of transformation, 2 µl of the target plasmid and CaCl2 treated-

competent cells (E. coli Top10 and E. coli BL21 (DE3)) were mixed gently in an ice-

cold microcentrifuge tube, and the mixture was kept in ice for 30 min before heat 

shocked at 42 °C for 1 min. The mixture was kept in ice for 3 min. Then 1 ml of fresh 

LB medium was added, mixed gently, and the mixture was incubated at 37 °C for 1.5 

hours. Finally, about 50 µl of the cells were plated onto the LB agar containing 

kanamycin and incubated at 37 °C overnight. 

3.2.2.3 Site-directed mutagenesis (SDM) 

The PGT domain without transmembrane region was amplified from the full length 

S. aureus PBP2 by PCR, and was then inserted into vector pRSETk. Site-directed 

mutagenesis of PGT gene was performed through the approach of whole plasmid 

mutagenesis. In this method, a pair of complementary mutagenic primers were designed 

and employed to amplify the whole plasmid in a thermocycling reaction using PfuUltra 

High-Fidelity DNA polymerase. After the reaction, the template DNA was eliminated 

by enzymatic digestion using the restriction enzyme DpnI, which can selectively digest 

methylated DNA. The template plasmid which is biosynthesized in E. coli is methylated 

while the mutated plasmid generated by PCR in vitro is not methylated. Therefore, the 

template plasmid was digested while the mutated plasmid was not digested. 

https://en.wikipedia.org/wiki/Thermal_cycler
https://en.wikipedia.org/wiki/Restriction_enzyme
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Five different sites in wild type PGT were selected for mutation to tryptophan by 

SDM using different primer sets. Details of the primers used for the mutations are listed 

in Table 3.1. PCR was carried out in a MJ Research PTC-200 Peltier thermal cycler. A 

mixture of 50 μl in total, containing sterile water (40 μl), plasmid PGT-pRSETk (0.2 

μg, 1 μl), 10 μM forward primer (1 μl), 10 μM reverse primer (1 μl), 10 mM dNTPs (1 

μl), PfuUltra High-Fidelity DNA polymerase (1μl) and 10X PfuUltra buffer (5 μl) was 

subjected to PCR cycling. The condition for SDM was set as follows: pre-denaturation 

at 94 °C for 1 min; 18 cycles of denaturation at 94 °C for 1 min, annealing at 58 °C for 

1 min and elongation at 68 °C for 4 min; and a final extension at 68 °C for 8 min, and 

then the product was kept at 4 °C. The PCR products were analyzed by agarose gel 

electrophoresis. DpnI (1 μl) was subsequently added to the product mixture to eliminate 

the template plasmid. The solution was mixed gently and allowed to react at 37 °C for 

2 h. Then, 10 μl of the digested PCR product was transformed into E.coli Top 10 

competent cells. All transformed cells were cultured in a LB agar plate containing 

kanamycin at 37 °C overnight after recovery in LB at 37 °C for 1 h. Several colonies 

were picked and inoculated into 5 ml of fresh LB medium individually and were 

allowed to grow overnight at 37 °C. Finally, mutated PGT-pRSETk were extracted 

using plasmid DNA mini-prep kits and then sent for DNA sequencing to confirm correct 

mutations. DNA sequencing was performed by BGI Ltd. using ABI 3730xl DNA 

analyzer based on Sanger sequencing method.  

 

 

http://www.thermofisher.com/us/en/home/life-science/dna-rna-purification-analysis/dna-extraction/plasmid-isolation/plasmid-dna-mini-prep.html
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Table 3.1 PGT mutants construction 

 
Note: the bold and underlined sequences correspond to the sites for mutagenesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Forward:

5'-AAAGATGCATTTTTATCATGGCATAAATCTATTGGACGT-3'

Reverse:

5'-ACGTCCAATAGATTTATGCCATGATAAAAATGCATCTTT-3'

Forward:

5'-ATGCATTTTTATCACATTGGAATTCTATTGGACGTAAAG-3'

Reverse:

5'-CTTTACGTCCAATAGATTTCCATTGTGATAAAAATGCAT-3'

Forward:

5'-CTAAATAAAATTTACTATTCTTGGGGCGTAACAGGTATTAAAGC-3'

Reverse:

5'-GCTTTAATACCTGTTACGCCCCAAGAATAGTAAATTTTATTTAG-3'

Forward:

5'-GCTGCTGCTAAGTGGTACTTTAATAAAG-3'

Reverse:

5'-CTTTATTAAAGTACCACTTAGCAGCAGC-3'

Forward:

5'-CAACTATAATATTTATTGGCATCCAAAAGCTGCTG-3'

Reverse:

5'-CAGCAGCTTTTGGATGCCAATAAATATTATAGTTG-3'

PGT-pRSETk/D199W

PGT-pRSETk/Y210W

PGT-pRSETk/D241WD241W

Y210W

D199W

DNA sequence Resultant plasmid

Q161W

H162W

PGT-pRSETk/Q161W

PGT-pRSETk/H162W

Mutant
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3.2.2.4 Expression and purification of PGT mutants 

Wild type PGT and its five mutants were transformed and overexpressed in E. coli 

BL21 (DE3). Glycerol stock of BL21 (DE3) cells containing the recombinant plasmid 

were streaked on LB plate containing kanamycin and incubated at 37 °C overnight. A 

single colony was picked and inoculated into 5 ml of fresh LB medium with kanamycin. 

It was then incubated at 37 °C with shaking at 250 rpm overnight for about 16 h. The 

pre-culture was transferred into a fresh 2×TY medium containing kanamycin in 1:100 

dilution (2 ml pre-culture into 200 ml 2×TY medium), followed by incubation at 37 °C 

with shaking at 250 rpm for about 2-3 h. Cell growth was monitored by measuring the 

optical density at wavelength 600 nm (OD600). When the OD600 reached 0.8, 200 µl of 

1 M isopropyl-β-D-thiogalactopyranoside (IPTG) was added to induce expression of 

PGT protein. Then, the culture was allowed to grow for an additional 4 h at 37 °C with 

shaking at 250 rpm. The cells were harvested by centrifugation at 6000 rpm at 4 °C for 

20 min. After the supernatant had been discarded, the cell pellets were resuspended in 

20 ml of phosphate-buffered saline (PBS, 20 mM sodium phosphate, 500 mM NaCl, 

pH 7.4). Prior to purification of the PGT protein, cell lysis was performed by a 30 s 

sonication for 5 cycles using a Soniprep 150 ultrasonic disintegrator. Cell debris 

containing PGT was collected by centrifugation (9000 rpm at 4 °C for 1 h). The 

insoluble PGT protein was solubilized with the assistance of detergent Fos-choline-14. 

20 ml starting buffer (20 mM sodium phosphate, 500 mM NaCl, pH 7.4) with 20 mM 

Fos-choline 14 was added to the cell debris. The PGT protein was solubilized by rolling 

the mixture gently at 4 °C overnight. The mixture was then centrifuged at 13,500 rpm 

javascript:void(0);
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at 4 °C for 1 h. The supernatant containing solubilized PGT was collected for 

purification.  

Purification of PGT was performed with an Amersham-Pharmacia Ä KTA Fast 

Protein Liquid Chromatography (FPLC) system using a 5 ml HiTrap chelating column 

(Amersham-Pharmacia). The column was firstly washed with three column volumes 

(CV) of double deionized water (diH2O). Then three CV of 0.1 M nickel (II) sulfate 

was passed through the column and unbound nickel (II) was subsequently washed away 

by water. The column was then pre-equilibrated with starting buffer (500 mM NaCl, 20 

mM NaH2PO4, 1 mM Fos-choline-14, pH 7.4). The 0.45 µm filtered supernatant was 

loaded onto the column. The column was washed with 6 CV of starting buffer and 2 

CV of mixture of 10 % elution buffer (20 mM sodium phosphate, 500 mM NaCl, 500 

mM imidazole, 1 mM Fos-choline-14, pH 7.4). Finally, the His-tagged protein was 

eluted by a linear gradient of elution buffer from 10 % to 100 %. All fractions were 

collected and a small portion of them were analyzed by SDS-PAGE (Section 3.2.3). 

The fractions containing the target protein were collected and its buffer was changed to 

20 mM sodium phosphate buffer (pH 7.4) by dialysis and stored at -80 °C for future 

use. 

  

3.2.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)  

The protein samples collected in different tubes were analyzed using 12 % SDS-

PAGE in a Mini-PROTEAN III dual slab cell (Bio-Rad Laboratories). 20 µl of samples 
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were mixed with loading buffer (65.8 mM Tris-HCl (pH 6.8), 2.1% SDS, 26.3% (w/v) 

glycerol, 0.01% bromophenol blue, 2.5 % β-mercaptoethanol (w/v)). Then the mixture 

was boiled for 8 min. 20 µl of mixtures were loaded into the lanes of the SDS-PAGE 

gel, which comprised of 5 % stacking gel (pH 6.8) and 12 % separating gel (pH 8.8). 

The SDS-PAGE gel was then subjected to electrophoresis in 1X running buffer (25 mM 

Tris-HCl, 192 mM glycine, 3.5 mM SDS, pH 7.4) at 150 V for 1 h. Finally, the gel was 

stained with Coomassie blue for 5 min, and then was distained in the destain solution 

(methanol: glacial acetic acid: diH2O 2: 1: 7) to get a clear background of the gel. 

 

3.2.4 Electrospray ionization-mass spectrometry (ESI-MS) 

ESI-MS was used to analyze the molecular weight of the PGT mutants. The protein 

was concentrated and buffer-exchanged into 20 mM ammonium acetate using the 10 

kDa Amicon Ultra filter centrifuge tubes (Millipore Corp.) before MS analysis. ESI-

MS analysis was performed using a VG Platform quadruple-time-of-flight (Q-TOF2) 

mass spectrometer (Micromass, Altrincham, Cheshire, UK). The protein was diluted in 

H2O/CH3CN (1: 1) with 1 % formic acid to a final concentration of 5 μM. Mass 

spectrum at the range of m/z 500 to 2000 was scanned. 

 

3.2.5 Determination of protein concentration 

Bradford assay was employed to determine the concentrations of the PGT mutants 
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[104]. 200 μl of Bradford reagent dye purchased from Bio-Rad was mixed with 799 μl 

of water and 1 μl of the protein sample. The mixture was incubated for 10 min at room 

temperature to allow the formation of the stable protein-dye complexes. Then the 

absorbance of the sample was measured by a UV-vis spectrometer at 595 nm. The 

concentration of the target protein was determined by comparison with a calibration 

curve constructed using bovine serum albumin (BSA). 

 

3.2.6 SPR assay for determining PGT mutants-Moe A binding affinity 

 A BIACORE@3000 surface plasmon resonance (GE Healthcare Life Sciences) system 

was employed to investigate the binding affinities of PGT mutants to Moe A. Amine 

derivative of Moe A (compound 23) was immobilized on a sensor chip CM5 (GE 

Healthcare Bio-Sciences AB, Uppsala, Sweden) by covalent bond as described by 

Stembera et al. [69]. A mixture of NHS (0.05 M) and N-ethyl-N'-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC, 0.2 M) was injected into 

both the analytical flow cell and the reference cell for 5 min to activate the 

carboxymethyl groups on the sensor chip surface by forming an N-hydroxysuccinimide 

ester. A solution of 23 (0.5 μM) in running buffer was injected into the analytical cell 

for over 10 min while the reference cell was treated with the blank running buffer. Then 

the residual active ester groups in both cells were blocked with a 10 min flow of 1 M 

ethanolamine. All the above steps were performed at a flow rate of 10 μl/min.  

Following the immobilization of 23, the whole system was washed with running 
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buffer at a rate of 50 μl/min for 5 min. PGT mutants and WT were diluted in SPR 

running buffer and injected into the sensor surface for 120 s, followed by a 40 s of 

regeneration by injection of 10 mM glycine-HCl (pH 1.5) at a flow rate of 10 μl/min. 

Then the system was washed by the running buffer for 5 min at a flow rate of 50 μl/min. 

For the wild type protein and its mutants, a series of different protein concentrations 

(50 nM, 100 nM, 150 nM, 200 nM, 250 nM, 300 nM) were injected into both cells and 

analyzed. Finally, sensorgrams were described by response data which were obtained 

by subtraction of reference cell without Moe A immobilization versus time. KD values 

of each protein were calculated by the SPR system.  
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3.3 Results and discussion 

3.3.1 Preparation of wild type PGT and mutants 

The glycosyltransferase domain of S. aureus PBP2 and its five mutants, namely 

Q161W, H162W, D199W, Y210W and D241W, were successfully cloned into pRSETk 

vector. The sequences of these recombinant PGT-pRSETk were confirmed by DNA 

sequencing and the sequencing results are shown in Appendix Ⅱ . The protein 

purification chromatograms and images of SDS-PAGE gel of purified His-tagged PGT 

are shown in Figure 3.3 and Appendix Ⅲ. In the FPLC chromatogram, the third blue 

peak was the target protein with His-tag while the first and second blue peaks were non-

specific proteins. In SDS-PAGE, the protein bands in lanes 6-9 corresponded to the 

third blue peak in the chromatogram. The dominant bands in lanes 6-9 were in the 

similar level with the 5th bands of the low range molecular marker, which means that 

the proteins in these lanes should have a molecular weight around 21.5 kDa. So, it can 

be preliminarily concluded that PGT protein was obtained in the third blue peak of 

FPLC chromatography. 
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Figure 3.3 (a) FPLC chromatogram of 200 ml PGT-WT-pRSETk/BL21 (DE3) protein 

purification and (b) SDS-PAGE gel photo of various fractions from PGT-WT-

pRSETk/BL21 (DE3) purifcaiton.  

Note: Lane 1: Low range molecular marker: Phosphorylase b (97.4 kDa), Serum 

albumin (66.2 kDa), Ovalbumin (45 kDa), Carbonic anhydrase (31 kDa), Trypsin 

inhibitor (21.5 kDa), Lysozyme (14.4 kDa); Lane 2: supernatant after solubilization 

with fos-choline-14; Lane 3: supernatant before solubilization with Fos-choline-14; 

Lane 4: cell pellet after solubilization with Fos-choline-14; Lanes 5-10: 20 µl of 

fractions A9-B11. 
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3.3.2 Characterization by ESI-MS 

The accurate molecular mass of wild type PGT and mutants were obtained by ESI-

MS as shown in Figure 3.4 and Appendix Ⅳ. Only a single peak was observed in the 

mass spectra of WT, D199W, Y210W and D241W. The additional peaks, 19728 Da in 

the MS spectrum of Q161W and 19720 Da for H162W corresponded to the mutants 

with the loss of three amino acids (DHP) at the C-terminal. Based on the structural 

information, the missing three amino acids are distant from its active site so their 

absence should not affect the bioactivity. A comparison of the calculated mass and the 

mass found in the ESI-MS results of WT and mutants is shown in Table 3.2. Data 

obtained from SDS-PAGE gel and ESI-MS of WT and mutants indicated that all PGT 

proteins were successfully obtained with correct sequence and high purity.  
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Figure 3.4 ESI-MS spectrum of wild type PGT 
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Table 3.2 Comparison of the calculated mass and measured mass of wild type PGT and 

mutants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mutant Calculated mass (Da) Measured mass (Da)

WT 20020.39 20020

Q161W 20078.47 20078

H162W 20069.46 20071

D199W 20091.51 20091

Y210W 20043.42 20044

D241W 20091.51 20091
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3.3.3 Binding affinity determination of the PGT mutants with Moe A by SPR 

  When an amino acid residue is mutated in the PGT, it is imperative to test their 

binding affinity with Moe A to ensure the alternation does not exert significant 

influences on their structure and bioactivity. A series of PGT solutions in running buffer 

ranging from 20 nM to 300 nM were used to analyze their binding to Moe A. 

Sensorgrams of the WT and five mutants were obtained and shown in Figure 3.5. 

Concentration dependent binding responses were observed in all PGT proteins 

including WT and the five mutants. The dissociation constant (KD) was obtained by 

BIACORE 3000 Control Software. As shown in Table 3.3, KD values of WT and five 

mutants including Q161W, H162W, D199W, Y210W and D241W are similar, being 

200 nM, 300 nM, 300 nM, 220 nM, 180 nM and 160 nM respectively, which indicated 

that the mutations did not significantly alter the bind affinity. Comparing to wild type 

PGT (KD = 200 nM), the binding affinities of three mutants Q161W (KD = 300 nM), 

H162W (KD = 300 nM) and D199W (KD = 220 nM) showed a slight decrease while 

those of two mutants Y210W (KD = 180 nM) and D241W (KD = 160 nM) intensified a 

little bit. The main reason of the alternation could be conformational changes due to 

site mutations, which provided a more or less fitting pocket for Moe A binding 

comparing to the wild type PGT. 

 

javascript:void(0);
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Figure 3.5 Sensorgrams of a concentration series of S. aureus PGT (a) WT and mutants 

(b) Q161W; (c) H162W; (d) D199W; (e) Y210W; (f) D241W binding to Moe A chip. 

Injection of the solutions starts at 107 s and lasts for 120 s. 
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Table 3.3 Binding affinities of PGT-WT and mutants calculated from SPR assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PGT

WT

Q161W

H162W

D199W

Y210W

D241W 160 ± 69

Dissociation Constant

 (K D , nM)

200 ± 56

300 ± 47

300 ± 64

220 ± 72

180 ± 53 
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3.4 Concluding remarks 

In this chapter, we successfully cloned the peptidoglycan glycosyltransferase domain 

of S. aureus PBP2 into E. coli expression vector and created five mutants based on 

structural rational design. 

Based on the binding pose of Moe A with PGT domain obtained from the crystal 

structure of the complex, amino acid residues near the active sites were selected for 

tryptophan mutation. Finally, five selected sites (Q161, H162, D199, Y210 and D241) 

were mutated to tryptophan by SDM to give the corresponding single-point mutants 

Q161W, H162W, D199W, Y210W and D241W. These mutants together with the WT 

were obtained with high expression level and purity. The SPR analysis results indicated 

that all the mutants had similar binding affinities to Moe A comparing to the WT, which 

meant the mutations did not cause significant structural change to the protein and Moe 

A can still bind to the active site. Therefore, the PGT mutants expressed can be 

employed in the construction of the biosensing system. 
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Chapter 4 

Validation of the PET based biosensor for screening of PGT inhibitors 

 

4.1 Introduction 

In constructing the biosensor for detecting PGT inhibitors, fluorescein was attached 

to Moe A to make the fluorescent probe and several amino acid residues of PGT were 

mutated to tryptophan which serves as a quencher to the fluorophore. The biosensing 

system works by initial fluorescence quenching due to binding of fluorescein-labeled 

Moe A derivatives to the active site of PGT, which is followed by fluorescence recovery 

through displacement of the probe with potential PGT inhibitors which competitively 

bind to the same active site of PGT (Figure 1.12). 

For a successful biosensor for PGT inhibitors, the probe should be able to bind to the 

active site of PGT mutants and the fluorescein group can interact with the tryptophan 

residue. The interaction between PGT mutant and fluorescent probe can be monitored 

through fluorescence changes. In order to find the best pair of mutant and fluorescent 

probe for constructing the biosensing system, the extent of quenching effect by PGT 

mutants and the restoration of the fluorescence by Moe A and inhibitors are discussed 

in this chapter. Furthermore, the specificity of the biosensor is also reported.   
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4.2 Experimental  

4.2.1 Measurement of steady-state fluorescence intensity  

Steady-state fluorescence intensity measurements were carried out with a Horiba 

FluoroMax-4 spectrofluorometer (HORIBA, Ltd.). The excitation wavelength was set 

at 495 nm with slit width of 5 nm at a scan rate of 200 nm/min. A solution containing 

10 mM Tris (pH 8.0), 200 mM NaCl, 1 mM CHAPS, 100 nM probe and 0.5 μM wild 

type PGT or mutants (Q161W, H162W, D199W, Y210W or D241W) was allowed to 

equilibrate for 30 min at 4 oC before measurement. BSA and lysozyme were used as 

negative controls. 

 

4.2.2 Determination of the dissociation constant KD by fluorescence titration of 

probes with PGT mutants  

The probe / PGT mutant pairs selected from the results of steady-state fluorescence 

measurements were further studied for the concentration-dependent responses. A 

solution containing 10 mM Tris (pH = 8.0), 200 mM NaCl, 1 mM CHAPS, 100 nM 

probe, and 3.2 μM PGT mutant was allowed to equilibrate for 10 min at 4 °C and then 

was serially diluted (1: 1 dilutions) into a solution containing 10 mM Tris (pH = 8.0), 

200 mM NaCl, 1 mM CHAPS, 100 nM probes. After another 10 min of equilibration 

at 4 °C, 150 μl of the mixture was transferred to a black 96-well plate (Corning 3650, 

Corning Inc.) and the fluorescence intensities (FI, ex: 485 nm; em: 520 nm) of the 
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samples in the 96-well plate were measured using a POLARstar OPTIMA microplate 

reader (BMG Labtech). Each series was performed in duplicate and the changes in 

fluorescence intensity were plotted against PGT mutant concentrations. The change in 

FI was defined as [(FImax - FIobs) / FImax × 100 %]. For determination of the KD value, 

we assumed that the titration follows a standard binding equation describing an 

equilibrium L + R ⇋ LR (L = ligand; R = receptor; LR = ligand receptor complex). Fitting 

the sigmoidal curve based on the equilibrium using GraphPad Prism 5.0 (GraphPad 

Software, Inc.) resulted in the KD values.  

 

4.2.3 Displacement assay with PGT inhibitors and KI determination 

The fluorescence spectra of probe / PGT mutant pairs after the addition of Moe A 

were recorded. A solution containing 10 mM Tris (pH 8.0), 200 mM NaCl, 1 mM 

CHAPS, 100 nM probes (F-n-Moe A, n = 2, 3 and 4) and 0.5 μM PGT mutant (D199W, 

or D241W) was allowed to equilibrate for 10 min at 4 oC before measurement using 

Horiba FluoroMax-4 spectrofluorometer (HORIBA, Ltd.). Then Moe A was added into 

the solution with a final concentration of 5 μM. After another 10 min of equilibration 

at 4 oC, the sample was subjected to fluorescence measurement. During fluorescence 

intensity analysis, the excitation wavelength was fixed at 495 nm with slit width of 5 

nm at a scan rate of 200 nm/min.  

To determine the inhibitory constant (KI), various concentrations of Moe A were 

added into a solution containing 100 nM probe and 0.5 μM PGT mutant with final 
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concentrations ranging from 0.05 μM to 51.2 μM. After a 10 min equilibration at 4 oC, 

150 μl of the solutions were transferred to a black 96-well plate. The fluorescence 

intensity (FI, ex: 485 nm; em: 520 nm) was measured using a POLARstar OPTIMA 

microplate reader (BMG Labtech).  

 We assumed that the displacement follows a complete competitive binding model 

“RL + LS ⇋ R + LS + L ⇋ RLS + L”, where R is receptor, L is ligand, LS is competitive 

inhibitor, RL is the complex of ligand and receptor, and RLS is the complex of inhibitor 

and receptor. The KI value was determined by plotting the logarithm of inhibitor 

concentrations against the percentage changes in fluorescence intensity and fitting the 

resulting curve to the following equation using GraphPad Prism 5.0.  

[𝑅𝐿]

[𝑅]
=  

1

1 +
𝐾𝐷

[𝐿]
(1 +

[𝑀]
𝐾𝑖

)
     

Where [RL] is the concentration of enzyme-ligand complex, [M] is the concentration of 

inhibitor, [L] is the concentration of probe (100 nM), and KD is the dissociation constant 

for the probe determined above.  

The most efficient biosensing system was chosen for further validation based on the 

above displacement assay result using Moe A. Various inhibitors reported in literature 

and two other antibiotics ampicillin and kanamycin as negative controls were employed 

in the further validation test. The assay was carried out under the same condition as 

used above. The test samples stocked in DMSO were added with final concentrations 

ranging from 0.4 to 2.5 mM. After a 10 min equilibration at 4 oC, 150 μl of the solutions 

KI KD 
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were transferred to a black 96-well plate and subjected to fluorescence intensity 

measurement. 

 

4.3 Results and discussion 

4.3.1 The effect of linker lengths and mutation locations on the fluorescence 

quenching of probes by PGT mutants 

The principle of the biosensor is based on PET fluorescence quenching, which is 

triggered by a contact within van der Waals distance between the fluorophore group 

and the quencher tryptophan residue introduced to PGT mutants. Therefore, it is 

imperative to optimize the linker length of the probe and the location of tryptophan 

residue in the PGT mutant. Based on the crystal structure of the complex of PGT and 

Moe A, five amino acid residues close to the active sites of PGT were chosen for 

tryptophan mutation while three fluorescent Moe A derivatives with different lengths 

of linkers were synthesized. The aim was to find the best combination in which the 

fluorescence of the probe can be quenched efficiently by the PGT mutant to construct 

the biosensing system. 

Three probes (F-n-Moe A, n = 2, 3 and 4) and five PGT mutants respectively 

(Q161W, H162W, D199W, Y210W and D241W) were subjected to the steady 

fluorescence measurement to study the fluorescence quenching effect. The fluorescence 

spectra of three probes before and after the addition of wild type PGT and mutants are 

shown in Figure 4.1-4.3. PGT WT does not show any quenching effect by the three 
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probes. Among the five PGT mutants, three of them (Q161W, H162W and Y210W) do 

not quench the fluorescence of the three probes, which indicates that the tryptophan 

residue introduced to these three mutants are not in the right position to have a close 

contact with the fluorophore group of the fluorescent Moe A derivatives. For the 

remaining two mutants D199W and D241W, the fluorescence intensity (FI) of the three 

probes decrease to different extent. The FI of probe F-2-Moe A decreased by 22 % in 

the presence of 0.5 μM D199W, while the FI of probes F-3-Moe A and F-4-Moe A 

decreased by 20 % - 30 % after addition of 0.5 μM D199W or D241W. Comparing to 

the nil fluorescence change of the wild type PGT, the fluorescence decrease caused by 

D199W or D241W indicate that the quenching should be induced by the tryptophan 

residue introduced into these two mutants.  

The decrease in FI of probe F-4-Moe A (with four carbon in its linker) reaches the 

highest level (30 %) in the presence of mutant D199W, while that of probe F-2-Moe A 

(with two carbon in its linker) and F-3-Moe A (with three carbon in its linker) is about 

20 %. The quenching effects on probes F-3-Moe A (23 %) and F-4-Moe A (28 %) by 

D241W are also stronger than that on probe F-2-Moe A (18 %). The results show that 

the weak quenching effect on probe F-2-Moe A is due to its short linker length and the 

quenching effect can be intensified by appropriate elongation of the linker. The longer 

linker increases the flexibility of the fluorophore group, which may allow it to have a 

closer contact with the tryptophan residue in PGT mutants. 

Furthermore, the location of mutation also affect the quenching efficiency. The 

absence of quenching from Q161W, H162W and Y210W indicates that the tryptophan 
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residues in these three mutants are located in distant positions from the fluorophore 

group, which makes the tryptophan residue unable to quench the probes although the 

probe still binds to the active site of PGT. Two mutants D199W and D241W show 

efficient quenching, which means these two tryptophan residues are located close 

enough to the fluorophore group when the fluorescent probes are bound to the active 

site. It is known that the amino acid residues Y196 and P234 are in close contact with 

the A and B rings of Moe A in the PGT-Moe A complex (Rebets et al., 2013). As shown 

in the binding pose of Moe A with S. aureus PBP2 (Figure 4.4), the amino acid residues 

D199 and D241 are close to the residues of Y196 and P234, so the tryptophan mutations 

in these two positions can have close interaction with the ring A of Moe A, where the 

fluorophore group is attached. Consistent with this, mutants D199W and D241W 

exhibit efficient quenching on the fluorescent probes.  
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Figure 4.1 Fluorescence spectra of probe F-2-Moe A with (red) and without (black) 1 

μM of PGT (a) WT, (b) Q161W, (c) H162W, (d) D199W, (e)Y210W and (f) D241W 
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Figure 4.2 Fluorescence spectra of probe F-3-Moe A with (red) and without (black) 1 

μM of PGT (a) WT, (b) Q161W, (c) H162W, (d) D199W, (e)Y210W and (f) D241W 
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Figure 4.3 Fluorescence spectra of probe F-4-Moe A with (red) and without (black) 1 

μM of PGT (a) WT, (b) Q161W, (c) H162W, (d) D199W, (e)Y210W and (f) D241W 
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Figure 4.4 Binding pose of Moe A with S. aureus PBP2 PGT domain. Two amino 

acid residues Y196 and P234 interact with the ring A and B of Moe A, and the other 

five labeled amino acid residues are the selected mutation sites in this work [47].   
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4.3.2 Specificity of the quenching by PGT mutants 

To verify that the fluorescence quenching is a result of the specific interaction 

between the probes and PGT mutants, two proteins including BSA (bovine serum 

albumin) and lysozyme were added instead of PGT into the probe-containing solutions 

as the control group, and then the solutions were subjected to the steady state 

fluorescence intensity analysis. The results are shown in the Figure 4.5 a-f. No FI 

changes were observed after addition of BSA or lysozyme though tryptophan residues 

are known to exist in the proteins. It can be concluded that either there is no interaction 

between fluorescent Moe A derivatives and the two proteins, or any unspecific binding 

which may exist between the probe and the two proteins cannot induce the fluorescence 

quenching, as the quenching effect of tryptophan occurs only under the condition of a 

van der Waals contact.    

The standard dye fluorescein isothiocyanate isomer I (FITC) was also used to study 

the fluorescence response upon the addition of PGT mutants D199W and D241W. As 

shown in Figure 4.5 g, no fluorescence quenching effect was observed with the addition 

of PGT mutants. The results indicate that fluorescein alone cannot enter into the active 

site of the PGT to interact with the tryptophan residue in the PGT mutants. And for 

fluorescein-labeled Moe A, the fluorescein group can interact with the tryptophan group 

leading to fluorescence quenching under the aid of Moe A binding into the active site 

of PGT. Therefore, it is concluded that the quenching effect on the probes by PGT 

mutants is contributed by specific interaction between the fluorescein-labeled Moe A 

probe and the tryptophan residues on the PGT mutants.  
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Figure 4.5 Fluorescence spectra of probe F-2-Moe A with (red) and without (black) 1 

μM of (a) BSA, (b) lysozyme; probe F-3-Moe A with 1 μM of (c) BSA, (d) lysozyme; 

and probe F-4-Moe A with 1 μM of (e) BSA, (f) lysozyme; (g) fluorescence spectra of 

FITC with and without (black) 1 μM of D199W (red) an d D241W (blue). 
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4.3.3 PGT proteins titration and determination of KD values 

To select the best combination of PGT mutant and fluorescent probe to construct the 

biosensing system, the probe / mutant pairs with efficient fluorescence quenching were 

then investigated on the extent of their quenching effect. At the meantime, the 

dissociation constant KD values of each pair were calculated. In this study, each probe 

of a fixed concentration (100 nM) was titrated against a series of protein concentrations 

ranging from 10 nM to 3.2 μM. The percentage changes in fluorescence intensity were 

plotted against the protein concentrations. The changes in FI were defined as “(FImax-

FIobs) / FImax × 100 %”. For the determination of KD value, we assumed that the titration 

follows a standard binding equation describing an equilibrium L+ R ⇋ LR (L = ligand; 

R = receptor; LR = ligand receptor complex). Fitting the sigmoidal curve based on the 

equilibrium using GraphPad Prism 5.0 (GraphPad Software, Inc.) resulted in the KD 

values, and the results are shown in Figure 4.6. 

Sigmoidal fluorescence response curves were obtained by titrations of three probes 

against their pairing PGT mutants, while no fluorescence change of F-4-Moe A was 

observed when titrated against wild type PGT. This difference further confirms that 

wild type PGT cannot quench fluorescence of the probes, and the changes in FI is due 

to the introduction of tryptophan. Based on the sigmoidal titration curves, the whole 

process of titration consists of three stages: a steady stage at low protein concentration, 

an exponentially rising stage and an eventual plateau. In the first stage, the amount of 

protein is far less than that of probe and only a small number of fluorescent molecules 

are quenched, so the fluorescence change of the probe is hardly observed. As the 
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concentration of PGT mutant increases, an increasing number of probes bind to the 

active site of the protein, which leads to a strong quenching effect and a significant 

decrease in FI. The interaction between PGT mutant and probe is a reversible reaction. 

Increasing the amount of any reagent (protein or probe) leads to a shift of the 

equilibrium to the product side (complex of protein-probe). Finally, when an excessive 

amount of PGT mutant is present in the reaction solution, almost all the probes are in 

the form of adduct in the system and the equilibrium shifts to the product side to a great 

extent. The quenching effect reaches the maximum level, and the fluorescence intensity 

cannot change anymore with further increase in protein concentration, which results in 

the eventual plateau stage. In the titration process, the FI of all probe / PGT mutant 

pairs start to change at about 60 nM of PGT mutant, and reach a stable level at around 

800 nM protein. As shown in Figure 4.6, the quenching effects for each combinations 

are different. The most efficient quenching reaches 32 % for the probe F-4-Moe A / 

mutant D199W pair. In the presence of D241W, the fluorescence quenching of probes 

F-3-Moe A (30 %) and F-4-Moe A (28 %) are similar, whereas the fluorescence 

quenching of probe F-2-Moe A was 20 %. Comparing to the quenching efficiencies of 

the five probe / mutant pairs, the probes (F-3-Moe A and F-4-Moe A) with a longer 

linker showed a better performance than the probe with a shorter linker (F-2-Moe A). 

It can be inferred from the results that the longer carbon chain of the probe makes the 

fluorophore more flexible to have a better interaction with the tryptophan residue. The 

three probe / mutant pairs of F-3-Moe A / D199W, F-4-Moe A / D199W, F-4-Moe A 

/ D241W showed the best quenching efficiency. 
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The dissociation constant (KD) of probes for PGT mutants shown in Table 4.1 were 

calculated from the titration data. The KD values of different probe / mutant pairs are in 

the same order of magnitudes, which indicates that the mutations and the linker length 

did not severely change the binding affinities. Thus the core structure of Moe A (units 

C-E-F) which plays an essential role in binding to PBPs probably remains intact in each 

probe and the mutation sites do not have a direct interaction with the core structure of 

Moe A.  

Moreover, the KD of D199W and D241W with Moe A obtained from SPR assay were 

220 ± 72 nM and 160 ± 69 nM respectively which are similar to the values obtained 

from the fluorescence titration. All the above results indicate that the fluorescein group 

linked to ring A does not interfere with the interaction between PGT and the core 

structure (units C-E-F) of Moe A. 
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Figure 4.6 The concentration-dependent changes in fluorescence intensity: (a) probe 

F-4-Moe A titrated against PGT WT; (b) probe F-2-Moe A titrated against PGT 

D199W; (c) probe F-3-Moe A titrated against PGT D199W; (d) probe F-4-Moe A 

titrated against PGT D199W; (e) probe F-3-Moe A titrated against PGT D241W; (f) 

probe F-4-Moe A titrated against PGT D241W. 

 

 

Table 4.1 KD inferred from the fluorescence titration and SPR  

 

 

# The KD of PBP2 to Moe A obtained by SPR method was reported as 393 nM [71]. 

 

 

 

 

 

 

 

183 ± 15 200 ± 56

D199W + F-3 -Moe A 137 ± 21 220 ± 72

D199W + F-4 -Moe A 150 ± 14 160 ± 69

D241W + F-3 -Moe A 165 ± 22 393
#

D241W + F-4 -Moe A 160 ± 21

D241W + Moe A

PBP2 + Moe A

FI_K D  (nM) SPR_K D  (nM)

D199W + F-2 -Moe A WT + Moe A

D199W + Moe A
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4.3.4 Fluorescence recovery upon the addition of Moe A  

To each probe / PGT mutant pair (F-2-Moe A / D199W, F-3-Moe A / D199W, F-3-

Moe A / D241W, F-4-Moe A / D199W and probe F-4-Moe A / D241W) in Tris 

solution, Moe A was added and then the changes in fluorescence intensity were 

recorded. As shown in Figure 4.7, the fluorescence intensity recovery of the five probe 

/ mutant pairs were in the range of 15 % - 30 % of the original intensity upon the 

addition of 5 μM of Moe A. F-4-Moe A / D199W and F-4-Moe A / D241W showed 

the most obvious fluorescence recovery which reached 30 % after adding 5 μM of Moe 

A, while the fluorescence of F-3-Moe A / D241W restored by 20 %. The fluorescence 

of F-2-Moe A / D199W and F-3-Moe A / D199W recovered by about 15 %. 

In order to ensure the fluorescence change was not caused by potential aggregation 

of probes upon the addition of Moe A, the fluorescent spectra of probes in the presence 

of Moe A but in the absence of PGT mutants were recorded. As shown in Figure 4.8, 

the fluorescence intensity of the three probes (100 nM) did not change after the addition 

of 5 μM Moe A. It indicates that there are no interaction between the probe and Moe A 

in the absence of PGT mutants. So the fluorescence change was caused by the 

displacement of probes from the binding pocket of PGT mutants by Moe A. It can be 

concluded that Moe A competitively binds to the active site of PGT with the probes, 

the probes were released from the binding site and the PET-based quenching effect was 

removed, which led to the FI recovery of fluorescent probes. 
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Figure 4.7 Fluorescence spectra of probe / PGT mutant pairs with the addition of 5 μM 

Moe A (a) F-2-Moe A / D199W; (b) F-3-Moe A / D199W; (c) F-3-Moe A / D241W; 

(d) F-4-Moe A / D199W and (e) F-4-Moe A / D241W. Each pairs is consisted of probe 

(100 nM) and its quencher PGT mutant (0.5 μM).  
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Figure 4.8 Fluorescence spectra of probes with (red) and without (black) 5 μM Moe A 

(a) F-2-Moe A; (b) F-3-Moe A and (c) F-4-Moe A. 
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4.3.5 Determination of KI of Moe A from the competitive displacement assay 

As shown in Figure 4.9, the five probe / PGT mutant pairs showed a similar response 

with increasing concentrations of Moe A. At the beginning, the concentration of Moe 

A was low, and only a small number of probes were displaced from the active site of 

the quencher PGT mutant. So, a weak change in fluorescence intensity was observed. 

Upon an increasing amount of Moe A was added into the system, more probes were 

released from the active sites of PGT mutants. The fluorescence intensity of these 

probes were restored, which resulted in a stronger fluorescence changes. Most of the 

probes were in free state when the amount of Moe A was large enough to displace them 

from the active sites of PGT mutants. So, the fluorescence intensity leveled off in a 

plateau. 

The KI values of Moe A for different PGT mutants were calculated by fitting the 

observed data using Graphpad Prism 5.0. As shown in Table 4.2, the inhibitory constant 

KI values of all mutants are of the same order of magnitude, which further confirms that 

the mutations do not cause a significant change in binding affinity of PGT to Moe A. 

Furthermore, the KI value obtained from D199W is higher than that of D241W, which 

implies that the D199 mutation is favorable to the interaction between the probe and 

the mutants and higher concentration of Moe A is required to displace the probe from 

the PGT enzyme. 
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Figure 4.9 Fluorescence responses of five probe / PGT mutant pairs (a) F-2-Moe A / 

D199W; (b) F-3-Moe A / D199W; (c) F-3-Moe A / D241W; (d) F-4-Moe A / 

D199W (e) F-4-Moe A / D241W with addition of different concentrations of Moe A. 
#FIchange % = (FImax - FIobs) / FImax × 100 %  

 
#FIchange % is percentage change in fluorescence intensity, FImax is the fluorescence intensity in 

absence of PGT mutants, FIobs is the observed fluorescence intensity under one concentration of 

Moe A.  
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Table 4.2 KI values of Moe A calculated from five probe / PGT mutant pairs 

 

Note: KI (Moe A) for S. aureus SgtB / Moe A trisaccharide analogue was reported as 

0.64 μM [67].  

 

 

 

 

 

 

 

 

 

 

 

 

K I  vaulues (μM)Biosensing systems

0.72 ± 0.14

0.58 ± 0.14

0.52 ± 0.11

0.70 ± 0.17

0.51 ± 0.16

F-2 -Moe A / D199W

 F-3 -Moe A / D199W

 F-3 -Moe A / D241W

 F-4 -Moe A / D199W

 F-4 -Moe A / D241W
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4.3.6 The effect of DMSO on FI of F-4-Moe A in Tris solution (pH 8.0) 

As shown in Figure 4.10, DMSO shows a dose-dependent quenching effect on F-4-

Moe A in a 10 mM Tris solution (pH 8.0). The fluorescence intensity of the fluorescent 

probe decreases by 7 % in presence of 10 % of DMSO, which is a comparatively small 

change in the fluorescence-based assay. Importantly, it has been reported that S. aureus 

PBP2 can still efficiently catalyze polymerization of lipid II under the condition of 10 

% DMSO [105]. Therefore, 10 % of DMSO was used in PGT inhibitors screening assay 

to improve the solubility of PGT inhibitor candidates in Tris solution.  
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Figure 4.10 Quenching effect of DMSO on F-4-Moe A 
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4.3.7 Further validation of the best performed F-4-Moe A / D199W 

Before the application of the biosensor in PGT inhibitor screening, it is imperative 

to characterize the specificity of the biosensing system towards the analyte. PGT 

inhibitors 14 and 16 (please refer to Figure 1.9 of chapter Ⅰ), antibiotics including 

ampicillin and kanamycin which target on the process of transpeptidation or protein 

biosynthesis were used in specificity analysis. These four compounds were added into 

the biosensor instead of Moe A to monitor the fluorescence response of the biosensing 

system. As shown in Figure 4.11, the fluorescence intensity of F-4-Moe A / D199W 

did not recover even though both two negative controls (ampicillin and kanamycin) 

reached 2.5 mM. It can be inferred that antibiotics which cannot bind to the PGT active 

sites are not able to restore the fluorescence intensity. As for two reported PGT 

inhibitors, while nil fluorescence change was observed after the addition of 16, a 

concentration-dependent increase in fluorescence intensity was recorded upon the 

addition of 14. This increase reached a maximum at ~1.5 mM of 14. Although 16 is 

known to bind to PGT, its binding affinity is relatively weak and the exact binding site 

has not yet been confirmed. That compound 16 is too weak to displace the probe from 

the active site of PGT may be the reason for its unobservable fluorescence change. On 

the other hand, inhibitor 14 is able to competitively bind to the enzyme with fluorescein-

labeled Moe A and release the bound probe from PGT. Based on the above results, it 

can be concluded that only PGT inhibitors which are strong enough to displace the 

probes by binding to the active site can restore the fluorescence intensity. Therefore, 
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the designed biosensing system can provide a specific assay for screening PGT 

inhibitors.  
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Fgure 4.11 FI changes of F-4-Moe A / D199W with addition of PGT inhibitor 14, 16, 

ampicillin and kanamycin. #FIchange % = (FImax - FIobs) / FImax × 100%  

 
#FIchange % is percentage change in fluorescence intensity, FImax is the fluorescence intensity in 

absence of PGT mutants, FIobs is the observed fluorescence intensity under one concentration 

of 14, 16, ampicillin and kanamycin. 
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4.4 Concluding remarks 

The performance of all fluorescent probe / PGT mutant pairs are reported in this 

chapter. Three probe / mutant pairs including F-3-Moe A / D241W, F-4-Moe A / 

D199W and F-4-Moe A / D241W show better fluorescence quenching efficiency. The 

fluorescence intensity of these three pairs were restored upon the addition of Moe A. 

F-4-Moe A / D199W showed the best recovery and the fluorescence was restored in 

presence of 10 μM of Moe A. Further validation assay indicates that both the PGT 

inhibitors Moe A and compound 14 can restore the fluorescence whereas no 

fluorescence was observed upon the addition of the negative controls ampicillin and 

kanamycin. Therefore the F-4-Moe A / D199W pair is the best choice for the 

construction of biosensor for PGT inhibitors discovery. 
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Chapter 5 

Conclusions 

 

In this study, a new biosensor based on photoinduced electron transfer for PGT 

inhibitors detection has been developed. In construction of this biosensor, three 

fluorescent Moe A derivatives (F-n-Moe A, n = 1, 2, 3) were synthesized by attaching 

fluorescein to ring A of Moe A through flexible linkers of different lengths. The binding 

affinity of these modified Moe A to the active site of PGT were not significantly altered 

compared to Moe A, which further confirms that ring A of Moe A is not essential for 

its binding to peptidoglycan glycosyltransferase. Five amino acid residues, namely 

Q161, H162, D199, Y210 and D241 of PGT were mutated to tryptophan which is an 

efficient quencher of fluorescein. These five amino acid residues are located near the 

Moe A binding site of PGT based on the crystal structure of complex of Moe A and 

PGT. Surface plasmon resonance (SPR) analysis of the interaction between Moe A and 

PGT mutants indicated that the active sites of the five mutants are intact and Moe A 

can still bind to the mutants with similar binding affinities as to the wild type. The 

tryptophan residue in the five mutants were demonstrated to interact with the bound 

probe through the changes in fluorescence intensity. 

The fluorescence intensity of F-n-Moe A decreases with addition of certain PGT 

mutants and can be recovered by addition of Moe A and inhibitor compound 14. The 

fluorescence intensity decreases when D199W is added to all three probes, as well as 
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when D241W is added to probes F-3-Moe A and F-4-Moe A. Upon the addition of 

Moe A to the probe / mutant pairs with fluorescence quenching, the fluorescence 

intensity is restored. It was found that two mutated sites (D199W and D241W) which 

can quench the fluorescence of probes are located close to the residues Y196 and P234, 

which directly binds to units A and B of Moe A during the interaction of PGT with Moe 

A. Furthermore, longer linkers of the probes provide more flexibility and facilitate the 

interaction between the fluorophore group and the nearby tryptophan residue resulting 

in a stronger fluorescence quenching effect. The decrease in fluorescence is attributed 

to the quenching effect of tryptophan residue introduced into the PGT by site directed 

mutagenesis. In the displacement assay, fluorescence intensity restoration was observed 

when Moe A was added to the probe / mutant pairs with fluorescence quenching effect, 

whereas no fluorescence change was observed for the negative controls ampicillin or 

kanamycin. Among the five pairs of F-n-Moe A and PGT mutants with quenching 

effect, the F-4-Moe A / D199W pair shows the strongest signal in fluorescence 

quenching and recovery. The results suggest that PGT inhibitors can be identified by 

the biosensing system when the inhibitors competitively bind to the active site of PGT 

and release the fluorescent Moe A from the binding pocket of PGT. 

Comparing to the high price and tedious operation in SPR-based screening assay [69], 

our biosensor provides a fast and simple way for PGT inhibitors screening. Moreover, 

SPR-based assay is not very sensitive to small molecules and high binding affinity of 

substrate (inhibitor) to protein is required, which restricts the wide use of this method 

in discovery of enzyme inhibitors. Importantly, the method reported here can be 
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operated in microplate and applied in high-throughput screening. Fluorescence 

polarization-based assays for PGT inhibitors screening have been developed by 

Walker’s and Wong’s groups respectively [67, 71]. The FP-based assay depends on 

alternation of molecular mobility upon dissociation or formation of protein-inhibitor 

complex in solution phase, which makes FP assay not applicable to surface-bound chip-

based assays. On the contrary, PET-based fluorescence techniques can be applied in 

assays which are operated in both solution phase and surface-bound assays [81]. The 

concept of protein engineering of PGT into a fluorescence quencher used for the 

detection of PGT inhibitors can be further developed into a chip-based biosensor for 

inhibitors screening. 

In this study, a fast, simple and effective biosensor has been developed for PGT 

inhibitors screening. However, the performance of this biosensor may require further 

optimization to improve its efficiency. The quenching effect only reaches 32 % which 

can be improved by double mutation, mutation of other amino acid sites or modification 

of F-n-Moe A. Firstly, since two mutants (D199W and D241W) can quench the 

fluorescence of F-n-Moe A, double mutations (D199W and D241W) can be made to 

strengthen the quenching efficiency. Based on the crystal structure, D199 and D241 are 

both close to the active sites Y196 and P234, so more amino acids around Y196 and 

P234 can be selected for tryptophan mutation. Under this situation, fluorescence of 

bound F-n-Moe A can be quenched by two or more tryptophan residues, which can 

increase the quenching efficiency. PET based fluorescence quenching is dependent on 

the distance between the tryptophan residue and the fluorophore of F-n-Moe A, so a 
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longer linker between fluorophore group and Moe A can be made. With the increased 

quenching efficiency, the sensitivity of the biosensor for detecting PGT inhibitors can 

be further improved as the same amount of bound F-n-Moe A released from the active 

site of PGT can result in a higher fluorescence recovery. 

 

.
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Appendix Ⅰ 

NMR and HRMS spectra of 1, 20-28 and HPLC spectra of probes F-n-Moe A (n = 1, 2 and 3) 

 

               Fig. A1 1H NMR spectrum of 1 
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Fig. A2 13C NMR spectrum of 1 
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Fig. A3 31P NMR spectrum of 1 



    

125 

  

 

Fig. A4 1H NMR spectrum of 20 
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Fig. A5 13C NMR spectrum of 20 
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Fig. A6 1H NMR spectrum of 21 
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Fig. A7 13C NMR spectrum of 21 
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Fig. A8 1H NMR spectrum of 22 
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Fig. A9 13C NMR spectrum of 22 
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Fig. A10 HRMS spectrum of 1 
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Fig. A11 HRMS spectrum of 20 
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Fig. A12 HRMS spectrum of 21 
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Fig. A13 HRMS spectrum of 22 
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Fig. A14 HRMS spectrum of 23 
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Fig. A15 HRMS spectrum of 24 
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Fig. A16 HRMS spectrum of 25 
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Fig. A17 HRMS spectrum of F-2-Moe A (26) 



    

139 

  

 

Fig. A18 HRMS spectrum of F-3-Moe A (27) 
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Fig. A19 HRMS spectrum of F-4-Moe A (28) 
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Fig. A20 HPLC spectrum of F-2-Moe A (26) 
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Fig. A21 HPLC spectrum of F-3-Moe A (27) 
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Fig. A22 HPLC spectrum of F-4-Moe A (28) 
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Appendix Ⅱ 

DNA sequencing results of PGT mutants including Q161W, H162W, D199W, Y210W and D241W 

 

 

Fig. B1 Sequencing result of Q161W 
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Fig. B2 Sequencing result of H162W 
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Fig. B3 Sequencing result of D199W 
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Fig. B4 Sequencing result of Y210W 
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Fig. B5 Sequencing result of D241W
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Appendix Ⅲ 

FPLC chromatograms and SDS PAGE gel photo of GT mutants 

 
  

 

 

Fig. C1(a) FPLC chromatogram of GT-WT in plasmid PGT-pRSETk obtained from 

200 ml culture and (b) SDS-PAGE gel photo of GT-WT in plasmid PGT-pRSETk 

Note: lane 1: Low range molecular marker: Phosphorylase b (97.4 kDa), Serum 

albumin (66.2 kDa), Ovalbumin (45 kDa), Carbonic anhydrase (31 kDa), Trypsin 

inhibitor (21.5 kDa), Lysozyme (14.4 kDa); Lane 2: supernatant after adding fos-

choline-14; Lane 3: supernatant before adding fos-choline-14; Lane 4: cell pellet after 

adding fos-choline-14; Lane 5-10: 15ul of fractions A9-B11. 

(a) 

(b) 

1    2     3    4     5     6    7     8     9    10 

 

 



    

150 

  

 

 

 

Fig. C2 (a) FPLC chromatogram of Q161W in plasmid PGT-pRSETk obtained from 

200 ml culture and (b) SDS-PAGE gel photo of Q161W in plasmid PGT-pRSETk 

Note: lane 1: Low range molecular marker: Phosphorylase b (97.4 kDa), Serum 

albumin (66.2 kDa), Ovalbumin (45 kDa), Carbonic anhydrase (31 kDa), Trypsin 

inhibitor (21.5 kDa), Lysozyme (14.4 kDa); Lane 2: X1; Lane 3: A4; Lane 4-9: 15ul 

of fractions A11-B9. 

(a) 

1     2      3     4      5    6      7     8      9     

(b) 
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Fig. C3 (a) FPLC chromatogram of H162W in plasmid pET-24d obtained from 200 

ml culture and (b) SDS-PAGE gel photo of H162W in plasmid PGT-pRSETk 

Note: lane 1: Low range molecular marker: Phosphorylase b (97.4 kDa), Serum 

albumin (66.2 kDa), Ovalbumin (45 kDa), Carbonic anhydrase (31 kDa), Trypsin 

inhibitor (21.5 kDa), Lysozyme (14.4 kDa); Lane 2: X1; Lane 3-9: 15ul of fractions 

A11-B8. 

 

(a) 

(b) 

1     2     3     4      5     6     7     8      9     
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Fig. C4 (a) FPLC chromatogram of D199W in plasmid pRSETK obtained from 200 

ml culture and (b) SDS-PAGE gel photo of D199W in plasmid PGT-pRSETk 

Note: lane 1: Low range molecular marker: Phosphorylase b (97.4 kDa), Serum 

albumin (66.2 kDa), Ovalbumin (45 kDa), Carbonic anhydrase (31 kDa), Trypsin 

inhibitor (21.5 kDa), Lysozyme (14.4 kDa); Lane 2: supernatant before adding fos-

choline-14; Lane 3: supernatant after adding fos-choline-14; Lane 4: cell pellet after 

adding fos-choline-14; Lane 5-10: 15ul of fractions A9-B11. 

(a) 

(b) 

1     2     3    4     5     6     7    8     9    10 
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Fig. C5 (a) FPLC chromatogram of Y210W in plasmid pRSETK obtained from 200 

ml culture and (b) SDS-PAGE gel photo of Y210W in plasmid PGT-pRSETk  

Note: Lane 1: cell pellet after adding fos-choline-14; Lane 2: Low range molecular 

marker: Phosphorylase b (97.4 kDa), Serum albumin (66.2 kDa), Ovalbumin (45 

kDa), Carbonic anhydrase (31 kDa), Trypsin inhibitor (21.5 kDa), Lysozyme (14.4 

kDa); Lane 3: supernatant before adding fos-choline-14; Lane 4: supernatant after 

adding fos-choline-14; Lane 5-10: 15ul of fractions A9-B11. 

1     2     3    4     5     6     7     8     9    10 

(a) 

(b) 



    

154 

  

 

 

 

Fig. C6 (a) FPLC chromatogram of D241W in plasmid pRSETK obtained from 200 

ml culture and (b) SDS-PAGE gel photo of D241W in plasmid PGT-pRSETk 

Note: lane 1: Low range molecular marker: Phosphorylase b (97.4 kDa), Serum 

albumin (66.2 kDa), Ovalbumin (45 kDa), Carbonic anhydrase (31 kDa), Trypsin 

inhibitor (21.5 kDa), Lysozyme (14.4 kDa); Lane 2: supernatant before adding fos-

choline-14; Lane 3: cell pellet after adding fos-choline-14; Lane 4: supernatant after 

adding fos-choline-14; Lane 5-10: 15ul of fractions A9-B11

(a) 

(b) 

1     2     3    4     5     6     7     8     9    10 
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Appendix Ⅳ 

ESI-MS spectra of PGT proteins 

 
Fig. D1 
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Fig. D2 
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Fig. D3 
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Fig. D4 
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Fig. D5 
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Fig. D6 
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