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Abstract Arginine deiminase (ADI), an arginine-degrading
enzyme, has been studied as a potential anti-cancer agent for
inhibiting arginine-auxotrophic tumors, such as melanomas
and hepatocellular carcinomas. Based on our preliminary
results, it was noticed that the optimum pH of ADI from
Pseudomonas plecoglossicida (PpADI) was 6.0, and less
than 10% of the activity was retained at pH 7.4 (pH of
human plasma). Additionally, the K, value for wild-type
ADI (WT-ADI) was 2.88 mM (pH 6.0), which is over 20
times of the serum arginine level (100-120 uM). These are
two major limitations for PpADI as a potential anti-cancer
drug. A highly sensitive and efficient high-throughput
screening strategy based on a modified diacetylmonoxime—
thiosemicarbazide method was established to isolate ADI
mutants with higher activity and lower K, under physiolog-
ical pH. Three improved mutants was selected from 650
variants after one round of ep-PCR, among which mutant
314 (M314: A128T, H404R, 1410L) exhibiting the highest
activity. Interestingly, sequence alignment shows that three
amino acid substitutes in M314 are coincident with
corresponding residues in ADI from Mycoplasma arginini.
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The specific activity of M314 (9.02 U/mg) is over 20-fold
higher than that of WT-ADI (0.44 U/mg) at pH 7.4, and the
K., value was reduced to 0.65 mM (pH 7.4). Noticeably, the
pH optimum was shifted from 6.0 to 6.5 in M314.
Homology model of M314 was constructed to understand
the molecular basis of the improved enzymatic properties.
This work could provide promising drug candidate for curing
arginine-auxotrophic cancers.
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Introduction

Hepatocellular carcinomas (HCCs) are fatal diseases and are
highly resistant to chemotherapies. Less than 10% of HCC
patients are candidates for surgical resection or transplantation
(Curley et al. 2002; Ryder 2003; Watkins and Curley 2000). In
the United States, approximately 20,000 new cases are
diagnosed annually, with more than 18,700 deaths annually.
The international yearly incidence is approximately one
million cases (Izzo et al. 2004). Effective treatments for these
diseases are urgently needed. However, these carcinomas
have been confirmed to be arginine-auxotrophic, while
normal cells can synthesize sufficient arginine for their own
needs. Arginine deiminase (ADI; EC 3.5.3.6) belongs to a
guanidine group-modifying enzyme superfamily and catalyzes
the irreversible hydrolysis of arginine to citrulline and
ammonia (Shirai et al. 2001). Thus, systemic arginine
depletion by ADI is an attractive therapeutic strategy targeting
malignant arginine-auxotrophic cells (Miyazaki et al. 1990;
Sugimura et al. 1990, 1992; Takaku et al. 1992, 1993, 1995;
Gong et al. 1999). Currently, clinical trials of ADI-PEG-20 for
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Fig. 1 Two-step procedure for
the screening of PpADI with
improved activity. (The purple
color on 96-well microtiter plate
indicates variants with ADI ac-
tivity. negative control: without
colonies; positive control: IPTG
induced WT-ADI colonies)

Mutant Library

the treatment of HCCs (phase III) and melanomas (phase I/1I)
are being investigated (Izzo et al. 2004; Shen and Shen 2006).
In addition, ADI was suggested to be a potentially better
treatment for leukemia than L-asparaginase and appears to
have fewer side effects due to its high substrate specificity
towards arginine (Gong et al. 2000). Recently, ADI-PEG-20
was reported to induce ASS-deficiency prostate cancer cells
CWR22Rv1 autophage at 0.3 pg/ml ADI-PEG-20 (Kim et al.
2009). Studies also showed that ADI-PEG-20 is responsible
for the down-regulation expression of HIF-lx and up-
regulation of c-Myc in culture melanoma. As important
factors in cancer cell energy metabolism, the expression
modulation of HIF-1x and c-Myc may enhance the efficacy
of ADI-PEG-20 (Kuo et al. 2010).

In our preceding study, a Pseudomonas plecoglossicida
CGMCC2039 strain with remarkable ADI activity and in
vitro anti-tumor activity was isolated and characterized (Liu
et al. 2008). ADI from P. plecoglossicida CGMCC2039
(PpADI) was expressed in Escherichia coli BL21 (DE3)
(Ni et al. 2009). The recombinant ADI was purified to
homogeneity, and the specific activity was 4.76 U/mg
(pH 6.0 and 37°C), a pH shift from 6.0 to 7.4 results in over
90% activity drop. Besides, the K, value of WT-ADI was
determined to be as high as 2.88 mM, representing more
than 20 times of the serum arginine level (100-120 uM).
Therefore, the potential application of PpADI as an anti-
cancer drug could be greatly hampered by its low activity
and high K, value under physiological condition. Directed
evolution approach experimentally modifies a biological

Table 1 Activity of PpADI mutants measured at pH 7.4 and pH 6.0
in comparison with WT-ADI

PpADI mutants ADI activity

pH 6.0 pH 7.4
WT 10.9 1
M177 (V10F) 15.8 8.64
M314 (A128T,H404R,I410L) 38.0 20.5
M558 (R18L) 12.3 4.77

4 The activity of WT-ADI at pH 7.4 was supposed to be 1
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Citrulline assay
A1: negative control
A2: positive control

IPTG Induction

molecule towards a desirable property and could be
performed much more rapidly and directly in evolving a
molecular property where nature does not provide one. Lin
et al. (2009) improved catalytic efficiency of endo-3-1,4
glucanase by directed evolution. A mutant with wider pH
tolerance and enhanced activity was selected. Our collab-
oration group in Germany first reported the directed PpADI
evolution for increased activity at physiological pH, in
which the screening procedure involves liquid cultivation
and induction, liquid culture transferring, and colorimetric
reaction in 96-well plates (Zhu et al. 2010). The best mutant
M2 with fourfold increased activity and threefold increased
K., at pH 7.4 was selected from 2,400 mutants. The use of
high substrate concentration (around 100 mM arginine) is
speculated to be responsible for the significantly increased
K. Here, we report the directed evolution of PpADI using
a fast and precise two-step screening procedure, in which
colonies on IPTG-agar plate was subjected to activity assay
directly without tedious liquid cultivation. In this study,
PpADI mutants generated by ep-PCR was measured by 96-
well microtiter plate assay based on a modified DAM-TSC
method (Qian et al. 2007), which has better color stability,
higher sensitivity and precision compared with method of
Archibald (1944). Since the linearity range of DAM-TSC
method was 0.02 to 1 mM, arginine concentration was
dropped to 0.5 mM compared with 83 mM used in Zhu's
report (2010). This high-throughput screening strategy was
proven to be faster and more precise in identifying PpADI
mutants with higher activity and lower K, at physiological
pH. One excellent mutant 314 (M314) was selected among
650 variants after one round of ep-PCR. The specific
activity of M314 is over 20-fold higher than that of WT-
ADI, and the K, value was 0.65 mM at pH 7.4. Noticeably,
the pH optimum was shifted from 6.0 to 6.5 in M314.

Materials and methods
Strains and culture media

E. coli BL21 (DE3) was used as the expression host and
was incubated in Luria—Bertani (LB) at 37°C.
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Fig. 2 Expression and purifica- a

tion of M314. a SDS-PAGE 3
analysis of the expressed and
purified ADI from E. coli har-
boring pPADI. Lanes: M
molecular-mass maker protein; /
total cell extract with IPTG; 2
eluted fraction from DEAE FF-
Sepharose; 3 eluted fraction
from Superdex 200. b Native
molecular weight determination
of rADI on Superdex 200 col-
umn. Protein elution profile by
OD,gg is shown in the inset

M

Reagents

The Bradford reagent was purchased from Generay
(Shanghai, China), and other chemicals used were of
reagent grade and were obtained from Sinochem Shanghai
(Shanghai, China).

Acid-ferric solution (1) consists of H,SO4 (95%,
160 ml), H3PO, (85%, 70 ml), and 0.1 g FeCl;. Diacetyl
monoxime thiosemicarbazide solution (DAM-TSC) solu-
tion (1) consists of 5 g diacetyl monoxime and 0.15 g
thiosemicarbazide.

Random mutagenesis

Random mutations were introduced using error-prone PCR,
which was carried out in 10 mM Tris—=HCI (pH 8.3),
50 mM KCl, 0.01% (w/v) gelatin, 7 mM MgCl,, 0.3 mM
MnCl,, 0.2 mM dATP, 0.2 mM dGTP, | mM dCTP, 1 mM
dTTP, 10 pmol each primer (PpADI-fwd, 5-AATTAATAC
GACTCACTATAGGGGA-3', and PpADI-rev, 5'-GCTAGT
TATTGCTCAGCGG-3'), 50 ng pET24a-ADI, and 2.5 U
Tag DNA polymerase in a total volume of 50 pl. The

NN
/)

Relative activity (%)

pH

Fig. 3 Effect of pH on activity of the WT-ADI and M314. The
activity is shown as percentages relative to that measured at optimum
pH. Black square WT, black up-pointing triangle M314
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plasmid pET24a-ADI (approximately 6.5 kb) carries
PpADI encoding gene. The reaction mixture was heated at
94°C for 2 min, followed by 30 cycles of incubation at
94°C for 1 min, 52°C for 1 min, and 72°C for 2 min, and a
final incubation at 72°C for 5 min. Amplification of the
1.5-kb product was checked by running a small aliquot of
the reaction on an agarose gel.

Mutant library construction

Error-prone PCR reaction products were digested using
Ndel and Xhol and purified by gel extraction. Expression
vector pET 24a was also digested using Ndel and Xhol and
purified by gel extraction. Digested ADI gene and pET 24a
were ligated using T4 DNA ligase; the resulting plasmids
were transformed into E. coli BL21 (DE3) for further
expression and screening.

Colony activity assay by colorimetric 96-well microtiter
plate screening

This method depicts a colorimetric 96-well microtiter plate
activity assay for ADI by determining L-citrulline concen-
tration. Single colonies were inoculated into the LB agar
plate containing 30 pg/ml kanamycin and 0.2 mM IPTG.
The protein expression was performed by incubating at
30°C for 1 day, and colonies were picked into 96-well
plates containing 50 pl of sodium phosphate buffer (0.2 M,
pH 7.4) with sterile toothpicks. A 50 ul/well of 1 mM
L-Arg phosphate buffer solution (same as above) was
subsequently added and allowed to react at 37°C for
15 min, followed by addition of 90 ul/well of acid-ferric
reagent to terminate the reaction. After adding 30 ul/well of
DAM-TSC solution, the plate was incubated at 37°C for
2 h. Colonies with ADI activity result in formation of
purple color with a A, of 530 nm. The procedure for the
screening of PpADI with improved activity is shown in
Fig. 1.
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Table 2 Activity and kinetic

parameters of WT-ADI and pH 6.0 pH 7.4
M314
K (mM) Specific activity (U/mg) K (mM) Specific activity (U/mg)
WT 2.88 4.76 - 0.44
M314 0.43 16.7 (21.7 U/mg at pH 6.5) 0.65 9.02

Activity assay of ADI

The ADI activity was determined as previously described (Liu
et al. 2008). Briefly, ADI was incubated with 20 mM
arginine and 200 mM sodium phosphate buffer for 15 min at
37°C. Subsequently, acid-ferric solution was added to stop
the enzyme reaction. After adding DAM-TSC solution, the
mixture was boiled at 100°C for 10 min, and the optical
density was measured at 530 nm. Protein concentration was
determined using the Bradford reagent (Generay, CN) using
bovine serum albumin as a standard. The expression and
purification of rADI were confirmed by SDS-PAGE. One
unit of rADI activity is defined as the amount of enzyme that
required for converting 1 pmol of L-arginine into 1 pmol of
L-citrulline per minute under the assay conditions.

P.plecoglossicida WT
P.plecoglossicida M314 . . .
P.putida
P.aeruginosa
L .lactis
M.arginini

P.plecoglossicida WT

Purification of recombinant ADI

The mutant was inoculated and cultured overnight at 37°C in
250-ml flasks containing 60 ml LB broth supplemented with
30 pg/ml kanamycin. The overnight culture was inoculated
into fresh LB broth and was cultured at 37°C until the ODg
was around 1.0. The recombinant ADI expression was
induced by incubation with IPTG (0.2 mM) for 4 h at 30°
C and then harvested by centrifugation (5,000xg, 6 min).
Cell pellets were resuspended in phosphate buffer
(20 mM sodium phosphate, pH 7.4) and sonicated at
20 kHz for 5 min in an ice bath. The insoluble fraction was
removed by centrifugation (4°C, 9,391xg, 20 min), and the
supernatant was stored at 4°C as crude extracts for further
purification. Crude extracts was subjected to anion ex-

. NS AEKQKYGVHS EAGKL RKVVVCAP GLAHKRLTP S NCDELLF DDVI WDQAKRDHF DF VTKMRERGVDVLEVHNLLTDI VONP. - EA 85
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LKW LDRKI TPDTVGVGLTNEVRS WLEGQEP. . . RHLAEFLI GGVAGQDLPES EGAS VVKMNYNDYLGHSSFI LPPLPNTQFTRDTTCW Y 172

P.plecoglossicida M314 LKW LDRKI TPDTVGVGLTNEVRSWLEGQEP. . . RHLAEFLI GGVTGQDLPES EGAS VVKMYNDYLGHS SFI LPPLPNTQETRDTTCW Y 172
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P.plecoglossicida WT  FAAEREQWDDGNNVVAL EPGVVI GYDRNT YTNTELRKAGI EVI TI S AGELGRGRGGGHCNTCPI VRDPI N 416
P.plecoglossicida M314 FAAEREQWDDGNNVVALEPGVVI GYDRNT YTNTLLRKAGI EVI T S AGELGRGRGGGRCMTCPLVRDPI N 416
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M arginini MEI ERETHFDGTNYLAI RPGVVI GYS RNEKTNAALEAAGI KVLPFHGNQLS LGMGNARCNS MPL S RKDVK 409
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Fig. 4 Alignment of ADI protein sequences from P. plecoglossicida
WT, P. plecoglossicida M314, P. putida (EAX15803), P. aeruginosa
(X14694), L. lactis ssp. lactis (DQ364637), and M. arginini (X54141).
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Mutation sites are marked with triangle. Key amino acids denoted
with asterisks are involved in binding of the substrate, and amino
acids marked with dots indicated the catalytic triad (Cys—His—Glu)
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Table 3 Comparison of three amino acid substitutions and enzymatic properties of various ADIs

Source Residues Specific activity (U/mg) Optimum pH K (mM) Identity (%)
128 404 410

Pseudomonas plecoglossicida (WT) A H I 4.76 6.0 2.88 100
Pseudomonas plecoglossicida M314 T R L 21.7 6.5 0.43 99.3
Pseudomonas putida A H I 58.8 6.0 0.2 96.4
Pseudomonas aeruginosa A H I NA 5.6 NA 84.7
Lactococcus lactis R R L 143 7.2 8.7 31.6
Mycoplasma arginini T R L 44.5 6.5 0.2 27.1

change chromatography on a HiPrep DEAE FF 16/10
column (GE Healthcare, Sweden), which had been pre-
equilibrated with sodium phosphate buffer (20 mM,
pH 7.4). Recombinant ADI was eluted by a NaCl gradient
in same buffer at a rate of 2 ml/min. The obtained rADI
protein was concentrated with Amicon Ultra-15 (10 kDa,
Millipore, Bedford, MA, USA) and then subjected to
Superdex 200 gel filtration column chromatography (GE
Healthcare, Sweden). All the purifications were carried out
using an AKTA explorer (Amersham).

Enzyme kinetics of recombinant ADI

K., and V,,.x were determined using the above-described
ADI activity assay method. Citrulline production was

Fig. 5 Overall fold of PpADI M3 14. Three residues mutated are colored
pale cyan (T128), lime green (R404), and pink (1410L), and displayed
as spheres. Stereoscopic view of the fold and highlights the fivefold
pseudosymmetry with five modules depicted in different colors: blue 1
(residues 7-72, 408-417); red o-helical domain (residues 73—157); cyan
IT (residues 158-227); green 111 (residues 228-282); yellow 1V (residues
283-361); magenta V (residues 362—407)

quantified at various concentration of arginine (2, 4, 6, 8,
and 10 mM). The pH dependence of enzyme activity was
determined between pH 4.0 and 8.0 using 100 mM citric
acid buffer (pH 4.0-5.0) and 200 mM sodium phosphate
buffer (pH 5.5-8.0). The activity was then measured using
the method described above.

Molecular modeling

In order to better understand the relationship between
enzymatic properties and amino acid sequence, a homology
model of M314 based on crystal structures of PaADI (PDB
codes: 1RXX) was constructed by SWISS-MODEL
homology-modeling web server (www.expasy.ch/tools)
(Schwede et al. 2003). One monomeric unit of the
tetrameric PaADI was used for the modeling study.

Results
Directed evolution of PpADI

The WT-ADI exists as a homodimer in the native condition
and catalyzes the irreversible hydrolysis of arginine to
citrulline and ammonia. The specific activity of WT-ADI
was determined to be 4.76 U/mg at pH 6.0 and 37°C. An
acidic pH optimum of 6.0 was observed, a pH shift from
6.0 to 7.4 results in over 90% activity drop (Ni et al. 2009).
Typical directed evolution strategy ep-PCR combined with
high-throughput screening was applied to obtain PpADI
variants with increased specific activity and decreased K,
at physiological pH (Fig. 1). Transformants of mutant
library was induced on IPTG-agar plates and directly
subjected to the activity assay by picking colonies into
96-well plate (Fig. 1). After screening 650 clones by
colorimetric 96-well microtiter plate method, eight variants
exhibiting increased ADI activity at pH 7.4 were identified.
The activities of improved mutants were further confirmed
by liquid cultivation in shake flasks. Crude extracts of these
mutants were prepared by sonication and centrifugation,
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and the ADI activity was measured at both pH 7.4 and 6.0.
Three mutants (M177, M314, and M558) with 4.77-, 8.64-,
and 20.5-folds increased activity at pH 7.4 were selected for
sequence analysis to determine the mutations conferring the
desired features. The results show that both M177 (V107)
and M558 (R18L) harbor one amino acid mutation, while
three substitutes were identified in M314 (A128T, H404R,
1410L) (Table 1). M314 exhibiting the highest activity at
pH 7.4 was selected for subsequent purification and
characterization.

Purification and enzymatic properties of mutant 314

The PpADI M314 was expressed and purified to
homogeneity using DEAE FF anion exchange and
Superdex 200 gel filtration column chromatography. As
expected, the molecular weight of rADI was calculated
to be 92.6 kDa by gel filtration (Fig. 2b) and approxi-
mately 46 kDa using SDS-PAGE (Fig. 2a, lane 3). It was
assumed that M314 consists of two apparently identical
subunits (46.3 kDa).

As shown in Fig. 3, the pH optimum shifts from 6.0
to 6.5 in M314. The K,, value estimated from the
Lineweaver—Burk plots was 2.88 mM for WT-ADI and
0.65 for M314 (pH 7.4). The specific activity of ADI
from M314 is 9.02 U/mg, representing over 20-fold
increase compared with WT-ADI (0.44 U/mg) at pH 7.4
(Table 2).

Fig. 6 Stereoscopic view of
mutation A128T in PpADI. a
Overall fold of PpADI M314. b
Hydrogen bonds between T128
and D131. ¢ Hydrogen bonds
between A128 and D131

Homology modeling of mutant 314

Amino acid sequence of PpADI M314, WT-ADI (EU030267),
and ADIs from Pseudomonas putida (EAX15803), Pseudo-
monas aeruginosa (X14694), Lactococcus lactis ssp. lactis
(DQ364637), and Mycoplasma arginini (X54141) were
aligned using DNAMAN software packages (version 5.2.9;
Lynnon Biosoft, Quebec, Canada) to compare three sub-
stitutions in M314 (A128T, H404R, 1410L) (Fig. 4). Three
amino acid residues of above ADIs and their enzymatic
properties including specific activity, pH optimum, and K,
were summarized in Table 3. M314 has improved pH
optimum (6.0-6.5), lower K, (2.88 to 0.43 and 0.65 mM),
and 4.6-fold increase in specific activity at its optimal pH. It
is noticed that 128A, 404H, and 4101 are conserved in
Pseudomonas ADIs (Shibatani et al. 1975; Galkin et al.
2004) with acidic pH optimum (5.6-6.0). Interestingly,
despite their low sequence identity (27.1%), three amino acid
substitutes in M314 are coincident with corresponding
residues in M. arginini ADI, which is prominent for its low
K., (0.2 mM) and high specific activity (44.5 U/mg) at pH 6.5
(Takaku et al. 1992). In addition, residues 404R and 410L
were found to be identical with those in L. lactis ADI (Kim et
al. 2007), which has a strikingly high activity of 143 U/mg at
pH 7.2 and also a low homology (31.6%) to M314.

A BLAST search of the NCBI database with M314
revealed that best match is arginine deiminase from P
aeruginosa (PaADI). The highest similarity (84.2%) was
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Fig. 7 Stereoscopic view of mutation H404R in PpADI. a Overall fold of PpADI M314. b Stereoscopic view of key residues around H404R

substitution. ¢ Distance of hydrogen bond between H404R and E13

found with P. aeruginosa ADI whose X-ray structure has
been solved at 2.45A (Galkin et al. 2004). In order to better
understand the molecular mechanism of M314, a homology
model of M314 based on P aeruginosa ADI structure
(PDB No. 1RXX) was constructed by SWISS-MODEL
(Schwede et al. 2003). The predicted structure of M314 is
similar to PaADI, in a fivefold B« pseudosymmetrical
barrel arrangement, as well as an additional oc-helical
domain comprising five o-helices at the same position
(Fig. 5). The molecular role of the amino acid substitutes in
M314 was analyzed based on their effects on the protein
structure and properties in the homology model.

Mutation A128T locates in the loop between the fourth
and fifth «-helice in «-helical domain, followed by a small

Fig. 8 Stereoscopic view of mu-
tation 1410L in PpADI. a Overall
fold of PpADI M314. b Hydro-
gen bonds between [410 and
K19, G9. ¢ p-sheets in C- and N-
terminal after [410L mutation. d
3-sheets in C- and N-terminal
before 1410L mutation

C-terminal

N-terminal

«-helice formed by 129G, 130Q, and 131D (Fig. 6a). In
M314, the hydroxyl group of Thr128 engages in hydrogen
bond interaction with both amino and carboxyl group of
Aspl31, resulting four hydrogen bonds in total (Fig. 6b),
while two hydrogen bonds are formed between Alal28 and
Aspl131 in WT-ADI (Fig. 6c¢).

It is observed that the imidazole group of H404 is
engaged in the hydrogen bond interaction with the carboxyl
group of E13, and distance of H bond is estimated to be
3.25A. In H404R mutant, a shorter hydrogen bond between
guanidine group of Arg404 and Glul3 (2.61A) is observed,
favoring a more stable interaction between them (Fig. 7¢).

In the characteristic fivefold pseudosymmetric structure of
PpADI, the first module is extended to topology 33«3 and

N-terminal

C-terminal

C-terminal

N-terminal
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composed by the last 3 sheet in C-terminal (residues 408—417)
and the first B3 unit in N-terminal (residues 6—71)
(Fig. 8a). Leu410, a C-terminal residue inside the protein,
forms hydrogen bonds with amino group of Gly9 and
carboxyl group of Lys19 (Fig. 8b), leading a close connected
C-terminal [3-sheet and the first (3-sheet in N-terminal. It is
observed that I410L substitution causes a twisted (3-sheet
towards N-terminal (Fig. 8c, d), which might due to the
electron cloud difference between Ile and Leu.

Discussion

In this study, directed evolution was demonstrated to be
effective in improving the activity and K, of PpADI under
physiological pH. Using lower substrate concentration and
appropriate reaction system, a sensitive and precise 96-well
plate screening strategy based on a modified DAM-TSC
method was developed for isolating ADI variants with higher
specific activity and lower K,. Additionally, the tedious
liquid cultivation was replaced by IPTG-agar plate, which
was conveniently combined with 96-well plate activity assay.
Employing this two-step screening procedure, M314 was
selected from 650 variants after one round of ep-PCR,
exhibiting over 20-fold increased activity and lower K. A
MnCl, concentration of 0.3 mM was used in ep-PCR,
generating average 1—-3 amino acid substitutions per gene
and 55.2% inactive clones. Amold's group shows that an
optimum mutation rate could balance the relationship
between production of unique sequences and retention of
enzyme functionality (Drummond et al. 2005).

In the homology model of M314 constructed based on
PaAD], it is also noticed that the amino acid sequence of oc-
helical domain in M314 shares 74.4% identity with that of
PaADI. Differing from PaADI tetramer, SDS-PAGE and
gel filtration analysis indicated that M314 has a homo-
dimmer structure (Fig. 2), same as its parent (Ni et al.
2009). It is therefore speculated that some critical residues
in «-helical domain might be responsible for the formation
of either tetramer or dimer, which awaits further study.

The molecular mechanism of three substitutes in M314
was analyzed in the stereoscopic structure of PpADI. In
A128T, the stronger hydrogen bond renders higher stability
in the small «-helice (129—131).Additionally, as a residue
on the exterior surface of PpADI, the replacement of
hydrophobic Ala with hydrophilic Thr could possibly
improve its interaction with the aqueous environment. The
1410L substitute confers a closer linkage between [3-sheets
of C- and N-teminal in M314, and presumably a more
stable N-terminal of the protein.

It was reported that in PaADI, the Asp280 carboxylate
group interacts with the imidazole group of His405, which
in turn interacts with Glul3. Asp280 was proposed to be a

@ Springer

general base in the reaction mechanism of PaADI; it
interacts with substrate (arginine) guanidinium group and
is important for substrate binding (Galkin et al. 2005).
His404 (imidazole group pKa 6.0) is protonated in acidic
pH and become deprotonated in physiological pH, whereas
Arg404 (guanidine group pKa 12.48) remains protonated.
A protonated Arg404 can form a hydrogen bonding with
Asp280 and favor substrate interactions at physiological
pH, when His404 becomes deprotonated. The H404R
substitute may therefore explain the higher pH optimum
of M314, and the H404R mutant was used as starting
variant in the directed evolution of PpADI previously (Zhu
et al. 2010). On the other hand, position 404 locates right
next to one of the catalytic center residues Cys405
(Fig. 7b); the extension of Arg404 towards Glul3
(Fig. 7c) could help reduce the space hindrance effect in
the substrate binding and catalytic center, thereby enhance
the substrate affinity of PpADI.

In this study, the specific activity of M314 is improved
for over 20 times at pH 7.4 compared with WT-ADI, and its
pH optimum is shifted from 6.0 to 6.5. The pH profile of
M314 is however far from satisfactory, since merely 41% of
the activity at pH 6.5 is retained at physiological pH 7.4
(Table 2). To further improve the enzymatic properties of
ADI as an anti-tumor drug, the second round of directed
evolution is currently undergoing. Also, site-directed
mutagenesis is being carried out to understand the effects
of single amino acid substitution and its molecular
mechanism in the enzymatic activity.

Taken together, an efficient directed evolution procedure
has been established to improve the activity of ADI under
physiological pH. After one round of ep-PCR, an excellent
mutant 314 was selected, which shows over 20-fold
increased specific activity, significantly reduced K, (2.88
to 0.43 and 0.65 mM), and a shifted pH optimum towards
physiological condition (from pH 6.0 to 6.5). This work
could provide potent candidates for developing an anti-
tumor drug for arginine-auxotrophic cancers including
melanomas and HCCs.
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