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Abstract

Throughout the past few decades, amino-deipleting enzymes have drawn lots of
attentionin variousapplications Herein,we furtherbioengineered arginine deimina@DI)
as a biosensor to rapidly detect a wide rangarginine {-Arg) concentration leels and
genetically engineereHrwinia chrysanthemasparaginase fuse with an albumsubinding

domain(ABD) to unleashts potentialfor the treatment ad solid tumor

ADI was rationally mutated ttbecomea  fi -bffo fluorescent biosensahat can
rapidly determine the concentration bfArg. Two-point mutations (Cys™®'A Sef>! and
Thr?%A Cys?®9) were introduceih therecombinant ADIresultingin only one cysteine residue
located on the mutated ADI for the sdeected attachment of a fluorophore (fluorese®in
maleimide) The fluoresceidabeled form of ADI (265Cf) displayed similar catalytic
efficiency when compare to thenative form of ADlandthe mutated form of ADI (265C)
When binding to L-Arg, 265Cfshowed significant structural conformational changes that
induced the fluorescémoietyto move closer t@rp?%* leading toa significantquenching of
the fluorescence intensitfhe duration of fluorescence quenching Wasarly proportional
to L-Arg concentratiorevels ranging from 120 100 uMwith R? = 0.9988 Also, the assay
time was less than 4 mimhe limit of detectiorof 265Cfwas 4uM. 256Cf was able to detect
the concentration of4Arg in fetal bovine serum by usinigestandard addition method without
the needor samplepre-treatment. The results were in alignment with the mass spectrometry.
Therefore, our 256Cf biosensorshgreat potential to achieve rapid detection eArQy in

biological and clinical samples.

Asparaginaseés highly effectivein treatingacute lymphoblastic leukemia (ALLy
depletingan essential amino acidsparagingfrom leukemia cellsMost leukemia cellsare
auxotrophic to asparagimkele tothe lack of or low protein expression of asparagine synthetase

(ASNS), rendering them sensitive topasagine depletioriThe deprivation ohsparagine in
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leukemia cells can significantly inhibit thedell growth and eventually lead to cell death.
However,almost allsolid tumors are resistant to asparagine depletion dueitcettpFession

of ASNS. Unlike asparagine depletion, glutamine deplettmonstratedignificant ant
cancer effecon multiple solid tumors. Meanwhilat has beemeportedhat asparagine could
promote cancer cell growth as well as protect cancer cells from death under glutamine
deficiency. Therefore, weutilized dual enzymatic activities oErwinia chrysanthemi
asparagiase which has been approved by 148 Food and Drug Administratioasa second

line treatment foALL , for furtheroptimizationto achieve double amino acid depletions for
treating solid tuma: We rationally fusedhis asparaginassith an albumirbinding domain
(ABD) via a soft linker (GGGGS}o become ABDErSS It demonstrated antiancer effects

by indudng cell death inBGC-823 and MKN45 gastric cancer cell linderoughmultiple
pathways, including-phase arrest, autophagy and apoptdsis.ABD allowed ABDErS5 to

bind with serum albumirand to simultaneously deplete asparagine for ~15 days and glutamine
for ~11 daysA biweekly administration of ABEErS5 (1.5 mg/kg) significantly suppressed
the tumor growtlin an ASNS andglutamine synthetag&S-) positive MKN-45 gastric cancer
xenogrdt model demonstrating a novel approach for the treatment of gastric cancer by double
amino acid depletions. More importantfBD-ErS5 could remain active for a period even
antrABD-ErS5 antibodies were presenta multiple administration analysis, s@gting the

ABD part could bind to serum albumin and thus protect ABS5 from the attack of
antibodies. Moreover, nultiple administrations of ABEErS5 imposed no noticeable
histopathological abnormalities on key organsjcatingthe absence of acute toxicity to the
animals. It is suggested that our AEDSS5 is a promising drug candidate foe treatment of

gastric cancer.
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Figure 3.3 Anti-tumor effect of ABDErS5 in nude mice withubcutaneous MKMNI5
xenografts(A) Tumor volumes of the control group (biweekly i.p. injection of PBS) and the
treatment group (biweekly i.p. injection of ABEXS5 with 1.5 mg/kg) for 6 weeks (n = 6).
Arrows indicate the time of injection. Data was amatlythrough Tweway ANOVA with
Bonferroni correction(B) The final tumor weight. Data was anadyg through Onevay
ANOVA. (C) The percentage of body weighiD) Macroscopic appearance of tumors. All

results are shown as meatp<OMOISEM, *p < 0.05,

Figure 3.Z The pharmacodynamics ofuftiple intraperitoneal (i.p.) administrations of ECWT,
ErWT and ABDETrS5. A Biweekly injection of PBS (control) and ABEXS5 (1.5 mg/kg) in
BALB/c mice (n = 6) for 6 weeks. ECWT (30 mg/kg, n =4) and ErWT (30 mg/kg, n = 4) were
injected into mice twice paveek. Arrows indicate the time of injection. The concentrations of
asparaginén the (A) control group(C) ABD-ErS5,(E) ECWT, (F) ErWT at different times.
The concentrations of glutamiirethe(B) control group(D) ABD-ErS5,G) ECWT,(H) ErWT

at different timesAll results are shown as mean + SEM.

Figure 3.8 Immunogenicity analysis of multiple administrations of ABILE5 (1.5 mg/kg, n
= 6).(A) Anti-ABD-ErS5 antibody tiérin 6 mice.(B) The cumulative incidence of arABD-
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SEM.

Figure 3.® Percentage of body weight of BALB/c mice after multiple intraperitoneal (i.p.)
administrations of PBS (control, n = 6), ECWT (30 mg/kg, n = 4) and H30™g/kg, n = 4)
and ABD-ErS5 (1.5 mg/kg, n = 6). Red arrows indicate the time of injection. All results are

shown as mean + SEM.
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Figure 330 Representative images of H&E stained organs harvested from the control (left) and
treatment groups with multiple administrations of ABIBS5 with 1.5 mg/kg (right). Scale bar

= 50 e&m.
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Abbreviations

ALL Acute lymphoblastic leukemia

ADI Arginine Deiminase

ASNS Asparaginesynthase

EcWT Wide-type Escherichia coli

ErWT Wide-type Erwinia chrysanthemi

F5M Fluoresceirb-maleimide

FDA Food and Drug Administration

GS Glutamire synthetase

HER2 Human epidermal growth factor receptor 2
L-Arg L-Arginine

mL Millilitre

mM Millimolar

NH3 Ammonia

PBS Phosphatduffered saline

SDSPAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis
Urs Ureases

WT-ADI Wild type arginine deiminase

uM Micromolar
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Chapter 1. Introduction

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

Amino aciddepleting enzymelsave drawn lots adittentionfor treating cancem the
past few decade#t has been well characterized that cancer ee##sable to reprogram their
metabolismdy upregulatinghe oncogenes or ppressing the suppressansorder tomeet
their greatdemand®n nutrients forrapid and uncontrollablproliferatiors. However, certain
cancer cells aranable to intracellularly synthesis amino adidit depend on the extracellular
uptake[1-5]. This renders amino acidepleting enzymeas potential targete therafes for
treating cancerdn contrast to traditional chemothera@mino aciddepleting enzymesan
specifically target cancer cells without harming the normal sétise the normal cells can

endogenously synthesize amino acids.

The most representative onetlie treatment of acute lymphoblastic leukemia (ALL)
by using asparaginase to deplagparaginewhich has been approved the USFood and
Drug Administration (FDA)Apart fromasparaginas@egylated recombinant human argse
| (PEGBCT-100) and arginine deiminase (APEG 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 (NCT03449@nh¢r developing
enzymes,ncluding engineerech u ma n ¢ y s tlyade ], glutaminase derived from
Bacillus sp [6] andthe recombinant methionasederived fromPseudomonas putid&-9],

have demonstrated excellentti-cancer effects vitro or in vivo.

In thepresent studygasparaginase and argininerdmase (ADI)have beestudied and

further utilized for different applications.



1.2. Arginine deiminase as a fluorescent biosensor

1.2.1.0verview of arginine deiminase

Arginine deiminase (ADI)s ahomodimerenzymethat hydrolyze L-Arginine (L-Arg)
into L-citrulline andammonium The withdrawal of EArg by ADI has rendered it a promising
targeted therapy to treat arginiaaxotrophiccancers.Different strains of ADJ such as
Mycoplasma hominifl0, 11] Pseudomonas plecoglossicifle?] and Aspergillus fumigatus
[13] have been widelinvestigatedor theiranti-cancerefficacy. They have different properties
regardingstability and theability to deplete EArg. Among them, he most regesentative one
is Mycoplasma hominjsvhichwas further optimized tbecome ADIPEG20 with a extended
half-life by PEGylatiorto give rise tasignificant therapeutic outcomasclinical trialsfor the
treatment ofhepatocellular carcinomd4] and advancednelanoma15]. Until now, it has
been combined with othantineoplastic druggor to treat numerous cancers in different
clinical trials such asdvanced solid cancefk6], glioblastomamultiforme (NCT0458783)
andlung cancefl17]. Apart frombeing an anticancer ageitthasalso beemwidely used as

biosensor to specifically detectArg as shown in Tabl#.1.
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Table 11 Summaryof varioustypes of l-Arg biosensor$18]

Analyte Bio- Transducers Working systems Immobilization Linear range Response Ref.
receptor (LM) time (s)
NHs Arg/Urs Conductometric  Au-coated ceramic plate Crosslinking 1007 1000 - [19]
NH3 Arg/Urs Conductometric  Two Au- interdigitated Crosslinking 107 4000 120 [20]
film electrodes
NH3 Arg/Urs Potentiometric Glass electrode Crosslinking 2571 310 600 [21]
NH3 Arg/Urs Amperometric Threeelectrode system Electrc polymerization 707 600 10 [22]
NH3 Arg/Urs Fluorescent O17-Ecmembrane Entrapment 1007 10000 ~290 [23]
NH3 Arg/Urs Conductometric Fused A#Oz with Au Entrapment 2.57 500 20 [24]
interdigitated electrodes
NH3 Arg/Urs Amperometric Threeelectrode system Electro polymerization 1507 600 60 [25]
NH3 ADI Amperometric PANi composite screed Crosslinking 371 200 15 [26]
printed electrode
NH3 ADI Potentiometric Nanocomposite file Crosslinking 10071 1000 10 [27]
modified glassy carbon
electrode
L-Arg ADI Conductometric  Bioselective membrane Crosslinking 2071 750 <90 [28]

and reference membran

Notes: Arg: Arginases; Urs: Ureases; ADI: arginine deiminase:EX1 dxazine 170 perchloraghyl cellulose; PANi: Polyanyline



1.2.2. The importance ofL-Arg detection

L-Arg is an important amino acid residue that is a precursor ofaggtiegating agent
of numerous proteins for metabolig29, 30] The concentration of4Arg is a good indicator
of the health condition of people and the quality of f{&f]. Normally, theconcentration of
L-Arg in human serum ranges frob@0to 120 uM[32]. Unusual increassand decreses in
L-Arg concentrations in plasma have been observed in arginase deficiencyspetiegnt
auxotrophic cancer patients, respectijely, 31, 3339]. Moreover, monitoring the level of-L
Arg concentration is an important key parameter to rdisiish the potency of different
argininelowering enzymes for treating cancgt6-42]. 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 fermentationAtg is hydrolyzed into urea which can
react with ethanol to form a carcinogenic chemical compound called ethyl carhaga6.
Thereforethe detection of tArg concentration igxtremelyimportant inthe food industry

and medtal field.



1.2.3.Current L-Arg detection methods

Nowadaysjonization mass spectrometry and higgrformance liquid chromatography
are the famous methods to accurately detedrd. concentratiori47-49]. However,high
operatingexpenseandlengthymeasurement timare requiredBiosensors, on the contrary,
provide an alternative option for the rapid detection of the presence of the target with high
sensitivity and specificity; therefe, biosensors are widely applied ttee food industry,
medical diagnosis, and drug developmi@&, 51] Several kinds of tArg biosensors have
been developed with wide linear detection rangekfast response tirmas shown in Table
1.1 [18]. However, these biosensors have the followingadivantages(a) Reduced
specificity of the biosensomight happerdue tothe use ofammonium (NH) as atarget
analyte Extrameasuremestof NHz concentratiorareneededor sampleghatcontain NH
[21, 26, 52] (b) The complicated detection system involved two enzyfAeginase/Urease)
that might increase possibilities of human and instrument errors compared to one enzyme
detection systerfil9-25]. Even theone usinga single ADI enzyme to directly detectArg
is less specifisinceits signalinterfereswith the presence of aspartic acid and glutamic,acid
which are present in lots dfiological or food sampleseading to an overestimation of L

Arg [28].
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1.3. ABD-ErS5 as double amino aciedepleting enzme for treating

gastric cancer

1.3.1.0verview of clinically developed asparaginases for the treatment of

ALL

Asparaginase is the first amino addpleting enzyme to be recognized as a
biotherapeutic drug due to its afeukemia effect discovered by Ki@si3] and Broomg54].

It is an amidohydrolase enzyme, which predominantly hydeslyasparagine with minor
glutaminase activity55]. Various studies have confirmed thmbst ofleukemia cells are
auxotrophic to extracellular asparagine due to the lack of or low expression of asparagine
synthase (ASNS) to produce asparagometheir own [1, 56, 57] rendering asparagine
depletion as a treatment for ALLL.is believed thathe continuous depletion of asparagine

by asparaginases can starve leukemia cells and disrupt their normal cellular functioms, lea

to cell deatH55, 58]

Nowadays, there are two types of asparaginagkstypeE. coli (ECWT) andErwinia
chrysanthem{ErWT) asparaginaseahich are approved by the UFDA as the treatment of
acute lymphoblastic leukemia (ALLEECWT has been considered the fiiae treatment for
ALL since 1978 while ErWT has been recargd asa secondline treatment for those who
have developed hypersensitividucedby ECWT since 201155]. It is well characterized
that they display different kinetic parameters on hydrolyzing asparagine and glutamine, in
which thecatalytic efficiency (ka#/Km) of EFWT has respectively ~@ld and ~116&fold
higher than that of ECWT in cataing asparagine and glutamine (Tabl2) [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 trjéls64]. However their
short halfliveshavehindered thefficacyof treatingALL. Even though they exist as a homo

tetramer with a molecular size near 140 kib&y cannot escape from renal clearance (< 8



nm), degradation by proteolysis, the attack from-dnig antibodies (ADA)andclearance
mediated by Fx  r e ¢66-@71 The elimination haHife of ECWT is only ~1.28 days while

that of ErWT is even shorter (~0.65 day88]. The high dose or frequent administration
increases the occurrence of the alntig antibody deelopment, which in turn could lead to
treatment failure. In an attempt to reduce the immunogenicity associatealhigtihdose of
asparaginases, ECWT has been randomly PEGylated with 5 kDa monomethoxy polyethylene
glycol molecules (MPEG) via succinimidsdiccinate (SS) linker and succinimidyl carbonate
(SC) linker to become Oncaspar (PESAsp) and CALASP (PEGC-Asp), respectively

[69]. Both PEGSSAsp and PEESC-Asp have been respectivedpprovedby FDA as the
first-line treatment of ALL since 20(J&0] and 2018§71] in developed countriedue to their
prolonged elimination halives in the depletion of asparagineHGSSAsp: ~5.3 days;
PEGSCAsp: ~13.4 days)69] (Table1.3). Furthermore, the presence of abundant mPEG
molecules can minimize the surface exposure of ECWT to trigger immune responses,
resulting in the decrease of an8paraginase antibodies from 60% in patients using ECWT

to 2-18% in patients using PEGSAsp[72] (Tablel.3).

31



Table1.2 Catalytic efficiencyof ECWT and ErWT on hydrong asparagine and glutamine

Catalytic efficiency (kcatKm) (smM?) ECWT ErWT
Asparagine 2,960 4,368
Glutamine 0.64 74.65

Table 1.3 The pharmacokinetic and immunogenic propertidifefent types of asparaginases

ECWT | ErWT | PEG-SSAsp | PEG-SC-Asp
Elimination half -life (t12) (day) 1.28 0.65 5.3 13.4
Percentage of the occurrence of 4575 30-50 2-18 N/A

anti-drug antibodiesin patients (%)
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Apart from thePEGylation of asparaginages been extensively studiéal havea
prolonged haHife, 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 hyperammonaenf¥d], hepatotoxicity[74] pancreatitis
[75], immunosuppressiofY6] and coagulation abnormaliti€g7]. To minimize toxicities,
the necessjtof the activity on glutamine of asparaginase for treating ALL has been evaluated.
Nguyen et al[59] and Chan et a]78] constructed different mutants of asparaginasesder
to diminish glutaminase activity for the treatment of ALL. Nguyen €68l reported that a
mutant of ErWT without glutaminase activity was as efficacious as its native form but had
fewer acute toxicities in treating an ASM8gative leukemia tumor (SLBL5) in vivo.
Conversely, for the same ASNfegative tumor (SUB15), Chan etl. [79] proved the
necessity of the dual enzymatic activities of ECWT for the treatment ofiAlivo. However,
for PEGSSAsp, it did not demonstrata notable glutamine depletian vivo but still
displayed antleukemic effect469, 80, 81] providingindirect evidenceon the negligible
activity on glutamine of asparaginastherefore, nowadayghe glutamine activity of

asparaginase has always beeglected
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1.3.2.0verview of the haltlife extension by albuminbinding domain

fusion technology

Serum #buminis the most abundaproteinand has aextraordinaity long circulating
half-life of 19 daysn the bloodstreamresulting from binding to neonatal Fc receptor (FCcRn),
which is mainly localized iracidified endosomes of endothelial, epithelial and dendritic cells
[82-87]. It is suggestethatserum albumin follows similar path as IgGvhich istaken up by
fluid-phase pinocytosis angkquentiallybinds to FcRnunder an acid pH87]. Within the
endosomes, the albumicRn complex inds toRaslike GTPases ligands, Rab4 and Rab11
which direct the recycling of IgG and albumin from endosomes t@¢lieanembrane, and
finally to the bloodstrearf88]. Owing to theseharacteristics, serum albumin is considered as
a carrier forimproving the circulating half-life of ligands andtherapeutic drugsand
transporting thento the target sitdMany fusionproteins which are fused witalbumin have
resulted in enhanced circulating hbElé and has undergone clinical trials for different
applications. The most popular oneghicagonlike peptide (GLP1) receptor fusion with
albumin, which is approved by the BBA for thetreatment of type 2 diabetg9]. However,
not all protein isapplicable to fuse with albumin since the produced fusion protein might result

in instability [90] or be inactivatedO1].

The dbumin 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 epgséive
bacteria[82, 83] This domain was first discovered in st@goccal protein G (SpG), which
was a bifunctional 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 wrify immunoglobulins (IgG) and its

fragments, BB (25 kDa) and ASP (15 kDa), were selected and utilized for purification of



albumin or haHlife extension (Fig1.1) [83]. Later, the shortest peptide (ABD) was identified

and applied to therapeutics for improved pharmacokingiiis

Fig. 1.1

Albumin-binding Immunoglobulin-binding

< > <€ >

ABD1 ABD2 ABD3
*r—e *r-—e >-—ee

Ss | E |Al1] Bl JAZ| B2 |A3|S | C1|D1} C2|D2} C3 w 63 kDa

BB 25 kDa

ABP 15 kDa

ABD 46 aa % ?j 5kDa

Figure 1.1 Thedevelopment of ABD fronstreptococcal protein .GSs: Nterminal signal

sequence; AA3: albumin binding region; GC3: immunoglobulin binding region; BB, ABP

and ABD are different albumin binding regions [83]

The use of ABD originated from Nygren and hidleagues, who usdtle ABD of SpG,
BB, to extend the halife of CD4 (sCD4)[82, 92] It was found that CD4 fused with BB had
a halflife of 15-24 h, which was longer than CD4 aldB&]. A similar result also was found
that the soluble complement receptor 1 (SCR1) with BB had-fltlécrease in the halife,
revealing the possible ability of ABD on the kblé extension by FCR[B2]. This was further
confirmed by analyzing the pharmacokinetics of ABEDb in normal and FcRn knockout
mice, in which the halfife 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 Hoiediated recyahg
by binding to albumin, and the binding of ABD to albumin does not alter fathitimin
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-hdatted antparallel
threeh e | i x b un d11[83] Bherk ard ranygother proteins, such as PAB from
Finegoldia magnaPPL and ZAG from humanand MAG from nice [82]. Among these
species, (ALBSGA) from PAB and (G14&BD) 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, highlyplsoand high expression level in
bacterig[83]. Furthermorestructural data have shown that the helix twohefABD domain
binds to the DIl domain of human albumin but not either the DI or DIll domain, which is in
line with the previous result that their binding will not interfeii¢gh the interaction between
albumin and FcRij94]. Therefore, ABD can take the advantage of Foiadiated recycling

to extend its haffife.

With the promising characteristic of Iidife extension, mutations have been done on
G148ABD (wild type) to get variants of ABD with a higher affinity to albumin. One of the
variants, named ABDO035, had a very high affinity to human serum albumin (120 fM) compared
to wild-type ABD (5 nM)[95]. Besides humaserum albumin, the affinitiesf the albumin of
rats, mice and monkeyhave increased as wfls]. This extremely high affinity resulted from
sevenpoint mutations on the sequence of ABD wild type, in which the change of tyrosine to
phenylalanine plays an importantlean the binding Fig. 1.2) [94]. However, there is a
drawback on ABDO035, which leads to an immune response due to the presence afeléew T
epitopes[96]. Targeting this problem, iblogical engineering was done to removecdll
epitopes while conserving the high affinity, solitiland thermostability by mutations to

generate a derivative called ABDORBR] (Fig. 1.2).
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Fig. 1.2

ABDwr LAEAKVLANRELDKYGVSDYYKNLINNAKTVEGVKALIDEILAALP

Figure 1.2ZTheamino acidsequence oABD wild type and ABDO35ABD represents albumin

binding domain; WT represents wild type.

In recent days, ABD035 and ABD094 are in widespread use in different therapeutics
for prolonged haHife. For example, the fusion of ABIB5to HER2binding Fab fragment
increased the terminal hdife from 2.1 h in Fab fragment alone to 20.9 h in mig&].
Furthermore, the fusion of ABD to bispecific singleain diabody (scDb) had a similar
terminal halflife (27.6 h) to the one fused with albumin (25 h), and even higher than PEG
scDb (13.1 h)82]. Also, the fusionof ABDt@e ngi neered Uvb3 integrin
extended the halife from 1.5 h to 8890 h and varying the length of linker resulted in better
biodistribution, in which ABBJCL with 14 repeating units of linker inserted between them

(ABD-L14-JCL) mainly @cumulated in blood compared to the ABD5-JCL [98].
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1.3.3.Glutamine/glutamate depletion for the treatment of solid tumors

Glutamine accounts for the second abundant and versatile amino apidvide
tremendous biological functions, including the control of oxidative stress, amino acid
production nucleotide synthesis and generation of en@&jy It enters the cell across the
cell membrane through a specific amino acid transporter, SLEI®. In the cytosol, L-
glutamine can be either directly used for the synthesis of nucleotide and uridine diphosphate
N-acetylglucosamine for protein folding (UBBICNAC) or breakdown intaglutamate by
glutaminase (GLS) to support the cellular evefit®1]. It mainly takes part in the
tricarboxylic acid (TCA) cycle in mitochondriaith the help of glutaminase to convertat
glutamatewhich 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 L&7A5 (Large amino acid transport 1, LAT1) and SLC3A2, by

pumping itself outside the cells.

Many solid tumors, such as basal type breast cancer[2Ellsighinvasive ovarian
cancer[102], liver cancer[103] and gastric cancdf04], ar e OGad diit catme chée. It
been suggested thdie 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 growtfil05]. Various studies othe removal of glutamine ithe
culture medium demonstrated positisatcomes in the growth inhibition of cancer cells
(Tablel.4). Thereforecurrently,inhibitors to block the conversion of glutamine to glutamine
or to block the transportation of glutamimto cells have been developedadiieve anti
cancereffects(Tablel.4). The most popular one islaglenastat (CB39), which inhibisthe
action of glutaminase t&top the conversion of glutamineglutamatg106]. It demonstrated
significant tumor suppression in breast carjé®6] and colorectal cancgt07] xenograft

models(Table 1.4). For now it has undergone lots of clinical trials for treating colorectal



cancer (NCT02861300), prostate cand€T04824937) and lung cancer (NCT03831932),
highlightingthe potential othe deprivation of glutamate from cancer cédisthetreatment

of solid tumors.

Apart from inhibiting the enzymes faglutaminolysis,the RNA-mediated silencing
method was also utilized to knodown the protein expression of glutamine transporter
(SLC1A5), and hence, decreased the uptake of glutamine into cells. Remarkable tumor
suppression was noted in leukemia (~97%)8], ovarian cancer (~50%)109] and gastric

cancer (>90%)110] (Table1.4).

Another approaclis to deplete glutamine bysing glutaminase. Different strains of
glutaminases, such &winia, E.coli Marine halomonas meridianand Bacillus sp, were
studied in leukemia, colon and brefgst79, 111, 112{Tablel.4). Results proved that a single
depletion of glutamiae showedexcellentanttcancer effecton various cancer typgs9, 111,
113-115], showng thatglutaminedepletiondemonstrated a promising therapeutic way for the

treatment of various cancer types.
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Tablel.4. The anticancer effectsnduced by the depletion of glutamine/glutamate

Glutamine Key findings
deprivation Cancer cell types and
methods organisms In vi : . . Side effects References
n vitro studies In vivo studies
Glutaminefree |1 Human leukemia Proliferation inhibition in NA NA [116]
medium cell line (CEM) CEM (~50%)
Apoptosis event (fragmented
DNA) was observed
Addition of 2 mM glutamine
within 24 h rescued cells fron
death
Glutaminefree |1 Breast cancer cell Proliferation inhibition in NA NA [2]
medium lines (Basal type: BT474 (~14%), MDAMB-
BT20, 361 (~21%), T47D (~21%),
MDAMB231, MCF7 (~23%), MDAMB-
MDAMB157; 157 (~65%), MDAMB-231
Luminal type: (~74%), BT20 (82%)
T47D, BT474,
MCF7 and
MDAMB361)
Glutaminefree |1 Non small lung Proliferation inhibition in NA NA [117]
medium cancer (NCH NCI-H1703 (~90%), NCl
H1703, NCtH727, H727 (~33%), NGIH157
NCI-H157,NClI- (~88%), NCtH1395 (~0%),
H1395, NCtH647 NCI-H647 (~86%), NGIH226
and NCHH226) (~12%)
Glutaminefree |y Cervical cancer cell No significant proliferation Glutamine-free medium alone NA [5]

medium

line (Hela cell)

inhibition in CEM by

1 Hela cell: no significant suppressior




glutamine-free
animal diet
L-o-glutamylp-
nitroanilide
(GPNA,
inhibitor for
glutamine
absorption)

1

Tumor bearing mice
(C57BL/6)

glutaminefree medium

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

3-BrPA (~7%)

Synergistic effect observed
when incubating with -BrPA
emol / L) :
with glutaminefree medium;
~47% inhibition with GPNA

(75

3-BrPA (1.25 mg/kg) alone
1 Hela cell: nosignificant suppression

GPNA (20 mg/kg) alone
1 Hela cell: no significant suppressior

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

mg/kg)
1 Hela cell: suppression on day 14

Glutaminefree |1 Acute myeloid Apoptotic cells in glutaminefree | SLC1A5 shRNA NA [108]
medium leukemia cell lines | medium 1 ~97% tumor suppression in MOL-M
Knockdown of (MOLM-14, MV4- ¢ MOLM-14 (~4%) 14 on day 21
glutamine 11, OCIAMLS3, 1 MV4-11(~8%)
transporter HL-60) 1 OCI-AML3 (~18%)
using ShRNA | ¢ Tumor bearing nud{ 1 HL-60 (~5%)
target to mice
SLC1A5 RNA Apoptotic cellsin SLC1A5
SshRNA
1 MOLM-14 (~29%)
Crisantaspase |1 Human Crisantaspase alone (5 U/g) 1 A minor weight | [111]
derived from hepatocellular 1 ~51% tumor suppression on day 19 loss after
Erwinia carcinoma (HepG2 treatment with
asparaginase xenografts) MSO alone (10mg/kg) Crisantaspase

(The specific

1 ~60% tumor suppression on day 19

and MSO for 3

activity = ~45 weeks
u/mg) Crisantaspase (5 U/g) + MSO (10

mg/kg)
MSO (GLS 1 >90% tumor suppression on day 19
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inhibitor)

Crisantaspase +
MSO

968 (GLS
inhibitor)

Non-small cell lung
cancer (A549,
SpcAl, 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

1

Proliferation inhibition
achieved by > 10 uM
Induced G1/Géhase cell
cycle arrest and autophagy
Blocked the EGFR/ERK1/2
signaling pathway

Hepatoeellular carcinoma and
human endothelial cells

1

No ICs0in HepG2, 7402 and
EVC304 while IGo with ~30
MM 968 in LM3

Synergistic effect on the
combination with 1:1 molar
ratio of dihydroartemisinin
(DHA) in HepG2 (IGo: 5 uM)
and 7402 (1Go: 40 uM)

Ovarian cancer

1

Proliferation inhibition using
10 uM 968 in HEY (~41%),
SKOV3 (~50%) and IGROM
(~61%)

Apoptotic cellsn HEY
(~15%), SKOV3 (~7%) and
IGROV-1 (~1%)

NA

NA

[118-120]
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1 BPTES (GLS Pancreatic cancer | Pancreatic cancer Pancreatic cancer NA [117, 121]
inhibitor) cell lines (P8, A6L, | v Proliferation inhibition 1 Efficacy on day 16 treatments with
A32, P198, E3, achieved by > 10 uM for 3 54.5 kg/mg BPTES once every 3
P215, P10JD13D) days days
and patienderived 1 ~50%inhibition on the tumor
pancreatic tumors i Non-small lung cancer volume
mice 1 Proliferation inhibition 1 Pharmacokinetics
achieved by > 10 puM in HEI 1 BPTES (54.5 mg/kg, i.v.) could
Non-small lung 1703 (~79%), NGH727 be detected after 48 h pest
cancer cell lines (~12%), NCIH157 (~55%), injection
(NCI-H1703, NC# NCI-H1395 (~12%), NCl
H727, NCIH157, H647 (~76%) and NCH226
NCI-H1395, NC} (~12%)
H647 and NCJ
H226)
1 Etoposide, Breast cancer cell | Etoposide (5uM) NA NA [122]
cisplatin and lines (BT-549 and |1 ~20% apoptotic cells in BT
BPTES HCC1937) 549

1 ~28% apoptotic cells in
HCC1937

Cisplatin (5 uM)

1 ~16% apoptotic cells in BT

549
1 ~13% apoptotic cells in
HCC1937

BPTES (10uM)

1 ~7% apoptotic cells iBT-549

1 ~7% apoptotic cells in
HCC1937
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Etoposide (5uM) + BPTES (10

HM)

1 ~33% apoptotic cells in BT
549

1 ~35% apoptotic cells in
HCC1937

Cisplatin (5 uM) + BPTES (10

HM)

1 ~17% apoptotic cells in BT
549

1 ~40% apoptotic cells in
HCC1937

Human GLS 1 Cellosaurus cell lind 1  Proliferation inhibition in hGLS-siRNA alone NA [109]
(hGLSsIiRNA) (HEY A8) HEY A8 (~80%) by using 1 ~50% tumor suppression in tumor

to repress GLS MSO (GLS inhibitor) to weight

expressionin | ¢ Ovarian cancer mimic GLS/GS siRNA

tumor cells mice model mGlul-siRNA alone

Murine GLUL (SKOV3cells) 1 ~60% tumor suppression in tumor

(mGlul-siRNA) weight

to repress GS

expression in hGLS-siRNA + mGlul-siRNA

the mouse 1 ~90%tumor suppression in tumor

stromal cells weight

hGLSsIRNA

combined with

MGIlul-siRNA

SLC1A5 1 Gastric cancer 1 Proliferation inhibition in Efficacy NA [110]
shRNA (MKN-45, N87, HGC-27 (~29%) and MGE |1 >90% tumor suppression in tumor

AGS, HGG27 and

MGC-803)

803 (~29%) for 96 h treatmer

volume
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1 CB-839 Breast cancer Breast cancer Breast cancer Multiple Myeloma | [106, 123]
GLS inhibitor (28 breast cancer |1 Proliferation inhibition in mos| ¢  Efficacy on day 28 with CB839 1 ~25% toxicity
cell lines and TNBC of breast cancer cell lines for (200 mg/kg) in grade 3
patientderived 72 h, ranging from-300 C ~43% tumor suppression in neuropathy and
xenograft tumors) nmol/L of CB-839 TNBC PDX grade 2
C ~52% tumor suppression in infection
Multiple Myeloma | Multiple Myeloma JIMT-1
celllines(MM. 1S, [« 5 & M 839 se@dtized
MM. 1S BzR, U266 carfilzomib,bortezomib,
and U266 BzR) ixazomib and: oprozomib to
1S BzR cell line
1 Escherichia ASNS-negative NA Efficacy on day 14 daily treatments at | 1 Weight loss in | [79]
coli L- SupB15 leukemia 20,000 U/kg administered by i.p wild type
asparaginase Il cell line in 1 Wild type yielded undetectable (~20%) and
with (wild-type) NOD/SCID gamma leukemia burden over 66 days mutant (Q59L)
and without mice 1 Mutant Q59L provided a growth (~10%)
(mutant Q59L) delay of about 20 days compared tq
glutaminase the control group
activity

Pharmacodynamics

1

Pharmacokinetics

1

Wild type 2000 U/kg) depleted to

DI ¢M (below the
asparagine for more than 23 h whil¢
to 200 uM ofglutamine for 2 h
Mutant (Q59L)(2000 U/kg) depleted
to ~ 5 &M for mo
showed no depletion to glutamine

Wild type and the mutant displayed

no statistical difference in the
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asparaginase activity after 2 h post
treatment andemained 25% of
maximum at 12 h

BPTES and 1 CT26BALB/c mice | NA Efficacy [124]
anti 1 BPTES
programmed C No significant suppression
death liganel
(PD-L1) 1 Anti-PD-L1 Antibody
antibody C No significant suppression

1 BPTES + Anti-PD-L1 Antibody

C ~60% tumor suppression

Telaglenastat |1 Patients with either| NA Efficacy for all doses Fatigue (23%) | [125]

(CB-839, GLS
inhibitor)
(NCT02071862

renal cell
carcinoma, non
small lung cancer,
triple-negative
breast cancer and
mesothelioma

1

Pharmacodynamics

1

Pharmacokinetics

1

Only 1.7 % patients had a partial
response

41.4% of patients had a stable
disease, prolonging more than 6
months br some patients

56.9% of patients had a progressive
disease

>90% inhibition of glutaminase
activity in peripheral platelets
under >250 ng/mL of telaglenastat

Biological T2 of 1007 800 mg of
telaglenastatanged from 12 h

Nausea (19%)
ALT increased
(17%)

AST increased
(13%)
Photophobia
(11%)
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1 Glutaminase Colorectal cancer Displayedproliferation NA NA [6]
from Marine cell lines (LS 174 T inhibition in LS 174 T (1Go: 7
halomonas and HCT 116) eg/ mL) and sHC
meridiang 13.2 e€g/ mL) a
(Specific treatment
activity = 36.08 Exhibited cytotoxicity with
u/mgq) apoptotic cells in LS 174 T
(>80%) and HCT116 (>90%)
for 48h
1 Glutaminase Human breast Displayed proliferation NA NA [112]
from Bacillus cancer cell line inhibition in MCF7 (ICso: 3.5
sp.DV2-37 (MCF-7) eg/ mL), KeBpG2
(The specific Hepatocellular eg/ mL) and sHC
activity = 47.12 (HepG2) 3.8 e€g/ mL) af
U/ml) Colon carcinoma treatment
(HCT-116)
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1.3.4.The unmet needsand challengesof gastric cancer

Although gastric cacer is the fitttrmostcommoncancer worldwidgits overall survival
ratesare only about30% [126]. One of the major reasotfisr the poorprognosisof gastric
cancer is thdimited therapeutics The mostrepresentativaherapeutics aresurgery and
chemotherapywhichlead tolots of adverse side effects on patients alav overall survival
rate. Other advanced treatments daegeted therapy and immunotherapshich inhibit the
signaling pathway of dargetto stop the growth of gastric cancer cells, sucthaman
epidermal growth factoreceptor 2(HER2) [127] and programmed cell deatprotein (PD-
1/PD-L1) [128]. Theseadvancedherapies have been approved by the US RBAirst or
secondine treatment for gastric canceut still resulted in poosurvival rats since they are
not suitable for every gastric canqeatient. The majority ofgastric cancer patients are not
characterized adER20r PD-1/PD-L1 positive showing unmet nesdand challenges in gastric
cancel104]. Recentlygastric cancer has been identifiechglutaminedependent 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, twlamousamino aciddepleting enzyme#DI and asparaginase
which have beemvestigated imumerou<linical trials fortreating cancersiave been studied

for different applications.

For ADI, it wasutilized as @iosensor for a rapid determination efltg in biological
or food sampledMonitoring L-Arg concentrationsimportant to safeguard the quality of food
or beverages arno indicateanyargininerelatedabnormal health issueBhereforea method
to provice arapid andaccurate measurement ofakg is highly requiredWe developed a
fluorescent biosensor withsingle enzyme, ADI, tepecifcally anddirectly measure 1Arg
concentration. This enzyme wae-directedmutatedto have a cysteinen eitherat the 44
or 265" position of the amino acid sequence to allow-sjiecific labeling wittihe fuorophore,
fluorescein5-maleimide (F5M) giving rise to two biosensors (44Cf and 265Cf). Tritact
massand the mass dhe fragmened peptides labeled with F50f biosensorsveremeasured
by mass spectrometry to confirm the labelihggo biosensorsvere well characterizeid that
they specificallygenerate differerfluorescem patternsupon the binding of {Arg, in which
265Cf was superior to 44Cf to providelinear detection range of-Arg. 265Cf could
successfully detect the Arg concentration in fetal bovine serum, a result that was comparable
with the results determined lgassspectrometry providing an alternative method for rapid

and accurate determination ofArg concentration in biological samples.

For asparaginase, it waptimized as a biotherapeutic for lelasting double amino
acid depletions to treat gastric candéor many yearsasparagine 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 byravilova et al[131] and Zhang et a[132] showing the

protective role of asparagine on solid tumansler glutamine deficiency, we hypothesize the



dual enzymatic activities of asparaginase can effectively treat solid tumors and can be
prolonged upon fusion with ABD. lthis 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 tinevitro serum stability, catalytic efficiency and
thegrowth inhibition effect on gastric cancer cell lines. We rationally bioengineered ErWT to
fuse with ABD035 via aflexible soft linker(GGGGS3 to become ABDBErS5. It could also

bind to serum &lumin to form aralbuminABD-ErS5 complexwhich was weltharacterized

by in vitro serum stability, nativgel assay, size exclusion chromatography and dynamic light
scattering Also, in vitro studies of ABBErS5 on gastric cancer cell line®re investigated.
Importanty, the pharmacodynamic& pharmacokinetic styd antisolid tumorefficacy and

the immunogenicitpf ABD-ErS5were alsadeterminedn the study.
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Chapter 2. Materials and methods
2.1. Arginine deiminase asa fluorescent biosensor

2.1.1.Gene cloning and mutagenesis

Plasmid pET3a/W3ADI was purchased from GeneScriptvls used as a template for
sitedirected mutagenesis according to the instruction of the QuikChangdireitted
mutagenesis ki{Strategene). The codon for C¥gesidue was mutated to the codon forrSer

using the following mutagenic primers. The mutated ADI was named as C251S.
Forward primeo f C251S: 506 GTTALCGAATRGALABGGTATT 36
Reverse pri mRATACGTTT@AABTCSCTTTEBITATTAGCAAC 30

The plasmid pET3a/C251S was then used as a template for fgiteeirected
mutagenesis to respectively generate two mutants by the following primers. They were named

as 44C and 265C.
Forwad primer of 44C:

5 GACTATATTACACCAGCTAGACTAGATGAATTATGCTTCTCAGCTATCTTAGAA

30

Reverse primer of 44C:

50TTCTAAGATAGGTAGIATAMAT CTAGT CTAGCTGGTGTAATATAG
Forward primer of 265C:

5 0OTGTTGCAATTAACGTTCCAAAATGGTGCAACTTAATGCACTTAGACACATGGC

30

Reverse prirar of 265C:



5 GCCATGTGTCTAAGTGCATTAAGTIGCACCATTTTGGAACGTTAATTGCAAC

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

Plasmids corresponding to WADI and two mutants (44C and 265C) were
transformed into BL21(DES3) for expression. A single colony was picked and grown overnight
at 37 asterild LB medium that contained 100 pg/ml ampicillin with shaking at 250
rev/min. The overnight culture was inoculated into 600 mL sterile LB medium with 100 pg/ml
ampicillin in a ratio of 1: 100 an-@hogrs.own at
When the culture optical density (&9 reached 0.6 0.8, one millimolar of IPTGvas added
for protein expression. The cell pellet was collected by centrifugation and lysed by an ultrasonic
homogenizer (QSonica sonicators) in resuspension buffenk20ris buffer, pH7.0). The
crude cell lysates were centrifugated at 14,00 for 2h at 4°C. The insoluble form was
collected by centrifugation and resuspendegrgsuspension buffer for sonication. After that,
it was collected by centrifugation at 14,000 rpm & 4&nd washed by washing buffer twice
(20 mM Tris, 1 mM EDTA, pH 7.0and 4% Triton X100). The resulting inclusion bodies were
solubilized in a denaturing buffer (50 mM Tris, pH 8.5, 6M guanidi@, and 10 mM
dithiothreitol) for 1 h at 37 . -foldreecess o | u b i
volume of 20 mM Trisouffer, 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 anagd by sodium dodecyl sulfafmlyacrylamide gel

electrophorsis (SDSPAGE).

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

Fluoresceirs-maliemide (F5M) was labeled as described with the following
modifications. The ADI mutantgl4C and 265CGyere buffer exchanged into 20 mM Tris, pH

7.0. A 10 mM stock solution of F5M was prepared by dissolving it in dimethylformaamnidie
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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, exce§&M was removed by dialysis with 20 mM Tris buffer using Amicon
Ultra-15 (NMWL = 30, 000). The ADI mutants before and after labeling were zedlgy

SDSPAGE.

2.1.4.Mass spectrometry analysis

To confirm thesite-specific labeling of 44Cf and 265Cf, magsectrometry analgs
were donelLiquid Chromatograph¥lectrospray lonization Mass Spectrometry {EGFMS)
experiments were performed with an Agilent 6540 QTOF mass spectrometer coupled with an
Agilent 1290 Infinity UHPLC system. For the detectiotegmolecular mass ohtact 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 wasetonitrile with 0.1% formic acid. ESVIS data were
acquired with m/z range of 1500, from which multiplycharged mass spectra were obtained.
The multiply charged mass spectra were deconvoluted by the MassHunter BioConfirm
program (Agilent) to obtain thenolecular mass of proteins. For the protein digestion
experiment, proteins were first buffer exchanged into ammonium bicarbonate buffer and
subsequentlysequencing grade trypsin (Promega V5111) was added to the proteins in a ratio
of trypsin: protein 1.6 ( wt / wt ) . Protease digestion proce
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
waterand solvent B was acetonitrile with 0.1% formic acid. The®Slwas operated in auto
ms/ms mode for measurement of the molecular mass of peptides and their sspeeriice
fragment ions resulted from collisianduced dissociation. Peptide assignmerg performed
with the Agilent MasshunteBioConfirm software. On the other hand, -hrginine

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

of Prinsen et dl133].

2.1.5.Determination of specificenzyme activity and kineticparameters

The specific activity and kinetic parameters of ADT, mutants and biosensors were
detemined by using a colorimetric metholhe chromophore compound was detected at a
wavelength of Asonmin the presence of diacetyl monoxime, thiosemicarbazide, urea, &hd Fe
ions under 100 [134]. The amount of citrulline produced hyArg deiminase per second
was determinedBriefly,react i ons wer e per fenzymss (@0.0Dbnyg/ma)ddi ng
to a specified concentration &fArgin 2 00 agL 3amd ter mi nat80% wi t h
trichloroacetic acid. The reaction time was 3 nkior the specific activity determinatiob;

Arg solution with 20 mM was used f@nzyme reaction for 5 mifThen, acoloring 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 (3R 6 M Ho.SQy, 2 mM

FeCb). Eight hundred microliters of the coloring reagent vegtéed to each reaction, and then

the reaction mixtures were i ncub at@nwasat 100
determined using ultravioletisible spectroscopy (Spectronic 20 Genesys Spectromeéler).

specific activity ofL-Arg deiminase enzymeas defined as the micromoles ofcltrulline
formed per minute under gi ven ,pHdHAidphosphateas per

buffered saline buflmgh). (expressed in egmol mi

2.1.6.Fluorescence measurements 44Cf and 265Cf inthe PBS system

The measurement of thiduorescence intensitwas done byan Aligent Cary Eclipse
Fluorescence Spectrophotometer (Agilent). Both excitation and emission slit widths were 5 nm.
The excitation wavelength was 494 nm wiiile emission wavelength was 518 rimbrief,

different concentrations df-Arg, rangng from 2.5 to 100 uM, were prepared in PBS solution
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(pH 7.4). Four hundred and nindiye microliters of each.-Arg solution wereadded in a
guartz cuvette and mixed with 5 puL of 0.3 mg/mHdLCt or 265Cf For the determination of

the specificity,a concentration oi5 uM of eachamino acid, includin@sgaragine, aspartic
acid, agmatine, citrulline, glutamine, and glutamic aoidPBS solutiorwasused.The limit

of detection (LOD)and limit of quantification (LOQpf 265Cfwas calculatedbased orthe
formula, / $ o&3 B and, / 1 p 18 B, respectively, where Sy is the standard
deviation of thefluorescent intensity of the calibration curve and S represents the slope of the

calibration curve.

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

Fetal bovine serunfHyclone™) was used fol_-Arg detectionby our biosensor
Different concentrations df-Arg, ranging from 2.5 to 100 uM, were spiked into the serum
which in turn it was foufolded diluted Four hundred and ninefive microliters ofL-Arg
solution spikd in serum was added in a quartz cuvette and mixed with 5 pL of 0.3 mg/ml of
44Cf or 265CfTwo different batches of 265Cf were used fordiegerminationThe realtime
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 lhmas by PE5 solution.

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

The substratdound model was created based on the crystal structure of arginine
deiminase oM. arginini (WT-ADI) with Protein Data Bank Identifier (PDB ID) 1SR35].
The fluorophordabeled cysteine residue was built with Crystallographic Olfjexnted
Toolkit (Coot) with the help of JLigand36]. The apeenzyme model of WADI was built
based on the crystal structures of Fheaeruginosahomologue (P4ADI), of which both ape

and covalenyl-linked substrate complex were available (PDB IDs 1RXX and 2AAF,
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respectively)137]. The substratbound complexes of WAADI and PaADI were essentially
superimposableincluding the substrate,-Arg. It was noticeable that in the apaADI
structure, a side chain of residue 401 (&Bgoccupied part of the space where the substrate
bound. On substrate binding, AP§gave way to the substrate and was displaced outward
towards the solvent as revealed by the argibimend PaADI. The equivalent residue of Pa
ADI Arg*®*was Met®®in WT-ADI. These two residues were almost superimposable in both
substratebound structure (1S9R and 2AAF). This comparison allowed modeling of the active
site of apeWT-ADI, referencing both RADI structures (1IRXX and 2AAF). Residues 390
394 of apeWT-ADI was built based on residues 398 to 402/&Pd) surrounding one side of
the active si, using Coot. The figures were rendered with PyMOie distance between the
Trp?%4 side chain and the fluorescein moiety of 265Cf was defined by the midpoints between

the CD2 and CE2 atoms on Ftpand the O2 and C10 atoms on 265f.
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2.2. ABD-ErS5 as double amino acielepleting enzyme for treating

gastric cancer

2.2.1.Gene construcs of ErWT

Thetarget genencodinghis-tagged albumin binding domain fusion to théeédminus
of wild-type Erwinia chrysanthemasparaginas@ABD-ErS5 and histagged wildtypeE. coli
asparaginase (EcWT) ipET30a vere purchased from GeneScripthe DNA sequence of
ErWT was cloned by using the plasmid of ABDS5/pET30a aatemplate and ErW-forward
ErWT-reverseprimers.The resulting DNA sequence was purified, digested by enzymes Ndel

andHindlll, and ligated intahe pET30avector.
Forward primer oErWT:

50 GGGAAT TATEGATCATCATCATCACCACGCAGATAAGCTGCCGAACATC

GTTATTC3 6
Reverse primer of EFWT:

5 6GCGGGATCCTTAATAGGTGTGAAAATACTCTTGAATAACCTTCGGG30

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

All plasmids including ABD-ErS5/pET30a, ErWPET30a and EcCWT/pET30were
transformed into BL21(DE3) for protein expression. A single colony was picked and grown
overnight at 37 in a sterile LB medium tha
culture was inoculated into 200 mL of sterile LB mediwith 100 pg/mL kanamycin grown
at 37 . Upon the optical dein@8, ECWTand ABDhe cul
Er S5 were expressed by 0.2 mM o-fi8hburswhile under
ErWT was expressed by 1 mM of IPTG under incubati at 30 for 5 hours

was collected by centrifugation and lysed by an ultrasonic homogenizer (QSonica sonicators)



in resuspension buffer (20 mM Tris buffer, 500 mM NacCl, pH 8.0). The supernatant was
collected under centrifugation at 18@rpm for 2 h at 4 °C and loaded onto-anbHisTrap

nickel affinity column (GE Healthcare, Uppsala, Sweden). The target protein was eluted at
different concentrations of elution buffer (20 mM Tris buffer, 500 mM NacCl, pH 8.0, 500 mM
imidazole) and finall bufferrexchanged into phosphateffered saline (PBS), pH 7.4 for
storage at 4 . Th eedbpyrsadiura dodecyhsal@solyabrgamidegela | y

electrophoresis (SDBAGE).

2.2.3.Characterizations of ECWT, ErWT and ABD-ErS5

2.2.3.1Mass spectrometry analys

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. Thes mas
spectrometer was operated in positive ion mode. MS data were acquired with a m/z range of
600-2000, from which multiplycharged mass spectra were obtained. The multipeged
mass spectra were deconvoluted by the Agilent MassHunter BioConfirm so{tigilent

Technologies) to obtain the molecular masthefprotein.

2.2.3.2Circular dichroism (CD) spectroscopic analysis

To determine secondary structures and melting temperatures of an individual protein,
thepurified protein was buffer exchanged into 10 mMasstum phosphate buffer, pH 7.4, at
a concentration of 0.1 mg/mL and determined by JASEKB0D CD spectrometer (Great

Dunmow, UK). Protein was monitored in the-fa¥ region (196260 nm) and CD spectra
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were collected in an average of three scans. Fatdtegmination 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 asparaginasest different pH

The determination of the optimal pH for activity was carried out by the modified
method ofMashburn and WristofiL38]. It is bagd on the measurement of the concentration
of the |l iberated ammonium from asparagine ali
reagent (Merck Millipore). Briefly, 5 pL asparaginases were mixed with 200 pL of asparagine
or glutamine solution§PBS, pH 7.4t different pH ranging frompH 6to 13t 3 7 for
different reaction timesThe reaction mixture was stopped by adding 15 pL of 80%
trichloroacetic acid. After that, the react.i
at roomtemperature to remove the precipitates. Two hundred microliters of supernatant were
mi xed with 800 OL of diluted Nessleros reac_
temperature. The absorbance of the reaction mixture at 430 nm was determined using

ultravioletvisible spectroscopy (Spectronic 20 Genesys Spectrometer) and recorded.

2.2.3.4.Determination of specific enzyme activity and kinetic parameters

The determinations of i keatand specific activity of asparaginases were carried out
as the procedures fameasuring optimal pH for activityput various concentrations of
asparagine and glutamimesre used fothe enzymatic reactiofhe kinetic parameters were
calculated bysing the Hill function of OriginOne international unit acfsparaginase defined

as the amount of enzyme that can produtee mo | a mpenmin 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; ABB5: 0.02 mg/mL) and
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incubated at 37 . A portion of the mixture
enzymatic activities of asparaginases on hydinty asparagine and glutamine based on the

activity assay mentioned above.

2.2.3.6.In vitro cytotoxicity assay

The 50% growth inhibition (165) of leukemia L-60 and Jurkat), colorectal (HTC116
and LoVo) and gast (BGC-823 and MKN45) cancer cellsvere determined by the{3,5
dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide] (MTT) method. A density of
approximately 3 x F0cells per well was seeded in-9&Il micro-well plates and incubated
overnight at 37 2incubata befone the tckatrhent®®WT & &WT O
or ABD-ErS5. After 72 h incubation with different concentrations of asparaginases, ten
microlitersof 5 mg/mL of MTT reagent were added into each well, followed by incubation at
37 for 4 h. Then, the solution in each w
dimethyl sulfoxide (DMSO) was added. With complete solubilization of the formazan crystals,
absorbance at 540 nwas detected by CLARIOstar® plate reader (BMG LABTECH, Weston,
FL, USA). The IGo value was calculated using the Prism softw@weaphPad Software Inc,

La Jolla, CA, USA).with the nonlinear regression sigmoidal desssponse curvenodel.

Independent experiments were performed in at least triplicate.

2.2.4.Albumin binding assays of ABDErS5
2.2.4.1.Native-gel analysis

The binding between ABIErS5 and human serum albumin (HSA) was aredyy
native gel ABD-ErS5 and human serum album{HSA) in different molar ratios were

incubated at 37 fed by ndlivie getaleatrophorasis.t hen anal y
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2.2.4.2.Size-exclusion chromatography

Size-exclusion chromatography was also used to separate the complex eErSD
and HSA and determine theirahecular 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)-E&BB, HSA and their
complex at a molaratio of 1:4 were then loaded into a Supefex200 increase 10/300 GL

(GE Healthcare, Uppsala, Sweden).

2.2.4.3.Dynamic light scattering

The eluted major pedkom thesize exclusion columwas then measured by dynamic
light scattering (DLS, Wynatt, DynaPro® ambStar® ) to determine the hydrodynamic
di ameter of i ndi vidual protein and compl ex

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 BIGC-823 andMKN-45 cells after the treatment
with or without different concentrations of ABEXS5 at different times. The apoptosis assay
was based on the method of Chung e{189]. Briefly, BGC-823 orMKN-45 cells with a
density of approximately 0.430° were seeded in®T25 flask and overnight incubated before
the treatment of ABEErS5. Cells treated with or without ABErS5 at various concentrations
(07 0.22 pg/ mL) and time points (42472 h) were harvested, washed, and incubated in 1X
assay buffer with Annexin ¥¥ITC/ 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 alyaed by BD AccuriE C6 Flow CytometerAn irreversible pn-caspase

inhibitor, carbobenzoxyalyl-alanytaspartyd{ O-methyl}Hluoromethylketone /AD -FMK)
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was also used to further confirm whether the apoptosis was céspgendent. MKNIS
cells treated with ABEErS5 (0.22 pug/ mL) in the absence or preserice\GAD-FMK (20

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

2.2.5.2.Cell cycle analysis

BGC-823 orMKN -45 cells were seeded and treated with ABI35 as in the apoptosis
assay. The harvested cells were fixed in 60¢
0.1% Triton %100, and incubated with PI/RNase staining buffer (BD Pharmingen, San Jose,

CA, USA) at room temperature for at least 1 h. Fluorescantieated cell sorting (FACS)
analyses were then performed on the stained cells and data from eachwearepiellected
from at least 10,000 cells using BD AcchriC6 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 liveBGC-823 orMKN-45 cells induced by ABEErS5 was analed
according to the method of Chung, et[aB9]. MKN-45 cells were treated with or without
0.11 pg/ mL of ABDErS5 at different times (D 72 h). Rapamycin (500 nM) was used as a
positive control. Then, the cells were washedstathed with cytdD dye and Hoechst 33342
according to the instructions of CYFID® 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 ABBrS5 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 wamllected and determined by Bicinchoninic acid (BCA)
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method for protein concentration. The total protein was aedlyby SDSPAGE and
transferred to polyvinylidene fluoride (PVDF) Immobilthmembranes (Millipore, Bedford,

MA, USA). The membranes were blad with 5% blottinggrade blocker (BidRad
Laboratories) in Tridbuffered saline (TBST, 0.1% Twe&®, 100 mM TrisCl, pH 7.5, 0.9%

NacCl) at room temperature for 1 h, followed by overnight incubation with a specialized primary
anti body at don, membfareg wereiwashed byaTBST and incubatedawith
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 bZhemiDoc™ Imaging Systems (Bi®Rad Laboratories). For the primary
antibodies, rabbit anrfASNS, rabbit antGAPDH, rabbit antPARP, rabbit anicleaved
caspase 3, rabbit afitiC3 and rabbit antb-actin were used. HRBonjugated goat antabbit
secondary antibodwas 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 determi

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

2.2.6.Pharmacodynamic and pharmacokinetic studiesf a single
administration of asparaginase
To determine the pharmacodynamics of ECWT, ErWT and ABS5 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 miceBawéeks old
were randomly assigned into groups (n=6). A single intraperitoneal (jpction of ECWT
(30 mg/kg), ErWT (30 mg/kg) and ABBrS5 (1.5 30 mg/kg) was individually administrated
on day O into the mice. Blood samples were collected at different time points from the lateral
saphenous vein of the mice, followed by centrifugatr8,000 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 approadtivthe Kairos Amino Acid Kit (Waters
Corporation, Milford, MA, USA) based on the modified methods of Cadoni ¢t40] and

Armenta et al[141]. Briefly, five microliters of plasn
sulfosalicylic aad containing a mixture of isotodabeled amino acids. The mixture was
centrifuged for 15 min and an aliquot of 5 ¢
buffer. An aliquot of 10 €L of AccQ Tedg reag
at 55 for 10 min for derivatizatizwith The d
an Agilent 1290 Infinity UHPLC/Agilent 6460 QQQ LC/MS (Agilent Technologies, Santa

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

C18 column (Waters Corporation, 1.6 um, 2.1 mm x150 mm) with an elution gradieint of O

1.5 min: 2% B, 1.5 4 min: 2- 9% B, 47 5 min: 9% 11% B, 5/ 18 min: 11% 13% B, 18

T 18.5 min: 13% 95% B, 18.5 20.5 min: 95% B, 20.5 20.6 min: 95% 2% B, 20.6i 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 ¢L. Data analysis was puentef Quanttatide Amalydsish t he

software (Agilent Technologies).

For the pharmacokinetic stydit was performed by using the remaining plasma to
measure the activity of hydraiyng asparagine and glutamine. Concisely, plasma was diluted
and reacted with 200 pL of 10 mM asparagoveé3 mM L-gl ut ami ne i n PBS
respectively. The plasma drug activities wer
above for the determation of drug elimination halives (1/2) 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
housedunder pathogefree conditions at The Hong Kong Polytechnic University (Centralised
Animal Facility, CAF) usingthe IVC system according to the institutional guideline and
provided with drinking water and standard mouse chow ad libitum. Fresh-A#Kdells(1 x
10°) with the supplement of Matrigel were injectado the flank of BALB/c nude mice
subcutaneously to establitie MKN -45 xenograft model. When the tumors reached the size
of 1.5'2.0 cm in diameter, they were excised, cut into tufralgments, and implanted into
other nude miceThis praedure was performed twid®nce the tumor growth was stable at an
average size of ~150 n¥nthe mice were randomly divided into two groups (n = 6). The control
group (PBS) and treatment group (AEDSb, 1.5 mg/kg) were biweekly administered to nude
mice bearing MKN45 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 volumewas calculate by t he f or mul a 2oThe body weightofthe n gt h
tumorbearing 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 immaisystem 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 anttumor efficacy gperiment, 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 andysis to determine the concentrations of asparagine and glutamine in plasma

perthe procedurementioned abové he body weight of mice wadsomonitored.

2.2.8.2.Detection of anttABD-ErS5 antibody

For the immunogenicity study, the plasma collected ftloenmice treated with ABD
ErS5 (1.5 mg/kg) was used to determine the-ABID-ErS5 antibody by using the enzyme
linked immunosorbent assay (ELISA). Briefly, ABEXS5 with 0.2 mg/mL was prepared in
the coating buffer (0.05 M carbondtecarbonate buffer, pl9.6) and coated onto a 9¢ell
plate (Nunc Maxisor") and incubated overnight taet 4
washing buffer (PBS with 0.05% Twe&0) and blockdin blocking buffer (1% BSA in PBS)
for 2 h. The diluted plasma was then added to eethand incubated at room temperature for
2 h. Prior to the addition dhe secondary antibody, each well was washed widwashing
buffer. The antimouse IgGHRP at a ratio of 1: 1000 was then added to each well and
incubated at room temperature fdn,followed by washing and the addition of TMB substrate
according to the instruction of BD OptHFA 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 wadetected by a CLARIOstar® plate reader (BMG LABTECH,

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

2.2.8.3.Histological processing and sectioningf mice organs

Five key organs, includinthe heart, kidney, liver, lung and spleen, were -potht
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 procesgdhermo Scientific, Waltham, MA, USA). Paraffin sections ef 5
pm thickness were prepared for routihematoxylin and eosin (H&E) staining for the

evaluation of the histology.
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Chapter 3. Results
3.1. Arginine deiminase as a florescent biosensor

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

Wild-type arginine deiminase (WADI) and two corresponding mutants (44C and
265C) were expressed and purifigthey were highly expressed as inclusion bodies and were
purified by a singlestep column with high purity (Fig.1A). High purity of WT-ADI was
observed after the 4f@lding process (Fig3.1A, lane 4). The purity of W-ADI was further
enhanced using the Q column in 20% elution buffer.&igA lane 7). Theurified WT-ADI
had a yield of about 16 mg/L cell, which accounted for about 88% recovery J.4plés
specific activity was 28.7 U/mg (Tablg.l). The mass of WAADI detected by Liquid
ChromatographElectrospray lonization Mass Spectrometry {ESFMS) was measured as
46377 Da (calculated mass = 46376 Q. 3.1B). The two mutants were purifieahd
resulted in comparable recovery\@3 -ADI. The specific activity of 44C and 265C was 16.0
U/mg and 19.4 U/mg, respectively (Taldel). The measured masf 44Cwas 463651 Da
while that of265Cwas 46362 Dawhichwere consistent with their calculated mag$egs.

3.2B and3.3B).



Fig. 3.1
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Table3.1Purification table oADI-WT, 44C and 265C

Protein Specific
_ Total o Total Recovery
Sample concentrationVolume (ml) _ activity o
protein (mg) Activity (U) (%)
(mg/ml) (U/mg)
Total lysate 4.9 25 122.5 - - -
Soluble
' 4.1 24.5 99.2 0.2 22 -
fraction
Inclusion
6.2 5 30.9 - - -
body
Before aniol
exchange 11 10 10.7 25.3 271 100
column
WT-ADI 6.1 14 8.3 28.7 238 88
44C - - - 16.0 - 81
265C - - - 194 - 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,
respectivelyTo confirmF5M was labeled on theutants, the mutants before and after labeling
were analged by SDSPAGE. From the resultg}l4C and 265C did not show any intrinsic
fluorescence whilsluorescencavas observed in 44@nd 265¢ (Figs. 3.2A and 3.3A To
further confirm the complete labiely on them, thantact masses of 44Cf and 265Cf were
verified by LGESIMS measurements. The measured masses of 44Cf and 265Cf were 46777
and 46789, respectively (Figg2Cand3.20). Their mass differences before and after labeling
were exactly 427 Dacorresponding to the mass of F5vBpresenting there wassingleF5M
presenbn 265C It was also found that4C was not completely labeled B$M since a peak
corresponding to the mass4#fC was observed in FiguBe2C. Unlike 44Cfcomplete labeling
by F5M was observed in 265@tie to the absence of the peak representing the mass of 265C

in Figure 3.3C.

To ensure the sitspecific attachment of F5M on designated €gsd Cy$®, parallel
trypsin digestions were done on mutants kefand after labeling. Their digested peptide
fragments were anatgd by LGESEMS. In the analysis of 44@nd 44Cfa peptide fragment
(LDELCFSAILESHDAR) representinghe amino acid sequence from the position of L40 to
R55 with a mas#o-charge ratigqm/z) of 606.9015vas only present in 44C but not in 44Cf
while the same peptide sequetio&ing to F5M with aa m/z of 755.6567 was only found in
44Cf but not in 44QFigs 3.4A and 3.4B. On the other hand, f@65C and 265Cf, it was found
that a peptide fragment (WNLMHLDTWLTMLDKDK) representing the amino acid
sequence from the position of W264 to K281 withvdz of 566.7741 was only found in 265C
but not in 265Cfwhilst an m/z value of 676.786 correspondirg the incorporation of that
peptide segment and F5M was only present in 265Cf but not in 265€ 3A4 and 3.58.

These results proved the s#ipecific labeling o##4C and265C by F5M.
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As there isa Cys®located on the active site of ADthe nonspecificlabeling of the
Cys*®® wasalso checked by LEESFMS. It was found thahon-specificlabeling on Cy®® at
the active site was not observed in 265Cf since a peptide segment
(VLPFHGNQLSLGMGNARCMSMPLSR) representing the amino acid sequence fifzen
position of V381 to R405 without the attachment of F5M on its cysteine residue (m/z = 906.457)

could be detected in 265Cf (Fig.50.
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Fig. 3.2
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Fig. 3.3
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Figure3.4ESFMS spectra of trypsin digested 44C and 44&]).A peptide fragment showing

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

value of 606.9615 present in 44C but not 44BJ.A peptide fragment showing the amino acid

sequence from 40 to 55 (LDEEESAILESHDAR + fluoresceirb-maleimide (F5M) + water

adduct) with a m/z value of 755.3221 only present in 44Cf but not in[48(C
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Fig. 3.5
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3.1.3.Kinetic parametersof ADI-WT and the mutants before and after
labeling

The kinetic parameters of WADI and two mutants before and after labeling with F5M
werestudial. The catalytic efficiency of WAADI, 265C and 44C was 988 + 272, 1025 + 311
and 138 = 52 mMs?, respectively Fig. 3.6 and Tablé.2). The doublepoint mutations
(Cys?®'A Sef! and ThF®A Cys?9), which wereintroduced on ADJconserved the catalytic
efficiency aswild type. However,the mutations on Cy¥3A Serf®! and Leu*A Cys*
significantly lowered its catalytic efficiency, which was aboutfal@ decreaselThe mutants
after labeling with F5Memained the same catalytic eféncyastheir formsbefore labeling,
indicating the attachment of F5Mn the destinated cysteine did not interfevith the

enzymatic activity(Fig. 3.6 and Table 3)2
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Figure3.6 The kinetic profiles of wiletype arginine deiminase (WADI), 44C,44Cf,265C

and 265Cf. The results were expressed as means + S.D.
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Table3.2 The kinetic parameters of WADI and the mutants before and after labelvith

fluorescein5-malémide

WT -ADI 265C 265Cf 44C 44Cf

Kcat (s?) 30.31 2045 15.98 19.02 12.61

+ 173 + 109 +0.96 + 105 +0.41

Km (mM) 0.03 0.020 0.016 0.16 0.10

+ 0.01 + 0.003 + 0.001 + 0.08 +0.02
KcaKm (MM-1s?) 988 1025 986 138 127
+ 272 + 311 + 92 + 52 + 18
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3.1.4.Fluorescent patterns of 44Cf and 265Cf ithe PBS system

44Cf and 265Cfdemonstrated t torf rfighals uponreacting withL-Arg. From
figures 3.7A and 3@, their fluorescece intensitiesremained at their baselimevels(labeled
as 0 uM L-Arg) prior tothe addition of EArg. In the presence of-RArg, thdr intensities were
instantlyquenched andradually returnedo the baselinéevelsupon the depletion df-Arg

(Figs.3.7Aand3.7C).

However, their quenching patterns were differefithe first one was the rates of
restoring to the baselinlevels in 265Cf was quickeéhan 44Cf (Figs3.7A and3.7Q). The
second difference was thelationship between thpercentage changes fluorescence
intensitiesand the concentrations of -Arg. It was found that the fluorescence intensity
decreased with respect to the increase-ird. concentration in 44Cf (Fig. 3.7Ayhilst it
remained at the same level in 265Gimatter how much 1Arg was addedFig 3.7C). Neither
of them demonstrated a strong lineglationshipo the concentration of-lArg (Figs.3.7B and

3.7D).

Although the fluorescence intensiby 265Cf was not related to-Arg concentration,
its duration offluorescence quenchingaslinked to the concentration of-lArg (Fig. 3.8A).
When 265Cf reacted with a higher concentration efrfj, the duration of quenched
fluorescence intensityas extended, meaning that the quenched intewsityd take a longer
time to return to the baseline le\(@beled as 0 uM 4Arg) (Fig. 3.8A) Also, tis quenching
displayed an extremely high specificity teArg but not asparagin@spartic acid, agmatine,
citrulline, glutamine, and glutamic acid (Figs9A and 3.9B. As a resultthe maximum rate
of the fluorescence changé265Cfwaslinearly propationalto L-Arg concentrationsvith R?
= 0.9988(Figs. 3.8Band 3.8C. Thelinear detectiorfor L-Arg ranges from 12to 100 pMand
the response time wasithin 4 min (Fig. 3.8Q. The limit of detection(LOD) and limit of

quantification (LOQ) of 265Civas 4puM and 12uM 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 EArg concentratioras in 265Cf Fig. 3.10.
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Fig. 3.7
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Figure 3.7Time-course fluorescence measurements on two fluoresaiegtied mutants (44Cf

and 265Cf) with different concentrations ofArg in PBS solution. EArg in different

concentrations (@ 100 uM) was mixed witi{A) 44Cf and(C) 265Cf The relationship
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between the percentage changes of fluorescence intensitiesAngdcbncentrations irfB)

44Cf and(D) 265Cf [18]
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Fig. 3.8
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Figure 3.8Time-course fluorescence measurements on 265Cf in different concentrations of L
Arg in PBS solution(A) L-Arg in different concentrations {0100 uM) was mixed with 265Cf.

(B) The rates of fluorescence changes at different concentrationrArgf &gainst the reaction

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

change and the-Arg concentration[18]
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Fig. 3.9
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the presence of-lArg. (B) The rates of fluorescence changes of 265Cf mixed with 15 uM

amino acid solutions with and without the presence-Afd. [18]
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Fig.3.10
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Table3.3The limit of detection (LOD) and limit of quantification (LOQ) bfArg in 265Cf

LOD (uM) LOQ (HM) Linear range (LM)

265Cf 4 12 12-100

(Present study)
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3.1.5.Application of 265Cf on the detection oL -Arg in fetal bovine serum

265Cf was usedto detectL-Arg concentration in fetal bovine serum by using the
standard addition methaghd without any préreatment to the serumlthough there was a
slight decrease in the fluorescence intensity of 265Cf in sasutompared to the PBS system,
the pattern ofluorescence change in serum vemgiivalent tathat inthe PBS systen{Figs
3.11A and 3.12A Also, thetimes at the maximum rate of the fluorescence chamgier
different concentrations of-Arg could be determine(Figs.3.11B and 3.12Band showed a
linear relationship th.-Arg concentration (Figszigs.3.11C and 3.12CBy usingthestandard
addition methodthe first and second batches of 265Cf detkdi®2 + 6.0 uMand48.9 + 1.2
UM of L-Arg in fetal bovine serun{Table 3.4) The determined results by 265Cf were

comparable tthe resulbbtained fronmass spectrometgnalysis 48.3 + 1.5 uNi(Table3.4).
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