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Abstract

Human asparagine synthetase (ASNS) catalyzes the conversion of aspartate to asparagine in an ATP-dependent reaction that utilizes
glutamine as a nitrogen source while generating glutamate, AMP, and pyrophosphate as additional products. Asparagine Synthetase
Deficiency (ASNSD) is an inborn error of metabolism in which children present with homozygous or compound heterozygous mutations
in the ASNS gene. These mutations result in ASNS variant protein expression. It is believed that these variant ASNS proteins have reduced
enzymatic activity or stability resulting in a lack of sufficient asparagine production for cell function. Reduced asparagine production by
ASNS appears to severely hinder fetal brain development. Although a variety of approaches for assaying ASNS activity have been
reported, we present here a straightforward method for the in vitro enzymatic analysis by detection of AMP production. Our method
overcomes limitations in technical feasibility, signal detection, and reproducibility experienced by prior methods like high-performance
liquid chromatography, ninhydrin staining, and radioactive tracing. After purification of FLAG-tagged R49Q, G289A, and T3371 ASNS
variants from stably expressing HEK 293T cells, this method revealed a reduction in activity of 90, 36, and 96%, respectively. Thus, ASNS
protein expression and purification, followed by enzymatic activity analysis, has provided a relatively simple protocol to evaluate
structure-function relationships for ASNS variants reported for ASNSD patients.
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Introduction

Human asparagine synthetase (ASNS) is a cytoplasmic enzyme
that catalyzes the conversion of aspartate to asparagine (Asn) in
an ATP-dependent reaction that utilizes glutamine as a nitrogen
source, while also generating glutamate, AMP, and pyrophos-
phate (PPi) [1]. Based on whole animal growth studies, Asn is con-
sidered a “non-essential” dietary amino acid, but for a given cell,
an ASNS enzyme deficiency that is sufficiently large leads to ex-
tracellular Asn dependence. It is the only human enzyme that
synthesizes Asn, making it a metabolic vulnerability for which
mutations can lead to disease. Asn metabolism and the impact of
ASNS activity have received considerable attention in cancer, be-
ginning with the observation that childhood acute lymphoblastic
leukemia (ALL) is susceptible to treatment with bacterial aspara-
ginase (ASNase). Primary ALL cells and many ALL-derived cell
lines exhibit little or no detectable ASNS activity and therefore,
their growth is prevented by extracellular Asn depletion [2-7].
Consequently, a standard component of combination chemo-
therapy for childhood ALL is the rapid depletion of plasma Asn
by infusion of bacterial ASNase (8, 9]. Additionally, ASNS has
been reported to serve as a robust promoter of tumor growth and
metastatic disease over a range of different cancers [10].
Aberrantly increased ASNS protein expression promotes tumor
proliferation by protecting cell cycle regulation, evading ASNase
sensitivity, and generating Asn to allow for unhampered protein
synthesis, amino acid exchange across the plasma membrane,
and coupling cell proliferation to mitochondrial respiration
[10-12].

In 2013, biallelic mutations of the ASNS gene (NM_133436.3)
were reported as the cause of asparagine synthetase deficiency
(ASNSD), a rare congenital neurological disorder [13]. Children
with ASNSD often present within the first year of life with con-
genital microcephaly, early onset seizures, axial hypotonia, se-
vere appendicular spasticity, and in severe cases, continued
brain atrophy and mortality at a premature age [13-16]. The bio-
chemical mechanisms that cause the overt ASNSD symptoms
are not well understood. Although ASNSD is associated with
defects in peripheral organs, there is a prominent deleterious ef-
fect on brain structure and function. The three nitrogen-rich
amino acids, Asn, glutamine, and histidine, are transported
across the luminal surface of the endothelial cells that comprise
the blood-brain barrier by a facilitated transporter activity [17].
Given that this transporter has an equilibrating, bidirectional ac-
tivity, Asn is not actively accumulated within the brain. To fur-
ther prevent excess nitrogen accumulation within the brain, on
the abluminal membrane of the endothelial layer, a Na*-depen-
dent transporter catalyzes the efflux of Asn from the brain to-
ward the circulation. Thus, brain tissue relies heavily on
localized production of Asn through ASNS enzymatic activity.
This cooperative arrangement protects the brain from excess ni-
trogen but also explains why a genetically derived decrease in
brain ASNS catalytic activity leads to the severe reduction of
brain development observed in ASNSD patients.

Currently, patients suspected of having ASNSD can only be di-
agnosed through expensive and time-consuming whole exome
DNA sequencing, making rapid and routine screening of new-
borns impossible. One might consider changes in plasma or cere-
bral spinal fluid Asn levels as a screening mechanism, but
neither is predictably altered in ASNSD patients. Circulating
plasma Asn was reduced in only half of the ASNSD patients
tested, reviewed in Gupta et al. (2017), and cerebral spinal fluid
Asn content was below detection limits in only about half of

ASNSD patients tested [18-21]. Nonetheless, a straightforward
means of assessing ASNS enzymatic activity could serve as an
additional diagnostic screen for ASNSD. A number of methods
like ninhydrin staining, HPLC, and radioactive tracing have been
developed for assaying ASNS activity [22-24], but they are limited
by reproducibility, signal specificity and sensitivity, and technical
expertise. Thus, there is a need for a highly reproducible and sen-
sitive ASNS enzyme activity assay. Furthermore, such an assay
would also be useful to monitor ASNS activity in newly diagnosed
ALL patients as well as those undergoing ASNase therapy, given
the potential for the development of ASNase resistance due to in-
creased ASNS expression [10, 14, 25].

Here we present methodology for the purification of active
wild-type (WT) and ASNS variant (FLAG-tagged) proteins from
human cell extracts and a new approach to assay ASNS activity
through the measurement of AMP production (Fig. 1A and B). To
illustrate the robustness of the assay, we used an
immunoprecipitation-based purification scheme to isolate ASNS
protein following ectopic expression of FLAG-tagged ASNS in HEK
293T cells. We document that a luminescence-based AMP assay
of ASNS activity provides the basis for a simple and reproducible
protocol. The applicability of the assay was shown by measuring
the differences in enzyme activity of several ASNS variants that
we have previously described for ASNSD patients [26-30].

Materials and methods

Generation of HEK 293T cells that stably express
FLAG-tagged ASNS protein

HEK 293T cells (ATCC CRL-3216) were cultured in high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning 10-013-
CV) supplemented with 10% fetal bovine serum (Bio-Techne
S$11550), ABAM (streptomycin, penicillin G, and amphotericin B),
1x non-essential amino acids, and 2mM glutamine. Cells were
maintained at 37°C with 5% CO, and were plated at 30%—40%
confluence, passaged once they achieved 80% confluence, and
collected for experiments at about 70%-75% confluence.

A WT ASNS expression plasmid was obtained from Sino
Biological (HG16454-CF) and contains a C-terminal linker and
FLAG-tag sequence following the ASNS open reading frame. The
ASNS sequence was mutated by Q5 site-directed mutagenesis
(NEB E0554S) to generate independent plasmids encoding R49Q,
G289A, and T3371 ASNS variants. The plasmids were purified
with the PureYield™ Plasmid Miniprep System (Promega A1223),
and the coding regions were confirmed by DNA sequencing. WT
and variant ASNS plasmids were transfected into HEK 293T cells
with X-tremeGENE 9 transfection reagent (Roche 06 365 787 001)
per the manufacturer’'s protocol and at 48h post-transfection,
the medium was replaced with fresh DMEM. ASNS-expressing
stable cell lines for WT and each variant were selected with
100 pg/ml hygromycin B (EMD Millipore 400052-5ML) for 14 days.
Cell stocks were suspended in complete DMEM with 10% DMSO
and stored in liquid nitrogen. During routine culture, the cells
were maintained in 50 pg/ml of hygromyecin B.

To confirm ASNS-FLAG expression for each cell line, cell
lysates were quantified by a Bradford assay (Bio-Rad 5000006)
and subjected to immunoblotting. Cells were lysed in 50 mM Tris,
150mM NaCl, and 0.1% Triton X-100 and a 30pg aliquot was
loaded per lane on a 4%-15% Mini Criterion TGX gel (Bio-Rad
4561086). Gels were run at a constant current of 0.05 A and trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane (Bio-
Rad 1620177) at 4°C at 50V for 1h. The membrane was blocked
for 2h in 5% non-fat dry milk in TBS-T (30mM Tris (pH 7.6),
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Figure 1. Flow diagram of ASNS activity assay by AMP detection. (A) The ASNS enzymatic reaction is shown (top) and the relationship to the AMP-
Glo™ enzymatic reaction kit is indicated below the reaction. Details about each AMP-Glo™ reaction step are provided in the boxes and have been
modified as described in the text. (B) Schematic depiction of the ASNS AMP-Glo™ activity assay using purified ASNS protein.

200mM Nacl, and 0.1% Tween-20). Primary anti-FLAG monoclo-
nal antibody (Cell Signaling 14793S) was diluted 1:1000 in TBS-T
with 5% non-fat dry milk and added to the blot for 18h at 4°C.
After incubation, the membrane was washed 5 times for 5min
each in TBS-T, and then secondary anti-rabbit HRP antibody (Bio-
Rad 170-6515) was diluted 1:5000 and added for 1h at room tem-
perature. The membrane was washed again, incubated with
Pierce™ ECL Western Blotting Substrate (Thermo Scientific
32106), and exposed to Classic autoradiography film (Midwest

Scientific BX57). For GAPDH detection, a 1:8000 dilution of
GAPDH monoclonal antibody (Santa Cruz Biotechnology sc-
32233) was added to the membrane for 1h at room temperature.
The secondary used was a 1:5000 dilution of anti-mouse HRP an-
tibody (Bio-Rad 170-6516) incubated for 1h at room temperature.

ASNS protein purification
ASNS-expressing HEK 293T cell lines were grown to near conflu-
ency in a 150mm dish and lysed in 1ml of 50mM Tris-HCl, pH
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7.5, 150mM NacCl, and 0.1% Triton X-100 for 15min on ice fol-
lowed by centrifugation at 13,0009 for 10 min to retain the super-
natant. ANTI-FLAG® M2 Affinity Gel (Sigma-Aldrich #F2426) was
prepared by washing the gel according to the manufacturer’s
protocol. An aliquot of 20ul of packed gel was then incubated
with 1ml of HEK 293T lysate for 18 h at 4°C. The supernatant was
removed and the ASNS-FLAG bound gel was washed 3 times with
Tris-buffered saline (TBS, 30 mM Tris-HCl, pH 7.6, 200 mM NaCl).
FLAG peptide, at a concentration of 150ng/ul in 100 ul TBS, was
added to the gel for 1h at 4°C to elute the ASNS-FLAG protein by
competitive binding. The supernatant containing the purified
ASNS protein was recovered and 20% glycerol was added to stabi-
lize the protein for storage. To assess the quality of the purified
ASNS-FLAG, a 2pg aliquot of protein in 1x Laemmli buffer
(Bio-Rad 161-0747) was boiled for 5min and then separated on a
4%-15% Mini Criterion TGX Gel (Bio-Rad 4561083). The gel was
stained in 3g/l of Coomassie R-250 Brilliant Blue (Bio-Rad
161-0400) in 50% methanol, 40% ddH,0, and 10% acetic acid for
18h. The gel was de-stained in 50% methanol, 40% ddH,0O, and
10% acetic acid until the background was nearly clear. The gel
was rehydrated in ddH,0 for about 5 min and imaged.

As a positive control, enzymatically active WT human ASNS
protein (Cys2-Ala561 with a C-terminal HIS tag) was purchased
from Novus Biologicals (AS-10193). The original 0.5mg/ml stock
solution from Novus was diluted in sterile storage buffer [25 mM
Tris-HCl (pH 8.0), 200mM Nacl, 0.5 mM TCEP-HCI and 20% (v/v)
glycerol] to generate 0.1 mg/ml aliquots of purified protein. Our
purified ASNS-FLAG protein and the purchased ASNS-HIS protein
aliquots were flash-frozen in liquid nitrogen and stored at —80°C
prior to analysis. The amount of purified ASNS protein was quan-
tified by a Bradford assay.

Assay of ASNS activity by AMP production

The enzymatic activity of WT and variant ASNS proteins was
assessed by measuring the production of AMP with a commer-
cially available luminescence assay kit (V5011, Promega), and the
workflow is detailed in Fig. 1A and B. Assay preparation involved
thawing an aliquot of 0.1 mg/ml ASNS protein and an aliquot of
AMP-Glo™ 1 solution on ice. ASNS protein was then diluted to
8ng/ul (0.1pg of ASNS per reaction) with enzyme buffer. Enzyme
reactions were prepared in triplicate by pipetting 12.5ul of di-
luted ASNS or blank buffer samples into 1.5ml microcentrifuge
tubes. The reactions were initiated by adding 12.5 pl of substrate
solution, which resulted in a final concentration of 50 mM Tris—
HCI (pH 8.0), 10 mM MgCl,, 0.75mM DTT, 0.05 mg/ml BSA, 10 mM
aspartate, 10mM glutamine, and 1mM ATP. The reaction was
then incubated at room temperature (25°C) for the desired time,
after which 225l of 50mM Tris-HCl (pH 7.5) were immediately
added to each reaction for a 1:10 dilution to bring AMP levels into
a measurable range for the kit. The reaction was incubated for
30min at room temperature and then diluted 1:10 with 50 mM
Tris—HCl, pH 7.5. From each ASNS reaction mixture, three indi-
vidual 25ul aliquots were transferred into individual wells of a
white-colored 96-well plate suitable for luminescence measure-
ments. The ASNS reaction was quenched by adding 25 ul of AMP-
Glo® 1 solution to each well containing the 25 pl of reaction mix-
ture. The 96-well plate was promptly covered with parafilm and
centrifuged at 2000g for 3min. The plate was then incubated at
room temperature for 1h, after which, 50 pl of AMP detection so-
lution (AMP-Glo® Reagent II + Kinase Glo® One Solution), was
pipetted into each well. The plate was immediately sealed with
parafilm and centrifuged at 2000g for 3min. The reactions were
then incubated for another 1h at room temperature. Using a

microplate reader with the gain set to 100, the luminescence of
each well was determined as relative luminescent units (Fig. 1B).
The nanogram quantities of AMP produced were ascertained by
referencing an AMP standard curve covering Ong (0 uM) to 86.8ng
(10pM) AMP. The typical analysis of the standard curve yielded
an R?>0.99. Luminescent detection was performed using a
Synergy 2 Multi-Mode Microplate Reader (7131000, BioTek®
Instruments).

Protein modeling

The human ASNS crystal structure (PDB: 6GQ3; Uniprot ID:
P08243) was overlaid with that of Escherichia coli asparagine syn-
thetase B (PDB: 1CT9) to confirm the similarity in structure and
allow for human ASNS modeling in the C-terminal active site
based on the location of AMP in the E. coli asparagine synthetase
B crystal [31]. Within the human protein, variant residues of in-
terest were located utilizing the sequence tool, and the depicted
color was changed to highlight each location relative to the whole
protein. All modeling was performed with UCSF Chimera soft-
ware (version 1.15). All other graphic images were created with
BioRender.com.

Statistical analysis

All experiments were performed in triplicate to assess variability
and repeated at least two separate times with independent sam-
ples of protein to document reproducibility. Statistical analysis
was performed in Excel using the two-tailed, unpaired homosce-
dastic Student’s t-test.

Results

Optimization and validation: measurement of
ASNS activity by AMP detection

ASNS assay conditions were optimized using commercially avail-
able, purified, and active ASNS enzyme. The reaction time
course, ASNS protein concentration, and substrate concentra-
tions were individually analyzed. Time course analysis estab-
lished that the ASNS reaction was linear over the 10-30min
reaction time tested (Fig. 2A). Using a 30 min reaction time, an
ASNS protein concentration curve was assessed at 0.05, 0.1, 0.2,
and 0.3 ug protein. The ASNS concentration of 8 ng/pl (0.1 ug) per
reaction was determined to be optimal for kinetic measurements
(Fig. 2B). Substrate analysis identified that concentrations of
10mM aspartate, 10mM glutamine, and 1mM ATP were suffi-
cient to allow for steady-state kinetics (Fig. 2C and D). From these
kinetic analyses, the approximate K, of aspartate was deter-
mined to be 0.53mM and that for glutamate was 2.4mM. These
values are comparable to the reported 0.38 mM aspartate and
1.90 mM glutamine K, values previously reported [32], indicating
the reliability of this approach for assay of ASNS activity. Once
the assay variables were optimized, the purified ASNS protein
was used to document that the enzymatic activity of protein-
deficient samples (a blank), heat-denatured ASNS protein, and
empty samples were minimal. These controls were routinely
used in future studies.

Purification of WT and ASNS variant proteins

To illustrate the application of the ASNS assay, ectopic expres-
sion and purification of FLAG-tagged WT ASNS protein and ASNS
variants associated with previously characterized cases of
ASNSD was achieved (Fig. 3). Stable expression was established
in HEK 293T cells, and proteins were purified using a FLAG gel
immunoprecipitation protocol. Typically, the purified proteins
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Figure 2. Kinetic analysis of ASNS activity. (A) Time course of ASNS activity at 5, 10, 15, and 30 min incubations. A 0.1 pg aliquot of ASNS protein was
incubated for the time indicated with substrate concentrations of 10mM glutamine, 10 mM aspartate, and 1mM ATP. (B) A protein concentration curve
was assessed at 0.05, 0.1, 0.2, and 0.3 pg ASNS protein. The substrate concentrations were the same as for (A). (C) Measurement of glutamine K, was
achieved by varying the glutamine concentration to include 1, 3, 5, 10, or 20mM. The results yielded an estimated K, value for glutamine of 2.4 +

0.04 mM. (D) Measurement of aspartate K, was achieved by varying the aspartate concentration to include 0.25, 0.5, 1.0, 2.5, 5.0, and 10 mM. The
calculated aspartate Km value was 0.53+0.01 mM. All assays were performed in triplicate to assess variability within the assay and experiments were
repeated with independently purified enzyme preparations to ensure reproducibility. Data are presented as means +standard deviations. Where

standard deviation bars are not shown, they are present within the symbol.

were stored at —80°C in a buffer containing 20% glycerol. Prior to
freezing, each preparation was quantified by a Bradford assay
and 2 ug was used for SDS-PAGE to confirm that the protein was
without significant contaminants. The effect of temperature,
—80°C versus 4°C, and days of storage on the enzymatic activity
of WT ASNS protein was established (Fig. 4). These studies
showed that the ASNS enzyme activity declined significantly af-
ter 3days at 4°C, whereas protein stored at —80°C, and thawed
only once, retained activity up to at least 10 days following purifi-
cation. These results document that storage at —80°C and mini-
mizing the time at 4°C prior to activity analysis will result in the
most consistent results. It can also be inferred that optimizing
the ASNS purification to minimize the time for affinity binding
and elution at 4°C will also result in protein with the highest pos-
sible activity. Overall, the method described enables the purifica-
tion of human WT ASNS and ASNSD variants and allows for
comparative activity analysis of variants.

ASNS activity of known ASNSD variants

To illustrate the usefulness of the ASNS assay method, expres-
sion, purification, and enzymatic activity of three known ASNS
protein variants were compared to WT. The variants were previ-
ously identified and partially characterized in primary fibroblasts
from children afflicted with ASNSD [28, 29]. The specific substitu-
tions were R49Q, G289A, and T337I (Fig. 5A). Using the human

ASNS crystal structure [33], computer modeling reveals that
R49Q likely participates in the binding of glutamine within the N-
terminal of ASNS [29], whereas the latter two are near the C-ter-
minal region which catalyzes the formation of the aspartyl-AMP
intermediate [28]. The computer modeling predicts that given the
variants’ proximity to the two active sites within ASNS, these
substitutions may have a negative effect on enzymatic activity
and this interpretation is supported by our reported observations
of reduced proliferation in the absence of medium-supplied Asn
of primary fibroblasts isolated from children harboring the sub-
stitutions [28, 29].

The stable overexpression of each variant in HEK 293T cells
was confirmed by immunoblot analysis with a FLAG-specific
monoclonal antibody (Fig. 5B). Ectopic expression of variant pro-
teins in HEK 293T cells led to either modest increases or no differ-
ence in cell proliferation compared to regular HEK 293T cells.
After purification the final yield was 16-20 pg pure protein from a
starting amount of 7-10mg cell lysate (Fig. 6A). This protein
quantity is sufficient for 160-200 ASNS assay reactions. The high
degree of purity for each protein preparation was confirmed by
SDS-PAGE and Coomassie staining (Fig. 6B). The proteins were
assayed for ASNS activity by the AMP detection method, with a
negative control containing no ASNS protein. The results showed
that compared to WT protein, the assayed variants have signifi-
cantly decreased activity of 90% for R49Q, 36% for G289A, and
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96% for T3371 (Fig. 6C). Collectively, the results provide novel in-
sight into the previously reported ASNSD cases and validate the
use of the newly developed ASNS activity assay.

Discussion

In this article, we describe a method to assay the enzymatic ac-
tivity of ASNS by measurement of the AMP produced. In addition,
a method for the purification of FLAG-tagged protein by immuno-
precipitation is also presented. Both protocols can be performed
in 3 days once the over-expressing cell lines are established.
Previously reported ASNS activity methods used radioactive trac-
ers, ninhydrin staining to detect amines, or HPLC [22-24]. Indeed,
Matsumoto et al. used either ninhydrin staining or HPLC to mea-
sure Asn production of ASNSD-associated ASNS protein variants
[22, 34]. While these methods are feasible, they are limited by
their ease of use, sensitivity of detection, specificity, and repro-
ducibility. In the approach described here, the measurement of
ASNS-generated AMP product provides a simple protocol that
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eliminates the need for extensive chromatography or mass spec-
trometry equipment.

This approach is similar to that of Zhu et al., who used a com-
mercially available kit to measure the production of PPi by ASNS
in their assessment of several ASNSD-associated ASNS protein
variants [33]. Prior work has focused on measuring PPi production
by measuring the UV/Vis absorbance of NADH or synthetically
generated colorimetric compounds [32, 33, 35]. In principle, mea-
suring PPi production with these methods also assumes that the
stoichiometry of AMP formation is equivalent to Asn production
since AMP and PPi are generated in the same step. Overall,
absorbance-based methods are limited by higher backgrounds
than bioluminescent assays and in particular, NADH-based
assays are limited by the amount of stable NADH which can be
degraded nonenzymatically [36].

While both absorbance and luminescence-based ASNS assays
have their strengths and weaknesses, our experience with both
indicates that measuring AMP production is more reproducible.
Regarding ASNSD specifically, future studies involving over-
expression and purification of ASNSD variants will not only per-
mit the assessment of enzyme activity, but also complement
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A ASNS Lysate Purified Total yield
(vg/pLin1 | (ng/uLin 120 (ng)
mL) L)
WT 8 148 18
R49Q 8 159 19
G289A 10 139 17
T3371 8 171 20
B
kDa WT R49Q G289A T337I
Cc

*
*
|_'ﬁ —i—

R49Q G289A T337I

(ng AMP / mg ASNS / min) x 10+
(=] = N W A U O =~

No protein WT

Figure 6. Purification and activity analysis of ASNS WT and variants. (A)
Summary of the starting protein content, concentrations after
purification, and total yield of ASNS proteins prepared from HEK 293T
cells stably expressing WT, R49Q, G289A, or T337] ASNS-FLAG. (B) SDS-
PAGE of each purified ASNS-FLAG protein. Purified bands are seen at the
expected 64 kDa for ASNS-FLAG protein. (C) Comparison of WT, R49Q,
G289A, or T3371 ASNS enzymatic activity. All assays were performed in
triplicate within an experiment to evaluate variation and each
experiment was repeated with an independent protein preparation to
ensure reproducibility. Data are presented as means +standard
deviations and an asterisk denotes a P <.01 compared to the WT

ASNS value.

structure determination by crystallography and direct protein
stability studies. These combined approaches allow for a more
complete structure-function analysis. We believe that this assay
will serve as a valuable tool for researchers investigating diseases
associated with changes in ASNS enzymatic activity.
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