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Abstract. L‑asparaginase enzymes have been a vital compo‑
nent of acute lymphoblastic leukemia therapy for >40 years. 
L‑asparaginase acts by depleting plasma L‑asparagine, which 
is essential to the survival of leukemia cells. In contrast to 
normal cells, tumor cells cannot synthesize L‑asparagine 
and thus depend on its external uptake for growth. Currently, 
three bacterial L‑asparaginases are used in therapy; however, 
they are associated with severe side‑effects related to high 
toxicity and immunogenicity. The introduction of human 
L‑asparaginase‑like protein 1 in acute lymphoblastic leukemia 
treatment would avoid the problems caused by the bacte‑
rial enzymes; however, a major difficulty in the therapeutic 
use of the human enzyme comes from the fact that human 
L‑asparaginase must be activated through an autoprocessing 
step, which is a low‑efficiency process in vitro that results in 
reduced enzymatic activity. The present review article aimed to 
contribute to the understanding of the enzyme self‑activation 
process and focuses on the efforts made for the development of 
a therapeutic variant of human L‑asparaginase.

Contents

1.	 Historical overview
2.	� L‑asparaginase in the treatment of acute lymphoblastic 

leukemia
3.	 Human L‑asparaginase
4.	 Human L‑asparaginase: A challenging solution
5.	 Structural characterization of autoprocessing
6.	 Free glycine contributes to autoprocessing
7.	 Oligomerization of human L‑asparaginase
8.	 Conclusions

1. Historical overview

L‑asparaginases are enzymes that catalyze the hydrolysis of 
the amino acid L‑asparagine in L‑aspartate and ammonia. The 
research on enzymes with L‑asparaginase activity reached the 
first milestone in 1904 when Lang first observed the hydrolysis 
of L‑asparagine in bovine muscle tissues (1). In 1910, Fürth 
and Friedmann found the same hydrolytic activity in horse and 
pig organs, confirming Lang's discovery (2).

A number of applications have been suggested for 
L‑asparaginase activity in tissues of different species; 
however, it was the discovery of L‑asparaginase activity in 
the blood of Cavia porcellus (guinea pig) in 1922 (3) that 
gave direction to the research that emerged 31 years later to 
change the panorama of leukemia treatment. In 1953, Kidd 
found that the serum of guinea pigs inhibited the proliferation 
of lymphoma in mice (4); however, the element of the serum 
responsible for the antitumoral activity remained unknown. 
After 10 years, Broome demonstrated that serum‑susceptible 
lymphoma cells were not able to proliferate in culture media 
deficient in L‑asparagine (5,6), and thus, the antitumor action 
was attributed to L‑asparaginase.

This set of discoveries (Table I) rapidly led to the search 
for new sources of the enzyme, which resulted in the discovery 
of tumor inhibition capacity by the L‑asparaginase of 
Escherichia coli (7,8). In 1966, the first clinical tests in children 
with acute lymphoblastic leukemia (ALL) revealed successful 
treatments with the L‑asparaginase from C. porcellus (9) and, 
later, with the L‑asparaginase from E. coli (10). Impressively, 
the first complete remission of a patient with ALL was reached 
in 1967 (11). Since 1978, L‑asparaginase has been used in the 
treatment of ALL (12).

2. L‑asparaginase in the treatment of acute lymphoblastic 
leukemia

ALL is known as the most common type of childhood cancer 
and corresponds to approximately 30% of all malignant 
neoplasms in children from 0 to 14 years of age (13). In addi‑
tion, children under the age of 5 years constitute the group that 
presents the highest risk of ALL development (13). Although 
80% of cases affect children, ALL also manifests in adults, in 
whom it tends to be more severe (14). While the 5‑year survival 
rate for children is 91%, in adults >20 years of age, this rate 
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does not exceed 35% (13). In the United States, approximately 
4 out of 5 deaths from ALL are attributed to adults ≥20 years 
of age (15).

Over the past 40 years, tremendous advances have been 
made in the treatment of ALL in children, resulting in 
complete remission of as many as 98% of cases in studies with 
improvements in chemotherapy and supportive care (16). The 
introduction of L‑asparaginase to the treatment strategies at 
the end of the 1970s is attributed to at least 15% of the increase 
in the survival rate (17). The intensive use of L‑asparaginase 
during the post‑induction period has yielded excellent treat‑
ment results with relatively low morbidity, particularly in terms 
of thrombotic complications and hyperglycemia, which have 
impeded the use of L‑asparaginase during remission‑induction 
therapy when a glucocorticoid is used concomitantly (18). In 
terms of the control of leukemia, the dose intensity and dura‑
tion of L‑asparaginase therapy are more important than the 
type of L‑asparaginase used (18). 

Currently, ALL treatment is composed of four phases 
(remission‑induction therapy, intensification or consolidation, 
and reinduction and maintenance) (Fig. 1) (19‑26). The main 
chemotherapeutic agents are L‑asparaginase, vincristine, 
anthracycline, methotrexate and mercaptopurine. The use of 
a corticosteroid, such as prednisone, prednisolone, or dexa‑
methasone, reduces the chances of recurrence and suppresses 
allergic reactions to L‑asparaginase (16,27,28). In addition, 
the use of corticosteroids is relevant to central nervous system 
(CNS) commitment observed in high‑risk patients (17).

The protocol describing the phases of treatment was 
developed by the European Group Berlin‑Frankfurt‑Munich 
(BFM) and is based on the stratification of patients according 
to the different risk groups of disease (Fig. 2) (19,29‑33). The 
main criteria for classifying patients are age, leukocyte count, 
immunophenotype and response to therapy. Other factors can 
affect the prognosis of the disease, such as prenatal exposure to 
X‑rays, postnatal exposure to high doses of radiation, previous 
chemotherapy treatments, presence of leukemia cells in the 
cerebrospinal fluid, the origin of the leukemia cells (T or B 
lymphocytes) and abnormal genotype. The genetic modifica‑
tions associated with ALL are Down syndrome, Li‑Fraumeni 
syndrome and neurofibromatosis (16,34).

The efficacious use of the L‑asparaginase enzyme in 
ALL treatment is based on the absence or reduction of the 
expression of the protein L‑asparagine synthetase by most 
leukemia cells. Asparagine synthetase converts L‑aspartate 
into L‑asparagine. As they are unable to synthesize 
L‑asparagine de novo, leukemia cells depend on circulating 
L‑asparagine (35). Tumor cells require a large amount of 
L‑asparagine to maintain metabolism, a characteristic of 
these malignant diseases (36). For this reason, the use of 
L‑asparaginase in ALL is advantageous. The intramuscular 
or intravenous injection of L‑asparaginase causes a rapid 
depletion of this amino acid in the plasma, leading to the 
reduced metabolism of leukemia cells and, ultimately, to 
their death by apoptosis; however, normal cells maintain 
their function as they can synthesize L‑asparagine. Thus, 
L‑asparaginase has a selective effect on neoplastic cells, 
unlike chemotherapeutic agents that for example, affect 
the proliferative process of both cancerous and normal 
cells (35,37).

L‑asparagine is an important non‑essential amino acid for 
the growth and development of both healthy and neoplastic 
cells. As it acts on protein biosynthesis, the depletion of 
L‑asparagine hinders cell proliferation  (38). Reducing the 
concentration of L‑asparagine in circulating blood from 50 to 
≤3 µM during treatment with L‑asparaginase (38) prevents 
leukemia cells from continuing the cell cycle, thereby acti‑
vating apoptotic signaling (39). This mechanism comports 
with the evidence that depletion of an amino acid can lead to 
the induction of apoptosis or autophagy (36). In other types 
of cancer [ovarian cancer (40), chronic myeloid leukemia (41) 
and pulmonary adenocarcinoma  (42)], L‑asparaginase has 
been reported to be able of inducing not only apoptosis but 
also autophagy, since L‑asparagine functions as a negative 
modulator of this process (36,43).

Despite its primordial use in the treatment of ALL, 
L‑asparaginase has therapeutic potential for use in other 
types of cancer, such as acute myeloid leukemia (41), ovarian 
cancer  (40,43,44), brain cancer  (45), prostate cancer  (46), 
pulmonary adenocarcinoma (42), non‑Hodgkin lymphoma (47), 
chronic lymphoid leukemia and sarcomas such as lymphosar‑
coma, reticulosarcoma and melanosarcoma (48).

Currently, three L‑asparaginases are employed in ALL 
therapy: Native E. coli L‑asparaginase II, a pegylated form of 
this enzyme [conjugated with the polymer polyethylene glycol 
(PEG)] and L‑asparaginase isolated from Erwinia chrysan-
themi (49). The selection of the type of L‑asparaginase for the 
chemotherapeutic regimen depends on the country in which 
the treatment is performed. The choice of the enzyme isoform 
reflects the level of priority given to the reduction of side‑effects 
and the maintenance of treatment efficacy (Table  II). The 
cost of the intensification phase of ALL treatment with 
L‑asparaginase can fluctuate between $47,610 and $133,554 
per patient, depending on the selection of L‑asparaginase and 
immunological reactions (50). 

L‑asparaginase II from E. coli induces the highest levels of 
toxicity and immunogenicity among the three products available. 
Following administration, circulating L‑asparaginase  II 
from E. coli is soon recognized by the cells of the immune 
system. Once the immune response is activated, the effect of 
the enzyme is neutralized (27,37,38). Even with a reduction of 
50% in the dose of this enzyme from the BFM 95 to the BFM 
2000 protocol (51,52), in 60% of patients, a hypersensitivity 
reaction associated with drug inactivation is induced. However, 
antibodies produced against L‑asparaginase II from E. coli 
are not always accompanied by symptoms characteristic of a 
hypersensitivity reaction (anaphylaxis, edema, serum sickness, 
bronchospasm, urticaria and rash, pruritus, swelling of the 
extremities, or erythema); in approximately 30% of the patients, 
the enzyme inactivation is silent (27,37,38).

The pegylated E. coli ASNase and the unpegylated E. chry-
santhemi enzymes are indicated as substitutes in these cases of 
patient hypersensitivity and/or inactivation. PEG‑L‑asparaginase 
is less immunogenic. However, its administration following treat‑
ment with the native enzyme may result in the silent inactivation 
due to a cross‑reaction with anti‑L‑asparaginase antibodies 
already present in the patient (27,37,38). In addition, some patients 
present a genetic predisposition to E. coli L‑asparaginase formu‑
lations, as variants in CNTO3 (53), NFATC2 (54), GRIA1 (55) and 
human leucocyte antigen (HLA) genes (53,54).
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E.  chrysanthemi L‑asparaginase largely solves the 
problem of hypersensitivity since the chances of developing 
antibodies against this enzyme are 12‑20% (38). In addition, 
the enzyme from E. chrysanthemi has fewer toxic effects, as 
hypertriglyceridemia and hepatic toxicity, compared to E. coli 
preparations  (56). However, it has a shorter half‑life time, 
and studies have reported a significantly higher number of 
patients who do not achieve complete remission of leukemia 
cells (37,38,57).

Although possible, the exchange of L‑asparaginase during 
treatment due to hypersensitivity reactions is quite costly. 
Substituting pegylated L‑asparaginase with E. chrysanthemi 

L‑asparaginase can increase the treatment cost by 3‑fold. 
Treatment using the native enzyme from E.  coli is the 
option with the lowest cost  (18% lower than the pegylated 
version); however, its subsequent substitution by other 
L‑asparaginases may result in a cost increase by 5‑fold (58). 
In addition to the effects resulting from the activation of 
the immunological response, the administration of multiple 
doses of L‑asparaginase may generate toxic effects. The high 
toxicity induced by bacterial L‑asparaginases (particularly 
L‑asparaginase from E. coli) is related to its lack of hydrolytic 
specificity, also leading to the depletion of glutamine, which 
is converted into glutamate and ammonia by these enzymes. 

Table I. Timetable of important discoveries related to L‑asparaginases.

Year 	 Discovery	 (Refs.)

1904	 Identification of L‑asparaginase activity in several muscular tissues 	 (1)
1910	 Identification of L‑asparaginase activity in horse and pig organs	 (2)
1922	 Identification of L‑asparaginase activity in the blood of Cavia porcellus	 (3)
1953	 Identification of antitumor properties of C. porcellus serum	 (4)
1961‑1963	 Antitumor activity of serum of C. porcellus attributed to L‑asparaginase	 (5,6)
1964‑1965	 Identification of Escherichia coli L‑asparaginase in the inhibition of tumor growth 	 (7,8)
1966	 Clinical trials with L‑asparaginase of C. porcellus and E. coli for the treatment of children with acute	 (9,10)
	 lymphoblastic leukemia (ALL)
1967	 First complete remission of a patient with ALL after treatment with E. coli L‑asparaginase	 (11)
1978	 Approval by the Food and Drug Administration (FDA) regulatory agency of United States for the	 (12)
	 use of E. coli L‑asparaginase (Elspar®) for ALL treatment
1994	 Approval by FDA for the use of pegylated E. coli L‑asparaginase (Oncaspar®) for ALL treatment	 (106)
2006	 Pegylated E. coli L‑asparaginase approved as first‑line use by FDA	 (106)
2011	 Approval by FDA for the use of Erwinia chrysanthemi L‑asparaginase (Erwinaze®) for ALL treatment	 (12)

ALL, acute lymphoblastic leukemia.

Figure 1. Phases of the ALL treatment protocol with its objectives and components (19‑26). The treatment protocol combines different chemotherapeutics and 
glucocorticoids the purpose to decrease the resistance of leukemia cells to treatment; the goal of each phase of treatment and the main chemotherapeutics are 
highlighted.
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This non‑specific hydrolysis is related to a large part of the 
side‑effects, such as liver diseases, acute pancreatitis, hyper‑
glycemia, glycosuria, ketoacidosis, central nervous system 
disorders, hypoalbuminemia, hypofibrinogenemia, and hyper‑
coagulation, among other dysfunctions (38,59).

Although the use of l‑asparaginase benefits a consider‑
able subset of patients with ALL, some relapse due to the 
development of resistance occurs, leading to a refractory 
disease  (60). The suggested mechanisms of resistance are 
enzymatic resistance by antibodies (45), the upregulation of 
asparaginase synthetase activity in resistant (61‑63), opioid 
receptor µ1‑mediated mechanism for Erwinase resistance (64) 
and the loss of huntingtin associated protein 1 (HAP1) (60). 
L‑asparaginase‑induced apoptosis is essentially mediated by 
Ca2+ and the loss of HAP1 acts by preventing the formation 
of the HAP1‑huntingtin (Htt)‑inositol 1,4,5‑triphosphate 
receptor (InsP3R) ternary complex, resulting in reduced 
[Ca2+]i and the downregulation of the Ca2+‑mediated 
calpain‑1‑Bid‑caspase‑3/12 apoptotic pathway (60).

Despite the need to solve the issues associated with resis‑
tance, immunogenicity and toxicity, the enzyme L‑asparaginase 
is a potent tool in the fight against ALL as it causes the selec‑
tive death of leukemic cells (65). Therefore, researchers using 
L‑asparaginase have sought to produce an enzyme with a high 
affinity for L‑asparagine and a long half‑life (66). These char‑
acteristics can be found in human L‑asparaginase enzymes, 
which can replace bacterial‑based L‑asparaginases. However, 
the in vitro activity of human L‑asparaginases still hampers 
their path for clinical use in ALL therapy. 

There are a number of reviews on the use of bacterial 
L‑asparaginases in the treatment of ALL (37,67‑71), particu‑
larly about the application of Erwinia asparaginase (37) and 
the description of optimal clinical regimens of bacterial 
asparaginase (71). The present review article aims to bring 
together all the state‑of‑the‑art structural and functional 
studies concerning human L‑asparaginase activation providing 

knowledge on enzymatic autoprocessing, an essential in vitro 
process for clinical application. 

3. Human L‑asparaginase

In 1968, Lee and Bridges demonstrated for the first time 
that human serum exhibited L‑asparaginase activity  (72). 
It has since been well‑established that the human genome 
codes for three enzymes that hydrolyze L‑asparagine: 
Aspartylglucosaminidase (AGA), 60‑kDa lysophospholipase 
and L‑asparaginase‑like 1. AGA is a lysosomal enzyme that 
participates in the final stage of glycoprotein degradation 
by breaking the amide link between an L‑asparagine and 
carbohydrate clusters  (73). Therefore, this enzyme is not 
an alternative in ALL treatment as it does not hydrolyze 
L‑asparagine to aspartate. The 60‑kDa lysophospholipase 
is a poorly characterized protein and is homologous to the 
L‑asparaginase I from E. coli, which also acts on the hydrolysis 
of lysophospholipids; however, despite its poor characterization, 
the 60‑kDa lysophospholipase has strong positive allosteric 
regulation by the substrate L‑asparagine (74). The majority of 
investigations have focused on human L‑asparaginase‑like 1 
(ASRGL1), which is also known as ALP (75), CRASH (76) or 
hASNase 3 (77) and is the primary topic of the present review 
and is discussed in detail.

In addition to the ability for L‑asparagine hydrolysis, 
ASRGL1 also hydrolyzes isoaspartyl peptides. The formation 
of isoaspartyl peptides in proteins is a signaling mechanism 
for proteolysis; thus, mistaken formation is related to several 
pathophysiological situations that may lead to an increase in 
susceptibility to proteolysis or loss of function (78). ASRGL1 
can act in the removal of this signaling through the hydrolysis 
of isoaspartyl peptides and is important for the correct cell 
functioning (79).

In human cells, ASRGL1 is located in the cytosol, and 
its expression occurs mainly in the brain, testicles, uterine 

Figure 2. Stratification of patients according to risk groups in children and adults (19,29‑33). Children are often divided into standard, intermediate and 
high‑risk groups, but also a four‑category system including patients with a low probability of relapse can be adopted. Adults are generally divided into 
standard‑ and high‑risk groups. Some characteristics of each subgroup are presented.
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endometrium and liver. In these and other tissues, ASRGL1 
functions through L‑asparaginase activity and isoaspartyl 
peptidase activity. In the brain, it is regarded as a long‑life 
protein and is invovled in the formation of L‑aspartate, 
a neuroactivator in the general metabolism of the nerve 
cell (76,80,81).

ASRGL1 belongs to the superfamily of N‑terminal 
nucleophile hydrolases (Ntn‑hydrolases) (81). Ntn‑hydrolases 
are enzymes produced in an inactive form, and their activa‑
tion is dependent on an autoprocessing step that exposes 
a catalytic nucleophile (threonine, serine or cysteine) in the 
N‑terminal region of the newly formed β subunit  (81,82). 
This superfamily includes aspartylglucosaminidases  (73), 
penicillin acylases (83), Taspase1 (84), proteasomes (85) and 
plant‑type L‑asparaginases (79,81,86); the latter is the group 
to which ASRGL1 belongs. The amino acid sequences of 
proteins belonging to the Ntn‑hydrolase superfamily are not 
conserved, but they have a common three‑dimensional struc‑
ture comprising an αββα sandwich consisting of antiparallel 
β‑strands (79,81).

As an Ntn‑hydrolase, ASRGL1 presents the core of αββα 
sandwich, as shown in Fig. 3A. By comparison with other 
Ntn‑Hydrolases, it was strongly suggested that the autopro‑
cessing of ASRGL1 involves residues near the active site (80).

The recognition of three peptides by specific antibodies 
in different tissues of rats was the first evidence of the need 
for ASRGL1 cleavage for enzymatic activation  (75,80). 
Bush et al (75) were the first to hypothesize that a full‑length 
precursor is cleaved into two subunits of about 25 (α subunit) 
and 15 kDa (β subunit). In 2003, Dieterich et al (80) demon‑
strated that peptides derived from the 25 kDa band belonged 
to the N‑terminal region of the precursor and that the 15 kDa 
band would be in the C‑terminal region. Interestingly, 
Bush et al (75) observed the presence of a human homolog 
of rat L‑asparaginase due to cross‑reactivity of anti‑rat 
L‑asparaginase antibodies with human sperm extract on 
western blots (SDS‑PAGE bands at 25 and 17 kDa).

Currently, it is known that this autoprocessing is autocata‑
lytic and indeed results in two subunits: The α subunit in the 
N‑terminal region, and the β subunit, which is smaller, in the 
C‑terminal region (81). The nucleophilic N‑terminal residue 
responsible for autocatalysis and the hydrolysis of the substrate 
is threonine 168 (T168). The inactive form of the enzyme is 
cleaved between glycine 167 (G167, which becomes the end 
of the α subunit) and T168 (which becomes the beginning of 
the β subunit) to enable its hydrolytic activity on L‑asparagine 
(Fig. 3B) (81).

Studies on human L‑asparaginase have intensified in recent 
years due to the interest in its potential therapeutic use in some 
types of cancer, particularly ALL.

4. Human L‑asparaginase: A challenging solution

Due to the benefit of L‑asparaginase in the treatment of ALL, 
the use of a human enzyme could clinically be very advanta‑
geous. ASRGL1 could overcome several obstacles that have 
challenged the treatment and well‑being of patients with ALL.

As a human protein, ASRGL1 can markedly reduce the 
immunogenicity of treatment (77), fulfills the requirement for 
the high thermal stability essential for use in medicines (87), has 
a high affinity for L‑asparagine and does not have glutaminase 
activity (81). The great challenge regarding the use of ASRGL1 
in the therapeutic protocol of ALL relies on its enzymatic 
activity in vitro. The clinical prerequisite for the KM of an 
L‑asparaginase protein should be on the order of micromolar, 
and although bacterial L‑asparaginases fulfill this requirement, 
the KM of ASRGL1 in vitro is inadequate for therapeutic use, on 
the order of millimolar (81,88). The comparative kinetic data 
of L‑asparaginases are presented in Table III (76‑78). ASRGL1, 
as a member of the subfamily of plant‑type L‑asparaginases, 
needs to undergo autoprocessing to become active; while bacte‑
rial L‑asparaginases used in ALL treatment belongs to another 
subfamily of L‑asparaginases: Bacterial‑type L‑asparaginases, 
which do not need autoprocessing (81).

Table II. Treatment of acute lymphoblastic leukemia with L‑asparaginase.

	 Type of	 North America, United		
Patient type	 case	 Kingdom, Australia and New Zealand	 Western Europe	 Other countries

Children	 First diagnosis	 1st) PEG‑EcA	 1st) PEG‑EcA	 1st) EcA
		  2nd) EwA	 2nd) EwA	 2nd) EwA or 
				    PEG‑EcA
	 Relapsed	 1st) PEG‑EcA	 1st) PEG‑EcA	 1st) EcA
		  2nd) EwA	 2nd) EwA	 2nd) EwA or 
				    PEG‑EcA
Adults	 First diagnosis	 1st) EcA or PEG‑EcA	 1st) EcA or PEG‑EcA	 1st) EcA
		  2nd) EwA or PEG‑EcA	 2nd) EwA	 2nd) EwA or 
				    PEG‑EcA

EcA, L‑asparaginase II native from Escherichia  coli; PEG‑EcA, pegylated E.  coli L‑asparaginase; EwA, L‑asparaginase isolated from 
Erwinia chrysanthemi. The selection of the L‑asparaginase variant used in treatments varies according to the treatment region and depends 
on the age of patient (child, age 0 to 18 years; adult, >18 years of age), and the type of diagnosis (first diagnosis or recurrence); these factors 
indicating the first (1st) and second (2nd) choice of the treatment, depending on the need for substitution. The information presented in this 
table is derived from previous studies (12,37).
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As autoprocessing is a crucial event for enzyme activation 
and as it has been demonstrated that asparaginase activity is 
proportional to the degree of autoprocessing (89), it is assumed 
that the low enzymatic activity of ASRGL1 is due to incom‑
plete autocleavage. Advancements in genetic engineering have 
enabled the realization of several modifications to increase the 
efficiency of autoprocessing in vitro; however, to date, efforts 
to generate an alternative to the therapeutic enzyme of bacte‑
rial origin have been unsuccessful.

The majority of enzymes that are synthesized as inactive 
precursors need to undergo a cleavage process, such that 
the active protein domain is separated from the remainder 
of the protein (89). However, following autoprocessing, the 
ASRGL1 subunits continue to interact strongly such that they 
remain a single functional unit. Although they are no longer 
connected, the interaction between them is fundamental 
for their ability to hydrolyze the substrate. Therefore, the 
expression of the β subunit alone does not result in enzymatic 
activity (89). Attempts to express the two subunits individu‑
ally failed as they must be complexed in vitro, which was 
difficult to achieve (90). Even the co‑expression of the two 
subunits under the pretext of producing a completely cleaved 
protein did not generate the expected results. Only one of 
the constructs resulted in a functional protein, although its 
specific activity on L‑asparagine was similar to that of the 
wild‑type protein (91). The co‑expression attempts of the α 
and β subunits have presented a major disadvantage due to 

the inadequate formation of the complete enzyme and the 
consequent low L‑asparaginase activity (87).

Karamitros and Konrad (92) developed a strategy for the 
identification of catalytically improved ASRGL1 variants for 
clinical application. They already found a variant with 6‑fold 
better activity than wild ASRGL1. The potential therapeutic 
use of ASRGL1 in ALL is also supported by antileukemic 
efficacy from other human Ntn‑hydrolases such as AGA, 
which led to apoptosis of leukemia cells (93). Moreover, other 
human hydrolases are being used extensively and satisfactorily 
in therapy (94), as hyaluronidase as an anesthetic in ophthal‑
mology (95), β‑glucocerebrosidase in Gaucher's disease (96), 
α‑galactosidase A in Fabry disease (97) and α‑glucosidase in 
Pompe disease (98). Notably, the use of a human enzyme brings 
safety and fewer complications to patients in all these examples.

5. Structural characterization of autoprocessing

Despite the difficulties in recreating the complete autopro‑
cessing of ASRGL1, studies have enabled the elucidation, at 
least in part, of the mechanisms that result in the activation of 
the enzyme.

The autoprocessing mechanism begins with an acceptor 
base of the proton from the hydroxyl group of T168. Following 
deprotonation, T168 (with the increased nucleophilic character) 
attacks the carbonyl group of G167, forming a covalent bond 
that is subsequently hydrolyzed. The complete cleavage 

Figure 3. Three‑dimensional structure of ASRGL1 monomer indicating the (A) αββα sandwich folding motif and (B) evidencing the α and β subunits formed 
following autoprocessing. The yellow antiparallel β‑sheets are flanked by red α‑helices. PDB 4O0C.
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between the two residues leaves the amino group of T168 free 
to catalyze the hydrolysis of L‑asparagine (89). It is noteworthy 
that the essential residue T168 of ASRGL1 plays a double role: 
First, its lateral chain is necessary for autoprocessing. Second, 
with the breaking of the peptide bond between G167 and T168, 
the free T168 amino group participates in the catalysis of 
L‑asparagine hydrolysis.

A full understanding of the exact mechanism of ASRGL1 
autoprocessing is essential for achieving a solution to the low 
activity on the substrate in vitro. However, biochemical and 
structural studies of the human enzyme have proven to be a chal‑
lenge, since the recombinant proteins generated for the study 
constitute a mixture of the unprocessed (inactive) and processed 
(active) states. Thus, the low activation rate (only 50% of auto‑
processing with the wild‑type enzyme was achieved) makes 
both structural and enzymatic characterization difficult (81,90).

The resolution of the structures of wild‑type ASRGL1 in 
the processed and unprocessed states (77) and the ASRGL1 
structure constructed by the circular permutation tech‑
nique (CP‑ASRGL1), in which the N‑ and C‑terminal regions are 
joined by a linker (90), have revealed new knowledge of ASRGL1 
autoprocessing and have paved the way for further studies.

In the inactive precursor protein, the distance between 
T168 hydroxyl and carbonyl carbon of G167 is 4.0 Å, which 
does not favor the chemical events necessary for autopro‑
cessing and indicates the need for a conformational change 
to instigate cleavage (77). The inactive state of autoprocessing 
created by the T168A mutation caused a large increase in the 
thermal stability of the mutant protein (∆ TM=10˚C), providing 
evidence for a mechanism of activation by steric tension. This 
tension is due to the orientation of T168 in the inactive protein. 
The electrons in the methyl group are very close to the hydroxyl 
of this residue, creating repulsive forces unfavorable to inter‑
action. Autoprocessing causes a relaxation in the lateral chain 
of T168, which permits the hydroxyl of T168 to come closer to 
the active site since the distance between this hydroxyl and the 
amino group of T168 is reasonable at 2.7 Å (90).

The conformational alteration in the autoprocessing region 
can be facilitated by glycine 9  (G9)  (77). The comparison 
between the structures of ASRGL1 before and after processing 
indicates a 180˚ rotation of the G9 carboxylic group. This 
change in G9 was also observed in the enzyme L‑asparaginase 
type III in the guinea pig (99) and can promote the repositioning 
of G167 (77), which approximates the T168, thus favoring auto‑
processing (77,90). G9 is part of a glycine‑rich loop called the 
HGG loop (histidine 8‑glycine 9‑glycine 10). This loop is highly 

conserved (~100%) throughout the phylogeny of the plant‑type 
L‑asparaginase (90). Individual substitutions of G9A, G10A 
or G11A have resulted in reduced autoprocessing and kinetic 
activity (90). These observations indicate that the HGG loop is 
critical for both autoprocessing and hydrolytic activity.

In the structure of the inactive protein (PDB ID 3TKJ, (90)), 
the position of the G10 carbonyl favors the hydrogen bond 
between G11 and T219, forcing the HGG loop to remain in the 
closed conformation (shown in green in Fig. 4). In addition, 
the proximity (1.6 Å) between G9 and L166 contributes to this 
closed conformation. By contrast, in the active enzyme [PDB 
ID 4ET0, (90)], the rotation of G9 modifies the position of the 
G10 carbonyl, which results in the changed position of the 
HGG loop (shown in blue in Fig. 4).

In addition to the importance of the T168 and G9 residues 
in the autoprocessing of ASRGL1, asparagine 62 (N62) and 
threonine  186 (T186) residues participate in autoprote‑
olysis (87). Their role is not essential as that of T168, but they 
are considered relevant. This discovery was made through the 
structural resolutions of ASRGL1 variants with mutations in 
the residues N62, T168 and T186, as shown in Table IV.

The T186 hydroxyl interacts with the hydrogens of the G187 
and G188 residues, which directs the T186 hydroxyl to func‑
tion as a hydrogen donor for T168 hydroxyl. Furthermore, in an 
even more significant manner, hydrogen from N62 also forms 
a hydrogen bond with the hydroxyl of T168. Autoprocessing 
requires the hydrogen bond network provided by N62 and 
T186 to assist in deprotonation of the T168 γ‑hydroxyl group. 
The nucleophilic character of T168 increases and being now 
further activated by a base, its oxygen can target the carbonyl 
of G167 to initiate autoprocessing (87,88).

Through another set of mutations, it was possible to 
also determine the details of the catalytic mechanism of 
L‑asparagine hydrolysis by ASRGL1. The hydrolysis of 
L‑asparagine begins with the activation of the lateral chain 
of T168, which then initiates the nucleophilic attack on the 
carbonyl of the lateral chain of the substrate. In the cleavage 
state, T168 is a free amino group that acts as a base to activate 
the hydroxyl of T186 (a mechanism similar to the proton dona‑
tion in the autoprocessing reaction). The nucleophilic attack 
proceeds through the generation of a covalent bond between 
the amide group of L‑asparagine and T168 of the enzyme. 
The reaction generates an excess of negative charges in 
L‑asparagine that is stabilized by the ammonia that is released 
through the interaction with the hydroxyl of T219. Finally, the 
covalent bond between T168 and the substrate is cleaved by 

Table III. Comparative kinetic data of L‑asparaginases.

L‑asparaginase	 Origin	 KM	 kcat (s‑1)	 (Refs.)

ASRGL1	 Human	 2.9±0.16 mM	 3.19±0.07 	 (88)
L‑asparaginase I	 Guinea pig	 57.7±6.4 µM	 38.6±1.4	 (107)
EcA	 Escherichia coli	 15.0±0.5 µM	 44.4±0.3	 (108)
EwA	 Erwinia chrysanthemi	 47.5±3.5 µM	 207.5±3.6	 (108)

ASRGL1, human L‑asparaginase‑like 1; EcA, L‑asparaginase II from Escherichia  coli; EwA, L‑asparaginase isolated from Erwinia 
chrysanthemi. KM and kcat were determined using a spectroscopy NADH‑dependent enzyme‑couple assay.
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the action of a water molecule, thereby releasing the aspar‑
tate (87,88).

The presence of another threonine near the catalytic site 
may favor the binding of the substrate L‑asparagine. By being 
more polar and shorter than isoleucine 189, the mutant I189T 
gives more space for the active site, which favored the catalytic 
activity of the mutant enzyme. This mutant was generated 
from libraries of ‘site saturation mutagenesis’ by randomiza‑
tion of specific residues. However, it is worth noting that, in 
some cases, the increased activity was observed only by the 
activation of the prior enzyme. The authors also emphasized 
that their mutations resulted in an increased rate of conforma‑
tional stability rather than increased catalytic efficiency. Even 
if random mutagenesis could prioritize the ASRGL1 peptidase 
function despite the L‑asparaginase activity and also generate 
inactive enzymes due to nonfunctional nucleotide substitu‑
tions; the substitution of a single residue may be effective in 
achieving improved L‑asparaginase activity (92).

To date, all mutations generated in different residues have 
aided in the understanding of the mechanistic bases of ASRGL1 
functioning; however, to date, they failed to increase satisfac‑
tory its autoprocessing rate or its hydrolysis of L‑asparagine.

6. Free glycine contributes to autoprocessing

In 2013, Su et al (89) described an important finding on the 
autoprocessing of ASRGL1. Glycine in solution exerts a 
critical influence on the autoprocessing of ASRGL1. The rate 
of autoprocessing is dependent on the glycine concentration, 
and a concentration of only 5 mM is able to promote even 
40% of the processing, and complete cleavage was achieved 
with the addition of 250 mM glycine. It is noteworthy that all 

the processed structures described thus far had been obtained 
only by incubation with glycine.

The impact of solutions with alanine, serine, asparagine and 
small metabolites in the autoprocessing of ASRGL1 were also 
tested, although the results were not similar to the incubation with 
glycine (89). Among 13 other molecules tested by Li et al (87), 
glycine was the main activator of autoprocessing. Only three 
other molecules (ammonium carbamate, ammonium phosphate 
and sarcosine) were able to increase the level of processing; 
however, the levels were significantly lower to that induced by 
glycine. Glycine accelerates autoprocessing by 200‑fold.

High concentrations of glycine in medium were also shown 
to be effective in promoting the processed state of ASRGL1 in 
human cell lines. Complete autoprocessing was achieved from 
treatment with 5 mM glycine (89). The glycine concentration 
found in human tissues varies from 3 to 8 mM. The activation 
of ASRGL1 may be linked to the pathophysiological condi‑
tions associated with these high glycine concentrations. Some 
of these conditions represent the environments of cancerous 
cells, where high concentrations of glycine can promote 
increased cell proliferation or where high concentrations of 
L‑aspartate are required. However, high glycine concentra‑
tions can also be found in normal physiological situations, 
such as in sperm extract, a finding that may indicate that this 
high glycine concentration is related to the highly expressed 
ASRGL1 found in testicular tissues  (89). In agreement, 
Bush et al (75) observed only processed ASRGL1 in human 
sperm extract (bands at 25 and 17 kDa on western blots).

The mechanism of action of free glycine was proposed by 
Su et al in 2013 (89). It is now known that glycine is anchored 
to the active site of ASRGL1 through several interactions: Its 
amino group has electrostatic interactions with aspartate 199 

Figure 4. ASRGL1 HGG loop superposition of inactive and active structures. Inactive ASRGL1 (PDB 3TKJ, in green) and active ASRGL1 (PDB ID 4ET0, in 
blue). The interaction between the G11 amine and the T219 hydroxyl maintains this loop in a closed conformation. The structural modification of the HGG loop 
in the active enzyme shows that this interaction is discontinued, and the loop adopts an open conformation. The region of the active site is shown as yellow dots.
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(D199) and forms hydrogen bonds with glycine 220 (G220) 
and a water molecule; its carboxyl group interacts with the 
lateral chain of arginine 196 (R196) through a saline interac‑
tion and forms hydrogen bonds with glycine 222 (G222) and a 
water molecule (87).

The interactions of the glycine amino group are essen‑
tial in the promotion of autoprocessing, and R196 plays an 
important role. R196 is a conserved residue in the plant‑type 
L‑asparaginases. The R196Q mutation provoked a drastic 
reduction in autoprocessing (4% against 50% for the wild‑type), 
even in the presence of glycine, such that the autoprocessing 
rate remained low [33 vs. 100% for the wild‑type (87)].

Incubation with higher concentrations of glycine (sufficient 
to promote a 100% rate of autoprocessing) have indicated that 
two glycine molecules can be accommodated at the active site 
of ASRGL1. One of the glycine molecules (G1) interacts with 
the residues R196, D199, G220 and G222 as described above, 
and another glycine (G2) interacts with the residues T168 and 
T219. Through its interaction with T168, G2 acts as a base that 
initiates the autoprocessing reaction (87,89).

Even though glycine is effective in promoting complete 
ASRGL1 autoprocessing in vitro and in vivo, several addi‑
tional steps must be taken following incubation with glycine, 
which can inhibit the reactions to the substrate such that there 
is a need to remove it by dialysis (91). In addition, mutational 
studies of active sites demonstrate that glycine does not always 
lead to an increase in autoprocessing  (87). Therefore, the 
pre‑clinical evaluation of the efficacy and toxicity in animals 
and, in case of success, clinical trials in humans, is still neces‑
sary to evaluate the therapeutic use of ASRGL1 activated by a 
glycine‑rich solution.

7. Oligomerization of human L‑asparaginase

Previous studies have demonstrated that dimerization is a 
critical step for ASRGL1 autoprocessing and other members 

of the Ntn‑hydrolase family, such as human aspartylglucosa‑
minidase and E. coli L‑asparaginase type III (79,87,100).

The structure of ASRGL1 deposited in the PDB under the 
code 4ZM9 has provided relevant information as to the mech‑
anisms through which the dimerization of enzyme activates 
autocatalysis in one of the monomers (87). Researchers have 
highlighted the role played by the dimeric interface during 
the autoprocessing of ASRGL1 (87). To determine this role, 
they studied the variants C202A and C220S. Cysteine 202 
(C202) is one of the three cysteines present in the α subunit of 
the enzyme and is specifically located in the dimer interface. 
The crystallographic structure (PDB ID 4ZM9) indicates that 
the C202 of each subunit is positioned adjacent to each other. 
Even if they are not S‑S linked in crystallographic structure, 
the dimerization interface of the variants C202A and C220S 
was weakened, and the authors observed that both modifica‑
tions caused a reduction in the melting temperature (TM) of 
the mutant proteins in relation to the wild type. Moreover, 
neither of the two variants were able to achieve any level of 
autoprocessing (87). Based on this finding, the importance of 
the dimer interface and the C202 residue in both ASRGL1 
stability and autoprocessing is notable.

There is no doubt that oligomerization is advantageous 
in several aspects, such as stability, the regulation of acces‑
sibility to active sites and the increased complexity of certain 
enzymes. In various proteins, dimerization influences activa‑
tion or inactivation. For example, enzyme activation can be 
enhanced by increasing the protein molecule concentrations or 
by generating regulatory sites at the interface of a dimer (101). 
Furthermore, in another noteworthy observation, all ASRGL1 
X‑ray structures were obtained in dimeric conformation, 
indicating that ASRGL1 dimerizes (77,87‑90).

Li et al (87) highlighted the importance of oligomerization 
for ASRGL1 autoprocessing; they proposed a model in which 
a dimer is formed and undergoes autoprocessing through two 
steps. The subsequent stages of autoprocessing were identified 

Table IV. Analysis of autoprocessing and activity of human L‑asparaginase‑like 1 (ASRGL1) variants.

Residue of mutation	 Mutation	 Autoprocessing	 Catalytic activity	 (Refs.)

Asparagine 62	 N62D	 Reduction	 Reduction	 (87)
	 N62A	 S. D.	 Reduction	 (87)
Arginine 143 and Arginine 147	 R143E, R147K	 S. A.	 S. A.	 (92)
Threonine 168	 T168S	 S. D.	 N. M.	 (88)
Threonine 186	 T186 V	 S. D.	 S. D.	 (88)
	 T186A	 S. D.	 Increase	 (87)
	 T186S	 S. A.	 Reduction	 (87)
Isoleucine 189 and Valine 190	 I189T, V190I	 S. A.	 Increase	 (92)
	 I186V, V190I	 S. A.	 S. A.	 (92)
Threonine 219	 T219 V	 Reduction	 S. D.	 (88)
	 T219A	 S. A.	 Increase	 (88)
	 T219A	 S. A.	 Reduction	 (87)
	 T219S	 S. A.	 Reduction	 (87)

S. A., without alteration; S. D., without detection; N. M., not measured. The state of autoprocessing is shown in the absence of glycine and 
compared to wild‑type ASRGL1. Reduction or increase: Relative to the wild‑type ASRGL1 subject to the same conditions.
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by measuring the TM of each step by fluorometry. The initial, 
unprocessed stage had a TM of 61˚C, which was converted over 
time into an intermediate state of TM equal to 65˚C. The inter‑
mediate state was obtained after the autoprocessing of one 
of the subunits of the dimer due to the torsional strain of the 
scissile peptide bond (G167‑T168). In the intermediate state, a 
50% autoprocessing rate was achieved as the autoprocessing 
of one of the subunits leads to a relaxed conformation with 
a reduction of torsional strain. The completely cleaved state, 
which had a TM of 71˚C, was achieved only following incuba‑
tion for 48 h in the presence of 1 M glycine (87).

A previous study on ASRGL1 revealed a new trimeric 
conformation (102). The trimeric structure was obtained by 
the combination of biophysical techniques (small‑angle X‑ray 
scattering and hydrogen/deuterium exchange) and molecular 
dynamics simulation. Trimerization reinforces the impor‑
tant role the oligomerization plays, ASRGL1 trimers show 
increased thermal stability against monomers (TM deviation 
of 4.33˚C), improved enzymatic activity (3.4  times higher 
than monomer activity) and full autoprocessing (without 
previous incubation with glycine). The authors of that study 
proposed that the inclusion of a third monomer may lead back 
to a torsional strain that allows complete autoprocessing of the 
ASRGL1 oligomer (102).

8. Conclusions

Proteins have become a potent tool in the treatment of several 
chronic diseases, such as diabetes, cancer and neurodegenera‑
tive diseases. Among their advantages, they can be produced 
on a large scale and have high specificity, low cross‑reactivity, 
relatively few side effects and new modes of action  (103). 
In addition, protein engineering extends the benefits of 
therapeutic proteins because it enables the adoption of various 
strategies to adapt the protein properties such as efficacy, 
stability, solubility, specificity, immunogenicity and pharma‑
cologic kinetics (104). 

Unfortunately, the commonly used strategies in protein 
engineering, such as fusion proteins, pegylation, glycosylation, 
the alteration of the oligomeric state and mutagenesis (104,105), 
were not able to produce a satisfactory active ASRGL1. As 
noted herein, some important residues for autoprocessing 
are currently known: The influence of oligomerization for 
ASRGL1 activation and the influence of a glycine‑rich‑medium 
for protein cleavage. However, there remain some important 
questions which require answers. Among these, identifying 
the acceptor base in the autoprocessing is one of the promising 
topics for studies for enabling autoprocessing in vitro. This has 
remained elusive. 

Nevertheless, the potential clinical application of ASRGL1 
is supported by the safety and efficacy of other hydrolases 
used in the treatment of human diseases and the antileukemic 
activity of another human Ntn‑hydrolase, such as AGA (84). 
The present review article contributes to the knowledge of 
ASRGL1 activation and the information presented herein may 
guide the development of therapeutic variants of ASRGL1.

Acknowledgements

Not applicable.

Funding

The authors are grateful to the funders, Oswaldo Cruz 
Foundation and Fundação Araucária. The present study was 
supported by FIOCRUZ and FUNDAÇÃO ARAUCÁRIA.

Availability of data and materials

Not applicable.

Authors' contributions

SBdM and TdACBdS conceived and designed the study. SBM 
prepared and processed the figures. TdACBdS revised the 
manuscript critically for important intellectual content. Both 
authors have read and approved the final manuscript.

Ethics approval and consent to participate

Not applicable.

Patient consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

References

  1.	 Lang S: Über desamidierung im Tierkörper. Beitr hem Physiol 
Pathol 5: 321‑345, 1904.

  2.	Fürth O and Friedmann M: Über die Verbreitung asparagin‑
spaltender Organfermente. Biochem Z 26: 435‑440, 1910.

  3.	Clementi A: La Désamidation Enzymatique De L'asparagine 
Chez Les Différentes Espéces Animales Et La Signification 
Physio Logique De Sa Presence Dans L'organisme. Arch Int de 
Physiol 19: 369‑398, 1922.

  4.	Kidd  JG: Regression of transplanted lymphomas induced 
in vivo by means of normal guinea pig serum. I. Course of 
transplanted cancers of various kinds in mice and rats given 
guinea pig serum, horse serum, or rabbit serum. J Exp Med 98: 
565‑582, 1953.

  5.	Broome  JD: Evidence that the L‑Asparaginase activity of 
guinea pig serum is responsible for its Antilymphoma Effects. 
Nature 191: 1114‑1115, 1961.

  6.	Broome JD: Evidence that the L‑asparaginase of guinea pig 
serum is responsible for its antilymphoma effects. I. Properties 
of the L‑asparaginase of guinea pig serum in relation to those of 
the antilymphoma substance. J Exp Med 118: 99‑120, 1963.

  7.	 Mashburn  LT and Wriston  JC: Tumor inhibitory effect 
of L‑asparaginase from Escherichia  coli. Arch Biochem 
Biophys 105: 450‑452, 1964.

  8.	Broome JD: Antilymphoma activity of L‑asparaginase in vivo: 
Clearance rates of enzyme preparations from guinea pig serum 
and yeast in relation to their effect on tumor growth. J Natl 
Cancer Inst 35: 967‑974, 1965.

  9.	 Dolowy  WC, Henson  D, Cornet  J and Sellin  H: Toxic and 
antineoplastic effects of L‑asparaginase. Study of mice with 
lymphoma and normal monkeys and report on a child with 
leukemia. Cancer 19: 1813‑1819, 1966.

10.	 Oettgen  HF, Stephenson  PA, Schwartz  MK, Leeper  RD, 
Tallai  L, Tan  CC, Clarkson  BD, Golbey  RB, Krakoff  IH, 
Karnofsky DA, et al: Toxicity of E. coli L‑asparaginase in man. 
Cancer 25: 253‑278, 1970.

11.	 Hill JM, Roberts J, Loeb E, Khan A, MacLellan A and Hill RW: 
L‑asparaginase therapy for leukemia and other malignant 
neoplasms. JAMA 202: 882‑888, 1967.



INTERNATIONAL JOURNAL OF ONCOLOGY  58:  11,  2021 11

12.	Salzer WL, Asselin BL, Plourde PV, Corn T and Hunger SP: 
Development of asparaginase Erwinia chrysanthemi for the 
treatment of acute lymphoblastic leukemia. Ann N Y Acad 
Sci 1329: 81‑92, 2014.

13.	 American Cancer Society: Cancer Facts and Figures 2019. 
American Cancer Society, Atlanta, GA, 2019.

14.	 Terwilliger T and Abdul‑Hay M: Acute lymphoblastic leukemia: 
A comprehensive review and 2017 update. Blood Cancer J 7: 
e577, 2017.

15.	 American Cancer Society: Leukemia‑Acute Lymphocytic 
(Adults). American Cancer Society, Atlanta, GA, 2014.

16.	 Cooper SL and Brown PA: Treatment of pediatric acute lympho‑
blastic leukemia. Pediatr Clin North Am 62: 61‑73, 2015.

17.	 Moghrabi A, Levy DE, Asselin B, Barr R, Clavell L, Hurwitz C, 
Samson Y, Schorin M, Dalton VK, Lipshultz SE, et al: Results of 
the Dana‑Farber cancer institute ALL consortium protocol 95‑01 
for children with acute lymphoblastic leukemia. Blood  109: 
896‑905, 2007.

18.	 Pui  CH and Evans  WE: Treatment of acute lymphoblastic 
leukemia. N Engl J Med 354: 166‑178, 2006.

19.	 Pui CH and Evans WE: Acute lymphoblastic leukemia. N Engl 
J Med 339: 605‑615, 1998.

20.	Nachman JB, Sather HN, Sensel MG, Trigg ME, Cherlow JM, 
Lukens JN, Wolff L, Uckun FM and Gaynon PS: Augmented 
Post‑induction therapy for children with high‑risk acute lympho‑
blastic leukemia and a slow response to initial therapy. N Engl 
J Med 338: 1663‑1671, 1998.

21.	 Gaynon P, Trigg M, Heerema N, Sensel M, Sather H, Hammond G 
and Bleyer W: Children's cancer group trials in childhood acute 
lymphoblastic leukemia: 1983‑1995. Leukemia 14: 2223‑2233, 
2000.

22.	Schrappe M, Reiter A, Ludwig WD, Harbott J, Zimmermann M, 
Hiddemann W, Niemeyer C, Henze G, Feldges A, Zintl F, et al: 
Improved outcome in childhood acute lymphoblastic leukemia 
despite reduced use of anthracyclines and cranial radiotherapy: 
Results of trial ALL‑BFM 90. German‑Austrian‑Swiss 
ALL‑BFM Study Group. Blood 95: 3310‑3322, 2000.

23.	Lee  EJ, Petroni  GR, Schiffer  CA, Freter  CE, Johnson  JL, 
Barcos  M, Frizzera  G, Bloomfield  CD and Peterson  BA: 
Brief‑duration high‑intensity chemotherapy for patients with 
small noncleaved‑cell lymphoma or FAB L3 acute lymphocytic 
leukemia: Results of cancer and leukemia group B study 9251. 
J Clin Oncol 19: 4014‑4022, 2001.

24.	Patte C: The Societe Francaise d'Oncologie Pediatrique LMB89 
protocol: Highly effective multiagent chemotherapy tailored to 
the tumor burden and initial response in 561 unselected children 
with B‑cell lymphomas and L3 leukemia. Blood 97: 3370‑3379, 
2001.

25.	Silverman  LB, Gelber  RD, Dalton  VK, Asselin  BL, 
Barr RD, Clavell LA, Hurwitz CA, Moghrabi A, Samson Y, 
Schorin MA, et al: Improved outcome for children with acute 
lymphoblastic leukemia: Results of Dana‑Farber consortium 
protocol 91‑01. Blood 97: 1211‑1218, 2001.

26.	Pui CH: Improved outcome for children with acute lympho‑
blastic leukemia: Results of Total Therapy Study XIIIB at St 
Jude Children's Research Hospital. Blood 104: 2690‑2696, 2004.

27.	 Rytting ME: Role of L‑asparaginase in acute lymphoblastic 
leukemia: Focus on adult patients. Blood Lymphatic Cancer 
Targets Ther 2: 117‑124, 2012.

28.	American Cancer Society: Chemotherapy for Childhood 
Leukemia. American Cancer Society, Atlanta, GA, 2019.

29.	 Pui CH, Campana D and Evans WE: Childhood acute lympho‑
blastic leukaemia‑current status and future perspectives. Lancet 
Oncol 2: 597‑607, 2001.

30.	Gleissner B, Gökbuget N, Bartram CR, Janssen B, Rieder H, 
Janssen  JW, Fonatsch C, Heyll A, Voliotis D, Beck  J, et al: 
Leading prognostic relevance of the BCR‑ABL translocation 
in adult acute B‑lineage lymphoblastic leukemia: A prospective 
study of the German Multicenter Trial Group and confirmed 
polymerase chain reaction analysis. Blood 99: 1536‑1543, 2002.

31.	 Pui CH, Relling MV and Downing JR: Acute lymphoblastic 
leukemia. N Engl J Med 350: 1535‑1548, 2004.

32.	Armstrong  SA and Look  AT: Molecular genetics of acute 
lymphoblastic leukemia. J Clin Oncol 23: 6306‑6315, 2005.

33.	 Mancini M: A comprehensive genetic classification of adult acute 
lymphoblastic leukemia (ALL): Analysis of the GIMEMA 0496 
protocol. Blood 105: 3434‑3441, 2005.

34.	National Cancer Institute (NIH): Childhood Acute Lymphoblastic 
Leukemia Treatment (PDQ®)‑Health Professional Version. NIH, 
2020.

35.	 Li BS, Gu LJ, Luo CY, Li WS, Jiang LM, Shen SH, Jiang H, 
Shen SH, Zhang B, Chen J, et al: The downregulation of aspara‑
gine synthetase expression can increase the sensitivity of cells 
resistant to l‑asparaginase. Leukemia 20: 2199‑2201, 2006.

36.	Song P, Ye L, Fan J, Li Y, Zeng X, Wang Z, Wang S, Zhang G, 
Yang P, Cao Z and Ju D: Asparaginase induces apoptosis and 
cytoprotective autophagy in chronic myeloid leukemia cells. 
Oncotarget 6: 3861‑3873, 2015.

37.	 Pieters R, Hunger SP, Boos J, Rizzari C, Silverman L, Baruchel A, 
Goekbuget N, Schrappe M and Pui CH: L‑asparaginase treat‑
ment in acute lymphoblastic leukemia: A focus on Erwinia 
asparaginase. Cancer 117: 238‑249, 2011.

38.	Avramis VI: Asparaginases: Biochemical pharmacology and 
modes of drug resistance. Anticancer Res 32: 2423‑2437, 2012.

39.	 Ueno T, Ohtawa K, Mitsui K, Kodera Y, Hiroto M, Matsushima A, 
Inada  Y and Nishimura  H: Cell cycle arrest and apoptosis 
of leukemia cells induced by L‑asparaginase. Leukemia 11: 
1858‑1861, 1997.

40.	Yu M, Henning R, Walker A, Kim G, Perroy A, Alessandro R, 
Virador V and Kohn EC: L‑asparaginase inhibits invasive and 
angiogenic activity and induces autophagy in ovarian cancer. 
J Cell Mol Med 16: 2369‑2378, 2012.

41.	 Willems  L, Jacque  N, Jacquel  A, Neveux  N, Maciel  TT, 
Lambert M, Schmitt A, Poulain L, Green AS, Uzunov M, et al: 
Inhibiting glutamine uptake represents an attractive new strategy 
for treating acute myeloid leukemia. Blood 122: 3521‑3532, 2013.

42.	Zhang B, Fan J, Zhang X, Shen W, Cao Z, Yang P, Xu Z and Ju D: 
Targeting asparagine and autophagy for pulmonary adenocarci‑
noma therapy. Appl Microbiol Biotechnol 100: 9145‑9161, 2016.

43.	 Lorenzi PL, Claerhout S, Mills GB and Weinstein JN: A curated 
census of autophagy‑modulating proteins and small molecules. 
Autophagy 10: 1316‑1326, 2014.

44.	Purwaha P, Lorenzi PL, Silva LP, Hawke DH and Weinstein JN: 
Targeted metabolomic analysis of amino acid response to 
L‑asparaginase in adherent cells. Metabolomics 10: 909‑919, 
2014.

45.	Panosyan EH, Wang Y, Xia P, Lee WN, Pak Y, Laks DR, Lin HJ, 
Moore TB, Cloughesy TF, Kornblum HI and Lasky  JL  III: 
Asparagine depletion potentiates the cytotoxic effect of chemo‑
therapy against brain tumors. Mol Cancer Res 12: 694‑702, 
2014.

46.	Sircar  K, Huang  H, Hu  L, Cogdell  D, Dhillon  J, Tzelepi  V, 
Efstathiou E, Koumakpayi IH, Saad F, Luo D, et al: Integrative 
molecular profiling reveals asparagine synthetase is a target in 
castration‑resistant prostate cancer. Am J Pathol 180: 895‑903, 
2012.

47.	 Kobrinsky NL, Sposto R, Shah NR, Anderson JR, DeLaat C, 
Morse M, Warkentin P, Gilchrist GS, Cohen MD, Shina D and 
Meadows AT: Outcomes of treatment of children and adoles‑
cents with recurrent non‑Hodgkin's lymphoma and Hodgkin's 
disease with dexamethasone, etoposide, cisplatin, cytarabine, 
and l‑asparaginase, maintenance chemotherapy, and transplanta‑
tion: Children's Cancer Group Study CCG‑5912. J Clin Oncol 19: 
2390‑2396, 2001.

48.	Bansal S, Srivastava A, Mukherjee G, Pandey R, Verma AK, 
Mishra P and Kundu B: Hyperthermophilic asparaginase mutants 
with enhanced substrate affinity and antineoplastic activity: 
Structural insights on their mechanism of action. FASEB J 26: 
1161‑1171, 2012.

49.	 Roth  G, Nunes  JES, Rosado  LA, Bizarro  CV, Volpato  C, 
Nunes  CP, Renard  G, Basso  LA, Santo  DS and Chies  JM: 
Recombinant Erwinia caratovora L‑asparaginase II produc‑
tion in Escherichia  coli Fed‑batch cultures. Br J  Chem 
Engineering 30: 245‑256, 2013.

50.	Tong WH, van der Sluis IM, Alleman CJM, van Litsenburg RRL, 
Kaspers GJL, Pieters R and Uyl‑de Groot CA: Cost‑analysis of 
treatment of childhood acute lymphoblastic leukemia with aspar‑
aginase preparations: The impact of expensive chemotherapy. 
Haematologica 98: 753‑759, 2013.

51.	 Müller HJ, Löning L, Horn A, Schwabe D, Gunkel M, Schrappe M, 
von Schütz V, Henze G, Casimiro da Palma J, Ritter J, et al: 
Pegylated asparaginase (Oncaspar) in children with ALL: Drug 
monitoring in reinduction according to the ALL/NHL‑BFM 
95 protocols. Br J Haematol 110: 379‑384, 2000.

52.	Willer A, Gerss J, König T, Franke D, Kühnel HJ, Henze G, 
von  Stackelberg  A, Möricke  A, Schrappe  M, Boos  J and 
Lanvers‑Kaminsky C: Anti‑Escherichia coli asparaginase anti‑
body levels determine the activity of second‑line treatment with 
pegylated E coli asparaginase: A retrospective analysis within 
the ALL‑BFM trials. Blood 118: 5774‑5782, 2011.



DE MORAIS  and  DE SOUZA:  KNOWLEDGE OF THE DEVELOPMENT OF HUMAN ASPARAGINASE FOR THERAPY12

53.	 Højfeldt  SG, Wolthers  BO, Tulstrup  M, Abrahamsson  J, 
Gupta  R, Harila‑Saari  A, Heyman  M, Henriksen  LT, 
Jónsson ÒG, Lähteenmäki PM, et al: Genetic predisposition to 
PEG‑asparaginase hypersensitivity in children treated according 
to NOPHO ALL2008. Br J Haematol 184: 405‑417, 2019.

54.	Fernandez CA, Smith C, Yang W, Mullighan CG, Qu C, Larsen E, 
Bowman WP, Liu C, Ramsey LB, Chang T, et al: Genome‑wide 
analysis links NFATC2 with asparaginase hypersensitivity. 
Blood 126: 69‑75, 2015.

55.	 Chen SH, Pei D, Yang W, Cheng C, Jeha S, Cox NJ, Evans WE, 
Pui  CH and Relling  MV: Genetic variations in GRIA1 on 
chromosome 5q33 related to asparaginase hypersensitivity. Clin 
Pharmacol Ther 88: 191‑196, 2010.

56.	Hijiya  N and van  der  Sluis  IM: Asparaginase‑associated 
toxicity in children with acute lymphoblastic leukemia. Leuk 
Lymphoma 57: 748‑757, 2016.

57.	 van  der  Sluis  IM, Vrooman  LM, Pieters  R, Baruchel  A, 
Escherich G, Goulden N, Mondelaers V, Sanchez de Toledo J, 
Rizzari C, Silverman LB and Whitlock JA: Consensus expert 
recommendations for identification and management of asparagi‑
nase hypersensitivity and silent inactivation. Haematologica 101: 
279‑285, 2016.

58.	Tong  WH, Pieters  R, Tissing  WJE and van  der  Sluis  IM: 
Desensitization protocol should not be used in acute lymphoblastic 
leukemia patients with silent inactivation of PEGasparaginase. 
Haematologica 99: e102‑e104, 2014.

59.	 Müller HJ and Boos J: Use of L‑asparaginase in childhood ALL. 
Crit Rev Oncol Hematol 28: 97‑113, 1998.

60.	Lee JK, Kang S, Wang X, Rosales JL, Gao X, Byun HG, Jin Y, 
Fu S, Wang J and Lee KY: HAP1 loss confers l‑asparaginase resis‑
tance in ALL by downregulating the calpain‑1‑Bid‑caspase‑3/12 
pathway. Blood 133: 2222‑2232, 2019.

61.	 Chen SH: Asparaginase therapy in pediatric acute lymphoblastic 
leukemia: A focus on the mode of drug resistance. Pediatr 
Neonatol 56: 287‑293, 2015.

62.	Aslanian AM and Kilberg MS: Multiple adaptive mechanisms 
affect asparagine synthetase substrate availability in asparagi‑
nase‑resistant MOLT‑4 human leukaemia cells. Biochem J 358: 
59‑67, 2001.

63.	 Su N, Pan YX, Zhou M, Harvey RC, Hunger SP and Kilberg MS: 
Correlation between asparaginase sensitivity and asparagine 
synthetase protein content, but not mRNA, in acute lympho‑
blastic leukemia cell lines. Pediatr Blood Cancer 50: 274‑279, 
2008.

64.	Kang SM, Rosales JL, Meier‑Stephenson V, Kim S, Lee KY and 
Narendran A: Genome‑wide loss‑of‑function genetic screening 
identifies opioid receptor µ1 as a key regulator of L‑asparaginase 
resistance in pediatr ic acute lymphoblastic leukemia. 
Oncogene 36: 5910‑5913, 2017.

65.	 Patel N, Krishnan S, Offman MN, Krol M, Moss CX, Leighton C, 
van Delft FW, Holland M, Liu J, Alexander S, et al: A dyad of 
lymphoblastic lysosomal cysteine proteases degrades the antileu‑
kemic drug L‑asparaginase. J Clin Invest 119: 1964‑1973, 2009.

66.	Avramis VI and Tiwari PN: Asparaginase (native ASNase or 
pegylated ASNase) in the treatment of acute lymphoblastic 
leukemia. Int J Nanomedicine 1: 241‑254, 2006.

67.	 Ghasemian A, Al‑Marzoqi AH, Al‑Abodi HR, Alghanimi YK, 
Kadhum SA, Shokouhi Mostafavi SK and Fattahi A: Bacterial 
l‑asparaginases for cancer therapy: Current knowledge and 
future perspectives. J Cell Physiol 234: 19271‑19279, 2019.

68.	Sokolov NN, Eldarov MA, Pokrovskaya MV, Aleksandrova SS, 
Abakumova  OY, Podobed  OV, Mel ik‑Nubarov  NS, 
Kudryashova  EV, Grishin  DV and Archakov  AI: Bacterial 
recombinant L‑asparaginases: Properties, structure and 
anti‑proliferative activity. Biomed Khim  61: 312‑324, 2015 
(In Russian).

69.	 Krishnapura PR, Belur PD and Subramanya S: A critical review 
on properties and applications of microbial l‑asparaginases. Crit 
Rev Microbiol 42: 720‑737, 2016.

70.	Chiu M, Taurino G, Bianchi MG, Kilberg MS and Bussolati O: 
Asparagine synthetase in cancer: Beyond acute lymphoblastic 
leukemia. Front Oncol 9: 1480, 2019.

71.	 Egler RA, Ahuja SP and Matloub Y: L‑asparaginase in the treat‑
ment of patients with acute lymphoblastic leukemia. J Pharmacol 
Pharmacother 7: 62‑71, 2016.

72.	Lee MB and Bridges JM: L‑Asparaginase activity in human and 
animal sera. Nature 217: 758‑759, 1968.

73.	 Oinonen  C, Tikkanen  R, Rouvinen  J and Peltonen  L: 
Three‑dimensional structure of human lysosomal aspartylglu‑
cosaminidase. Nat Struct Biol 2: 1102‑1108, 1995.

74.	 Sugimoto H, Odani S and Yamashita S: Cloning and expression 
of cDNA encoding rat liver 60‑kDa lysophospholipase containing 
an asparaginase‑like region and ankyrin repeat. J Biol Chem 273: 
12536‑12542, 1998.

75.	 Bush LA, Herr JC, Wolkowicz M, Sherman NE, Shore A and 
Flickinger CJ: A novel asparaginase‑like protein is a sperm auto‑
antigen in rats. Mol Reprod Dev 247: 233‑247, 2002.

76.	Evtimova V, Zeillinger R, Kaul S and Weidle UH: Identification 
of CRASH, a gene deregulated in gynecological tumors. Int 
J Oncol 24: 33‑41, 2004.

77.	 Nomme J, Su Y, Konrad M and Lavie A: Structures of Apo 
and product‑bound human L‑asparaginase: Insights into 
the mechanism of autoproteolysis and substrate hydrolysis. 
Biochemistry 51: 6816‑6826, 2012.

78.	Böhme  L, Bär  JW, Hoffmann  T, Manhart  S, Ludwig  HH, 
Rosche F and Demuth HU: Isoaspartate residues dramatically 
influence substrate recognition and turnover by proteases. Biol 
Chem 389: 1043‑1053, 2008.

79.	 Michalska K and Jaskólski M: Structural aspects of l‑aspar‑
aginases, their friends and relations. Acta Biochimica Pol 53: 
627‑640, 2006.

80.	Dieterich DC, Landwehr M, Reissner C, Smalla KH, Richter K, 
Wolf G, Böckers TM, Gundelfinger ED and Kreutz MR: Gliap‑A 
novel untypical L‑asparaginase localized to rat brain astrocytes. 
J Neurochem 85: 1117‑1125, 2003.

81.	 Cantor  JR, Stone  EM, Chantranupong  L and Georgiou  G: 
The human asparaginase‑like protein 1 hASRGL1 is an Ntn 
Hydrolase with β‑aspartyl peptidase activity. Biochemistry 48: 
11025‑11031, 2009.

82.	Brannigan JA, Dodson G, Duggleby HJ, Moody PCE, Smith JL, 
Tomchick DR and Murzin AG: A protein catalytic framework 
with an N‑terminal nucleophile is capable of self‑activation. 
Nature 378: 416‑419, 1995.

83.	 Duggleby HJ, Tolley SP, Hill CP, Dodson EJ, Dodson G and 
Moody PCE: Penicillin acylase has a single‑amino‑acid catalytic 
Centre. Nature 373: 264‑268, 1995.

84.	Khan JA, Dunn BM and Tong L: Crystal Structure of human 
Taspase1, a crucial protease regulating the function of MLL. 
Structure 13: 1443‑1452, 2005.

85.	 Lowe  J, Stock  D, Jap  B, Zwickl  P, Baumeister  W and 
Huber R: Crystal structure of the 20S proteasome from the 
archaeon T. acidophilum at 3.4 A Resolution. Science  268: 
533‑539, 1995.

86.	Borek D, Michalska K, Brzezinski K, Kisiel A, Podkowinski J, 
Bonthron  DT, Krowarsch  D, Otlewski  J and Jaskolski  M: 
Expression, purification and catalytic activity of Lupinus 
luteus asparagine beta‑amidohydrolase and its Escherichia coli 
homolog. Eur J Biochem 271: 3215‑3226, 2004.

87.	 Li W, Irani S, Crutchfield A, Hodge K, Matthews W, Patel P, 
Zhang YJ and Stone E: Intramolecular cleavage of the hASRGL1 
Homodimer occurs in two stages. Biochemistry 55: 960‑969, 
2016.

88.	Nomme J, Su Y and Lavie A: Elucidation of the specific func‑
tion of the conserved threonine triad responsible for human 
l‑Asparaginase autocleavage and substrate hydrolysis. J Mol 
Biol 426: 2471‑2485, 2014.

89.	 Su Y, Karamitros CS, Nomme J, McSorley T, Konrad M and 
Lavie A: Free glycine accelerates the autoproteolytic activation 
of human asparaginase. Chem Biol 20: 533‑540, 2013.

90.	Li W, Cantor JR, Yogesha SD, Yang S and Chantranupong L: 
Uncoupling Intramolecular processing and substrate hydrolysis 
in the N‑terminal nucleophile hydrolase hASRGL1 by circular 
permutation. ACS Chem Biol 7: 1840‑1847, 2012.

91.	Karamitros CS and Konrad M: Bacterial co‑expression of 
the α and β protomers of human l‑asparaginase‑3: Achieving 
essential N‑terminal exposure of a catalytically critical threo‑
nine located in the beta‑subunit. Protein Expr Purif 93: 1‑10, 
2014.

92.	Karamitros  CS and Konrad  M: Fluorescence‑activated cell 
sorting of Human l‑asparaginase mutant libraries for detecting 
enzyme variants with enhanced activity. ACS Chem Biol 11: 
2596‑2607, 2016.

93.	Kelo E, Noronkoski T and Mononen I: Depletion of L‑asparagine 
supply and apoptosis of leukemia cells induced by human glyco‑
sylasparaginase. Leukemia 23: 1167‑1171, 2009.

94.	Leader  B, Baca  QJ and Golan  DE: Protein therapeutics: A 
summary and pharmacological classification. Nat Rev Drug 
Discov 7: 21‑39, 2008.

95.	 Silverstein SM, Greenbaum S and Stern R: Hyaluronidase in 
ophthalmology. J App Res 12: 1‑13, 2012.



INTERNATIONAL JOURNAL OF ONCOLOGY  58:  11,  2021 13

  96.	Grabowski GA: Enzyme therapy in type 1 Gaucher disease: 
Comparative efficacy of mannose‑terminated glucocer‑
ebrosidase from natural and recombinant sources. Ann Intern 
Med 122: 33‑39, 1995.

  97.	Eng CM, Guffon N, Wilcox WR, Germain DP, Lee P, Waldek S, 
Caplan  L, Linthorst  GE and Desnick  RJ; International 
Collaborative Fabry Disease Study Group: Safety and efficacy 
of recombinant Human α‑Galactosidase A replacement therapy 
in Fabry's disease. N Engl J Med 345: 9‑16, 2001.

  98.	Klinge  L, Straub  V, Neudorf  U, Schaper  J, Bosbach  T, 
Görlinger K, Wallot M, Richards S and Voit T: Safety and effi‑
cacy of recombinant acid alpha‑glucosidase (rhGAA) in patients 
with classical infantile Pompe disease: Results of a phase II 
clinical trial. Neuromuscul Disord 15: 24‑31, 2005.

  99.	Schalk AM and Lavie A: Structural and kinetic characterization 
of guinea Pig. Biochemistry 53: 2318‑2328, 2014.

100.	Wang Y and Guo HC: Two‑step dimerization for autoproteolysis 
to activate glycosylasparaginase. J Biol Chem 278: 3210‑3219, 
2003.

101.	Marianayagam NJ, Sunde M and Matthews JM: The power of 
two: Protein dimerization in biology. Trends Biochem Sci 29: 
618‑625, 2004.

102.	Morais SB, Pirolla RAS, Frota NF, Lourenzoni MR, Gozzo FC 
and Souza TACB: The role of the quaternary structure in the acti‑
vation of human L‑asparaginase. J Proteomics 224: 103818, 2020.

103.	Morin A, Meiler J and Mizoue LS: Computational design of 
protein‑ligand interfaces: Potential in therapeutic development. 
Trends Biotechnol 29: 159‑66, 2011.

104.	Marshall SA, Lazar GA, Chirino AJ and Desjarlais JR: Rational 
design and engineering of therapeutic proteins. Drug Discovery 
Today 8: 212‑221, 2003.

105.	Park S and Cochran J: Protein engineering and design. CRC 
Press, 2009.

106.	Dinndorf PA, Gootenberg J, Cohen MH, Keegan P and Pazdur R: 
FDA drug approval summary: Pegaspargase (Oncaspar) for 
the first‑line treatment of Children with acute lymphoblastic 
leukemia (ALL). Oncologist 12: 991‑998, 2007.

107.	Schalk AM, Nguyen H‑A, Rigouin C and Lavie A: Identification 
and structural analysis of an l‑asparaginase enzyme from guinea 
pig with putative tumor cell killing properties. J Biol Chem 289: 
33175‑33186, 2014.

108.	Nguyen HA, Su Y and Lavie A: Design and characterization of 
Erwinia chrysanthemi l‑asparaginase variants with diminished 
l‑Glutaminase activity. J Biol Chem 291: 17664‑17676, 2016.


