
 

THE UTILIZATION OF AMINO ACID -

DEPLETING ENZYMES  

 

 

 

 

 

TAM SUET YING 

PhD 

 

The Hong Kong Polytechnic University 

  

 

 

 

 2023 



2 
 

The Hong Kong Polytechnic University 

Department of Applied Biology and Chemical Technology 

 

 

 

The utilization of amino acid-depleting enzymes  

 

 

Tam Suet Ying 

 

 

A thesis submitted in partial fulfilment of the requirements for the degree 

of Doctor of Philosophy 

 

 

 

May 2023 of the initial submission 



3 
 

CERTIFICATE OF ORIGINALITY  

 

I hereby declare that this thesis is my own work and that, to the best of my knowledge and 

belief, it reproduces no material previously published or written, nor material that has been 

accepted for the award of any other degree or diploma, except where due acknowledgment has 

been made in the text. 

 

 

 

 

 

 

  

Tam Suet Ying 

May 2023 

 

 

 



4 
 

Abstract 

Throughout the past few decades, amino acid-depleting enzymes have drawn lots of 

attention in various applications. Herein, we further bioengineered arginine deiminase (ADI)  

as a biosensor to rapidly detect a wide range of arginine (L-Arg) concentration levels and 

genetically engineered Erwinia chrysanthemi asparaginase to fuse with an albumin-binding 

domain (ABD) to unleash its potential for the treatment of a solid tumor. 

ADI was rationally mutated to become a ñturn-offò fluorescent biosensor that can 

rapidly determine the concentration of L-Arg. Two-point mutations (Cys251
ĄSer251 and 

Thr265
ĄCys265) were introduced in the recombinant ADI, resulting in only one cysteine residue 

located on the mutated ADI for the site-directed attachment of a fluorophore (fluorescein-5-

maleimide). The fluorescein-labeled form of ADI (265Cf) displayed similar catalytic 

efficiency when compared to the native form of ADI and the mutated form of ADI (265C). 

When binding to L-Arg, 265Cf showed significant structural conformational changes that 

induced the fluorescent moiety to move closer to Trp264, leading to a significant quenching of 

the fluorescence intensity. The duration of fluorescence quenching was linearly proportional 

to L-Arg concentration levels, ranging from 12 to 100 µM with R2 = 0.9988. Also, the assay 

time was less than 4 min. The limit of detection of 265Cf was 4 µM. 256Cf was able to detect 

the concentration of L-Arg in fetal bovine serum by using the standard addition method without 

the need for sample pre-treatment. The results were in alignment with the mass spectrometry. 

Therefore, our 256Cf biosensor has great potential to achieve rapid detection of L-Arg in 

biological and clinical samples. 

 Asparaginase is highly effective in treating acute lymphoblastic leukemia (ALL) by 

depleting an essential amino acid, asparagine, from leukemia cells. Most leukemia cells are 

auxotrophic to asparagine due to the lack of or low protein expression of asparagine synthetase 

(ASNS), rendering them sensitive to asparagine depletion. The deprivation of asparagine in 
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leukemia cells can significantly inhibit their cell growth and eventually lead to cell death. 

However, almost all solid tumors are resistant to asparagine depletion due to their expression 

of ASNS. Unlike asparagine depletion, glutamine depletion demonstrated significant anti-

cancer effects on multiple solid tumors. Meanwhile, it has been reported that asparagine could 

promote cancer cell growth as well as protect cancer cells from death under glutamine 

deficiency. Therefore, we utilized dual enzymatic activities of Erwinia chrysanthemi 

asparaginase, which has been approved by the US Food and Drug Administration as a second-

line treatment for ALL , for further optimization to achieve double amino acid depletions for 

treating solid tumors. We rationally fused this asparaginase with an albumin-binding domain 

(ABD) via a soft linker (GGGGS)5 to become ABD-ErS5. It demonstrated anti-cancer effects 

by inducing cell death in BGC-823 and MKN-45 gastric cancer cell lines through multiple 

pathways, including S-phase arrest, autophagy and apoptosis. The ABD allowed ABD-ErS5 to 

bind with serum albumin, and to simultaneously deplete asparagine for ~15 days and glutamine 

for ~11 days. A biweekly administration of ABD-ErS5 (1.5 mg/kg) significantly suppressed 

the tumor growth in an ASNS- and glutamine synthetase (GS-) positive MKN-45 gastric cancer 

xenograft model, demonstrating a novel approach for the treatment of gastric cancer by double 

amino acid depletions. More importantly, ABD-ErS5 could remain active for a period even 

anti-ABD-ErS5 antibodies were present in a multiple administration analysis, suggesting the 

ABD part could bind to serum albumin and thus protect ABD-ErS5 from the attack of 

antibodies. Moreover, multiple administrations of ABD-ErS5 imposed no noticeable 

histopathological abnormalities on key organs, indicating the absence of acute toxicity to the 

animals. It is suggested that our ABD-ErS5 is a promising drug candidate for the treatment of 

gastric cancer. 
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treatment groups with multiple administrations of ABD-ErS5 with 1.5 mg/kg (right). Scale bar 

= 50 ɛm. 
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Chapter 1. Introduction  

1.1. An overview of the applications of amino acid-depleting enzymes 

Amino acid-depleting enzymes have drawn lots of attention for treating cancers in the 

past few decades. It has been well characterized that cancer cells are able to reprogram their 

metabolisms by upregulating the oncogenes or suppressing the suppressors in order to meet 

their great demands on nutrients for rapid and uncontrollable proliferations. However, certain 

cancer cells are unable to intracellularly synthesis amino acids but depend on the extracellular 

uptake [1-5]. This renders amino acid-depleting enzymes as potential targeted therapies for 

treating cancers. In contrast to traditional chemotherapy, amino acid-depleting enzymes can 

specifically target cancer cells without harming the normal cells since the normal cells can 

endogenously synthesize amino acids.  

The most representative one is the treatment of acute lymphoblastic leukemia (ALL) 

by using asparaginase to deplete asparagine, which has been approved by the US Food and 

Drug Administration (FDA). Apart from asparaginase, pegylated recombinant human arginase 

I (PEG-BCT-100) and arginine deiminase (ADI-PEG 20) have now undergone several clinical 

trials for the treatment of melanoma, renal cell carcinoma, prostate cancer and hepatocellular 

carcinoma (NCT02285101) and small cell lung cancer (NCT03449901). Other developing 

enzymes, including engineered human cystathionine ɔ-lyase [4], glutaminase derived from 

Bacillus sp. [6] and the recombinant methioninase derived from Pseudomonas putida [7-9], 

have demonstrated excellent anti-cancer effects in vitro or in vivo.  

In the present study, asparaginase and arginine deiminase (ADI) have been studied and 

further utilized for different applications.  
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1.2. Arginine deiminase as a fluorescent biosensor 

1.2.1. Overview of arginine deiminase  

Arginine deiminase (ADI) is a homodimer enzyme that hydrolyzes L-Arginine (L-Arg) 

into L-citrulline and ammonium. The withdrawal of L-Arg by ADI has rendered it a promising 

targeted therapy to treat arginine-auxotrophic cancers. Different strains of ADI, such as 

Mycoplasma hominis [10, 11], Pseudomonas plecoglossicida [12] and Aspergillus fumigatus 

[13] have been widely investigated for their anti-cancer efficacy. They have different properties 

regarding stability and the ability to deplete L-Arg. Among them, the most representative one 

is Mycoplasma hominis, which was further optimized to become ADI-PEG20 with an extended 

half-life by PEGylation to give rise to significant therapeutic outcomes in clinical trials for the 

treatment of hepatocellular carcinoma [14] and advanced melanoma [15]. Until now, it has 

been combined with other antineoplastic drugs for to treat numerous cancers in different 

clinical trials, such as advanced solid cancers [16], glioblastoma multiforme (NCT04587830) 

and lung cancer [17]. Apart from being an anticancer agent, it has also been widely used as a 

biosensor to specifically detect L-Arg as shown in Table 1.1.  

 



Table 1.1 Summary of various types of L-Arg biosensors [18] 

Analyte Bio-

receptor 

Transducers Working systems Immobilization  Linear  range 

(µM) 

Response 

time (s) 

Ref. 

NH3 Arg/Urs Conductometric Au-coated ceramic plate Cross-linking 100 ï 1000 - [19] 

NH3 Arg/Urs Conductometric Two Au- interdigitated 

film electrodes  

Cross-linking 10 ï 4000 120 [20] 

NH3 Arg/Urs Potentiometric Glass electrode Cross-linking 25 ï 310 600 [21] 

NH3 Arg/Urs Amperometric  Three-electrode system Electro- polymerization 70 ï 600 10 [22] 

NH3 Arg/Urs Fluorescent O17-Ec membrane Entrapment 100 ï 10000 ~290 [23] 

NH3 Arg/Urs 

 

Conductometric Fused Al2O3 with Au 

interdigitated electrodes  

Entrapment 2.5 ï 500  20 [24] 

NH3 Arg/Urs Amperometric Three-electrode system Electro- polymerization 150 ï 600 60 [25] 

NH3 ADI  Amperometric PANi composite screed-

printed electrode 

Cross-linking 3 ï 200 15 [26] 

NH3 ADI Potentiometric Nanocomposite file 

modified glassy carbon 

electrode 

Cross-linking 100 ï 1000 10 [27] 

L-Arg ADI Conductometric Bioselective membrane 

and reference membrane 

Cross-linking 20 ï 750  <90 [28] 

Notes: Arg: Arginases; Urs: Ureases; ADI: arginine deiminase; O17-Ec: oxazine 170 perchlorate-ethyl cellulose; PANi: Polyanyline  

 



1.2.2. The importance of L-Arg detection 

L-Arg is an important amino acid residue that is a precursor or anti-aggregating agent 

of numerous proteins for metabolism [29, 30]. The concentration of L-Arg is a good indicator 

of the health condition of people and the quality of food [31]. Normally, the concentration of 

L-Arg in human serum ranges from 100 to 120 µM [32]. Unusual increases and decreases in 

L-Arg concentrations in plasma have been observed in arginase deficiency patients and 

auxotrophic cancer patients, respectively [27, 31, 33-39]. Moreover, monitoring the level of L-

Arg concentration is an important key parameter to distinguish the potency of different 

arginine-lowering enzymes for treating cancers [40-42]. In the food industry, the concentration 

of L-Arg is a key index for monitoring the safety of beverages such as the production of wine 

[43-46]. Furthermore, during ethanol fermentation, L-Arg is hydrolyzed into urea which can 

react with ethanol to form a carcinogenic chemical compound called ethyl carbamate [43-46]. 

Therefore, the detection of L-Arg concentration is extremely important in the food industry 

and medical field. 
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1.2.3. Current L-Arg  detection methods 

Nowadays, ionization mass spectrometry and high-performance liquid chromatography 

are the famous methods to accurately detect L-Arg concentration [47-49]. However, high 

operating expenses and lengthy measurement time are required. Biosensors, on the contrary, 

provide an alternative option for the rapid detection of the presence of the target with high 

sensitivity and specificity; therefore, biosensors are widely applied to the food industry, 

medical diagnosis, and drug development [50, 51]. Several kinds of L-Arg biosensors have 

been developed with wide linear detection ranges and fast response times as shown in Table 

1.1 [18]. However, these biosensors have the following disadvantages: (a) Reduced 

specificity of the biosensor might happen due to the use of ammonium (NH3) as a target 

analyte. Extra measurements of NH3 concentration are needed for samples that contain NH3 

[21, 26, 52], (b) The complicated detection system involved two enzymes (Arginase/Urease) 

that might increase possibilities of human and instrument errors compared to one enzyme 

detection system [19-25]. Even the one using a single ADI enzyme to directly detect L-Arg 

is less specific since its signal interferes with the presence of aspartic acid and glutamic acid, 

which are present in lots of biological or food samples, leading to an overestimation of L-

Arg [28].  

 

 



1.3. ABD-ErS5 as double amino acid-depleting enzyme for treating 

gastric cancer 

1.3.1. Overview of clinically developed asparaginases for the treatment of 

ALL  

Asparaginase is the first amino acid-depleting enzyme to be recognized as a 

biotherapeutic drug due to its anti-leukemia effect discovered by Kidd [53] and Broome [54]. 

It is an amidohydrolase enzyme, which predominantly hydrolyzes asparagine with minor 

glutaminase activity [55]. Various studies have confirmed that most of leukemia cells are 

auxotrophic to extracellular asparagine due to the lack of or low expression of asparagine 

synthase (ASNS) to produce asparagine on their own [1, 56, 57], rendering asparagine 

depletion as a treatment for ALL. It is believed that the continuous depletion of asparagine 

by asparaginases can starve leukemia cells and disrupt their normal cellular functions, leading 

to cell death [55, 58].  

Nowadays, there are two types of asparaginases, wild type E. coli (EcWT) and Erwinia 

chrysanthemi (ErWT) asparaginases, which are approved by the US FDA as the treatment of 

acute lymphoblastic leukemia (ALL). EcWT has been considered the first-line treatment for 

ALL since 1978 while ErWT has been recognized as a second-line treatment for those who 

have developed hypersensitivity induced by EcWT since 2011 [55]. It is well characterized 

that they display different kinetic parameters on hydrolyzing asparagine and glutamine, in 

which the catalytic efficiency (kcat/KM) of ErWT has respectively ~2-fold and ~116-fold 

higher than that of EcWT in catalyzing asparagine and glutamine (Table 1.2) [59, 60]. These 

two asparaginases have been intensively used for the treatment of acute lymphoblastic 

leukemia (ALL) in children and adult patients in lots of clinical trials [61-64]. However, their 

short half-lives have hindered the efficacy of treating ALL. Even though they exist as a homo-

tetramer with a molecular size near 140 kDa, they cannot escape from renal clearance (< 8 
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nm), degradation by proteolysis, the attack from anti-drug antibodies (ADA), and clearance 

mediated by Fcɔ receptor [65-67]. The elimination half-life of EcWT is only ~1.28 days while 

that of ErWT is even shorter (~0.65 days) [68]. The high dose or frequent administration 

increases the occurrence of the anti-drug antibody development, which in turn could lead to 

treatment failure. In an attempt to reduce the immunogenicity associated with a high dose of 

asparaginases, EcWT has been randomly PEGylated with 5 kDa monomethoxy polyethylene 

glycol molecules (mPEG) via succinimidyl succinate (SS) linker and succinimidyl carbonate 

(SC) linker to become Oncaspar (PEG-SS-Asp) and CALASP (PEG-SC-Asp), respectively 

[69]. Both PEG-SS-Asp and PEG-SC-Asp have been respectively approved by FDA as the 

first-line treatment of ALL since 2006 [70] and 2018 [71] in developed countries due to their 

prolonged elimination half-lives in the depletion of asparagine (PEG-SS-Asp: ~5.3 days; 

PEG-SC-Asp: ~13.4 days) [69] (Table 1.3). Furthermore, the presence of abundant mPEG 

molecules can minimize the surface exposure of EcWT to trigger immune responses, 

resulting in the decrease of anti-asparaginase antibodies from 60% in patients using EcWT 

to 2-18% in patients using PEG-SS-Asp [72] (Table 1.3). 
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Table 1.2 Catalytic efficiency of EcWT and ErWT on hydrolyzing asparagine and glutamine  

Catalytic efficiency (kcat/KM)  (s-1mM-1) EcWT ErWT  

Asparagine 2,960 4,368 

Glutamine 0.64 74.65 

 

 

Table 1.3 The pharmacokinetic and immunogenic properties of different types of asparaginases 

 

 

 

 

 

 

 

 

 

 

 EcWT ErWT  PEG-SS-Asp PEG-SC-Asp 

Elimination half -life (t1/2) (day) 1.28 0.65 5.3 13.4 

Percentage of the occurrence of 

anti-drug antibodies in patients (%) 

45-75 30-50 2-18 N/A 
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Apart from the PEGylation of asparaginase has been extensively studied to have a 

prolonged half-life, the dual enzymatic activities of asparaginase have been also investigated. 

In many clinical trials, the dual enzymatic activities of asparaginases have been associated 

with several toxicities, including hyperammonaemia [73], hepatotoxicity [74] pancreatitis 

[75], immunosuppression [76] and coagulation abnormalities [77]. To minimize toxicities, 

the necessity of the activity on glutamine of asparaginase for treating ALL has been evaluated. 

Nguyen et al. [59] and Chan et al. [78] constructed different mutants of asparaginases in order 

to diminish glutaminase activity for the treatment of ALL. Nguyen et al. [60] reported that a 

mutant of ErWT without glutaminase activity was as efficacious as its native form but had 

fewer acute toxicities in treating an ASNS-negative leukemia tumor (SUP-B15) in vivo. 

Conversely, for the same ASNS-negative tumor (SUP-B15), Chan et al. [79] proved the 

necessity of the dual enzymatic activities of EcWT for the treatment of ALL in vivo. However, 

for PEG-SS-Asp, it did not demonstrate a notable glutamine depletion in vivo but still 

displayed anti-leukemic effects [69, 80, 81], providing indirect evidence on the negligible 

activity on glutamine of asparaginase. Therefore, nowadays, the glutamine activity of 

asparaginase has always been neglected.  



1.3.2. Overview of the half-life extension by albumin-binding domain 

fusion technology 

Serum albumin is the most abundant protein and has an extraordinarily long circulating 

half-life of 19 days in the bloodstream resulting from binding to neonatal Fc receptor (FcRn), 

which is mainly localized in acidified endosomes of endothelial, epithelial and dendritic cells 

[82-87]. It is suggested that serum albumin follows a similar path as IgG, which is taken up by 

fluid-phase pinocytosis and sequentially binds to FcRn under an acid pH [87]. Within the 

endosomes, the albumin-FcRn complex binds to Ras-like GTPases ligands, Rab4 and Rab11, 

which direct the recycling of IgG and albumin from endosomes to the cell membrane, and 

finally to the bloodstream [88]. Owing to these characteristics, serum albumin is considered as 

a carrier for improving the circulating half-life of ligands and therapeutic drugs and 

transporting them to the target site. Many fusion proteins, which are fused with albumin, have 

resulted in enhanced circulating half-life and has undergone clinical trials for different 

applications. The most popular one is glucagon-like peptide (GLP-1) receptor fusion with 

albumin, which is approved by the US FDA for the treatment of type 2 diabetes [89]. However, 

not all protein is applicable to fuse with albumin since the produced fusion protein might result 

in instability [90] or be inactivated [91].  

The albumin binding domain (ABD) is a kind of derivate of albumin fusion technology. 

It is a peptide containing 46 amino acids derived from the surface proteins of gram-positive 

bacteria [82, 83]. This domain was first discovered in streptococcal protein G (SpG), which 

was a bi-functional receptor containing three immunoglobulin binding domains and three 

serum albumin binding domains to bind to IgG and albumin from different species, respectively 

(Fig. 1.1) [82]. Initially, SpG was used as a column to purify immunoglobulins (IgG) and its 

fragments, BB (25 kDa) and ASP (15 kDa), were selected and utilized for purification of 
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albumin or half-life extension (Fig. 1.1) [83]. Later, the shortest peptide (ABD) was identified 

and applied to therapeutics for improved pharmacokinetics [82].  

Fig. 1.1  

 

Figure 1.1 The development of ABD from streptococcal protein G. Ss: N-terminal signal 

sequence; A1-A3: albumin binding region; C1-C3: immunoglobulin binding region; BB, ABP 

and ABD are different albumin binding regions [83] 

The use of ABD originated from Nygren and his colleagues, who used the ABD of SpG, 

BB, to extend the half-life of CD4 (sCD4) [82, 92]. It was found that CD4 fused with BB had 

a half-life of 15-24 h, which was longer than CD4 alone [82]. A similar result also was found 

that the soluble complement receptor 1 (sCR1) with BB had a 1.6-fold increase in the half-life, 

revealing the possible ability of ABD on the half-life extension by FcRn [82]. This was further 

confirmed by analyzing the pharmacokinetics of ABD-scDb in normal and FcRn knockout 

mice, in which the half-life of ABD-scDb was significantly longer in normal mice (53 h versus 

24.8 h) [93]. This evidence showed that ABD indeed involves in the FcRn-mediated recycling 

by binding to albumin, and the binding of ABD to albumin does not alter FcRn-albumin 

binding,  
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Extensive structural studies on the affinity of BB to albumin led to the discovery of 

ABD, which is the smallest binding site with a mass of 5 kDa and is a left-handed anti-parallel 

three-helix bundle (3Ŭ) (Fig. 1.1) [83]. There are many other proteins, such as PAB from 

Finegoldia magna, PPL and ZAG from humans and MAG from mice [82]. Among these 

species, (ALB8-GA) from PAB and (G148-ABD) from SpG have been intensively studied 

since they have several advantages, including high affinity to different species of albumin, 

thermostable, high resistance to the pH change, highly soluble and high expression level in 

bacteria [83]. Furthermore, structural data have shown that the helix two of the ABD domain 

binds to the DII domain of human albumin but not either the DI or DIII domain, which is in 

line with the previous result that their binding will not interfere with the interaction between 

albumin and FcRn [94]. Therefore, ABD can take the advantage of FcRn-mediated recycling 

to extend its half-life.  

With the promising characteristic of half -life extension, mutations have been done on 

G148-ABD (wild type) to get variants of ABD with a higher affinity to albumin. One of the 

variants, named ABD035, had a very high affinity to human serum albumin (120 fM) compared 

to wild-type ABD (5 nM) [95]. Besides human serum albumin, the affinities of the albumin of 

rats, mice and monkeys have increased as well [95]. This extremely high affinity resulted from 

seven-point mutations on the sequence of ABD wild type, in which the change of tyrosine to 

phenylalanine plays an important role in the binding (Fig. 1.2) [94]. However, there is a 

drawback on ABD035, which leads to an immune response due to the presence of few T-cell 

epitopes [96]. Targeting this problem, biological engineering was done to remove T-cell 

epitopes while conserving the high affinity, solubility and thermostability by mutations to 

generate a derivative called ABD094 [82] (Fig. 1.2).  
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Fig. 1.2  

 

Figure 1.2 The amino acid sequence of ABD wild type and ABD035. ABD represents albumin 

binding domain; WT represents wild type.  

In recent days, ABD035 and ABD094 are in widespread use in different therapeutics 

for prolonged half-life. For example, the fusion of ABD035 to HER2-binding Fab fragment 

increased the terminal half-life from 2.1 h in Fab fragment alone to 20.9 h in mice [97]. 

Furthermore, the fusion of ABD to bispecific single-chain diabody (scDb) had a similar 

terminal half-life (27.6 h) to the one fused with albumin (25 h), and even higher than PEG-

scDb (13.1 h) [82]. Also, the fusion of ABD to engineered Ŭvɓ3 integrin binding protein (JCL) 

extended the half-life from 1.5 h to 80-90 h and varying the length of linker resulted in better 

biodistribution, in which ABD-JCL with 14 repeating units of linker inserted between them 

(ABD-L14-JCL) mainly accumulated in blood compared to the ABD-L15-JCL [98].



1.3.3. Glutamine/glutamate depletion for the treatment of solid tumors 

Glutamine accounts for the second abundant and versatile amino acid to provide 

tremendous biological functions, including the control of oxidative stress, amino acid 

production nucleotide synthesis and generation of energy [99]. It enters the cell across the 

cell membrane through a specific amino acid transporter, SLC1A5 [100]. In the cytosol, L-

glutamine can be either directly used for the synthesis of nucleotide and uridine diphosphate 

N-acetylglucosamine for protein folding (UDP-GlcNAc) or breakdown into glutamate by 

glutaminase (GLS) to support the cellular events [101]. It mainly takes part in the 

tricarboxylic acid (TCA) cycle in mitochondria with the help of glutaminase to convert it to 

glutamate, which is sequentially used for nucleotide or amino acid synthesis for proliferation 

[101]. Also, L-glutamine can transport other amino acids into cells through amino acid 

transporter 1, including SLC7A5 (Large amino acid transport 1, LAT1) and SLC3A2, by 

pumping itself outside the cells.  

Many solid tumors, such as basal type breast cancer cells [2], high-invasive ovarian 

cancer [102], liver cancer [103] and gastric cancer [104], are óglutamine-addictedô. It has 

been suggested that the deprivation of glutamine from cancer cells would stop supplying 

intermediates to the tricarboxylic acid cycle from biosynthesis, and thus, resulting in the 

inhibition of cancer cell growth [105]. Various studies on the removal of glutamine in the 

culture medium demonstrated positive outcomes in the growth inhibition of cancer cells 

(Table 1.4). Therefore, currently, inhibitors to block the conversion of glutamine to glutamine 

or to block the transportation of glutamine into cells have been developed to achieve anti-

cancer effects (Table 1.4). The most popular one is telaglenastat (CB-839), which inhibits the 

action of glutaminase to stop the conversion of glutamine to glutamate [106]. It demonstrated 

significant tumor suppression in breast cancer [106] and colorectal cancer [107] xenograft 

models (Table 1.4). For now, it has undergone lots of clinical trials for treating colorectal 
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cancer (NCT02861300), prostate cancer (NCT04824937) and lung cancer (NCT03831932), 

highlighting the potential of the deprivation of glutamate from cancer cells for the treatment 

of solid tumors.  

Apart from inhibiting the enzymes for glutaminolysis, the RNA-mediated silencing 

method was also utilized to knock down the protein expression of glutamine transporter 

(SLC1A5), and hence, decreased the uptake of glutamine into cells. Remarkable tumor 

suppression was noted in leukemia (~97%) [108], ovarian cancer (~50%) [109] and gastric 

cancer (>90%) [110] (Table 1.4).  

Another approach is to deplete glutamine by using glutaminase. Different strains of 

glutaminases, such as Erwinia, E.coli, Marine halomonas meridiana and Bacillus sp., were 

studied in leukemia, colon and breast [6, 79, 111, 112] (Table 1.4). Results proved that a single 

depletion of glutamine showed excellent anti-cancer effects on various cancer types [79, 111, 

113-115], showing that glutamine depletion demonstrated a promising therapeutic way for the 

treatment of various cancer types. 

 



Table 1.4. The anti-cancer effects induced by the depletion of glutamine/glutamate 

Glutamine 

deprivation 

methods 

Cancer cell types and 

organisms 

Key findings 

Side effects References 
In vitro  studies In vivo studies 

¶ Glutamine-free 

medium 

 

¶ Human leukemia 

cell line (CEM) 

¶ Proliferation inhibition in 

CEM (~50%) 

¶ Apoptosis event (fragmented 

DNA) was observed   

¶ Addition of 2 mM glutamine 

within 24 h rescued cells from 

death  

NA NA [116] 

¶ Glutamine-free 

medium 

 

¶ Breast cancer cell 

lines (Basal type: 

BT20, 

MDAMB231, 

MDAMB157; 

Luminal type: 
T47D, BT474, 

MCF7 and 

MDAMB361)  

¶ Proliferation inhibition in 

BT474 (~14%), MDA-MB-

361 (~21%), T47D (~21%), 

MCF7 (~23%), MDA-MB-

157 (~65%), MDA-MB-231 

(~74%), BT20 (82%) 

NA NA [2] 

¶ Glutamine-free 

medium 

 

 

¶ Non small lung 

cancer (NCI-

H1703, NCI-H727, 

NCI-H157, NCI-

H1395, NCI-H647 

and NCI-H226) 

¶ Proliferation inhibition in 

NCI-H1703 (~90%), NCI-

H727 (~33%), NCI-H157 

(~88%), NCI-H1395 (~0%), 

NCI-H647 (~86%), NCI-H226 

(~12%) 

 

NA NA [117] 

¶ Glutamine-free 

medium 

¶ Cervical cancer cell 

line (Hela cell) 

¶ No significant proliferation 

inhibition in CEM by 

Glutamine-free medium alone 

¶ Hela cell: no significant suppression 

NA [5] 
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¶ glutamine -free 

animal diet 

¶ L-ɔ-glutamyl-p-

nitroanilide 

(GPNA, 

inhibitor for 

glutamine 

absorption) 

¶ Tumor bearing mice 

(C57BL/6) 

glutamine-free medium 

(~9.5%), GPNA (~10%) and 

3-BrPA (~7%) 

¶ Synergistic effect observed 

when incubating with 3-BrPA 

(75 ɛmol/L): ~62% inhibition 

with glutamine-free medium; 

~47% inhibition with GPNA 

 

3-BrPA (1.25 mg/kg) alone 

¶ Hela cell: no significant suppression 

 

GPNA (20 mg/kg) alone 

¶ Hela cell: no significant suppression 

 

3-BrPA (1.25 mg/kg) & GPNA (20 

mg/kg) 

¶ Hela cell:  suppression on day 14 

 

¶ Glutamine-free 

medium 

¶ Knockdown of 

glutamine 

transporter 

using shRNA 

target to 

SLC1A5 RNA  

 

¶ Acute myeloid 

leukemia cell lines 

(MOLM-14, MV4-

11, OCI-AML3, 

HL-60) 

¶ Tumor bearing nude 

mice 

Apoptotic cells in glutamine-free 

medium  

¶ MOLM-14 (~4%) 

¶ MV4-11 (~8%) 

¶ OCI-AML3 (~18%) 

¶ HL-60 (~5%) 

 

Apoptotic cells in SLC1A5 

shRNA 

¶ MOLM-14 (~29%) 

 

 

SLC1A5 shRNA 

¶ ~97% tumor suppression in MOLM-

14 on day 21 

NA  [108] 

¶ Crisantaspase 

derived from 

Erwinia 

asparaginase 

(The specific 

activity = ~45 

U/mg) 

 

¶ MSO (GLS 

¶ Human 

hepatocellular 

carcinoma (HepG2 

xenografts) 

 Crisantaspase alone (5 U/g) 

¶ ~51% tumor suppression on day 19 

 

MSO alone (10 mg/kg) 

¶ ~60% tumor suppression on day 19 

 

Crisantaspase (5 U/g) + MSO (10 

mg/kg) 

¶ >90% tumor suppression on day 19 

¶ A minor weight 

loss after 

treatment with 

Crisantaspase 

and MSO for 3 

weeks 

[111] 
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inhibitor) 

 

¶ Crisantaspase + 

MSO 

¶ 968 (GLS 

inhibitor) 

¶ Non-small cell lung 

cancer (A549, 

Spc-A1, H23, 

H292, H1299) 

¶ Hepatocellular 

carcinoma and 

human ECV304 

endothelial cells 

(HepG2, 7402, 

LM3 and EVC304) 

¶ Ovarian cancer cell 

lines (HEY, 

SKOV3 and 

IGROV-1) 

Non-small cell lung cancer 

¶ Proliferation inhibition 

achieved by > 10 µM 

¶ Induced G1/G0-phase cell 

cycle arrest and autophagy  

¶ Blocked the EGFR/ERK1/2 

signaling pathway 

 

Hepatocellular carcinoma and 

human endothelial cells  

¶ No IC50 in HepG2, 7402 and 

EVC304 while IC50 with ~30 

µM 968 in LM3 

¶ Synergistic effect on the 

combination with 1:1 molar 

ratio of dihydroartemisinin 

(DHA) in HepG2 (IC50: 5 µM) 

and 7402 (IC50: 40 µM) 

 

Ovarian cancer  

¶ Proliferation inhibition using 

10 µM 968 in HEY (~41%), 

SK0V3 (~50%) and IGR0V-1 

(~61%) 

¶ Apoptotic cells in HEY 

(~15%), SK0V3 (~7%) and 

IGR0V-1 (~1%) 

 

NA NA [118-120] 
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¶ BPTES (GLS 

inhibitor)  

¶ Pancreatic cancer 

cell lines (P8, A6L, 

A32, P198, E3, 

P215, P10, JD13D) 

and patient-derived 

pancreatic tumors in 

mice 

 

¶ Non-small lung 

cancer cell lines 

(NCI-H1703, NCI-

H727, NCI-H157, 

NCI-H1395, NCI-

H647 and NCI-

H226) 

Pancreatic cancer 

¶ Proliferation inhibition 

achieved by > 10 µM for 3 

days 

 

Non-small lung cancer 

¶ Proliferation inhibition 

achieved by > 10 µM in HCI-

1703 (~79%), NCI-H727 

(~12%), NCI-H157 (~55%), 

NCI-H1395 (~12%), NCI-

H647 (~76%) and NCI-H226 

(~12%) 

Pancreatic cancer 

¶ Efficacy on day 16 treatments with 

54.5 kg/mg BPTES once every 3 

days 

¶ ~50% inhibition on the tumor 

volume 

¶ Pharmacokinetics 

¶ BPTES (54.5 mg/kg, i.v.)  could 

be detected after 48 h post-

injection 

 

NA [117, 121] 

¶ Etoposide, 

cisplatin and 

BPTES 

¶ Breast cancer cell 

lines (BT-549 and 

HCC1937)  

Etoposide (5 µM) 

¶ ~20% apoptotic cells in BT-

549 

¶ ~28% apoptotic cells in 

HCC1937 

 

Cisplatin (5 µM) 

¶ ~16% apoptotic cells in BT-

549 

¶ ~13% apoptotic cells in 

HCC1937 

 

BPTES (10 µM) 

¶ ~7% apoptotic cells in BT-549 

¶ ~7% apoptotic cells in 

HCC1937 

 

NA NA [122] 
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Etoposide (5 µM) + BPTES (10 
µM) 

¶ ~33% apoptotic cells in BT-

549 

¶ ~35% apoptotic cells in 

HCC1937 

 

Cisplatin (5 µM) + BPTES (10 
µM) 

¶ ~17% apoptotic cells in BT-

549 

¶ ~40% apoptotic cells in 

HCC1937 

 

¶ Human GLS 

(hGLS-siRNA) 

to repress GLS 

expression in 

tumor cells 

¶ Murine GLUL 

(mGlul-siRNA) 

to repress GS 

expression in 

the mouse 

stromal cells 

¶ hGLS-siRNA 

combined with 

mGlul-siRNA  

¶ Cellosaurus cell line 

(HEY A8) 

 

¶ Ovarian cancer 

mice model 

(SKOV3 cells) 

¶ Proliferation inhibition in 

HEY A8 (~80%) by using 

MSO (GLS inhibitor) to 

mimic GLS/GS siRNA 

 

hGLS-siRNA alone  

¶ ~50% tumor suppression in tumor 

weight 

 

mGlul -siRNA alone  

¶ ~60% tumor suppression in tumor 

weight 

 

hGLS-siRNA + mGlul-siRNA 

¶ ~90% tumor suppression in tumor 

weight 

 

NA [109] 

¶ SLC1A5 

shRNA 

¶ Gastric cancer 

(MKN-45, N87, 

AGS, HGC-27 and 

MGC-803) 

¶ Proliferation inhibition in 

HGC-27 (~29%) and MGC-

803 (~29%) for 96 h treatment 

Efficacy 

¶ >90% tumor suppression in tumor 

volume 

NA [110] 
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¶ CB-839  

GLS inhibitor 

¶ Breast cancer 

(28 breast cancer 

cell lines and TNBC 

patient-derived 

xenograft tumors) 

 

¶ Multiple Myeloma 

cell lines (MM. 1S, 

MM. 1S BzR, U266 

and U266 BzR) 

Breast cancer  

¶ Proliferation inhibition in most 

of breast cancer cell lines for 

72 h, ranging from 2-300 

nmol/L of CB-839 

 

Multiple Myeloma  

¶ 5 ɛM of CB-839 sensitized 

carfilzomib, bortezomib, 

ixazomib and: oprozomib to 

1S BzR cell line 

Breast cancer  

¶ Efficacy on day 28 with CB-839 

(200 mg/kg) 

Č ~43% tumor suppression in 

TNBC PDX 

Č ~52% tumor suppression in 

JIMT-1 

 

 

 

Multiple Myeloma  

¶ ~25% toxicity 

in grade 3 

neuropathy and 

grade 2 

infection 

[106, 123] 

¶ Escherichia 

coli L-

asparaginase II 

with (wild-type) 

and without 

(mutant Q59L) 

glutaminase 

activity  

¶ ASNS-negative 

Sup-B15 leukemia 

cell line in 

NOD/SCID gamma 

mice 

NA Efficacy on day 14 daily treatments at 

20,000 U/kg administered by i.p 

¶ Wild type yielded undetectable 

leukemia burden over 66 days 

¶ Mutant Q59L provided a growth 

delay of about 20 days compared to 

the control group 

 

 

Pharmacodynamics 

¶ Wild type (2000 U/kg) depleted to 

Ḑ1 ɛM (below the detection limit) of 
asparagine for more than 23 h while 

to 200 uM of glutamine for 2 h 

¶ Mutant (Q59L) (2000 U/kg) depleted 

to ~ 5 ɛM for more than 23 h and 

showed no depletion to glutamine 

 

Pharmacokinetics 

¶ Wild type and the mutant displayed 

no statistical difference in the 

¶ Weight loss in 

wild type 

(~20%) and 

mutant (Q59L) 

(~10%) 

[79] 
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asparaginase activity after 2 h post-

treatment and remained 25% of 

maximum at 12 h  

 

¶ BPTES and 

anti-

programmed 

death ligand-1 

(PD-L1) 

antibody 

¶ CT26 BALB/c mice NA 

 

Efficacy  

¶ BPTES 

Č No significant suppression 

 

¶ Anti -PD-L1 Antibody  

Č No significant suppression 

 

¶ BPTES + Anti-PD-L1 Antibody  

Č ~60% tumor suppression 

 

¶  [124] 

¶ Telaglenastat 

(CB-839, GLS 

inhibitor) 

(NCT02071862) 

¶ Patients with either 

renal cell 

carcinoma, non-

small lung cancer, 

triple-negative 

breast cancer and 

mesothelioma   

NA Efficacy for all doses  

¶ Only 1.7 % patients had a partial 

response 

¶ 41.4% of patients had a stable 

disease, prolonging more than 6 

months for some patients 

¶ 56.9% of patients had a progressive 

disease 

 

Pharmacodynamics 

¶ >90% inhibition of glutaminase 

activity in peripheral platelets 

under >250 ng/mL of telaglenastat 

 

Pharmacokinetics 

¶ Biological T1/2 of 100 ï 800 mg of 

telaglenastat ranged from 1 -2 h 

 

¶ Fatigue (23%) 

¶ Nausea (19%) 

¶ ALT increased 

(17%) 

¶ AST increased 

(13%) 

¶ Photophobia 

(11%)  

[125] 
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¶ Glutaminase 

from Marine 

halomonas 

meridiana) 

(Specific 

activity = 36.08 

U/mg) 

¶ Colorectal cancer 

cell lines (LS 174 T 

and HCT 116) 

¶ Displayed proliferation 

inhibition in LS 174 T (IC50: 7 

ɛg/mL) and HCT 116 (IC50: 

13.2 ɛg/mL) after 48 h 

treatment 

¶ Exhibited cytotoxicity with 

apoptotic cells in LS 174 T 

(>80%) and HCT116 (>90%) 

for 48h 

NA NA [6] 

¶ Glutaminase 

from Bacillus 

sp. DV2-37 

(The specific 

activity = 47.12 

U/ml) 

¶ Human breast 

cancer cell line 

(MCF-7) 

¶ Hepatocellular 

(HepG-2) 

¶ Colon carcinoma  

(HCT-116) 

¶ Displayed proliferation 

inhibition in MCF-7 (IC50 : 3.5 

ɛg/mL), HepG2 (IC50 : 3.4 

ɛg/mL) and HCT 116 (IC50 : 

3.8 ɛg/mL) after 48 h 

treatment 

¶  

NA NA 

 

[112] 

 

 

 

 

 

 

 



1.3.4. The unmet needs and challenges of gastric cancer 

Although gastric cancer is the fifth most common cancer worldwide, its overall survival 

rates are only about 30% [126]. One of the major reasons for the poor prognosis of gastric 

cancer is the limited therapeutics. The most representative therapeutics are surgery and 

chemotherapy, which lead to lots of adverse side effects on patients and a low overall survival 

rate. Other advanced treatments are targeted therapy and immunotherapy, which inhibit the 

signaling pathway of a target to stop the growth of gastric cancer cells, such as human 

epidermal growth factor receptor 2 (HER2) [127] and programmed cell death protein (PD-

1/PD-L1) [128]. These advanced therapies have been approved by the US FDA as first- or 

second-line treatment for gastric cancer but still resulted in poor survival rates since they are 

not suitable for every gastric cancer patient. The majority of gastric cancer patients are not 

characterized as HER2 or PD-1/PD-L1 positive, showing unmet needs and challenges in gastric 

cancer [104]. Recently, gastric cancer has been identified as a glutamine-dependent cancer cell 

type, providing insight that the depletion of glutamine may be effective in the treatment of 

gastric cancer.  

 

 

 

 

 



1.4. Objective and outlines of the study 

In the present study, two famous amino acid-depleting enzymes, ADI and asparaginase, 

which have been investigated in numerous clinical trials for treating cancers, have been studied 

for different applications.  

For ADI, it was utilized as a biosensor for a rapid determination of L-Arg in biological 

or food samples. Monitoring L-Arg concentration is important to safeguard the quality of food 

or beverages and to indicate any arginine-related abnormal health issues. Therefore, a method 

to provide a rapid and accurate measurement of L-arg is highly required. We developed a 

fluorescent biosensor with a single enzyme, ADI, to specifically and directly measure L-Arg 

concentration. This enzyme was site-directed mutated to have a cysteine on either at the 44th 

or 265th position of the amino acid sequence to allow site-specific labeling with the fluorophore, 

fluorescein-5-maleimide (F5M), giving rise to two biosensors (44Cf and 265Cf). The intact 

mass and the mass of the fragmented peptides labeled with F5M of biosensors were measured 

by mass spectrometry to confirm the labeling. Two biosensors were well characterized in that 

they specifically generate different fluorescent patterns upon the binding of L-Arg, in which 

265Cf was superior to 44Cf to provide a linear detection range of L-Arg. 265Cf could 

successfully detect the L-Arg concentration in fetal bovine serum, a result that was comparable 

with the results determined by mass-spectrometry, providing an alternative method for rapid 

and accurate determination of L-Arg concentration in biological samples. 

For asparaginase, it was optimized as a biotherapeutic for long-lasting double amino 

acid depletions to treat gastric cancer. For many years, asparagine depletion alone by either 

native or PEGylated asparaginase is only effective in the treatment of ALL but not solid tumors 

[129, 130]. With clues provided by Pavlova et al. [131] and Zhang et al. [132] showing the 

protective role of asparagine on solid tumors under glutamine deficiency, we hypothesize the 
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dual enzymatic activities of asparaginase can effectively treat solid tumors and can be 

prolonged upon fusion with ABD. In this study, we first evaluated and selected one of the FDA-

approved strains of asparaginase for further bioengineering and optimization. It was found that 

ErWT was better than EcWT in terms of the in vitro serum stability, catalytic efficiency and 

the growth inhibition effect on gastric cancer cell lines. We rationally bioengineered ErWT to 

fuse with ABD035 via a flexible soft linker (GGGGS)5 to become ABD-ErS5. It could also 

bind to serum albumin to form an albumin-ABD-ErS5 complex, which was well characterized 

by in vitro serum stability, native-gel assay, size exclusion chromatography and dynamic light 

scattering. Also, in vitro studies of ABD-ErS5 on gastric cancer cell lines were investigated.  

Importantly, the pharmacodynamics & pharmacokinetic study, anti-solid tumor efficacy and 

the immunogenicity of ABD-ErS5 were also determined in the study.  

 



Chapter 2. Materials and methods 

2.1. Arginine deiminase as a fluorescent biosensor  

2.1.1. Gene cloning and mutagenesis 

Plasmid pET3a/WT-ADI was purchased from GeneScript. It was used as a template for 

site-directed mutagenesis according to the instruction of the QuikChange site-directed 

mutagenesis kit (Strategene). The codon for Cys251 residue was mutated to the codon for Ser251 

using the following mutagenic primers. The mutated ADI was named as C251S.  

Forward primer of C251S: 5ô GTTGCTAATAAAGAAAGCGAATTCAAACGTATT 3ô 

Reverse primer of C251S: 5ô AATACGTTTGAATTCGCTTTCTTTATTAGCAAC 3ô 

The plasmid pET3a/C251S was then used as a template for further site-directed 

mutagenesis to respectively generate two mutants by the following primers. They were named 

as 44C and 265C. 

Forward primer of 44C: 

5ô GACTATATTACACCAGCTAGACTAGATGAATTATGCTTCTCAGCTATCTTAGAA 

3ô 

Reverse primer of 44C:  

5ôTTCTAAGATAGCTGAGAAGCATTCATCTAGTCTAGCTGGTGTAATATAGTC 3ô 

Forward primer of 265C: 

5ô TGTTGCAATTAACGTTCCAAAATGGTGCAACTTAATGCACTTAGACACATGGC 

3ô 

Reverse primer of 265C: 
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5ô GCCATGTGTCTAAGTGCATTAAGTTGCACCATTTTGGAACGTTAATTGCAACA 3ô 

2.1.2. Expression and purification of ADI-WT, 44C and 265C 

Plasmids corresponding to WT-ADI and two mutants (44C and 265C) were 

transformed into BL21(DE3) for expression. A single colony was picked and grown overnight 

at 37  in a sterile LB medium that contained 100 µg/ml ampicillin with shaking at 250 

rev/min. The overnight culture was inoculated into 600 mL sterile LB medium with 100 µg/ml 

ampicillin in a ratio of 1: 100 and grown at 37  with shaking at 250 rev/min for 2-3 hours. 

When the culture optical density (OD600) reached 0.6 ï 0.8, one millimolar of IPTG was added 

for protein expression. The cell pellet was collected by centrifugation and lysed by an ultrasonic 

homogenizer (QSonica sonicators) in resuspension buffer (20 mM Tris buffer, pH 7.0). The 

crude cell lysates were centrifugated at 14,000 rpm for 2 h at 4 °C. The insoluble form was 

collected by centrifugation and resuspended in a resuspension buffer for sonication. After that, 

it was collected by centrifugation at 14,000 rpm at 4 °C and washed by washing buffer twice 

(20 mM Tris, 1 mM EDTA, pH 7.0, and 4% Triton X-100). The resulting inclusion bodies were 

solubilized in a denaturing buffer (50 mM Tris, pH 8.5, 6M guanidine-HCl, and 10 mM 

dithiothreitol) for 1 h at 37 . The solubilized proteins were refolded in a 100-fold excess 

volume of 20 mM Tris buffer, pH 7.0 at room temperature overnight. They were then purified 

by HiTrap Q HP (GE Healthcare). Target proteins were eluted at 20% of elution buffer (20 

mM Tris, pH 7.0, 1 M NaCl) and analyzed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE).   

2.1.3. Production of the fluorescent biosensors (44Cf and 265Cf) 

Fluorescein-5-maliemide (F5M) was labeled as described with the following 

modifications. The ADI mutants, 44C and 265C, were buffer exchanged into 20 mM Tris, pH 

7.0. A 10 mM stock solution of F5M was prepared by dissolving it in dimethylformamide and 
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added to the ADI mutants in a molar ratio of 1:20. They were incubated in the dark for 2 h with 

shaking. After that, excess F5M was removed by dialysis with 20 mM Tris buffer using Amicon 

Ultra-15 (NMWL = 30, 000). The ADI mutants before and after labeling were analyzed by 

SDS-PAGE.  

2.1.4. Mass spectrometry analysis  

To confirm the site-specific labeling of 44Cf and 265Cf, mass spectrometry analyses 

were done. Liquid Chromatography-Electrospray Ionization Mass Spectrometry (LC-ESI-MS) 

experiments were performed with an Agilent 6540 QTOF mass spectrometer coupled with an 

Agilent 1290 Infinity UHPLC system. For the detection of the molecular mass of intact proteins, 

samples were first injected into a C4 LC column and eluted with a linear gradient from 95% 

solvent A: 5% solvent B to 5% solvent A: 95% solvent B, where solvent A was 0.1% formic 

acid in MilliQ water and solvent B was acetonitrile with 0.1% formic acid. ESI-MS data were 

acquired with m/z range of 100-2500, from which multiply-charged mass spectra were obtained. 

The multiply charged mass spectra were deconvoluted by the MassHunter BioConfirm 

program (Agilent) to obtain the molecular mass of proteins. For the protein digestion 

experiment, proteins were first buffer exchanged into ammonium bicarbonate buffer and 

subsequently, sequencing grade trypsin (Promega V5111) was added to the proteins in a ratio 

of trypsin: protein 1:50 (wt/wt). Protease digestion proceeded at 37  for 16 hours. Peptides 

were separated and eluted in a C18 LC column with a linear gradient from 95% solvent A: 5% 

solvent B to 5% solvent A: 95% solvent B, where solvent A was 0.1% formic acid in MilliQ 

water and solvent B was acetonitrile with 0.1% formic acid. The ESI-MS was operated in auto-

ms/ms mode for measurement of the molecular mass of peptides and their sequence-specific 

fragment ions resulted from collision-induced dissociation. Peptide assignment was performed 

with the Agilent Masshunter-BioConfirm software. On the other hand, L-arginine 

concentration in fetal bovine serum was performed by an Agilent 6540 QTOF mass 
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spectrometer coupled with an Agilent 1290 Infinity UHPLC system according to the method 

of Prinsen et al [133].  

2.1.5. Determination of specific enzyme activity and kinetic parameters 

The specific activity and kinetic parameters of ADI-WT, mutants and biosensors were 

determined by using a colorimetric method. The chromophore compound was detected at a 

wavelength of A530nm in the presence of diacetyl monoxime, thiosemicarbazide, urea, and Fe3+ 

ions under 100  [134]. The amount of citrulline produced by L-Arg deiminase per second 

was determined. Briefly, reactions were performed by adding 5 ɛL of enzymes (0.02 mg/mL) 

to a specified concentration of L-Arg in 200 ɛL at 37  and terminated with 15 ɛL 80% 

trichloroacetic acid. The reaction time was 3 min. For the specific activity determination, L-

Arg solution with 20 mM was used for enzyme reaction for 5 min. Then, a coloring reagent 

was prepared by 1 volume of a mixture of solution A (80 mM diacetyl monoxime and 2.0 mM 

thiosemicarbazide) and 3 volumes of a mixture of solution B (3 M H3PO4, 6 M H2SO4, 2 mM 

FeCl3). Eight hundred microliters of the coloring reagent were added to each reaction, and then 

the reaction mixtures were incubated at 100  for 10 min in the heat block. A530nm was 

determined using ultraviolet-visible spectroscopy (Spectronic 20 Genesys Spectrometer). The 

specific activity of L-Arg deiminase enzyme was defined as the micromoles of L-citrulline 

formed per minute under given conditions per milligram proteins at 37 , pH 7.4 in phosphate-

buffered saline buffer (expressed in ɛmol minī1mgī1). 

2.1.6. Fluorescence measurements of 44Cf and 265Cf in the PBS system 

The measurement of the fluorescence intensity was done by an Aligent Cary Eclipse 

Fluorescence Spectrophotometer (Agilent). Both excitation and emission slit widths were 5 nm. 

The excitation wavelength was 494 nm while the emission wavelength was 518 nm. In brief, 

different concentrations of L-Arg, ranging from 2.5 to 100 µM, were prepared in PBS solution 
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(pH 7.4). Four hundred and ninety-five microliters of each L-Arg solution were added in a 

quartz cuvette and mixed with 5 µL of 0.3 mg/ml of 44Cf or 265Cf. For the determination of 

the specificity, a concentration of 15 µM of each amino acid, including asparagine, aspartic 

acid, agmatine, citrulline, glutamine, and glutamic acid, in PBS solution was used. The limit 

of detection (LOD) and limit of quantification (LOQ) of 265Cf was calculated based on the 

formula ,/$σȢσ 3ÙȾ3 and ,/1ρπ 3ÙȾ3, respectively, where Sy is the standard 

deviation of the fluorescent intensity of the calibration curve and S represents the slope of the 

calibration curve.  

2.1.7. Applications of 265Cf on the detection of L-Arg in fetal bovine serum 

Fetal bovine serum (HycloneTM) was used for L-Arg detection by our biosensor. 

Different concentrations of L-Arg, ranging from 2.5 to 100 µM, were spiked into the serum, 

which in turn it was four-folded diluted. Four hundred and ninety-five microliters of L-Arg 

solution spiked in serum was added in a quartz cuvette and mixed with 5 µL of 0.3 mg/ml of 

44Cf or 265Cf. Two different batches of 265Cf were used for the determination. The real-time 

fluorescence intensity was recorded using a Cary Eclipse Fluorescence Spectrophotometer 

(Agilent). Both excitation and emission slit widths were 5 nm. The excitation wavelength was 

494 nm while the emission wavelength was 518 nm. It was by PBS solution. 

2.1.8. Molecular modeling of 265Cf with and without binding to L-Arg 

The substrate-bound model was created based on the crystal structure of arginine 

deiminase of M. arginini (WT-ADI) with Protein Data Bank Identifier (PDB ID) 1S9R [135]. 

The fluorophore-labeled cysteine residue was built with Crystallographic Object-Oriented 

Toolkit (Coot) with the help of JLigand [136]. The apo-enzyme model of WT-ADI was built 

based on the crystal structures of the P. aeruginosa homologue (Pa-ADI), of which both apo- 

and covalently-linked substrate complex were available (PDB IDs 1RXX and 2AAF, 
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respectively) [137]. The substrate-bound complexes of WT-ADI and Pa-ADI were essentially 

superimposable, including the substrate, L-Arg. It was noticeable that in the apo-Pa-ADI 

structure, a side chain of residue 401 (Arg401) occupied part of the space where the substrate-

bound. On substrate binding, Arg401 gave way to the substrate and was displaced outward 

towards the solvent as revealed by the arginine-bound Pa-ADI. The equivalent residue of Pa-

ADI Arg401 was Met393 in WT-ADI. These two residues were almost superimposable in both 

substrate-bound structures (1S9R and 2AAF). This comparison allowed modeling of the active 

site of apo-WT-ADI, referencing both Pa-ADI structures (1RXX and 2AAF).  Residues 390-

394 of apo-WT-ADI was built based on residues 398 to 402 (Pa-ADI) surrounding one side of 

the active site, using Coot. The figures were rendered with PyMOL. The distance between the 

Trp264 side chain and the fluorescein moiety of 265Cf was defined by the midpoints between 

the CD2 and CE2 atoms on Trp264 and the O2 and C10 atoms on 265f. 

 



2.2.  ABD-ErS5 as double amino acid-depleting enzyme for treating 

gastric cancer 

2.2.1. Gene constructs of ErWT  

The target gene encoding his-tagged albumin binding domain fusion to the N-terminus 

of wild-type Erwinia chrysanthemi asparaginase (ABD-ErS5) and his-tagged wild-type E. coli 

asparaginase (EcWT) in pET30a were purchased from GeneScript. The DNA sequence of 

ErWT was cloned by using the plasmid of ABD-ErS5/pET30a as a template and ErWT-forward 

ErWT-reverse primers. The resulting DNA sequence was purified, digested by enzymes NdeI 

and HindIII , and ligated into the pET30a vector. 

Forward primer of ErWT: 

5ôGGGAATTCCATATGCATCATCATCATCACCACGCAGATAAGCTGCCGAACATC

GTTATTC 3ô 

Reverse primer of ErWT: 

5ô-GCGGGATCCTTAATAGGTGTGAAAATACTCTTGAATAACCTTCGGG-3ô 

2.2.2. Expression and production of EcWT, ErWT and ABD-ErS5 

All plasmids, including ABD-ErS5/pET30a, ErWT/pET30a and EcWT/pET30a were 

transformed into BL21(DE3) for protein expression. A single colony was picked and grown 

overnight at 37  in a sterile LB medium that contained 100 Õg/mL kanamycin. The seed 

culture was inoculated into 200 mL of sterile LB medium with 100 µg/mL kanamycin grown 

at 37 . Upon the optical density of the culture (OD600) reached 0.6 ï 0.8, EcWT and ABD-

ErS5 were expressed by 0.2 mM of IPTG under incubation at 16  for 16 -18 hours while 

ErWT was expressed by 1 mM of IPTG under incubation at 30  for 5 hours. Each cell pellet 

was collected by centrifugation and lysed by an ultrasonic homogenizer (QSonica sonicators) 
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in resuspension buffer (20 mM Tris buffer, 500 mM NaCl, pH 8.0). The supernatant was 

collected under centrifugation at 13,000 rpm for 2 h at 4 °C and loaded onto a 5-ml HisTrap 

nickel affinity column (GE Healthcare, Uppsala, Sweden). The target protein was eluted at 

different concentrations of elution buffer (20 mM Tris buffer, 500 mM NaCl, pH 8.0, 500 mM 

imidazole) and finally buffer-exchanged into phosphate-buffered saline (PBS), pH 7.4 for 

storage at 4 . The protein was then analyzed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). 

2.2.3. Characterizations of EcWT, ErWT and ABD-ErS5 

2.2.3.1. Mass spectrometry analysis 

To further confirm the target protein, mass spectrometer analysis was carried out to 

determine their intact masses. The analysis was performed with an Agilent 1290 Infinity 

UHPLC/Agilent 6540 QTOF LC/MS (Agilent Technologies, Santa Clara, CA, USA. The 

chromatographic separation was performed using an ACQUITY BEH C4 column (Waters 

Corporation) with a linear gradient from 5% B to 95% solvent B, where solvents A and B were 

MilliQ Water/0.1% formic acid and acetonitrile/0.1% formic acid, respectively. The mass 

spectrometer was operated in positive ion mode. MS data were acquired with a m/z range of 

600-2000, from which multiply-charged mass spectra were obtained. The multiple-charged 

mass spectra were deconvoluted by the Agilent MassHunter BioConfirm software (Agilent 

Technologies) to obtain the molecular mass of the protein. 

2.2.3.2. Circular dichroism (CD) spectroscopic analysis 

To determine secondary structures and melting temperatures of an individual protein, 

the purified protein was buffer exchanged into 10 mM potassium phosphate buffer, pH 7.4, at 

a concentration of 0.1 mg/mL and determined by JASCO J-1500 CD spectrometer (Great 

Dunmow, UK). Protein was monitored in the far-UV region (190-260 nm) and CD spectra 
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were collected in an average of three scans. For the determination of melting temperature, the 

protein was monitored at 222 nm with the increase of temperature from 25 to 95 °C. The 

melting temperature was obtained from three measurements. 

2.2.3.3.  Activity assay of asparaginases at different pH 

The determination of the optimal pH for activity was carried out by the modified 

method of Mashburn and Wriston [138]. It is based on the measurement of the concentration 

of the liberated ammonium from asparagine and glutamine, respectively, by using Nesslerôs 

reagent (Merck Millipore). Briefly, 5 µL asparaginases were mixed with 200 µL of asparagine 

or glutamine solutions (PBS, pH 7.4) at different pH, ranging from pH 6 to 10, at 37  for 

different reaction times. The reaction mixture was stopped by adding 15 µL of 80% 

trichloroacetic acid. After that, the reaction mixture was centrifugated at 10,000 rpm for 5 min 

at room temperature to remove the precipitates. Two hundred microliters of supernatant were 

mixed with 800 ÕL of diluted Nesslerôs reagent and then incubated for 10 min at room 

temperature. The absorbance of the reaction mixture at 430 nm was determined using 

ultraviolet-visible spectroscopy (Spectronic 20 Genesys Spectrometer) and recorded. 

2.2.3.4.  Determination of specific enzyme activity and kinetic parameters  

The determinations of KM, kcat and specific activity of asparaginases were carried out 

as the procedures for measuring optimal pH for activity but various concentrations of 

asparagine and glutamine were used for the enzymatic reaction. The kinetic parameters were 

calculated by using the Hill function of Origin. One international unit of asparaginase is defined 

as the amount of enzyme that can produce one ɛmol ammonia per min at 37 °C, pH 7.4.  

2.2.3.5.  In vitro  serum stability  

Different quantities of asparaginases were mixed with fetal bovine serum (FCS) to 

reach different concentrations (EcWT and ErWT: 0.4 mg/mL; ABD-ErS5: 0.02 mg/mL) and 
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incubated at 37 . A portion of the mixture was collected on different days to measure the 

enzymatic activities of asparaginases on hydrolyzing asparagine and glutamine based on the 

activity assay mentioned above.  

2.2.3.6.  In vitro  cytotoxicity assay 

The 50% growth inhibition (IC50) of leukemia (HL-60 and Jurkat), colorectal (HTC116 

and LoVo) and gastric (BGC-823 and MKN-45) cancer cells were determined by the [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) method. A density of 

approximately 3 × 103 cells per well was seeded in 96-well micro-well plates and incubated 

overnight at 37  in a humidified 5% CO2 incubator before the treatment of EcWT or ErWT 

or ABD-ErS5. After 72 h incubation with different concentrations of asparaginases, ten 

microliters of 5 mg/mL of MTT reagent were added into each well, followed by incubation at 

37  for 4 h. Then, the solution in each well was completely removed and 100 ÕL/well 

dimethyl sulfoxide (DMSO) was added. With complete solubilization of the formazan crystals, 

absorbance at 540 nm was detected by CLARIOstar®  plate reader (BMG LABTECH, Weston, 

FL, USA).  The IC50 value was calculated using the Prism software (GraphPad Software Inc, 

La Jolla, CA, USA). with the non-linear regression sigmoidal dose-response curve model. 

Independent experiments were performed in at least triplicate.  

2.2.4. Albumin binding assays of ABD-ErS5 

2.2.4.1.  Native-gel analysis 

The binding between ABD-ErS5 and human serum albumin (HSA) was analyzed by 

native gel. ABD-ErS5 and human serum albumin (HSA) in different molar ratios were 

incubated at 37  for 10 min and then analyzed by native gel electrophoresis.  
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2.2.4.2.  Size-exclusion chromatography 

Size-exclusion chromatography was also used to separate the complex of ABD-ErS5 

and HSA and determine their molecular masses. Briefly, the column was equilibrated with 

ovalbumin (43, 000 Da), conalbumin (75, 000 Da), aldolase (15,8 000 Da) thyroglobulin (66, 

9 000 Da) and blue dextran (2,000,000 Da) under PBS (pH 7.4). ABD-ErS5, HSA and their 

complex at a molar ratio of 1:4 were then loaded into a SuperdexTM  200 increase 10/300 GL 

(GE Healthcare, Uppsala, Sweden).  

2.2.4.3.  Dynamic light scattering  

The eluted major peak from the size exclusion column was then measured by dynamic 

light scattering (DLS, Wynatt, DynaPro®  NanoStar® ) to determine the hydrodynamic 

diameter of individual protein and complex at 37 . Data were collected from three 

measurements.  

2.2.5. In vitro  analysis of ABD-ErS5 on gastric cancer cell lines 

2.2.5.1.  Apoptosis assay 

Apoptotic cells were determined in BGC-823 and MKN-45 cells after the treatment 

with or without different concentrations of ABD-ErS5 at different times. The apoptosis assay 

was based on the method of Chung et al. [139]. Briefly, BGC-823 or MKN-45 cells with a 

density of approximately 0.4 x 106 were seeded into a T25 flask and overnight incubated before 

the treatment of ABD-ErS5. Cells treated with or without ABD-ErS5 at various concentrations 

(0 ï 0.22 µg/ mL) and time points (24 ï 72 h) were harvested, washed, and incubated in 1X 

assay buffer with Annexin V-FITC/ propidium iodide (PI) according to the instructions of the 

Annexin V-FITC/PI Apoptosis Detection Kit (BD Biosciences, San Diego, CA, USA). The 

stained cells were analyzed by BD Accuri Ê C6 Flow Cytometer. An irreversible pan-caspase 

inhibitor, carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (z-VAD-FMK) 
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was also used to further confirm whether the apoptosis was caspase-3 dependent. MKN-45 

cells treated with ABD-ErS5 (0.22 µg/ mL) in the absence or presence of z-VAD-FMK (20 

mM) for 72 h were used for the apoptosis assay. 

2.2.5.2.  Cell cycle analysis 

BGC-823 or MKN-45 cells were seeded and treated with ABD-ErS5 as in the apoptosis 

assay. The harvested cells were fixed in 60% ethanol at 4  overnight, washed by PBS with 

0.1% Triton X-100, and incubated with PI/RNase staining buffer (BD Pharmingen, San Jose, 

CA, USA) at room temperature for at least 1 h. Fluorescence-activated cell sorting (FACS) 

analyses were then performed on the stained cells and data from each sample were collected 

from at least 10,000 cells using BD Accuri Ê C6 Flow Cytometer. The cell cycle distribution 

analyses were performed using ModFit LT 3.1 (Verity Software House, Topsham, ME, USA).  

2.2.5.3.  Autophagy detection by confocal microscope 

Autophagy in live BGC-823 or MKN-45 cells induced by ABD-ErS5 was analyzed 

according to the method of Chung, et al. [139]. MKN-45 cells were treated with or without 

0.11 µg/ mL of ABD-ErS5 at different times (0 ï 72 h). Rapamycin (500 nM) was used as a 

positive control. Then, the cells were washed and stained with cyto-ID dye and Hoechst 33342 

according to the instructions of CYTO-ID®  Autophagy detection kit (Enzo Life Sciences, 

Farmingdale, NY, USA). The live detection was done by a Leica TCS SPE confocal 

microscope. 

2.2.5.4.  Western blot analysis 

BGC-823 or MKN-45 cancer cells with or without ABD-ErS5 at different 

concentrations and incubation times were harvested, washed, and lysed with 

radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo Fisher Scientific, Rockford, IL, 

USA). The extracted protein was collected and determined by Bicinchoninic acid (BCA) 



63 
 

method for protein concentration. The total protein was analyzed by SDS-PAGE and 

transferred to polyvinylidene fluoride (PVDF) Immobilon-P membranes (Millipore, Bedford, 

MA, USA). The membranes were blocked with 5% blotting-grade blocker (Bio-Rad 

Laboratories) in Tris-buffered saline (TBST, 0.1% Tween-20, 100 mM Tris-Cl, pH 7.5, 0.9% 

NaCl) at room temperature for 1 h, followed by overnight incubation with a specialized primary 

antibody at 4 . After incubation, membranes were washed by TBST and incubated with a 

secondary antibody at room temperature for 1 h. The signal detection was performed by 

Immobilon Western Chemiluminescent HRP Substrate (Millipore Corporation, Billerica, MA, 

USA) and imaged by ChemiDocTM Imaging Systems (Bio-Rad Laboratories). For the primary 

antibodies, rabbit anti-ASNS, rabbit anti-GAPDH, rabbit anti-PARP, rabbit anti-cleaved 

caspase 3, rabbit anti-LC3 and rabbit anti-ɓ-actin were used. HRP-conjugated goat anti-rabbit 

secondary antibody was used to detect all primary antibodies. All primary antibodies were 

diluted at 1:1000 while secondary antibody was diluted at 1: 10000 (Cell Signaling Technology, 

Danvers, MA, USA). ImageJ software (National Institutes of Health) was adopted to determine 

the protein signal intensities. Independent experiments were performed in at least triplicate.  

2.2.6. Pharmacodynamic and pharmacokinetic studies of a single 

administration of asparaginases 

To determine the pharmacodynamics of EcWT, ErWT and ABD-ErS5 in blood, plasma 

from mice before and after injection of asparaginases was collected to measure the 

concentrations of asparagine and glutamine. Briefly, normal BALB/c mice at 6-8 weeks old 

were randomly assigned into groups (n=6). A single intraperitoneal (i.p.) injection of EcWT 

(30 mg/kg), ErWT (30 mg/kg) and ABD-ErS5 (1.5 ï 30 mg/kg) was individually administrated 

on day 0 into the mice. Blood samples were collected at different time points from the lateral 

saphenous vein of the mice, followed by centrifugation at 8,000 rpm for 10 min at room 

temperature to collect the plasma. Meanwhile, the body weight of the mice was measured 
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accordingly. The concentrations of asparagine and glutamine in plasma were analysed by 

LC/MS/MS by the AccQ Tag derivatization approach with the Kairos Amino Acid Kit (Waters 

Corporation, Milford, MA, USA) based on the modified methods of Cadoni et al. [140] and 

Armenta et al. [141]. Briefly, five microliters of plasma sample were mixed with 5 ɛL of 10% 

sulfosalicylic acid containing a mixture of isotope-labeled amino acids. The mixture was 

centrifuged for 15 min and an aliquot of 5 ɛL of the supernatant was mixed with 35 ɛL of borate 

buffer. An aliquot of 10 ɛL of AccQ Tag reagents was then added to the sample and incubated 

at 55  for 10 min for derivatization. The derivatized sample was then directly analyzed with 

an Agilent 1290 Infinity UHPLC/Agilent 6460 QQQ LC/MS (Agilent Technologies, Santa 

Clara, CA, USA). Chromatographic separation was performed using an ACQUITY CORTECS 

C18 column (Waters Corporation, 1.6 µm, 2.1 mm x150 mm) with an elution gradient of 0 ï 

1.5 min: 2% B, 1.5 ï 4 min: 2 - 9% B, 4 ï 5 min: 9% ï 11% B, 5 ï 18 min: 11% ï 13% B, 18 

ï 18.5 min: 13% ï 95% B, 18.5 ï 20.5 min: 95% B, 20.5 ï 20.6 min: 95% - 2% B, 20.6 ï 25 

min: 2% B, where solvent A and B were MilliQ Water/0.1% formic acid and acetonitrile/0.1% 

formic acid, respectively. The solvent flow rate was 0.4 ml/min and the injection volume was 

2 ɛL. Data analysis was performed with the Agilent MassHunter Quantitative Analysis 

software (Agilent Technologies).  

For the pharmacokinetic study, it was performed by using the remaining plasma to 

measure the activity of hydrolyzing asparagine and glutamine. Concisely, plasma was diluted 

and reacted with 200 µL of 10 mM asparagine or 3 mM L-glutamine in PBS at 37 , 

respectively. The plasma drug activities were determined by using Nesslerôs reagent as stated 

above for the determination of drug elimination half-lives (t1/2) by using PK Solutons 2.0.3 

software (Ashland, OH44805, USA). 
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2.2.7. Anti -tumor efficacy of ABD-ErS5 in MKN -45 xenograft mouse model 

The athymic nude mice, n=6, were purchased from The University of Hong Kong and 

housed under pathogen-free conditions at The Hong Kong Polytechnic University (Centralised 

Animal Facility, CAF) using the IVC system according to the institutional guideline and 

provided with drinking water and standard mouse chow ad libitum. Fresh MKN-45 cells (1 × 

106) with the supplement of Matrigel were injected into the flank of BALB/c nude mice 

subcutaneously to establish the MKN-45 xenograft model. When the tumors reached the size 

of 1.5ï2.0 cm in diameter, they were excised, cut into tumor fragments, and implanted into 

other nude mice. This procedure was performed twice. Once the tumor growth was stable at an 

average size of ~150 mm3, the mice were randomly divided into two groups (n = 6). The control 

group (PBS) and treatment group (ABD-ErS5, 1.5 mg/kg) were biweekly administered to nude 

mice bearing MKN-45 xenograft through i.p. injection for 6 weeks. Tumor dimensions were 

determined in situ regularly throughout the treatment period using a digital caliper and the 

tumor volume was calculated by the formula of 0.5 Ĭ length x (width)2. The body weight of the 

tumor-bearing mice was monitored accordingly throughout treatment. At the end of the 

treatment, mice were sacrificed, and the tumors were obtained for actual tumor weight 

measurement.  

2.2.8. Functionality and immunogenicity of multiple administrations of 

asparaginases 

2.2.8.1.  Mass spectrometry analysis on amino acid levels  

To determine the functionalities of asparaginases after multiple administrations into 

mice, normal BALB/c mice with a complete immune system were used. Mice were randomly 

assigned into four groups. A biweekly (i.p.) injection of PBS (the control group, n = 6) or ABD-

ErS5 with 1.5 mg/kg (the treatment group, n = 6), which was the same dose and same schedule 
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as the anti-tumor efficacy experiment, into normal mice was performed for 6 weeks. EcWT (30 

mg/kg, n = 4) and ErWT (30 mg/kg, n = 4) were injected (i.p.) twice per week. Blood samples 

were collected at different time points from the lateral saphenous vein of the mice for 

LC/MS/MS analysis to determine the concentrations of asparagine and glutamine in plasma as 

per the procedures mentioned above. The body weight of mice was also monitored.  

2.2.8.2.  Detection of anti-ABD-ErS5 antibody 

For the immunogenicity study, the plasma collected from the mice treated with ABD-

ErS5 (1.5 mg/kg) was used to determine the anti-ABD-ErS5 antibody by using the enzyme-

linked immunosorbent assay (ELISA). Briefly, ABD-ErS5 with 0.2 mg/mL was prepared in 

the coating buffer (0.05 M carbonate-bicarbonate buffer, pH 9.6) and coated onto a 96-well 

plate (Nunc MaxisorpTM) and incubated overnight at 4 , followed by washing with the 

washing buffer (PBS with 0.05% Tween-20) and blocked in blocking buffer (1% BSA in PBS) 

for 2 h. The diluted plasma was then added to each well and incubated at room temperature for 

2 h. Prior to the addition of the secondary antibody, each well was washed with the washing 

buffer. The anti-mouse IgG-HRP at a ratio of 1: 1000 was then added to each well and 

incubated at room temperature for 1 h, followed by washing and the addition of TMB substrate 

according to the instruction of BD OptEIAÊ ELISA set (BD Biosciences, San Diego, CA, 

USA). Finally, sulfuric acid (1M) was added to stop the reaction and the absorbance at a 

wavelength of 450 nm was detected by a CLARIOstar®  plate reader (BMG LABTECH, 

Weston, FL, USA) for the determination of the antibody titer.  

2.2.8.3.  Histological processing and sectioning of mice organs  

Five key organs, including the heart, kidney, liver, lung and spleen, were end-point 

harvested. The organs were weighted and overnight fixed with 4% paraformaldehyde before 

undergoing tissue processing through graded alcohols, xylene and wax using Excelsior AS 
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automated tissue processor (Thermo Scientific, Waltham, MA, USA). Paraffin sections of 5-

µm thickness were prepared for routine hematoxylin and eosin (H&E) staining for the 

evaluation of the histology. 

 

 



Chapter 3. Results 

3.1.  Arginine deiminase as a fluorescent biosensor 

3.1.1. Expression and purification of ADI-WT, 44C and 265C 

Wild-type arginine deiminase (WT-ADI) and two corresponding mutants (44C and 

265C) were expressed and purified. They were highly expressed as inclusion bodies and were 

purified by a single-step column with high purity (Fig. 3.1A). High purity of WT-ADI was 

observed after the re-folding process (Fig. 3.1A, lane 4). The purity of WT-ADI was further 

enhanced using the Q column in 20% elution buffer (Fig. 3.1A, lane 7). The purified WT-ADI 

had a yield of about 16 mg/L cell, which accounted for about 88% recovery (Table 3.1). Its 

specific activity was 28.7 U/mg (Table 3.1). The mass of WT-ADI detected by Liquid 

Chromatography-Electrospray Ionization Mass Spectrometry (LC-ESI-MS) was measured as 

46377 Da (calculated mass = 46376 Da) (Fig. 3.1B). The two mutants were purified and 

resulted in comparable recovery as WT-ADI. The specific activity of 44C and 265C was 16.0 

U/mg and 19.4 U/mg, respectively (Table 3.1). The measured mass of 44C was 463651 Da 

while that of 265C was 46362 Da, which were consistent with their calculated masses (Figs. 

3.2B and 3.3B).  
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Fig. 3.1  

 

 

 

Figure 3.1 Expression and purification of ADI-WT. (A) The SDS-PAGE analysis of ADI-WT. 

Lane 1: Total lysate. Lane 2: Soluble fraction. Lane 3: Inclusion body. Lane 4: Before anion 

exchange column. Lane 5: Flow-through of anion exchange column. Lane 6: 12% of elution 

buffer. Lane 7: 20% of elution buffer. Lane 8: 50% of elution buffer. (B) the intact protein mass 

of ADI-WT.  
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Table 3.1 Purification table of ADI-WT, 44C and 265C 

Sample 

Protein 

concentration 

(mg/ml) 

Volume (ml) 
Total 

protein (mg) 

Specific 

activity 

(U/mg) 

Total 

Activity (U)  

Recovery 

(%)  

Total lysate 4.9 25 122.5 - - - 

Soluble 

fraction 
4.1 24.5 99.2 0.2 22 - 

Inclusion 

body 
6.2 5 30.9 - - - 

Before anion 

exchange 

column 

1.1 10 10.7 25.3 271 100 

WT-ADI  6.1 1.4 8.3 28.7 238 88 

44C - - - 16.0 - 81 

265C - - - 19.4 - 89 
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3.1.2. Verification of the site-specific labeling of 44Cf and 265Cf 

The purified 44C and 265C were labeled with F5M to become 44Cf and 265Cf, 

respectively. To confirm F5M was labeled on the mutants, the mutants before and after labeling 

were analyzed by SDS-PAGE. From the results, 44C and 265C did not show any intrinsic 

fluorescence whilst fluorescence was observed in 44Cf and 265Cf (Figs. 3.2A and 3.3A). To 

further confirm the complete labeling on them, the intact masses of 44Cf and 265Cf were 

verified by LC-ESI-MS measurements. The measured masses of 44Cf and 265Cf were 46777 

and 46789, respectively (Figs. 3.2C and 3.2C). Their mass differences before and after labeling 

were exactly 427 Da (corresponding to the mass of F5M), representing there was a single F5M 

present on 265C. It was also found that 44C was not completely labeled by F5M since a peak 

corresponding to the mass of 44C was observed in Figure 3.2C. Unlike 44Cf, complete labeling 

by F5M was observed in 265Cf due to the absence of the peak representing the mass of 265C 

in Figure 3.3C.  

To ensure the site-specific attachment of F5M on designated Cys44 and Cys265, parallel 

trypsin digestions were done on mutants before and after labeling. Their digested peptide 

fragments were analyzed by LC-ESI-MS. In the analysis of 44C and 44Cf, a peptide fragment 

(LDELCFSAILESHDAR) representing the amino acid sequence from the position of L40 to 

R55 with a mass-to-charge ratio (m/z) of 606.9015 was only present in 44C but not in 44Cf 

while the same peptide sequence linking to F5M with an m/z of 755.6567 was only found in 

44Cf but not in 44C (Figs 3.4A and 3.4B). On the other hand, for 265C and 265Cf, it was found 

that a peptide fragment (WCNLMHLDTWLTMLDKDK) representing the amino acid 

sequence from the position of W264 to K281 with an m/z of 566.7741 was only found in 265C 

but not in 265Cf whilst an m/z value of 676.786 corresponding to the incorporation of that 

peptide segment and F5M was only present in 265Cf but not in 265C (Figs. 3.5A and 3.5B). 

These results proved the site-specific labeling of 44C and 265C by F5M.  
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As there is a Cys398 located on the active site of ADI, the non-specific labeling of the 

Cys398 was also checked by LC-ESI-MS. It was found that non-specific labeling on Cys398 at 

the active site was not observed in 265Cf since a peptide segment 

(VLPFHGNQLSLGMGNARCMSMPLSR) representing the amino acid sequence from the 

position of V381 to R405 without the attachment of F5M on its cysteine residue (m/z = 906.457) 

could be detected in 265Cf (Fig. 3.5C).  
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Fig. 3.2  

 

 

 

Figure 3.2 The production of 44Cf. (A) SDS-PAGE analysis of 44C and 44Cf before and after 

labelling fluorescin-5-maliemide. (B) The intact protein mass of 44C. (C) The intact protein 

mass of 44Cf.  
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Fig. 3.3  

 

 

 

 Figure 3.3 The production of265Cf. (A) SDS-PAGE analysis of 265C and 265Cf before and 

after labelling fluorescin-5-maleimide. (B) The intact protein mass of 265C. (C) The intact 

protein mass of 265Cf. 
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Fig. 3.4 

 

 

Figure 3.4 ESI-MS spectra of trypsin digested 44C and 44Cf. (A) A peptide fragment showing 

the amino acid sequence from the position of 40 to 55 (LDELCFSAILESHDAR) with a m/z 

value of 606.9615 present in 44C but not 44Cf. (B) A peptide fragment showing the amino acid 

sequence from 40 to 55 (LDELCFSAILESHDAR + fluorescein-5-maleimide (F5M) + water 

adduct) with a m/z value of 755.3221 only present in 44Cf but not in 44C. [18] 
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Fig. 3.5 

 

 

 

Figure 3.5 ESI-MS spectra of trypsin digested 265C and 265Cf. (A) A peptide fragment 

showing the amino acid sequence from the position of 264 to 281 

(WCNLMHLDTWLTMLDKDK) with a n m/z value of 566.7741 present in 265C but not 

265Cf (B) A peptide fragment showing the amino acid sequence from 264 to 281 

(WCNLMHLDTWLTMLDKDK + fluorescein-5-maleimide (F5M) + water adduct) with an 

m/z value of 678.0437 only present in 265Cf but not in 265C. (C) A peptide fragment showing 

the amino acid sequence from the position of 381 to 405 (VLPF) with an m/z value of 906.4575 

present in 265Cf. [18] 
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3.1.3. Kinetic  parameters of ADI -WT and the mutants before and after 

labeling 

The kinetic parameters of WT-ADI and two mutants before and after labeling with F5M 

were studied. The catalytic efficiency of WT-ADI, 265C and 44C was 988 ± 272, 1025 ± 311 

and 138 ± 52 mM-1s-1, respectively (Fig. 3.6 and Table 3.2). The double point mutations 

(Cys251
ĄSer251 and Thr265

ĄCys265), which were introduced on ADI, conserved the catalytic 

efficiency as wild type. However, the mutations on Cys251
ĄSer251 and Leu44

ĄCys44 

significantly lowered its catalytic efficiency, which was about a 7-fold decrease. The mutants 

after labeling with F5M remained the same catalytic efficiency as their forms before labeling, 

indicating the attachment of F5M on the destinated cysteine did not interfere with the 

enzymatic activity (Fig. 3.6 and Table 3.2). 
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Fig. 3.6 

 

Figure 3.6 The kinetic profiles of wild-type arginine deiminase (WT-ADI), 44C, 44Cf, 265C 

and 265Cf. The results were expressed as means ± S.D. 
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Table 3.2 The kinetic parameters of WT-ADI and the mutants before and after labeling with 

fluorescein-5-maleimide 

 WT-ADI  265C 265Cf 44C 44Cf 

kcat (s-1) 30.31 

± 1.73 

20.45 

± 1.09 

15.98 

± 0.96 

19.02 

± 1.05 

12.61 

± 0.41 

KM (mM) 0.03 

± 0.01 

0.020 

± 0.003 

0.016 

± 0.001 

0.16 

± 0.08 

0.10 

± 0.02 

kcat/KM (mM -1s-1) 988 

± 272 

1025 

± 311 

986 

± 92 

138 

± 52 

127 

± 18 
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3.1.4. Fluorescent patterns of 44Cf and 265Cf in the PBS system 

44Cf and 265Cf demonstrated óturn-offô signals upon reacting with L-Arg. From 

figures 3.7A and 3.7C, their fluorescence intensities remained at their baseline levels (labeled 

as 0 µM L-Arg) prior to the addition of L-Arg. In the presence of L-Arg, their intensities were 

instantly quenched and gradually returned to the baseline levels upon the depletion of L-Arg 

(Figs. 3.7A and 3.7C).  

However, their quenching patterns were different. The first one was the rates of 

restoring to the baseline levels in 265Cf was quicker than 44Cf (Figs. 3.7A and 3.7C). The 

second difference was the relationship between the percentage changes in fluorescence 

intensities and the concentrations of L-Arg. It was found that the fluorescence intensity 

decreased with respect to the increase in L-Arg concentration in 44Cf (Fig. 3.7A) whilst it 

remained at the same level in 265Cf no matter how much L-Arg was added (Fig 3.7C). Neither 

of them demonstrated a strong linear relationship to the concentration of L-Arg (Figs. 3.7B and 

3.7D).  

Although the fluorescence intensity of 265Cf was not related to L-Arg concentration, 

its duration of fluorescence quenching was linked to the concentration of L-Arg (Fig. 3.8A). 

When 265Cf reacted with a higher concentration of L-Arg, the duration of quenched 

fluorescence intensity was extended, meaning that the quenched intensity would take a longer 

time to return to the baseline level (labeled as 0 µM L-Arg) (Fig. 3.8A). Also, this quenching 

displayed an extremely high specificity to L-Arg but not asparagine, aspartic acid, agmatine, 

citrulline, glutamine, and glutamic acid (Figs. 3.9A and 3.9B). As a result, the maximum rate 

of the fluorescence change of 265Cf was linearly proportional to L-Arg concentrations with R2 

= 0.9988 (Figs. 3.8B and 3.8C). The linear detection for L-Arg ranges from 12 to 100 µM and 

the response time was within 4 min (Fig. 3.8C). The limit of detection (LOD) and limit of 

quantification (LOQ) of 265Cf was 4 µM and 12 µM of L-Arg, respectively (Table 3.3). 
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However, the time at the maximum rate of fluorescence change of 44Cf did not display a 

relationship to L-Arg concentration as in 265Cf (Fig. 3.10). 
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Fig. 3.7 

  

  

Figure 3.7. Time-course fluorescence measurements on two fluorescein-labelled mutants (44Cf 

and 265Cf) with different concentrations of L-Arg in PBS solution. L-Arg in different 

concentrations (0 ï 100 µM) was mixed with (A) 44Cf and (C) 265Cf. The relationship 
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between the percentage changes of fluorescence intensities and L-Arg concentrations in (B) 

44Cf and (D) 265Cf. [18] 
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Fig. 3.8 

 

  

Figure 3.8 Time-course fluorescence measurements on 265Cf in different concentrations of L-

Arg in PBS solution. (A) L-Arg in different concentrations (0 ï 100 µM) was mixed with 265Cf. 

(B) The rates of fluorescence changes at different concentrations of L-Arg against the reaction 

time. (C) The linear relationship between the time at the maximum rate of the fluorescence 

change and the L-Arg concentration. [18] 
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Fig. 3.9  

 

 

 

 

Figure 3.9 Time-course fluorescence measurements on 265Cf mixed with 15 µM amino acid 

solution with and without the presence of L-Arg. (A) 15 µM amino acid solution, including 

asparagine, aspartic acid, agmatine, citrulline, glutamine and glutamic acid, with and without 

the presence of L-Arg. (B) The rates of fluorescence changes of 265Cf mixed with 15 µM 

amino acid solutions with and without the presence of L-Arg. [18] 
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Fig. 3. 10 

 

Figure 3.10. The rates of fluorescence changes of 44Cf mixed with different concentrations of 

L-Arg. 
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Table 3.3 The limit of detection (LOD) and limit of quantification (LOQ) of L-Arg in 265Cf 

 LOD (µM) LOQ (µM) Linear range (µM)  

265Cf  

(Present study) 

4  12  12-100 
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3.1.5. Application of 265Cf on the detection of L-Arg in fetal bovine serum 

265Cf was used to detect L-Arg concentration in fetal bovine serum by using the 

standard addition method and without any pre-treatment to the serum. Although there was a 

slight decrease in the fluorescence intensity of 265Cf in serum as compared to the PBS system, 

the pattern of fluorescence change in serum was equivalent to that in the PBS system (Figs 

3.11A and 3.12A). Also, the times at the maximum rate of the fluorescence change under 

different concentrations of L-Arg could be determined (Figs. 3.11B and 3.12B) and showed a 

linear relationship to L-Arg concentration (Figs. Figs. 3.11C and 3.12C). By using the standard 

addition method, the first and second batches of 265Cf detected 47.2 ± 6.0 µM and 48.9 ± 1.2 

µM of L-Arg in fetal bovine serum (Table 3.4). The determined results by 265Cf were 

comparable to the result obtained from mass spectrometry analysis (48.3 ± 1.5 µM) (Table 3.4).  

 

 

 

 

 

 

 

 

 

 

 




























































































































