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Rationally designed mutations on recombinant arginine deiminase (ADI) could act as a ‘turn-off’ L-arginine (L-
Arg) fluorescent biosensor and provide an alternative method for rapid determination of L-Arg. Double mutations
were introduced on the Cys®*'>Ser?®! and Thr?®®>>Cys?% of recombinant ADI, rendering a single cysteine pres-
ent on the protein surface for the site-specific attachment of a fluorophore, fluorescein-5-maleimide. The double
mutations on ADI (265C) and its fluorescein-labelled form (265Cf) conserved the catalytic efficiency of wild-type
ADL Upon binding to L-Arg, 265Cf induced structural conformational changes and rendered the fluorescein moi-

Keywords: o . : -
L-arginine ety to move closer to Trp?%4, resulting in fluorescence quenching. The duration of fluorescence quenching was de-
Biosensor pendant on the L-Arg concentration. A linear relationship between the time at the maximum rate of fluorescence

change and L-Arg concentrations, which ranged from 2.5 to 100 uM, was found with R? = 0.9988. The measure-
ment time was within 0.15-4 min. Determination of L-Arg concentration in fetal bovine serum could be achieved
by the standard addition method and without sample pre-treatment. The result showed a good agreement with
the one determined by mass spectrometry, suggesting our biosensor as a promising tool for the detection of L-Arg
in biological samples.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

L-Arginine (L-Arg) is recognized as one of the miracle molecules due
to the significant roles it plays in acting as precursor and anti-
aggregating agent of a lot of proteins and molecules for metabolism
[1,2]. Its concentrations can be indicators of the degree of healthiness
of people and the quality of food [3]. Generally, the normal L-Arg con-
centration in humans is about 100-120 uM [4]. This range can be a
kind of references of physiological conditions since elevated plasma L-
Arg concentration has been observed in some arginase deficiency per-
sons while declined L-Arg concentration has been found in L-Arg auxo-
trophic cancer patients [3,5-12]. On the other hand, measurement of
plasma L-Arg concentrations is one of the key parameters that reflects
the potency of arginine-depleting drugs for the treatment of cancers
[13-15]. In the area of food processing, L-Arg is an index for monitoring
the safety of beverages, especially in wine production [16-19]. During
the fermentation process, L-Arg is converted into urea, which is
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accumulated and sequentially reacts with ethanol to produce a hazard-
ous and carcinogenic compound, ethyl carbamate [16-19]. Therefore,
the monitoring of L-Arg concentrations in biological and food samples
is fundamentally important.

There are numerous methods to detect L-Arg concentrations, such as
ionization mass spectrometry and high-performance liquid chromatog-
raphy to provide accurate quantitative analyses [20-22], but they in-
volve high operating cost and long measurement time. Biosensors, on
the contrary, can provide fast response and high specificity for determi-
nation, and thus, they are commonly used in drug discovery, diagnosis,
and food safety and processing [23,24]. Different types of L-Arg biosen-
sors have been developed and they exhibit wide linear detection ranges
with rapid response time. Details of their characteristics are summa-
rized in Table 1. However, these biosensors have the following draw-
backs: (a) The specificity of biosensor is reduced due to using
ammonium (NH3) as an analyte. Additional measurement of NH5 con-
centration is thus required for samples that contain NHs [25-27],
(b) Two enzymes system (Arginase/Urease) might introduce more var-
iations than one enzyme system into the detection of L-Arg [26,28-33].

Targeting the problems mentioned above, in the present study, we
developed a fluorescent biosensor with a single enzyme, arginine
deiminase (ADI), to directly measure L-Arg concentration. This enzyme
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Table 1

Different types of L-arginine biosensors.
Analyte  Bio-receptor Transducers Working systems Immobilization Detection range (UM) Response time  Ref.

(s)

NH3 Arg/Urs Conductometric ~ Au coated ceramic plate Cross-linking 100-1000 - [28]
NH;3 Arg/Urs Conductometric  Two Au-interdigitated film electrodes Cross-linking 10-4000 120 [29]
NH3 Arg/Urs Potentiometric Glass electrode Cross-linking 25-310 600 [26]
NH3 Arg/Urs Amperometric Three-electrode system Electro- polymerization ~ 70-600 10 [30]
NH3 Arg/Urs Fluorescent 017-Ec membrane Entrapment 100-10,000 ~290 [31]
NH; Arg/Urs Conductometric ~ Fused Al,O3 with Au interdigitated electrodes Entrapment 2.5-500 20 [32]
NH3 Arg/Urs Amperometric Three-electrode system Electro-polymerization ~ 150-600 60 [33]
NH3 ADI Amperometric PANi composite screed-printed electrode Cross linking 3-200 15 [25]
NH3 ADI Potentiometric ~ Nanocomposite file modified glassy carbon electrode  Cross linking 100-1000 10 [12]

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

was bio-engineered for the site-specific attachment of the fluorophore,
fluorescein-5-maleimide (F5M). The incorporation of F5M into ADI
would allow the generation of fluorescence intensity changes upon
the binding of L-Arg with ADI, showing a high specificity of the biosen-
sor. Our biosensor could successfully detect the L-Arg concentration in
fetal bovine serum, a result that was comparable with the results deter-
mined by Mass-spectrometry. Therefore, it provided an alternative
method for rapid and accurate determination of L-Arg concentration
in biological samples.

2. Materials and methods
2.1. Materials and instruments

The DNA sequence of wild-type arginine deiminase (WT-ADI)
inserted into pET3a vector, pET3a/WT-ADI, was purchased from
GeneScript. Fluorescein-5-maleimide (F5M) was purchased from
Invitrogen. L-arginine (L-Arg) and fetal bovine serum (HyClone™)
were purchased from ThermoFisher. Fluorescence measurements
were performed on an Aglient Cary Eclipse Fluorescence Spectropho-
tometer (Agilent). Electrospray ionization mass spectrometry (ESI-
MS) experiments were conducted using an Agilent 6540 QTOF mass
spectrometer coupled with an Agilent 1290 Infinity UHPLC system.

2.2. Gene cloning and mutagenesis

Plasmid pET3a/WT-ADI was used as a template for site-directed mu-
tagenesis according to the instruction of the QuikChange site-directed
mutagenesis kit (Strategene). The codon for Cys®°! residue was mutated
to the codon for Ser®! using the following mutagenic primers. The mu-
tated ADI was named as C251S.

Forward primer of C251S: 5' GTTGCTAATAAAGAAAGCGAATTCAAA

CGTATT 3’

Reverse primer of C251S: 5' AATACGTTTGAATTCGCTTTCTTTATTAG

CAAC 3’

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:

5" GACTATATTACACCAGCTAGACTAGATGAATTATGCTTCTCAGCTAT
CTTAGAA 3/
Reverse primer of 44C:

5'TTCTAAGATAGCTGAGAAGCATTCATCTAGTCTAGCTGGTGTAATA
TAGTC 3’
Forward primer of 265C:

5" TGTTGCAATTAACGTTCCAAAATGGTGCAACTTAATGCA CTTAGA
CACATG GC 3/
Reverse primer of 265C:
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5" GCCATGTGTCTAAGTGCATTAAGTTGCACCATTTTGGAACGTTAATT
GCAACA 3’

2.3. Expression and purification of ADI

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 °C in sterile LB medium that
contained 100 pg/ml ampicillin with shaking at 250 rev/min. The over-
night culture was inoculated into 600 ml sterile LB medium with 100 pg/
ml ampicillin in a ratio of 1:100 and grown at 37 °C with shaking at 250
rev/min for 2-3 h. When the culture optical density (ODggo) reached
0.6-0.8, one millimolar of IPTG was added for protein expression. The
cell pellet was collected by centrifugation and lysed by an ultrasonic ho-
mogenizer (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 centrifu-
gation and resuspended in 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, 6 M guanidine-HCl, and 10 mM dithiothre-
itol) for 1 h at 37 °C. The solubilized proteins were refolded in a 100-fold
excess volume of 20 mM Tris buffer, pH 7.0 at room temperature over-
night. 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 analysed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE).

2.4. Bicinchoninic acid (BCA) protein assay

Pierce™ BCA protein assay was used to determine the protein con-
centration following the manufacturer's instruction (Thermo Fisher
Scientific).

2.5. Protein labelling

F5M was labelled as described with the following modifications. The
ADI mutants 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 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 labelling were analysed by SDS-PAGE.

2.6. Enzyme kinetics
The chromophore compound was detected at a wavelength of

As3onm in the presence of diacetyl monoxime, thiosemicarbazide, urea,
and Fe>* ions under 100 °C [34]. The amount of L-citrulline produced
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by arginine deiminase per second was determined. Different concentra-
tions of L-Arg solutions (200 pL) were pre-warmed at a 37 °C heat block.
Reactions were performed by adding 5 pl of ADI (0.02 mg/mL) to spec-
ified concentration of L-Arg and terminated with 15 pl 80% trichloroace-
tic acid. The reaction time was 3 min. A colouring 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 H,SO4, 2 mM FeCls). Eight hundred microliters of the
colouring reagent were added to each reaction, and then the reaction
mixtures were incubated at 100 °C for 10 min in the heat block.
As3onm Was determined using ultraviolet-visible spectroscopy
(Spectronic 20 Genesys Spectrometer).

2.7. Specific enzyme activity

The experimental procedure was the same as that of enzyme kinet-
ics by using 20 mM L-Arg for the measurement. The specific activity of
arginine deiminase enzyme was defined as the micromoles of L-
citrulline formed per minute under given conditions per milligram pro-
teins at 37 °C, pH 7.4 in phosphate buffered saline buffer (expressed in
pmol min~' mg™ ).

2.8. Mass spectrometry analysis

Liquid Chromatography-Electrospray lonization Mass Spectrometry
(LC-ESI-MS) experiments were performed with an Agilent 6540 QTOF
mass spectrometer coupled with an Agilent 1290 Infinity UHPLC sys-
tem. For the detection 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 ex-
changed into ammonium bicarbonate buffer and subsequently se-
quencing grade trypsin (Promega V5111) was added to the proteins
in aratio of trypsin:protein 1:50 (wt/wt). Protease digestions proceeded
at 37 °Cfor 16 h. 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 oper-
ated 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.

2.9. Florescence measurements

Different concentrations of L-Arg ranged from 2.5 to 100 uM, were
prepared in PBS solution (pH 7.4). Four hundred and ninety-five micro-
liters of each L-Arg solution was added in a quartz cuvette and mixed
with 5 pl of 0.3 mg/ml of labelled ADI mutants. The real-time fluores-
cence intensity was recorded using 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.

2.10. Preparation of L-Arg spiked in serum and standard addition assay

Fetal bovine serum (Hyclone™) was used for L-Arg detection by our
biosensor. It was four-folded diluted by PBS solution. Different concen-
trations of L-Arg ranging from 2.5 to 100 pM, were spiked into the di-
luted serum. Four hundred and ninety-five microliters of each L-Arg
solution spiked in serum was added in a quartz cuvette and mixed
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with 5 pl of 0.3 mg/ml of 265Cf. Two different batches of 265Cf were
used for the determination. The real-time fluorescence intensity was re-
corded 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.

2.11. Molecular modelling

The substrate-bound model was created based on the crystal struc-
ture of arginine deiminase of M. arginini (WT-ADI) with Protein Data
Bank Identifier (PDB ID) 1S9R [35]. The fluorophore-labelled cysteine
residue was built with Crystallographic Object-Oriented Toolkit (Coot)
with the help of JLigand [36]. 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, respectively) [37]. The
substrate-bound complexes of WT-ADI and Pa-ADI were essentially su-
perimposable, including the substrate, L-Arg. It was noticeable that in
the apo-Pa-ADI structure, a side chain of residue 401 (Arg#°!) occupied
part of the space where the substrate bound. On substrate binding,
Arg®! 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 Arg?®! was Met>®® in WT-ADL. These two residues
were almost superimposable in both substrate-bound structures
(1S9R and 2AAF). This comparison allowed modelling of the active
site of apo-WT-AD]I, 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 Trp?®* side chain and the fluorescein moiety of 265Cf was defined
by the midpoints between the CD2 and CE2 atoms on Trp?®* and the
02 and C10 atoms on 265f.

3. Results
3.1. Protein expression and purification

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. S1). High purity of WT-ADI was observed after the
re-folding process (Fig. S1,lane 4). The purity of WT-ADI was further en-
hanced using the Q column in 20% elution buffer (Fig. S1, lane 7). The
purified WT-ADI had a yield of about 16 mg/1 cell, which accounted
for about 88% recovery (Table S1). Its specific activity was 28.7 U/mg
(Table S1). The mass of WT-ADI detected by Liquid Chromatography-
Electrospray lonization Mass Spectrometry (LC-ESI-MS) was measured
as 46,377 Da (calculated mass = 46,376 Da), which had a proton at-
tached on the protein (Fig. 1a). The two mutants were purified by the
same method as WT-ADL The specific activity of 44C and 265C was
16.0 and 19.4 U/mg, respectively (Table S1). The measured mass values
of 44C (Fig. S2a) and 265C (Fig. 1b) was 463,651 and 46,362 Da,
respectively.

3.2. The verification of the attachment of fluorescein-5-maleimide (F5M)
on 44C and 265C

The purified 44C and 265C were labelled with F5M to become 44Cf
and 265Cf, respectively. The ability to generate fluorescence of 44Cf
and 265Cf was analysed by SDS-PAGE (Figs. 2 and S3). Before the label-
ling, 44C and 265C did not show any intrinsic fluorescence (Figs. 2 and
S3). To confirm the complete labelling on them, the masses of 44Cf
and 265Cf were verified by LC-ESI-MS measurements. The measured
masses of 44Cf and 265Cf were 46,777 and 46,789, respectively
(Figs. 1c and S2b). Their mass differences before and after labelling
were exactly 427 Da (corresponding to the mass of F5M) (Fig. 1b, c,
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Fig. 1. ESI-MS spectra of different arginine deiminases. (a) Wild type arginine deiminase (WT-ADI). (b) 265C. (c) 265Cf.
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Fig. 2. SDS-PAGE analysis of 265C before and after it was labelled with fluorescin-5-maleimide. (a) Staining with Coomassie Blue. (b) Exposure under ultraviolet light.
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Fig. 3. 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 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 a m/z value of 678.0437 only present in 265Cf but not in 265C.

S2a, and S2b), showing a single attachment of F5M on them. It was also
found that 265C was completely labelled by F5M since a peak corre-
sponding to the mass of 265C was absent from the spectrum of Fig. 1c.
Unlike 265Cf, the peak corresponding to 44C was observed in Fig. S2b,
showing its incomplete labelling by using the same method.

To ensure the site-specific attachment of F5M on designated Cys**
and Cys%, parallel trypsin digestions were done on mutants before
and after labelling. Their digested peptide fragments were analysed by
LC-ESI-MS. In the analysis of 265C and 265Cf, it was found that a peptide
fragment (WCNLMHLDTWLTMLDKDK) representing the amino acid se-
quence from the position of W264 to K281 with a mass to charge ratio
(m/z) of 566.7741 was only found in 265C but not in 265Cf (Fig. 3a).
On the other hand, a m/z value of 676.786 corresponding to the incorpo-
ration of that peptide segment and F5M was only present in 265Cf but
not in 265C (Fig. 3b). These results proved the site-specific labelling of
265C by F5M. Furthermore, unspecific labelling on Cys>%% at the active
site was not observed in 265Cf since a peptide segment
(VLPFHGNQLSLGMGNARCMSMPLSR) representing the amino acid se-
quence 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. S4). On the other hand, the site-specific attachment o F5M
on 44C was also confirmed by the presence of the peptide
(LDELCFSAILESHDAR) associated with F5M in the spectrum of 44Cf
(Fig. S5).

3.3. The kinetic parameters of arginine deiminases

The kinetic parameters of WT-ADI and two mutants before and after
labelling with F5M were studies. There kinetic profiles were shown in
Figs. 4 and S6. The catalytic efficiency of WT-ADI, 265C and 44C was
988 + 272, 1025 + 311 and 138 + 52 mM~! s™!, respectively
(Table inside Figs. 4 and S6). The double mutations (Cys?>!'>Ser®>!
and Thr?%°>Cys?5%) introduced on ADI conserved the catalytic effi-
ciency as wild-type while the mutations on Cys2>'>Ser?! and Lys*~>-
Cys* significantly lowered its catalytic efficiency, which was about a 7-
fold decrease. The attachment of F5M did not alter their catalytic effi-
ciencies (Figs. 4 and S6).

3.4. The fluorescence intensity of 44Cf and 265Cf in phosphate-buffered sa-
line (PBS) system

44Cf and 265Cf performed as ‘turn-off’ biosensors when reacting
with L-Arginine (L-Arg). Before the addition of L-Arg, their fluorescence
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remained at their baseline intensities (labelled as 0 uM L-Arg in figures)
(Fig. 5a and c). After the addition of L-Arg, the fluorescence intensities
were quenched and restored to the baseline intensities upon the deple-
tion of L-Arg (Fig. 5a and c).

However, they acted differently in two ways. The first difference was
the rates of restoring to the baseline intensities were varied, in which
the 265Cf was faster than 44Cf (Fig. 5a and c). The second difference
was the percentage changes of fluorescence intensities against the con-
centrations of L-Arg. It was shown that the fluorescence intensity at
time = 0 decreased with respect to the increase of L-Arg concentration
in 44Cf (Fig. 5a) while it remained at almost the same level when the
concentration of L-Arg increased in 265Cf (Fig. 5¢). When their percent-
ages of fluorescence intensities changes were plotted against the con-
centration of L-Arg, it was shown that they did not have strong linear
relationships (Fig. 5b and d).

It was interesting to note that the duration of fluorescence
quenching changed with respect to the concentration of L-Arg in
265Cf (Fig. 6a). The higher the concentration of L-Arg was, the lon-
ger the time it would take for restoration of the fluorescence to the
baseline intensity (labelled as 0 uM L-Arg in figures). Also, this
quenching was specific to L-Arg but not other amino acids, includ-
ing asparagine, aspartic acid, agmatine, citrulline, glutamine, and
glutamic acid (Fig. 7a and b). Therefore, the time when the

WT-ADI 265C 265Cf
ke (5T 30+1 201 16=1
Ky (mM) 0.03+0.01 0.02 +0.003 0.02+0.001
Kea/Km (mM'IS'l) 988 +£ 272 1025 +£311 986 + 92
~ 35
%)
F :
25
£ 20 v 3
; 15 = ]
g 10
E s s WT-ADI  4265C  265Cf
F
0
0 0.1 02 03 04 0.5 0.6

[L-Arg] (mM)

Fig. 4. The kinetic profiles of wild-type arginine deiminase (WT-ADI), 265C and 265Cf. The
results were expressed as means =+ S.D.
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concentrations in 44Cf and 265Cf was shown in (c) and (d), respectively.

fluorescence changes occurred was used to correlate with L-Arg
concentrations. The time was collected by finding the maximum
rate of the fluorescence change (Fig. 6b). The relationship between
the time at the maximum rate of the fluorescence change and the
L-Arg concentration was linear with R? = 0.9988 (Fig. 6¢). The lin-
ear detection range was 2.5-100 uM of L-Arg and the assay response
time was 0.15-4 min (Fig. 6¢). However, the time at the maximum
rate of fluorescence change could not be well defined in 44Cf as in
265Cf (Fig. S7).

3.5. Application of 265Cf on the detection of L-Arg in fetal bovine serum
Since 265Cf showed its linear relationship with respect to the con-

centration of L-Arg, it was applied to the detection of L-Arg concentra-
tion in fetal bovine serum by using the standard addition method and
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without sample-pre-treatment. The pattern of fluorescence change in
serum was similar to that in PBS system, in which the fluorescence in-
tensity was suppressed in the presence of L-Arg and then rose back to
the baseline intensity (Fig. 8a).

Although the fluorescence intensity changes were lower in serum in
comparison to that in the calibration curve (Figs. 6a, 8a and S8a), the
times at the maximum rate of the fluorescence change could still be de-
fined (Figs. 8b and S8b) and were linearly proportional to L-Arg concen-
tration (Figs. 8c and S8c). By using standard addition method, the L-Arg
concentration in fetal bovine serum was measured as 47.2 4 6.0 M by
the first batch biosensor and as 48.9 4+ 1.2 pM by the second batch bio-
sensor. These were in line with the result determined by mass spec-
trometry, which was 48.3 + 1.5 pM (Table 2). This application showed
the potential of 265Cf on the determination of L-Arg in complex sys-
tems, i.e. biological samples.
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Arg concentration.

3.6. Molecular modelling of 265Cf

The phenomenon on the fluorescence intensity changes induced
by 265Cf in the presence of L-Arg was investigated by molecular
modelling. We hypothesized that a residue Trp2®* adjacent to
fluorescein-labelled cysteine could give rise to fluorescence
quenching. To illustrate this, two models were manually built: the
apo-protein (Fig. 9a) and the L-Arg-complexed protein (Fig. 9b). In
the apo-protein, the fluorescein moiety (light green) on Cys2> was
remote from Trp?%* while residue Met>®3 occupied part of the
empty active site (Fig. 9a). From our apo protein model, this distance
was measured to be 10.8 A (Fig. 9a). In the presence of L-Arg (or-
ange), Met>®® was pushed outward which caused the fluorescein
moiety (dark green) to move closer by approximately 5 A to Trp2®*
and its fluorescence was thus quenched (Fig. 9b). From our com-
plexed model, this distance was now 6.0 A (Fig. 9b).
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4. Discussion

In the present study, we developed a fluorescent biosensor (265Cf)
that provided an alternative method for the rapid and specific determi-
nation of L-Arginine (L-Arg). One of the main features of our biosensor is
the high specificity. Existing developed L-Arg biosensors utilize
immobilized enzymes, such as arginases, ureases, and arginine
deiminases to generate ammonium for analysis [3,25-27]. The ability
of ammonium to generate potential and pH differences renders it to be-
come analytes [26,29,33]. However, this reduces the specificity of the
biosensors since side products may be already present in samples to in-
terfere with the detection results. For example, the presence of urea in
biological samples can also be hydrolysed by ureases to produce ammo-
nium for detection, which leads to overestimation of L-Arg concentra-
tions [25-27]. To obtain an accurate detection of the amount of L-Arg
in samples, corrections need to be done to eliminate interfering signals
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[25-27]. Unlike other L-Arg biosensors, we made use of the specificity of
arginine deiminase (ADI) and directly measured L-Arg by using a
fluorophore attached on the enzyme. The fluorophore (fluorescein-5-
malemide, F5M) sensed changes in the local environmental, which
were the conformational changes of ADI upon L-Arg binding, to gener-
ate changes in fluorescence intensity for quantitative analysis. Another
unique feature of our biosensor was the simplicity of the manufacturing
process. To fabricate our biosensor, only two steps were required, which
were the production of ADI mutant and the labelling process. The pro-
cess was relatively simplified and time-efficient than the manufacturing
processes of existing biosensors.

We rationally selected two sites, which were Lys** on a beta-sheet
and Thr?®> on a flexible loop, to be mutated as cysteine residue on
ADL They were located at the entrance of the solvent channel, where
took part in the structural conformation changes upon substrate bind-
ing [35].To avoid unspecific labelling, the intrinsic Cys2>! present on
ADI was mutated into Ser?>', namely C251S. Using C251S as a template,
mutations on Lys**->Cys* and Thr?%°>Cys?%® were introduced to gen-
erate two mutants (44C and 265C) and these two mutants were individ-
ually site-specific labelled by F5M to become 44Cf and 265Cf. It was
interesting to note that 44Cf had a 7-fold decrease in the catalytic effi-
ciency than the wild-type (WT-ADI) while 265Cf showed a conserved
catalytic efficiency (Figs. 4 and S6). On the other hand, complete label-
ling succeeded in 265Cf but not in 44Cf (Figs. 1c and S2b). Based on
these results, 265Cf was chosen as a candidate for the detection of L-
Arg concentration.

Conventional fluorescent biosensors make use of the relationship
between the percentage fluorescence changes and the concentrations
of analytes [38,39]. However, this relationship was only found in 44cCf,
but not in 265Cf. It was observed that the fluorescence intensity in-
creased slightly with respect to the increase in L-Arg concentration in
44Cf (Fig. 5a). In contrast to 44Cf, the fluorescence changes generated
by 265Cfremained almost the same when the concentration of L-Arg in-
creased (Fig. 5¢). Neither of them showed a good linear relationship be-
tween percentage fluorescence changes and L-Arg concentrations
(Fig. 5b and d).

However, in 265Cf, we discovered that the duration of fluorescence
quenching was prolonged when the concentration of L-Arg increased
in phosphate-buffered saline (PBS) system (Fig. 6a). This quenching
was only observed in the presence of L-Arg, but not other amino acids,
showing a high specificity of our biosensor (Fig. 7). It was postulated
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that residue Trp*®* contributed to quench the fluorescence of the fluo-

rescein moiety [40,41]. Results from the modelling study illustrated
that Trp?%* could act as a quencher when the fluorescein moiety
moved closer towards it as a result of L-Arg occupying the active site
of 265Cf (Fig. 9). With this feature, 265Cf showed a correlation between
the time at its maximum rate of fluorescence change and L-Arg concen-
tration (Fig. 6b). They were linearly proportional to each other with
R? = 0.9988 (Fig. 6¢). The detection range was 2.5 to 100 uM and the
assay time was 0.15-4 min. Our biosensor could achieve a higher sensi-
tivity (2.5 uM) than the existing L-Arg biosensors (Table 1).

With a high sensitivity and specificity, our biosensor, 265Cf, was
attempted to be applied on biological samples (a more complicated
matrix system) for the determination of L-Arg. It demonstrated a
quantitative analysis of fetal bovine serum without the need of sam-
ple pre-treatment. The pattern of the resulting fluorescence changes
was similar to the one measured in the PBS system, but the fluores-
cence intensity changes significantly reduced and the times at the
maximum rate of fluorescence change shifted due to the matrix in-
terferences (Fig. 8a and b). By using standard addition method, the
L-Arg concentration in serum determined by two different batches
of biosensor were 47.2 + 6.0 and 48.9 4 1.2 uM L-Arg, which were
in good agreement with the results obtained from mass spectrome-
try (48.3 £ 1.5 uM) (Figs. 8¢, S8c and Table 2). This showed the po-
tential use of 265Cf on matrix-complicated systems, such as
biological samples. Furthermore, this biosensor still performed a
good linearity at low concentration range of L-Arg in the standard
addition method, suggesting it could be a rapid clinical tool for the
measurement of low L-Arg concentration in samples, such as
human serum from cancer patients treated with arginine depletion
drugs [13].

5. Conclusion

A fluorescent L-arginine (L-Arg) biosensor (265Cf) was devel-
oped by site-specific attachment of fluorescein-5-maldeimide
(F5M) to generate fluorescence quenching, which were induced by
the structural conformational changes of the bioengineered ADI as
a result of L-Arg binding. A linear relationship between the time at
the maximum rate of the fluorescence change and the concentra-
tions of L-Arg was revealed. The linear detection range was
2.5-100 uM with good linearity of R? = 0.9988. The assay response
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serum and mixed with (a) 265Cf. (b) The rates of the fluorescence changes at different concentrations of L-Arg. (¢) The linear relationship between the time at the maximum rate of
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time was 0.15-4 min, which was comparable to that of the existing L-
Arg biosensors. By using the standard addition method, 265Cf could
be applied to the detection of L-Arg in bovine serum without any
sample pre-treatment, showing its potential use on food and phar-
maceutical samples. Our study demonstrated a simple strategy for
making a biosensor to provide an alternative method for the rapid
determination of L-Arg. This strategy is universal and provides

Table 2
The L-arginine concentration in fetal bovine serum analysed by 265Cf and mass spectrom-
etry. Each batch enzyme was performed inn = 3.

L-arginine concentration (uM)

265Cf (Batch 1 in present study) 472 + 6.0
265Cf (Batch 2 in present study) 489 + 1.2
Mass spectrometry [42] 483 £ 1.5
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insight on the detection of biological samples by using site-specific
fluorophore-labelled enzymes.
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Fig. 9. Molecular models of arginine deiminase in the absence and presence of L-Arg. (a) In the apo-protein, the fluorescein moiety (light green) was remote from Trp?** while Met>**

occupied part of the empty active site. The distance between the Trp*®*

side chain and the fluorescein moiety was measured as 10.8 A. (b) When L-Arg (orange) bound to Cys

393

Met>** was pushed outward and caused the fluorescein moiety to be quenched (dark green) when it moved closer to Trp?4. The distance between the Trp?%* side chain and the

fluorescein moiety was measured as 6.0 A. Sulphur atoms are in yellow.
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