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Introduction

Arginine deiminase (ADI) is a potential cancer therapy agent
for the treatment of arginine-auxotrophic tumors (e.g. , hepato-
cellular carcinomas (HCCs) and melanomas). HCC accounts an-
nually for approximately one million new cases worldwide. In
the US the incidence rate of HCC is 8.6 (per 100 000 persons;
1992–2002) with a mortality rate of 6.5 due to the low re-
sponses of hepatoma to chemotherapeutic treatments.[1] Cur-
rent research efforts are focused on ADI’s in vivo inhibitory
effect towards HCCs, leukemia, melanomas, and human umbili-
cal vein endothelial cells (HUVEC),[2–4] clinical trials for HCC
(phase III) and melanoma (phase I/II),[3, 5] and PEG formulation
of ADI to improve its efficacy as a clinical drug, including
serum half-life and antigenicity.[6, 7] ADI inhibited the growth of
cultured leukemia cells at concentrations of 5–10 ng mL�1,
which were about 20–100 times lower than those of the l-as-
paraginase standard, thereby resulting in fewer side effects.[4, 8]

ADI’s inhibitory effect on human lymphatic leukemia is specu-
lated to be caused by arginine deprivation.[4]

ADIs catalyze the first step of the ADI pathway by hydrolyz-
ing arginine to citrulline and ammonium. Several ADI genes
have been identified, purified, and characterized from bacteria,
Archaea, and some eukaryotes, excluding mammalian cells,
and summarized in a recent review.[1] From a kinetic point of
view, none of these ADIs is ideally suited for in vivo applica-
tions in humans under physiological conditions.

Protein engineering by rational design and directed evolu-
tion offers opportunities to tailor ADI properties to physiologi-
cal conditions. An ADI isolated from Pseudomonas plecoglossici-
da CGMCC2039 (accession number: ABS70718; PpADI) has
been employed in an E. coli expression system for directed ADI
evolution. Directed-evolution approaches employ mainly E. coli
strains as expression host due to their fast growth and high

transformation efficiencies. The latter is a prerequisite for gen-
erating complex mutant libraries. Directed protein evolution
has over the last decades become a versatile and successful
approach for tailoring protein properties to industrial demands
(mainly in chemical synthesis) and for advancing our under-
standing of structure–function relationships in enzymes. A di-
rected-evolution experiment comprises iterative cycles of di-
versity generation and functional selection for improved var-
iants. Only a few reports on phytases,[9] xylanases,[10] amylas-
es,[11–13] and an alcohol dehydrogenase[14] described a shift in
pH optimum when using directed-evolution algorithms. None
of these directed-evolution campaigns targeted a medical ap-
plication, and arginine deiminase has, to the best of our knowl-
edge, not been altered in its pH activity/resistance by directed
evolution.

Comparison of PaADI (Pseudomonas aeruginosa, pH opti-
mum 5.6; His405) and MaADI (Mycoplasma arginini ADI, pH
optimum 6.5, Arg397) led to speculation that the substitution

Arginine deiminase (ADI; EC 3.5.3.6) has been studied as a po-
tential antitumor drug for the treatment of arginine-auxotro-
phic tumors, such as hepatocellular carcinomas (HCCs) and
melanomas. Studies with human lymphatic leukemia cell lines
confirmed that ADI is an antiangiogenic agent for treating leu-
kemia. The main limitation of ADI from Pseudomonas plecoglos-
sicida (PpADI) lies in its pH-dependent activity profile, its pH
optimum is at 6.5. A pH shift from 6.5 to 7.5 results in an ap-
proximately 80 % drop in activity. (The pH of human plasma is

7.35 to 7.45.) In order to shift the PpADI pH optimum, a direct-
ed-evolution protocol based on an adapted citrulline-screening
protocol in microtiter-plate format was developed and validat-
ed. A proof of concept for ADI engineering resulted in a pH
optimum of pH 7.0 and increased resistance under physiologi-
cal and slightly alkaline conditions. At pH 7.4, variant M2 (K5T/
D44E/H404R) is four times faster than the wild-type PpADI and
retains ~50 % of its activity relative to its pH optimum, com-
pared to ~10 % in the case of the wild-type PpADI.
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of His by Arg might contribute to MaADI’s increased pH opti-
mum.[15] A sequence alignment of four ADIs (MaADI, MyADI
(Mycoplasma arthritidis ADI), PaADI, and PpADI) shows that for
both Pseudomonas ADIs, the synonymous amino acid positions
(404 and 405) contain a His, whereas both Mycoplasma ADIs
contain an Arg at corresponding positions. Interestingly, both
Mycoplasma ADIs have a pH optimum that is approximately
one pH unit higher than the two Pseudomonas ADIs.

In this study, we report the first directed ADI evolution pro-
tocol in which the pH profile of PpADI was shifted to higher
pH values; this represents a conceptional proof that ADI prop-
erties can be tailored for the demands of in vivo treatment of
arginine-auxotrophic tumors. Emphasis is given to a detailed
description of the conditions of directed evolution (mutagenic
and screening).

Results

PpADI screening system for citrulline production in
microtiter plates

Two key performance parameters for identifying improved var-
iants in microtiter-plate-based screening systems are the true
standard variation and the linear detection range of the
employed assay. The DAM-TSC assay for citrulline detection
(Scheme 1) was selected for directed evolution of PpADI. The
microtiter-plate-screening format was optimized for simplified

handling by lowering the color-development temperature
(55 8C instead of 100 8C), increasing the diacetylmonoxime con-
centration (~22-fold), and avoiding the use of the sensitizer
thiosemicarbazide.[28] Standard deviations of the modified cit-
rulline detection assay were reduced by optimizing expression
and screening conditions (various autoinduction media and
assay conditions, such as amount of cell, conversion time, and
color-development procedure). The preferred combination
(150 mL LS5052 autoinduction medium, 20 mL cell culture,
20 min conversion time, and 15 min color-development time)
resulted in a true standard deviation of 12.8 % after subtracting
the background (Figure 1 A). Screening systems with standard
deviations of around 10 % have successfully been used in di-
rected-evolution experiments.[16, 17] A wide linear detection
window is important for identifying beneficial mutants in di-

rected-evolution experiments, and screening systems
for evolved mutants have to be constantly adapted
so that they hit this window. A linear detection
range up to 6 mm citrulline could be detected (Fig-
ure 1 B); a concentration of up to 6 mm was detected
in microtiter plate screens.

Validation of M1 (H404R) by using a cuvette-
format citrulline colorimetric assay

Galkin et al.[15] proposed that a substitution of His at
position 404 to Arg might influence ADI’s pH profile.
Compared to wild-type PpADI, variant M1 (H404R)
shows higher activity (1.8-fold) and improved activity

ratio at pH 7.4 to 6.4 (4.7-fold). Therefore, M1 was selected for
directed evolution.

Validation of citrulline-production assay by screening error-
prone mutant libraries

Various concentrations of MnCl2 (0.01–0.10 mm) were used in
epPCR library generation to adjust the ratio of active to inac-
tive clones. A concentration of 0.01 mm MnCl2, which generat-
ed 53 % inactive mutants was selected for library generation.
EpPCR mutant libraries with a ratio of 50 % active and 50 %
inactive clones have often been used successfully in directed
evolution, improving enzyme properties by gradual changes
(one or two amino acids changes per round of mutagenesis
and screening). A total of seven variants (Table 1) were identi-

Scheme 1. Arginine conversion by ADI and detection of citrulline by using the DAM/TSC
assay.

Figure 1. A) Activity values in descending order of the ADI wild-type conver-
sion of arginine to citrulline in a 96-well microtiter plate by using optimized
assay protocol. The apparent coefficients of variation were calculated with-
out subtracting the background, and the true coefficients of variation were
calculated after background subtraction. B) Calibration curve of 96-well mi-
crotiter-plate-format citrulline colorimetric screening assay.
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fied from an epPCR library of 2400 mutants and used for fur-
ther characterization. The most active variant was sequenced,
and two additional amino acid substitutions (K5T and D44E)
were identified.

Characterization of PpADI variants

Determination of kcat and Km of wild-type ADI and the mutants :
Variants selected from epPCR were first characterized by using
the crude cell extract to identify the most promising variants
(Table 1). Using an activity ratio of pH 7.4 to 6.4 proved to be

an effective method of eliminating expression mutants. Addi-
tionally, the concentration of PpADI and variants in the extract
were determined by using the Agilent Protein 230 Kit to quan-
tify differences in expression levels. Normalization of activities
against the corresponding ADI concentrations revealed im-
provements in the specific activities of ADI mutants (Table 1).
M1, the starting variant for the directed evolution campaign,
and M2 were selected for detailed characterization studies. M2
has as “best identified variants” a more than 2.5-fold higher ac-
tivity ratio at pH 7.4 to pH 6.4 than M1 and a twelvefold higher
activity ratio than the wild-type in crude cell lysates (Figure 2).

For kinetic characterization of ADI variants, the citrulline pro-
duction was maintained between 0.2–0.8 mm. The calibration
curve in Figure 3 shows the linear detection range in the em-

ployed 96-well PCR-plate-format citrulline colorimetric assay
system. Figure 3 summarizes the kcat and Km values of wild-
type PpADI, identified variants M1 (H404), and M2 (K5T/D44E/
H404R), which were expressed in shaking-flask cultures and
purified by using a two-step procedure (anion exchange fol-
lowed by gel filtration). Both variants M1 and M2 show an in-
crease in kcat and Km for citrulline production at pH 7.4. Variant
M2 shows a fourfold higher kcat, as also obtained by using the
crude cell extract (Table 1); this validates the characterization
procedure with crude cell lysate. Furthermore, an increase in
Km from 0.7 mm (wild-type PpADI) to 1.2 mm (M1) and 2.5 mm

(M2) was found.

Table 1. Activity of ADI variants towards arginine determined by citrulline
colorimetric assay in cuvette format. Samples were diluted to ensure that
detected citrulline concentrations were within the linear detection range
of the citrulline colorimetric assay. Wild-type, mutant M1 and the “best
variant” M2 are in bold, and prominent expression mutants (9-B3-1; 21-
D5-1) are italicized.

ADI Normalized [ADI][a, b] Activity
variants Citrulline production Relative to activity ratio[b, c]

[mm mg�1] of WT at pH 7.4
pH 7.4 pH 6.4 pH 7.4 pH 6.4

WT 9.83 124.92 1.00 12.69 0.08
(0.74) (1.98) (0.15) (0.01) (0.01)

M1 17.80 45.95 1.81 4.67 0.39
(H404R) (0.49) (0.87) (0.06) (0.02) (0.02)
M2 38.99 39.20 3.96 3.98 0.99
(K5T/D44E/H404R) (0.79) (0.31) (0.02) (0.02) (0.03)
9-B3-1 24.89 54.50 2.53 5.54 0.46

(0.45) (1.80) (0.03) (0.03) (0.02)
21-D5-1 25.68 50.95 2.61 5.18 0.50

(2.68) (2.36) (0.07) (0.02) (0.01)
15-G10-2 13.11 47.02 1.33 4.78 0.28

(0.53) (0.47) (0.09) (0.02) (0.01)
2-H4-2 12.50 21.58 1.27 2.19 0.58

(0.07) (0.09) (0.06) (0.04) (0.01)
1-G11-1 24.91 29.12 2.53 2.96 0.85

(0.20) (0.33) (0.03) (0.03) (0.02)
24-E10-1 14.62 32.82 1.49 3.34 0.45

(0.62) (0.52) (0.08) (0.03) (0.02)

[a] Based on quantification employing Agilent 2100 Bioanalyzer (Agilent
Protein 230 Kit). [b] Standard error of triplicate measurements are given
in brackets below each absolute and normalized value. [c] Activity at
pH 7.4/activity at pH 6.4.

Figure 2. Relative activity of ADI variants towards arginine. Calculations are
normalized against ADI quantifications recorded with the Agilent 2100 Bio-
analyzer and Agilent Protein 230 Kit. The relative activity is the ratio of the
activity at the pH of each variant relative to the activity at pH 7.4 of wild-
type ADI. &: wild-type ADI, &: M1 (H404R), &: M2 (K5T/D44E/H404R).

Figure 3. Kinetic parameters of ADI and mutants for conversion of arginine
to citrulline. &: wild-type ADI, &: M1 (H404R), &: M2 (K5T/D44E/H404R). The
values reported are the average of three measurements, and average devi-
ations from the mean values are shown. The embedded calibration curve
shows the linearity of the citrulline colorimetric assay in a 96-well PCR plate
format, which was used to determine the arginine conversions and kinetic
constants. The PCR-plate-format assay was performed in contrast to the
directed-evolution screen at 70 8C, with thiosemicarbazide as sensitizer.
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Relative pH profile of wild-type and mutant

The pH profiles of wild-type PpADI and M1 (H404R) show iden-
tical pH optima at pH 6.5 (Figure 4); however, variant M2

shows a pH optimum at pH 7.0, which is shifted remarkably
(0.5 pH units). Both M1 and M2 show decreased specific activi-
ties at pH 6.5 and increased specific activity at pH 7.5. At
pH 7.0, the specific activity of M2 exceeds that of wild-type
PaADI by 20 % (data not shown).

Discussion

ADI properties have to date not been engineered through di-
rected evolution algorithms despite their often poor perfor-
mance under physiological conditions and their potential anti-
tumor importance. Chemically modified ADIs (e.g. ,
through PEGylation)[1] and fusion proteins (e.g. ,
human serum albumin fusion)[20] have been used to
address activity and stability demands in vivo. Direct-
ed evolution offers opportunities to directly improve
ADI properties for in vivo applications and small li-
braries of a few thousand variants have often been
sufficient to find improved muteins in directed evo-
lution experiments.[18, 19]

Our main intention in this report is to provide a
validated protocol for directed ADI evolution and
improving the activity at the physiological pH 7.4.
Pseudomonas plecoglossicida CGMCC2039 (PpADI,
7.8 U mg�1; pH optimum 6.5) was selected for the di-
rected evolution studies due to its functional expres-
sion in E. coli, coverage of sequence space in patents,
and “potential” for activity improvement. PpADI is a
relatively slow ADI when compared to Mycoplasma
ADIs like MhADI (Mycoplasma hominus ADI,
35 U mg�1), which would have been good alterna-
tives for directed evolution studies.[1] Reported ADI
activities range from 0.115 to 140.3 IU mg�1. One unit

is commonly defined as the amount of ADI that converts
1 mmol of l-arginine into 1 mmol of l-citrulline per minute.[1]

Screening of PpADI variants yielded three amino acid posi-
tions (5, 44, and 404). Only mutations at positions 44 and 404
resulted in a fourfold higher kcat at pH 7.4 and a significant
shift in the pH optimum (0.5 units) when compared to wild-
type PpADI (Figures 3 and 4). Position 5 did not show any
effect on PpADI activity.

Galkin and co-workers postulated that the histidine in posi-
tion 404 (corresponding to position 405 in “their” PaADI) is a
key residue in controlling activity at acidic and neutral pH. In
the protonated state of the imidazolium ring, a hydrogen
bond can be formed with the oxygen of Asp280 (carboxyl
group). This hydrogen bond favors stabilizing interactions be-
tween Asp280 and the substrate arginine. His405 in PaADI was
reported[15] to share protons with Asp280 and Glu13 and to be
important for modulating the electrostatic environments of
closely located catalytic groups. The same report postulated
that H405 is likely to be protonated when the substrate argi-
nine binds to the catalytic triad (His278, Glu224, Cys406).[22]

Based on these reports, the His404 in PpADI was subjected to
site-directed mutagenesis to Arg404 to give variant M1. M1
shows 40 % residual activity compared to wild-type PpADI at
pH 6.4, but a 1.8-fold increase in activity at pH 7.4 (see Table 1).
In M1 (Figure 5 A; based on PaADI 1RXX; residue His404 in
PpADI corresponds to His405 in PaADI), the conformational
effect due to the extended side chain of Arg likely weakens
the hydrogen bond to Asp280 and thus reduces its stabilizing
effect on arginine binding. As a result, the activity of M1 is re-
duced, especially at lower pH values at which His405 is proton-
ated. However, at elevated pHs, His405 becomes increasingly
deprotonated, whereas Arg405 remains protonated and can
therefore still stabilize Asp280 for arginine binding. The elec-
trostatic effect suggested by theoretical and experimental
studies has shown the importance of positively charged resi-

Figure 4. pH profile of wild-type PpADI (&), M1 (H404R) (~), and M2 (K5T/
D44E/H404R) (*). The relative activity is the ratio of the catalytic activity at
that pH relative to the maximum activity of each enzyme. All pH profiles
were recorded under arginine-saturated conditions (500 mm).

Figure 5. Structural alignment of two mutant models with corresponding residues of the
crystal structures of the PaADI (in orange). A) The crystal structure of PaADI, which was
diffracted in the absence of the substrate arginine (1RXX), was used to investigate the
H405R substitution. Arg405 shows a different orientation with respect to the Asp280 of
the guanidinium group from that of the side chain of His405 (in orange). B) The PaADI
crystal structure in the presence of substrate arginine (2A9G) was used to investigate
the role of the N44Q substitution. The latter was solved for an inactive variant in which
Cys406 was replaced by Ala. The extended side chain of Glu44 might improve the hydro-
gen bond interaction with Arg399 by inducing a conformational shift of loop 1.
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dues to modulate the reaction rate of PaADI.[23] At pH 6.4, histi-
dine in wild-type PpADI and arginine in M1 are both positively
charged. At pH 7.4, histidine is only partially positive charged
and PpADI’s activity is reduced (>90 %) while arginine in M1
remains positively charged, thus preserving M1’s activity
(Figure 4).

The PpADI H404R was used as starting variant for directed
evolution. The epPCR library (2400 variants screened) resulted
in a triple mutant M2 (K5T/D44E/H404R). In order to investi-
gate the role of each position, the double mutants K5T/H404R
and D44E/H404R were generated. Only D44E/H404R revealed
improvements in kcat (fourfold, pH 7.4). The rationale behind
the effects of the D44E mutation on PpADI activity is more
complex to extrapolate from the available ADI crystal struc-
tures. Comparative crystallographic studies have shown that
the entrance to the active site is decorated with four loops
that undergo conformational transitions upon arginine bind-
ing.[15] The loops exhibit significant shifts that limit the access
of water molecules to the active site. Asp44 is located in
loop 1 (residues 30–46) and, upon binding of the substrate,
comes closer to the positively charged Arg399 located on
loop 4 (residues 393–404). In the D44E mutant, the longer side
chain reduce the distance to Arg399, thus favoring the forma-
tion of a hydrogen bond (Figure 5 B). The reinforced interaction
between Glu44 and Arg399 might expedite conformational
changes in the loops, probably confining the arginine sub-
strate in the active site, and hence promote arginine conver-
sion. In the future, we plan to investigate further the influence
of H404R and D44E using molecular-dynamics simulations, fur-
ther boost the kcat at pH 7.4, and reduce the Km value of PpADI.

Overall site-directed mutagenesis of position H404R and one
round of directed evolution (2400 variants screened) resulted
in a triple mutant M2 (K5T/D44E/H404R) with fourfold higher
kcat at pH 7.4 (compared to wild-type; Figure 4). This, the best
mutant isolated, has a specific activity of 31.3 U mg�1 at pH 7.4,
which is already after one round of evolution close to the spe-
cific activity of MhADI (35 U mg�1)[21] at its pH optimum. The
stability and specificity of improved PpADI variants are further-
more important for cancer treatment in vivo. First experiments
in AB-human serum showed an unaltered stability of M2 com-
pared to the wild-type PpADI. Furthermore, (NG,NG)-dimethylar-
ginine conversion could not be detected with the citrulline col-
orimetric assay.

Conclusions

In summary, a directed-evolution protocol has been developed
for PpADI and validated by increasing the kcat of PpADI at
physiological pH (7.4). The reported screening system is the
first one employed in directed ADI evolution and can likely be
used for other ADIs and other properties such as temperature
stability, salt/detergent stability or protease resistance.

Experimental Section

Materials and methods : All chemicals were of analytical-reagent
grade or higher quality and were purchased from Fluka, Sigma–Al-

drich, and Applichem (Darmstadt, Germany), except the resins for
purification (TOSOH, Stuttgart, Germany). All enzymes were pur-
chased from New England Biolabs, Fermentas, and Sigma–Aldrich,
unless otherwise stated.

Thermal cycler (Mastercycler gradient; Eppendorf) and thin-wall
PCR tubes (Multi-ultra tubes; 0.2 mL; Carl Roth, Germany) were
used in all PCRs. The PCR volume was always 50 mL except for
Megaprimer PCR of whole plasmid (MEGAWHOP, 20 mL) ; larger vol-
umes were prepared in multiple 50 mL PCRs. The amount of DNA
in cloning experiments was quantified by using a NanoDrop pho-
tometer (NanoDrop Technologies, Germany).

Pseudomonas plecoglossicida CGMCC2039[24] was provided by Pro-
fessor Zhihao Sun (Jiangnan University, Wuxi, China).

Reagents used in assays

Acid-ferric solution: Concentrated H3PO4 (70 mL, 85 %) and concen-
trated H2SO4 (160 mL, 90–91 %) were added slowly to dH2O
(600 mL). After the solution had been cooled to room temperature,
FeCl3·6 H2O (10 mL, 10 g L�1) was added, finally the total volume
was adjusted to 1 L with dH2O.

Diacetyl monoxime-thiosemicarbazide (DAM–TSC) solution: Solutions
of DAM (10 g L�1) and TSC (0.3 g L�1) in dH2O were prepared sepa-
rately, then mixed (1:1, v/v) just prior to use.

Cloning of ADI into pET42b(+): The ADI gene was amplified from
Pseudomonas plecoglossicida CGMCC2039 by colony PCR (94 8C for
10 min, one cycle; 94 8C, 30 s/54 8C, 30 s/72 8C, 165 s, 29 cycles;
72 8C for 5 min, one cycle) by using primers 5’-CCG CAT ATG TCC
GCT GAA AAA CAG AAG TAC GG-3’ and 5’-CTT CTC GAG TTA GTA
GTT GAT CGG GTC GCG CAC G-3’, Pfu DNA polymerase (1.5 U),
dNTP mix (0.20 mm), and a colony of Pseudomonas plecoglossicida
CGMCC2039. The amplification product was purified by gel extrac-
tion, digested by using NdeI (20 U) and XhoI (20 U), and purified
by using a QIAquick PCR purification kit (Qiagen). Cloning vector
pET42b(+) was digested with NdeI (20 U) and XhoI (20 U), and pu-
rified by using a gel extraction kit (Qiagen). Digested ADI gene and
pET42b(+) were ligated by using T4 DNA ligase (1 U) to give
pET42b(+)–ADI and transformed into E. coli BL21-Gold (DE3). Se-
quence analysis of ADI showed that there was one synonymous
mutation at Asp78 (GAT to GAC) compared to the ADI sequence of
Pseudomonas plecoglossicida CGMCC2039 deposited in NCBI.

Site-directed mutagenesis of the ADI gene at position H404 :
Site-directed mutagenesis of the ADI gene was performed accord-
ing to the published method[25] on plasmid pET42b(+)–ADI. The
following oligonucleotides were used for the H404R mutagenesis:
5’-GGC CGT GGC GGC GGC CGT TGC ATG ACC TGC CCG-3’ and 5’-
CGG GCA GGT CAT GCA ACG GCC GCC GCC ACG GCC-3’ (underlin-
ing indicated the substituted nucleotide). For the mutagenic PCR
(First stage: 95 8C for 30 s, one cycle; 95 8C, 30 s/55 8C, 1 min/72 8C,
130 s, three cycles. Second stage: 95 8C for 30 s, one cycle; 95 8C,
30 s/55 8C, 1 min/72 8C, 130 s, 15 cycles; 68 8C for 30 min, one
cycle), Phusion Hot Start DNA polymerase (2 U, Finnzymes, Keilar-
anta, Finland), dNTP mix (0.20 mm), each primer (25 pmol) together
with template (p0ET42b(+) harboring ADI ; 100 ng) were used. Fol-
lowing the PCR, DpnI (40 U; New England Biolabs) was added, and
the mixture was incubated for 4 h at 37 8C. The PCR products were
purified by using a QIAquick PCR Purification Kit (Qiagen) and
transformed into E. coli BL21-Gold (DE3) for expression.

Construction of ADI error-prone library : The library was generat-
ed by the standard error-prone PCR (epPCR) with the improved
variant H404R as template. For the mutagenic PCR (95 8C for 2 min,
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one cycle; 95 8C, 30 s/55 8C, 30 s/72 8C, 30 s, 29 cycles; 72 8C for
3 min, one cycle), Taq DNA polymerase (2.5 U), dNTP mix
(0.20 mm), template (pET42b(+) harboring ADI H404R; 50 ng),
MnCl2 (0.01–0.1 mm), and 5’-TAC ATA TGT CCG CTG AAA AAC AGA
AG-3’ and 5’-GTG CTC GAG TTA GTA GTT GAT CGG-3’ (10 pmol
each) were used. The PCR products were purified by using a QIA-
quick PCR Purification Kit. The purified epPCR products were
cloned into expression plasmid pET42b(+) by MEGAWHOP.[26] For
MEGAWHOP (68 8C for 5 min, one cycle; 95 8C for 5 min, one cycle;
95 8C, 1 min/55 8C, 1 min/68 8C, 13 min 30 s, 24 cycles; 68 8C for
30 min, one cycle), Taq DNA polymerase (1 U), Pfu DNA polymerase
(0.1 U), dNTP mix (0.20 mm) together with template (pET42b(+)
harboring ADI gene H404R; 200 ng) were used. Following the PCR,
DpnI (40 U; New England Biolabs) was added, and the mixture was
incubated (4 h; 37 8C). The MEGAWHOP products were transformed
into E. coli BL21-Gold (DE3) for expression and screening.

Cultivation and expression in 96-well plates : Colonies grown on
LBkan agar plates were transferred, by using toothpicks, into 96-well
microtiter plates (flat-bottomed, polystyrene plates; Greiner Bio-
One GmbH, Frickenhausen, Germany), containing LSG noninducing
medium (150 mL)[27] supplemented with kanamycin (50 mg mL�1).
After 16 h of cultivation in a microtiter plate shaker (Multitron II,
Infors GmbH, Einsbach, Germany; 37 8C, 900 rpm, 70 % humidity),
each well was replicated by using a replicator (EnzyScreen BV,
Leiden, Netherlands) into a second series of 96-well microtiter
plates containing autoinduction medium LS-5052 (150 mL)[27] sup-
plemented with kanamycin (50 mg mL�1). The first set of plates was
stored at �80 8C after addition of glycerol. The clones in the
second set of plates were cultivated for 12 h (Multitron II, Infors
GmbH, 37 8C, 900 rpm) and used for screening.

Screening procedure

96-well plate-format citrulline colorimetric screening assay: A modi-
fied protocol for citrulline detection based on the carbamido-diace-
tyl reaction[28] (see Scheme 1 for assay mechanism) was used to
measure the activity of ADI. Screening for increased activity was
carried out by measuring the activities at pH 7.4 and 6.4.

Cell culture (20 mL) was transferred into 96-well microtiter plate.
The enzyme reaction was initiated by the addition of arginine solu-
tion (100 mL, 100 mm) supplemented with cetyltrimethylammoni-
um bromide (CTAB, 4 mm), and the mixture was incubated (20 min,
37 8C). Subsequently, acid-ferric solution (60 mL) and diacetyl mon-
oxime (DAM, 20 mL, 0.5 m) were added. The reaction mixture was
incubated for a further 15 min at 55 8C. Absorbance was measured
at 492 nm on a microtiter plate reader (Tecan Sunrise, Tecan Group
AG, Z�rich, Switzerland).

Standard-deviation measurements were performed in 96-well plate
format by using culture from BL21-Gold (DE3) lacking ADI and in a
separate experiment containing ADI. Apparent standard deviation
was based on the absolute absorbance values obtained from the
ADI wild-type plate. The true standard deviation was calculated by
subtracting the background absorbance value of the microtiter
plate lacking ADI from the apparent values.

Cuvette-format citrulline colorimetric assay: ADI activity was routine-
ly measured by using a modified citrulline-detection protocol with
DAM and TSC[29] (see Figure 1 A for assay mechanism) in Eppendorf
tubes. The enzyme reaction was initiated by the addition of argi-
nine solution (200 mL, 100 mm) to a 2 mL Eppendorf tube contain-
ing crude cell lysate (50 mL), and the mixture was incubated for
20 min at 37 8C. Subsequently, acid-ferric solution (250 mL) was
added to stop the enzyme reaction. After appropriate dilution with

deionized water to ensure the concentration of produced citrulline
was within linear detection range, the solution (400 mL) was mixed
with acid-ferric solution (600 mL) and DAM-TSC solution (100 mL).
The reaction mixture was incubated for a further 30 min at 70 8C,
followed by incubation in ice water to stop color development.
Absorbance was measured at 530 nm by using a Specord 200
(Analytik Jena AG, Jena, Germany).

Normalization of protein expression for wild-type ADI and variants :
An Agilent Protein 230 Kit (Agilent Technologies Deutschland) and
an Agilent 2100 Bioanalyzer were used to normalize protein
expression in crude cell extract. The protocol used was according
to the Agilent protein 230 Kit Guide, except BSA was used as an
internal standard.

Expression of ADI in a shaking flask and purification : Shaking
flasks (1 L) containing autoinduction medium LS-5052 (200 mL)
supplemented with kanamycin (50 mg mL�1) were inoculated with a
1:200 dilution of overnight culture (E. coli BL21-Gold(DE3) harbor-
ing pET42b-ADI) grown in noninducing medium LSG. After 12 h of
expression, E. coli cells were harvested by centrifugation (Eppen-
dorf 5810R 4 8C, 3220 g, 30 min) and resuspended in phosphate
buffer (20 mL, NaxPO4, 20 mm, pH 7.0). E. coli cells were sub-
sequently lysed by using a high-pressure homogenizer (1500 bar,
two cycles; Avestin Emulsiflex, Mannheim, Germany). The disrupted
cells were centrifuged (Eppendorf 5417R, 4 8C, 13 000 g, 20 min),
and the supernatant was further cleared by filtration through a
low-protein-binding filter (0.45 mm; Minisart RC 25 single-use sy-
ringe filter; Sartorius, Hamburg, Germany). Wild-type ADI and mu-
tants H404R and K5T/D44E/H404R were subsequently purified by
column chromatography: 1) The filtered cell lysates were subjected
to a Super-Q anion-exchange column that had been pre-equilibrat-
ed with phosphate buffer (NaxPO4, pH 7.0, 50 mm). Cell lysate
(20 mL) was loaded. ADIs were eluted by a NaCl step elution in
phosphate buffer (NaxPO4, pH 7.0, 50 mm) at a rate of 3 mL min�1.
2) The ADI protein obtained by ion-exchange chromatography was
subjected to a gel filtration column (Matrix: Toyoperl HW-55S,
buffer : NaxPO4, pH 7.4, 50 mm, bed volume: 33 mL, bed height:
40 cm, column: Omnifit).

Purified ADI was subsequently concentrated in a Amicon ultra-4
centrifugal filter device (Millipore) with a 30 kDa cut-off membrane.
The total protein concentration was determined by BCATM assay
kit (Pierce, Born, Germany), and the homogeneity of the purified
sample was controlled by SDS-PAGE by using standard molecular
biology techniques.

Characterization of wild-type ADI and mutants

Determination of kcat and Km of wild-type ADI and the mutants: The
kcat and Km values were determined from initial-velocity data mea-
sured as a function of substrate concentration. Enzyme reactions
were carried out at 37 8C in a water bath. After 10 min of preincu-
bation at 37 8C, the reaction was initiated by addition of purified
enzyme (50 mL, 0.2–0.5 mm) to the substrate solution (200 mL, 0.2–
10 mm of arginine, 0.5 m phosphate buffer, pH 7.4) in deep-well
plates. The reaction mixture was incubated at 37 8C, and every
2 min an aliquot (30 mL) was transferred from each well to acid-
ferric solution (30 mL) to stop the enzyme reaction. The color devel-
opment was subsequently performed in a 96-well PCR plate.
Ferric-acid solution (90 mL) and DAM-TSC solution (15 mL) were
added to each well. The 96-well PCR plate was then incubated at
70 8C for 30 min in a thermal cycler (Eppendorf Mastercycler gradi-
ent) for color development, followed by incubation in ice water to
stop color development. Absorbance was measured at 530 nm by
using a microtiter plate reader (SPECTROstar Omega, BMG Labtech,
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Offenburg, Germany). The initial-velocity data obtained were fitted
to the equation v = vmax[S]/([S] + Km) (where v is the initial velocity,
vmax is the maximum velocity, [S] is the substrate concentration,
and Km is the Michaelis constant) by using GraphPad Prism soft-
ware (GraphPad software, San Diego, CA, USA). The kcat was calcu-
lated from the ratio of vmax and enzyme concentration.

Determination of pH profile : Enzyme reactions were carried out at
37 8C in a water bath using a solution of arginine (0.1 m) in phos-
phate (0.5 m)/acetate (50 mm) buffer (pH 5–8). After 10 min of pre-
incubation at 37 8C, the enzyme reaction was initiated by adding
purified enzyme (50 mL, 0.2–0.5 mm) to the substrate solution
(200 mL) in deep-well plates. The reaction mixture was incubated at
37 8C for 10 min, and acid-ferric solution (250 mL) was transferred
to each well to stop the enzyme reaction. The color development
was subsequently performed in 96-well PCR plates. The reaction
mixture (60 mL), ferric-acid solution (90 mL), and DAM-TSC solution
(15 mL) were transferred to a 96-well PCR plate. The plate was then
incubated at 70 8C for 30 min in a thermal cycler (Eppendorf Mas-
tercycler gradient) for color development, followed by incubation
in ice water to stop color development. Absorbance was measured
at 530 nm by using a microtiter plate reader (SPECTROstar Omega).

Molecular modeling : Since a crystal structure of PpADI is not avail-
able, in order to gain first insights on the molecular level, two
PaADI crystal structures (PDB ID: 1RXX, substrate-free; 2A9G,
bound arginine) were used for structure analysis.[15] PpADI shares
84.9 % sequence identity (http://blast.ncbi.nlm.nih.gov/Blast) with
PaADI, and all reported ADIs show conserved substrate binding
and catalytic residues. Residue His404 in PpADI corresponds to
His405 in PaADI. Only one monomeric unit of the tetrameric PaADI
was used for computational analysis employing Swiss–PDB
viewer[30] (http://www.expasy.org/spdbv). PpADI M1 and PpADI M2,
based on PaADI crystal structure, were generated by using the
mutate command of Swiss–PDB viewer. Each side-chain rotamer
with the best score was subsequently energy minimized by using
the GROMOS96 force field in vacuo.[31]
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