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Table S1. Oligonucleotide primers used in this study. Restriction enzyme recognition sites
are shown in italics (NdeI site for the 5’ site, CATATG, and BamHI site at the 3’ site,
GGATCC).
Primer

Sequence

FWhASNase3wt

GGAATTCCATATGAATCCCATCGTAGTGGTCCACGGCGGCGG

RVhASNase3wt

CGCGGATCCTTAGGGAAGGTCGGTGATAGTAGTATCGTCAG

FW_SSM-Lib1

ACCTCCACAGGCGGTNNSNNSAATAAAATGGTCGGCCGC

RV_SSM-Lib1

GCGGCCGACCATTTTATTSNNSNNACCGCCTGTGGAGGT

FW_SSM-Lib2

CTGGTGACAGAGNNSAACAAAAAGNNSCTGGAAAAAGAG

RV_SSM-Lib2

CTCTTTTTCCAGSNNCTTTTTGTTSNNCTCTGTCACCAG
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Primer

Sequence

FW_SSM-Lib3

GGAATTCCATATGAATCCCNNSNNSNNSNNSCACGGCGGCGGAG
CCGGTC

RV_SSM-Lib3

GACCGGCTCCGCCGCCGTGSNNSNNSNNSNNGGGATTCATATGG
AATTCC
TAATAAANNSNNSGGCCGCGTTGGGGACTCACCGNNSNNSGGA

FW_SSM-Lib4

GC

RV_SSM-Lib4

GCTCCSNNSNNCGGTGAGTCCCCAACGCGGCCSNNSNNTTTATT
A
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Figure S1. Structural schemes representing intramolecular processing of hASNase-3. Part (A) shows the
full-length inactive enzyme species. With magenta is labeled the α subunit and with green the β subunit.
Residues Gly167 and Thr168, which are critical for intramolecular processing, are labeled blue and red,
respectively. Parts (B) and (C) show the interaction between two free glycine molecules (accelerators for
autocatalytic activation)1 and the enzyme’s active site, and the final active enzyme species, respectively.
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Figure S2. The NADH-dependent coupled-enzyme assay, which was employed for the kinetic
characterization of hASNase-3 and its variants. The produced ammonia of the L-ASNase reaction is
coupled to a second reaction where NADH and α-ketoglutarate are utilized by glutamate dehydrogenase
(GDH) which plays the role of the helper enzyme. The L-ASNase activity is proportional to the
production of ammonia and this, in turn, is proportional to the oxidation of NADH which is monitored
spectrophotometrically as a decrease of absorbance at 340 nm.
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Figure S3. The three-step coupled-enzyme assay we have developed2 for the recording of L-ASNase
activities in either the fluorescence or the absorbance mode. In the present study, this assay was employed
for the detection of catalytically improved hASNase-3 variants after the final FACS sorting step using LAsn as substrate in 96-well plate format (fluorescence mode), as well as for the steady-state kinetic
characterization of the variants using L-Asp-β-methyl-ester as substrate in the absorbance mode (570
nm). Note that iminoaspartate can non-enzymatically be hydrolyzed to oxaloacetate and ammonia.3 For
more details regarding the assay conditions, see main text.

Genetic complementation and validation of the FACS screening approach for
detecting L-asparaginase activity using the JC1(DE3) 5-gene-deletion E. coli
strain.
Genetic complementation of the 5-gene-deletion JC1(DE3) E. coli strain deficient in L-aspartate
biosynthesis was validated by expressing five L-ASNases that display significantly different
activities (with respect to both kcat and KM) as L-asparagine-hydrolyzing enzymes. The following
genes (coding regions) were cloned in the plasmid pET14b-SUMO: human L-ASNase-1
(hASNase-1)4, human L-ASNase-3 (hASNase-3)5,6, E. coli ASNase-1 (EcASNase-1)7, E. coli
ASNase-2 (EcASNase-2; therapeutically used enzyme)8, and S.cerevisiae ASNase-1 (ScASNase1).9,10 The plasmid with no L-ASNase insert was also included in this series of experiments in
order to evaluate the background growth of the bacterial cells. Cells were transformed with equal
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amounts of DNA, plated on M9 minimal medium agar plates supplemented with all amino acids
except from L-Asp, 1mM IPTG to induce the expression of the L-ASNases, and with all other
compounds as described in the Methods section, and then incubated at 37 ̊C. Eventually, colony
formation - though of highly variable colony sizes - was observed in all cases of transformations
with the plasmids encoding different ASNases after ~ 30 hours of incubation indicating positive
genetic complementation. The plates with the negative control (plasmid with no insert) showed
very small pinpoint colonies, possibly due to the presence of L-Asp traces in the stocks of the
other amino acids, or due to spontaneous hydrolysis of L-Asn, which provided the basal level for
initial cell growth. On the other hand, when the same experiment was carried out in liquid
cultures with M9 minimal medium, after 24 hours of incubation at 37 ̊C, the negative control
showed no cell growth (non-detectable OD600 change), while the positive controls grew normally
exhibiting an OD600 ~ 1.
The next validation step of the screening system included a quantitative comparison of
hASNase-3 and EcASNase-2 expression using the FACS system before starting the actual
screening of the generated hASNase-3 mutant libraries. This experiment aimed to determine the
fluorescence mean of the cell population which can be obtained from cells expressing two
enzymes with very distinct catalytic properties: hASNase-3 displays a kcat/KM ~ 300 M-1s-1, while
EcASNase-2 ~ 6x105 M-1s-1 (kinetic constants determined by applying the NADH-dependent
assay at 25 ̊C) which means that the E.coli enzyme is ~ 2,000-fold more efficient. To this end,
cells transformed with hASNase-3 and EcASNase-2 harboring in parallel the pBAD33-eGFP
plasmid, were prepared for FACS analysis as described in the Methods section above, and their
fluorescence profile was recorded. Figure S4 shows the result of this experiment.
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Figure S4. FACS fluorescence profiles obtained for hASNase-3- and EcASNase-2-dependent genetic
complementation in the E. coli strain JC1(DE3) which is deficient for L-aspartate biosynthesis. Two
concentrations of glycine (50 and 100 mM) were added to the growth medium to test for efficiency of
inducing the activation of hASNase-3 intramolecular processing; they showed similar fluorescence
profiles. With μ is denoted the arithmetic fluorescence mean.

The results revealed that while the in-vitro catalytic efficiencies of the two enzymes differ about
2000-fold, the genetic complementation assay using the eGFP as reporter protein showed only ~
20-fold difference in their fluorescence means. This may be attributed to saturated expression
levels of eGFP in case of EcASNase-2 expression, or the utilization of the produced L-Asp for
other cellular processes, thereby not reflecting in quantitative terms the actual catalytic
differences between the two enzymes. Perhaps the fluorescence profile of another L-ASNase
considerably more efficient than EcASNase-2 (such as the enzyme from Erwinia chrysanthemi )
would provide more information about the upper limit of the applied screening system.
Treatment with glycine using concentrations of 50 and 100 mM, respectively, resulted in similar
fluorescence means. Prior in-vitro incubation experiments have shown that the activation of
hASNase-3 is induced by glycine in a concentration-dependent manner.1 The FACS results
obtained here can be explained by assuming similar glycine uptake by the E.coli cells at either
concentration tested. Thus, the cells may take up from their growth medium a certain amount of
glycine which saturates at concentrations lower than 50 mM. As we observed that cells grew
somewhat slower in the presence of 100 mM glycine, for the next screening experiments 50 mM
was used as standard glycine concentration.
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Figure S5. Overlap extension PCR method used for site-saturation mutagenesis. This method
consists of three successive amplification steps and involves four primers: two external ones which cover
the 5’- and 3’- ends of the wildtype sequence (designated as forward FW wt and reverse RV wt,
respectively), and two additional ones which carry the desired degenerate codons (NNS) to be
incorporated in the final sequence (indicated by red arrows in the figure; xxx denotes the nucleotide
mismatches). Two independent PCR reactions (PCR 1 and PCR 2) amplify two fragments which overlap
at the regions flanking the mismatches. In a final third step, the two amplified fragments are combined in
equal molar quantities with the initial external wildtype primers and are subjected to the last PCR reaction
resulting in the final amplicon that carries the degenerated codons, or point mutations. The number of
nucleotides upstream and downstream of the mismatch codons is very critical for the success of this
mutagenesis method, since these overhangs determine the annealing efficiency of the long fragments
generated by the first two PCRs. The overlap regions should encompass at least fifteen, or more,
nucleotides depending on the number of codons which are to be randomized.
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Figure S6. Massive amino acid sequence alignment of 1000 hASNase-3 homologues (here are shown
only the first 50) from different organisms. The first line corresponds to hASNase-3 (number 1), and
on the top of the alignment the consensus residues for each amino acid position are shown. Red-framed
are the two amino acids which were randomized for either SSM library, i.e. I189 and V190 for SSM-Lib1
(A), and R143 and R147 for SSM-Lib2 (B). The alignment shows that none of the selected residues is
fully conserved among L-ASNases. The alignment was performed by using the Geneious program.
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Figure S7. Structure of wildtype hASNase-3. In this structural model, the α subunit is colored in cyan,
and the β subunit in magenta. Black-labeled is the product of the enzymatic reaction, L-Asp. Red-labeled
are the residues which constitute the catalytic centre of the enzyme and are directly involved in substrate
binding: Asn62, Thr186, Arg196, Asp199, Thr219, Gly220, and the catalytic threonine Thr168* which
plays the pivotal role of the nucleophile. In the figure is also shown a short stretch of the sequence
alignment of the homologous enzymes similar to Fig. S3. In the structure, three amino acids are framed
by a red square represent the amino acid triad His8-Gly9-Gly10. Structural analysis had shown that this
triad is crucial for the enzyme’s autoproteolytic activation and catalysis. The alignment makes evident
that these residues are highly conserved among all homologs from different organisms. The structural
representation was prepared by PyMol using the structure of fully cleaved hASNase-3 (pdb entry: 4HLP).
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Figure S8. Steady-state kinetic plots for wild-type and mutant hASNase-3 enzymes for L-Asp-β-methylester as substrate. V/E versus [substrate] plot for (A) wildtype hASNase-3, (B) DM1, (C) DM2, and (D)
DM3. Activities were measured in 1 mL 50 mM Tris-Cl, 100 mM NaCl, pH 8, at 25 ̊C, using a final
enzyme concentration of ~ 40 nM (~ 1 μg in 1 mL; hASNase-3 Mr: 33 kDa). Here, 30-fold less enzyme
was used as compared to Fig.4 (in main Text) because the enzyme is 70-fold more active with this
dipeptide substrate.
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Figure S9. Steady-state kinetic plots for QDM1 and QDM2 hASNase-3 enzymes for the L-Asp-βmethyl-ester as substrate. V/E versus [L-Asp-β-methyl-ester] plot for (A) QDM1 and (B) QDM2.
Reaction conditions were as shown in Fig. S8 legend above.

Table S2. Steady-state kinetic constants for wildtype and mutant hASNase-3 enzymes for
L-Asp-methyl-ester hydrolysis.

Enzyme

kcat (s-1)

KM (mM)

kcat/KM (M-1 s-1)

wildtype hASNase3

5.4 ± 0.165

0.3 ± 0.03

18 (±2.3) x 103

DM1 (Ile189Thr-Val190Ile)

7.2 ± 0.135

0.24 ± 0.016

30 (±2.6) x 103

DM2 (Ile189Val-Val190Ile)

7.9 ± 0.21

0.24 ± 0.023

33 (±4) x 103

DM3 (Arg143Glu-Arg147Lys)

8.4 ± 0.3

0.22 ± 0.015

38.2 (±4) x 103

QDM1
(Ile189Thr-Val190Ile-Arg143GluArg147Lys)

12.5 ± 0.32

0.165 ± 0.017

75.8 (±9.5) x
103

QDM2
(Ile189Val-Val190Ile-Arg143GluArg147Lys)

12.4 ± 0.3

0.22 ± 0.020

56.4 (±6.5) x
103
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Figure S10 Overall scheme of the entire screening process starting from generation of the hASNase-3
mutant library up to the level of the kinetic characterization of the purified L-ASNase variants identified
in individual sorted mutants.
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